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“Hydrogen is a light, odorless gas, which,

given enough time, turns into people.”

Edward Robert Harrison

To my beloved wife, my daughter, my parents, and my sisters
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Abstract

The dependence of modern society on fossil-based products is inherently connected to
prosperity, well-being, wealth, and comfort. Conversely, the imperative to transition
into a society powered solely by renewable resources and processes necessitates a
fundamental change, not only in terms of technical advancements, but also in economic
considerations and critical self-reflection.

This study investigates the extensive domain of electricity-to-hydrogen conversion,
which is considered to play a crucial role in the future fossil-free ammonia production.
The conversion of ammonia into fertilizer is essential for ensuring global food security.
The research approach to optimize the inherent reaction of oxygen evolution during
electrochemical water splitting for hydrogen production is investigated by the mean
of a gas diffusion electrode (GDE) setup in an alkaline environment. Recent
advancements in water electrolysis have led to the development of anion exchange
membrane water electrolyzers (AEMWE), which potentially combine the advantages
of established alkaline electrolyzers with those of proton exchange membrane
electrolyzers.

The presented GDE setup is introduced as a “dry anode” configuration, subsequent to
the recent introduction of the dry cathode in AEMWEs. This configuration can
simulate reaction conditions of effective devices. Nickel and Ni alloy foams were
synthesized using the hydrogen bubble template method, which generates highly porous
metal films with enhanced surface area, thereby promoting an increased number of
catalytically active sites and consequently higher reaction rates.

Oxygen evolution rates, normalized to the geometric electrode area, reached substantial
current densities at quasi steady-states exceeding 4 A cm™? at an iR-corrected set
potential of 2.1 Vgue for a pure Ni foam benchmark catalyst. Galvanostatic
investigation of NiFe alloys demonstrated a current density of 3 A cm™® for the optimal
composition at 1.82 Vrug, based on the statistical evaluation of an extensive dataset.
In conclusion, the presented research demonstrates the potential of a dry anode
configuration as an effective platform for studying high-performance oxygen evolution
in an alkaline environment, supporting the development of advanced water electrolysis

technologies.
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1. Introduction

This chapter examines the historical aspects of gas production, including hydrogen as
a city gas and water electrolysis, with a focus on Bern and Switzerland, and provides
a historical account of electrolyzer development. The objective of this thesis is outlined
by introducing current developments in electrolysis technology. I deliberately refrain
from a theoretical recapitulation of the foundational principles of electrochemistry here,
as specialized works are better suited for this purpose, such as “Electrochemical
Methods: Fundamentals and Applications” [1] by Allen J. Bard and Larry R. Faulkner
or “Modern Electrochemistry” [2] by John O'M Bockris and Amulya K. N. Reddy.

The history of gas production in Bern

Bern pioneered the illumination of streets in Switzerland by establishing privately
funded gas production in 1840, which was operational in 1843. Soon after, other
initiatives in Switzerland followed the example and installed their own gas production
facilities (Geneva and Lausanne in the late 1840s, Basel and Zirich in the 1850s) [3].
Today, “Gaswerk Bern” is renowned for its cultural activities and serves as a venue for
diverse events, exhibitions, and performances. The former industrial structures have
been repurposed, establishing a center for arts and alternative cultures. The gas
production facility was closed in 1967.

This paragraph is based on two primary references [4,5] and reflects the interactions

between technological progress, economy, society, and politics.

Situation before 1843

In Paris, an organization that illuminates city streets using oil lamps has been
established since 1667. The primary objective was to improve safety and police security
during evenings. Bern established a city oil lighting system in 1748 [6], when the police
department of the city conducted a pilot study on public lighting to evaluate a cost-
benefit analysis. A political debate followed, and only in 1768, the city council
announced the continuous installation of 200 oil lamps and established a detailed

timetable (from mid-September to Easter the light shall be on from nightfall until



around midnight) and cost-sharing within the offices of the city and the republic.
Meanwhile, the employees of the privately held contractor in charge of refilling and
maintaining the lights were under suspicion. “They would become thirsty from climbing
ladders, so they would turn into the numerous cellar taverns and partake in drinks
there.” At the beginning of May 1843, 137 single- and 144 double-arcade oil lanterns
and approximately 100 reflector lamps (“Reverbéren”) were finally erased from the

urban landscape.

Initiation of the gasworks Bern

In the early 19" century, a novel technology using gas instead of oil for illumination
emerged in Europe. The objective was to gasify coal through pyrolysis and to combust
the resultant gaseous product, primarily comprising carbon monoxide (CO, ~30 Vol.%)
with trace amounts of hydrogen (Hs, ~2 Vol.%) and carbon dioxide (CO;, ~2 Vol.%),
alongside a predominant nitrogen content (N, ~66 Vol.%), in specialized gas lamps to
generate illumination (Fig. 1 (a)). This gas composition is sometimes referred as
generator gas and has a typical calorific value of 3.9 to 4.1 MJ m™ [7,8]. In 1823, the
communal council of the city of Bern initially deliberated on gas lighting. The technical
and cost-related concerns were addressed in 1840 by engineer J. B. Roux, who had
implemented such a system in the French city of Mulhouse. His report emphasized the
feasibility of establishing a gas-powered urban lighting system but raised concerns
regarding coal availability. Consequently, it was proposed that experiments should be
conducted to assess the viability of domestic coal and peat as alternatives to expensive
imports. However, the municipal government did not endorse this proposal, and thus,
no funding was allocated for testing.

Instead, a private company named “Compagnie du Soleil” (Company of the sun) was
founded to finance testing and gasworks construction. Concurrently, the luminous
output of the installed oil-based illumination in comparison to the anticipated novel
gas-powered lighting was a subject of negotiation between “Compagnie du Soleil” and
governmental representatives, a process supported by the University of Bern. At that
time, the standardization of light measurement was predicated on the Carcel-lamp, an
invention from 1800. This device, an oil lamp equipped with a timer, emitted a
“constant and continuous” illumination. The official photometric measurement,

initiated by the city’s police department, executed under supervision of company
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representatives and led by Prof. Karl Brunner, Professor of Chemistry and Pharmacy,
revealed an annual output of 137'987 h of Carcel-light, which fell short of the 200'000 h
anticipated by company representatives. Professor K. Brunner used a photometer after
Ritchie for the measurements, and noted that the results should not be considered
accurate due to the imprecise nature of the Carcel-lamp as a measurement standard.

However, J. B. Roux argued that the novel gas system provides expected 222’456
annual hours of Carcel-light, indicating that despite its apparently higher absolute cost,
it was comparatively competitive when evaluated against the existing situation. The
police commission was persuaded and favored gas illumination; however, the city
parliament strongly criticized the studies and J. B. Roux's expense bill amounting to
200 Swiss Francs. Based on the experimental results of Prof. K. Brunner, “Compagnie
du Soleil” presented a proposal to the city, which was subject to extensive deliberation.
The annual expenditure for oil illumination amounted to 10'735.70 Francs, while the
proposed gas lighting would incur an additional cost of 3000 Francs. Consequently, a
public solicitation for alternative proposals from other private entities was initiated;
however, no additional offers were received. The city government subsequently resolved
to allocate the supplementary cost from the revenue generated by dog taxation through

a municipal decision on December 30, 1840, in response to increasing political pressure

for the implementation of gas lighting.

Figure 1: (a) Illustration from England around 1800 showing a simplified coal
gasification process [4]. (b) Illustration of the first gasworks in the Marzili in Bern. The
chimney had to be constructed taller than originally planned as a result of objections

raised during the building permit approval process [4].

Within a few months, the politically mandated capital of 150,000 Francs for the stock

corporation was secured by more than 187 shareholders. Several legal matters required



attention and the city government regulated in detail specifications, including the
precise hours of Carcel-light provided, the quantity and position of lamps, security
considerations such as production interruptions, public safety, and maintenance
protocols, which were contractually addressed. The gasworks was projected to be
situated in proximity to the Marzili (Fig. 1 (b)), an optimal location due to several
factors. It was situated near the Aare for coal transportation, sufficiently close to the
city, yet adequately distant from critical infrastructure, and in a low-lying area, as only
natural ventilation was available. In June 1841, the building permit was granted after
multiple objections. Shortly after the commencement of construction work, the
company encountered challenges, as the opening of streets for pipe insertions did not
progress as rapidly as anticipated, resulting in traffic congestion and public
dissatisfaction. Furthermore, four of the initially constructed retorts cracked, and some
pipes fabricated from clay were damaged prior to utilization, as revealed by initial tests.
This caused an unpleasant odor to permeate the city, leading to widespread speculation
and significant pressure on the company. However, on April 25, 1843, the test to
illuminate the burners in Kramgasse and Marktgasse was successful, and the quality of
the light was deemed superior to oil lamps by local journalists reporting in

contemporary newspapers.

First years of operation

Initially, local coal from Beatenberg was shipped via Thunersee and the Aare to the
gasworks. The annually contracted 1’500 t of coal could be delivered until 1856, then
the resources were exploited. Another mine situated in Boltigen operated until 1860,
when it was compelled to cease operations due to the establishment of a new railway
connection to Bern, which facilitated the importation of superior coal from foreign
countries.

After a mere three years of operation, “Compagnie du Soleil” initiated legal proceedings
against the city of Bern for uncompensated income due to superior performance in
Carcel-light hours than contractually stipulated. The local tribunal adjudicated two
years later that the delivered 581'619 h of Carcel-light per annum exceeded twice the
contracted amount of illumination. Consequently, the city was obligated to remunerate
an additional 6'000 Francs annually from May 11, 1844, as compensation. Gas
illumination became increasingly significant to private individuals and establishments,

4



who could procure and remit payment through monthly subscriptions. At the
commencement of 1860, negotiations for a new contract between the municipality and
the company were initiated, precipitating discussions among politicians and private
investors. By November 30, 1860, the municipality had acquired control from the

private corporation.

Gasworks operated by the city of Bern

The operation of the gasworks and the city illumination were, by municipal resolution
of December 14, 1860 now functions of the government. Commencing in 1860 with 270
private consumers utilizing 1800 burners, by 1864 there were in excess of 4000 private
gas flames. New pricing structures were implemented, resulting in reduced gas costs.
Furthermore, the street illumination was enhanced, and clay pipes were replaced by
metal pipes. In 1869, the net profit reached 100,000 Francs, and the gas price was
reduced from 45 to 40 Rappen (cents) per cubic meter. The gasworks in the Marzili
reached capacity limitations, and within one year, in September 1876, a new gasworks
was constructed in Lindenau. By 1875, more than 13,300 private gas flames were
connected to the grid. In 1877, over 3’500 t of coal were processed, which yielded
1’385 t of coke as a by-product for sale. By-products such as coke and ammonia water
became increasingly economically significant as revenue sources for the gasworks due
to demand from the construction industry. The urban illumination improved further,
with 867 gas lamps recorded in 1889.

In 1891, electrical illumination was introduced, powered by the hydropower plant
Mattwerk. Consequently, gas became less significant for lighting purposes. However, it
remained useful for heating and cooking, and its importance continued to increase. In
1895, the net profit of the gasworks amounted to 259'016.72 Francs, which resulted in
a further reduction in gas prices for consumers. The charge per cubic meter was now

20 Rappen for cooking and heating, while illumination was priced at 25 Rappen m™.

Water gas, further expansion and war

The annual production increased to exceed 4 Mm?* and reached the capacity limit. To
prevent further reconstruction, a water gas production facility was implemented in
1902. Water gas was discovered by Felice Fontana in 1780 when he observed water

vapor reacting with incandescent coal [7]. The reaction can be described as follows:



C + H O — H, + CO. The H::CO ratio is dependent on the pressure and
temperature within the reactor (Fig. 2 (a)), and contains ~50 Vol.% Hs and 50 Vol.%
of CO, traces of methane (CH4, 1 Vol.%), and almost no nitrogen. This served as a
supplementary source and increased the calorific value of the mix. Water gas has a
calorific value of ~10 MJ m™, which is twice as high as that of generator gas. In 1903,
404’000 m? water gas was produced and blended with the city gas. However, due to
increased demand, an expansion, several retrofitting, and novel equipment for coal
preparation were implemented in 1907. By 1908, gas production reached 8.6 Mm?,

necessitating 28 kt of coal.
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Figure 2: (a) H2:CO ratio in relation to reactor temperature for water gas [7].
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(b) Annual gas production from 1860 to 1940 in Mm? of the gasworks Bern. The sharp
decrease around 1919 was caused by coal shortages during WWI [4]. (c) Washing
machine with gas heating [5].

The utilized bituminous coal and the new installations delivered improved calorific
valued gas, as more H, was present in the gas mixture (typically ~40 Vol.%) along with
a higher CH, content (~20 — 40 Vol.%). CO remained at ~10 - 20 Vol.% and N, is
reduced to lower than 10 Vol.%. The calorific value reached for such a typical city gas
composition was ~16.5 - 21 MJ m™. The process yielded 20 kt of coke and 55 t of pure
ammonia as byproducts. During the First World War, the coal supply was limited. In
1916, an all-time high of 15.3 Mm? of gas was produced and sold for 18 Rappen m?.
The production decreased almost by half in the following years (Fig. 2 (b)). The coal
was priced at 157 Francs t'in 1919, whereas before the war it was 32 Francs t.
Similarly, the gas price increased and its usage was rationed. Several street lights were
completely shut down, and the coal mine in Boltigen was reopened. The gas price

increased by more than a factor of 3, to 60 Rappen m™. It took several years to



overcome the crisis; in 1927, approximately 14 Mm? was produced, and the water gas
facility had to be operational full-time. Meanwhile, the gas was used primarily for
cooking and heating, with illumination accounting for only 0.4 % of usage. In 1927,
the remaining gas illumination in the city was replaced with electric light. Until 1936,
the annual gas production continued to increase steadily, reaching 20 Mm?.
Furthermore, the gas pipe network has grown continuously, and various new
production facilities have been installed. During the Second World War, a similar
scenario with a shortage in coal was present: the mine in Boltigen was reopened again,

and even wood and peat were degassed.

Time of change

Following the outbreak of the Korean War in 1950, coke reserves were mandated by
governmental regulations, legitimating gasification of coal. However, the increasing
electrification of household appliances (Fig. 2 (c)) raised questions regarding the future
viability of gasworks. In 1962, Switzerland established its initial gas network with the
objective of ensuring the availability of natural gas (consisting mainly of CH,)
throughout the country. In 1967, the initial supply of natural gas reached the newly
constructed spherical gas storage facilities in Bern, resulting in the permanent cessation
of gasworks operations. In its final year of operation, 30 kt of coal was processed into
18.5 Mm? gas with a calorific value of 17.2 MJ m™ [5]. Natural gas typically exhibits a
calorific value of 35.5 to 39.7 MJ m™, with the highest value obtained when pure CH,4

is delivered [9)].

Summary of 124 years continuous gas production in Bern

The use of gas illumination motivated the implementation of gasworks in 1843. Initially,
the gas consisted primarily of CO with a trace of H, blend (~2 Vol.%) and N; as a main
component, leading to a low calorific valued gas. One explosion in 1876, near the
Federal Council Building, injured one employee of the gasworks; however, no deaths
caused by other explosions or gas leakages were recorded over the entire period of 124
years. Though unfortunately, several suicides have been associated with gas poisoning.
Water gas was introduced in 1902, which increased the H, content and calorific value
of the gas. By 1908, improved installations and bituminous coal usage led to a more

efficient city gas with substantially higher H, (~45 Vol.%) and CH, (~25 Vol.%)



content. The usage of the gas transformed from illumination to heating, with
electrification as the driving force. During both World Wars, coal shortages led to lower
production and increased price levels, along with restrictions on gas usage. In 1967,
gasworks closed permanently when the city’s gas grid was connected to a national grid

fed with natural gas.
History of electrolysis and electrolyzer fabrication in Switzerland

Switzerland has played an influential role in commercially available electrolyzers over
the past century [10]. Water electrolysis requires a relatively high amount of electrical
energy, i.e. for an alkaline electrolyzer today 53.4 kWh kg' H, at an efficiency of
73 % [11] (if 1 kg H: equals to 39 kWh kg at an isothermal potential Vsug=1.47 [12],
otherwise Veug=1.23 and 1 kg H, equals to 33.3 kWh kg'). Earlier electrolyzers were
slightly less efficient and requested consequently higher amount of electricity.

Initial electrochemical industries were installed in places with excess hydropower, such
as near Niagara Falls (1881, U.S.), Rheinfelden (1898, Germany), and Neuhausen am
Rheinfall (1897, Switzerland). These industries are operated by chlor-alkali electrolysis
or the electrochemical production of metals. Hydrogen was a byproduct of no interest
for these enterprises at the time.

In 1899, Dr. Oscar Schmidt in Ziirich obtained a patent (German patent DRP
111131 [13]) for a reactor design that would subsequently prove significant [14]. His
invention comprised a filter press electrolyzer with a bipolar configuration capable of
incorporating up to 96 individual cells (Fig. 3 (a)). The electrolyzers designed by
Schmidt utilized asbestos cloth diaphragms and electrolytes containing 10 % potassium
carbonate. These devices operated at 65 V with 26 cells and 110 V with 44 cells, capable
of handling cell currents up to 150 A. The 44 cell version could generate up to 66 Nm?
(5.9 kg) of H, daily. Maschinenfabrik Oerlikon produced a slightly altered version of
this electrolyzer under the brand Oerlikon-Schmidt. By 1901, these bipolar water
electrolyzers had been adopted by 11 different companies and, in total, more than 800
of these units were operational worldwide [15] in the first decades of the
20" century [16].

In the late 1800s, the primary applications of hydrogen were confined to balloon
inflation, platinum melting, and lead accumulator soldering. The 1920s and 1930s
witnessed a significant increase in hydrogen demand for ammonia production, which

8



served as a precursor for fertilizers (nitrates) and explosives (ammonium nitrates)
through the Haber-Bosch process: N» + 3 Hy — 2 NH;. This heightened requirement
for hydrogen in conjunction with the economic viability of hydroelectric power in
mountainous regions has propelled advancements in water electrolysis technology.
Ewald A. Zdansky, employed by the Swiss company Lonza, developed the first
pressurized industrial alkaline water electrolyzer, which was commissioned in 1948 in
cooperation with Giovanola Fréres SA (GFSA), located in Monthey. In 1951, the
German firm Lurgi introduced a 30 bar pressurized electrolyzer to the market [17].
Subsequently, Lurgi acquired all of Lonza's patents (Fig. 3 (b)), which encompassed 32
patents filed by Zdansky between 1950 and 1956 [18]. Pressurized alkaline electrolyzers
successively have become a dominant type of electrolyzer installation. Typical data for
these electrolysis cells were as follows: current density of 2 kA m? (200 mA cm™), cell
voltage of 1.9 V, operating temperature of 80° C, electrolyte concentration of 25 %
caustic potash (KOH), and energy consumption of ~53 kWh kg H,.

In 1967, Maschienenfabrik Oerlikon merged with Brown Boveri & Cie, retaining the
name BBC Electrolyzer System Oerlikon. A notable achievement of this entity was the
construction of one of the world's largest electrolysis facilities for the KIMA fertilizer
plant in Aswan, Egypt. Between 1973 and 1980, the company manufactured 144
Oerlikon modules EBK 385-70 in three phases of expansion. These modules had a
nominal hydrogen production capacity of 32’400 Nm? (2.9 t) h™', which was equivalent
to 162 MW of electrical input [16].

Figure 3: (a) Oerlikon-Schmidt electrolyzer design from 1902 [16]. (b) Patent by
E. Zdansky of a pressurized electrolyzer from 1951 [16]. (¢) Pressurized electrolyzer at
30 bar, originally developed by Lonza, with a production capacity of ~66 kg H, h™,
requiring an electrical input of 3.4 MW [17].



Prior to 1995, Lurgi delivered more than 100 pressurized electrolyzers to global
clients [19]. The most substantial installations were constructed for Sable Chem. Ind.
Ltd. in Zimbabwe, and Crif in Peru. Lurgi discontinued its electrolysis operations in
1996, transferring all intellectual property rights and customer service to its former
manufacturing associate GFSA. In 2004, Industrie Haute Technologie (IHT) based in
Monthey, acquired responsibility for the electrolysis activities previously handled by
Lonza Group and GFSA. In a more recent development, the German company Sunfire
GmbH acquired THT in 2020. On September 11, 2024, Sunfire announced a major
contract for a 100 MW pressurized alkaline electrolyzer installation at the Rheinisch-

Westfilisches Elektrizitdtswerk AG (RWE) hydrogen site in Lingen, Germany [20].

Current development in water electrolysis

The imperative to transition from an economy reliant on fossil fuels to one powered by
renewable sources generated interest in alternative approaches to reduce dependence
on fossil-based resources [21]. H, plays a crucial role in this transition, accounting for
approximately 2 % of global greenhouse gas emissions [22], which is attributable to the
fact that approximately 95 % of the annual ~100 Mt H, is currently produced from
fossil sources. Since its inception, the concept of a “Hydrogen economy” [23] has been
challenged by the core that H, molecules do not naturally occur in abundance. The
production of Hs requires an energy input. As explained before, Hs obtained from water
electrolysis is energy intensive, therefore a considerable effort of research is spent on
improving the catalytic material, the gas separator, the current collectors, and the
device efficiency to overcome the “terawatt challenge” [24] of hydrogen in its global
role [25]. Currently installed water electrolyzers predominantly comprise alkaline
systems, which were previously described, with an increasing proportion of proton
exchange membrane (PEM) electrolyzers. The economic aspects of cost-effective H,
production remain essential for the successful implementation of large-scale

installations [26,27].

Proton exchange membrane electrolyzers

The invention of the PEM electrolyzer, initially referred to as solid polymer electrolyte
(SPE), by General Electric in the 1960s constituted a significant advancement in water

electrolysis technology [28]. This system operates under acidic conditions, in contrast
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to its alkaline counterpart. PEM electrolyzers demonstrate the capability to function
at substantially higher current densities, attaining levels exceeding 2 A cm™, which can
contribute to reduced operational expenses and potentially lower overall electrolysis
costs. The relatively thin membrane (~100 — 250 pm), commonly referred to as the
Nafion membrane by its proprietary name, functions as both a gas separator and a
proton conductor, constituting the core of the system and enabling the achievement of
higher current densities (Fig. 4). In comparison to alkaline electrolyzers, the solid
polymer membrane in PEM electrolyzers facilitates a thinner electrolyte layer, thereby
enhancing efficiency by reducing internal resistance [29]. Nafion, a sulfonated
tetrafluoroethylene polymer (PTFE), was developed in the late 1960s by Walther Grot
for DuPont as a modification of Teflon [30].

A considered limiting factor of PEM technology is its catalyst availability, which relies
on iridium and ruthenium [31,32]. Both of these rare platinum (Pt) group metals are
obtained as side products from Pt mining and have very limited availability [33].

Therefore, the scaling possibility is debated [34], but considerable progress in smaller

Commercial technologies Emerging technology
Liquid alkaline electrolyzers PEM electrolyzers AEM electrolyzers

4e- 4e-

2H, 0, + 2H,0 2H, + 40H

Anode Cathode Anode Cathode

2H,0 4H* 40H- 4H,0

Acid Alkaline

Anode 40H «—2H,0 + O, + 4e Anode 2H,0«—0,+4H" + 4e Anode 40H «— 2H,0 + O, + 4e
Cathode 4H,0 + 4e” «— 2H, + 40H" Cathode 4H" + 4e «—2H, Cathode 4H,0 + 4e~ «—2H, + 40H"

Figure 4: Commercial water electrolysis methods at low-temperatures (typically below
100° C), including KOH liquid, PEM systems and the emerging anion exchange
membrane (AEM) technology. The figure highlights key differences in the half-cell
reactions. Liquid systems typically use gapped electrodes (electrodes arranged in a
“zero-gap” configuration on the diaphragm are also employed) and porous diaphragms
as gas separator, unlike the solid polymer membranes in PEM and AEM. Water
consumption and production differ between AEM and PEM.
© 2019 by Annual Reviews [34]
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Ir loadings from initially 1 — 3 mg cm™? to below 100 pg cm™ at comparable current
densities of 1.8 A cm™ [35] and possible Ir and Ru recycling [36] offer viable pathways
to overcome these concerns. To further enhance PEM efficiency, the reduction of
membrane thickness is proposed [37], but inherently leads to mechanical issues when
operated under high pressure of ~30 bar. PEM electrolyzers offer additional advantages
regarding compactness, which allows faster ramping and response times to the
intermittent nature of renewable electricity [38].

In recent years, the anion exchange membrane (AEM) electrolysis has emerged as a
promising technique for hydrogen production, garnering significant attention due to its

potential cost-effectiveness [39-41].

Anion exchange membrane electrolyzers

This technology obtains significant attention due to its potential to merge the benefits
of PEM with those of alkaline electrolysis. PEM electrolysis offers advantages such as
high efficiency, current density, and quick ramping capabilities. Meanwhile, alkaline
electrolysis provides advantages like the use of non-precious metal catalysts, stable
operation, scalability, and durability. As a result, the advancement of AEM water
electrolysis (AEMWE) is viewed as highly important in the field [42].

Current pressurized alkaline electrolyzers face challenges due to their substantial
weight, which results in relatively slow ramp-up times. Typically, a ~4 MW system
weights about 70 t. Ideally, these systems operate therefore continuously without
interruption at temperatures of approximately 80° C. To address the intermittent
nature of renewable energy sources, it is necessary to develop lighter and more compact
systems that can be ramped up quickly.

AEM technology offers the use of thin gas separators; hence, decreased internal
resistance and higher efficiency, and high current densities of more than 5 A cm™ in
membrane electrode assemblies (MEAs) have been demonstrated manifold [43-45]. This
illustrates the capabilities of AEM technology in terms of enhanced catalyst stability
and elevated production rates. However, the AE membrane still has room for
improvement in terms of mechanical stability and gas tightness to be considered as a
valid alternative to PEM electrolysis [46-49]. To pursue weight reduction, the concept
of a dry cathode for AEMs was introduced in recent developments [50-53]. Using this
configuration, current densities above 1 A cm™, requiring less than 2 V in MEA devices,
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were achieved. Another possible benefit of this configuration is that the H, produced is
free from water and requires less subsequent processing than the traditionally generated
H, in alkaline vapor. However, KOH is typically fed at both the anode and cathode to

ensure the electrical conductivity and hydroxide availability.
Objective and scope of the thesis

The primary objective of this investigation was to examine the oxygen evolution
reaction (OER) in the gas diffusion electrode (GDE) configuration under alkaline
conditions, analogous to a dry cathode anion exchange membrane (AEM) setup but

with inverted polarized electrodes.

Context

The initial GDE configuration employed during this work was developed to investigate
the acidic oxygen reduction reaction (ORR) for fuel cell applications [54-57] and to
bridge fundamental studies utilizing conventional rotating disk electrode (RDE) setups
with more applied MEA research cell configurations [58]. Subsequently, at the
beginning of this thesis, it was adapted to explore the acidic OER [59-62], wherein
enhanced performance was achieved for a particular Ir catalyst through electrode
feeding with liquid water rather than gas [63]. This setup then reflects similarities with

flow-cell configurations and was introduced as porous transport electrode (PTE) setup.
Initiation

As a starting point, pure nickel (Ni) catalysts were synthesized using the hydrogen
bubble template (HBT) method. These experiments were conducted on carbon paper-
based gas diffusion layers (GDLs). Subsequently, Ir-based catalyst samples were
evaluated to demonstrate the concept of the alkaline OER in the GDE. The Ir
benchmark exhibited superior performance compared to the pure Ni benchmark, as
anticipated, and initial current densities of approximately 100 mA cm™ were achieved

at Vrug = 1.8 V for the most competitive Ni samples.

Proof of concept

Following the evaluation of initial tests, it became apparent that substantial
improvements were necessary to address the performance issues in the GDE compared

to literature values in a liquid environment. Consequently, several modifications were
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implemented: the substrate was altered from carbon paper to metallic meshes, a PTFE
sealing was introduced for sealing and to ensure consistent gas flow, various membrane
configurations and diaphragms were assessed, and electrochemical protocols in
continuous and pulsed potentiostatic and galvanostatic modes were investigated. The
pure Ni benchmark catalyst remained particularly unchanged during this period, as it
was not anticipated to impede -electrochemical performance. Additionally, the
electrolyte concentration was maintained at a constant 4 M KOH throughout the

investigation. The outcomes of this study are summarized in Manuscript I.

Further development

Following the successful implementation of the GDE in alkaline OER, numerous
avenues for further investigation emerged. Several potentially more promising Ni alloy
catalyst candidates were synthesized in accordance with the proof of concept study.
Subsequent investigations revealed that focusing on the iron-nickel (FeNi) alloy space
yielded more direct research outcomes compared to diverse multi-metal Ni alloy
compositions. Furthermore, it became apparent that no published study had
comprehensively examined the entire FeNi alloy space at varying Fe:Ni ratios under
elevated current densities exceeding 2 A cm™?. Consequently, the research focus was
directed toward this specific aspect, and the summarized results are presented in

Manuscript 1I.
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2. Methods

This section provides an overview of the methodologies employed in the thesis. The
catalytic coatings were electroplated utilizing the hydrogen bubble template (HBT)
method, which is elaborated at the commencement of this chapter. Subsequently, an
overview of the physical characterization methods is presented, followed by the
methodology to characterize the catalysts electrochemically and its data preparation.
The theoretical principles of standard characterization methods are not expounded

upon in detail, but are summarized, and specific references are incorporated.

Electrochemical syntheses of catalytical coatings

The HBT approach was used to electrodeposit catalytic coatings. This is a versatile
and efficient method for electrodepositing catalytic coatings with enhanced surface
areas and porosity [64,65]. This technique employs the concurrent evolution of
hydrogen gas bubbles during the electrodeposition process to generate a template for
the formation of a porous metallic structure. In conventional electroplating of
homogeneous films, hydrogen evolution must be suppressed. Consequently, this method
represents an atypical electrodeposition approach.

As the metal ions are reduced and deposited onto the substrate, the hydrogen bubbles
generated at the cathode surface act as templates, resulting in the formation of
interconnected pores and channels within the growing metal film. The resulting
catalytic coatings produced by the HBT method exhibit a highly porous, three-
dimensional architecture with increased surface area and hence improved mass
transport properties. For individual metals, the three-dimensional architecture can
exhibit diverse structures. For instance, copper (Cu) demonstrates a distinct three-
dimensional foam-like structure, with fine surface dendrite structures resembling fir
trees [66-68], while zinc (Zn) displays pellet-like dendrites [69,70], and Cu-Zn co-
deposition combines these microstructures [71]. Cu and Zn are recognized for their
efficacy in the HBT method and are frequently employed for the CO, electro-reduction

reaction.
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For nickel (Ni), initial HBT approaches date back to the year 2000, and the resulting
microstructures exhibit cauliflower-like dendritic formations [72,73]. Initially, the
application of Raney-Nickel catalysis was proposed [74], and subsequently [75],
alternative de-alloying strategies, such as those utilizing gold (Au) [76], in conjunction
with the HBT method, emerged for electrochemical sensing applications.

Furthermore, a wider range of metals including silver [77] and noble metals such as Pt
and Pd were investigated using HBT [78]. The unique structures obtained offer several
advantages for catalytic applications, including enhanced accessibility of reactants to
active sites, improved diffusion of products, and increased stability due to the
interconnected metallic network. The method allows for precise control over the
porosity and morphology of the coatings by adjusting various parameters such as
applied potential, electrolyte composition, and deposition time. Additionally, this
approach can be applied to a wide range of metals and alloys, making it a versatile
technique for synthesizing catalytic materials with tailored properties for specific
applications in fields such as energy conversion, environmental remediation, and

chemical synthesis.

Pure nickel foams

Nickel electroplating constitutes an important process in global manufacturing, offering
enhanced corrosion resistance, increased hardness, and improved aesthetic qualities to
diverse metal surfaces [79,80]. This methodology finds extensive application across
multiple industrial sectors, including electronics, automotive, aerospace, and consumer
goods, where robust and protective surface treatments are essential for extending
component longevity and optimizing performance for both decorative and functional
coatings.

A commonly used Ni plating solution is the “Watts bath” [81], containing Ni sulphate
hexahydrate (NiSO4 - 6 H2O, 240 - 300 g I'* (0.9 — 1.1 M)), Ni chloride hexahydrate
(NiCl; - 6 H,O, 30 - 90 g I'* (0.1 — 0.4 M)), and boric acid (HsBOj;, 30 - 45 g 1!
(0.5 — 0.7 M)). Bath temperature is typically 40 — 60° C, with a pH = 3.5 - 4.5. The
cathode current density typically applied for these baths is 20 — 70 mA cm™®, which
results to deposition rates between 25 and 85 pm h''. The Ni chloride serves dual
functions: it enhances the solution conductivity and facilitates the sacrificial Ni anode

dissolution. Boric acid functions as a buffer, primarily serving to regulate the pH of the

16



solution. Due to the cathode efficiency being less than 100 %, there exists a propensity
for the pH to increase as hydrogen ions (H") are discharged, resulting in the typically
undesired liberation of hydrogen gas.

The possibilities for bath composition are extensive [82,83]. Further, multi-layer Ni
coatings comprising different bath compositions can be implemented, i.e. a relatively
thick semi-bright Ni base coating, upon which a thin bright nickel layer is deposited,
which typically contains a higher sulphate content.

To ensure a constant electrical field within the bath between the anode and cathode
and to obtain reproducible coating results at galvanostatic fixed current densities, a
geometric fixation mount was designed and implemented during the electroplating,

shown in Fig. 5.

Figure 5: (a) The polymer fixation mount with a sacrificial Ni anode is illustrated.
(b) The current source is connected to both electrodes, the plating bath is missing.
(c) Electrodeposition masks are displayed, with one designated for 1x1 cm™ deposits
and another for GDE sample generation. (d) Ni-based catalysts, electroplated using
the HBT technique, are shown.
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Ni foams synthesized by the HBT method require different bath concentrations than
standard Watts baths, particularly to enhance the solution conductivity, as elevated
current densities exceeding 1 A cm™? are applied. HBT Ni foams have been synthesized
utilizing both exclusively chloride Ni salt [84-86] and exclusively sulfate Ni salt [73]
precursors, alongside different electrolytes, complexing agents, and buffers.

Initially, for pure Ni HBT foams, the precursor Ni salts (chloride, sulphate, and nitrate)
were evaluated at various concentrations, ranging from 0.005 to 0.8 M, with ammonium
chloride (NH,Cl) serving as an electrolyte buffer at a high concentration of 1.0 - 2.0 M.
The power source employed (Voltcraft, model CPPS-160-42) was software-controlled
and enabled the application of high current densities, 1.5 to 4 A cm™, with rapid
ramping and control in the sub-second range. This facilitated the investigation of foams
in relation to extended deposition times and enabled reproducible results. The process
did not incorporate the ramping of current densities, which can be considered necessary
to ensure film adhesion. Furthermore, the power source consists of a two-electrode
system without a reference electrode. As voltages significantly exceeding 10 V were

required to drive the current, a reference electrode was regarded as unnecessary.

Nickel-alloy foams

The range of metals alloyed in electrodeposited films with Ni is extensive and
encompasses Fe, Cr, Co, Cu, W, Zn, and numerous others. A comprehensive overview
is provided in various textbooks [87,88].

Principally, all these alloys can be synthesized utilizing the HBT approach. However,
co-depositions necessitate additional consideration, due to, for example, anomalous
deposition behavior of Ni and Fe [89]. Challenges arise due to the disparate
electrodeposition behaviors of the metals, such as variations in reduction potentials,
which influence the simultaneous deposition rates. For instance, Ni and Fe exhibit
anomalous competition with respect to the electrochemical series for deposition under
a given potential [90,91]. The electrochemical series categorizes metals according to
their reduction potentials, indicating their relative propensity to accept electrons. Ni,
possessing a more positive potential (Ni** + 2 e = Ni, E; = -0.257 V), is expected to
deposit faster than iron (Fe*" + 2 ¢ =Fe, Eg = -0.447 V). Given that Ni exhibits a
more noble potential, it would be expected to deposit preferentially over Fe. However,

during co-electrodeposition, Fe exhibits preferential deposition over Ni. This deviation
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from expected behavior is attributed to factors such as localized pH alterations [92],
hydroxide formation [93], and surface adsorption phenomena [94]. Precise control of
bath composition, pH, and current density is essential to mitigate these issues.

NiFe co-deposition is of significant importance in the micro electro mechanical systems
(MEMS) industry due to the magnetic properties of permalloy (80 at.% Ni, 20 at.%
Fe) [95,96]. For the alkaline OER, NiFe alloys are considered a promising catalyst
candidate [97-103]. Consequently, a substantial body of literature regarding this co-
deposition process is available [104], including pulsed electrodeposition [105].
Chromium (Cr) is alloyed with Ni when addressing corrosion issues [106]. High Cr
ratios of 90 at.% can be deposited; however, the Ni-Cr co-deposition is susceptible to
cracking. Consequently, post-treatments such as annealing can be implemented to
mitigate these issues [107]. Electrodeposited Cr-Ni-Fe alloys can be synthesized from
divalent (Cr?"), trivalent (Cr®*'), and hexavalent (Cr®") Cr solutions [108]. Stainless
steel (SS) is characterized as a material with Fe as its primary constituent and a
minimum of 10.5 at.% Cr [109]. While the Fe-Cr system serves as the foundation, SS
incorporates various additional alloying elements to enhance specific properties. For
instance, Ni is incorporated to promote the formation of austenite crystal structure.
Consequently, SS containing Ni has been investigated for the alkaline OER [110,111].
The electrodeposition of a “Cantor alloy” [112,113] (referred to as the concept
underlying high entropy alloys (HEA), with approximately equimolar proportions of
CrMnFeCoNi) is feasible [114]. Electrodeposited HEAs have been demonstrated
[115,116] and are considered a scalable synthesis approach [117] among others such as
arc-melting.

Given our research group's focus on nanoelectrocatalysis and interest in HEA, an
exploratory study was initiated to investigate multi-metal Ni alloy foams. This
investigation aimed to examine the broad alloy space for potential Ni-based HBT foam
catalysts. The “Cantor” composition was prepared in plating solutions primarily
utilizing sulfate-based precursor salts; however, in the case of Cr, the Cry(SOy); is
trivalent, in contrast to the divalent nature of the other metal precursors. Furthermore,
the compositions were extended to include Cu and Zn, which are known for their

favorable HBT behavior. The results, which will be discussed in the subsequent section,
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were challenging to interpret, particularly with regard to the stability of the plating
bath.

To streamline the methodology and based on preliminary findings, the investigation
was focused on NiFe foams. Although HBT NiFe foams electrodeposited from chloride
precursor salt have been reported [118], sulfate-based plating solutions were utilized to

synthesize various Ni:Fe ratios.

Physical characterization methods

The electrodeposited samples were initially examined utilizing a digital microscope
(Keyence, VHX-6000). This methodology facilitated preliminary developments for HBT
syntheses of novel plating bath compositions, enabling current density evaluations
through visual inspection of the resultant film morphologies. Furthermore, precise area
measurements and geometrical properties could be determined. The calibration was

verified with a specific calibration plate for the selected magnifications.

Scanning electron microscopy

Scanning electron microscopy (SEM) is a sophisticated instrument used for the optical
characterization of materials, offering high-resolution imaging capabilities for the
analysis of surface morphology and microstructure [119]. When applied to HBT foams,
SEM enables detailed observation of the pore structure, film thickness via cross-
sectioning, and surface features that result from the electrodeposition process.

SE micrographs were acquired using a Zeiss GeminiSEM 450 equipped with SmartSEM
6.05 software. A secondary electron (SE) Everhart-Thornley detector was employed to
capture images. For high-resolution and surface-sensitive imaging, an in-lens detector
was utilized at low acceleration voltages (approximately 2 kV) and short working
distances (WD) of 2 to 3 mm.

During this thesis, a straightforward methodology incorporating liquid nitrogen for
cross-sectional examination of samples on carbon paper was implemented. This
technique and obtained images resulted in three co-authorships. Furthermore, one

image was selected for inclusion in an ACS Catalysis review article [120].

SEM - Energy dispersive X-ray spectroscopy

The combination of SEM and energy dispersive X-ray spectroscopy (SEM-EDS) is

ideally suited for evaluating the uniformity of a foam's porous structure, both visually
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and elementally, which are essential aspects of this study. SEM delivers detailed surface
topography images, while EDS offers the ability to detect and measure elemental
composition at specific locations and across regions. An EDS detector identifies X-rays
emitted by the specimen, which result from the excitation of electrons by the electron
beam and their subsequent transition to lower energy shells within the atom. The X-
ray's energies are quantized and element-specific, enabling the identification and
quantitative analysis of individual elements in the material. When utilized for HBT
foams, SEM-EDS allows for a thorough analysis of the foam's microscopic structure
while concurrently mapping the distribution of present elements. This integrated
approach is useful for examining the composition and homogeneity of the foam
material, as well as identifying any potential contaminants or irregularities that might
occur during electrodeposition processes.

The SEM-EDS analysis was conducted by an Oxford Instruments Ultim max 150
photodetector, operated through AZTec software (version 6.0). The instrument settings
included a working distance (WD) ranging from 8.3 to 8.7 mm, an acceleration voltage
of 15 kV, and a probe current between 200 and 500 pA. In addition to the presented
measurements, a separate study of HEA nanoparticles was conducted at EPF Lausanne

to identify benefits from an ultra-sensitive EDS detector, Ultim Extreme.

X-ray diffraction

X-ray diffraction (XRD) plays a crucial role in examining the crystalline structure,
composition of phases, and microstructural characteristics of crystalline films [121]. A
STOE StadiP instrument was employed to obtain XRD patterns using reflection mode
and Bragg-Brentano geometry. The device utilized a Cu Kq radiation source (40 keV,
40 mA, 2 = 0.1540 nm) and was controlled through WinXPow software. Diffraction
data were collected at 0.1° intervals, with each measurement lasting 30 s, covering a
2 60 range from 10° to 90°. A zero-matrix quartz sample holder was used for the
analysis.

The metallic crystal structures of Ni, Fe, Ti, and NiFe alloys investigated by XRD in
this study were compared with reference crystal structures from the “Crystallography
Open Database”. The Scherrer equation could be utilized to estimate an average
crystallite size [122]. However, due to relatively low signal intensity and limited
relevance of bulk properties, this analysis was not pursued. The primary focus was on
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detecting metal specifications and the Ni-oxide layer in high-performing samples. XRD
has inherent limitations when characterizing thin films, including weak diffraction
signals for very thin layers, potential interference from substrate peaks, and reduced
sensitivity to amorphous or nanocrystalline phases. For thin films, the grazing incidence
(GI-XRD) methodology is typically employed; however, it was not available for the

given experimental setup.

Gas diffusion electrode setup

Gas diffusion electrodes (GDEs) are well-established devices employed in
electrochemical production and research. The typical composition of GDEs includes a
porous conductive material, also referred as porous transport layer (PTL), serving as
the electrode foundation, decorated with catalytic components to promote the intended
chemical reaction. Hence, GDEs enable chemical reactions to occur at extensive
interfaces of the three-phase boundary and enhance the transport of gaseous reactants
or products. They serve for diverse applications, including the electrosynthesis of
chloride gas in brine electrolysis [123], where they are commonly referred to as oxygen
depolarized cathodes or air cathodes [124] to suppress H, evolution. It is noteworthy
that this industry typically does not utilize the H, produced as a by-product, but rather
disposes of it due to additional cost associated with investments in H, treatment and
storage. For the commercial electrosynthesis of hydrogen peroxide (H»O.) in a GDE,
oxygen passes through the rear of a hydrophobic porous electrode before undergoing
reduction at the interface between the solid and liquid phases [125].

In fuel cell devices, gaseous H, and O, react to liberate electricity, thus representing a
model example of GDE devices. Fuel cells can operate in alkaline media, such as anion
exchange membrane fuel cells (AEMFC) [126-128], or under acidic conditions as proton
exchange membrane fuel cells (PEMFC) [129-131]. Further areas of research for GDEs
encompass metal-air batteries [132-134], wherein GDEs function as air cathodes, and
in the electrochemical reduction of CO, [135,136] and N [137] to value-added products.
Consequently, GDEs play a crucial role in connecting gas-phase reactants with
underlying electrochemical processes, influencing mass transport, charge transfer, and
overall device efficiency. Furthermore, they facilitate electrochemical reactions
involving gaseous species at higher current densities compared to electrodes utilized in
purely liquid environments.
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Marini et al. (2012) presented a concept involving a circulating liquid alkaline
electrolyte that separates both anodic and cathodic GDE compartments [138]. As
previously discussed in the Introduction regarding alkaline AEMWE, GDEs to evolve
cathodic H, were adopted as dry cathodes. Consequently, in the investigation of the

anodic OER via a GDE, the terminology “dry anode” is introduced.

“Dry anode” setup for the alkaline OER

Although research has been conducted on OER in GDEs [139,140], it remains a
relatively understudied area in comparison to other aspects of AEM technology. Our
investigation presents an anodic GDE approach for AEMWE, introduced as dry anode
conditions. In this configuration, the catalyst is not immersed in a liquid medium, in
contrast to conventional anodes supplied with a liquid electrolyte. Instead, the anode
is subjected to a humidified gas stream and the catalyst is in a zero-gap configuration

connected to the membrane. The schematic representation is illustrated in Fig. 6 (a).
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Figure 6: (a) Schematic representation of the “dry anode”: The cathode compartment
generates H, in an alkaline environment. Hydroxide transport across the AEM enables
the anodic OER, where humidified O, is purged in and exits the compartment with
increased partial pressure. (b) Setup drawing: The catalytically coated PTL is
connected via Au mesh and pins to the WE and is in direct contact with the membrane,
which is separating the liquid electrolyte compartment from the GDE. An RHE (RE)
senses the AEM via a Luggin capillary, minimizing solution resistance. (c) The gas flow
field is illustrated in blue. A catalytic disk substrate is on top of the current collecting
Au mesh. The flow field was extruded from the GDE base body, running beneath the
entire catalytic disk (¢ = 3 mm).
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Figure 6 (b) illustrates the GDE setup. The PTL with electrodeposited catalyst layer
is connected via Au mesh and Au pins as the working electrode (WE) to the
potentiostat. The AE membrane, which separates the liquid electrolyte from the GDE,
is in direct contact at its lower surface with the catalyst, thus forming a zero-gap
configuration. The reference electrode (RE) is connected via Luggin capillary to the
upper surface of the AE membrane, thereby minimizing solution resistance. The
electrolyte compartment was filled with 4 M KOH and initially agitated with a stirrer,
subsequently equipped with a software-controlled ultrasonic horn homogenizer (Fig. 7).

A Pt coil counter electrode (CE) served to evolve H» in the caustic potash.

Gas bubble formation management

A significant challenge for high reaction rates, specifically high current densities, of
gaseous products pertains to gas bubble formation. Typically, bubbles function as
insulators in environments where high electrical conductivity is required. While bubbles
are not anticipated to be a significant concern at the dry anode due to their expected
minimal occurrence in the gaseous atmosphere, bubble-related phenomena are observed
in the liquid cathode department between the RE and the Luggin capillary, as well as
on the membrane surface, as evidenced by the presence of adhered bubbles post-
experiment. These bubbles exert a significant impact on the measurement, as they
substantially increase the internal resistances and deactivate potential active sites,
thereby affecting the performance [141]. Furthermore, this phenomenon could
potentially lead to misinterpretation of catalyst degradation.

The occurrence of bubble formation is prevalent, and numerous bubble elimination
strategies have been proposed [142]. These include ultrasonic (US) pulses [143,144],
pressure swings [145], electrolyte flow rate adjustments [146], and the orientation of
the electrodes submerged in liquid electrolyte. Electrode orientation is preferentially
vertical or inverted in comparison to conventional RDE configurations, to facilitate the
“natural” release of bubbles [147]. The used setup is therefore in the favorable
orientation, however, for sticking or micro bubbles the orientation is not sufficient to
overcome the issue. Therefore, ultrasonic pulses were applied to degas the cathode
compartment for specifically determined threshold values (described in the subsequent

section: Electrochemical measurements).
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An ultrasonic horn homogenizer (Shanghai Ultrasonic Instrument Co., Model SC-150,
30 kHz, horn @ = 3 mm) was integrated via software control, implemented using a
custom-developed LabVIEW program designed specifically for this application, to the
potentiostat and a power source (Voltcraft, model CPPS-160-42), see Fig. 7.

Figure 7: (a) A photograph of the GDE setup. WE, RE, and CE are indicated. To
humidify the O,, a bubbler was used. Initially, a PTFE stirrer was utilized to mitigate
gas bubble formation on the membrane surface. (b) The analogous apparatus, with an

installed US horn for degassing bubbles. (¢) A magnified view depicting visible liquid
KOH.

Electrochemical measurements

Measurements were performed using an ECi 210 potentiostat from Nordic
Electrochemistry ApS, operated by EC4 DAQ 4.2.142 software. To monitor bubble
formation and facilitate subsequent iR-correction of measured potentials, a 5 kHz AC
signal with either 5 or 10 mV amplitude was overlaid on all electrochemical
measurement protocols. This allowed for the measurement of system resistances and
maintenance of comparable measurement conditions. The solution resistance, also
known as the uncompensated resistance, is defined as the high-frequency resistance
(HFR) measured between the working electrode (WE) and the Luggin capillary end
(HFRso1), primarily representing membrane resistance in this setup. Similarly, cell
resistance is defined as the HFR between the WE and CE (HFRca). During
experiments, solution and cell resistance were monitored in situ. Upon reaching
threshold values of 2 Q for HFRg,. or 16 Q for HFRce, software-controlled activation
of the ultrasonic horn was implemented to mitigate bubble formation during
electrochemical measurements. This activation protocol included an immediate

application of a 12 V US pulse for one second, followed by a retention time of two
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seconds. If the resistance persisted, the applied voltage was incrementally increased for

each subsequent pulse up to 24 V.

Cyclic Voltammetry

Cyclic voltammograms (CVs) were recorded at various scan rates and in different
potential windows. Initially, samples were examined using a brief CV protocol to verify
correct assembly and functionality of the setup. These protocols also served as an
“activation” process to form the oxidized surface of Ni, specifically Ni(OH),, or the
oxidized surface of the Ni alloy catalytic layer for subsequent measurements.

For electrochemical active surface area (ECSA) measurements, a straightforward CV
protocol was employed to measure the double-layer capacitance [148]. Prior to CV
measurements for ECSA, the samples underwent oxidation to incorporate the surface
oxide characteristics.

For low-current regime analysis, CV was employed at scan rates of 5 mV s [149].

Potentio- and galvanostatic pulses

This investigation employs pulsed electrochemistry to evaluate quasi steady-states,
driven by multiple contributing factors. It was demonstrated that at high current
densities, pulsing can enhance the performance of water splitting due to bubble
retention [150-152]. In initial samples, which were characterized potentiostatically, the
current response decreased by more than 10 % within one minute. Upon reinitiating
the measurement using the same sample, the initial current response recovered,
followed by rapid degradation. Consequently, pulsed potentiostatic measurements were
conducted to preserve as much of the initial performance as possible. Furthermore, due
to the coupling of electrolyzers with intermittent electricity from renewable sources,
rapid system responses are preferable. The pulsed electrolyzer approach can potentially
address this challenge [153,154]. Considering that pulsed electrolysis is utilized in
accelerated stress tests [155,156], the application of pulses in this study is unlikely to
obscure or artificially enhance the results. Moreover, this methodology enables the
assessment of the entire measurement period, rather than selectively choosing a time
interval toward the conclusion of a particular steady-state duration, which is

subsequently averaged, facilitating unbiased statistical analysis. Consequently,
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applying a pulsed approach to determine quasi steady-states was considered
appropriate.

Initially, pulsed potentiostatic steps were employed to mitigate the application of
excessive potential, which was particularly crucial for samples on carbon tape. As the
research progressed, improved performances were anticipated, and higher potentials
were tolerated. Subsequently, it became evident that a transition to galvanostatic
pulses was necessary, as electrolyzers are typically characterized by their potential

response at specified current densities.
Data curation

Analysis of the potentiostat datasets was conducted using Jupyter notebook (version
6.3.0), which was set up within Anaconda Navigator (version 2.0.3). The resulting data
was visualized using Matplotlib (version 3.7.4). These tools are open-source, Python-
based software, and the availability of the raw data and source code would be desirable
in accordance with the principle of full transparency.

Each sample's data was stored in a discrete folder, named according to the sample
name and measurement type. Typically, a series of samples was enumerated with a
prefix indicating their composition, such as FeNixy. The sample nomenclature was then
formatted as FeNixy dz, where “z” identified disk z of the synthesized FeNixy. The
measurement type, either CV or galvanodynamic, was included to categorize the data
appropriately. For example, a representative folder designation would be
FeNi82_ d2_galvanodynamic. Within these folders, the raw datasets were archived for
subsequent evaluation.

Previously described, the measured potential response for a pulsed galvanostatic
protocol was characterized as quasi steady-state. The following section provides a
systematic explanation to elucidate the examination of data for a specific protocol,
serving as a model for the evaluation procedure of pulsed datasets.

The experimental protocol involved applying a galvanostatic current density for 6
seconds, followed by a 1-second period of no current. This cycle was repeated 50 times
for each geometrical current density, resulting in 5 minutes of active OER per
investigated current density. The total duration per current density was 350 seconds,

with 86 % of that time dedicated to active OER. Using a 10 Hz measurement
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frequency, 3500 readings were collected per absolute current, per applied potential vs.
the RHE, per applied cell potential, per HFRg,. and per HFRcai for each current density.
1) List the files in the directory, with each current density corresponding to one

* tdms file.

[1]: import os
os.listdir()
os.listdir('data/FeNi082_d2_galvanodynamicl')

[1]: ['Macro.EC_Macro',
'Macro_Log.txt',
'Steps_162614.tdms',
'Steps_163204.tdms',
'Steps_163755.tdms',
'Steps_164345.tdms',
'Steps_164936.tdms',
'Steps_165526.tdms ']

2) Import the *.tdms data by selecting the corresponding files and assign it to

NumPy data arrays. Repeat this process for all current densities, i.e., 6 times.

[2]: import numpy as np
import pandas as pd
import matplotlib.pyplot as plt
from nptdms import TdmsFile

# file import and define data frames 500mA cm-2

tdms_file = TdmsFile.read("data/FeNi082_d2_galvanodynamicl/Steps_162614.tdms")
tdms_file_groups = tdms_file.groups()

tdms_file_df = tdms_file.as_dataframe()

tdms_file_groupEC_i_FeNi082_d2_s1_500mamppulsed = tdms_file_groups[0]['i']
tdms_file_groupEC_t_FeNi082_d2_s1_500mamppulsed = tdms_file_groups[0] ['Time']
tdms_file_groupEC_E_FeNi082_d2_s1_500mamppulsed = tdms_file_groups[0] ['E']
tdms_file_groupEC_R_FeNi082_d2_s1_500mamppulsed = tdms_file_groups[0]['Z_E']
tdms_file_groupEC_Rcell_FeNi082_d2_s1_500mamppulsed =

—tdms_file_groups[0]['Z_cell']
tdms_file_groupEC_Ecell_FeNi082_d2_s1_50Omamppulsed =

—tdms_file_groups[0] ['Ucell']

current_FeNi082_d2_s1_500mamppulsed =,
—tdms_file_groupEC_i_FeNi082_d2_s1_500mamppulsed.data

time_FeNi082_d2_s1_500mamppulsed =
—tdms_file_groupEC_t_FeNi082_d2_s1_500mamppulsed.data
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[6]:

[7]:

3) Check the obtained raw dataset with Matplotlib.

FeNiOB2 d2 sl _galvanostatic_pulsed

Eow iV

o s 0 150 200 250 D 350
o
3 M FSP—
J 14 ) 3
M e el —— 1Acm™
& e . — 15Acm™
ol o :
- M — 2Acm?
¥ , . \ . > . . — — 25Am™
0 ] 100 150 20 20 £ 38D 3Acm-?

4) Calculate the iR-correction by multiplying the HF Rs,. with the absolute current.

# calculate iR-drop of every datapoint:

iR_drop_FeNi082_d2_s1_500mamppulsed = resistivity_FeNi082_d2_s1_b500Omamppulsed *,
—current_FeNi082_d2_s1_500mamppulsed

iR_drop_FeNi082_d2_s1_lamppulsed = resistivity_FeNi082_d2_s1_lamppulsed *,
—current_FeNi082_d2_s1_lamppulsed

iR_drop_FeNi082_d2_s1_1500mamppulse d= resistivity_FeNi082_d2_s1_1500mamppulsed
—* current_FeNi082_d2_s1_1500mamppulsed

5) Subsequently, subtract the obtained iR-correction from the measured potential

and assign the results to new arrays designated as iR-corrected potentials.

# compute the iR-corrected potentials

pot_iRcorr_FeNi082_d2_s1_500mamppulsed = potential_FeNi082_d2_s1_500mamppulsed,,
—— iR_drop_FeNi082_d2_s1_500mamppulsed

pot_iRcorr_FeNi082_d2_sl1_lamppulsed = potential FeNi082_d2_s1_ilamppulsed —
—iR_drop_FeNi082_d2_s1_lamppulsed

pot_iRcorr_FeNi082_d2_s1_1500mamppulsed =
—potential_ FeNiO82_d2_s1_1500mamppulsed - iR_drop_FeNi082_d2_s1_1500mamppulsed

6) Normalize the absolute current to the current density in A cm™.

# normalize current to A / cm2
current_FeNi082_d2_s1_500mamppulsed=(current_FeNi082_d2_s1_500mamppulsed/0.0707)
current_FeNi082_d2_s1_lamppulsed=(current_FeNi082_d2_s1_lamppulsed/0.0707)

current_FeNi082_d2_s1_1500mamppulsed=(current_FeNi082_d2_s1_1500mamppulsed/0.
~0707)
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[8]:

7) Create index arrays in ascending order based on normalized current densities.

#sorting array in ascending order for currents with maintained indices of arrays

# Get the indices that would sort the array of currents
sorted_indices_50Omamp = np.argsort(current_FeNi082_d2_s1_500mamppulsed)
sorted_indices_lamp = np.argsort(current_FeNi082_d2_sl1_1lamppulsed)
sorted_indices_1500mamp = np.argsort(current_FeNi082_d2_s1_1500mamppulsed)

8)

Create the sorted arrays, based on the sorted indices, for the normalized

current, iR-corrected potentials and HF R for all current densities.

# Sort currents and other arrays based on the sorted indices
sorted_current_FeNi082_d2_s1_500mamppulsed =
—.current_FeNi082_d2_s1_500mamppulsed[sorted_indices_500mamp]

sorted_pot_iRcorr_FeNiO82_d2_s1_500mamppulsed =
—pot_iRcorr_FeNi082_d2_s1_500mamppulsed[sorted_indices_500mamp]
sorted_resistivity_FeNiO082_d2_s1_500mamppulsed =
—resistivity_FeNi082_d2_s1_500mamppulsed[sorted_indices_500mamp]

9) Check the obtained data.
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[21]:

10) Ensure the selection of only iR-corrected potentials that effectively experience

the assigned normalized current density, i.e., from 55 seconds onwards.

—— Sorted Resistance Rye / O
Sorted (iR-free) E aue /V

Sorted Arrays FeNi082_d2 — Sorted 3Acm™

time /s

11) Generate new arrays, comprising solely the iR-corrected potentials of the

designated normalized current density.

pot_iRcorr_FeNiO082_d2_s1_500mamppulsed_selection =
—sorted_pot_iRcorr_FeNi082_d2_s1_500mamppulsed[550: 3499]

pot_iRcorr_FeNi082_d2_s1_lamppulsed_selection =
—sorted_pot_iRcorr_FeNi082_d2_s1_lamppulsed[550: 3499]

pot_iRcorr_FeNi082_d2_s1_1500mamppulsed_selection =
—sorted_pot_iRcorr_FeNi082_d2_s1_1500mamppulsed[550: 3499]

12) Export the iR-corrected potential and current density arrays as a single NumPy

array for subsequent analysis, ensuring the inclusion of the sample identifier.

#create the data array of corrected potentials and currents for export

# Create a 6z2 array, where each element is an array of 2950 elements
data_FeNi082_d2 = np.empty((6, 2), dtype=object)

# Fill each element with an array of 2950 elements
for i in range(6):
for j in range(2):
data_FeNi082_d2[i, j] = np.zeros(2949)

data_FeNi082_d2[0,0] pot_iRcorr_FeNi082_d2_s1_500mamppulsed_selection
data_FeNi082_d2[1,0] pot_iRcorr_FeNi082_d2_s1_lamppulsed_selection
data_FeNi082_d2[2,0] = pot_iRcorr_FelNi082_d2_s1_1500mamppulsed_selection
data_FeNi082_d2[3,0] pot_iRcorr_FeNi082_d2_sl1_2amppulsed_selection
data_FeNi082_d2[4,0] pot_iRcorr_FeNi082_d2_s1_2500mamppulsed_selection
data_FeNi082_d2[5,0] pot_iRcorr_FeNi082_d2_sl1_3amppulsed_selection

Using the obtained sample arrays, which consist exclusively of iR-corrected potentials

at designated current densities, various graphical representations - such as histograms,

box plots, mean values with standard deviations, and medians - can be generated by

selecting appropriate functions from the extensive Python library. The analysis
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accommodates both individual and combined samples by correctly assessing the data
structure within the generated NumPy arrays.

One advantage of this data handling approach is that it minimizes the likelihood of
sample mix-ups, as each script requires manual input of the corresponding raw data
filename. Additionally, quality assessments are conducted at multiple stages within the
script execution, with results plotted to facilitate robust sample comparisons and
establish precise exclusion criteria. Conversely, a limitation is the absence of higher
degree in automation.

Moreover, the execution of standardized plotting functions is restricted to
measurements following identical electrochemical protocols. The sorting of arrays is not
automated; rather, the number of elements is manually specified in the code. Typically,
the same script is used for data analysis for a specific protocol, meaning that any
changes to the measurement protocol necessitate adaptations to the scripts.

In summary, data curation with Jupyter enables statistical evaluation once the data
are properly organized in the NumPy structure. Handling large datasets with
spreadsheet software for pulsed electrochemical protocols is less convenient and more
error-prone. Precise control of data operations is essential and should be consistently
verified at multiple stages. The obtained values were selectively cross-checked,
especially when initiating new analysis scripts, using the official EC4.View software

from Nordic Electrochemistry ApS to ensure accuracy.
Disclosure of the use of large language model technologies

During the preparation of this thesis, I engaged with large language models (LLMs),
specifically Paperpal (V. 2.14.2) and ChatGPT (V. 3.5), to improve the readability and
the grammatical quality. Subsequently, comprehensive reviews and editing processes
were undertaken, assuming full responsibility for content accuracy. No scientific

conclusions or insights, and no references were derived by LLMs.
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3. Results and discussion

This section presents a concise overview of the thesis findings and examines the
principal points from the two manuscripts. It commences with a brief review of the
initial Ni films, followed by a summary of the publication on the Ni-benchmark foam.
The text subsequently addresses Ni alloys combined with various metals, before

exploring the significant outcomes of the FeNi alloy investigation.

Initial Ni foams

At first, Ni HBT foams were deposited on large, unmounted carbon tape, while masking
a 1x1 cm™ area using a Teflon tape. This approach resulted in inconsistent coating
formation, an outcome that could have been anticipated. Consequently, the presented
fixation mount (Fig. 5) was developed. The implementation of the software-controlled
power source further enhanced reproducibility. Various plating bath compositions were
evaluated, including the Watts bath, nickel sulfate (0.05 to 0.8 M) alone or in
combination with nickel chloride (0.005 to 0.05 M), and diverse electrolytes such as
ammonium chloride (NH4Cl), nitrate (NHuNOs), and boric acid (0.3 to 2.0 M)
[72,73,81]. The applied current density was maintained at a constant 3 A cm™ for 45 s

per deposition. The resultant films exhibited distinct morphologies, which were visually

apparent (Fig. 8).

Figure 8: (a) Photograph of two reproduced Ni HPT foams on carbon tape
(0.5 M NiSO, bath conc.). The coated area measured 1 cm?, i.e. @ = 1.13 cm. The
cross-sectional SE micrograph of the sample is shown in (b): Scale bar is 10 pm, film
thickness ~60 pm. Cauliflower subunits are evident. (¢) Photograph of two reproduced
Ni HBT foams with varying bath composition (0.05 M NiSO, bath conc.), the films
were brighter. (d) The SEM cross-section revealed more pronounced spiked dendrites
compared to the previous samples.
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The initial OER performance was suboptimal, with CV measurements yielding only
approximately 100 mA cm? at Egug = 1.8 V. Potentiostatic current responses
exhibited rapid decline, e.g. decreasing from approximately 70 to 40 mA cm? at
Erne = 1.675 V within a 4-minute interval. However, the occurrence of sudden
increases in current responses was observed in multiple samples and attributed to gas
bubble release. Consequently, pulsed potentiostatic protocols were investigated,
resulting in more stable current responses over extended periods. The utilization of
carbon paper coated with a hydrophobic micro porous layer (MPL) facilitated testing
without a membrane, revealing enhanced film performance by eliminating the
membrane from the experimental setup.

Subsequently, metal mesh substrates were implemented (Ti expanded metal and SS
woven mesh), as the carbon paper was determined to be an inadequate substrate for
this application. The optimal performing Ni foam recipe was identified, and the plating
bath was marginally optimized for the preferred Ti substrate. Ti was selected due to
its inertness toward alkaline OER, to demonstrate OER activity solely related to the
synthesized catalyst. Furthermore, the KOH concentration in the cathodic electrolyte
was investigated with respect to performance. 4 M KOH exhibited significantly superior
performance compared to the lower concentrated 1 M KOH, which was attributed to
lower HFRg,. for higher concentrated KOH. Additionally, a decrease in current response
was observed toward the conclusion of the potentiostatic pulses, which could be
mitigated by incorporating a PTFE stirrer into the liquid KOH electrolyte. These
subsequent development steps resulted in an increased current response of
approximately 200 mA cm™? at Egge = 1.8 V for a Ni HBT foam on a Ti PTL.

A significant advancement was achieved through the introduction of a novel upper
cathodic compartment, which incorporated the Luggin capillary contacting the
membrane instead of the liquid electrolyte compartment [57]. This modification further
reduced HFRg,, resulting in current responses exceeding 1 A cm™ at Egug = 1.9 V in
cyclic voltammograms. These results necessitated verification and reproduction, with
effective catalyst coating areas required not to exceed the normalization factor of the
experimental setup. Additionally, further experimental details were to be elucidated in

preparation for the initial manuscript.
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Manuscript I

Description

The research article titled “Attaining Substantially Enhanced Oxygen Evolution
Reaction Rates on Ni Foam Catalysts in a Gas Diffusion Electrode Setup” explores the
use of a pure Ni foam benchmark catalysts in a dry anode configuration to compare
OER rates to an identical electrode submerged in liquid environment. The study
addresses the challenge of achieving high current densities, a critical factor regarding

competitiveness for future application.

Primary conclusions

High current densities were achieved by a pure Ni foam catalyst, synthesized via HBT
electrodeposition, which demonstrated to sustain high OER current densities of
4 A cm? under quasi steady-state conditions at an iR-corrected set potential
of 2.1 Vgue. (Fig. 9). This performance was attributed to the porous structure of the
Ni foam integrated to the GDE setup, which facilitates enhanced mass transport of

gaseous products.
(a) (b)

— Ni foil ‘ +F Nifoil ¥ 2
5 044 — 8s | 4 "El' 8s o
L) — 155 4$ 15s
€ 30s 43 30s
< 0.2 45s 1|- 45s
0 1 - = §
T 1 T T T T 1 T 1
(c) (d)
4 4 =—— Ti substrate - =$ Tisubstrate I
— 8s J +# 8s
L — 155 & 4§ 15s
£ 5 - 30s by, 1 'E:' 30s
< 45s g 455
i o i
T T T T T T T
1.2 1.4 1.6 1.8 2.0 1.4 1.6

ErHe IV

Figure 9: iR-corrected CVs and quasi steady-state current densities for Ni foams with
varying deposition times in both liquid electrolyte and dry anode configurations. CVs
were measured at a 50 mV s scan rate. The results are presented as follows: a) CVs
in liquid environment; b) quasi steady-states in liquid environment; ¢) CVs in GDE
setup; d) quasi steady-states in GDE setup.
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The dry anode implementation revealed an advantage compared to liquid environment,
and demonstrated superior performance against traditional liquid electrolyte setups at
high current densities, providing up to 30 % higher activity at an iR-corrected set
potential of 1.9 Vgug (Fig. 10). This outcome is predominantly influenced by the
applied iR-correction, which impedes a rigorous comparison. Both electrodes underwent
identical electrochemical protocols; however, due to elevated solution resistance in the
liquid environment, the iR-correction for liquid-immersed electrodes was substantially
higher. This highlights a common issue in electrochemistry, where different potential
correction methods in different setups and environments are applied, e.g. hardware
compensation or posterior iR-correction [157]. This comparison could have further be

clarified by the application of galvanostatic investigations.
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Figure 10: Analysis of current density measurements in the diffusion-limited region at
set iR~corrected potential of 1.90 Vgur under quasi steady-state conditions, represented
by box plots, indicates that the GDE configuration demonstrates approximately 30 %
higher activity compared to catalytic foams in a liquid medium. Inset: Conversely, in
the kinetic-limited region at 1.65 Vgruge, the current densities normalized to the ECSA
demonstrate comparable values between the GDE setup and the liquid electrolyte
environment, whereas the pure Ni exhibits the highest activity.

ECSA investigation revealed a correlation between the ECSA and OER activity,
suggesting that extended deposition periods increase surface area and enhance current
density [158]. However, upon normalization to “intrinsic” nickel activity, the Ni foam
catalysts demonstrate reduced activity compared to a planar Ni foil [159-162]. The

implementation of a pure Ni catalyst simplified the methodology; however, various

factors for a precise electrochemical surface analysis render the “correct” intrinsic
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activity subject to speculative assumptions. Such factors include the surface lattice
structures, their type of surface oxide, the penetration depth of this and/or several
oxide types, and the controversially discussed aspect of Fe impurities in the alkaline
electrolyte [163-167]. Concurrently, investigations have incorporated Fe impurities into
the electrolyte to enhance the performance of NiFe OER electrocatalysts [141], which
represents a viable strategy for high current rates.

The intended detection of the surface oxide via XRD measurement was unsuccessful,
leading to the conclusion that the oxide layers were thin, measuring only a few
nanometers. The introduction of box plots in this paper facilitated the subsequent data-
driven analysis. Stability tests were conducted for one hour, during which no
degradation was observed. In retrospect, this duration was insufficient to conclusively
determine the stability of catalytic coatings. Nevertheless, stability testing was not a
primary objective of the investigation and was conducted as a standard procedure in
electrochemical research. Furthermore, at the time, no software control over the US
horn was available, and the US pulses were manually applied, which impeded extended
stability testing.

Author contributions

Etienne Berner: Sample synthesis and preparation, electrochemical measurements, data
curation, GDE setup optimization, SEM-EDS and XRD measurements, paper writing.
Gustav K. H. Wiberg: GDE setup optimization, reviewing, editing.

Matthias Arenz: Supervision, conceptualization, reviewing, editing.

Multi-metal Ni alloys

The initial objective was, in analogy to HEA nanoparticles, to deposit a HEA HBT
foam. As the concept of HEA originated from Cantor [112] and this alloy contains Ni
and Fe, it seemed appropriate to attempt its synthesis using HBT. In this paragraph,
the metal compositions are presented according to the periodic table for the purpose of
simplification.

The Cantor alloy comprises approximately equimolar CrMnFeCoNi. The corresponding
sulfate salts were available in-house, with the exception of Cry(SO4)s. Subsequently, in
an initial investigation, a total metal concentration analogous to the first manuscript

of 0.2 M, with each metal at 0.04 M concentration, was selected for the plating bath.
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Cr was introduced as CrOs;, and 1.5 M NH,Cl was utilized as the electrolyte. The
sacrificial anode comprised pure Ni. This bath composition exhibited high instability
and resulted in immediate precipitations following deposition (Fig. 11). A parallel
plating bath without the addition of Cr demonstrated improved stability post-
deposition. CrCl, as divalent Cr and Cr(SO.)s as trivalent Cr were investigated, with
more stable plating baths observed for the trivalent Cr. However, the stability of the
plating baths remained a concern regarding reproducibility, and several carbon-based
sacrificial anodes were evaluated due to the observed enhanced Ni content in
subsequent films resulting from Ni anode dissolution. The substitution of (NH4)>SOs
for NH,Cl did not improve stability. An additional challenge was the high current
density required for the Cantor composition to form a foam-like structure, which
amounted to 6 A cm?, leading to inherent problems with, for example, burning carbon
foam anodes. The addition of several complexing agents, including
ethylenediaminetetraacetic acid (EDTA), ascorbic acid, and boric acid, was minimally

effective.
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Figure 11: Cantor alloy impressions: (a) The metal sulphates for the plating bath.
(b) Precipitation after the deposition is evident. (c¢) SE micrograph of a HBT foam
containing CrMnFeCoNi deposited at 6 A cm™ for 30 s, scale bar is 1 pm.

Furthermore, three additional compositions were investigated: MnFeCoNiCu,
FeCoNiCuZn, and CrFeNiCuZn. The suitability of substituting these metals,
particularly Cu and Zn, for HBT foams was evident, as foam structures were obtained
at relatively moderate current densities of 1 A cm™ [69,70], and more stable plating
baths could be achieved. The compositions of the synthesized foams varied with varying
current densities, as anticipated [88], which rendered a systematical research more

complex. Nevertheless, the activity toward OER was not as promising for the majority
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of synthesized samples as for the parallel developed NiFe alloy foams, and consequently,
it was determined not to further investigate multi-metal Ni alloy foams. The acquired
knowledge, however, proved valuable for the FeNi alloy plating bath compositions,

which are presented in the subsequent section.

Manuscript II

Description

The preprint titled “Investigation of FeNi alloy foams at high oxygen evolution reaction
rates using a dry anode setup in alkaline environment” examines the performance of
porous FeNi alloy HBT foams as electrocatalysts for the OER in alkaline water
electrolysis. The research introduces the terminology of a dry anode configuration for
AEMWE, in analogy to the recently introduced dry cathode. Thereby the anode is not
submerged in a liquid electrolyte but instead exposed to humidified gas. The primary
objective of this investigation is to elucidate the composition-activity relationship of
porous FeNi alloy foams toward the OER performance, with particular emphasis on
high current densities, by applying rigorous statistical analysis to demonstrate
reproducibility.

Primary conclusions

The developed dry anode configuration presents a research platform for the systematic
investigation of promising OER catalysts for alkaline environments under high reaction
rates. The 11 different FeNi alloy compositions, ranging from 93 to 2 at.% Fe, were
synthesized utilizing the HBT method, and represent a relatively fine dispersed alloy
distribution [98,168]. Particular emphasis was placed on stable plating solutions, which
encompassed the development of sulfate-based plating baths for the HBT methodology.
All synthesized FeNi foams exhibited relatively active electrocatalysis for alkaline OER..
Employing a slow CV scan rate of 5 mV s*, Tafel analysis and “onset potentials” were
derived for comparative purposes with the existing literature. Alloys containing 60 to
40 at.% Fe demonstrated Tafel slopes below 40 mV dec! and “onset potentials” between
260 and 290 mV to achieve 10 mA cm™. Although CVs to asses these benchmarks is
discussed controversy [149,169], the measured activities demonstrate anticipated values

for typical FeNi electrocatalyst.
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The study comprised a total of 88 measured sample disks (8 disks for each composition),
with dispersed data. This dispersion was attributed to several factors, including manual
cell assembly, misalignment of disks, uncontrolled gas flow field, and uneven initial
HFRso. values. Reproducibility, which is expected but occasionally overlooked in
electrochemistry [170], was addressed with a second synthesis of similar alloy Fe:Ni
content and a rigorous statistical approach. All measured data were included, except
for 6 sample disks, which failed to meet defined qualification criteria and were

subsequently remeasured.
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Figure 12: Analysis of the 59 at.% Fe alloy foam, encompassing eight distinct disk
measurements from two separate syntheses (S1 and S2). The data comprises 144k
points, based on five-minute OER per disk and galvanostatic pulsed current density,
measured at 10 Hz frequency. (a) The potential required at the applied current density
is illustrated in a box plot. Generally, mean and median values align closely. However,
this specific alloy shows a slight deviation of the mean toward higher potentials
compared to the median at current densities exceeding 2 A cm™. At a pulsed current
density of 3 A cm?, there is a 20 mV difference between mean and median.
(b) Corresponding histograms elucidate the data structure and individual sample
contributions. The initial synthesis's four disks (D1-D4) are represented in blue, while
the repeated synthesis's disks are shown in red. The plot excludes outliers and does not

employ a specifically normalized bin size.

The applied boxplot representation of the required potentials to drive the pulsed
galvanostatic current densities between 0.5 and 3 A cm™ was determined to be the
most appropriate method for illustrating the dispersed data. In Fig. 12, in addition to
the box plot, the corresponding histograms are presented. Each individual sample disk
is identifiable, with the blue color code for the initial synthesis (S1: D1 — D4) and the
red color code for the resynthesized samples (S2: D1 — D4). This approach was adopted

in accordance with the full transparency philosophy [171]. Minor deviations between
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mean and median values are explained in the manuscript. The obtained values are
representative and counterbalance individual measurements, thereby obviating the
need to present “representative” samples.

The obtained potentials for high pulsed current densities of 1, 2, and 3 A cm™ are
presented in Fig. 13. The observed activity differences at low current densities become
less pronounced, and in certain instances, such as for the invar alloy, the measurements
yielded results contrary to expectations.

The stability test was significantly prolonged compared to the first manuscript,
extending to 10 h at a pulsing rate of 3 A cm™. Sample degradation was observed,
potentially attributable to mechanical stress from pulsing, anode desiccation [53], or
corrosion of the Ti PTL. Furthermore, the HFRs,. was evaluated during the active
OER pulse and retention times, revealing a relative increase of 18 % for HFRg, during
active OER. This observation underscores the importance of accurate iR determination
for subsequent data processing and interpretation of electrochemical performance [141].
In conclusion, the synthesized catalyst lacks durability, and additional research is
required to improve its longevity. Utilizing a dry anode proves to be an effective
approach for evaluating stability at high currents over long durations.
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Figure 13: Box plots to display the
galvanostatic current densities at
1 (a), 2 (b), and 3 (c) A ecm™.
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4. Conclusions and perspectives

Key conclusions

This dissertation explored the alkaline OER using Ni-based foams synthesized via
galvanically deposited hydrogen bubble templating. The investigations during this
thesis demonstrated a significant potential of GDE setups with dry anode
configurations for advancing AEMWE technology. The experimental installation
reached substantial OER rates, with current densities reaching 4 A cm™ at room
temperature under quasi steady-states, illustrating the feasibility of operation under
ambient conditions. The dry anode offers appreciable advantages, including enhanced
mass transport of evolved oxygen compared to conventional liquid electrolyte systems
and reduced ohmic resistance, thereby enhancing process efficiency. The OER
performance is facilitated through the driving force of hydroxides migrating through
the AEM toward the positively charged anode. The catalytic coating of the PTL is in
direct contact with the membrane, forming a zero-gap configuration. A liquid film on
the catalyst surface facilitates hydroxide conductivity, which is crucial for promoting
high OER rates. This process resulted in more effective water splitting at elevated
currents, which has the potential to contribute to efficient hydrogen production.
Following an initial investigation into the operational characteristics of the setup
through the implementation of a pure Ni benchmark HBT foam, the obtained results
were subsequently corroborated by exploring the more reactive NiFe alloy space. A
rigorous statistical approach was employed to mitigate individual sample performance
variations, thereby facilitating unbiased data presentation and reproducibility.

The use of pulsed electrolysis allowed for the possible adaptation to intermittent
current supply typical of renewable energy sources. The presented studies adjusted to
rapid electrochemical responses, facilitating the achievement of quasi steady-state
conditions. Although pulsed electrolysis is not yet extensively researched, it holds the
potential to play a more significant role in the future. Stability testing revealed a
gradual degradation after an extended period of pulsing at 3 A c¢m™, indicating a need

for further optimization toward more robustness.
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The management of bubbles in the liquid cathodic compartment requires particular
attention. Gas bubble formation was successfully anticipated using an ultrasonic horn,

and various alternative methods could potentially address this issue.

Future perspectives

Further examination of the stability is required in regard to the presented catalytic
coatings, given the observed linear degradation. To address potential corrosion
concerns, the usage of stainless steel or Ni-based alloys as PTLs could be considered.
A Ti-based PTL was ultimately selected due to its inertness toward the OER, thus
allowing for the demonstration of OER activity exclusively associated with the catalytic
coating.

Furthermore, additional catalytic sample compositions could be synthesized to explore
the catalytic landscape of multi-metal NiFe alloys. This could lead to more active, or
more stable catalysts. Concerning the HBT methodology, reducing the applied current
density during the synthesis was favorable for large-scale application.

The experimental setup could also be operated under pressure and tested at elevated
temperatures to increase catalytic efficiency. This would increase the current densities
even further, which ultimately will require consolidated research.

The setup can be implemented as platform with novel catalyst designs at elevated
current densities, enabling a more informative stability assessment. Additionally,

membrane evaluations at high current loads could be considered.

Final words

Returning to the Introduction, it is evident that the transition to new technologies may
span several decades to centuries. It is my hope that this thesis can serve as an
inspirational source for future researchers and engineers. The development of a
constantly functional dry anode setup took almost three years, and further progress
will be necessary before it could be integrated into a practical AEM device and
hopefully demonstrate its robustness. Nevertheless, I am optimistic that the tradition
of Swiss innovation in water electrolysis technology will continue to make a global
impact. This journey has also been personally transformative, profoundly shaping how
I interpret, analyze, and present data. These experiences will undoubtedly aid me in

articulating my ideas with greater clarity and precision in my future career.
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Attaining Substantially Enhanced Oxygen Evolution
Reaction Rates on Ni Foam Catalysts in a Gas Diffusion

Electrode Setup

Etienne Berner, Gustav Karl Henrik Wiberg, and Matthias Arenz*

Water electrolysis plays a central role in the transition to a fossil-free society, but
there are significant challenges to overcome in order to increase its availability on
a large scale. Alkaline water electrolysis is a mature and scalable technology,
although it has several disadvantages compared to electrolyzers working in acidic
environments. In particular, the use of highly alkaline aqueous electrolytes can
lead to corrosion, and the achieved current densities are relatively low. This study
addresses the latter limitation by introducing a gas diffusion electrode (GDE)
setup as a novel development tool that bridges the gap between research and
practical applications in commercial devices such as fuel cells and electrolyzers. A
high surface area Ni foam catalyst that can sustain exceptional oxygen evolution
reaction (OER) current densities of up to 4 Acm ™2 in a quasi-steady-state within
our GDE setup operating in an alkaline environment is presented. The high
performance of this Ni-based benchmark catalyst is attributed to its deposition
onto a mesh-like porous transport layer (PTL) via hydrogen-templated electro-

catalysts such as IrO, and RuO,, which
are known for their exceptional perfor-
mance.”'” However, there is growing con-
cern regarding the availability of iridium,
given that optimistic estimates suggest that
400-800 tons of iridium are required to
produce hydrogen at a scale of 1TW.
Considering that the global annual mining
output of iridium is approximately 8 tons
year™! (ta™"),M achieving the necessary
quantities for 1TW production appears
quite challenging. Alternatively, alkaline
electrolysis utilizes abundant catalysts,
such as nickel and iron, both of which
are mined annually in the range of millions
of tons (Ni: approx. 2.5 Mta™", Fe: approx.
1800 Mta ')."*"*! This ensures a substan-

deposition. This forms a porous foam-like structure that augments the mass

transport of the gaseous reactants at the GDE.

1. Introduction

Interest in green hydrogen production has sparked numerous
discussions regarding current and future developments that
could pave the way for large-scale electrolysis in the gigawatt
(GW) and terawatt (TW) ranges. There is a growing focus on
exploring alternative energy landscapes aimed at establishing a
hydrogen-based economy at individual, continental, and global
levels. These efforts are driven by the imperative to decarbonize
production and transportation sectors.!*™!

Electrolysis in acidic environments within proton exchange
membrane water electrolyzers (PEMWEs) relies heavily on
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tial supply of catalytic material. However,
there are limitations, such as lower current
densities and slower system responses,
when compared to state-of-the-art PEMWE
technology. Enhancements in these aspects
are required to make alkaline electrolysis competitive, which
includes a theoretical comprehension of the surface reactions
and technical improvements, for instance, regarding the elec-
trode separator.'*'®! Despite various options for operational
optimization, prevailing assumptions hinge on achieving anodic
current densities exceeding 2Acm™2 for alkaline and anion
exchange membrane (AEM) water electrolyzers (AEMWE), simi-
lar to present operational current densities of PEMWEs.['”) This
target represents a manifold increase over the conventional
standard current of approximately 0.2-0.5 A cm™? for alkaline
systems.!"® A critical consideration for both acidic and alkaline
systems pertains to the robustness and reliability of the cata-
lysts, particularly when subjected to operational stress factors
such as temperature variations, varying and high current
loads, and cyclic on-off switches. In particular, a fast and flexible
response to surplus renewable electricity is a relevant criterion
for running an electrolyzer economically profitable in the
future, because a significant portion of the cost per kilogram
of H, is closely tied to the cost per kilowatt-hour (kWh) of
electricity.

Gas diffusion electrodes (GDEs) are an established class of
devices for electrochemical production and research. For exam-
ple, they serve for the electrosynthesis of chloride gas in chlor-
alkali electrolysis™™® and H,0,,” as the air cathode of a zinc-air
battery,[m to reduce CO,,?% in fuel cells,?> 2! and possibly
for electrolyzers. These electrodes enable chemical reactions
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at large interfaces of the three-phase boundary and facilitate the
transport of gaseous reactants. Therefore, GDEs serve as a
critical bridge between gas-phase reactants and the underlying
electrochemical processes, influencing mass transport,
charge transfer, and overall device efficiency. Consistently,
GDEs promote electrochemical reactions involving gaseous
species at elevated current densities compared to electrodes
implemented in pure liquid environments. GDEs typically con-
sist of a porous conductive material as the electrode backbone,
decorated with catalytic components to promote the desired
chemical reaction.

Here, we report an in-house developed and modified three-
electrode GDE setup to promote OER under alkaline conditions.
The GDE setup is used to test the response of a high surface area
Ni-foam type catalyst to varying and high current densities. The
Ni-foams are directly electroplated onto a Ti-mesh that serves as
porous transport layer (PTL), thus forming a catalyst coated sub-
strate. The synthesis of metallic coatings and nanostructures via
electroplating is a widely used fabrication method. This process
operates in a defined environment, in which an electrical field
drives the reduction of metal ions from the plating bath onto
an electrically conductive substrate. The particular method
applied here for producing the porous high-surface-area Ni
foams, is the hydrogen bubble templated electrodeposition.®!
This approach holds significant potential across various fields,
including catalysis,”’*® energy storage,”” and sensing.*”! It
allows for the precise deposition of porous metals and was
initially explored using metals such as Ni®" and Cu.’” Over
time, it has garnered interest for a broader range of metals,
including Ag,**! as well as noble metals such as Au, Pt, and
Pd.?4Y Furthermore, the incorporation of bimetallic films and
post-deposition operations has expanded the repertoire of novel
materials achievable through this technique. We present a
straightforward method for the fabrication of a catalytic coating
in the form of a pure Ni foam without organic compounds on a
conductive mesh-like Ti PTL that can sustain varying and
high OER current densities.

www.advenergysustres.com

2. Results and Discussion

2.1. Physical Characterization and Film Growth

The hydrogen bubble templated electrodeposition method has
been reported for different metals, such as Ni*”) and Au.”
In general, the process induces a morphology gradient in the
porous metal film, with pore sizes increasing along with the coat-
ing thickness. To characterize the structure of the porous Ni
foam, we explored a series of ascending deposition times and
analyzed the Ni catalysts by scanning electron microscopy
(SEM). This analysis highlights the distinct morphological
changes in the Ni catalysts based on different deposition times,
emphasizing the significance of hydrogen bubble template-
assisted film growth in tailoring pore size and thickness. In
Figure 1, the porous structure of the Ni foam on the PTL sub-
strate is clearly identifiable, as are the geometrical dimensions of
the substrate cavities (solid black in the upper row). This is
required for an effective gaseous reactant transport in the gas
flow field within the GDE. Cauliflower-like subunits were pres-
ent at all deposition times, whereas the pore sizes of the outer
surface layer varied depending on the growth time. Notably,
the pore size diameters increased for thicker films, and for longer
deposition times, a wider distribution was observed. The pore
sizes of the film with the shortest deposition time (8 s) ranged
from 3 to 5 pm, whereas the pore size distribution of the film
deposited for 45 s ranged from 6 to 18 pm. These results indicate
that, in thicker films, a gradient in pore size from smaller to
larger pores develops within the film. Furthermore, we investi-
gated the growth rate by determining the film thickness as a
function of deposition time. The cross-sectional SEM analysis
(Figure S1, Supporting Information) revealed a growth rate in
thickness of approximately 0.7 pms ™!, with a nucleation time
of approximately 5s. However, the growth rate was not constant
throughout the deposition period. After 8 s of deposition, a thin
layer of approximately 3-5pum is evident. Subsequently, at a
deposition time of 15 s, the thickness increased to approximately
10 pm, whereas a film thickness of approximately 35pm was

Figure 1. SE micrographs of Ni foams deposited on Ti-PTLs with varying deposition times. With prolonged growth, both the film thickness and the pore

size diameter at the surface increase.
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determined after 45 s of electrochemical deposition. Therefore,
we conclude that the film thickness growth rate increases with
an increase in pore size and prolonged deposition time. This phe-
nomenon can be expected, considering that the deposition was
performed at a fixed current density. Assuming a constant ratio
between hydrogen evolution and metal deposition, that is, a
constant Faradaic efficiency for metal deposition, an increase
in the porosity also leads to an increase in the thickness growth
rate. In this context, it should be mentioned that the film
thickness was not completely homogeneous over the entire
PTL substrate, which is attributed to its 3D geometrical texture.

The chemical compositions and structures of the PTL sub-
strate and as-prepared Ni films were analyzed using energy-
dispersive X-ray spectroscopy (SEM-EDS) (Figure S2, S3,
Supporting Information) and X-ray diffraction (XRD) (Figure
S4, Supporting Information). These measurements confirm
the purity of the Ni films. In particular, the XRD measurements
indicated a higher Ni to Ti ratio on the Ti substrate with longer
deposition times. Interestingly, the XRD data did not reveal any
visible Ni oxide formation after electrochemical activation of the
films. This indicates that the oxide layer formed upon activation
was too thin to be analyzed using XRD. Therefore, we propose
the formation of a core-shell structure with a relatively thin NiO,
layer as the shell and metallic Ni as the core. The latter metal
backbone provides “metallic” conductivity, which is essential
when applying high current densities.

2.2. Electrochemical Surface Area Determination

Determination of the electrochemically active surface area
(ECSA) is an important practice in electrocatalysis research.?)
When dealing with precious metals, comparing mass activity
becomes crucial, as researchers focus on enhancing the effective-
ness of applied materials. For Ni-based nanomaterials, electro-
chemical analysis of the surface area can involve various
techniques, such as hydrogen or oxygen adsorption, underpoten-
tial deposition (UDP) of metals, determination of the double-
layer capacitance by cyclic voltammetry (CV) or electrochemical
impedance spectroscopy (EIS), and redox-couple currents based
on specific molecules such as quinone-hydroquinone.***#! To
determine the double-layer capacitance, it should be mentioned
that the liquid electrolyte employed and its concentration may
influence the obtained values and should be considered when
presenting absolute values. In the case of Ni during alkaline
OER, its surface exhibits various forms of hydroxides, such as
Ni(OH),, and oxyhydroxides like NiOOH.B? Particularly, the
irreversible transformation of a-Ni(OH), into B-Ni(OH), above
0.5 Vg, *¥ rendering the determination of absolute values
for the ECSA that considers active sites for the OER on Ni a
challenging task.

Moderate oxidation of the Ni surface, for example via CV, can
be described as follows

Ni + 20H™ 2 Ni(OH), + 26~ (1)
At potentials below 0.5 Vryg, a few monolayers of the hydrox-
ide form, with the formation charge of a-Ni(OH), reported as

364 pCcm ™ for the Ni(110) plane and 596 uCcm > for the
Ni(111) plane. This irreversible formation was observed in the
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Figure 2. iR-corrected CVs acquired in the potential range spanning
from the hydrogen evolution reaction to the OER of pristine Ni foam (45 s
deposition) in 4 M KOH liquid electrolyte. As potentials exceed 0.5 Vrpg,
the irreversible formation of a-Ni (OH); at 0.3 Vg in the first CV is not
present in the second scan. CVs initiated at —0.25 Vg at a scan rate of
50mVs " to 1.70 Veye.

first and second CV curves of pristine Ni foam, as shown in
Figure 2. The characteristic and reversible transformation of
Ni(II) hydroxide to Ni(III) oxyhydroxide around 1.4 Vyyg is less
sensitive to the surface structure due to the more amorphous
nature of the surface oxides. The oxidation and reduction of
Ni(OH), can be described by the following equation:

Ni(OH), + OH~ 2 NiOOH + H,0 + ¢~ 2)

The reported interfacial double layer capacity of approximately
22 uF cm™? see in ref. [41] for Ni is often used as a reference
value and confirmed by different methods.?”)  However,
McCrory et al.l*?! calculated with a general specific capacitance
of 40 uF cm™2 in 1 M NaOH, whereas Zankowski et al.*}! mea-
sured 41 uFcm 2 using EIS in a 2M KOH aqueous solution.
Given this variety of values, we decided to measure a Ni foil
in the electrolyte used in this study, which can be used as a
benchmark. For the polished Ni foil, we measured a double-layer
capacitance of 39 uF cm™? when immersed in 4M KOH, as
depicted in the inset of Figure 3. This value is consistent with
those reported by McCrory and Zankowski et al. The obvious var-
iation in the reported values may be attributed to factors such as
the polishing process creating a non-atomically flat surface, the
pre-oxidation of Ni, or the specific parameters employed in our
methodology. All ECSA values used a capacitance of 39 uF cm ™2
as a normalization factor.

To determine the ECSA of the Ni foams as function of the
deposition time, we investigated the capacitive current within
the potential window of the non-Faradaic region, specifically
between 0.55V and 0.65Vgye (Figure S5, Supporting
Information). Our procedure involved the pre-oxidation of Ni
films immersed in a 4 M KOH liquid electrolyte, with variations
in scan rates ranging from 25 to 1000mVs '. The analysis
shown in Figure 3 reveals a nonlinear growth pattern in the
ECSA relative to the electrodeposition time, with a declining rate
of increase observed after 15 s of deposition time, as determined
by examining the first derivative of the ECSA change. Our obser-
vations concerning the nucleation time during SEM studies con-
ducted within the initial seconds of deposition align well with the
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Figure 3. Surface area growth determined by capacitive currents in 4 m
KOH electrolyte expressed by the roughness factor, representing the
ECSA normalized to the geometrical area (cmZECSA/cngeo). The dashed
line serves as a guide for the eye. Inset: Capacity determination of
individual Ni foams at varying scan rates.

ECSA measurements. However, in contrast to the thickness, the
ECSA growth rate decelerated after a deposition time of 15s.
This phenomenon may be attributed to the increased formation
of larger hydrogen bubbles during the longer deposition periods.
Consequently, the Ni foam became more porous with extended

www.advenergysustres.com

deposition times. However, some underlying pores may become
excessively deposited, rendering them inaccessible to the electro-
lyte. In summary, we conclude that for longer deposition times,
the pore sizes increase and cause a faster growth rate of the
film thickness. ECSA, specifically the surface-to-volume ratio,
indicates the relationship between the available surface area
and volume of the coating. After the initial growth on the seed
layer, this ratio decreased. Thus, the growth rate of the available
surface area differs from that of the layer thickness.

2.3. Electrochemical OER Performance

As discussed in the Introduction, achieving high current densi-
ties is one of the primary challenges in alkaline electrolysis.
Furthermore, the ability to cope with varying loads is required.
Hence, our testing focused on these topics, and we compared the
potentiodynamic curves with the quasi-steady-state measure-
ments obtained using pulsed potential assets. Furthermore,
for each method, we compared the conventional approach using
a standard electrochemical cell with the adapted GDE setup.
In Figure 4, we provide illustrative cyclic voltammograms and
quasi-steady-state geometrical current density data for our Ni
foam samples with varying deposition times on the Ti substrate.
The left columns (a and c) display the CVs for both the liquid
electrolyte and the GDE setup, whereas the right columns
(b and d) show the corresponding quasi-steady-state measure-
ments for these two setups. Notably, the substantial difference
in current density magnitudes between the liquid electrolyte
environment and the GDE setup is accentuated when comparing
the two environments by rows, that is, a and b, and c and d. It is

(a) (b)
—— Ni foil 4% Ni foil o A
s 044 — 8s - '|E|' 8s 3
S — 155 4§ 15s
5 — 30 i 30s
< 0.2 1 45s 1|45 45s
oA - :
(c) (d)
4 { =—— Ti substrate - =+ Tisubstrate [
N — 85 +H 8s
~g — 155 4% 15s
£ - 30s 43 30s
O 24 4| =
< 45 s it 45s
0 - . :-
12 14 16 18 20 1.4 1.6

Egue/V

Figure 4. iR-corrected CVs and quasi-steady-state current densities for various deposition times of Ni foam in both the liquid electrolyte environment and

GDE setup. CVs were recorded at an applied scan rate of 50 mVs™'

setup, CVs; d) GDE setup, quasi-steady-states.
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. a) Liquid environment, CVs; b) Liquid environment, quasi-steady-states; c) GDE
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important to clarify that we are presenting not necessarily the
best-performing, but the most representative sample from each
measurement series. Each measurement was repeated a mini-
mum of five times for each deposition time, and the values were
derived from at least two independently synthesized coatings.
The cyclic voltammograms correspond precisely to the same
Ni foam samples presented under quasi-steady-state conditions.

By comparing the cyclic voltammograms with quasi-steady-
state activities (Figure 4), it is evident that similar geometrical
currents were achieved using the two measurement approaches
in each separate environment. A discernible trend emerged, indi-
cating that higher current activities were associated with longer
deposition times, signifying the presence of larger surface areas.
Employing our GDE setup, we can successfully demonstrate
current densities under quasi-steady-state conditions of
4.06 & 0.25 Acm ™2, corresponding to a potential of 2.09 Vgyg
(see Figure 4d). Notably, this potential was iR-corrected by
60mV (given the solution resistance of 199 &+ 27 mQ) relative
to the applied potential of 2.15 Vryg. In the dynamic CV, a
current density of 4.12Acm > was achieved at a potential of
2.04 Vryg. It is important to highlight that these exceptional cur-
rent densities were achieved by the Ni foam with the highest
ECSA, namely, that with the longest Ni deposition time of 45 s.

In contrast, in the liquid electrolyte environment, the current
densities obtained using similar measurement protocols were
substantially lower. Specifically, at an iR-corrected potential of
1.90 Vrye (iR correction of 250 mV, given Rg,. = ~2 Q), we mea-
sured a current density of 0.432 4 0.006 A cm™* under quasi-
steady-state conditions for the foam with 45 s of Ni deposition.
In the corresponding CV measurement, a current density of
0.431 mA cm 2 was observed at 1.86 V. When compared to
the current densities measured in our GDE setup under
steady-state conditions at a potential of 1.90 Vryg, we recorded
current densities of 0.610+0.037Acm 2, as depicted in
Figure 5. This performance surpasses that of the same Ni catalyst
film in a liquid electrolyte environment by approximately 30%
when considering a similar iR-corrected potential. However, it

E= 1.90 Vrue
E = 1.65 Ve
&
600 i - T liquid enwv,
IE 4 - [ GDE
N§ e
| < 7 4
E E - - ==
S 400 =, = - = é
=T v T T T T T
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= = -
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<o s 3 liquid env.
[ GDE
O T T T T T
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Figure 5. Box plots depicting current density measurements within the
diffusion-limited region at 1.90 Vg under quasi-steady-state conditions
reveal that the GDE setup exhibits approximately 30% greater activity than
the catalytic foams in a liquid environment. Inset: In contrast, within the
kinetic-limited region at 1.65 Vg, the current densities normalized to the
ECSA show analogous values between the GDE setup and the liquid
electrolyte environment.
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should be noted that although the measurement protocols in
the GDE and liquid environments were identical, the higher
iR-correction of potentials in the liquid environment can lead
to results that are more challenging to interpret. The reduction
in resistivity between the reference and working electrodes
played a significant role in the observed differences.

A recent study by Hodges et al.*¥ involving a capillary-fed
electrolysis cell demonstrated the importance of low resistivity
for achieving highly efficient electrolysis and high current den-
sities in alkaline environments. Similarly, Xu et al.**! which
explored the importance of catalyst conductivity and reported
limitations for their “best” NiFeO,H, oxyhydroxide OER catalyst
in aliquid alkaline environment by its application in a membrane
electrode assembly (MEA), particularly above current densities of
0.200 A cm™? in an AEM setup. Consequently, it is imperative to
measure current densities exceeding 0.2 A cm™? to validate the
stability of catalytic films. Furthermore, achieving current densi-
ties close to 1 Acm ™2 in a liquid environment electrochemical
cell is challenging, particularly at reasonable potentials.

Catalyst activity in conventional rotating disk electrode (RDE)
measurements within a liquid electrolyte often relies on the
potential at which 10 mA cm ™ ? is recorded. This value, although
widely used, is somewhat arbitrary, considering that practical
electrolyzers for hydrogen production typically operate at sub-
stantially higher current densities. In fact, current densities
below 100 mA cm ™2 are commonplace in liquid electrolyte meas-
urements owing to mass transport limitations. To identify kinetic
constraints, it is necessary to examine even lower current densi-
ties. In this context, it is notable that films with larger ECSAs
achieve the 10 mA cm™* benchmark at lower potentials than
films with smaller ECSAs. However, it is essential to emphasize
that the intrinsic activities of these catalysts remain consistent, as
all coatings consist of pure Ni. The observed increase in activity
arises from the availability of a greater number of active sites per
unit geometric area, resulting in enhanced performance at the
same potential. Interestingly, for steady-state measurements,
the pure Ni foil in the liquid environment exhibited higher
activity than the Ni foam deposited for 8s. This disparity can
be attributed to the more pronounced iR-correction effect
associated with the Ni foil. However, when the iR correction
was not considered, the performances of both materials were
comparable. This discrepancy in behavior is not evident in
dynamic CV measurements.

By normalizing the geometrical current densities to the ECSA,
it is possible to assess the intrinsic activity of the Ni foams.
Notably, we observed more consistent results in the measure-
ments conducted within a liquid environment, wherein the
ECSA-normalized current remains constant up to 1.8 Vg for
all four deposition times. However, slight fluctuations were evi-
dent in the GDE setup. As illustrated in the inset of Figure 5, the
ECSA-normalized currents closely align within the GDE setup in
comparison with the liquid environment, particularly within the
kinetic-limited region at 1.65 Vryg. This is justifiable, given the
comparison of similar catalytic films. However, concerning the
ECSA of the bare Ni foil, it is noteworthy that the electrodepos-
ited Ni foams did not attain a similar level of activity across the
range of the investigated potentials (Figure S6, Supporting
Information). The bare Ni foil exhibits the highest intrinsic
current density (jecsa). This observation suggests that the
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electrodeposited films may not fully unlock their catalytic poten-
tial, although it is worth considering that the measured ECSA
may be relatively large. Examination of the morphology through
SE micrographs indicates a relatively low calculated ECSA. At the
potential of 1.98 V versus RHE, our foam with the highest ECSA
achieved jrcsa = 45 mA cm™%ggca, a value comparable to the spe-
cific activities reported by Yang et al.l**! under the same potential.
In summary, determining the true specific activity is challenging,
and the geometrical current density may be more pertinent, espe-
cially given that Ni is an abundant metal and is typically not a
critical factor in capital expenditure (CAPEX) considerations.

Through a comparative analysis of the overpotentials required
to achieve a geometrical current density of 0.300 Acm™?, the
GDE setup demonstrated a modest yet notable advantage, rang-
ing from 3% to 8%, compared with the liquid electrolyte environ-
ment across various deposition times (Figure 6). This reaffirms
the parity of the activities observed in both environments (inset
of Figure 5), particularly at a moderately standard current
density, typical of classical alkaline electrolyzers. However, it
is crucial to note that the overpotential required to achieve the
same activity increases by approximately 100 mV when transi-
tioning from the highest to the lowest ECSA. This underscores
the paramount importance of having an adequate number of
active sites per unit geometric area to achieve efficient electroly-
sis. Given the differences in synthesis time, which fall within the
sub-minute range, and Ni material quantities, typically below
50 mg cm ™2, there is a strong rationale for the large-scale synthe-
sis of films with higher ECSA.

The demonstrated activities under quasi-steady-state condi-
tions can be further credited to the rapid and responsive protocol,
which allows efficient bubble transport. Various studies have
highlighted the critical role of bubble management in achieving
high current densities. Iwata et al.*”! recently published a com-
prehensive study on bubble formation and release on Ni cata-
lysts, particularly by applying a polytetrafluoroethylene (PTFE)
coating onto the Ni surface. Examination of the film wettability
in their work revealed the lowest overpotential, mainly attributed
to ohmic losses due to bubble formation, when PTFE was absent
on the Ni surfaces. This observation aligns with our coating
approach, which did not involve organic additives. Notably,
commercial Ni-plating baths often contain pH buffers and other
additives that may potentially lead to catalyst inhibition. Last but
not least, it should be mentioned that the exact reproducibility of
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Figure 6. Intrapolated iR-corrected potentials at a current density of
300 mA cm 2 for quasi-steady-state conditions. The diamonds represent
the moderate relative overpotential benefits in the GDE, reaching a
maximum value of 8% for the 45 s electrodeposited Ni foam.
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the presented measurements poses a significant challenge. A
small active area of 7mm” indicates that bubble formation
has a substantial impact on the measured activity. Proper grid
alignment of the Au-mesh on the Ni-coated Ti-PTL substrate
is crucial for increasing the success rate of measurements, espe-
cially during high current densities in the GDE setup. Ideally,
these components should be aligned at the same angle on top
of each other, as and shown in Figure S9, Supporting
Information. It is worth noting that the gas flow field was not
optimized in this study. Nevertheless, we were able to improve
the success rate of the measured protocols from 10% to >66%. In
addition, stability remains a challenging aspect, particularly
when the duration of the OER measurements is extended.
This is due to the risk of internal resistivity caused by local bubble
formation and the accompanying sensitivity owing to the small
catalytic area. We performed galvanostatic pulsed stability tests at
2A cmfzgeo for 1 h at elevated currents on four disks of the same
45 s electrodeposited Ni foam and measured an average potential
0f 2.004 Vyyg. In Figure 7, we show a representative sequence of
the pulsed electrochemical protocol after one operational hour.
We highlight the sensitive potential response to solution resistiv-
ity, which is directly influenced by bubble formation (Figure S7,
Supporting Information). Applying a prolonged deposition
time, the ECSA is expected to be larger and the necessary poten-
tial to reach 2 A cm ™2 therefore anticipated to be below 2 Vgyg.

(a) Pulsed galvanostatic stability test
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Figure 7. iR-corrected potentials at a pulsed current density of 2Acm 2

Four disks of a 45 s Ni foam deposition were measured during 600 pulses
(each pulse for 65 at 2 Acm ™2, then 1s zero current). In a), we show a
representative sequence of 100 s during the stability test after 1 h of oper-
ation. In the inset, the averaged potentials to perform for four different
disks 1h at 2Acm™2 are shown. The average potential of 2.004 Vg is
indicated by the dashed line. In b), the entire potential course of the
600 pulses and the measured Rs,. are displayed of the particular disk.
When the solution resistance exceeded 2 Q, Rs,. can recover to the initial
values after the selective application of short ultrasonic pulses in the liquid
electrolyte compartment.
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Multiple factors can lead to degradation of the system coupled
with bubble-induced insulation, which causes local heating
and hotspots. Membrane degradation poses a significant risk
to system stability.****! Hence, membrane development and
gas flow fields require particular investigation. Furthermore,
the components in the GDE setup were not specifically pressed,
which may have affected their ability to ensure a longer
endurance.

3. Conclusions

The demonstrated current densities of up to 4 A cm™? emphasize
the potential for the additional development of AEMWEs. High
OER reaction rates were achieved at room temperature under
ambient conditions, using a GDE as the anodic OER electrode.
This approach offers improved mass transport of the evolved oxy-
gen gas compared with the liquid electrolyte environment and
enables higher current densities. Another advantage of this setup
is the driving force of the hydroxides through the membrane
toward the positively charged anode. Furthermore, the ohmic
resistance was reduced to enable a more effective water-splitting
process at elevated currents. Galvanostatic stability tests at the
high geometric current density of 2 A cm™ revealed no catalyst
degradation. The introduction of quasi-steady-state behavior
through electrochemical responses within subseconds and
pulsed galvanostatic stability testing marks significant steps
toward enhancing the reaction rates for grid-tied electricity inte-
gration. This paves the way for coupling electrolyzers with inter-
mittently generated electricity from renewable resources, such as
wind and photovoltaics. Fast-responsive, potentially mass-
scalable AEMWEs can expedite the decarbonization of hydrogen
production and contribute to mitigating greenhouse gas emis-
sions. However, regarding stability, further research is required
to improve the system setup operation. Given the choice of pure
Ni as a catalyst, more catalytically active materials, such as NiFe
and NiFeCo, are expected to outperform the presented results,
and we work toward more active and efficient catalytic coatings
to drive this progress.

4. Experimental Section

Chemicals, Materials and Gases: For the electrolyte solution, the plating
bath and for rinsing the laboratory equipment ultrapure water
(resistivity > 18.2 MQ cm, total organic carbon [TOC] <5 ppb) from a
Milli-Q system (Merck, IQ 7000) was employed. The electrolyte was pre-
pared using potassium hydroxide pellets (KOH, Ph. Eur. grade; Hénseler,
Switzerland) max. 15 wt% H,O and Fe content below 3 ppm without fur-
ther purification. Nickel sulphate hexahydrate (NiSO,4-6 H,0, ACS reagent,
>98%, Sigma-Aldrich) and ammonium chloride (NH4Cl, ACS reagent,
>99.5%, Sigma-Aldrich) were used as-received. Organic cleaning solvents
were used as received, acetone (pure, Grogg Chemie, Switzerland), iso-
propanol (pure, Grogg Chemie, Switzerland), and ethanol (94%, Grogg
Chemie, Switzerland).

Electrochemical Synthesis of Porous Ni Foam and Experimental Setup:
Catalyst Synthesis via Electroplating: The catalyst samples were prepared
by electrodeposition of Ni from a plating bath onto a titanium PTL sub-
strate (MeliDiff TL 05/04-008 from MeliCon, Germany, with a thickness of
0.1 mm)."®  Electrodeposition was conducted using a computer-
controlled power supply (Voltcraft, model CPPS-160-42). Prior to immer-
sion in the plating bath, the PTLs were thoroughly cleaned. This cleaning
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procedure involved subjecting the PTLs to an ultrasonic bath (US cleaner
from VWR, model USC1200THD) for 5 min, twice each in soap water, ace-
tone, isopropanol, and ethanol, and finally rinsing three times in ultrapure
water using ultrasonic cleaning for 5 min each time. The plating bath com-
position consisted of 0.2 M NiSO4 and 1.5 M NH,Cl, with a pH measured
at approximately 4 (pH-meter from Mettler-Toledo, model FEP20), and a
conductivity of about 150 mS cm™" (conductivity meter from Greisinger,
model GMH 3431). A pure Ni sheet (0.125 mm thickness, 99.9%, Sigma-
Aldrich) was used as the sacrificial anode. To ensure reproducible coating
conditions, the PTL and Ni sheet were fixed in specific sample holders and
kept 30 mm apart in a custom-made cage. Galvano-controlled deposition
was conducted at a geometrical area current density of 3 Acm ™2 for all the
samples. At this current density, the applied potential between the electro-
des exceeded 10V, resulting in the majority of the charges being assigned
to the reduction of hydrogen and only a fraction to the Ni deposition. The
intentional formation of hydrogen bubbles was sought to achieve a
porous, foam-like structure in the resulting catalytic coating.

Different deposition times, ranging from 8 to 45 s, were used to inves-
tigate the thicknesses and morphologies of the catalytic layer. The samples
intended for measurements in the liquid electrolyte were deposited on a
1 x 1 cm? square mask facing the Ni sheet anode and secured using poly-
imide film tape (“Kapton”, 3M 5413, USA) on the backside of the Ti sub-
strate to prevent coating. For the GDE measurements, Ni coatings were
deposited on the Ti substrates with circular masks measuring 3 mm in
diameter, with four or nine samples per run on the same PTL substrate.
The backsides of the substrates were shielded with polyimide film tape
(3M 5413, USA) to ensure that only the forefront was coated. To guarantee
electrical contact in the GDE setup, 3 mm catalytic disks were die-cut using
a 5 mm diameter circular blanking sleeve (Bohrbuechsen Heimberg AG,
Switzerland) inserted into a custom-made precision tool before being
assembled into the GDE setup (Figure S8, Supporting Information).

Gas Diffusion Electrode Assembly: The electrochemical activities under
alkaline conditions were measured using a modified version of our
GDE setup, which was initially developed to study the oxygen reduction
reaction.?®=?! The technical illustration is shown in Figure 8. The main
differences between the setups were the exchange of a carbon micropo-
rous layer (MPL) coated with platinum nanoparticles by the Ni-coated PTL
substrate serving as the working electrode (WE) and the substitution of the
PEM with an AEM. Coated PTLs with a diameter of 5 mm and a catalytic
coating diameter of 3mm were placed between an AEM (Sustainion
X37-50 RT, Dioxide Materials, USA) and an Au mesh (woven from
0.102mm ¢ wires, 99.99%, Thermo Scientific). The mesh acted as a
current collector. To ensure proper sealing between the membrane and
the liquid compartment, and homogeneous pressure distribution, a
PTFE mask (inner g =7 mm, outer 6 =18 mm, 250 pm thickness) was
used around the coated PTL disk (Figure S9, Supporting Information).
Oxygen gas was introduced into the setup at a flow rate of 0.4 Lmin™"
through a bubbler filled with ultrapure water to maintain a moist environ-
ment at the membrane interface. For the counter electrode (CE), a Pt wire
was placed in a liquid 4 M KOH electrolyte (20 mL) in the upper part of the
cell. During the measurements, the electrolyte was constantly agitated
with a PTFE micro-surface stirrer shaft (Bola, Switzerland) to improve
KOH accessibility and eliminate crossover bubbles.

Electrical contact with the working electrode was achieved through two
Au plated pogo pins (Conrad Electronic, 1025-M-1.5N-AU-1.5) inserted
into the hole channels, reaching the stainless-steel contacting screws.
A reversible hydrogen electrode (RHE) in trapped hydrogen configuration
was employed as the reference electrode (RE). It was placed in a Luggin
capillary directly in contact with the membrane. To avoid contamination
interference (from metal ions), all cell components in contact with the WE
were made from polymers. Specifically, the upper cell body was con-
structed from polyether ether ketone (PEEK) and the lower cell body
was made of polychlorotrifluoroethylene (PCTFE). Under optimal
assembly conditions, the solution resistivity of the reference electrode
was maintained below 1 Q, which translates to 200-500 mQ. The assembly
is shown in Figure S10, Supporting Information.

Electrochemical Cell with Liquid Electrolyte: For comparison, both the
coated PTLs and a bare Ni sheet were tested in an aqueous 4 m KOH
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(@)
Electrolyte compartment
Reference compartment
Luggin capillary
AE membrane
PTFE mask
PTL disk with Ni-foam
Au mesh
GDE base (PCTFE)
Gas inlet / outlet

Figure 8. In a), the GDE setup is depicted, where the gold mesh acts as a
current collector for the PTL to serve as WE via gold pins. The PTL makes
direct contact with the membrane, separating the liquid electrolyte com-
partment from the GDE. A reference electrode senses the membrane via a
Luggin capillary, minimizing solution resistance. In b), the gas flow field is
illustrated in blue. An optical micrograph showing a catalytic disk substrate
(Figure S8, Supporting Information) is on top of the current collecting
mesh. The flow field was extruded from the GDE base body, running
beneath the entire catalytic disk (¢ =3 mm).

electrolyte (30 mL) using a standard electrochemical H-type glass cell
without a membrane separating the electrodes.

The Ni sheet was subjected to a polishing process to reduce the
roughness. It was first polished with sandpaper with a grain size of
2000, followed by a treatment with corundum slurry containing 300
and 50nm particles (Buehler, Switzerland) for a few minutes each.
Subsequently, it was thoroughly rinsed and cleaned twice in ultrapure
water using ultrasonic baths for 5min to achieve a mirror-like finish.
The uncoated backsides of the PTLs and Ni foil were covered with
Kapton tape to ensure a consistent active surface area for comparison with
GDE measurements. Rectangular samples with typical geometrical areas
of 20-30 mm? were used for the measurements, and the exact area of each
sample was determined using a digital microscope for accurate area nor-
malization. The samples were securely mounted on a PTFE sample holder
and sealed with PTFE tape to ensure that only the desired catalytic surface
was exposed to the electrolyte. A Pt wire was used as CE. The solution
resistivity between RE and WE was measured to be approximately 2 Q.
The RHE was refreshed twice daily to maintain consistent conditions
during characterization.

Characterization Methods: Physical Characterization: SEM micrographs
were obtained using a Zeiss GeminiSEM 450 with SmartSEM 6.05
software. The scan parameters for the secondary electron (SE) Everhart-
Thornley detector included a working distance (WD) of 3-3.5 mm, accel-
erating voltage of 2 kV, and probe current of 100 pA. For energy-dispersive
X-ray spectroscopy (SEM-EDS), an Oxford Instruments photodetector
Ultim max 150 controlled via AZTec software (5.0) was employed at a
WD of 8-8.7 mm, acceleration voltage of 15kV, and probe current of
500 pA. Optical micrographs were obtained using a Keyence VHX-6000
digital microscope. Pore size analysis of the SE micrographs was
performed using Image) software.

XRD patterns were measured using a STOE StadiP in the reflection
mode (Bragg—Brentano geometry). The apparatus was equipped with a
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Cu Ka radiation source (40keV, 40 mA, 21=0.1540nm) and operated
using WinXPow software. X-ray diffractograms were recorded in steps
of 0.1°/30's with 20 values ranging from 10° to 90° using a zero-matrix
quartz sample holder.

Electrochemical Characterization: The measurements were performed
using an ECi 210 potentiostat from the Nordic Electrochemistry ApS con-
trolled via the EC4 DAQ 4.2.142 software. To investigate the OER perfor-
mance, a similar approach was adopted for the GDE setup and standard
electrochemical cell with a liquid electrolyte. Cyclic voltammograms were first
recorded at scan rates of 100 (four cycles), 75 (three cycles), 50 (two cycles),
and 25 (two cycles) mVs™' in the range of 1.0-2.1 Vgye. Subsequently, a
dynamic potentiostatic protocol was applied to explore the quasi-steady-state
conditions. This involved measuring the potentials at intervals of 1.40, 1.50,
1.55, 1.60, ... (with a step size of 50mV) up to 2.15 Vgpe.

To simulate varying load and to avoid artefacts due to oxygen bubbles
formed at the catalyst surface, the potential was reduced to 1.40 Vg for
one second after 6s at the investigated potential. This procedure was
repeated ten times per potential, resulting in a total measurement time
of 60 s per investigated potential, with a total duration of 70's (86% active
OER time). The 700 measured currents (at a measurement frequency of
10 Hz) per potential were normalized to the geometric area and sorted in
ascending order. Therefore, we refer to the current values presented as
quasi-steady-state. They represent the mean of the data entries 150600,
with calculated standard deviations corresponding to 45 s of operation per
potential at the steady state. The first 100 data entries corresponding to the
inactive OER phase at 1.4 Vgye and were excluded. The highest last 100
current entries were not considered to eliminate capacitive currents from
the measured OER activity.

In a separate study, CV was performed in 4 M KOH to determine the elec-
trochemical surface area. Initially, the films were oxidized at 1.60 Vg for
30s. Cyclic voltammograms were recorded in the non-faradaic region
between 0.55 and 0.65 Vgye at scan rates of 25, 50, 100, 200, 400, 600,
800, and 1000 mV s~ . The measured currents were normalized to the geo-
metric area and averaged between 0.595 and 0.605 Vrye. The positive scan
currents were added to the negative scan currents and then divided by two.
These current densities, jc, were used for linear regression for each deposi-
tion time to obtain their specific surface capacities in pFcm ™2 at 1Vs™ .

Galvanostatic stability tests at 2Acm 2 included 600 pulses. Each
pulse consisted of 65 at 2Acm ™2, followed by 1s with no current. The
total duration at 2Acm™2 was 3600s per measurement (total duration:
4200, 86% active OER time). To degas excessive bubbles, an ultrasonic
horn homogenizer (Shanghai Ultrasonic Instrument Co., Model SC-150,
30kHz, horn @ =3 mm) replaced the PTFE stirrer and was selectively
applied to the electrolyte compartment when the resistance exceeded
2 Q (solution resistance) or 16 Q (cell resistance).

To track the solution resistance, a single-frequency EIS was performed
during the entire experiment. An AC signal of 5 kHz and an amplitude of
5mV was superposed to the control signal during the electrochemical
measurements. The resulting impedance has a phase close to zero and
is thus assumed to be related only to the solution resistance (due to
the high frequency). Consequently, online monitoring of the solution
resistance during the electrochemical measurements is possible. Then
a posterior iR-correction for each recorded data point of the electrochemi-
cal data is done using the absolute impedance value.

Additionally Employed Software: The datasets of the potentiostat were
evaluated with Jupyter Notebook 6.3.0, installed under Anaconda
Navigator 2.0.3, and plotted with Matplotlib 3.7.4. During the preparation
of this manuscript, the authors engaged with large language models
(LLMs), specifically Paperpal and ChatGPT, to improve readability and
grammatical quality. Subsequently, a comprehensive review and editing
process were undertaken, assuming full responsibility for content
accuracy. No references were derived from LLMs.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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SEM cross-section analysis

Deposition time: 8 s Deposition time: 15 5

Figure S1. Exemplarily SEM cross sections of Ni foams deposited at various deposition times.
The coated PTL substrates were cut using sheet metal shears.
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SEM-EDS analysis

a) SE micrograph b) Ti Kqy map c) EDS layered image

d) EDS map spectrum
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Figure S2. SEM-EDS analysis of the Ti PTL substrate. The purity of Ti was verified, along with
the relatively even surface structure of the substrate. The peak left to Ti Lq in the spectrum
shown in (e) at 0.28 keV originates from the carbon from the glue for sample fixation. The weak
peak at 1.49 keV originated from the aluminum background (chamber and sample holder).
Oxygen (0.53 keV) was detected but neglected in the automated element identification by the
analysis software, although the slightly decelerated decrease in the Ti L, peak indicated the
presence of a small amount of oxygen.
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Figure S3. SEM-EDS analysis of a 45 s Ni foam. The purity of the Ni was verified over the
entire substrate surface. The spectrum shown in (e) reveals characteristics similar to those
reported in Figure S5 for carbon (0.28 keV), oxygen (0.53 keV), and aluminum (1.49 keV)
peaks. The low, 0.5 wt.%, fraction of Ti is mostly originated by edge effects, where the
shielding Kapton tape at the backside of the substrate hindered Ni deposition.



X-ray diffraction

XRD measurements

=== 15 s Ni foam, pristine
=+ 155 Ni foam, oxidised
=== 45 s Ni foam, pristine
=+ 45 s Ni foam, oxidised
e Ti PTL substrate
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Figure S4. XRD measurements reveal no difference between the pristine and oxidized Ni
foams. However, a longer deposition time leads to a smaller substrate signature, as expected.
The Ni (fcc) signal at 44.4° was more pronounced for the thicker Ni foam, similar to the signal
at 51.7°, whereas these peaks were absent on the PTL substrate. Interestingly regarding the
substrate is, the Ti (hcp) signature is less pronounced than the TisO signature. This is in
agreement with the small fraction of oxygen detected by SEM-EDS and confirms the presence
of a slightly oxidized Ti substrate. References for material-specific spectra are listed at the end
of this document.



Capacity measurements

Cyclic Voltammograms
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Figure S5. Raw data normalized to geometric area for the capacity measurements in the
potential window from 0.55 - 0.65 Vrne for the four deposition durations and a polished Ni foil
in 4M KOH electrolyte. To determine the capacitive current jc, the geometrical current densities
were averaged between 0.595 and 0.605 Vgue for each scan rate. The sum of the values of the
positive and negative scan currents was divided by two to obtain jc for the linear regression
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depicted in the inset of Figure 3.
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ECSA normalized current density
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Figure S6. The ECSA normalized quasi-steady-state current density at 1.80 Vgrue presented in
box plots reveals that the polished Ni foil is the most active “intrinsic” catalyst. In the liquid
environment (4M KOH), the “intrinsic” currents are almost constant for all Ni deposition
durations (jecsa = 3.5 mA cm2gcsa). As the surface determination was performed in a 4M KOH
electrolyte and the geometric areas within the liquid electrolyte were relatively large
(~ 25 mm?), this result indicates an appropriate approach for determining the ECSAs via
capacitive currents in the non-Faradaic region for activities in a liquid environment. Because
the ECSA current density is inversely proportional to the absolute values of the ECSA, higher
jecsa current densities within the GDE could refer to smaller real ECSAs during the
measurement, as assumed for the calculation. In the GDE setup, smaller geometric areas
(7 mm?) were experimentally exposed, resulting in higher error margins. The exact alignment of
disks within the GDE setup is challenging, meaning that the disks are not perfectly centered.
Therefore, less catalytic coating could have been exposed and the effective geometric area of
the catalytic coating was lower. This explains the higher “intrinsic” activity of the films in the
GDE compared to that in the liquid environment. Furthermore, the plotted iR-free potentials are
not always exactly at 1.80 Vgue, that is in particular for the liquid measurements
1.785 V < Vgrue < 1.808 V and for the GDE setup 1.794 V < Vrue < 1.799 V.



Determining the iR correction for electrochemical potentials

In general, the goal is to obtain the potential of the electrochemical interface. However, due to the
physical separation of the reference electrode and the working electrode, whenever there is a current, a
potential offset of the size of i*Rsqa. is also measured. To mitigate this offset, an iR free potential
(Eir—free) Can be obtained by applying the following equation:

EiR—free = Emeasurea — U * Rsor,

In some cases, this calculation can be done by the electronic hardware of the potentiostat during the
measurement, i.e. iR-compensation, or after the measurement, using a software in a computer, i.e. iR-
correction.

In this study, we employ post measurement correction of the data. The electronic compensation can only
work properly, if the solution resistance stays constant during the entirety of the experiment. During our
experiments, the Rsq. was continuously measured, and we could observe that the resistance varied
significantly. Therefore, the hardware correction could not be employed, thus we could only do post
measurement correction.

Here follows how the E;z_r-.. Was calculated. At each time instant (t;), the potentiostat measure E(t;),
i(t;) and Rso.(t;). Thus at each instant we can calculate Ejg_fr..(t;). More explicitly, we used the
following equation:

EiR—free (ti) = Emeasurea (ti) - i(ti) * RSol.(ti)



Stability measurements

a) Disk 1, pulsed 2 A cm™2 b) Disk 2, pulsed 2 A cm~2 C) Disk 3, pulsed 2 A cm™2 d) Disk 4, pulsed 2 Acm™—2
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Figure S7. Stability measurements of four disks (45 s Ni deposition, fabricated in one synthesis)
subjected to 600 pulses (each pulse was 6 s at 2 A cmye,, followed by 1 s of zero current). Upper line,
(a) to (d): The non-corrected potential curves in blue and the measured solution resistances in orange
are shown. The solution resistance was measured by a superposed, single-frequency EIS (AC signal of
5 kHz with an amplitude of 5 mV) throughout the entire experiment. The potential responses to Rsq. are
apparently visible. Bubble formation can cause a dramatic and rapid increase in the solution resistance.
For effective bubble removal, a horn sonicator under software control was selectively applied to the liquid
electrolyte compartment above the GDE, if Rsq. exceeded 2 Q. After the ultrasonic pulse, the resistance
could recover to initial values. Lower line, (e) to (h): The blue potential curve is the corresponding raw
data of the upper line. The orange potential curve represents the respective iR-free potentials calculated
at instant of recorded data (see prev. section). For example, the applied current density was 2 A cm2,
given the geometric surface area of 7.07 mm?, the applied current was 141 mA. The potential drop for
Rso. at 1 Q is then 141 mV. In (f), the potential drop is below 100 mV, as Rsq.is ~ 0.5 Q. In (g), the
potential drop was approximately 150 mV, given Rsq. was slightly higher than 1 Q.



Electrodeposited catalytic Ni circles and geometrical characteristics of catalytic disks

AN

Figure S8. Optical micrographs of a 45 s Ni foam deposition with circular masks (@ = 3 mm);
(a) four neighboring Ni catalytic depositions; (b) and (c) exemplarily samples on the substrate
to illustrate homogeneity and differences between two disks; (d) catalytic disk of the sample
shown in ¢) to be inserted into the GDE setup; (e) enlarged magnification to show exemplarily
film homogeneity over the disk and edge behavior; (f) several disks of the same deposition to
illustrate typical center alignment.



Embedding the Ni coated catalytic disk into the gas diffusion electrode setup

el s

Figure S9. PTL disk positioned on top of the gas flow field covered by the Au contact mesh
(¥ = 20 mm) before the final assembly. Left: Assembly including the Au mesh, PTFE mask
(outer @ = 18 mm, inner @ = 7 mm), and Ti PTL disk (&d = 5 mm, catalytic coating @ = 3 mm).
Right: The same assembly under a 20x magnifying glass (Eschenbach, Germany).

GDE assembly

Figure S10. lllustrated GDE setup. The working electrode (i.e., the Ni foam catalytic disk) was
embedded between the gas flow field at the bottom and the liquid electrolyte compartment
using a membrane on top of the catalytic disk to ensure that the electrolyte (4M KOH)
remained in the upper compartment. The electrolyte was agitated with a stirrer. The reference
electrode was placed in a Lugging capillary that was in direct contact with the membrane to
lower the solution resistivity.
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Abstract

We investigated the composition-activity relationship of porous FeNi alloy foams for the alkaline
oxygen evolution reaction (OER). We compared conventional transient behavior using cyclic
voltammetry with the performance at high geometric current densities up to 3.0 A cm achieved at
guasi steady-state conditions employing pulsed electrolysis. The experiments were performed under
setup parameters, we introduce as dry anode conditions for anion exchange membrane (AEM) water
electrolyzers. In this context, a dry anode refers to an electrode setup in which the catalyst is not
directly submerged in a liquid medium, unlike conventional electrodes fed with an alkaline
electrolyte. Instead, the anode is purged with humidified gas. Eleven different compositions in the
FeNi alloy space (93 — 2 at. % Fe) were synthesized using the hydrogen bubble template method,
resulting in porous foams with similar structures. A rigorous statistical analysis of all measured data
was conducted to ensure reproducibility. The influence of bubble formation on the solution
resistance is elucidated and, consequently, the apparent performance is assessed. The most
efficient alloy composition required an averaged mean potential of 1.82 Vrue for 3 A cm under

guasi steady-state conditions.

1. Introduction

The growing imperative to transition from a fossil-fuel-based economy to a society powered by
renewable energy has stimulated interest in alternative strategies to overcome the dependency on
fossil-based resources.! Hydrogen plays a crucial role in this process, as it holds significant
importance, particularly in the refining of fuels and in the production of fertilizers.? Today,
approximately 95 % of hydrogen is produced from fossil sources due to economic reasons.® A
potentially economically viable alternative for hydrogen production has recently garnered significant
attention, namely anion exchange membrane (AEM) electrolysis.4-® This technology is of significant
interest as it has the potential to combine the advantages of proton exchange membrane (PEM)

electrolysis, such as efficiency, high current density, and rapid ramping, with the potential benefits



of alkaline electrolysis, including the utilization of non-precious metals as catalysts, stable operation,
scalability and robustness. Its advancement is therefore of considerable importance.’

A limitation of current pressurized alkaline electrolyzers is their mass, and consequently, their
relatively slow ramping time. Operational systems optimally function continuously without
interruption. Therefore, a reduction in mass and, preferably, more compact systems are desirable
to facilitate rapid ramping, considering the intermittent nature of renewable energy supply. Recently,
the concept of a dry cathode was introduced to address the lower material consumption of AEM
electrolyzers.811 Using this configuration, current densities above 1 A cm, requiring less than 2 V
in MEA devices, were achieved. A potential advantage of this configuration is that the produced H:
is water-free and requires less subsequent treatment than the conventionally produced H:z in alkali
vapor. Recent demonstrations of high current densities in AEM devices exceeding 5 A cm? have
illustrated the capabilities of AEM technology in terms of enhanced stability and elevated production
rates.1213

This study introduces the dry anode concept for AEMs, wherein oxygen evolves at high rates at the
gas diffusion electrode (GDE).1*16 A conceivable advantage over dry cathodes is the electronic
driving force for hydroxide transport through the AEM towards the positively charged anode.
Furthermore, elevated reaction rates in water-splitting devices inherently result in gas bubble
formation within liquid electrolytes, which induces undesirable internal resistance and consequently
reduces device efficiency. Several bubble removal strategies have been proposed to address this
challenge.'”*® In addition to geometric configurations, ultrasonic pulses can facilitate bubble
detachment from the catalytic surface. Moreover, electrochemical pulsing and electrolyte flow rate
specifically applied to defined pore-size geometries within electrodes have demonstrated
performance effects.1920

In the presented work, we investigate a series of porous FeNi alloy foams for the alkaline OER. FeNi
alloys are crucial for a diverse range of applications, including electrocatalysis and magnetic
implementations.? The choice between FeNi or NiFe alloy abbreviations depends on the specific
alloy composition, with common compositions including invar alloy?? (65% Fe) and permalloy?® (20%
Fe). In general, FeNi alloys are considered among the most promising candidates for alkaline OER
catalysis.?*=26 In this context, stainless steel has also been subjected to investigation.?”?® As a
consequence, the number of published studies on FeNi as an OER catalyst is substantial.?®
However, research encompassing the entire FeNi alloy space is more scarce,®® as numerous
studies focus on specific alloy compositions or slight deviations with functionalized components or
specific crystal structures.®! We employed a hydrogen bubble template method for the synthesis of
FeNi alloys with varying composition. A comparable method has been demonstrated before.3?

Electroplating of FeNi alloys represents a common synthesis approach,®® although the co-
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electrodeposition of Fe and Ni is considered anomalous.3* Reproducible electroplated FeNi films

are widely applied in research and industrial applications.

2. Experimental

2.1. Chemicals, materials and gases

Ultrapure water from a Milli-Q system (Merck, 1Q 7000) with a resistivity of 18.2 MQ-cm and total
organic carbon (TOC) not exceeding 5 ppb was used for the electrolyte solution, plating bath, gas
bubbler, and equipment rinse. The electrolyte for the upper GDE compartment was prepared using
potassium hydroxide pellets (KOH, Ph. Eur. grade; Hanseler, Switzerland) containing a maximum
of 15 wt.% H20 and less than 3 ppm Fe content, without additional purification. Sulfuric acid (H2SOa4,
96 % pure, Grogg Chemie, Switzerland), iron sulfate heptahydrate (FeSOa4 - 7 H20, ACS reagent, =
99 %, Merck), nickel sulfate hexahydrate (NiSO4 - 6 H20, ACS reagent, = 98 %, Sigma-Aldrich), and
ammonium sulfate ((NH4)2SO4, ACS reagent, = 99.5 %, Sigma-Aldrich) were used as received.
Organic solvents for cleaning were employed without further processing, including acetone (pure,
Grogg Chemie, Switzerland), isopropanol (pure, Grogg Chemie, Switzerland), and ethanol (94 %,
Grogg Chemie, Switzerland). Argon (Ar 5.0, Carbagas, Switzerland) and oxygen gas (O2 4.5,
Carbagas, Switzerland) were used for all the experiments.

2.2. Electrochemical synthesis of porous FeNi foam and experimental setup

2.2.1. Electroplating for catalyst synthesis

FeNi catalyst samples were fabricated by electrodeposition onto a titanium PTL substrate (MeliDiff
TL 05/04-008 from MeliCon, Germany, 0.1 mm thick expanded metal). The process used a
computer-controlled power supply (Voltcraft, model CPPS-160-42). The PTLs were thoroughly
cleaned before immersion into the plating bath. This involved two 5-minute ultrasonic bath cycles
(US cleaner from VWR, model USC1200THD) in soap water, acetone, isopropanol, and ethanol,
followed by three 5-minute ultrasonic rinses in ultrapure water. The plating baths comprised 0.2 M
metal salt in relative ratios of Fe:Ni = 10:1, 5:1, 2:1, 1.5:1, 1:1, 1:1.5, 1:2, 1.5, 1:10, 1:20 and 1:100.
All plating baths comprised 0.45 M ammonium sulfate as the electrolyte and were buffered in 0.1 M
sulfuric acid. For each bath, 100 ml of 0.1 M H2SO4 was prepared and the pH was controlled to be
close to 1 using a pH-meter (Mettler-Toledo, model FEP20). The solutions were then saturated with
Ar and degassed in an ultrasonic bath to prevent the presence of oxygen. Then, iron sulfate was
added and the bath was agitated until a clear solution was obtained (max. 10 minutes). Similarly,
nickel sulfate was added. In the final step, ammonium sulfate was added, and the solution was
agitated again until all salts were dissolved. The resulting pH of approximately 1.5, and conductivity

of approximately 85 mS cm* (measured with a Greisinger conductivity meter, model GMH 3431)
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were similar for all different Fe:Ni ratios (Table S1). A pure Pt foil (0.1 mm thick, 99.9 %, Goodfellow)
served as the dimensionally stable anode. To ensure consistent coating conditions, the PTL and Pt
foil were positioned 30 mm apart in a custom-made cage, using specific sample holders. Galvano-
controlled deposition was performed at a normalized geometrical current density of 3.5 A cm? for
45 s for all the samples. This current density resulted in an applied potential exceeding 10 V between
the electrodes, causing most of the charges to be allocated to hydrogen formation and only a fraction
to FeNi co-deposition. The deliberate formation of hydrogen bubbles creates a porous, foam-like
structure in the resulting catalytic coating. During the deposition, a magnetic stirrer at 500 rpm was
used to agitate the plating bath, and argon gas was bubbled into the solution to reduce the amount
of dissolved oxygen.

For samples intended for physical characterization and electrochemically active surface area
(ECSA) measurements, the deposition was performed on a 1x1 cm? square mask facing the Pt foil
anode, with the Ti substrate's backside secured using polyimide film tape ("Kapton", 3M 5413, USA)
to prevent coating. For the OER activity measurements, FeNi coatings were applied to Ti substrates
with circular masks measuring 3 mm in diameter, with nine samples per run on the same PTL
substrate. The backsides of the substrate were protected with polyimide film tape (3M 5413, USA)
to ensure coating only on the forefront. To guarantee electrical contact in the dry anode setup, 3
mm catalytic disks were die-cut using a 5 mm diameter circular blanking sleeve (Bohrbuechsen
Heimberg AG, Switzerland) inserted into a custom-made precision tool.

2.2.2. “Dry anode” assembly

The electrochemical activities under alkaline conditions were measured using a previously
described GDE setup,'® which was initially developed to study the oxygen reduction reaction 3537
and OER in acidic environment.38 The FeNi-coated PTL substrates served as the working electrode
(WE) and were positioned between an AEM (Sustainion X37-50 RT, Dioxide Materials, USA) and
an Au mesh (woven from 0.102 mm & wires, 99.99 %, Thermo Scientific), which served as a current
collector. Two Au-plated pogo pins (Conrad Electronic, 1025-M-1.5N-AU-1.5) were inserted into the
hole channels through the polymer lower cell body, made of polychlorotrifluoroethylene (PCTFE),
which provided electrical contact between the Au mesh and stainless-steel screws to link the
potentiostat. A polytetrafluoroethylene (PTFE) mask (inner ¢ = 7 mm, outer ¢ = 18 mm, 250 um
thickness) was placed around the coated PTL disk to ensure proper sealing of the gas flow field and
uniform pressure distribution when the upper cell body, fabricated from polyetheretherketone
(PEEK), was mounted and clamped to the lower cell compartment. The counter electrode (CE)
consisted of a pure Pt wire immersed in 20 ml of 4 M KOH electrolyte in the upper section of the
cell. A reversible hydrogen electrode (RHE) with a trapped hydrogen configuration in direct contact
with the membrane via a Luggin capillary served as the reference electrode (RE). During the
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measurements, humidified oxygen gas was passed through the anode (WE) at 50 mL min.
Humidification was achieved by using a bubbler containing ultrapure water. Optimal assembly
conditions allowed the solution resistivity to be less than 1 Q. An ultrasonic horn homogenizer
(Shanghai Ultrasonic Instrument Co., Model SC-150, 30 kHz, horn @ = 3 mm) was used to degas
excessive bubbles during measurements at the RHE interface and in the liquid electrolyte.

2.2.3. ECSA measurement in liquid electrolyte

Experiments were performed using a conventional beaker cell containing approximately 100 ml of
4 M KOH solution. The uncoated backsides of the PTLs were covered with Kapton tape to measure
the active surface area of the FeNi catalyst. The measurements were conducted on rectangular
specimens with geometric areas ranging from 28 to 36 mm?2. A digital microscope (Keyence VHX-
6000) was used to precisely determine the area of each sample for accurate area normalization.
The specimens were firmly attached to a PTFE sample holder and sealed using PTFE tape to ensure
that only the intended catalytic surface came into contact with the electrolyte. A platinum wire served
as the counter electrode (CE). The solution resistivity between the reference electrode (RE) and
working electrode (WE) was approximately 2 Q.

2.3. Characterization methods

2.3.1. Physical characterizations
A Zeiss GeminiSEM 450 operated with SmartSEM 6.05 software was used to obtain SE
micrographs. Images were recorded using a secondary electron (SE) Everhart-Thornley detector.
For SEM-EDS analysis, an Oxford Instruments Ultim max 150 photodetector was employed,
controlled by AZTec software (6.0), with parameters set of a working distance (WD) of 8.3 to 8.7 mm,
15 kV acceleration voltage, and 200 pA probe current. A Keyence VHX-6000 digital microscope was
used to obtain optical micrographs. X-ray diffraction (XRD) patterns were recorded using a STOE
StadiP device in reflection mode, utilizing Bragg-Brentano geometry. The instrument featured a Cu
Ka radiation source (40 keV, 40 mA, A =0.1540 nm) and was operated via WinXPow software.
Diffractograms were collected in 0.1° increments, measured for 30 s, spanning 26 values from 10°
to 90°, using a zero-matrix quartz sample holder.
2.3.2. Electrochemical characterization
An ECi 210 potentiostat from Nordic Electrochemistry ApS, controlled by the EC4 DAQ 4.2.142
software, was used to conduct the measurements. Initially, for each disk, cyclic voltammograms
(CVs) were recorded at various scan rates and in different potential windows: 200 mV s™! (two cycles)
from -0.3 to 1.65 VrHE, then 100 mV st (four cycles), 75 mV s (three cycles), 50 mV st (two cycles),
and 25 mV s (one cycle), spanning the range between 1.0 to 1.9 Vrxe. Then followed one slow CV
from 1.2 to 1.6 Vrre at 5 mV s for the Tafel analysis and low current regime evaluation. Two
potential scans spanning from -0.3 to 1.65 Vrue recorded with 200 mV s completed the CV
5



measurements. Subsequently, a dynamic galvanostatic protocol was implemented to investigate the
performance under quasi steady-state conditions. This protocol involved measuring geometrical
current densities starting at 0.5 A cm?, with subsequent intervals of 0.5 A cm™ step size up to
3 A cm™. In the applied protocol, the galvanostatic current density was hold for 6 seconds, followed
by one second of zero current. This procedure was repeated 50 times per geometrical current
density, resulting in a measurement time of 5 min of active OER per investigated current density
and a total duration of 350 s (86 % active OER time) per current density step. The 3500 measured
currents (at a measurement frequency of 10 Hz) were normalized to the geometric area, indexed,
and sorted in ascending order. The measured potentials were indexed and iR-corrected before
geometrical normalization and arranged according to the sorted current density. Therefore, we refer
to the potential values presented as quasi steady-state.

To determine the ECSA, cyclic voltammetry (CV) was performed in 4 M KOH. Initially, the films were
oxidized at 1.65 VrHe for 60 seconds. Cyclic voltammograms were recorded in the non-faradaic
region between 0.55 - 0.65 VrHE at scan rates of 25, 50, 100, 200, 400, 600, 800, and 1000 mV s,
The measured currents were normalized to the geometric area and averaged between 0.595 and
0.605 VrHEe. Positive scan currents were added to the absolute value of the negative scan currents
and then divided by two. These current densities in the double-layer region, Ja, were used for a
linear regression for each FeNi composition to obtain their specific surface capacities in mF cm2,
The galvanostatic stability test at 3 A cm included similar pulse durations to those of the OER
activity measurements. Each pulse consisted of 6 s at 3 A cm?, followed by 1 s with no current.

A high-frequency AC signal of 5 kHz and an amplitude of 10 mV was superimposed on all previously
described electrochemical measurement protocols to measure the system resistances, as they
enable tracking bubble formation and posterior iR-correction of the measured potentials to maintain
comparable measurement conditions. The solution resistance is defined as the measured high-
frequency resistance (HFR) between the WE and the end of the Luggin capillary (HFRsol),
sometimes referred to the uncompensated resistance, which primarily represents the membrane
resistance in this setup. Cell resistance is defined similarly, but refers to the HFR between the WE
and CE (HFRcen). As the solution and cell resistance was tracked in situ during the experiments, an
ultrasonic horn could selectively be applied via software control when the resistance exceeded 2 Q
(HFRso1.) or 16 Q (HFRcen), respectively, during electrochemical measurements to remove bubbles.
2.3.3 Additionally employed software

The potentiostat datasets were evaluated using Jupyter notebook (V. 6.3.0), installed under
Anaconda Navigator (V. 2.0.3), and plotted with Matplotlib (V. 3.7.4). During the preparation of this
manuscript, the authors engaged with large language models (LLMs), specifically Paperpal

(V. 2.14.2) and ChatGPT (V. 3.5), to improve readability and grammatical quality. Subsequently, a
6



comprehensive review and editing process were undertaken, assuming full responsibility for content
accuracy. No references were derived from LLMs. ImageJ (V. 1.53e) software facilitated pore size

analysis of the SE micrographs.

3. Results and discussion

3.1. Catalyst and plating bath characterization

With the developed bath composition using sulfuric acid as the buffer and ammonium sulfate as the
base electrolyte, we were able to synthesize and investigate a wide range of different FeNi alloy
foam ratios by varying the initial ratio of iron to nickel sulfate in the plating bath (Figure S1). The
composition of the FeNi alloy ranged from 93 atomic percent (at. %) to 2 at. % Fe content according
to our SEM-EDS analysis (Table S2, Figure S2). We deposited each composition a minimum of two
times on a 1x1 cm? area on a PTL substrate similar to that used for the OER measurements. Each
sample was analyzed using three elemental maps at different locations: two at 75 x magnification
and one at 250 x magpnification. The signal intensity was above 20 cps eV for the Ka peaks, which
ensured reliable conclusions. Within each series of three maps, the variations within the individually
synthesized Fe:Ni contents were below 2 at. %. The second electrodeposited sample series was
synthesized a minimum of two months after the first application using the same plating baths and
varied to some extent in composition, but not more than 4 at. % for the individual metal content. The
plating baths appeared to be stable upon inspection, only minor precipitates in the form of
transparent crystals were observed for higher amounts of Ni (> 90 at. %) in the plating baths after
few days of storage. These were easily re-dissolved by heating the baths to approximately 50° C.
Therefore, we conclude that the plating baths are stable and can be stored over an extended period;
however, small deviations in the obtained Fe:Ni compaosition can occur over months. The search for
impurities via SEM-EDS revealed no sulfur or other metal impurities in the coated catalytic foams.

The XRD analysis confirmed crystallinity of the alloy foams, although a certain amorphous structure
can be assumed due to the fast synthesis via high overpotentials in the electrodeposition (Figure
S3). For samples with a higher Fe content, the diffractograms aligned with pure Fe body-centered
cubic (bcc) XRD signatures. The characteristic double peak of the “invar alloy” is visible for Fe:Ni
ratios between 87:13 and 65:35 at. % at 2 6 = 45°, where the transition from Fe bcc to Ni face-
centered cubic (fcc) occurs. The most pronounced double peak was identified for samples
containing approximately 70 at. % Fe, which also represents the most amorphous sample with
lowest crystal sizes. This iron content represents a slightly larger fraction than that of the standard
invar alloy, typically 65 at. %.3° However, it is in good agreement with other reported data #° and in
the range of invar related properties.?? Samples with increased Ni content diverge to the pure Ni
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XRD signature, confirming the transition from Fe bcc crystal structure to Ni fcc structure depending
on the alloying ratio contents. The reported FeNi alloy foams exhibited an fcc structure for Fe
contents lower than 60 at. %.

Visual analysis of the SE micrographs revealed no significant differences between the foam
compositions, as shown in Figure 1. This can be expected, as the synthesis parameters were kept

constant, and only the initial Fe:Ni sulfate concentration varied. The pore size distribution spread

Figure 1. SE micrographs of different FeNi alloy foam compositions on Ti-PTL expanded
metal substrates. The apertures of the substrates are indicated in black. Typical
morphologies of hydrogen bubble templated materials can be observed. a) 93 at. % Fe,
b) 65 at. % Fe, c) 40 at. % Fe, d) 2 at. % Fe

from small pores with a diameter below one micrometer to pores with diameters up to 20 um. In
general, full coverage of the extended Ti PTL substrate is achieved. However, owing to the 3D
structure of the substrate, the film quality is not entirely homogeneous. We observed geometrical
patterns related to the PTL structure, specifically for compositions with a high Ni content of more
than 90 at. %, which resembled pellet-like shapes at the edges of the most elevated parts of the
substrate towards the counter anode during electrodeposition. Nevertheless, the basic building
blocks were similar and cauliflower-like. Furthermore, in the narrow corners of the 3D structure, the
PTL coverage may be lower, as a slightly more pronounced Ti SEM-EDS signal was observed
(Figure S2). This is either related to a thinner deposit or could be influenced by the shadowing effects
of the EDS signal during the measurement.

Determining the number of active OER sites of FeNi oxyhydroxides in the Faradaic OER region is
highly challenging, but of interest to understand the elemental reaction steps.4! However, the exact
OER mechanisms in alkaline media for FeNi electrocatalysts are widely debated and not fully

uncovered.*? As our research approach is based on geometrical current densities, we decided to
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use a straightforward ECSA determination mainly for comparison purposes.*>#** Hence, the surface
roughness was determined via measuring the double-layer capacitance in a non-Faradaic potential
window (Figures S4, S5, and S6).° Our roughness analysis revealed comparable surface
morphologies for Fe:Ni ratios ranging from 93:7 to 19:81 at. %, which is consistent with our visual
SEM analysis. A typical surface roughness factor of 40 was determined and can be considered
relatively high when compared to literature data.*®#’ For Ni-rich samples, the roughness increased,
which can be attributed to the formation of pellet-like surface structures.

The current density was normalized to the geometric area. We thoroughly investigated the area of
each disk employed in the OER measurements using an optical microscope as a quality check of
the deposition (Figure S7 and S8). In our GDE setup, the active electrode area is 7.1 mm?, i.e. a
3 mm @ disk is exposed to the electrolyte. Therefore, we aligned the catalyst synthesis accordingly
and used masks with a round 3 mm opening exposed for deposition. This resulted in slightly smaller
film geometries, on average of 5.6 mm?2. This discrepancy of about 20% can be explained by the
edge effects of masking during the electrodeposition. Nevertheless, the reported geometrical current
densities were normalized to the assumed active area of 7.07 mm?, as due to the geometries of the
electrochemical setup. Therefore, the reported current density-values are likely underestimated and
can be understood as a lower limit.

3.2. Electrochemical OER performance at low current density

As discussed in the Introduction, achieving high current densities is one of the primary challenges
in alkaline electrolysis. To identify valuable catalyst candidates, current research focuses on the
synthesis of novel materials that are often tested and characterized in rotating disk electrode (RDE)
configurations. This method has several advantages, such as low material consumption, simple
experimental setup, and fast electrochemical characterization. This allows for good comparability
between the novel materials and the intrinsic activity data. Often, a benchmark activity of 10 mA cm-
2 is chosen to compare the so-called onset potential.*> Despite film homogeneity, substrate
coverage, and catalyst morphology, the geometric current density is a widely applied measurement
normalization method. We investigated the “onset potentials” of our FeNi foams via slow CV scans
using a dry anode configuration. These scans allowed the determination of the corresponding Tafel

slopes, which is another commonly used benchmark for comparison (Figure 2).
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Figure 2. Low current density evaluation. (a) Tafel slope analysis derived from CVs
recorded at a scan rate of 5 mV s1. Four samples were measured and averaged, and the
error bars represent the standard deviation. Between 60 and 40 at. % Fe, Tafel slopes
below 40 mV dec™ are noted. (b) The “onset potentials” for 10 mA cm? were derived from
CV measurements. They follow the same trend as the quasi steady-state measurements
with an enhanced current density of 500 mA cm-, as depicted using box plots. The mean
values are represented by yellow circles and the median values are horizontally black
marked within the box.

Tafel analyses have been presented in many publications and can serve to examine the reaction
mechanism and rate-determining step of the overall OER.*8 A Tafel analysis using potentiodynamic
polarization curves is discussed controversial*® but commonly used in RDE measurements.
However, it has been observed that the electrolyte concentration, scan rate, and rotation speed lead
to different Tafel slopes for FeNi electrocatalysts in alkaline OER, making the interpretation of
absolute values challenging.>° Moreover, a wider range of current densities or statistical data are
rarely shown, which is unfortunate given that the unit is mV dec™. Our Tafel analysis involved 30
data points for each sample, with an upper threshold current density of 10 mA cm-2. In this low
current density region, we observed linear potential vs. log(J) plots. At slightly higher current
densities, linearity was lost (Figure S9), which we attribute to other processes, such as gas bubble
formation, rather than a change in the reaction mechanism. The lowest Tafel slopes were measured
for FeNi ratios between 60 and 40 at. % Fe, with values below 40 mV dec™. Other composition ratios
were quantified below 50 mV dec. For the two Ni-rich samples, we determined 60 mV dec or
more. Given the comparable values in the literature, we conclude that our synthesized FeNi foams
are effective OER catalysts. However, the values are not interpreted further and serve mainly for

comparison purposes.
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The “onset potentials” were determined between the overpotentials of 260 and 300 mV, with the
exception of the two Ni-rich samples, which exceeded 300 mV (Figure S10). This represents for this
particular benchmark not “best in class” of FeNi electrodeposited catalysts®! but is comparable to
literature and within the expected range.?® Nevertheless, the primary objective was to investigate
the FeNi alloy compositions under high current densities, which represents a distinct research focus
of our group and is discussed in the following.

3.3. Electrochemical OER performance at high current density

In our previous work 6 we faced some challenges to reproduce constant results, as we developed
the dry anode setup for alkaline OER. With an advanced setup optimization, we increased the
success rate of our experiments to more than 93 %. This study involved 88 sample disk
measurements, and only 6 failed our criteria to be accepted and were repeated. Samples were
excluded based on three criteria: excessive solution resistance of more than 2 Q (three cases), lack
of ultrasonic pulse interaction (two cases), and one isolated case of inexplicable measurement
results. We emphasize that our analysis includes all other obtained measurements without
selectively choosing datasets. This approach ensures a comprehensive and unbiased evaluation of
the data. A relatively large number of samples was chosen to derive statistical significance and
minimize outliers affecting the results. In this context, notable variations were observed between
individual samples from the same synthesis by comparing the mean and median potentials required
to achieve the respective current densities. Consequently, a replicate synthesis utilizing identical
experimental parameters was conducted to assess the reproducibility and dataset progression.
Furthermore, the measurement protocol involved the application of galvanostatic pulses, leading to
highly transient voltage responses. In this regard, statistical tools, such as box plots and histograms,
are preferable to the mean values and standard deviations of small datasets to offer a more detailed
understanding. In Figure 3, we provide a comprehensive view of the dataset measured for the 59

at. % Fe alloy composition.

a) 1.5 A cm3Z,
| @ Mean
2.0 = Median
B s1D1
__>___ — 1 @ 51Dz
+ 1.8 9 H 1.6 1.7 1.7 1.8 1.7 1.8 1.9 ® 5103
. m S1D4
o 2.0 Acmyd, 2.5 AcmzZ 30AcmyZ,  msm
E r 52 D2
S % 1 @ 5203
1.6 1= 0 52 D4
T T T T
0 1 P 3 17
s 4
J/Acm geo Epue / V Epne / V Epue / V

Figure 3. Summary of the 59 at. % Fe alloy foam, including eight individual disk
measurements derived from two syntheses (S1 and S2). Given the five-minute OER per
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disk and galvanostatic pulsed current density, measured at a frequency of 10 Hz, 144k data
points were considered. (a) Box plot of the potential required at the applied current density.
In general, the mean and median values are aligned. However, for this particular alloy, the
mean deviated to slightly higher potentials than the median at current densities above 2
A cm2. For the pulsed current density of 3 A cm-2, the deviation between mean and median
is 20 mV. By consulting the respective histograms shown in (b), the data structure is
clarified, and the contribution of each sample can be identified. The blue scheme depicts
the four disks (D1-D4) of the initial synthesis, whereas the red scheme illustrates the disks
from the repeated synthesis. Outliers are not shown, and bin size is not specifically
normalized.

We present the classical |-V polarization curve using a box plot. In electrochemistry publications,
polarization curves frequently represent a single sample, which is designated as representative.
This approach is justifiable, given that cleanliness and defined characteristics are desirable.
However, we observed variations in the applied potential exceeding 100 mV at similar current
densities after iR-correction for samples originating from the same synthesis, rendering the selection
of a representative sample difficult. To address this selection process, we implemented a more
statistically appropriate reporting method that has been adopted by other electrochemists facing
similar challenges.5?52 The interquartile range (IQR) in a box plot represents 50 % of the measured
values (highlighted in blue), encompassing the upper and lower quartiles, with the median positioned
between them. The mean value of the dataset is indicated by a round (yellow) marker. The error
bars, also referred to as whiskers in a box plot, represent the range of the data outside the IQR,
extending to the minimum and maximum values within 1.5 times the IQR from the lower and upper
guartiles, respectively. Data points beyond the whiskers are considered outliers, which were not
plotted in this instance.

To elucidate the contributions of individual samples in the box plot, we visualized them using
separate histograms with a dedicated color code for each disk and synthesis. This approach
facilitates a comprehensive understanding of the dataset structure and data symmetry. A normal
distribution is characterized by symmetry, wherein the mean is equal to the median and the upper
guartile is equal to the lower quartile. Upon evaluation of the initial synthesis, the distributions were
determined to be asymmetric. By including a second synthesis, we aimed to enhance the symmetry
of the data. This evolution is shown in Figure 3 (b). The first synthesis, represented by bluish colors,
was dispersed with several distinct maxima. The mean potential for 3 A cm-2 is lower than the median
for the first four samples. Conversely, for the second measurement series with the repeated
synthesis, the mean potential for 3 A cm? exceeds the median. Combining the two syntheses
mitigates this effect to some extent and the mean approximates the median in the combined dataset.
For full transparency, we provide the polarization curves visualized in box plots and their respective
histograms for all measured FeNi alloy compositions in a similar manner in the Sl (Figure S11). For
most of the alloy compositions, we identified a good alignment of the mean and median in the
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combined datasets considering the two syntheses. This observation holds true for current densities
not exceeding 2 A cm™, where discrepancies between mean and median values can be more
pronounced. At a current density of 3 A cm?, the deviation between mean and median exceeds
25 mV for two FeNi compositions (47 and 19 at. % Fe). However, a normal distribution with similar
upper and lower quartiles is not consistently observed. In cases where the median separates the
guartiles into unequal parts, the mean value provides a balanced representation. For medians with
smaller lower quartiles, the mean value is consistently larger than the median. Conversely, when
the median divides into a larger lower quartile, the mean is lower than the median.

The representation utilizing histograms facilitated the comparison between the initial and repeated
syntheses. In general, the second measurement series corroborated the range of the measured
values, with the two datasets exhibiting substantial overlap. The best-performing disks for each
composition were equally distributed between the two syntheses. Five disks from the first synthesis
(93, 74, 59, 10, and 2 at. % Fe) and six disks from the second synthesis demonstrated the best
performance for a given FeNi composition, requiring the lowest potential for the applied current
density. Notably, for the 40 at. % Fe alloy, the second synthesis surpassed the first, with minimal
overlap between the two datasets observed at 2.5 and 3 A cm. In conclusion, the second synthesis
significantly enhanced the statistical validity of a relatively wide range of measured potentials.
However, this analysis does not fully elucidate the wide range of the measured potentials. The
discrepancy between disks from the same synthesis can be attributed to various factors. There is
the geometrical aspect, which was previously discussed. Not every disk possesses identical
geometries, as illustrated in Figure S8. This had a significant impact, as all disks were normalized
using an assumed geometrical area of 7.07 mm-2, which exceeded the exact real area. Considering
the normalization to one square centimeter, this represents a relatively small area and is therefore
susceptible to normalization error. Additionally, the disks are manually inserted into the dry anode
setup through visual centering, which can lead to inaccuracy. During the mounting of the upper cell
body, a slight shift may occur, potentially displacing the sample. Furthermore, the contact via the Au
mesh used as the current collector varied for each disk. The relative mesh structures of both
apertures, the PTL and Au mesh, were slightly different for each measurement. This can result in
different gas flow behaviors on a microscopic scale and influence the mass transport. In general,
the setup assembly can lead to different individual initial solution resistances, which were measured
by a high-frequency AC signal and varied between 200 mQ and 1.5 Q. The combination of these
effects leads to a spread variation in the potential distribution. Nevertheless, considering the
substantial sample size and rigorous statistical methodology employed, it can be concluded that

individual discrepancies are counterbalanced, yielding representative results.
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Figure 4 presents the electrode potential distributions required to achieve current densities of 1, 2,
and 3 A cm for the different FeNi alloy compositions comprising the complete datasets using box
plots. Compared to the trends observed in the low current density region, the data demonstrate
coherence, however, also notable discrepancies. For 1 A cm2, the data exhibit a clear trend, that is,
Fe-rich and Ni-rich alloys require higher electrode potentials than the more equally alloyed samples.
Similarly, as observed in the activity data derived from the potential scan. However, discrepancies
were observed at an increased current density of 3 A cm. For example, in the case of the 59 at. %
Fe alloy, where the “onset potential” showed a higher value than its neighboring alloy compositions,
i.e. 65 and 47 at. % Fe (Figure 2). At increased current densities, however, this alloy requires lower
overpotentials than its neighboring compositions, even representing the most competitive alloy

regarding the observed potential to reach 3 A cm, i.e., 1.80 Vrre (median), or 1.82 Vrre (Mean).
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Figure 4. Galvanostatic pulsed current densities were evaluated using box plots. The
potentials required to drive a pulsed current density of 1 (a), 2 (b), and 3 (c) A cm™2 are
shown. At a moderate current density (a), alloy compositions ranging from 86 to 40 at. % Fe
require a comparable potential of approximately 1.7 Vrre. With increased current density,
the potential distribution is increased due to bubble formation, and three local minima
occurred at 86, 59, and 40 at. % Fe alloyed foams.

The invar alloy (65 at. % Fe) exhibits a tendency to require larger overpotentials at current densities

exceeding 2 A cm? relative to its neighboring alloy compositions. Given that the alloy exists in a
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transitional form between bcc and fcc crystal structures and revealed one of the smallest crystallite
size in our XRD measurement, a more amorphous surface and consequently more FeNi
oxyhydroxide could have been anticipated at its surface to facilitate the OER. However, this
hypothesis could not be supported; instead, a higher potential of approximately 150 mV is necessary
to generate an equivalent current density (i.e., 1.95 Vrre (median), 1.94 Vrre (Mmean)). Notably, the
alloy containing 86 at. % Fe achieves a current density of 3 Acm2 at 1.85 VRHE (median and
mean). Although its stability requires verification, this alloy composition could be of interest for
industrial applications due to the high availability and relatively low cost of iron. Another composition
that warrants attention is the 40 at. % Fe alloy. When considering only the second synthesis, the
necessary potential to apply the current density of 3 A cm? was 1.76 VrHe (mean and median).
However, considering both syntheses, a required potential of 1.88 Vr1e (mean and median) was
determined. This represents the largest deviation between the two syntheses of similar alloy
compositions and can be attributed to the geometrical disk areas measured using an optical
microscope. The first synthesis yielded an average catalytic disk size of 5.3 mm?, whereas for the
second synthesis, an average geometrical area of 6.0 mm? was measured. The alloy requiring the
highest potential to promote 3 A cm™ contained 10 at. % Fe and necessitated 2.10 Vrre (median)
and 2.08 VrHE (Mean), respectively. In conclusion, the potential for applying a high current density
did not exhibit significant variation over a wide range of FeNi alloy compositions. However, a
potential difference of 300 mV was observed between the lowest and highest potentials required to
apply a pulsed current density of 3 A cm2. Three alloy compositions ranging from 83 to 40 at. % Fe
are considered promising candidates for further investigation.

3.4. Stability measurement

To investigate the catalytic stability, a similar pulsed galvanostatic protocol was employed to
examine the time-dependent behavior at high current densities. Specifically, instead of measuring
the potential during 3 A cm-? pulses for five minutes, the measurement duration was substantially
extended. Figure 5 presents a 10 h stability measurement, wherein the potential response of an
FeNi alloy containing 59 at. % Fe was analyzed. Throughout the measurement, a high-frequency
AC signal was superimposed to measure the solution and cell resistances (HFRso. and HFRcer) in
situ. This was necessary to maintain stable setup conditions. Figure 5 (c) and (g) depict the HFRso..
oscillations and spikes, respectively. Whereas the oscillations around 0.5 to 1 Q are tolerated and
performance-related, exceeding HFRsol. above 2 Q had to be reduced immediately. An exceeding
HFRso. is related to gas bubble formation between the Luggin capillary and the membrane. Without
intervention, HFRsol. would further increase and the measurement would collapse because of the
application of high potentials exceeding 10 V (compliance voltage). The result could be interpreted
as an apparent instability of the catalyst film. By applying ultrasonic (US) pulses to the upper cell
15



compartment filled with 4M KOH, however, gas bubbles could be effectively removed. Therefore,
we set the threshold for US pulsing for HFRsol. to 2 Q to maintain low solution resistance throughout
the experiment. In Figure 5 (c), HFRso. exceeded the threshold seven times, and the US pulses
successfully re-established stable conditions. Correlation between HFRso. and the potentials are
shown in Figures 5 (f) and (g). Although the potential was iR-corrected, the potential response was
directly coupled to the solution resistance. Interestingly, HFRsol. increases stepwise, whereas
recovery and bubble release progress continuously. This recovery can be attributed to the
electrochemical pulsing, which allows resting time between active and inactive OER phases. Figures
5 (d) and (h) show the HFRcen evolution, which oscillated between 10 and 16 Q. This is related to
the set threshold for US pulsing, which was 16 Q for HFRcen. The 10 Q value corresponds to bubble-
free conditions after US pulsing. HFRcen steadily increased thereafter at typical intervals of 15 min
to reach the threshold value again. We attribute this to bubble formation on top of the membrane,
which could be correlated to cross-over bubbles.%*

After 1 h, no sample degradation was observed. The mean potential required to apply the desired
current density was 1.80 VrHe, Which is in good agreement with previously discussed results.
However, with an extended duration, some performance degradation became evident. During the
10™ hour, the necessary potential to deliver the desired current increased for active OER averaged
to 2.13 Vree (Figure 6). By applying a linear regression through the mean potentials required for the
average current density per hour, we obtained a degradation of 35 mV h! (R? = 0.991). This value
indicates that the synthesized catalysts are not stable during extended high current density

operation.
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Figure 5. Stability test of a 59 at. % Fe alloy disk with a pulsed galvanostatic current density
of 3 A cm for 10 h. Pulse duration was 6 s, followed by 1 s with no current. (a) to (d) The
representation of the entire dataset reveals a certain degradation (b), the potential at zero
current is constant. HFRso. and HFRcen remained within specific ranges, several spikes
were observed. Highlighted in orange is the 40 min timeframe around 5 h, as shown in (e)
to (h). Two different oscillation patterns were observed. The potential oscillations (iR-
corrected) were directly coupled to the HFRso. evolution. HFRcen increased from
approximately 10 Q to 16 Q within 15 min, HFRsol. oscillates at a frequency of approximately
5 min. Highlighted in orange is the 40 s timeframe around 5 h, as shown in (i) to (I).
Individual pulses are presented. HFRso. changed during the OER active and inactive
phases by approximately 80 mQ.

The observed degradation can be attributed to several factors. The FeNi alloy was electroplated
onto a Ti-PTL. This PTL corrodes under alkaline OER conditions and is completely inactive for the
OER.® A potential corrosion process, initiating from the edges of the disks, may gradually progress
towards the center of the catalytic disk, resulting in a reduction in the number of active sites. The
sample was thermally heated for an extended duration. This could lead to gradual dehydration of
the anode, a phenomenon observed in dry cathode applications.! A drier surface inhibits hydroxide
conductivity within the hydrated layer on the catalytic surface and increases internal resistivity.
Furthermore, upon a detailed analysis of the pulse characteristics, we observed an increasing
capacitive contribution over time (Figure S13). This can be attributed to repeated cycling, potentially
leading to mechanical stress and catalyst degradation. Membrane degradation could be another

contributing factor;> however, as HFRso.. remained constant, we do not consider this to be a
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significant issue. Our in situ HFRso. measurement allowed us to compare the effect of the active
OER solution resistance increase against inactive phases. On average, for the 10 h test, we
measured HFRsol. in the active OER phase to be 534 mQ, in the inactive phase it was 451 mQ. This
represented a relative increase of 18 % for the active OER phases. This result is likely relative and
setup-dependent. However, other studies reveal a similar trend and emphasize the importance of

accurate solution resistance determination for subsequent iR-correction.®
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Figure 6. Evaluation of the applied potentials during the stability test. After one hour of
operation, no degradation was remarked. With continuous duration, the linear sample
degradation was 35 mV h-l. Maintaining a low solution resistance over the entire duration
revealed no membrane degradation and stable cell conditions, which translates to effective
sample performance loss.

4. Conclusions

This study investigated the performance of porous FeNi alloy foams as OER catalysts in a dry anode
setup for alkaline water electrolysis. The setup was capable of testing promising catalyst candidates
at high geometrical currents of up to 3 A cm under experimental settings that can mimic large-scale
application conditions. The catalysts were evaluated using pulsed electrolysis to address the
intermittent current supply associated with renewable energy and to facilitate bubble release. An
advantage of this configuration compared to a dry cathode is its polarity. The anode attracts
hydroxides through the membrane, where they can react into oxygen and water. Thereby the
humidification of the anode is essential to maintain the membrane interface moisture and hydroxide
conductivity on the catalytic coating. Therefore, water vapor is supplied and “dry” refers to the fact,
that the electrode is not directly immersed in a liquid alkaline electrolyte. This is beneficial for the
enhanced mass transport of the gaseous oxygen product, which is effectively released at the anode
and allows for relatively low overpotential. Furthermore, a low internal resistance allows for an
efficient process. However, bubble related issues must be addressed in the cathode compartment.
In principle, the setup could also be implemented in a pressurized system and evaluated at higher

temperatures to enhance catalytic activity. In the low current density range, the setup is capable of
18



characterizing the FeNi catalysts accordingly. Alloys with 60 to 40 at. % Fe exhibited Tafel slopes
below 40 mV dec? and “onset potentials” between 260 and 290 mV to reach 10 mA cm. Higher
current densities up to 3 A cm? were evaluated using box plots. This approach ensured the unbiased
and statistical presentation of all measurements, which comprised 88 sample disks. A wide range
of FeNi alloy compositions, ranging from 93 to 2 at. % Fe, was synthesized, and every alloy
composition was resynthesized to address reproducibility. At high current densities, the three
composition ranges showed promising performance, that is, 86, 59, and 40 at. % Fe. The alloy with
59 at. % Fe reached 3 A cm at an averaged potential of 1.82 Vrhe, While the other two promising
compositions requested a 30, resp. 60 mV higher potential to reach the similar current density on
average. A 10 h stability test of the 59 at. % Fe alloy at pulsed galvanostatic current density of
3 A cm showed an initial stable performance for 1 hour, followed by degradation at a rate of 35 mV
h-t. Further work is required to optimize the catalyst composition and structure for enhanced long-
term stability at high current densities. In particular, replacing the Ti-PTL substrate with stainless

steel or Ni-based material would be beneficial for preventing corrosion.
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Selected plating bath pH- and electronic conductivity values

Fe:Ni ratio in solution: 10:1 5:1 2:1 1:20 1:100
Initial pH 15 1.5 1.6 1.6 1.6
Post deposition pH 15 15 15 15 15
Initial conductivity [mS/cm] 84 84 84 85 85
Post depo. conductivity [mS/cm] 85 85 85 84 83

Table S1. The initial values of pH and electronic conductivity of selected plating bath
compositions and the same measurements after three foam electrodepositions revealed a
comparable solution quality. No significant differences were observed among the
compositions.

Photograph of the plating baths

Figure S1. The eleven plating solutions with different Fe:Ni ratios are shown after several
months of storage. Various electrodepositions (in a minimum of five) were performed with each
of these baths. No precipitations are visible, all solutions are clear. The left panel represents
the highest Fe content and the right represents the highest Ni content. Metal salt concentration
is 0.2 M with Fe:Ni ratios (from left to right): 10:1, 5:1, 2:1, 1.5:1, 1.1, 1:1.5, 1:2, 1.5, 1:10, 1:20
and 1:100.
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SEM-EDS composition analysis

Fe [at. %] Ni [at. %] Ti [at. %] @ of 2 samples
synthesis i) 93/93/93 6/6/6 1/1/1
@ of 3 EDS maps 93 6 1 o
synthesis ii) 92/93/93 | 7/7/7 1/1/1 93at. % Fe
@ of 3 EDS maps 93 7 1
synthesis i) 87/87/87 | 12/12/12 1/1/1
of 3 EDS maps 87 12 1
2 — s 86 at. % Fe
synthesis i) 85/84/85 | 14/14/13 21212
@ of 3 EDS maps 85 14 2
synthesis i) 72172172 | 27127127 1/1/1
@ of 3 EDS maps 72 27 1
— 74 at. % Fe
synthesis ii) 75/76/76 | 23/23/23 2/1/1
@ of 3 EDS maps 76 23 1
synthesis i) 65/64/65 | 35/35/35 1/0/0
@ of 3 EDS maps 65 35 0
— 65 at. % Fe
synthesis ii) 65/65/65 | 35/35/35 0/0/0
@ of 3 EDS maps 65 35 0
synthesis i) 57 /57157 | 43/43/43 0/0/0
@ of 3 EDS maps 57 43 0
— 59 at. % Fe
synthesis ii) 60/60/61 | 39/39/38 1/1/1
@ of 3 EDS maps 60 39 1
synthesis i) 48/48/48 | 51/50/51 1/2/1
@ of 3 EDS maps 48 51 1
. 47 at. % Fe
synthesis ii) 46/46/46 | 53/53/53 1/1/1
@ of 3 EDS maps 46 53 1
synthesis i) 41/40/40 | 59/60/60 0/0/0
@ of 3 EDS maps 40 60 0 40 at. % Fe
synthesis ii) 40/40/40 | 60/60/60 | 1/1/1 -7
@ of 3 EDS maps 40 60 1
synthesis i) 20/20/20 | 80/80/80 0/0/0
@ of 3 EDS maps 20 80 0
— 19 at. % Fe
synthesis ii) 18/18/18 | 82/82/82 0/0/0
@ of 3 EDS maps 18 82 0
synthesis i) 10/10/10 | 90/89/89 0/0/0
@ of 3 EDS maps 10 89 0
— 10 at. % Fe
synthesis ii) 10/10/10 | 90/90/90 0/0/0
@ of 3 EDS maps 10 90 0
synthesis i) 6/6/6 93/93/93 1/1/1
@ of 3 EDS maps 6 93 1
— 6 at. % Fe
synthesis ii) 6/6/6 94/94 /94 0/0/0
@ of 3 EDS maps 6 94 0
synthesis i) 21212 98/98/98 0/1/1
@ of 3 EDS maps 2 98 1
— 2 at. % Fe
synthesis ii) 21212 98/98/98 0/0/0
@ of 3 EDS maps 2 98 0

Table S2. FeNi alloy composition analysis of the atomic percentages of each catalyst synthesis
derived by SEM-EDS. The contents were normalized to Fe, Ni, and Ti. Each sample was
measured at three individual spots using map spectra. The three measured atomic weights
were averaged for each metal. Synthesis i) and ii) refer to individual samples with similar
compositions, which were combined using the average iron content.
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Exemplarily selected SEM-EDS maps
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Figure S2. EDS color maps and map sum spectra of three selected electrodeposited samples.
a) and b): Fe (92.5 at. %), Ni (6.8 at. %) and Ti (0.7 at. %)

¢) and d): Fe (46.1 at. %), Ni (53.1 at. %) and Ti (0.8 at. %)

e) and f): Fe (1.6 at. %), Ni (98.1 at. %) and Ti (0.3 at. %)

Map dimensions are 1.52 x 1.14 mm? with 2048 x 1536 pixel resolution. The dwell time was
30 ps (94.3 s measurement time), and the total counts per map exceeded 108. To export the
color maps, a binning factor of four was applied.



X-ray diffraction

X-ray Diffractograms

93 at. % Fe

87 at. % Fe

72 at. % Fe

65 at. % Fe

57 at. % Fe

48 at. % Fe

40 at. % Fe

20 at. % Fe

10 at. % Fe

06 at. % Fe

02 at. % Fe

Fe (bcc) Ref.
Ni (fcc) Ref.

Ti PTL

Ti (hcp) Ref.

Intensity / arbitrary units

| A_L_ A -~ . =
10 20 30 40 50 60 70 80 90
20/°

Figure S3. Peak-height normalized and background-corrected X-ray diffractograms of
electrodeposited FeNi alloy foams. The iron-rich sample aligns with the Fe body-centered cubic
(bcc) structure and transforms into a Ni face-centered cubic (fcc) structure with enhanced Ni
content. The most pronounced double peak, at 72 at. % Fe, is characteristic for “invar alloy”,
interestingly its also the most amorphous sample given the lowest absolute peak height. The
fcc crystal size of Fe:Ni samples with min. 60 at. % Fe increased with larger Ni content, given
the absolute peak height increased.

CVs to visualize the non-Faradaic potential window

CVscanrate=02V s

~g 400 — 93 at. % Fe

e — 47at. % Fe

<LIJ 200 A 2 at. % Fe

c 04 — - YAY

- —200 - /K/( iR-corr.
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Erpne / V

Figure S4. The selected CVs were measured using the dry anode setup. Depicted are the final
CVs of the respective samples spanning the potential window from the hydrogen evolution
reaction to the oxygen evolution reaction (HER to OER). The green shaded potential window
from 0.55 to 0.65 Vwrue was chosen to determine the double-layer capacitance of each
composition (Figure S5).



CVs to determine the double-layer capacity
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e) 59 at. % Fe
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j) 6 at. % Fe
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Figure S5. CVs for the double-layer capacity determination in the non-Faradaic region
between 0.55 and 0.65 Vrue for all investigated FeNi alloy compositions. To calculate Jq, the
current responses between 0.595 and 0.605 Vrue (highlighted in green) were averaged for
positive and negative scans. In general, a double-layer capacitance of more than 1 mF cm?is
measured for all foam compositions, with a maximum value of 3.0 mF cm for the Ni richest
sample.

Roughness factor to express the ECSA

Normalization factor = 39 uF cm™2
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Figure S6. The roughness factor represents the surface morphology relative to a planar
surface. It was derived from the ratio of the measured geometrical double-layer capacitance of
each foam composition, normalized by the specific Ni metal double-layer capacitance. We
determined 39 pF cm on pure polished Ni foil in a previous study under similar experimental
conditions (4 M KOH electrolyte, equivalent potential window); therefore, we applied this factor
for normalization.
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Figure S7. Selected optical micrographs representing the effective geometric areas of the
catalytic FeNi foam disks for OER measurements in the dry anode setup. The average
geometrical area of the representative 12 samples was 5.8 mm?, corresponding to 82 % of the
assumed geometrical area of 7.1 mm?. The calibration of the microscope was verified by using

a dedicated calibration reference plate.

Effective geometric area evaluation of all disks

Measured geometric area compared with supposed area of 7.1 mm?
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Figure S8. Geometric scale factors for each FeNi composition. The eight disks per FeNi
composition were measured twice, each at two magnifications. The error bars show the
standard deviations of the 16 measured areas. The dashed line shows the average of all 176

measured areas, corresponded to 5.64 mm?.



Low geometric current density evaluation
a) 93 at. % Fe
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Figure S9. CV analysis of each composition with four disks. CVs, Tafel fit, and potential vs.
log (J) visualizations are shown. Using the CV data, we identified the potentials at which a
current density of 10 mA cm was reached. The Tafel slope was fitted for each sample using
30 data points below the onset potential of 10 mA cm™. From the potential vs. log (J) plots, it
can be seen that the Tafel fit was not maintained for current densities above 30 mA cm.
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Overpotential required to reach the onset potential

S — -2
340 k- ] =10 mA ol o I
> X
Es00{ %. X
- IIII . e =
260 - K3
100 80 60 40 20 0

Fe content / at. %

Figure S10. The potential at which 10 mA cm= is reached, expressed by the overpotential

(i.e., the potential beyond the thermodynamic standard potential E° = 1.23 V). This was derived
by evaluating the CV scans (Figure S9).
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High current density dataset evaluations
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Figure S11. Boxplots of applied iR-corrected potentials to reach the specific current densities. The
corresponding histograms help to understand the potential distribution. Each disk has an own color,
with the first synthesis in a blue and the second synthesis in a red color theme.
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Stability measurement
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Figure S12. The entire dataset of the stability measurement with a higher resolution.
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Figure S13. Timeframes of 40 s after 1 h and 10 h are presented to illustrate the pulse
characteristics evolution during the stability test.
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