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Compositionally complex materials (CCMs) have recently attracted great interest in electrocatalytic applications.
To date, very few materials were systematically developed and tested due to the highly difficult preparation of
high-surface-area CCMs. In this work, a surface of a compositionally complex FeCoNiCuZn alloy (CCA) was
nitridated with subsequent anodization leading to morphological and compositional modifications. Notably, the
electrochemical surface area and surface roughness as well as the electrocatalytic activity of the anodized ma-

terial exhibit significant enhancement. Oxygen evolution reaction (OER) activity by the anodized CCN (CCN-AO)
proceeds with remarkably small overpotential (233 mV) at 10 mA em~2 in 1 M KOH. Experimental character-
ization indicates that the oxidation state of Co plays a critical role in the Fe—-Co-Ni electrocatalyst. The developed
approach and design strategy open up immense prospects in the preparation of a new, affordable, scalable and
effective type of complex and high-performance electrocatalytic electrodes with tunable properties.

1. Introduction

Heterogeneous catalysis has a never-ending demand for improving
catalytic activity and stability optimization. This is the main driving
force for the continuous development of nanostructured materials with
improved electrocatalytic properties for various applications (needs).
Numerous electrocatalytic processes, and among these, the oxygen
evolution reaction (OER) presents a special challenge [1] as it is a key
reaction for several renewable energy technologies. Efficient OER
catalysis is vital for the sustainable production of hydrogen via water
electrolysis, which is seen as an integral part of future energy mixes, as it
is able to store the energy produced by renewable sources and return it

to the electricity grid when consumption exceeds production [2]. Cur-
rent OER benchmark catalysts are based on precious metals, namely IrO,
and RuOj, which show the highest activity and durability. However,
these materials have cost, scarcity, and durability limitations [3].
Therefore, alkaline electrolysis offers a promising alternative for sus-
tainable and economically viable OER applications. Standard catalysts
for the alkaline OER utilize materials such as nickel (Ni), cobalt (Co), or
iron (Fe), either individually or in combination [4,5].

In recent years, high-entropy alloys (HEAs), high-entropy oxides
(HEOs), and high-entropy ceramics (HECs) were introduced as an
intriguing class of materials with versatile applicability, including
electrocatalysis [6]. Such compositionally complex materials (CCMs)
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Fig. 1. The perspective of the present work into the state-of-the-art of anodization process. Materials in the colored regions of the left graph have never been
investigated as anodization substrates. In this paper, we studied the anodization of CCA and CCN in order to prepare compositionally complex oxide (CCO).

contain at least five elements and no single dominant element and were
first introduced as HEAs in 2004 [7,8]. Interest in these materials
initially focused on overcoming the mechanical properties of traditional
alloys [9]. However, due to their manifold functional and structural
properties, HEAs today draw great attention in many fields of materials
science, in particular for electrocatalytic applications [10,11].

The concept is to take advantage of the randomly distributed atoms
of various metals in a defined crystalline structure of HEA. A HEA’s
active surface is made up of many different surface sites arising from the
numerous combinations of nearest neighboring atoms. This results in a
plethora of catalytic properties due to the synergistic interactions be-
tween different transition metals that are in contact [10]. However,
despite some intriguing properties, many HEAs exhibit low specific
surface area which compromises suitability for electrocatalytic appli-
cations [7,12,13]. In fact, high surface area is in practice mandatory for
high activity in heterogenous catalysts, and thus crucial for the design of
high-performance electrocatalysts. Moreover, alongside surface area
considerations, the choice of metals and their potential interactions and
synergies, such as tuning electronic states through orbital mixing, play
an important role in the development of efficient catalytic systems [14].

To overcome the issue of low surface area, a synthesis of nanoporous
HEA covered with high entropy (oxy)hydroxides was reported in 2019
[15]. It was composed of Al, Ni, Co, Fe, and/or Mo, Nb or Cr and used as
an OER catalyst in alkaline media. These new materials highlighted the
importance of incorporating five metal elements in one single-phase
nanostructure. Recent studies on high entropy material (HEM) cata-
lysts for electrocatalytic applications revealed that CCMs are very
promising candidates for high-performance heterogeneous catalysis
[15-20].

Due to the lack of simple synthetic methods that can give access to
heterogeneous materials closely interconnected at the nanoscale, only a
few different combinations of nanostructured non-noble metal CCMs
have been investigated. While there are numerous methods for prepar-
ing powder single-phase solid solution HEA nanoparticles (NPs), all of
them are complex and excessively time-consuming. Furthermore,
application in electrocatalysis implies that the nanoparticulate HEAs
must be immobilized on a conductive support. This can be accomplished
using the drop-casting method [19], electrochemical deposition [21], or
more complex approaches such as sputtering HEA thin films [22,23].
The advantage of these approaches is that the HEAs surface can be more
easily modified to design a nanostructured compositionally complex

surface. However, the majority of such HEAs still exhibit rather low
surface area and potential conductivity problems and are therefore
currently for the most part unreliable for practical electrocatalytic ap-
plications without further optimization.

Anodic oxidation (AO) is a relatively simple synthetic process for
modifying metals and alloys, producing strongly attached, highly porous
and even regularly ordered structures that can serve as electrodes
without further processing. As is known from the anodization of pure
metals and simple commercial alloys, porosity is controlled by the
presence of fluorine in the anodization electrolyte [24,25]. AO has been
recently applied for the development of a diverse spectra of materials
with varying morphologies, including nanostructured films of nickel
oxide [26], iron oxide [27], titanium oxide [28], cobalt oxide [29],
copper oxide [30], zinc oxide [31] and other transition metal elements
that are the most promising non-noble electrocatalysts [32]. Anodiza-
tion processing conditions (anodization voltage and time as well as
electrolyte temperature and composition) for the preparation of these
materials frequently differ, meaning that the requirements for optimal
AO-derived materials are more stringent than for pure metals. None-
theless, published research on the anodization of various simple alloys
[33-35] demonstrates that complex materials can also be anodized.
Based on these considerations, anodization of CCMs composed of
transition-metal elements (Fig. 1) has the potential to become a highly
convenient strategy to prepare complex multicomponent nano-
structured films, strongly attached to support with almost unlimited
material combinations.

In the present work, we focus on the AO of FeCoNiCuZn alloy which
was critically modified using nitridation under gaseous ammonia flow
prior to the AO. As a result of the CCM-tuned structure, we achieved an
OER performance that stands among the best-ever electrocatalysts based
on non-noble metals.

Our new synthetic methodology offers a number of relevant advan-
tages: i) the CCM is strongly immobilized on the conductive support; ii)
the surface area is greatly enhanced as compared to CCMs prepared with
other methods; iii) the hierarchical structure of the CCM evolves with
the formation of controlled pore distributions. Apart from the significant
OER performance arising from the tailored structure, this work presents
a versatile synthetic method for developing new AO-based CCMs with
optimized properties for other specific electrocatalytic processes.
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Fig. 2. Scheme of the new methodology for the synthesis of immobilized multicomponent nanostructured films using anodic oxidation of nitridated compositionally
complex alloys. On the right, SEM micrographs show realistic top surface morphology during each synthesis step. Scale bars sizes represent 200 nm.

2. Experimental

Preparation of compositionally complex alloy: Compositionally com-
plex bulk materials (FeCoNiCuZn) were produced by arc melting
(Edmund Biihler GmbH, Germany) of the pure elements. The Fe, Co, Ni,
Cu, and Zn granules had a purity of 99.99 % and were purchased from
HMW Hauner GmbH & Co. KG in Germany. The preparation was carried
out in a Ti-getter Ar atmosphere. The ingots were heated 5 times above
the liquidus temperature and turned after each melting and cooling/
crystallization cycle to ensure homogeneous material preparation. The
obtained ingot was cut into 1 mm thick pieces, and then 4 mm diameter
cylinders were punched.

Nitridation of compositionally complex alloy: Nitridation was con-
ducted at 700 °C for 30 min in a constant ammonia flow of 100 cm®
min~! at 1 atm pressure, with heating and cooling rates of 10 °C min™'.

Anodization of compositionally complex materials: Compositionally
complex samples were subjected to anodization in a custom-developed
electrochemical cell (Fig. S1) using similar anodization parameters as
reported by Suhadolnik et al. [36] Samples were first inserted into a
custom-made Teflon holder which was sealed into the bottom of the cell
with an o-ring. The entire top surface of a sample was exposed to the
always freshly prepared electrolyte.

The anodization voltage was adjusted within the range of 40 V-60V,
while the anodization duration spanned from 1 min to 20 min. The same
Teflon holder that was used for anodic oxidation was later mounted on a
rotator for rotating disk electrode electrochemical measurements.

2.1. Materials characterization techniques

SEM and SEM-EDXS analysis: The surface morphology of all samples
was examined under the conditions previously reported by Suhadolnik
et al. [36].

XRD: All samples underwent characterization via X-ray diffraction
under the conditions outlined by Suhadolnik et al. [36] The phase
identification was performed with the X’Pert HighScore Plus program
using the International Centre for Diffraction Data (ICDD) PDF-4-+ 2021
database [37].

XPS: The surface composition of compositionally complex samples
was analyzed with X-ray photoelectron spectroscopy (XPS) under the
conditions previously reported by Suhadolnik et al. [36] The accuracy of

binding energy was £0.5 eV. XPS spectra were elaborated with Multipak
software, version 9.9. XPS spectra Fe 2p, Ni 2p and Co 2p were used for
quantification of surface composition and identification of oxidation
states. We should note that in these spectral regions, many overlaps of
the Auger MNN spectra and metallic 2p spectra are present due to
similar electronic structures of the Fe, Ni and Co. This complicates and
limits identification of oxidation states and quantification of surface
composition. The relative error of concentrations of surface composition
determined by XPS is about 30 % of the reported concentration.

TEM techniques: TEM imaging was performed in the same way as
previously reported by Suhadolnik et al. [36].

Confocal laser scanning microscopy (CLSM): Surface topology and
roughness of the samples were analyzed using laser scanning confocal
microscopy, specifically an Olympus LEXT OLS4000 3D laser micro-
scope, which provided optical images with depth selectivity. Evaluation
of the data was done with Gwyddion free software [38].

Atomic force microscopy (AFM): AFM (Dimension Icon with ScanA-
syst, Bruker) in tapping mode was used to capture topography images.
AFM topography analysis was done with a Bruker Dimension Icon
atomic force microscope employing a TESPA-V2 etched silicon probe
(Bruker). Gwyddion, a free software, was used to correct the images
[38].

ICP-MS of KOH electrolyte during stability test: Samples collected at
different times during electrocatalytic stability test were analyzed using
ICP-MS after appropriate dilution and acidification. For sample dilution
and preparation of standards, ultrapure water (MilliQ, Millipore) and
ultrapure acids (HNO3, Merck, Suprapur) were used. Standards were
prepared in-house by dilution of certified, traceable, inductively coupled
plasma-(ICP) grade single-element standards (Merck Certipur). An Agi-
lent quadrupole ICP-MS instrument (Agilent 7900, Agilent Technolo-
gies, Santa Clara, CA), equipped with a MicroMist glass concentric
nebuliser, and Peltier-cooled, Scott-type spray chamber was used for the
measurement.

Electrochemical Measurements: All electrochemical measurements
were conducted at ambient temperature within a single-compartment
electrochemical cell, featuring a three-electrode configuration. All the
prepared materials were inserted into a custom-made Teflon holder (the
same as was used for anodization) and used as a working electrode. The
reference electrode employed was a HydroFlex reversible hydrogen
electrode (RHE, Gaskatel GmbH), while a glassy carbon rod served as the
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Table 1

Chemical composition (at.%) of CCA and CCN determined with XPS and
SEM-EDXS for both samples and additionally STEM-EDXS for CCA. Carbon was
not taken into account.

COMPOSITIONALLY COMPLEX ALLOY (CCA)

Analysis Fe Co Ni Cu Zn (0] N
XPS 9.0 10.1 6.5 72.6 1.8
SEM-EDXS 24.0 24.3 23.9 13.2 4.9 9.6

STEM-EDXS 33.7 34.1 32.2

COMPOSITIONALLY COMPLEX NITRIDE (CCN)

XPS 9.2 14.2 4.9 55.4 16.3
SEM-EDXS 25.2 21.3 24.2 13.1 0.8 1.6 14.6

counter electrode. The potential was regulated using a potentiostat (SP-
300, Biologic). For activation and specific surface area determination,
the supporting electrolyte was Ny-saturated 1 M KOH (99.995 %,
Suprapur, Merck) aqueous solution; whereas, for linear sweep voltam-
metry (LSV) measurements, Oy-saturated 1 M KOH was utilized. Acti-
vation entailed cyclic voltammetry (CV) cycling between 0.25 and 0.35
V vs RHE for 100 cycles at a scan rate of 300 mV s~! to attain a stable
cyclic voltammogram. Following this pretreatment, the OER activity
was assessed through LSV at a scan rate of 2 mV s~ 1. The resistance of
the electrolyte was recorded by electrochemical impedance spectros-
copy (EIS) before each OER activity measurement and the iR compen-
sation of 85 % was applied. The overpotential () at 10 and 100 mA
cm 2 was calculated using the equation 1 = E (at 10 or 100 mA cm ™ 2) —
1.23 V.

Determination of double layer capacitance (Cq)) of all catalysts was
done electrochemically. The Cg of the catalysts was determined by
measuring the capacitive current associated with double-layer charging
from the scan-rate dependence of cyclic voltammetry stripping. CV
curves were measured in the potential window from 0.25 to 0.35 V
versus RHE at scan rates of 20, 50, 100, 200, and 300 mV s~ . The Cal
was estimated by plotting the AJ = J, — J. at 0.3 V vs RHE against the
scan rate, the linear slope is twice of Cq;.

IrOy benchmark material (Premion, Alfa Aesar) was measured in a
three-electrode configuration cell with a thin film of IrO; powder
deposited on a glassy carbon RDE, which was used as a working elec-
trode and HydroFlex reversible hydrogen electrode (Gaskatel GmbH)
and carbon rod as reference and counter electrodes, respectively. Thin
films were prepared by drop casting 20 pL of IrOx ink, prepared by
dispersion of nanoparticles in Milli-Q water (18.2 Q cm). Additionally, 5
% Nafion stock solution (Aldrich) was added to the ink, so that the
amount of Nafion was 25 wt% of the solid content in the suspension. The
electrochemical protocol consisted of 20 cycles (50 mV s 1) between
0.05 and 1.45 V and subsequent activity measurement by recording an
LSV from 1.2 to 1.6 V with a scan rate of 2 mV s~ . Both activation and
activity were measured in an Ar-saturated electrolyte. Afterward, ac-
tivity measurement was repeated also in Oy atmosphere.

3. Results and discussion

3.1. Characterization of synthetic intermediates of compositionally
complex catalyst preparation

The new catalyst was prepared through a three-step procedure
consisting of i) the preparation of a CCA, ii) the annealing of the CCA in
an NHj atmosphere, and iii) the anodization of the nitridated alloy.
Fig. 2 depicts a schematic representation of the preparation.

CCA in bulk form was prepared from equimolar amounts of Fe, Co,
and Ni, as well as lower amounts of Cu and Zn. A detailed description of
the CCA synthesis can be found in the experimental section. Briefly, pure
elements were arc melted in a Ti-getter Ar atmosphere and heated 5
times above the melting temperature to make the ingots homogeneous.
According to SEM (Figs. S2a and b) and AFM (Fig. S2c), the top surface
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morphology of CCA is a relatively uniform and smooth disc. The surface
roughness of the CCA sample represented by root mean square (RMS)
value is 16 + 2 nm. The same roughness parameter obtained with
confocal laser scanning microscopy (CLSM) at lower magnification (100
x ) was determined to be 3.2 pm (Fig. S2c¢). SEM-EDXS mapping
(Fig. S3) and XRD analysis (Fig. S4a) reveal a bulk equimolar
Feg.333C00.334Nig 333 phase as well as app. 18 at.% of Cug.7¢Zng 24 phase
in the Fe 333C00.334Nig 333 matrix (Table 1). The Cug 76Zng 24 phase with
diffraction peaks (@) (PDF 04-004-8062) is a solid solution of Zn in a-Cu
[39] that was intentionally added to the alloy to cause the formation of
larger pores via dealloying during the AO process. The diffraction peaks
(@) are related to cubic structure and Fm-3m space group of
Feg.333C00.334Nig.333 (PDF 04-024-3627). XPS analysis shows Fe, Ni, Co,
0O, and C in the surface oxide layer of CCA (Fig. S5). Cu and Zn were not
detected possibly because of their low concentrations in upper layers.
The presence of metallic oxide peaks and relatively strong metallic peaks
of Fe, Ni, and Co is the main feature of Ni, Fe, and Co spectra. This is
explained as a 3-5 nm thick native oxide Fe-Ni-Co layer covering the
metallic Fe-Ni-Co matrix.

STEM analysis of the lamella prepared in cross-section orientation
revealed a relatively rough surface of the complex alloy. The substrate
alloy consists of tens of microns large grains. Selected area electron
diffraction (SAED) of one of such grains is shown in Fig. S6b. EDXS
mappings (Fig. S6¢) show that Fe, Ni and Co are homogeneously
distributed in the substrate grain and oxide film.

Nitridation of CCA in NH3 at 700 °C for 30 min results in faceted
crystal planes of compositionally complex nitride (CCN) as determined
with SEM analysis (Figs. S7a and b). The faceted morphology of CCN is
dominated by the mixed metal nitride phase (o) with a homogeneously
distributed cubic Pm-3m crystallographic structure, according to XRD
analysis (Fig. S4b) and elemental SEM-EDXS mapping (Fig. S8). The
diffraction peaks appear relatively narrow, in agreement with the SEM
analysis revealing the presence of large crystallites. Because of the
relatively thick nitridated film, the diffraction peaks corresponding to
the CCA support are barely visible. Due to the sublimation of most Zn
during high-temperature annealing [40], the Cug 76Zng 24 phase is no
longer present, while some peaks assigned to metallic Cu ([J) are
observed. The surface roughness of the CCA has increased from 16 + 2
nm to 83 + 22 nm for the CCN material, as determined by AFM analysis
(Fig. S7¢).

XPS analysis of the CCN sample (Fig. S9) shows that the surface
consists of a thin layer of mixed oxides with thickness in the range of
3-5 nm and the nitrides/oxynitrides, as evidenced by N 1s spectrum
with the peaks at 397.5 eV and 399 eV. The high-resolution XPS spectra
of Fe 2p and Co 2p are similar to that of the CCA sample. After nitri-
dation, the shape of the Ni 2p spectrum has changed. Concerning the
oxidized Ni(2+/3+), a peak at 853.1 eV associated with Ni(0) and/or
Ni-nitride/oxynitride formation is increased. These findings indicate
that the top surface of the CCA has been transformed into a homoge-
neous CCN phase with metallic copper inclusions.

Table 1 shows the chemical composition of CCA and CCN samples.
Aside from the sublimation of Zn and the replacement of the majority of
oxygen with nitrogen, the relative amounts of the three main elements
have changed slightly. Notably, the Co amount is decreased according to
SEM-EDXS analysis; however, it is increased by XPS analysis, which
examines the top-most 3-5 nm.

3.2. Anodic oxidation of CCM for the preparation of final catalyst

It is known that electrolyte composition, as well as anodization po-
tential and time, allow for fine-tuning of anodized materials’
morphology, structure, and functional properties, and that different
metals typically require anodization in different anodization electrolytes
[27,29,41]. The choice of the solvent/electrolyte is an important
parameter, which must consider the type of metals to be anodized [30,
42,43]. [44-46] Additionally, the concentration and type of salt
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Fig. 3. SEM and CLSM analysis of CCN-AO catalyst anodized at 50 V for 5 min. a) and b) top surface morphology and c¢) CLSM image and corresponding profile.

(fluoride vs. other) strongly influence the anodization process. Most is the typical composition used for the anodization of Fe, Co and Ni [27,
common anodization potentials range between 40 and 60 V, so that a 29]. However, such conditions are not compatible with copper and zinc
potential of 50 V was chosen for the AO process. We used a solution of (usually anodized in aqueous electrolytes and at potentials lower than
ethylene glycol, ammonium fluoride and water as the electrolyte as this 30 V), which are removed during the AO, but they are still essential to

BF c————510 nm FeKk c————>10 nm Ni Kk c————510 nm CoK —————>10nm oK

Fig. 4. STEM characterization of CCN-AO catalyst. a) HAADF-STEM of oxide film at low magnification with the SAED as an inset, b) high-resolution HAADF image of
the nanoparticle in the oxide film with a FFT as an inset and ¢) STEM-EDXS analysis of cross-sectioned FIB lamella of CCN-AO catalyst anodized at 50 V for 5 min.
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Fig. 5. XRD and XPS analysis of CCN-AO catalyst. a) XRD diffractogram showing peaks (4) related to CCA and peaks (o) related to CCN and b) XPS analysis showing
Fe 2p, Ni 2p, Co 2p, and O 1s spectra from the surface. The standard cards of XRD diffractogram in a) are included in Fig. S4.

introduce controlled porosity. It is known that the hierarchical organi-
zation of pores in the catalyst film improves its performance [47-49]
due to enhanced mass transport, the accessibility of active sites and
better conductivity due to interconnectivity. More specifically, the
removal of Cu and Zn pockets (templates) during nitridation and
anodization resulted in larger pores (>100 nm) for fast ionic and elec-
tronic paths, whereas fluoride ion etching of the CCA and CCN form
smaller pores (<20 nm) interconnected with the larger porous
architecture.

To assess the significance of the nitridation step, we evaluated the
performance of a reference catalyst where the AO process was carried

out directly on the CCA (CCA-AO). Notably, we observed that the cur-
rent density time curve for CCA-AO considerably differs from that of
CCN-AO (Fig. S10). While the current of the non-nitrated sample (CCA)
decreases quickly after the start of the anodization, the CCN anodization
current remains constant or even slightly increases after a few minutes at
60 V. Only Co anodization exhibits a similar anodization current density
behavior [29]. However, we note that the current range observed for Co
is much lower than the one of our CCM materials, which is close to 200
mA cm 2 at 60 V. The increased surface roughness (Fig. S2c¢ and
Fig. S7c) of the CCN thin film is responsible for the higher total charge
passed during the CCN anodization compared to CCA anodization.
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Table 2

Chemical composition of anodized CCN determined with XPS, SEM-EDXS, and
STEM-EDXS. F is also present; however, it was removed from table so that it is
easier to compare samples.

Sample name Fe Co Ni (0] N
SEM-EDXS 14.6 11.5 15.0 57.2 1.7
STEM-EDXS 11.0 10.0 20.0 59.0

XPS 7.8 6.8 11.1 74.3

Anodization potential also influences anodization current density,
which increases as anodization potential increases (Fig. S11). We found
that anodizing CCN results in homogeneous top surface morphology
(Fig. 3 and Fig. S12), whereas anodized non-nitrated sample resulted in
two morphologically and compositionally distinct regions (Fig. S13).

The following two sections provide a detailed description of anod-
ized CCN properties.

3.3. Characterization of final catalyst

The most efficient anodically oxidized compositionally complex
nitride (CCN-AO) catalyst was prepared with nitridation of CCA at
700 °C for 30 min at the NHs flow rate of 100 cm® min 1, followed by 5
min of anodization in fresh electrolyte at 50 V. Several techniques were
used to characterize the catalyst.

The top surface morphology of CCN-AO was firstly investigated by
SEM and CLSM. AFM could not be used on this sample since its surface
roughness exceeds the limits of the measurement method. As shown in
Fig. 3, CCN-AO exhibits highly porous, high surface-area morphology.
The RMS value for the surface roughness of the CCN-AO sample is 2.1 +
0.5 pm. Additional SEM micrographs at various magnifications show
that the film is highly homogeneous with regions made of larger pores
(Fig. S14). The latter were formed as a result of the removal of Cu and Zn
during nitridation and anodization and are important for the film’s hi-
erarchical porous morphology. Such a pore organization increases the
exposed active sites and the contact area with the electrolyte, resulting
in enhanced catalytic performance.

STEM structural analysis of CCN-AO lamella (Fig. 4) reveals that the
immobilized catalyst is app. 1 pm thick, with pores of varying sizes
present throughout the entire film thickness. The atomic resolution
analysis (Fig. 4b) confirms that the film is composed of oxide nano-
particles with a size of about 5 nm. Selected area electron diffraction
(SAED) pattern shows the combination of many possible phases.
Although anodization typically leads to amorphous or poorly

1000

145 150 1.55

Evs.RHE/V

1.60
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crystallized nanostructured films, the anodized CCN prepared in this
study exhibits extended crystalline domains, as determined by TEM
diffraction. The STEM-EDXS mapping reveals a partially homogeneous
distribution of all the Fe, Ni, and Co. According to electron energy loss
spectroscopy (EELS) analysis Ni and Co are close to 2+ oxidation state,
whereas Fe is close to the 3+ state. Meanwhile, CCN-AO anodized at 60
V for 5 min also exhibits a homogeneous elemental distribution in a
much thinner (app. 400 nm) porous film (Fig. S15).

XRD analysis of CCN-AO (Fig. 5a) revealed that the anodized film
could not be detected in the diffractogram due to tiny oxide nano-
crystallites and/or the amorphous nature of the portion of the film. As a
result, only the CCN (o) and CCA (4p) peaks are visible, with the CCA
peaks being more intense due to CCN etching during the anodization
process.

The survey XPS spectra of CCN-AO (Fig. 5b) reveal the presence of
Fe, Ni, Co, and O elements on the surface. A mixed oxide layer is present
as well as traces of F. The most intense Fe 2ps,, peak is at 712.3 eV, the
most intense Ni 2p3 /5 peak is at 855.9 eV, and the most intense Co 2p3,2
peak is at 782.9 eV. Oxidation states present in the oxide layer are Fe
(2+/3+4), Ni(2+/34) and Co(2+/3+). The oxygen spectrum O 1s has
three peaks: 529.8 eV (oxide), 531.3 eV (oxide and OH), and 532.3 eV
(oxygen) (adsorbed H50).

Table 2 shows the chemical composition of the CCN-AO catalyst as
determined by SEM-EDXS, STEM-EDXS, and XPS. XPS elemental
composition was measured at the surface. Different analyses yield
different results, which is due to the different analyzed volumes. XPS
and STEM-EDXS show no N which is observed in SEM-EDXS analysis. A
much more pronounced difference is that there is a lower percentage of
Fe at the surface (XPS measurement) than in the film and bulk CCA
below the film (SEM-EDXS measurement). Furthermore, elemental
SEM-EDXS mapping (Fig. S16) reveals a uniform distribution of all el-
ements as well as the presence of some Cu that is not in the film but in
the CCA substrate.

3.4. OER electrocatalytic evaluation

Multiple synthesis processes and parameters were screened to eval-
uate the electrocatalytic performance of CCA and other catalysts derived
from the initial alloy to obtain the optimized CCN-AO catalyst. Based on
our findings, the following rationale can be developed. First, due to their
low specific surface area, the synthetic intermediates (CCA and CCN) of
CCN-AO have very low electrocatalytic activity (Fig. S17). Second, our
experiments show that direct anodization of CCA results in significantly
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Fig. 6. A) OER performance of CCN-AO catalyst and IrOx benchmark. The OER polarization curves are normalized per geometric surface area. b) Tafel plot of OER
polarization curves (constructed from a). Activity was determined in 1 M KOH (Titripur, Merck) electrolyte.
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Table 3

Chemical composition of the CCN-AO before and after electrocatalytic activity
measurement as well as after electrocatalytic stability measurement. The
composition was determined with SEM-EDXS and XPS and is shown in at.%. 3.8
at.% F is also present in CCN-AO; however, it was removed from table so that it
is easier to compare samples.

AS PREPARED CCN-AO

Sample name Fe Co Ni o N
XPS 7.8 6.8 11.1 74.3

SEM-EDXS 14.6 11.5 15.0 57.2 1.7
AFTER EC ACTIVITY

XPS 5.8 5.0 12.6 76.6

SEM-EDXS 14.6 11.4 16.0 56.8 1.2
AFTER EC STABILITY (24 h at 10 mA cm™?)

XPS 4.4 5.2 7.1 83.3

SEM-EDXS 10.8 10.9 16.7 61.7

lower OER activity as compared to that of the CCA which is nitridated
prior to anodization (Fig. S18). The nitridation step significantly alters
the alloy composition (sublimation of Zn, Table 1), structure (alloy is
transformed into the CCN, Fig. S4), and morphology (faceted crystal
planes of the nitride, Figs. S7a and b compared to Figs. S2a and b). Third,
anodization time (Fig. S19) has a significant impact on OER activity.
Based on these findings, the catalyst with the highest OER activity
was analyzed in depth. The electrocatalytic performance of CCN-AO
(Fig. 6) was determined by Linear sweep voltammetry (LSV) measure-
ments in 1 M KOH (Potassium hydroxide solution, Titripur, Merck)
actively purged with O, and recorded at a scan rate of 2 mV s~ *. Purging
with O is advised to maintain the O/H30 equilibrium at 1.23 V vs RHE,
whereas a low scan rate is required to minimize the frequently observed
high redox peaks of common catalysts for alkaline OER at a potential
slightly above 1.23 V vs RHE [50]. Fig. 6 compares the performance of
an immobilized thin-film CCN-AO catalyst to that of a commercial IrOy
deposited on a glassy carbon electrode (GCE). The app. 1 pm-thick
CCN-AO film with double layer capacitance of app. 1.5 mF cm ™2 results
in an overpotential of 233 mV to achieve a current density of 10 mA
cm 2 which is 111 mV lower than the one of the IrO, benchmark with an
overpotential of 344 mV. Furthermore, the observed Tafel slope of the
CCN-AO was app. 38 mV dec ™! whereas the one for the IrO, benchmark
was 47 mV dec ! indicating that the CCN-AO has much faster OER ki-
netics. For commercial applications, the overpotential value at 100 mA
cm ™2 or higher, which is 270 mV for our CCN-AO catalyst, should also
be reported. We note that commercial alkaline electrolyzers operate at
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current densities from 100 to 400 mA ¢cm 2 [51].

The CCN-AO activity and Tafel slope value are comparable to the
activity of the best-reported catalysts (G-FeCoW on GCE) thus far, which
had an overpotential of 223 mV to reach 10 mA cm ™2 and a Tafel slope
of 37 mV dec™! [52]. Table S1 compiles the best-performing non-noble
alkaline OER electrocatalysts. However, the catalyst support material is
the primary factor preventing direct comparison of published research.
Even though GCE support is commonly used, the measured double-layer
capacitance varies significantly among catalyst films, ranging from less
than 0.1 mF cm ™2 to nearly 150 mF cm 2 on the same type of support
(GCE) [53,54]. Catalysts deposited on Ni foam, carbon cloth, or another
high surface area substrate have a significantly lower OER overpotential
[52,54] making a direct comparison with flat catalytic electrode sur-
faces of limited utility.

The impedance spectra of the CCN-AO were measured and compared
with the typical spectra of the IrOx on the GCE benchmark (Fig. 520).
Both materials were measured at 1.5 V and 1.55 V vs. RHE, i.e., within
the window recommended in our recent article [55], which represents a
good compromise between stability of the spectra and activity of the
catalyst. It can be seen that for both potentials, the arc corresponding to
the final catalyst is much smaller than the arc corresponding to the IrOx
benchmark. A detailed analysis of the spectra using the equivalent
physical circuit in Figure S19 [55,56] shows that the total resistance (R,
+ Rep) at 1.5 V and 1.55 V versus RHE is 140 times and 15 times smaller,
respectively, in the case of the CCN-AO than in the case of the IrOy
reference. This means that a similar difference in the slope of the two
polarization curves at the respective potentials is also to be expected
because the total resistance is supposed to exactly correspond to the
slope in the ideal measurement.

SEM, SEM-EDXS, and XPS were used to analyze the catalyst after the
electrochemical activity test. The top surface morphology (Figs. S21a
and b) as well as the composition determined by SEM-EDXS (Table 3) are
comparable to the catalyst before electrochemical analysis. The elec-
trochemically analyzed sample’s XPS spectra (Figs. S21c—f) are similar
to the analysis of the CCN-AO sample, with some new features related to
the chemistry of the Co atoms. The most intense Fe 2p3 » peak is located
at 711.4 eV, the Ni 2pg/» peak is located at 855.6 eV, and the Co 2p3/>
peak is located at 780.7 eV. The oxide layer contains the oxidation states
Fe (2+/3+) and Ni(2+/3+). The Co 2ps3/, spectrum was significantly
altered when compared to the CCN-AO sample, indicating that the
electrochemical activation has a great impact on the Co atoms’ chemical
status. The main Co 2ps/» peak at 780.7 eV is assigned to the Co(3+)
state. This is confirmed by lowering the peak at 783 eV, which is typical
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Fig. 7. Stability of CCN-AO catalyst. a) Chronoamperometric stability test of CCN-AO at 10 mA cm ™2 for 24 h in 1 M KOH (99.995 %, Suprapur, Merck). b) OER

electrocatalytic activity before and after the stability test.
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Fig. 8. SEM and XPS characterization of CCN-AO catalyst after the stability test. SEM (a), and XPS spectra (b) of the sample after the stability test. Fe 2p, Ni 2p, Co

2p, O 1s spectra are shown.

of pure Co(2+) states [57,58]. It is reported in the literature that
incorporation of Co(3+) in the NiFe-based catalyst reduces the OER
overpotential [59] which is confirmed in our study since we observed
greatly increased catalyst activity during the electrochemical activation
step which caused changes in the XPS spectra of Co (comparison of
Fig. 5b and Figs. S21c-f). This indicates that the Co(3+) oxidation states
play an important role in the OER reaction.

Durability of the CCN-AO catalyst was investigated to further
investigate its OER performance (Fig. 7). Chronoamperometry (CA) was
used to test the stability of the CCN-AO catalyst (Fig. 7a). Experiments
were performed in high purity KOH (99.995 %, Suprapur, Merck), to
prevent any possible contamination of the catalyst with impurities, as
recently cautioned by the electrocatalysis community [60,61]. To
minimize the effect of the excessive accumulation of O, bubbles, a po-
tential at 10 mA cm ™2 was held for 24 h at a rotation rate of 5000 rpm. It
can be seen that even under these conditions, the CA curve features
several spikes which originate from the formation/release of the oxygen
microbubbles on/from the electrode surface. The microbubbles issue is
well known in the OER community as it interferes with the evaluation of

the intrinsic activity and stability of the catalysts [62,63]. However,
despite the presence of the current spikes, the CA curve does not show a
specific activity decay. To further investigate this, the LSV measurement
was repeated after the stability test and is shown in Fig. 7b. The activity
screening shows no discernible change, implying that the CCN-AO
catalyst is completely stable in strongly alkaline media (1 M KOH). SEM,
SEM-EDXS, and XPS were used to examine the catalyst that was sub-
jected to the degradation protocol (Fig. 8). SEM analysis of the top
surface morphology reveals no significant morphological changes, even
though the surface roughness appears to be slightly larger. SEM-EDXS
shows an increase in oxygen content and a decrease in Fe. This result
is consistent with ICP-OES analysis of the KOH electrolyte, which
showed that the concentrations of Fe increased over the 24-h stability
test, but no Co or Ni were dissolved from the catalyst. The XPS spectra of
the sample after the stability test are similar to those of the sample after
the electrochemical activity test. The most intense Fe 2ps,y peak is
located at 711.4 eV, the Ni 2p3/, peak is located at 855.4 eV, and the Co
2p3/2 peak is located at 780.4 eV. The oxide layer contains the oxidation
states Fe (2+/3+), Ni(2+/3+), and Co(3+). The spectrum of Co 2ps 3 is
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very similar to the one obtained before the stability test confirming the
important role of the Co(3+) oxidation state in the catalyst performance.
The excellent overall stability is due to the oxide structure and the strong
film adhesion to the CCA substrate.

4. Conclusions

We demonstrated, for the first time, a facile two-step method
combining nitridation and anodization steps for effective surface treat-
ment of CCM. This synthesis route provides a novel and simple approach
to CCM high surface area catalyst production, which cuts the need for
complicated production routes and extensive instrumentation.

Using the introduced method, we produced compositionally complex
high-surface-area electrocatalysts (FeCoNi-O) from bulk FeCoNiCuZn
material, providing a hierarchical porous structure with optimized
adhesion to the substrate. The obtained structures show excellent elec-
trocatalytic performance towards OER in an alkaline solution. More-
over, measured overpotentials of the introduced system were found to
be among the best reported for non-noble alkaline OER catalysts so far.

Due to the electrocatalytic performance, the enhanced stability of the
catalytic performance and the wide applicability of experimental design,
we emphasize the suitability of the introduced methods for industry
applications. The energy-efficient anodization process provides a real-
istic way for the application of CCMs in electrocatalysis. Further opti-
mization of the two-step synthesis method like fine-tuning of
anodization parameters and variation of the material composition pro-
vide a promising path for future research in CCM catalyst design.
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