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Abstract

The goal of this work is to develop highly active and stable electrocatalysts that convert
small molecules to facilitate a sustainable energy transition and a cleaner environment.
The primary focus is on producing green hydrogen through water electrolysis using
electricity from renewable energy sources, as green hydrogen can replace fossil fuels,
thereby reducing their carbon footprint. The oxygen evolution reaction (OER) is
significantly slower than the hydrogen evolution reaction (HER) at the cathode. Thus,
developing high-active, stable, and affordable OER materials is essential for improving
overall efficiency. Furthermore, mixed oxides of transition metals have emerged as
promising OER catalysts in alkaline water electrolysis (AWE). In this context, a promising
method for preparing CoNiFeO, electrocatalysts through one-pot sol-gel synthesis
followed by thermal treatment is presented. An optimal ratio between Co : Ni: Fe, as well
as the thermal treatment in an oxygen-deficient atmosphere, contributes to the superior
electrocatalytic properties, such as high performance and excellent stability of the
electrocatalyst, in both rotating disc electrode (RDE) and anion exchange membrane
(AEM) electrolyzer studies.

Although Co and Ni are much cheaper than precious metal catalysts used for proton
exchange membrane water electrolysis (PEMWE), the limited supply of Co and the poor
environmental footprint of Co and Ni mining remain challenges for scaling up AWE
capacities. Therefore, the approach is to reduce the metal content while maintaining
catalytic performance by adding conductive carbon to the optimal CoNiFeOx catalyst.
Reducing the metal oxide content by 40 wt% results in an optimized metal oxide-carbon
composite material that exhibits attractive OER performance and outstanding stability in
both RDE and flow AEM studies. In addition to electrochemical analysis, material
characterization methods including XRD, XPS, SEM, EDX, STEM, EELS, BET, and XAS were
applied to investigate the chemical and physical properties of the electrocatalysts.

Converting CO, into valuable carbon products, particularly C,. products, is an appealing
approach for industrial applications. Molecular copper catalysts with well-defined active
sites have emerged as promising candidates for the electrochemical reduction of CO, to
C,. products. Based on the promising performance data obtained in an H-cell and a
membrane electrode assembly (MEA) electrolyzer, a heterogenized molecular copper
phenanthroline catalyst was studied using electrochemical impedance spectroscopy
(EIS) in order to obtain mechanistic insights with special focus on the role of the
supporting electrolyte cation.



Zusammenfassung

Das Ziel dieser Arbeit ist die Entwicklung hochaktiver und stabiler Elektrokatalysatoren,
die kleine Moleklle umwandeln, um eine nachhaltige Energiewende im Hinblick auf eine
sauberere Umwelt zu erméglichen. Das Hauptaugenmerk liegt auf der Herstellung von
grinem Wasserstoff durch Wasserelektrolyse unter Verwendung von Strom aus
erneuerbaren Energiequellen, da gruner Wasserstoff fossile Brennstoffe ersetzen und
damit deren CO,-Bilanz verbessern kann. Die anodische Sauerstoffentwicklungsreaktion
(OER) ist wesentlich langsamer als die Wasserstoffentwicklungsreduktion (HER) an der
Kathode. Daher ist die Entwicklung hochaktiver, stabiler und erschwinglicher OER-
Materialien der Schlissel zur Verbesserung der Gesamteffizienz. Unter der Vielzahl an
untersuchten Systemen haben sich Mischoxide von Ubergangsmetallen als
vielversprechende OER-Katalysatoren fur die alkalische Wasserelektrolyse (AWE)
erwiesen. In diesem Zusammenhang wird eine vielversprechende Methode zur
Herstellung von CoNiFeOx-Elektrokatalysatoren durch eine Sol-Gel-Synthese mit
anschlieBender thermischer Behandlung vorgestellt. Ein optimales Verhaltnis zwischen
Co : Ni : Fe sowie die thermische Behandlung in einer sauerstoffarmen Atmosphare
tragen zu den Uberlegenen elektrokatalytischen Eigenschaften bei, wie z. B. durch hohe
Leistung und ausgezeichnete Stabilitat, sowohl in Studien mit der rotierenden
Scheibenelektrode (RDE) als auch im Elektrolyseur mit Anionenaustauschermembran
(AEM).

Obwohl Co und Ni viel billiger sind als Edelmetallkatalysatoren, die fur die
Protonenaustauschmembran-Wasserelektrolyse (PEMWE) verwendet werden, stellen
das begrenzte Co-Angebot und der schlechte 6kologische FuBabdruck de Co- und Ni-
Abbaus nach wie vor eine Herausforderung fur die Erhdhung der AWE-Kapazitaten dar.
Daher wurde ein Ansatz zur Verringerung des Metallgehalts bei gleichzeitiger
Aufrechterhaltung der katalytischen Leistung durch Zugabe von leitfahigem Kohlenstoff
zum optimalen CoNiFeOy-Katalysator entwickelt. Die Reduzierung des Metalloxidgehalts
um 40 Gew.-% fuhrt zu einem optimierten Metalloxid-Kohlenstoff-Verbundmaterial, das
sowohl in RDE- als auch in AEM-Flusszell-Studien eine attraktive OER-Leistung und
hervorragende Stabilitdt aufweist. Neben der elektrochemischen Analyse wurden
Materialcharakterisierungsmethoden wie XRD, XPS, SEM, EDX, STEM, EELS, BET und XAS
zur Untersuchung der chemischen und physikalischen Eigenschaften der
Elektrokatalysatoren eingesetzt.

SchlieBlich ist die Umwandlung von CO, in wertvolle Produkte, insbesondere Cy.-
Verbindungen, eine attraktive Strategie fur industrielle Anwendungen. Molekulare
Kupferkatalysatoren mit gut definierten aktiven Zentren haben sich als vielversprechende
Kandidaten fur die elektrochemische Reduktion von CO; in C,.-Produkte erwiesen. Auf
der Grundlage vielversprechender Leistungsdaten, gewonnen in H-Zellen- und im MEA-
Elektrolyseur, wurde ein heterogenisierter molekularer Kupfer-Phenanthrolin-Katalysator
mit Hilfe der elektrochemischen Impedanzspektroskopie (EIS) untersucht, um
mechanistische Erkenntnisse zu gewinnen, wobei dabei der Schwerpunkt auf der Rolle
des Leitsalzkations lag.



List of Abbreviations

Abbreviation

AC

AEM

AWE

BET

C, product

C.. product

CB

C-C coupling

Ca

CE
CM
CPE
CVv
DFT
DOS
DPV
DRT
Eea
e.g.
eCO2RR
ECSA
EDX
EELS
EIS
Eonset
Eq.
eV
geo
H-cell
HER
H-H bond
Hopa
HOR
Hupd

i.e.

Full description
alternating current

anion exchange membrane
alkaline water electrolysis
Brunauer—Emmett-Teller

product containing one carbon atom

product containing two or more carbon atoms

carbon black

carbon-carbon coupling
double-layer capacitance
counter electrode

modified carbon
constant-phase element
cyclic voltammetry

density functional theory
density of states

differential pulse voltammetry
distribution of relaxation times
equilibrium potential

exempli gratia

electrochemical CO, reduction reaction

electrochemically active surface area
energy-dispersive X-ray spectroscopy

electron energy loss spectroscopy

electrochemical impedance spectroscopy

onset-potential

equation

electron volt

geometrical surface area

h-type divided electrochemical cell
hydrogen evolution reaction
hydrogen-hydrogen bond

hydrogen overpotential deposition
hydrogen oxidation reaction
hydrogen underpotential deposition
id est



LSV

M

Me
MEA
Me-H bond
MO
MOF
N1o
Nm3h™
OCP
OER
0O-0 bond
ORR
PEMWE
Ret

RDE
RE
RHE

Ro

SAC
SEM
SOWE
SQWV
STEM
VRHe

VS.

WE

wt %
XANES
XAS
XPS
XRD

linear sweep voltammetry

catalyst active site

metal

membrane electrode assembly
metal-hydrogen bond

metal oxide

metal-organic framework
overpotential at 10 mA cm=

normal cubic metres per hour

open circuit potential

oxygen evolution reaction
oxygen-oxygen bond

oxygen reduction reaction

proton exchange membrane water electrolysis
charge transfer resistance

rotating disk electrode

reference electrode

reversible hydrogen electrode
polarization resistance

single-atom catalyst

scanning electron microscope

solid oxide water electrolysis

square wave voltammetry

scanning transmission electron microscopy
potential versus reversible hydrogen electrode
versus

working electrode

weight percentage

X-ray absorption near edge structure
X-ray absorption spectroscopy

X-ray photoelectron spectroscopy

X-ray diffraction



Table of Contents

Lo INtrodUCRION......ccouiiiiiiiiiiii ittt et e s eaa e 1
1.1. Contemporary Energy Management and Transition .............ciueeeeeieueeeiieneieieeneeeieeneeenenns 1
1.2. 12 00e [ oTo [=1g W ad oo [V lot v (o ¢ HUUS 2
1.3. WALEE EIECEIOIYSIS...euneneieeeeee ettt ee e e e e e e e e e e e et et et e tesae s e s e s aasaasnaenns 3

1.3.1.  Low-Temperature Water ELeCtrolySiS ....vuiuiiiieiiiii e e 4
1.3.1.1.  Hydrogen Evolution Reaction (HER).......ccuiiuiiiiiiiiiiiiriiririei e ee e e seeeeanenns 5
1.3.1.2.  Oxygen Evolution Reaction (OER)........ccuiiiiiiiiiiiiiiii e ea e 7
1.3.1.3.  Anion Exchange Membrane Water Electrolysis (AEMWE) ........ccoiviiiiiiiiiiiinininnnn, 11

1.3.1.4. Advantages/Disadvantages of Low-Temperature Water Electrolysis Technologies.... 12

1.3.2.  High-Temperature Water ELeCTrOlYSiS.....cuvuniuiuriiiiiiiiieiriieiieer et eeeeeeeneenennes 13

1.4. Electrochemical Reduction OF COy .....c.uvveuuiiiniiiiniiiiiiiiiiiiiiiiiiciieiicei et eensennaes 14
1.4.1. Comparison between Homogeneous and Heterogeneous Catalysis........c..cceevenennennes 15
1.4.2. Copper-Based Electrocatalysts for CO2RR ........ccuiiniiiiiiiiiiiiieiecreeeeeeeee e 16

1.5. Electroanalytical Methods and Test Cells Applied to Study OER and eCO2RR Processes..... 17
1.5.1.  ElectroanalytiCal MethodS ...cuuininieiiii et e e e e e e e e ens 17
1.5.1.1.  Linear-Sweep VOtammMEetry ... ot te et e e e e e e e e eenennas 18
1.5.1.2.  Electrochemical Impedance SPECLIOSCOPY .uvuriureniinieiuririirerereeeneeneeeeeenreaennnn 20
1.5.1.3. GalvanostatiC POteNTiOMETIY .. c..iuiiniiiii et e e e e e e e eaneanas 21
1.5.2. Electrochemical Test Cells from Laboratory to Industrial Application ............ccccceunenen 22

2. ODbJectivesS OF PND WOKK ........ouuiiiiiiiiiiiiii it e ettt e e e te e e teeen e e eaneenneeneannaens 24
3. Results and DiSCUSSION. ..........ccoeiuuiiiiiiiiiiiiiiii ettt e it e e e e eeeneeeees 26

3.1. Oxygen-Deficient Annealing Boosts Performance of CoNiFe Oxide Electrocatalyst in Oxygen
EVOIUTION REACHION ..c.ueveeeeeeiieetee et etee et e et et eete e eteeat s et eeaaseaanaeenesasnseannsaenssesnssennsannnns 26

3.2. Pre-Treated Carbon Additive Enables Reduction of Metal Loading in CoNiFeO, OER
Electrocatalysts While Maint@ining PerformManCe. ...........c.uueeuieueeuiieeeiieeieeiieeeeeeieeteeseeaasneaanns 31

3.3. Heterogenized Copper(ll) Phenanthroline Catalysts for Electroreduction of CO; to C;
Compounds: Substitution on the Ligand Causes Structural Changes to the Molecular Framework

Lo To INY (o] ] 1ia VA ] 1 Te [ Tor=d £ =1 £ | AP 37
4. ConclusioNn Of TRISWOKK .........coiiimiiiiiiiiiiii et e e e eees 40
T O 11 ¢ (o To ) PP PP PPRPPRPPPINY 42
0. REFEIENCES ......coeiiiiiiiiiiie ettt et et et e e e eanas 43

\



List of Figures

Figure 1. Green hydrogen production from water electrolysis using renewable energy, along with
Ha UtIliZatioN STrategies. .uu ettt ettt et e e e e e e eens 1

Figure 2. Color coding for classification of the origin of hydrogen ™. .........oovvvvieiiiiiiiiieeeeieennn. 2

Figure 3. Schematic illustration of the working principle of different water electrolysis processes
28 ittt ieeeeeeeeeeeeeeeeeteeeeessssttenieeaeeeeeeeeeeeeetetettttttttttn————_———aaaaateteeresrrrrrrrrrrrnnnnnn 4

Figure 4. Volcano plots for HER in (left) alkaline solution (reprinted from ref. [37]) and (right) acidic
solution (reprinted from ref. [S8]). tui ittt e e e e et e e e e e eaaans 5

Figure 5. (a) Schematic illustration of density of state of a transition metal, showing the broad s
band and the narrow d bands around the Fermi level (adapted from ref. [42], &¢ is the Fermi level
energy and DOS stands for the density of states). (b) Bond formation at a transition-metal surface
(adapted from ref. [45]). (c) The d-band center theory of adsorbed molecules on the surface of
metal catalysts (adapted from ref. [42]) cuuen it e e e e e e eneas 6

Figure 6. (Left) Volcano plot for OER on metal oxides (adapted from ref. [67]). (Right) Transition
metal-based electrocatalysts for OER performance (taken fromref. [68])..ccceeveiiiiiiininiinninnnne. 8

Figure 7. Different methods employed for the CO, reduction to various products (taken from ref.

ECTS) ) O U PO UPROPRPPPPRTNt 14
Figure 8. Electrochemical CO, reduction via homogeneous (left) and heterogeneous (right)
catalysis (taken from ref. [138]). ettt et et ettt et st et sasaeasensaneansansanenns 15
Figure 9. Overview of relevant electroanalytical methods "8l .............oooiiiiiiiiiiiiiicicicceeee, 17

Figure 10. (a) A simplified equivalent electrical circuit of a half-cell. (b) Impedance Nyquist plot
(o] g (=T] o JoYale [l (o TN d a = oT [ { o U ) A = | S 20

Figure 11. Schematic illustration of different types of test cells for studying OER and eCO,RR
P O S S S it itiuiutntteeteeeeeatteetesnsntnsnsnensnsnsnsnsnsnsnsnsnsnsnsnsnsnsnsnsnsnsesesesesesesesasesetesesesesnsnns 22

Figure 12. Summary of the electrochemical results for different molar ratios of CoNiFe catalysts.
(a) Overpotential at 10 mA cm (geometrical electrode surface area). (b) Mass activity calculated
fromthe current density at 1.56 V vs. RHE and the catalyst loading on the electrode surface (~0.25
mg cm). (c) Tafel slopes. (d) Polarization resistance (R,) at 1.50 V vs. RHE. (e) ECSA, estimated
from Cq via CV measurements in the non-Faradaic potential region. (f) Short-term stability tests
performed for 900 S at TO MA CIM™2. ...iiiiiiiiii e eeeeceeeeeee et eeeeee ettt eeeeeeeeeateaeeeeseannaaeeeesesrraaaaaaees 26

Figure 13. Summary of study on the influence of thermal treatment and metal ratio on the
performance of CoNiFeOx-based OER electrocatalysts P ... ......cooiiiiiiiiiieeiiiceee e, 27

Figure 14. Durability tests for CoNiFe (2:2:1)/M. (a) On a GC RDE (1M KOH, w = 1800 rpm) at a
current density of 100 mA cm™for 50 hours. (b) In an electrolyzer (Ni foam substrate, 1 M KOH, 50
°C) at an on-off current density 0f 400 MA CM™Z. ...eeeiieeeiieeee et e e e e e e e eaaa s 28

Figure 15. Powder X-ray diffraction patterns of CoNiFe (2:2:1)/M, CoNiFe (2:2:1)/H, and CoNiFe
(2:2:1)/A. (a) Fresh catalysts (powder) before electrolysis. (b) Used catalysts after one hour
StaDIlity TESTS AT 10 MA CIMIZge0tuuuneerrriruieeeeerreteieeeeerturnaaeeeerrtennaaesersssnnaseessssssnsaesesssssnnseesesseees 29



Figure 16. XP spectra (Co 2p and O 1s) of CoNiFe (2:2:1)/M,H,A. (left) Before electrolysis and
(right) after stability tests for 1 h at 10 MA CM 0. ceerrrrruieeeerriiiiiieeeeeriieeeeeerretnaeeeeerrannaeeesesenes 30

Figure 17. In situ K-edge XANES spectra of CoNiFe (2:2:1)/M. (a) Co K-edge. (b) Ni K-edge. and (c)
e CT=To =L T O PP PP POP PP PPPPPPPIN: 30

Figure 18. Schematic illustration of the preparation of catalyst 100MO and the xMO/CB, xMO/CM,
xMO+CB, and xMO+CM series. MO = metal oxide. Metal oxide content (wt. %): x = 100, 80, 60, 40,
20. CB = unmodified carbon black. CM = pre-treated carbon blackK........c..ccceeveiiniiiiniinrinnnnnnn.. 31

Figure 19. Comparison of overpotential and mass activity between 100MO and the MO-carbon
(o7e] g g¥ o Yo 1YL C=IR=T=T ¢ 1T TSN 32

Figure 20. Durability studies for T00MO and 60MO/CM under RDE conditions (top: 1 M KOH,
w=1800rpm) and in the flow cell electrolyzer (bottom: 1 M KOH, 50 °C). (a) Stepwise
chronopotentiometric stability test carried outat 10, 20, 50, and 100 mA cmg, (3 h for each step).
(b) Chronopotentiometric stability tests recorded at 100 mA cm2g, for 100MO and 60MO/CM on
glassy carbon (all measured potentials are pH-corrected). (c) Cell voltage acquisition at various
current densities ranging from 2 mA cm2, to 1000 mA cm?g, (10 minutes per each point) and
step-scanning back to 10 mA cm™g,. (d) Stability tests using 100MO and 60MO/CM as OER
catalysts, respectively, at 400 MA CIM Zgeo. ceeerrrrrrrrrrurnnenniiaeeeeeeeeaeaeeeereerrrrssensnnnnaaaaeaaaaseeeeeees 33

Figure 21. (a, b) OER polarization curves measured in 1 M KOH solution (v=1 mV s', w=1800
rpm, iR-drop corrected) showing the mass related current densities (a) and the current density
with respect to the geometrical electrode surface area (b). (c) Tafel slope from LSVs in Fig. 21b. (d)
Chronopotentiometric profiles recorded at 10 mA cm™? (w=1800 rpm). (e) Electrochemical
impedance spectra (Nyquist plots) recorded for 60MO/CM, 60MO-1, and 60MO-2 at 1.5 Vvs. RHE.
(f) Estimation of double layer capacitance (Cq4) and electrochemically active surface area (ECSA).

Figure 22. In situ K-edge XANES spectra of 60MO/CM. (a) Co K-edge. (b) Ni K-edge. and (c) Fe K-
[<To [ (= T PR PRPRPPPPPPNt 37

Figure 23. Mono, bi- and oligonuclear Cu phen compounds as molecular catalysts for eCO,RR.
Cat2: Binuclear Cu phenanthroline complex ['*3®!, Cat3: heterogenized molecular Cu(ll)
PheNaNthroling CatalyStS. ... ittt et et e e e e e e e e e e senennns 38

Figure 24. Results of the EIS analysis of Cat3 on carbon paper in the H-type cell at-1.2 V vs. RHE.
(a) Nyquist plot. (b) Distribution of relaxation time (DRT). K-CO,: CO, saturated in 0.1 M KHCO;
solution. Cs-CO,: CO, saturated in 0.1 M CsHCO; SOLULION. ...vuiieniiniiiiieiiree e e 39

Figure 25. Initial results from the application of the developed OER catalysts for the oxidation of
biomass-derived alcohols and SUBArIS. .....cuiiuiiiiiiiii et e e e e e e e e e e e ees 42

VIl



List of Tables

Table 1. Summary of state-of-the-art catalysts for HER including key performance parameters. 7
Table 2. Summary of reported catalysts for OER that include Co-, Ni-, and/or Fe oxides........... 10
Table 3. Summary of reported catalysts for OER that include Ru-, and Ir-catalysts................... 10

Table 4. Comparison of the main characteristics of alkaline, PEM and AEM water electrolysis
e G AR e a N = T 77 o ] ) S 11

Table 5. Advantages and disadvantages of different low-temperature water electrolysis
TECNNOLOZIES 113 1300 ettt e e et ettt eeeeeeaa it eeeeeeeasateeeeesestaaeessersrannnes 13



1. Introduction

1.1 Contemporary Energy Management and Transition

Energy is an indispensable part of daily life and manufacturing. The International Energy Agency
(IEA) reported in 2024, that the global energy demand had increased by 2.2%, faster than the
average rate of the past decade, due to rapid technological and industrial development !l
Traditionally, consuming energy in the form of electricity requires gas, oil, and other fuels as
primary energy carriers 2. Gas and oil face the problem of uneven distribution around the world,
which leads to price issues P, Additionally, fossil reserves are declining in the long term, and
producing energy from fossil fuels damages the environment and enhances the greenhouse effect
4. The world now faces the challenge of using more intermittent renewable energy sources such
as solar and wind power.

In detail, traditional resources include fossil fuels (coal, natural gas, and oil) and nuclear power
Bl Nuclear power has several drawbacks, including waste disposal, safety risks, and costs . In
contrast, renewable resources are natural resources that can be replenished in a relatively short
period of time, making them virtually inexhaustible on human timescales. Renewable resources
are a promising solution for minimizing environmental impacts, health hazards, safety risks, and
energy prices. However, they depend heavily on weather, location, and time. The availability of
this type of energy depends significantly on regions with high sunlight density and suitable
weather conditions. Often, these places are not the same as where the energy is needed.
Therefore, the energy must be transported using a material that can store the produced surplus
energy "], The most essential points in solving the energy crisis are achieving energy sustainability,
reducing the cost of energy production, improving energy storage and efficiency, and transporting
the stored energy .

(AN9)
— &
OER HER [Zbi'j @
+ - ; —
02 HZ 2 é :.’g
% _|_. g -‘:%_g —
e 1 il
Jl ‘ 5 z2g
Jl = Green H, £3 S
| I I I

Renewable electricity Transport Water electrolyzer
generation

Figure 1. Green hydrogen production from water electrolysis using renewable energy, along with H» utilization
strategies.

Hydrogen has the potential to be a key energy carrier for a sustainable economy. It can be stored
for later use, transported, and converted into electricity as well as heat for industrial and
transportation use (see Fig. 1) .. Furthermore, green hydrogen, can easily be produced from water



using electrolysis or photocatalysis with renewable energy. It does not cause environmental
problems, produce pollutants, or affect human health "%, On the other hand, there are still
challenges with respect to efficiency of its generation and storage, which must be overcome for
implementing a hydrogen economy ",

1.2. Hydrogen Production

As discussed before, using hydrogen as a secondary energy source could be a viable solution for
meeting global energy demands in a sustainable way "?. According to the report from the
International Renewable Energy Agency (IRENA) in late 2021, nearly 47% of the global hydrogen
production comes from natural gas, 27% from coal, and 22% from oil (as a byproduct of oil
refining). Only around 4% comes from electrolysis. Depending on the technological process,
energy source, and environmental impact, hydrogen is distinguished by six main color codes i.e.,
blue, grey, brown/black, turquoise, and green (see Fig. 2).

Brown/Black HE

+ Process: steam * Process: steam * Process: coal * Process: methane * Process: water
reforming reforming gasification pyrolysis electrolysis
+ Source: natural gas » Source: natural gas + Source: coal * Source: natural gas * Source: water and
* CO, is produced, » CO;, is produced * CO, and other * CO, is produced electricity from
captured and stored pollutants are produced renewable energy
+ Zero-CO, emissions
« Costly

Figure 2. Color coding for classification of the origin of hydrogen ['3.

Blue hydrogen (H,) is commonly produced through two main processes: the steam methane
reforming process (SMR) and autothermal reforming of methane (ATR) "4, Although CO; is
produced during blue H, production, carbon capture and storage technologies can be used to
store it!"®], meaning blue H, does not necessarily produce CO, emissions. However, the long-term
impacts of storage remain uncertain, and potential leakage could harm both environment and
climate.

Grey hydrogen is obtained by different methods: steam methane reforming, partial oxidation, or
autothermal reforming ">\, It is commonly used in the petrochemical industry and in ammonia
production ["®., The main issue with grey H, is the significant amount of CO, emitted during H-
production, estimated at around 830 Mt yearly !"".,

Brown/black hydrogen is produced from coal with the colors referring to the types of lignite
(brown) and bituminous (black) coal "), This method is considered the least environmentally
friendly method of hydrogen production ['*°l, There are two main methods of forming brown/black
H,: coal gasification and co-gasification of coal and biomass ['"!. Coal gasification’s main
advantage lies in its ability to efficiently convert various carbon-based raw materials or waste into
valuable gaseous products, such as CO, H,, CH,, and others ['*],



Turquoise hydrogen is produced through a thermal process called methane pyrolysis, whereby
natural gas is broken down into H, and solid carbon '*l, The process can be CO,-neutral if the
carbon remains permanently bound and does not convert to other carbon-based products during
further processing. However, the extraction of raw material and natural gas itself contribute to
emissions. Therefore, turquoise hydrogen is not usually completely climate-neutral throughout
the entire production process and the downstream processing of carbon as a byproduct '€,
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Green hydrogen, also known as “clean hydrogen”, “renewable hydrogen”, or “low-carbon
hydrogen”, is produced through water electrolysis using electricity from renewable energy
sources ['% 130 13¢ 191 ging renewable energy for green hydrogen production eliminates CO,
emissions, making it a vital part of the transition to more sustainable energy and transportation
infrastructure 2%, IRENA has stated that low-carbon hydrogen is essential to achieving net-zero
emissions by 2050. Unfortunately, green hydrogen currently accounts for only a small portion of
total global hydrogen production due to technological and economic challenges ['* 2!, As of May
2024, 54 countries have reported national hydrogen strategies and roadmaps, including
ambitious targets for large-scale electrolyzer capacity of 287 GW by 2050. This represents a
promising step toward achieving future net-zero carbon goals.

There are two main methods for generating green H,: water electrolysis and photocatalysis.
Electrolysis is the more mature technology and is already implemented in various industrial
applications ['* 3¢ 22 |t js considered the most promising method for producing green hydrogen,
provided the electricity powering the water electrolyzer comes entirely from renewable sources
(see the next chapter for the main theory of water electrolysis). In the case of photocatalysis,
semiconductor photocatalysts (typically TiO,-based) produce an electron-hole pair when
exposed to light, and H, can be obtained through a reduction reaction ®, This method allows solar
energy to be converted and stored as chemical energy, which is one of the key advantages of green
hydrogen production %!, Consequently, photocatalytic water splitting is considered one of the
cleanest methods of producing hydrogen, as it relies solely on sunlight to split water directly into
H, and O, I"*, However, the method is still in its infancy and very far from being economically
viable.

1.3. Water Electrolysis

Water electrolysis, the process through which water is splitted into hydrogen (H,) and oxygen (O,)
via electrolysis, has been studied for over 200 years 22224 |n 1789, J.R. Deiman and A.P. van
Troostwijk conducted one of the earliest experiments involving electricity and water . They used
an electrostatic generator to discharge electricity through gold wires submerged in water,
resulting in the release of gases 1?°l. A significant breakthrough occurred in 1800 when Alessandro
Volta invented the voltaic pile ?”). Soon after, William Nicholson and Anthony Carlisle used this
new device to split water through electrolysis and successfully identified the resulting gases as
hydrogen (H,) and oxygen (O,) . As electrochemistry advanced, Faraday's law of electrolysis
established a proportional relationship between electrical energy consumption and gas
production, enabling a scientific definition and formal description of water electrolysis 2.
Currently, water electrolysis technology is grouped into two main categories: low-temperature
and high-temperature water electrolysis ** 8, Alkaline water electrolysis (AWE) and proton



exchange membrane (PEM) water electrolysis (PEMWE) are low-temperature water electrolysis
technologies that are currently the most popular in research and industry due to their efficiency
(Fig. 3) 2>29, High temperature water electrolysis technology will be discussed later in the Section
1.3.2.
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Figure 3. Schematic illustration of the working principle of different water electrolysis processes [28 30,

1.3.1. Low-Temperature Water Electrolysis

Low-temperature electrochemical water splitting consists of two half-reactions: the hydrogen
evolution reaction (HER) and the oxygen evolution reaction (OER). These reactions occur in
alkaline (AWE) and acidic (PEMWE) conditions 2> 2% During alkaline electrolysis ®', four moles
of water are reduced to form two molecules of H, and four moles of hydroxide ions (OH"). The H,
product is eliminated from the cathode surface, while the remaining OH" ions are transferred
through the separator to the anode chamber. At the anode, four moles of OH" are discharged to
produce one molecule of oxygen gas (O,) and two moles of water (H.O). In the case of the acidic
electrolysis process 2, two moles of water are oxidized at the anode surface to produce one mole
of oxygen gas (O,) and four moles of protons (H*). These protons are then transferred through the
proton exchange membrane (PEM) to the cathode side, where they are reduced to form H, gas at
the cathode surface.



1.3.1.1. Hydrogen Evolution Reaction (HER)

The general HER mechanism in alkaline and acidic media is illustrated by three reaction steps, as
shown below %

Under alkaline conditions: Under acidic conditions:

H,0 + e~ = Hyqs + OH™ (Volmer step) (1) H* + e~ = H,y, (Volmer step) (3)
Hu4s + H,0 + e~ = H, + OH™ (Heyrovsky step) (2a) H* + Hu4s + e~ = H, (Heyrovsky step) (4a)
2H,,s = H, (Tafel step) (2b) 2H,,;s = H, (Tafel step) (4b)

Under alkaline conditions %234 the Volmer step (1) involves dissociating a water molecule and
subsequently adsorbing hydrogen onto an active site on the electrode or catalyst surface. Then,
the target product H, is generated via an electrochemical process (Heyrovsky step, 2a) and/or a
chemical process (Tafel step, 2b). Under acidic conditions 3%, the first step is the Volmer step (3),
which produces adsorbed hydrogen (H.qs). Then, HER can proceed via the Heyrovsky step (4a),
the Tafel step (4b), or both to produce H.. At low overpotentials, the HER mechanism follows the
Volmer step, which is then followed by the Heyrovsky and Tafel steps, the latter two occur in
parallel. At high overpotentials, however, the Tafel step becomes insignificant, and the reaction
predominantly proceeds through the Volmer—Heyrovsky pathway % 3%, Electrocatalyst activity
toward HER is strongly influenced by the strength of the Me-H bond, often leading to a “volcano-
type” relationship between the reaction rate (exchange current density) and the Me-H bonding
energy (see Fig. 4) B¢, Figure 4 illustrates the case of pure metals under alkaline (Fig. 4-left) and
acidic (Fig. 4-right) conditions.
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Figure 4. Volcano plots for HER in (left) alkaline solution (reprinted from ref. [37]) and (right) acidic solution (reprinted
from ref. [38]).

It clearly demonstrates that platinum (Pt) metal exhibits the highest HER performance under both
conditions with a Me-H binding energy close to the optimum, allowing for an efficient transition
from reactants through intermediates to products. Metals on the left side of the volcano plots
exhibit weaker Me-H bonds, which limit the adsorption of hydrogen atoms on the available active
sites. For example, Ag and Cu demonstrate poor HER performance in an alkaline environment ¥,
On the other hand, metals on the right form Me-H bonds that are too strong. This hinders the
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formation of H-H bonds and the subsequent desorption of produced H, ®¥. However, the
dependence of HER current density on Me—-H bond strength is not the only factor governing the
efficiency of HER catalysts “°!. Other key factors influencing the catalytic activity include the
position of the d-band center and its interaction with hydrogen “*4'!, Figure 5a shows a typical
density of states for a transition metal in which the broad s-band is half-filled and the d-states
form narrower bands 2. The d-band center plays a crucial role in determining the surface's ability
to adsorb other species. Thus, a shift in the d-band center relative to the Fermi level indicates a
variation in adsorption energy (Fig. 5b). Specifically, the greater the upward shift, the stronger the
binding energy between the metal and the adsorbate (Fig. 5¢) [¥% 4243 Density functional theory
calculations can determine the position of the d-band center, resulting in the prediction of
promising catalysts 344,
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Figure 5. (a) Schematic illustration of density of state of a transition metal, showing the broad s band and the narrow d
bands around the Fermi level (adapted from ref. [42], er is the Fermi level energy and DOS stands for the density of
states). (b) Bond formation at a transition-metal surface (adapted from ref. [45]). (c) The d-band center theory of
adsorbed molecules on the surface of metal catalysts (adapted from ref. [42])

Another important factor contributing to the catalyst is hydrogen interaction in two states of
adsorbed hydrogen: (i) Hupa (underpotential deposition, a strongly adsorbed state) and (ii) Hopa
(overpotential deposition, a weakly adsorbed state). The latter is the more reactive state [332.40.46],

In an acid environment, HER is a relatively straightforward process, consisting of the reduction of
H* to an adsorbed hydrogen atom (H.qs) and the subsequent formation of H, *”%. In neutral/alkaline
medium, the HER requires the dissociation of water molecules (H,O) into a hydroxylion (OH") and
Haas, Which is often considered the rate-limiting step in alkaline HER due to the breaking of a strong
covalent bond (O-H) 8, This results in slower kinetics of HER in neutral/alkaline medium than that
under acidic conditions 3% 4%l Consequently, volcano plots offer a theoretical means of
comparing pure metals using a single descriptor: the Me-H bond strength. However, for more
complicated catalysts, such as metallic oxides, mixed metallic oxides, and alloys, the discussion
becomes significantly more complex.

To study different electrocatalysts, it is important to define performance criteria such as
overpotential at a given current density, Tafel slope, mass activity or current density at a specific
potential, Faradaic efficiency, charge transfer, ECSA, and stability “?. Based on these parameters
and the testing protocol, the studied catalysts can be compared to published materials. Table 1
lists the recently reported electrocatalysts for HER under acidic and alkaline conditions over the
last five years, as well as commercial catalysts, according to activity and stability. It can be
concluded that the development of HER electrocatalysts follows the trend of reducing the loading
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with expensive Pt group metals, for example by using carbon as supports/additives or Pt-free
catalysts. However, poor catalyst stability remains a particular challenge for the long-term, large-
scale implementation of HER and commercialization of water electrolysis for hydrogen
production. This is due to the catalyst dissolution, corrosion, and bubble formations under harsh
conditions such as acidic and alkaline electrolytes, leads to degradation of catalytic activity and
efficiency 4%,

Table 1. Summary of state-of-the-art catalysts for HER including key performance parameters.

Year Working electrode | n Tafel
10 .
Catalyst reported | (WE) - Electrolyte (mV) Zleogg (mV | Stability test Refs.
Commercial catalysts
5000 cycles
C ial 20% PtRu/C 0 - bet: +0. -0.4Vyvs.
ommercial 20% PtRu 2016 GC-0.1 M KOH 3 (between +0.0 and -0.4 Vvs 511
RHE)
Commercial 20% Pt/C 42 - -
Commercial 20% Pt/C 2017 GC-0.5MH,S04 35 30 - 152]
Low- and non- Pt based catalysts
Pt@MG NWs
(Pt on a nano engineered | 2021 GCE - 0.5 M H2S04 48.5 19.8 | atnseo for 500 hours 53]
metallic glass (MG) surface)
NFC@CNSs-700
(Ni-Fe-Co@carbon 2021 GC-RDE - 1.0 MKOH 213 115.1 | at20 mA cm™for 50 hours 1541
nanosheets)
CPF-Fe/Ni
(conjugated phthalocyanine GC-RDE - 1.0 M KOH 42 94.1 | atniofor200 hours
framework (CPF) containing | 2023 155
single atomic Ni/N/C and GC-RDE-0.5MH;S04 | 23 169.5 | atniofor 200 hours
Fe/N/C)
WCU4-EPy
(tungsten-based carbide | 2024 GC-RDE-0.1 M NaOH 45 42 | at5mAcm?for 15 hours 156]
materials)
1000 cycles
PtTe: 2024 GC-RDE - 1.0 M KOH 108 98 | (between -1.0 and 0.5 V vs. | 17
RHE)
Mo-CoOx@MXene-Al
(MXene-Al: Al oxyhydroxide- | 2022 GC-RDE - 1.0 MKOH 150 34 | at 10 mA cm™for 25 hours 158
terminated MXene)
Runps-RuCraps-N-C
(Runes:  Ru nanoparflcles; 2024 GC-RDE - 1.0 M KOH 31 53 at -0.1 V vs. RHE, for 20 591
RuCraps: RuCr atom pairs; N- hours
C: nitrogen-doped carbon)
Pt/H:MoO;@CC
(Pt/hydrogenated MoOs on | 2024 CC-0.5MH;S04 11 58 | atnsofor 12 hours 1601
carbon cloth)
GC-RDE - 1.0 M KOH 35 36.5 | atniofor50 hours
N- Ru/M MCNRy 2024 1e1]
doped Ru/MoC (MCNRy) 0 GC-RDE-05MH,S0, | 44 13.5 | atnofor 50 hours
Mo02.8-Ru@CNT at500 mAcm?formorethan |
(CNT: carbon nanotube) 2025 GC-RDE-0.5MH,S0, 35 48 100 hours

n1o: overpotential at 10 mA cm; GC: glassy carbon; CC: carbon cloth; GC-RDE: glassy carbon rotating disk electrode

1.3.1.2.  Oxygen Evolution Reaction (OER)

Compared to the HER process, which involves two electron transfers, the OER process requires
four electrons to form O-O bonds. This complex four electron process is generally associated with
a higher overpotential than the HER process, and can therefore be considered the bottleneck of
the water splitting process . The general OER mechanisms in alkaline and acidic conditions are
presented below:



Under alkaline conditions 14: Under acidic conditions %

M+ OH™ = MOH + e~

(5) M+ H,0 = MOH+H" +e” (9)
MOH + OH™ = MO + H,0 +e” (6) MOH = MO + H* + e~ (10)
2MO = 2M + 0, (7) MO + H,0 = MOOH + H* + e~ (11)
MO + OH™ = MOOH + e~ (8a) MOOH = M+ 0, + H* +e- (12)
MOOH +0OH™ @M+ 0, +H,0 +e” (8b)

In general, the OER can be described as a four-step process, as presented by reactions 5-8b under
alkaline conditions and reactions 9-12 under acidic conditions. Each step of the reaction
sequence can be influenced by OER catalysts 3%, The first step of the two proposed OER
mechanisms involves the dissociation of H,O in acidic electrolytes or the OH" coordination in
alkaline electrolytes. Under both conditions, M-OH is formed via the one-electron oxidation of
OH- adsorbed on the active site of the catalyst (M). In reactions 6 and 10, M-OH converts to M-O
when a proton and an electron are removed. Then, two different paths of O, formation are
possible. The first path occurs in alkaline media and is described by the transformation of M-O
species that recombine to generate an O, molecule and a free M active site in reaction 7. On the
other hand, the more common process under both conditions is transformation of M-O into M-
OOH through one-electron oxidation in reactions 8a and 11. Finally, M-OOH undergoes a one-
electron transfer process in reactions 8b and 12 to release an O, molecule and recover the initial
active site M. The entire classical OER process contains three adsorbed reaction intermediates,
which are *OH, *O, and *OOH ®¢!,
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Figure 6. (Left) Volcano plot for OER on metal oxides (adapted from ref. [67]). (Right) Transition metal-based
electrocatalysts for OER performance (taken from ref. [68]).

An ideal OER catalyst would have an equal change in Gibbs free reaction energy for each
intermediate at the active site, and the OER reaction would start only slightly above the
equilibrium potential of 1.23 V vs. RHE. However, actual catalysts require significant
overpotentials for OER at reasonable rates !, |t has been observed that both *OH and *OOH have

a single bond between the oxygen atom and the catalyst surface and principally prefer the same
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type of binding site . Therefore, the volcano plot in Figure 6 (left) shows different single
transition-metal oxides with their activity descriptor for the OER being the difference in energies
of MO and MOH (AGwo - AGwmon) V9. The rate-determining step of the OER usually occurs in the
linear scaling relation between the difference in energies of MO and MOOH (AGmoon = AGmon + 3.2
+ 0.2 eV) ", The deviation in the offset 0.2 eV depends on a function of the exchange correlation
functional used in the Density Functional Theory (DFT) calculations or on the class of materials
%4, This scaling relation lays the foundation for constructing an overpotential-dependent volcano
plot for the OER over transition-metal oxides """,

Metallic oxides and oxyhydroxides are the most common OER catalysts in both alkaline and acidic
conditions because they are thermodynamically more stable than other compounds at OER
potential (see Fig. 6, right) ¥ 72 In the volcano plot (see Fig. 6, left), RuO, and IrO, are state-of-
the-art OER catalysts, occupying the highest positions at the top of the volcano plot ®. Under
acidic conditions, iridium (Ir) is the most stable OER catalyst. Meanwhile, ruthenium (Ru) plays an
important role in terms of high activity 4. It’s high electrocatalytic ability toward OER in an acidic
environment of Ru is due to its transition from a low valence state to a stable Ru(lV) state during
OER %, However, the long-term stability, cost, and rarity of Ir significantly impact its
commercialization U®. Therefore, cheaper and more abundant alternatives, such as Co, Ni, and
Fe offer a significant advantage for AWE over the expensive and rare materials used for OER in
PEMWE [2°%:73.771 Their multivalent oxidation states (II/111/1V) are responsible for their excellent OER
activities 8. Particularly, M(IV) containing species have been confirmed as the catalytic sites for
cobalt-based catalysts "®!, whereas M(lll) containing species are active sites for iron and nickel
B Furthermore, mixed oxides of Ni, Co, and Fe (particularly CoFeO,, FeNiO,, and CoFeNiO,)
exhibit exceptional OER performance under alkaline conditions ®". To select appropriate
catalysts for applications, the key electrochemical parameters are to be measured to compare
with those reported for other catalysts. Based on a review of literature, the critical parameter is
the overpotential at a specific current density (preferably at 10 mA cm™). Basically, overpotential
is estimated by the difference in potential compared to the expected OER equilibrium potential of
1.23Vvs. RHE, with a minor difference indicating high catalytic activity. In addition, the Tafel slope
and the mass activity via catalyst loading provide essential information for identifying the catalytic
ability. Finally, stability of the catalyst is also an important aspect. Tables 2 and 3 summarize the
performance of state-of-the-art Co-, Ni-, and Fe-based, as well as Ru- and Ir- based OER
electrocatalysts from the past five years. Although, these candidates are significantly cheaper
than the precious metals (Ru and Ir) used in PEM electrolysis, issues related to the cost of
materials are foreseeable in the future. Thus, a shortage of the rare Co metal can be expected due
to the increasing demand for the Li-ion battery production % and the small number of deposits
831, Further issues are related to the poor environmental footprint of Co and Ni mining 4,
Consequently, reducing the metal content while minimizing performance loss is important for
improving the sustainability of Co-and Ni-based catalysts. The Table 2 also contains two
examples that were developed in this work. A detailed discussion can be found in sections 3.1
and 3.2.

In the case of PEMWE, replacing or reducing Ir with cheaper, non-toxic metals has continuously
been the key challenge in the field of electrochemical materials development as well as for large-
scale PEM water electrolysis®®.



Table 2. Summary of reported catalysts for OER that include Co-, Ni-, and/or Fe oxides.

Year WE n Mass activity Tafel
- 10 o1
Catalyst reported | electrolyte (mV) | at1.56 Vroe Zl;)g:e) (mV | Stability test Refs.
metal-alloy
FessCo22.5Ni22.5 2020 pellets 314 - 36 | at 500 mA cmfor 50 hours 186]
1.0 M NaOH
FeCoNiP@NC cp
(NC: nitrogen-doped | 2020 1M KOH 266 - 36 | at 1.50Vvs. RHE for 25 hours | 7
carbon)
Ni2.5C05C204 2021 ?':4 KOH 330 ~3Ag’ 113 | at 10 mA cmfor 24 hours 188]
(Coo.sNio.1)2B 2021 ?IC‘:’I KOH 371 ~27Ag’ 77 | at 10 mA cm™2for 8 hours 89]
NiO/Co0304 2022 ?S/I-IF({BEI 330 ~43A¢g" 63 | at1.56V vs. RHE for 48 hours 190]
CoFe-LDHo s fiber 2022 ?ISI KOH 267 ~80Ag"’ 56 | at 1.53Vvs. RHE for 30 hours | "
Fe-NiWOQO. 2023 SI:(IE/I KOH 230 ~450A g’ 48 | at1.46 Vvs. RHE for 30 hours 102]
NiCoO2/rGAs Ge
(rGAs: reduced 2024 1M KOH 258 ~70Ag"’ 68 | at1.49Vvs. RHE for 10 hours | 3
graphene aerogels)
MnCo-OO0OH 2024 ?IC‘:/I KOH 250 - 99 | at1.60Vvs. RHE for 12 hours | ®4
CoNiFe (2:2:1)/M GC-RDE in AWE test: 10 Mgcatayst cM>;
(this work see 2024 1 MKOH 291 ~343A¢g" 32 | aton-off 400 mA cmfor 75 1991
section 3.1) hours
] Ni-plate . B in AWE test: 3.5 Mgcatayst CM%; | (o)
Coo.17Fe0.25Nio.s8 2025 1 MKOH 250 40A g 49 at 1000 mA cm- for 24 hours
CosFesMoO 2025 ?IF\’/I KOH 245 - 92 | at 10 mA cm™for 35 days 1971
E-z:FosF-j—Silici do) 2025 ?ﬁ'ﬁgﬁ 291 ~49A g’ 65 | 1000 cycles (1.1 and 1.9 Vrpe) | ©8
M-Fe-C0s04 2025 :"ljlolfcr)“H 297 ~7Ag 74 | at1.55 Vo for 12 hours [99]
60MO/CM i in AWE test: 5 Mgcatayst CM2;
(this work see 2025 ?I(‘;’I-Egli 297 3710 A.g 35 | aton-off 400 mAcm?2for110 | "%
section 3.2) ConiFe hours
LDH: layered double hydroxide; GP: graphite plate; CP: carbon paper; CC: carbon cloth; MWCNT: multi-walled carbon
nanotubes; GC-RDE: glassy carbon rotating disk electrode
Table 3. Summary of reported catalysts for OER that include Ru-, and Ir-catalysts.
Year N1o Mass activity Tafel slope .
Catalyst reported WE-Electrolyte (mV) at 1.5 Ve (MV dec”) Stability test Refs.
Commercial IrO2 GC-RDE ) ) [101]
(Alfa Aesar) 2022 0.5 M H,SO0.4 390 e6
Ceo.2-IrO.@NPC cp
(NPC: N-doped 2020 0.5M H,SO 224 ~188A g’ 56 | at 10 mAcm™2for 100 hours | 1'%
porous carbon) ) 2o
S-doped M-SrirO; 2021 OG(;M H,S0 228 ~27 A g’y 58 | at 10 mA cm™for 20 hours rnos]
. 2 4
Cu-Ru02-300 2022 8;(5: M H.SO 201 ~128A g’ 55 | at 10 mA cm™for 24 hours [104]
. 2 4
GC-RDE N 4 in PEMWE test: 0.4 mgrcm™ | 445
SrCalrOs 2022 0.1 MHCLO, 250 390 AL 33 2 at 2 A cmfor 450 hours.
GC-RDE in PEMWE test: ~3.1 mgcm®
Ni-RuO2 2023 0.1 MHCIO 214 ~260A g’ 43 | ?;at0.2 Acm™?for 1000 [108]
’ ¢ hours.
ZnNiColrMn 2023 g?l\Fj?-IEClO 237 611Ag", 46 | at10 mAcm?for 100 hours | 07
. 4
) » in PEMWE test: ~2.0 mg cm”
Nbo.1RU0.sO2 2023 85(5: S?ﬁs o 204 (at1 15 155““ ) 48 | %at0.3Acm™for 100 (o8
. 2 4 B RDE, hOUrS.
Moo.15-RuO2 2024 Sgﬁlfso 147 ~700A g’ 38 | at 10 mAcmfor 20 hours [1o9]
. 2 4
GC-RDE " 1 in PEMWE test: ~0.1 mgecm’ | (11
m-Iro.91RU0.0902-5 2024 0.5 M H,S04 180 380A¢g 50 2 4t 1.8 V for 256 hours,
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AU-RDE in PEMWE test: 0.37 mgiru
- ~ . 2. 2 [111]
IrRuO«/MnOx 2025 0.05 M HaSO4 256 633 A g 'Rurr 62 rC]:)nur,sa't 2Acm™for 150

GC: glassy carbon; CP: carbon paper; GC-RDE: glassy carbon rotating disk electrode.

1.3.1.3.  Anion Exchange Membrane Water Electrolysis (AEMWE)

AEMWE is the most recent low-temperature water electrolysis technology, driven primarily by the
development of sufficiently stable alkaline membranes in recent years ["'2, AEM electrolysis is
receiving more attention due to its potential to lower the cell voltage through a zero-gap design
and resulting smaller interelectrode distance than AWE ?® 77°!, In an AEM electrolyzer, the anode
and cathode are separated by the anion exchange membrane that allows anion (OH") transport
(see Fig. 3). The reaction occurs in the same fashion as in an AWE:

(HER) 4H,0 + 4e~ = 2H, + 40H~ (13) (OER) 40H™ = H,0 + 20, + 4e™ (14)

Unlike AWE, AEM water electrolysis enables a low concentration of OH" in the electrolyte by using
diluted KOH, K,COs/KHCOs or deionized water /7%, Additionally, a stable membrane with high
ionic conductivity, catalysts, and ionomers, as well as operating temperature are essential ', In
the following, critical components of AEM systems, such as HER/OER catalysts and the
membrane will be discussed (also listed in Table 4).

Table 4. Comparison of the main characteristics of alkaline, PEM and AEM water electrolysis (taken from ref. [77b]).

AWE PEMWE AEM
clectiobye Aaueous KOH (20-40wisg) | 150 Sxchange onomer. | Anlon exhano fonomer (.. A5-4)+
Cathode Ni, Ni-Mo alloys Pt, Pt-Pd Ni and Ni alloys
Anode Ni, Ni-Co alloys RuOg, IrO2 Ni, Fe, Co oxides
Half-cell separation Diaphragm (Zirfon Perl 500 pm) | Nafion 117 (e.g. 180 pm) AEM (20-100 pm)
Current density (Acm™) 0.2-0.4 0.6-2.0 0.2-1.0
Cell voltage (V) 1.8-2.4 1.8-2.2 1.8-2.2
Cell area (m?) <4 <3 Lab testing cells
8g)erating temperature 60-80 50-80 50-60
Operating pressure (bar) 1-30 30-76 1-30
Production rate (Nm®h™") | <760 <40 <1
Gas purity (vol%) >99.5 >99.9999 >99.99
System response Seconds Milliseconds
Stack lifetime (h) 60k to 100k 20-60k
Technology status Mature Commercial R&D

The HER and OER mechanism in AEM water electrolysis are closely related to these in AWE, as
described in Figure 3. Therefore, this chapter will discuss recent electrocatalysts for HER and OER
under alkaline conditions in AEMWE. Regarding HER electrocatalysts, Ni-based catalysts are
state-of-the-art materials that used as alternatives to Pt-based cathodic catalysts. However, they
have significantly inferior activity compared to Pt-based catalysts "', The activity and stability of
Ni alone are relatively poor, therefore, combining Ni with other transition metals (e.g., Cu, Mo, and
Co), oxides, or sulfides, selenides, nitrides or phosphides has been identified as a promising
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strategy to improve performance !""®l. Nevertheless, using a Pt-free cathode in commercial AEM
designs is a viable option, despite the fact that some remarkably high active and stable catalysts
have been reported in half-cell systems /7", In other words, the achieved saving in energy
consumption must be carefully considered in the context of the high price of Pt.

Similar to applications in HER, Ni-based catalysts are widely used for OER in AEM electrolysis """
114,118 Recent research has shown that Ni-Fe catalysts are more active than pure Ni catalysts [''7,
Furthermore, Co-based catalysts exhibit high activity and stability when used anodic materials in
AEM 8 As previously discussed, Fe is useful for enhancing catalytic activity toward O, evolution.
The mechanistic details and active species have been heavily discussed in recent years 9,
NiCoO,-based catalysts demonstrate excellent performance and stability in AEM electrolysis '2%,
In conclusion, Ni, Co, and Fe-based OER catalysts remain state-of-the-art for AEM water splitting.
Optimizing catalyst loadings and the catalyst/ionomer ratio is essential to improving cell
performance.

Another crucial components of an AEM electrolyzer are the anion exchange membrane and the
ionomer !, They are typically created with a polymer backbone to which cationic groups are
anchored, allowing anions to selectively pass through the pores'?', These anion exchange groups
commonly comprise quaternary ammonium salts connected to polymeric backbones, such as
polystyrene, polysulfone, poly(ether sulfone), or poly(phenylene oxide), via benzylic methylene
groups '?", However, the main limiting factor of anion exchange materials is their instability at high
pH and temperature, which significantly affects the long-term stability of AEM electrolyzer
systems and operational temperature limits ['*2. Consequently, significant research efforts have
focused on developing advanced anion exchange materials that provide enhanced thermal and
chemical stability in alkaline environments for electrochemical applications 77°,

1.3.1.4. Advantages/Disadvantages of Low-Temperature Water Electrolysis
Technologies

Table 5 summarizes the advantages and disadvantages of the different low-temperature water
electrolysis technologies. The main advantage of AWE is that noble metals are not required as
catalysts. Abundant non-noble transition metals, such as Ni, Co, and Fe, are widely used as
benchmark materials in AWE. This is beneficial for minimizing operating costs and ensuring long-
term operational stability. However, the quality of H, production from AWE is lower than that from
PEMWE due to gas crossover through the ceramic membrane. Low current densities, efficiency,
and operational pressure are the main drawbacks of AWE 2281, PEMWE can achieve high energy
efficiency in producing H, thanks to its ability to operate at high current densities '?%. Its compact
design, high H, purity, and ability to operate at high pressure are advantageous for industrial
applications. However, the strongly acidic environment is corrosive and limits the durability of
PEMWE. This requires the use of durable materials for the electrocatalysts, especially the anodic
catalysts, which are made of platinum and iridium ['*], Other important components of PEMWE
are per- and polyfluoroalkyl substances (PFAS), which are found in the membranes and ionomers
that enable proton conductivity and reactant separation ['*), However, these PFAS compounds
are not easily degraded in nature and therefore pose a high risk to the environment and to human
health '] In the coming years, these fluorinated chemicals will increasingly be banned in further
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areas of life. Alongside the problem of iridium scarcity, developing novel, fluorine-free membranes
for PEMWE are therefore one of the challenges for long-term use. Consequently, the use of
PEMWE incurs high capital costs due to the use of iridium, and its future is uncertain due to the
rapid depletion of this resource ©® and impending PFAS bans ['*, Without further research and
development, the cost of this technology may be expected to rise significantly in the future,
making it unprofitable for producing green hydrogen.

Therefore, AEMWE was developed to combine the advantages of AWE and PEMWE technologies.
Investment costs for materials are lower than for PEMWE, because AEMWE uses non-noble metal
catalysts and cheaper anion exchange membrane ', Moreover, AEM electrolysis is highly
efficient, enabling operating with less corrosive electrolytes and minimizing salt loading.
However, AEMWE currently faces two main challenges: fast degradation of the anion exchange
membrane and system optimization "2, In conclusion, low-temperature water electrolysis is the
primary technology for producing green hydrogen, and developing electrocatalysts remains a
critical factor in optimizing the water electrolysis process '3,

Table 5. Advantages and disadvantages of different low-temperature water electrolysis technologies ['13 130,

AWE PEMWE AEMWE
Advantages v' Low capital costs due to the v" Compact design v' Compact cell design
use of non-noble metals as v"  Fastresponse and start-up v' High efficiency
electrocatalysts v" Dynamic operation v" Low costs
v" Long-term operational v" High purity of Hz production v" Non-noble metal
stability v" High current density catalysts
v' Large-scale (MW stacks) v' High efficiency v' Weak corrosive
v' Mature technology electrolyte
v" High operating pressure
Disadvantages x Crossover of gases x High costs of PEMs and noble x Limited stability
x Low current densities metals as electrocatalysts x Under development
x  Low efficiency x  Strong acidic corrosion x  Membrane degradation
x Low operational pressure environment
x Inferior production rate x Limited durability

1.3.2. High-Temperature Water Electrolysis

High-temperature water electrolysis is based on the solid oxide water electrolysis (SOWE)
technology, which is considered as a promising approach to high efficient hydrogen production
31 Solid oxide is used as an electrolyte, similar to that in the solid oxide fuel cell technology ['%2.
SOWE generally operates at high temperatures (700 - 1000 °C) and pressures. During the process,
water steam is consumed and generates hydrogen and oxygen "% 132°], As described in Figure 3,
two water molecules receive four electrons at the cathode, forming two moles of hydrogen gas in
the gas phase and releasing two moles of O%ions. The H, product can then be eliminated from
the cathode surface while the remaining O% ions are transferred through the membrane to the
anode chamber. At the anode, two moles of O% are discharged to produce one mol of oxygen gas
(O2).

A solid oxide water electrolysis cell includes three main components: two porous electrodes
(anode and cathode) and a dense ceramic electrolyte capable of conducting oxide ions (e.g., 0%)
28], The most commonly used electrolyte is Yttrium-stabilized zirconia (YSZ), which contains 8
mol% of Yttrium as dopant in a dense zirconium dioxide (ZrO,) ['*3, It functions as a dense ionic
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conductor allowing O* to transport ['32°, The YSZ electrolyte exhibits long stability and excellent
performance at higher temperatures (700-850 °C), as well as high ionic conductivity (1072-107"'S
cm™) ¥, The most advanced cathode material currently is Ni-YSZ, a nickel-YSZ cermet that
combines high ion conductivity with the advantages of a non-noble metal catalyst 2% 3%, The most
widely used anode catalysts are perovskite materials, e.g., LSCF (Lao.5sSr0.4C00.2F€0.50s-5) and LSM
(La1-Sry)1-,Mn03-5 ['*1. SOWE technology is advantageous due to its high energy efficiency when
operating at higher temperatures with non-noble metal electrocatalysts ''®l. However, achieving
long-term stability with this technique remains a significant challenge ['"*l. Presently studied
approaches to achieving better stability comprise tuning of existing electrode materials or
replacing them with new perovskite materials. Moreover, improved durability can be achieved by
increasing the electrolyte conductivity and optimizing of chemical and mechanical stability.

1.4. Electrochemical Reduction of CO-

In addition to advancing green hydrogen production technologies to support the net-zero carbon
goal, methods are being developed to convert CO, into valuable industrial products, such as C;,
products (CH4, CO, HCOOH, and CH3;0OH), as well as C,. products (C,H,, C,H,4, and EtOH), is an
increasingly important approach "*®, There are three major strategies to reduce CO; to other
chemicals: thermochemical, photochemical, and electrochemical pathways (see Fig. 7). The
selection of catalysts and process parameters significantly affect the effectiveness of CO,
reduction "%,
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Figure 7. Different methods employed for the CO2 reduction to various products (taken from ref. [135]).

Of the three methods mentioned above, electrochemical reduction of CO, (eCO,RR) is the most
promising due to its ability to operate at room temperature and pressure in an aqueous
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electrolyte, its high product selectivity, its high operating flexibility, and its use of inexpensive
energy input ["*¢, However, low CO; solubility, limited mass transfer, poor catalyst stability, and
commercialization remain challenging issues that need improvement for this method "*¢4, |n a
CO; cell, CO, is typically reduced to various products at the cathode via CO, electrochemical
reduction (eCO2RR), while H,0 is oxidized at the anode via the oxygen evolution reaction (OER),
as shown in the following reaction equations !'*¢<:

Cathode: xC0, + nH* + ne~ = products + yH,0 (13)
2H" +2e~=H, (14)
Anode: 2H,0 = 0, + 4H* + 4e~ (E®? = 1.23 V vs.RHE) (15)

The OER principally involves multiple reaction steps, as discussed previously in the water
electrolysis section. In the case of eCO,RR at the cathode, more than ten possible reaction steps
can occur, depending on factors such as the catalysts used, the applied potential, and the
products formed as reported in the literature '*”). Additionally, the hydrogen evolution reaction
(HER) generates H,, which is a concurrent side reaction. This section provides an overview of the
principle of the electrochemical CO, reduction reaction and of electrocatalysts for converting CO,
to C,. products.

1.4.1. Comparison between Homogeneous and Heterogeneous Catalysis

Th eCO2RR process has been developed in parallel in the fields of homogeneous and
heterogeneous electrocatalysis. In the homogeneous case, the catalyst acts as a redox shuttle
between the electrode and CO,, replacing direct electron transfer with homogeneous electron
transfer in solution - a process commonly referred to as indirect electrolysis (see Fig. 8 left) ['%8],
Homogeneous catalysts are typically well-defined structures comprising a metal center and
organic ligands "*, According to the literature, noble metals such as Ru, Ir, Rh, and Os
demonstrate outstanding catalytic performance %%, However, complexes of transition metals
(Co, Ni, Fe, Cu, and Mn) have emerged as a promising alternative to noble metals for the

homogeneous electrochemical CO, reduction "4,
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Figure 8. Electrochemical CO- reduction via homogeneous (left) and heterogeneous (right) catalysis (taken from ref.
[138]).

In heterogeneous eCO,RR catalysis (see Fig. 8 right), the reaction can be summarized in three
steps: (1) CO, from the electrolyte chemisorbs onto the active surface of the electrocatalyst, (2)
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electrons transfer to break C-O bonds or form C-H bonds, and (3) the products desorb from the
cathodic surface "*°1. With a suitable catalyst, CO,RR can begin at a low overpotential. On the
electrode surface, CO,.q reacts to form products through different pathways, depending on the
number of electron transfers ['*2, The intermediates formed in these steps include *COOH,
*OCOH, *CO, and *COH "2, Understanding the formation of these intermediates is key to the
rational designing and tuning of active sites for the development of electrocatalysts for e CO,RR.
Recently, eCO.RR has been found to be sufficiently effective selective for preparing value-added
multi-carbon products, such as ethylene (C;H.), ethanol (C,HsOH), and n-propanol (n-CsH;OH),
which are of particular interest to the chemicalindustry '*®, Among the various types of materials,
copper-based catalysts demonstrate great potential for converting CO, to C,. products ",
However, Cu-based catalysts still suffer from many drawbacks, including high overpotential, poor
selectivity, and poor stability, which limits their practical application ['*%, Therefore, the
development of advanced Cu-based catalysts with superior CO2RR performance for C,. products
is of pivotal importance (vide infra) 49,

1.4.2. Copper-Based Electrocatalysts for CO,RR

Metallic copper catalysts face challenges including low selectivity due to various active sites, as
well as poor stability due to surface restructuring under catalytic condition ¥\, A particular
challenge is the HER as a process that competes with eCO,RR. It has been reported that the
selectivity toward desired products can be improved by incorporating a second metal ['“®!, The
class of single-atom catalysts (SACs) is another heterogeneous system which offer advantages
like outstanding performance with high efficiency and selectivity '*?). However, the limited number
of active sites can be a major problem for reactions requiring high catalytic site density ['°%,
Moreover, SACs also face stability issues, thus single atoms usually tend to migrate on the surface
to form aggregates, leading to cluster or nanoparticle formation 150151,

Molecular catalysts with well-defined active sites offer a promising opportunity for
electrocatalytic applications for eCO,RR ['*2, First, the enable a precise structural tuning through
the choice of appropriate ligands. Second, with stable and well-defined active sites, mechanistic
studies and established structure-activity relationships are facilitated ['*® %2, Consequently, well-
defined molecular Cu catalysts are promising electrocatalysts for both homogeneous and
heterogeneous eCO,RR approaches, the latter requiring heterogenization (attachment to the
electrode surface) 1'*3. The C-C coupling step has been identified as crucial for generating C,.
products, which often depends on the proximity of Cu sites ['*. Interestingly, it has been
demonstrated that establishing the correct Cu---Cu distance is essential for C-C coupling
generation '3 1581 Nevertheless, the electronic conductivity, (reduced) surface Cu density, mass
transfer between molecular units, and structural stability of molecular Cu electrocatalysts still
require improvement [147: 1581,

Cu-based metal-organic frameworks (MOFs), which show various advantages such as well-
defined active centers, high active surface areas, and high intensity of active sites with uniform
Cu---Cu distance, have been explored as high-potential catalysts for converting CO, to Co.
products '8, However, similar to molecular catalysts, many MOF materials show poor
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conductivity, which limits their ability to facilitate electron transfer during the electrochemical
CO, reduction reaction 1'%,

In conclusion, both molecular catalysts and MOF-derived catalysts exhibit well-defined active
sites and a C-C coupling process at the atomic level. However, major challenges related to
stability need to be addressed. Consequently, this work focusses on developing molecular Cu
catalysts that are capable of efficient C-C coupling between adsorbed CO, reduction
intermediates and on improving the catalyst stability for practical applications.

1.5. Electroanalytical Methods and Test Cells Applied to Study OER and eCO2RR Processes

1.5.1. Electroanalytical Methods

As shown in Figure 9, a variety of electroanalytical methods is available to study electrochemical
phenomena under different conditions. Electrochemical methods are also powerful tools for
studying the activity and durability of catalysts in specific reactions, such as HER, ORR, HOR,
OER, and eCO,RR 58],
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Figure 9. Overview of relevant electroanalytical methods ['%8],

Electroanalytical methods can be categorized into two main groups depending on whether the
focus is on the interfacial processes or the electrolyte properties (see Fig. 9). Interfacial
electrochemical methods analyze phenomena occurring at the interface between an electrode
and an electrolyte. This is important for studying the electrochemical processes such as electron
transfer, adsorption, and chemical steps on or close to the electrode surface '*%, The interfacial
methods can be further classified as static or dynamic, depending on whether a current is passed
through the electrochemical cell. Static methods include potentiometry, which measures
potential without current flow and maintains a stable interface '%%. In contrast, dynamic methods
enable the study of the electrode-electrolyte interface during the conversion of substances by
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passing a current "%l Dynamic methods are crucial for understanding and characterizing
various electrochemical processes, such as energy storage, corrosion, and catalysis "®'l. This
section will discuss selected methods that were used to study the heterogeneous OER and
eCO,RR processes (chapter 3), namely linear sweep voltammetry (LSV), electrochemical
impedance spectroscopy (EIS), and galvanostatic potentiometry.

1.5.1.1.  Linear-Sweep Voltammetry

A standard electrode reaction consists of three typical steps: (1) mass transport of reactants to
the electrode surface, (2) a redox reaction at the electrode surface, and (3) the mass transport of
products away from the electrode surface. Voltammetry is a microanalysis technique, so only a
negligible part of the analyte species in the solution is modified by the process occurring at the
electrode. Voltammetry can be categorized into two broad classifications: stationary electrode
voltammetry and forced convection voltammetry. Stationary electrode voltammetry is a
technique which is carried out in a resting solution and in which the working electrode (WE) is not
exposed to any forced convection. This approach stands in contrast to forced convection
voltammetry, wherein the electrode or solution is instationary (e.g., rotated electrodes or stirred
solutions) to enhance mass transport. The discussion will encompass both techniques.

Firstly, in stationary electrode voltammetry, it is assumed that the transfer of the analyte species
proceeds only via diffusion, since the analyte solution is quite (unstirred) and the supporting
electrolyte concentration is high compared to the analyte concentration. The latter ensures that
ion migration contributes only in a negligible way to transport of charged analytes/intermediates
1182 inear sweep voltammetry (LSV) is a common voltammetry technique used to study the
dynamic behavior and kinetics of electrochemical systems %2, In LSV, the potential of the working
electrode isramped from aninitial potential to a final potential at a sweep rate, resulting in current
responses. That allows to study the redox potential, diffusion of the analyte, as well as coupled
chemical steps "2, Under certain preconditions, quantitative information on kinetics and
thermodynamics of electrochemical processes can then be obtained. If the potential changes
linearly in only one direction (anodic — to higher potentials; cathodic - to lower potentials), the
resulting i(E) profiles represent a linear sweep voltammogram (LSV) ['®3l, This result can be used to
characterize the performance of electrocatalysts and the rate of the reaction. Such performance
criteria include the overpotential at a given current density, the Tafel slope, as well as the mass
activity or the current density at a specific potential. The LSV current is mainly governed by the
Butler-Volmer Equation (Eq. 16, kinetic control) ['* and the Cottrell Equation (Eq. 17, diffusion
control) %%

JE) = jo - [e%(E—Eeq) _ e_(l—R(J;?nF(E_Eeq)] (16)
Where:
J(E) is the total current density E®%is the equilibrium potential
jois the exchange current density E-E*9is the overpotential
ais the transfer coefficient (0<a<1) Ris the gas constant
Fis the Faraday constant Tis the absolute temperature
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Where:

j(t) is the total current density

nis the number of electrons (to reduce/oxidize one molecule of analyte s)
Fis the Faraday constant

Ds is the diffusion coefficient for analyte s

cs s initial concentration of the reducible analyte s

Ais the area of the (planar) electrode

tis the time

Onthe other hand, the use of LSV can be considered for forced convection voltammetry, in which
convection is the principal mode of mass transport to control the diffusion layer thickness near
the electrode and the fast achievement of a steady state at the electrode. This way the depletion
of the analyte concentration at the electrode changes with current flow is controlled ¢,
Compared to migration or diffusion, convection is the most efficient form of mass transport,
dominating in forced-convection voltammetry [, Convection is defined as the movement of a
solution relative to an electrode, which results in efficient mass transport. In this context, there
are two extremes that rely on convection: (1) an electrode moving through an otherwise still
solution and (2) a solution moving past a stationary electrode !"*®!. These two scenarios are also
referred to as hydrodynamic electrodes. It should be noted that despite strong convection, mass
transfer through the boundary layer is still limited by diffusion.

One of the most commonly employed hydrodynamic electrodes is the rotating disc electrode
(RDE) %71, The basis of any RDE analysis is the three-electrode voltammetry cell, which consists
of an RDE as the working electrode (WE), a counter electrode (CE), and a reference electrode (RE).
During measurement, the RDE is immersed in the analyte solution, which moves radially over the
disc's surface as it rotates ['*¢'¢7], Rotating the electrode at a controlled speed during the reaction
ensures well-defined diffusion and convection profiles. The RDE voltammetry current consists of
kinetic contribution (i) and a diffusion-controlled current (i;m), follows the Koutecky-Levich
equation (Eqg. 18):

1 1 1 1 1

T=—+—=—+ 18
Lol lym Lk 0.62nFA-DS3/2-a)1/2-v‘1/6-c§ (18)

Where:

iis the total current

ixis the kinetic current

iim is the limiting current

n is the number of electrons (to reduce/oxidize one molecule of analyte s)
Fis the Faraday constant

Ds is the diffusion coefficient for analyte s

cs s initial concentration of the reducible analyte s
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Ais the area of the (planar) electrode
w is the rotation frequency of the electrode

vis the solution viscosity

According to the Koutecky-Levich equation (Eq. 18), the limiting current at an RDE is directly
proportional to the analyte concentration and square root of the rotation frequency (w) %8
Additionally, the LSV measurements using an RDE enable the accurate estimation of kinetic
currents, which allows to estimate the Tafel slope and the exchange current density (given by the
Butler-Volmer equation (Eq.16)). Furthermore, the RDE is useful for analyzing reactions involving
strong gas evolution (e.g., OER or HER), as the rotation facilitates removal of gas bubbles from the
working electrode surface ['®9, On the other hand, the group of convection-based systems also
comprises fixed electrodes with a moving solution (e.g. flow cells and channel electrodes) [,

1.5.1.2. Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is another important method for studying
electrocatalysts, wherein the response of an electrochemical system to a small-amplitude
sinusoidal perturbation of the working electrode potential is measured. Since the individual
processes such as charging of the electrochemical double layer, (pore) diffusion, electron
transfer, and chemical steps occur on different timescales, the contributions to the overall cell
resistance can be resolved and quantified by systematical variation of the alternating voltage
frequency. EIS can therefore provide insights both into interfacial and bulk properties, as well as
reaction mechanisms ['7%,

(a) (b)
3
c
S
Cy 5
|1 £
I s
2
— AN E
——o
Rs
Real Impeda;ce
Ret

Figure 10. (a) A simplified equivalent electrical circuit of a half-cell. (b) Impedance Nyquist plot corresponds to the
circuit (a).

Figure 10a describes a simplified equivalent electrical circuit of an electrolytic half-cell which
consists of an electrolyte resistance between RE and WE (R;) in series with parallel combination
of the double-layer capacitance (Cq) and an impedance of a Faradaic reaction (incl. a charge
transfer resistance (Rc) in series with a diffusion impedance (W, Warburgimpedance)) """, In most
practical cases, the transfer functions obtained in EIS measurements do not strictly follow the
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expected theoretical patterns but rather show definite distortions. Therefore, a constant phase
element (CPE) is often used to replace Cq 2. In circumstances where charge transfer is
challenging (low overpotential), R.: exerts a regulatory influence over the impedance of the
Faradaic reaction. Conversely, W controls the Faradaic reaction when charge transfer is facile
(high overpotential). EIS measurements produce so-called Nyquist (see in Fig. 10b) or Bode plots,
which are used to obtain information about resistance and capacitance (fundamental electrical
properties), as well as reaction rates, diffusion, and charge transfer processes "3 This
measurement is usually performed at open-circuit potential (OCP) to obtain preliminary
information about the properties of the electrocatalyst.

Charge transfer resistance (R.:), often referred to as polarization resistance (R,) in the literature, is
a pivotal parameter in electrochemical systems, denoting the resistance to the transfer of charge
across the interface between an electrode and an electrolyte. This phenomenon reflects the
kinetics of electron transfer reactions and plays a significant role in determining the overall
efficiency of electrochemical processes. In the context of electrocatalysis, it directly impacts the
rate that chemical reactions occur on the electrode surface. Lower R.: values are generally
indicative of faster electron transfer rates, which can enhance the performance of a catalytic
system. This is particularly critical in studies of electrocatalytic OER and eCO,RR processes. In
this work, EIS measurements were carried out at different potentials, i.e., at OCP, at the current
onset and during OER or eCO,RR ', A detailed discussion of this relatively complex method is
beyond the scope of this thesis and can be found elsewhere ['71 173,

1.5.1.3. Galvanostatic Potentiometry

Galvanostatic potentiometry is an electrochemical technique in which a constant current
(galvanostatic) is applied to an electrochemical cell and the resulting potential (potentiometry) is
measured over time. It is sometimes also referred to as chronopotentiometry, in which it is
essentially measured how the potential changes when a fixed current is applied. This method is
used to study electrode processes, reaction mechanisms, and the kinetics of electrochemical
reactions. In this study, this method is used to evaluate the stability of electrocatalysts for OER
and eCO,RR processes. Increases in the potential can indicate degradation, other instability
issues with the material or system being tested, as well as bubble accumulation on the surface
78 The applied current density is a critical parameter, since it influences the rate of
electrochemical reactions and potential changes.

In conclusion, applying electrochemical methods to study the properties of reactions and
electrode materials is essential to electrochemical research and electrocatalyst development. In
addition to selecting the appropriate electrochemical analysis methods, the analysis of the
electrocatalyst performance on the device level has also a great significance and is usually
achieved under practically relevant conditions, i.e., continuous operation in a flow cell with two-
electrode configuration under galvanostatic control.
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1.5.2. Electrochemical Test Cells from Laboratory to Industrial Application

In general, a standard electrochemical cell encompasses electrodes (cathode, anode), and an
electrolyte. Depending on the research goal, a reference electrode and a porous membrane may
need to be introduced, and the electrochemical cell may need to be modified to adapt the
reaction conditions. In order to apply potentials or currents to the system, a potentiostat is
required. This section discusses the advantages and disadvantages of the electrochemical cells
commonly used to study OER and eCO2RR processes.

WE RDE-WE RE
(containing (containing (ifneeded)
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RE CE RE CE (containing
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Figure 11. Schematic illustration of different types of test cells for studying OER and eCO:zRR processes.

Figure 11 illustrates typical electrochemical cells used in the OER and eCO,RR processes from
the laboratory to industrial scales. The first standard electrochemical undivided cell for
fundamental research is a simple cell comprising a working electrode (WE, which typically
contains the catalyst being studied), a counter electrode (CE), and a reference electrode (RE). The
RE enables precise control and measurement of the WE's potential, which is crucial for many
electrochemical techniques. Moreover, the three-electrode configuration is commonly used in
fundamental studies of electrochemical processes and in screening electrode materials "7,
However, the RE must have stable and reliable voltage, and be non-polarizable, particularly during
long-term studies ['78,

An undivided cell with a rotating disc electrode (RDE) is considered superior to the WE in the first
cell for strong gas evolution reactions (e.g., HER, OER) since rotation at a controlled speed during
the reaction ensures well-defined diffusion and convection profiles, enabling accurate kinetic
currents and estimation of the exchange current densities (jo) ['?\. Furthermore, reproducible
measurements can be obtained when the RDE setup conditions are well controlled, which is
effective for studying electrocatalyst activity '®. However, the small electrode surface area of an
RDE may not be suitable for long-term experiments especially when quantification of product is
desired, since only small conversions can be achieved. Furthermore, the gaseous products may
form bubbles that adhere to the surface, blocking the material’s pores and obscuring the actual
activity of the catalyst ['7¢,

When carrying out experiments with significant conversion of reactant (“bulk electrolysis”),
undivided cells face the challenge that products from one electrode can react with reactants or
products of the other as well as at the other electrode, which can potentially interfere with the
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desired reaction"®", The divided cell design separates the working electrode (WE) and the counter
electrode (CE) into two chambers, which are divided by a separator such as a porous membrane
or a diaphragm "8, The reference electrode can be installed in the same chamber as the working
electrode. While this design facilitates the identification and quantification of reaction products,
supporting electrolyte ions pass through the separator, potentially along with reactants/products,
leading to cross-contamination '®3, The H-type cell is the most common type of divided cell used
for laboratory-scale HER/OER testing and eCO3RR studies ['®3, However, the main drawback of
the H-type batch cellis that reactant concentrations decrease over time (instationary operation).

A membrane electrode assembly (MEA) flow electrochemical cell is a device in which the
electrodes are separated by a membrane and the reactants flow continuously through this cell.
MEA designs, particularly those with zero-gap configurations, can achieve high current densities
and improve overall performance ', By eliminating the need for a bulk electrolyte between the
electrodes, MEA’s designs can minimize Ohmic losses. The flow field design of a MEA cell allows
for the efficient delivery of reactants and the removal of products, thereby optimizing reaction
conditions. Implementing a new catalyst into a MEA flow cell is an important step toward
industrialization.

An industrial-size stack is a modular unit consisting of multiple individual MEAs connected in
series with respect to the electric current and in parallel with respect to the electrolyte flow, to
achieve higher efficiency, particularly for green hydrogen production ['®! and CO, reduction %,
However, high efficiency, long stability, high scalability, and cost-effectiveness remain major
challenges for industrial applications '"®”). To achieve these goals, it is necessary to focus on
developing highly active, robust, and cost-effective electrocatalysts as well as other cell
components.
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2. Objectives of PhD Work

The development of highly active, stable, and affordable electrocatalysts is one of the key factors
in improving the efficiency of small molecule conversion processes. This thesis focuses
specifically on the water oxidation reaction and the CO, reduction reaction, with the three major
objectives discussed in the following.

1. Producing green hydrogen through water electrolysis using electricity generated from
renewable sources is a promising step toward achieving future net-zero carbon goals.
Although hydrogen is the product of interest, the OER is the bottleneck of water splitting
process. Hence, developing highly active and stable OER electrocatalysts is one of the keys
to further improve the overall efficiency of water electrolysis. Rather than using noble metals
such as Ir, and Ru as electrocatalysts for OER in PEMWE, earth-abundant alternatives such
as Co, Ni, Fe, and Mn can be used as anodic electrocatalysts in AWE. Mixed oxides of Co, Ni,
and Fe have emerged as promising candidates for OER have been studied over the past
decade. Thermal treatment is a crucial step in synthesizing metal oxide catalysts and
significantly influences their structure, composition, and catalytic activity. Controlling the
atmosphere during treatment, allows the presence of defects, such as oxygen vacancies, to
be easily tailored, thereby enhancing further catalytic activity. Based on the state of the art
briefly outlined here and discussed in detail in section 1, three specific objectives can be
derived for studies on CoNiFeOx-based OER electrocatalysts:

i Investigating the molar ratio of Co : Ni : Fe to optimize a well-balanced ratio in
CoNiFeOy
ii. Studying the impact of the thermal treatment conditions on the intrinsic
properties affecting the OER by:
- Using electroanalytical methods (e.g., LSV, EIS, chronopotentiometry, CV) under
RDE conditions
- Analyzing the structural properties of catalysts by XRD, XPS, XAS, SEM, EDX, STEM,
EELS, and BET of material before and after electrolysis
iii. Evaluating activity and stability of catalysts under MEA conditions to facilitate the
practical applications

2. Although CoNiFe oxides are significantly cheaper than the noble metals used in PEMWE, the
limited availability of Co and the exceptionally poor environmental impact of Co and Ni
mining remain challenges to scale up AEM water electrolysis capacities. Consequently,
reducing the metal content while minimizing performance loss is a worthy goal for further
improving the CoNiFeOy system. A further major objective is therefore to explore the use of
Vulcan XC-72R carbon black (VC) as additive, which offers various advantages (e.g., excellent
conductivity, high purity and porosity, and low cost) and may serve to “dilute” CoNiFeOx while
maintaining its catalytic performance. In this context, it is also necessary to investigate how
the carbon’s hydrophobic properties can be influenced and how the carbon additive should
be added to the trimetallic oxide catalyst. The first issue can be approached by applying an
oxidative pretreatment of VC. To address the second issue, carbon can be introduced during
the sol-gel step and the ink formulation step, respectively. To determine the effects on
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performance and stability, electrochemical studies under RDE tests and studies in an AEM
electrolyzer are to be analyzed, and the structural properties are examined as outlined above.

In addition to developing OER catalysts for the alkaline medium, attention must be paid to
the cathodic half-cell with electrochemical reduction reactions, such as the hydrogen
evolution reaction (HER), and the CO, reduction reaction (eCO:RR). Another focus will
therefore be an investigation into some aspects of Cu-catalyzed eCO2RR, since eCO2RR has
gained attention as a potential strategy for closing the carbon cycle, addressing the energy
crisis, and producing valuable fuels and chemicals. Molecular Cu catalysts with well-defined
active sites have emerged as promising candidates for converting CO, to C,. products.
Alongside the development of highly active materials, it is crucial to gain a better
understanding the effect of the local reaction environment, such as the liquid-electrode
interface. To support this purpose, this work is to use EIS technique to gain insight into the
mechanism of a specific eCO,RR process with special focus on the role of the supporting
electrolyte cation.
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3. Results and Discussion
3.1. Oxygen-Deficient Annealing Boosts Performance of CoNiFe Oxide
Electrocatalyst in Oxygen Evolution Reaction

The Co, Ni, and Fe metallic oxides were synthesized via a simple sol-gel method followed by a
thermal treatment step. First, an investigation of different stoichiometric molar ratios of Co : Ni :
Fe was carried out to obtain optimal catalysts. As mentioned in the introduction, effective
electrocatalysts for OER require low overpotential, high mass activity and current density, a small
Tafel-slope, a low polarization resistance, a high electrochemically active surface area (ECSA),
excellent stability, good conductivity, low cost, and environmental friendliness ['®, In this work,
the electrocatalytic performance of the materials toward OER was studied using linear sweep
voltammetry (LSV) with a catalyst-coated glassy carbon RDE in a 1 M KOH electrolyte.
Additionally, short-term stability tests were performed in galvanostatic mode at a current density
of 10 mA cm™ (geometrical surface area) for 15 minutes to observe the degradation of the
materials. Other electrochemical parameters, such as polarization resistance (R,) and ECSA were
also studied using EIS and CV, respectively.
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Figure 12. Summary of the electrochemical results for different molar ratios of CoNiFe catalysts. (a) Overpotential at
10 mA cm? (geometrical electrode surface area). (b) Mass activity calculated from the current density at 1.56 V vs. RHE
and the catalyst loading on the electrode surface (~ 0.25 mg cm). (c) Tafel slopes. (d) Polarization resistance (Ry) at
1.50 Vvs. RHE. (e) ECSA, estimated from Cq via CV measurements in the non-Faradaic potential region. (f) Short-term
stability tests performed for 900 s at 10 mA cm™2.

The dark blue region in Fig. 12 (a-e) represents high OER activity with a small overpotential at 10
mMA cmg, (Fig. 12a), a high current density or specific mass activity at 1.56 V vs. RHE (Fig. 12b), a
small Tafel slope (Fig. 12c), a small charge transfer resistance (Fig. 11d), and a large ECSA (Fig.
12e). Specifically, the monometallic oxides of Co, Ni, and Fe exhibit significantly poorer
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performance and stability at 10 mA cm™g,. In contrast, bimetallic oxides of CoNi, CoFe, and NiFe
demonstrate significant improvement in OER performance, with the overpotential reduced by
approximately 70 mV when Ni or Co is combined with Fe, as demonstrated in recent publications
81, In comparison, nearly all trimetallic oxide samples indicate a better performance region in the
triangle plots, as well as excellent stability. A well-balanced molar ratio of Co : Ni : Fe influences
the catalytic performance of OER under alkaline conditions. In particular, samples with a high Fe
concentration exhibit poorer OER activity than those with a higher Co and Ni content.

Of the various samples, CoNiFe with a molar ratio of 2:2:1 (noted as * in Fig. 12) was identified as
the optimal catalyst in this study, demonstrating the smallest overpotential at 10 mA cm2g, (N0 =
291 mV), and the highest mass activity at 1.56 V vs. RHE (~ 343 A g7 cawayst) Which is over five times
higher than the NiFe sample. Additionally, CoNiFe (2:2:1) also exhibits the lowest Tafel slope of 32
mV dec™ within the CoNiFe series, though the difference with other representatives is only a few
mV dec™. Interestingly, all the trimetallic oxide samples show similar Tafel slopes between 30 and
40 mV dec”, demonstrating the high value of trimetallic mixed oxides. Moreover, CoNiFe (2:2:1)
exhibits the smallest polarization resistance (R;) obtained at the initial OER stage of 1.50 V vs.
RHE, reflecting rapid OER kinetics. Regarding the ECSA results in Fig. 12e, however, CoNiFe (2:2:1)
is not the material with the highest value. Samples with a high Co concentration tend to exhibit a
higher ECSA, indicating that performance optimization is not directly linked to enhance surface
area.

In addition to the metal ratio, oxide vacancies or defects may also contribute to the catalytic
activity ['®, The second study was focused on the influence of oxygen defects, which can be
controlled via the gas phase during thermal treatment (see Fig. 13). CoNiFe (2:2:1) was pyrolyzed
at 300 °C under three different annealing atmospheres: oxygen-rich (A; air), oxygen-deficient (M;
1 vol% air in argon), and reducing (H; 5vol% H; in argon). The letters A, M, or H are used to denote
the conditions of the thermal treatment (e.g., CoNiFe (2:2:1)/M).

Oz—defipient — 80 OER catalysis
(1% air/Ar)
tube furnace
300°C
reductive '
(5% Ho/Ar) :
H
Co-Ni-Fe
aerobic — oxide 0 — 7 . .
(2:2:1) 145 150 155 160
A Evs. RHE/V

Figure 13. Summary of study on the influence of thermal treatment and metal ratio on the performance of CoNiFeOx-
based OER electrocatalysts 51,

This investigation has been discussed in detail in our publication ®®. This section will provide a
brief overview of the study. Regarding the polarization curves of samples M, H, and A (see Fig. 13),
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oxygen-deficient conditions (M; 1 vol% air in argon) lead to the best results in terms of activity. In
contrast, reducing conditions (H; 5 vol% H. in argon) produce significantly poorer results. The
lowest activity is observed for materials whose thermal treatment was carried out under aerobic
conditions (A; air). In addition, CoNiFe (2:2:1)/M indicates excellent long-term stability at 100 mA
cm2for 50 hours in RDE studies (see Fig. 14a) and under on-off conditions at 400 mA cm™ for over
75 hours in electrolyzer studies (see Fig. 14b).
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Figure 14. Durability tests for CoNiFe (2:2:1)/M. (a) On a GC RDE (1M KOH, w = 1800 rpm) at a current density of 100
mA cm? for 50 hours. (b) In an electrolyzer (Ni foam substrate, 1 M KOH, 50 °C) at an on-off current density of 400 mA
cm?2.

Besides electrochemical analysis, structure characterization techniques such as SEM, TEM, XRD,
and XPS were applied to characterize CoNiFe (2:2:1)/M,H,A before and after electrolysis at 10 mA
cm™ for one hour. The three as-prepared catalysts showed completely different structural
properties due to the different oxygen content in the gas phase during the thermal treatment. As
shown in Fig. 14a, the XRD results indicate that the sample A exhibits a highly crystalline character
with relatively sharp reflection peaks that align well with the planes of Fe;O, (magnetite) and
Co030.4. In contrast, the PXRD pattern of CoNiFe (2:2:1)/H does not show any reflection peaks,
indicating an amorphous structure. CoNiFe (2:2:1)/M exhibites both amorphous and crystalline
structural components, with reflection peaks corresponding to the planes of CoO, NiO, and FeO.
After electrolysis, all three samples became almost completely amorphous (see Fig. 15b).
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Figure 15. Powder X-ray diffraction patterns of CoNiFe (2:2:1)/M, CoNiFe (2:2:1)/H, and CoNiFe (2:2:1)/A. (a) Fresh
catalysts (powder) before electrolysis. (b) Used catalysts after one hour stability tests at 10 mA cm2geo.

According to XPS analysis, the metals on the surface are in different oxidation states. Surface-
bound oxygen predominantly exists as hydroxide and, to a lesser extent, as lattice oxygen. Figure
16a shows that the samples M and H have the lowest oxidation state of Co (as well as Ni and Fe),
while the aerobic sample (A) shows the formation of a higher oxidation state (e.g., C0304) .
However, post-electrolysis XPS characterization reveals that all metals exist in their most highly
oxidized form (see Fig. 16b). Interestingly, oxygen defects were successfully formed by a thermal
treatment step, as observed in the XPS data in the O 1s region (see Fig. 16c). Sample H
predominantly exhibits high intensity of defective oxide, while sample M shows the presence of
both defective and lattice oxides (the intensity of the metal hydroxides/defective oxides peak is
higher). On the other hand, the XP spectra (O 1s) for sample A likely exhibits lattice oxygen. After
electrolysis, the high-resolution XP spectra for O 1s region of the three as-prepared materials tend
to resemble the shape of sample CoNiFe (2:2:1)/M (see Fig. 16d), indicating a high concentration
of surface oxygen vacancies in all three samples. Consequently, the mixed metal oxide
electrocatalysts (CoNiFeOy) tend to oxidize to a higher oxidation state of Co, Ni, and Fe under
strong OER conditions in an alkaline environment, with their structural converting into that of the
sample M.

To further explore the metal states, in situ XAS was performed on the CoNiFe (2:2:1)/M sample in
a flow cell using a 0.1 M KOH electrolyte at various applied potentials (see Fig. 17). First, the
analysis shows that Co is more readily oxidized to high valence state (shifts to higher photon
energies) than Fe and Ni. The presence of Co*/Co* indicates an average oxidation state of 3.02
in the OER region (at 1.614 V vs. RHE), which is may be assigned to Cosz0, or B-CoOOH phases "9,
In contrast, the Ni state appears stable at potential steps. During the OER process, Ni mostly
indicates the coexistence of Ni? and Ni**, which could be related to the formation of a-Ni(OH), (at
OCP) and the main active phase for OER in alkaline conditions, B-NiOOH (in the OER region) &%
800l The oxidation state of Fe is almost always +I11 8%, Further in situ spectroscopic techniques are
required for a deeper study of the mechanistic aspects of the CoNiFeOy electrocatalyst.
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Figure 16. XP spectra (Co 2p and O 1s) of CoNiFe (2:2:1)/M,H,A. (left) Before electrolysis and (right) after stability tests

for 1 h at 10 mA cm2geo.
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Figure 17. In situ K-edge XANES spectra of CoNiFe (2:2:1)/M. (a) Co K-edge. (b) Ni K-edge. and (c) Fe K-edge.
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3.2. Pre-Treated Carbon Additive Enables Reduction of Metal Loading in CoNiFeOx
OER Electrocatalysts While Maintaining Performance

The trimetallic oxides catalyst CoNiFe (2:2:1)/M has been studied and shown to have high activity
and excellent stability both under RDE and MEA conditions 0. However, due to the rapid
development of Li-ion batteries, the global demand for Co and Ni has significantly increased #2,
Furthermore, Co and Ni mining has an exceptionally poor environmental footprint [©4,
Consequently, reducing the metal content while minimizing the performance loss is a worthy goal
for improving Co- and Ni-based catalysts.

100-x CB xMO/CB

l 100-x CB
tube furnace r xMO+CB
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2 Ni(NO3), + - 300°C 100MO —™ R .......
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Figure 18. Schematic illustration of the preparation of catalyst 100MO and the xMO/CB, xMO/CM, xMO+CB, and
xMO+CM series. MO = metal oxide. Metal oxide content (wt. %): x =100, 80, 60, 40, 20. CB = unmodified carbon black.
CM = pre-treated carbon black.

Following the synthesis of the optimal catalyst CoNiFe (2:2:1)/M (named 100MO in this work) in
the first paper, Vulcan carbon black (CB) and modified carbon black (CB) were added to the
metallic catalysts via two different methods: (1) mixing MO with carbon particles after thermal
treatment using a mortar (xMO+CB and xMO+CM) and (2) adding carbon during synthesis before
thermal treatment (xMO/CB and xMO/CM) as shown in Fig. 18 1'%,

To study the electrochemical catalytic activity, the materials were examined using an RDE to
obtain the main OER parameters, including nio, jconire at 1.56 V vs. RHE via metal oxide (MO)
content, Tafel slope, Ry, ECSA, and durability. This method was similar to that described in the
previous paper ®. The following section discusses the influence of the carbon additives (CB and
CM) at different mass ratios relative to the MO content, as well as the impact of the composite
preparation approach (see Fig. 18). Firstly, carbon particles must be added during the sol-gel
process, rather than only during ink preparation. As shown in Fig. 19, samples xMO+CB and
xMO+CM exhibit low mass activity at 1.56 V vs. RHE and high overpotential at 10 mA cm™. In
contrast, the materials xMO/CB and xMO/CM show promising performance despite having the
same metal oxide loading content. One possible explanation can be the strong interaction
between the metal oxide and the carbon particles through a chemical process followed by
thermal treatment. This interaction allows the carbon to contribute effectively to the current flow
as a conductivity-enhancing additive.
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Figure 19. Comparison of overpotential and mass activity between 100MO and the MO-carbon composite series.

Secondly, oxidative pretreatment of hydrophobic carbon black particles is recommended, as
evidenced by the high OER activity of samples 80MO/CM and 60MO/CM in the top left corner of
Figure 19. Most samples in the MO/CM series perform better than those in the MO/CB series. One
plausible explanation can be that the enhanced, more hydrophilic surface enables stronger
binding to the metal oxide during composite formation. Specifically, a high metal oxide content
(80 and 60 wt%) within the composite is hecessary for good catalytic activity. Among the xMO/CM
samples, 60MO/CM is the most promising candidate for OER and is comparable to the sample
without carbon addition (100MO), as shown in the RDE study. Reducing the metal oxide content
by 40% achieved the highest mass activity at 1.56 V corresponding to a metal content related one
of approximately. 370 A g, and a small overpotential of 297 mV at 10 mA cms,. Furthermore,
60MO/CM exhibits comparable OER activity to 100MO as shown by the other electrochemical
parameters such as the Tafel slope, R,, and has an even higher ECSA %],
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Figure 20. Durability studies for 100MO and 60MO/CM under RDE conditions (top: 1 M KOH, w =1800 rpm) and in the
flow cell electrolyzer (bottom: 1 M KOH, 50 °C). (a) Stepwise chronopotentiometric stability test carried out at 10, 20,
50, and 100 mA cmg, (3 h for each step). (b) Chronopotentiometric stability tests recorded at 100 mA cm 2, for
100MO and 60MO/CM on glassy carbon (all measured potentials are pH-corrected). (c) Cell voltage acquisition at
various current densities ranging from 2 mA cm2g, to 1000 mA cm2g, (10 minutes per each point) and step-scanning
back to 10 mA cm2g.. (d) Stability tests using 100MO and 60MO/CM as OER catalysts, respectively, at 400 mA cm2ge,.

Indeed, durability is the next crucial factor in electrocatalyst design. As shown in Figure 20b,
60MO/CM exhibits a stable profile with a potential increase rate of ~ 0.2 yV h™ for seven days of
long-term stability on a GC RDE. By contrast, 100MO exhibits a higher potential increase of ~ 1.8
uV h™ after beginning at a higher n:o value of 262 mV (see Fig. 20b). To further probe stability under
high stress, an on-off chronopotentiometric analysis was carried out with 3-h intervals and
current densities of 10, 20, 50, and 100 mA cm™ at w = 1800 rpm for (see Fig. 20a). Despite the
harsh conditions and significant gas bubble formation, 60MO/CM exhibits stable plateaus during
the three-hourintervals. In contrast, 100MO is much less stable under these conditions; in several
trials, the experiment had to be terminated prematurely due to potential overloads at the 50 mA
cm? current density step. While RDE conditions are well suited for studying and comparing
catalyst properties, they cannot fully describe the long-term stability of catalysts, as discussed in
the introduction.
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A flow AEM electrolyzer was set-up with two electrodes separated by an anion exchange
membrane (electrolyte: 1.0 M KOH; T = 50°C). The catalysts studied were deposited on the
surface of Ni foam by spray coating with a catalyst mass loading of 5 mg cm,. The anolyte and
the catholyte were purged through the divided cell separately. Concerning the short stress test
results depicted in Figure 20c, bare Ni foam shows significantly higher potentials at every current
density compared to catalyst loaded electrode (100MO and 60MO/CM). At the back scan, cell
voltages at applied current densities pose improvement compared to the forward scan,
confirming the excellent OER activity of 100MO and 60MO/CM under practically relevant
conditions. More specifically, 60MO/CM performs somewhat better than 100MO. Long-term
stability tests were carried out at 400 mA cm2 with ten intervals of ten hours each (see Fig. 20d).
60MO/CM performs high activity and excellent stability by minor increasing in cell voltage within
and between the 10 hintervals. Improvement in cell voltage is observed during the stress tests for
60MO/CM which is not seen in the case of 100MO. In summary, 60MO/CM shows a better long-
term stability than its carbon-free counterpart (100MO).

To further discuss the importance of the carbon additive in this study, two different methods were
applied to control the metal oxide content loaded on the GC RDE surface, rather than introducing
carbon to the CoNiFeOy system. 60MO-1 was prepared by reducing the mass of material by 40 %
and increasing the Nafion-content in the mixture. The ink volume used for the drop casting was
the same as that used for electrode preparation to maintain the same catalyst layer thickness on
the WE surface. Conversely, 60MO-2 was prepared using the original 100MO ink with only a small
amount of ink dropped onto the WE surface resulting in a loading of 60% MO. This method
affected the thickness of the catalyst layer on the WE surface.
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Figure 21. (a, b) OER polarization curves measured in 1 M KOH solution (v=1 mV s, w = 1800 rpm, iR-drop corrected)
showing the mass related current densities (a) and the current density with respect to the geometrical electrode surface
area (b). (c) Tafel slope from LSVs in Fig. 21b. (d) Chronopotentiometric profiles recorded at 10 mA cm2 (w = 1800 rpm).
(e) Electrochemical impedance spectra (Nyquist plots) recorded for 60MO/CM, 60MO-1, and 60M0O-2 at 1.5 V vs. RHE.
(f) Estimation of double layer capacitance (Cq) and electrochemically active surface area (ECSA).
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As shown in Figures 21a and 21b, the electrocatalytic performance of the different approaches to
reducing the metal content is compared. Sample 60MO/CM, in which the CoNiFeO, content was
reduced by the adding modified carbon (CM) during synthesis exhibits significantly higher
performance than methods that do not involve the addition of carbon. Sample 60MO-1 exhibits a
low mass activity, corresponding to the MO content loading on the electrode surface, of ~110 A
g conire @t 1.56 V vs. RHE, compared to ~. 149 A g”conire for 60MO-2. These values are around 2.5
times smaller than those of 60MO/CM (~ 370 A g"conire). Furthermore, sample 60MO/CM achieves
a small N of 297 mV; however, samples 60MO-1 and 60MO-2 show higher overpotentials at 10
mA cm?2, of 319 mV and 314 mV, respectively. This is further confirmed by the short stability test
shown in Fig. 21d. Regarding other electrochemical OER parameters (Tafel slope, R,, and ECSA),
carbon-free samples exhibit poorer OER activity than samples containing carbon (see Fig. 21c, e,
and f). These experiments confirm the advantages of adding carbon to trimetallic oxides
electrocatalysts in view of maintaining high OER activity and improving outstanding long-term
stability under alkaline conditions. Interestingly, 60MO-2 shows better performance than 60MO-
1 despite both having lower OER activity than 60MO/CM. This suggests that thinner catalyst layer
improves the anodic electrochemical reaction.

For structural characterization, XRD, XPS, SEM, STEM, and EDX were applied before and after
electrolysis. As discussed in the manuscript, the samples containing carbon additives (60MO/CM
and 60MO/CB) and sample without carbon (100MO) exhibited similar, less crystalline XRD
patterns, showing three typical diffraction signals at 16.3°, 19.1°, and 27.3°, corresponding to the
planes of CoO, NiO, and FeO, respectively. XPS results confirmed that the impact of added carbon
on the surface metal oxide composition and valence states was negligible. SEM/EDX and
STEM/EELS analyses revealed homogeneous mixing of carbon and metal oxides via the sol-gel
method, as well as an even distribution of all three metals across the surface. Adding carbon to
metallic oxides successfully improved the specific surface area, mesopore volume, and
conductivity (as determined by BET and conductivity measurements). After stability tests,
60MO/CM exhibited behavior similar to that of sample 100MO, as discussed in the previous
section. Notably, the XP spectra in the O1s region are different. The addition of carbon appears to
alter the ratio of lattice oxygen to hydroxide/defective oxygen during OER. The hydroxide peak is
clearly visible for all samples, both before and after electrolysis. However, to better understand
sample 60MO/CM, in situ XAS measurements were carried out under the same conditions as for
sample 100MO (see Fig. 22).
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Figure 22. In situ K-edge XANES spectra of 60MO/CM. (a) Co K-edge. (b) Ni K-edge. and (c) Fe K-edge.

Similar to sample 100MO, the oxidation state of Co in sample 60MO/CM is more depended on the
electrode potential than Fe and Ni. When scanned from the OCP to the OER region, Co always
remains at a higher oxidation state than in sample100MO, forming an active phase (e.g., Co;0, or
B-CoOOH). Consequently, carbon appears to influence the metal oxidation state ['*?, In the OER
region, Co exhibits an oxidation state of 3.2, which confirms the presence of Co*" in the system
791, Unlike in sample 100MO, Co in sample 60MO/CM is reduced to the lower-energy Co®* form
when scanning back to the OCP. As with sample 100MO, Ni exists primarily in the Ni?* and Ni®**
states during OER process 8% 8%] The oxidation state of Fe is almost always +lI1 %, Finally, the
presence of carbon affects the striking difference in Co oxidation states. While for 100MO it
increases from 2.5t0 3.0, in 60MO/CM it exhibits significantly higher values at OCP (3.1) and under
OER conditions (3.3). In conclusion, Fe maintains an oxidation state +lll over a wide potential
range. Furthermore, a significant proportion of Co(IV) centers are present under OER conditions,
while Ni exists in a lower oxidation state. Interestingly, the two investigated catalysts exhibit clear
differencesin the redox behavior of Co, with significantly higher oxidation states in 60MO/CM than
in T00MO. This large difference under potential bias indicates that carbon strongly influences the
electronic structure of the metal oxide. This is likely due to improved charge transfer through the
material, which may influence the OER activity of individual sites at elevated potentials.

3.3. Heterogenized Copper(ll) Phenanthroline Catalysts for Electroreduction of CO;
to C; Compounds: Substitution on the Ligand Causes Structural Changes to the
Molecular Framework and Stability Enhancement

In addition to developing OER catalysts for alkaline media, attention has been given to the
cathodic half-cell, where electrochemical reduction reactions occur, such as the hydrogen
evolution reaction (HER), and the CO; reduction reaction (eCO,RR). Molecular Cu catalysts with
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well-defined structure have been gained attention as promising candidates for generating C,.
from CO, with high efficiency. However, the formation of nanoclusters during eCO,RR undermines
the advantages of the molecular framework. Therefore, this work focuses on developing of
molecular Cu complexes that, incorporate the phenanthroline framework as the ligand, resulting
in promising electrocatalysts for electrochemical conversion of CO, to C,H, production in
eCO:RR.

A brief history of material development shows that, Cat2, a heterogenized binuclear hydroxo-
bridged phenanthroline Cu(ll) complex (see Fig. 23) with a short Cu---Cu distance exhibits high
selectivity for CO,-to-C,H4 conversion. Discussion of the structural characterization confirmed
that the molecular structure was preserved during electrolysis. However, long-term operation
remains challenges for Cat2, since the formation of CuOy particles has been observed under
potential bias and accompanied by leaching of catalyst into the electrolyte solution [,

X
R=H Z
- Francke et al.
A (2024)
Z a1 neutral CuCly Z
N_ | N~ solution + electroreduction
Wang et al. Seu” —N N= __ | H0, of CO, to
2019 base '
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\ O Vo
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.Cu O\C -N
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— _ 0 O\ H/ =0~ this work
electroreduction R = OMe [ /NCu"O/\H N O~
of CO, to CO _ =N \,O/CUN L
and HCOO" o] fHTY =Lo—

Cat3
(coordination oligomer
with enhanced stability)

Figure 23. Mono, bi- and oligonuclear Cu phen compounds as molecular catalysts for eCO2RR. Cat2: Binuclear Cu
phenanthroline complex ['5%, Cat3: heterogenized molecular Cu(ll) phenanthroline catalysts.

In the development of molecular copper complexes for CO2RR, a heterogenized molecular Cu(ll)
phenanthroline catalyst has been studied. With no observation of catalyst leaching in the H-cell
tests and no change of the Cu coordination environment in in situ XAS studies, Cat3 exhibits
potentially for long-term stable operation. In particular, Cat3 enables the selective formation of
C.. products at high current densities in an MEA electrolyzer, highlighting the potential as a CO,RR
catalyst for industrially relevant applications.

This discussion focuses on the impact of supporting electrolyte cations on eCO;RR. Cat2 and
Cat3 demonstrate superior performance in CO,RR when CsHCO; is used as the electrolyte
solution rather than KHCO; ['**1, To understand the benign effect of Cs* cations on the reactivity
of Cat3 for eCO2RR, EIS measurements were carried out at a frequency range of 100 kHz to 1 Hz
at -1.2 V vs. RHE in an H-type divided cell. This potential enables significant C,. products
formation, while minimizing the strong gas bubble generation that would occur at higher
potentials/current densities.
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Figure 24. Results of the EIS analysis of Cat3 on carbon paper in the H-type cell at -1.2 V vs. RHE. (a) Nyquist plot. (b)
Distribution of relaxation time (DRT). K-COa: CO: saturated in 0.1 M KHCOs solution. Cs-COa: CO- saturated in 0.1 M
CsHCO:s solution.

As shown in Figure 24a, while the electrolyte resistance of both CsHCO; and KHCO; is
comparable, the Cs* tends to lower the polarization resistance, suggesting enhanced reaction
kinetics due to smaller charge transfer resistance. To further elucidate these complex interface
dynamics, the distribution of relaxation times (DRT) was used to analyze the EIS data"®"!. In theory,
this approach allows the deconvolution of individual transport and kinetic contributions based on
their characteristic relaxation frequencies.

A DRT analysis was performed using the RelaxIS web-tool, with the standard setting of a
regularization parameter of 102 "92, The extracted DRT profiles are shown in Figure 24b. At -1.2 V
vs. RHE, sharp and prominent peaks appear near 102 Hz and 10° Hz, which were previously
assigned to eCO;RR-related electron transfer (P2) and the coupled chemical bicarbonate/CO,
equilibrium (P3) '®'2, Particularly, in a 0.1 M CsHCO; electrolyte, both peaks contribute less than
ina 0.1 M KHCO;electrolyte, which suggests that the enhanced eCO,RR reactivity may be due to
improved electron transfer kinetics and a more favorable bicarbonate/CO; equilibrium (resulting
in better local CO, availability).

The benign effect of Cs*ions has also been reported for eCO;RR processes on other catalysts ['%,
While a clear impact on the charge transfer kinetics could be demonstrated using the EIS
technique, further studies are needed to obtain a clearer picture of the role of the counter ion in
this particular example.
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4. Conclusion of This Work

This work describes the development of high-performance heterogeneous electrocatalysts for
water oxidation and carbon dioxide reactions toward sustainable energy conversion including a
detailed analysis of the influence of synthesis parameters and additives on the catalyst
performance.

First, an effective method of synthesizing highly active mixed metal oxide electrocatalysts is
introduced. This approach is based on a simple sol-gel process combined with thermal treatment
and a well-balanced molar metal ratio. CoNiFeOy with an optimal stoichiometry of Co : Ni: Fe =
2 :2:1, treated under oxygen-deficient conditions (M; 1 vol% air in argon), exhibits high activity
and excellent stability for OER in alkaline media under both RDE and MEA electrolyzer conditions.
The impact of thermal treatment conditions on the structural properties of the catalysts was
clarified using advanced characterization techniques, such as XRD, XPS, SEM, and STEM. As a
results of the oxygen-deficient conditions during thermal treatment, the optimal CoNiFe (2:2:1)/M
catalyst has an amorphous structure, and low metallic oxidation states. It also contains both
lattice oxide and a higher density of defective oxide. During OER, the material became completely
amorphous and exhibited higher metallic oxidation states, while retaining both lattice oxide and
a higher density of defective oxide. In situ XANES data confirmed the behavior of Co, Ni, and Fe
during OER in an alkaline environment. In summary, the formation of these structural properties
in the catalyst material already offers advantages for excellent OER performance. Nevertheless,
detailed mechanistic studies have to be carried out in the future to better understand the
catalyst’s behavior, the structure of the active site, and the catalytic mechanism. Therefore,
application of further in situ spectroscopic techniques, ideally in tandem with computational
(quantum chemical) analysis, are necessary.

Furthermore, to minimize the metal content, a carbon additive was introduced. The carbon
precursors, untreated Vulcan carbon black (CB) and acid-treated carbon black (CM), were
introduced into the trimetallic oxide catalyst (CoNiFeOy) via mechanical mixing and during the sol-
gel process, respectively. Adding carbon during the sol-gel process resulted in higher OER
catalytic activity than mixing through ink formulation due to formed stronger interactions between
the metal oxide and carbon particles. Additionally, the oxidative pre-treatment of hydrophobic
carbon black particles and a sufficiently high metal oxide content (80 and 60 wt%) are required
for optimal catalytic activity. Catalyst 60MO/CM, which has a metal oxide content of 60 wt%
mixed with 40 wt% pre-treated carbon during the sol-gel process, is the most promising candidate
for both RDE and flow AEM electrolysis studies. Notably, under practically relevant conditions in
an AEM flow electrolyzer, 60MO/CM demonstrated remarkably high OER performance, even
surpassing the 100MO sample with 100 wt% metal oxide content. This suggests that adding
carbon during synthesis not only reduces metal loading but also enhances stability in the flow cell
electrolyzer.

Lastly, a new class of molecular copper(ll) phenanthroline catalysts has been developed and
studied for the eCO2RR process. Cu-based molecular catalysts achieve high performance and
selectivity toward C,. products at high current densities in an MEA flow electrolyzer, enabling the
application under practically relevant conditions. In this work, EIS measurements along with DRT
analysis were performed to confirm the contribution of Cs* to improved electron transfer kinetics
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and a more favorable bicarbonate/CO, equilibrium. As conclusion, understanding and leveraging
the intriguing cation impact will allow for better control of eCO,RR processes in the future.
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5. Outlook

This thesis focuses on developing mixed metallic oxide electrocatalysts with high activity and

stability for the oxygen evolution reaction (OER) under alkaline condition. Due to their high

catalytic performance for OER, CoNiFeOy catalysts could be used in other electrocatalytic

processes, such as the anodic oxidation of biomass-derived alcohols or sugars. This process is

currently being investigated in our laboratory and showing promising results (see Fig. 25).
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Mixed oxides of transition metals have emerged as promising catalysts for the oxygen evolution (OER) reaction in
alkaline water electrolysis. Since OER is significantly slower than hydrogen evolution, developing stable and
easily accessible materials that effectively promote OER is one of the keys to improving overall efficiency. In this
context, we present a promising method for preparing Co-Ni-Fe oxides which is based on a straightforward
sol-gel procedure. Key to success is a thermal treatment under oxygen-deficient atmosphere, which renders
superior electrocatalytic properties compared to a treatment under reductive and aerobic conditions, respec-
tively. Attractive performance characteristics are thereby obtained, e.g., a #10 value of 291 mV and a Tafel slope

of 32 mV dec™!. The impact of the annealing conditions on the material properties has been elaborated using
cyclic voltammetry, impedance spectroscopy, and structural analyses. Stability and strong performance under
practical conditions were confirmed in long-term studies using an AEM electrolyzer.

1. Introduction

The production of green hydrogen through water electrolysis using
electricity generated from renewable sources is one of the most prom-
ising strategies toward achieving a carbon-neutral economy [1-3].
Water electrolysis represents an effective and well-established water
splitting process consisting of two half-cell reactions, the cathodic
hydrogen evolution reaction (HER) and the anodic oxygen evolution
reaction (OER). Although hydrogen is the product of interest, consid-
erable efforts are devoted to the development of OER catalysts. This can
be attributed primarily to the fact that the four-electron process is much
slower than HER and can therefore be considered as the bottleneck of
the water splitting process [4-6]. Hence, the development of electro-
catalysts that effectively promote OER, resulting in low overpotential,
high current density, high mass activity, and excellent stability is one of
the keys to further improve the overall efficiency of water electrolysis
[7,8].

Compared to the widely used PEM water electrolysis, electro-
chemical Hy production under alkaline conditions represents a

* Corresponding authors.

promising alternative [9-13]. This is mainly due to the fact that instead
of expensive metals such as Ir and Ru, earth-abundant alternatives such
as Co, Ni, Fe, and Mn can be used as anodic electrocatalysts [14-18].
These metals have been employed as oxides or oxyhydroxides [19-21],
chalcogenides [22-25], and phosphides [26,27]. Among these catalytic
systems, mixed oxides of Ni, Co, and Fe (in particular CoFeOy, FeNiOx,
and CoFeNiOx) show outstanding performance for OER [28]. The
remarkable catalytic properties have been ascribed to the volcano-type
dependence of the activity from the binding energies between catalysts
and oxygen intermediates, wherein mixed oxides of Co, Ni, and Fe are
located near the top of the volcano curve [29-31]. Consequently, these
materials have been continuously studied over the past decade
[17,28,32-35]. In these studies, the mixed oxides often exhibit low
overpotentials (290-400 mV) during electrolysis at 10 mA o:mg*ez0 inlM
KOH or NaOH. The activity can often be further enhanced by intro-
duction of oxygen vacancies, which has been achieved by various
methods such as partial chemical reduction under wet-chemical condi-
tions, thermal annealing under reducing atmosphere, cation/anion
doping, plasma treatment, and laser ablation [36,37]. However, despite
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all advances made, poor electrical conductivity and limited long-term
stability still represent major challenges for the development of truly
efficient electrocatalysts for alkaline OER [7-13].

In the present work, a synthetic protocol is disclosed, which involves
a thermal treatment of a precursor material under oxygen-deficient
conditions. The resulting CoNiFe oxide catalysts exhibit substantially
increased OER activity. A comparison between mixed metal oxides with
various compositions revealed that the catalyst precursor with a molar
Co:Ni:Fe ratio of 2:2:1 renders the best results in 1 M KOH when
analyzed with rotating disc electrode measurements [17]. Under these
conditions, an overpotential () of merely 291 mV at 10 mA cmgezo, a
small Tafel slope of 32 mV dec?, and excellent stability for at least 50 h
at 100 mA cmgezo were achieved. The material with the optimum metal
ratio was further tested in an AEM electrolyzer under galvanostatic
conditions, where it showed stable performance for ~ 75 h at 400 mA
cmgezc,. The study indicates a path towards improving OER activity by
using CoNiFe oxides with a well-balanced oxygen content and metal
ratio.

2. Results and discussion
2.1. Synthesis and materials characterization

The mixed metal oxides investigated in this study were synthesized
from the corresponding nitrate salts in the presence of citric acid using a
sol-gel approach, followed by thermal treatment at 300 °C. Tuning of
the structural properties was achieved by varying the metal ratio and the
oxygen content of the annealing atmospheres during thermal treatment,
whereby an oxygen-rich (A; air), an oxygen-deficient (M; 1 vol% air in
argon), and a reducing (H; 5 vol% H, in argon) atmosphere, respec-
tively, were applied (for details, see the Experimental Section and
Table S1 in the SI). In the following, the mixed metal oxides are
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abbreviated as CoNiFe (x:y:z), with x:y:z as the respective stoichiometric
ratio between the metals. To indicate the conditions of the thermal
treatment, the letters A, M or H are added to the abbreviation (e.g,
CoNiFe (2:2:1)/M).

For structural characterization of the as-prepared materials, powder
X-ray diffraction (PXRD), X-ray photoelectron spectroscopy (XPS),
scanning electron microscopy (SEM), energy dispersive X-ray spectros-
copy (EDX), scanning transmission electron microscopy (STEM), and
electron energy loss spectroscopy (EELS) were performed. As shown
exemplarily in Fig. 1a, XRD patterns of CoNiFe (2:2:1)/M, CoNiFe
(2:2:1)/H, and CoNiFe (2:2:1)/A clearly differ from each other, although
these materials have the same Co:Ni:Fe ratio. CoNiFe (2:2:1)/A, the
sample that was thermally treated under air, exhibits a highly crystalline
character, with relatively sharp reflection peaks at 14.0°, 16.5°, 19.9°,
26.0° and 28.4° that align well with the (220), (222), (400), (422) and
(511) planes of Fe304 (magnetite) and Co3O4 (for details, see Fig. S1). In
contrast, the PXRD pattern does not show any reflection peaks in the
case of CoNiFe (2:2:1)/H, the sample pyrolyzed under H» (5 vol% Hy in
Ar), indicating an amorphous structure. The structure of CoNiFe (2:2:1)/
M, the material treated under oxygen-deficient atmosphere, can be
classified between amorphous and crystalline, with broad reflection
peaks at 16.3°, 19.1°, and 27.3° that correspond well with the (111),
(200), and (220) planes of CoO, NiO, and FeO.

The recorded XP spectra provide valuable information on the
elemental composition on the sample surfaces and valence states of the
CoNiFe (2:2:1) series. The rather complex system as well as the strong
overlap of photoelectron lines and Auger peaks complicate a convincing
deconvolution of the obtained spectra so that only a qualitive analysis is
given here. For CoNiFe (2:2:1)/M, CoNiFe (2:2:1)/H, and CoNiFe
(2:2:1)/A, the Co 2p and O 1s regions are shown exemplarily in Fig. 1b
and 1c, while the results of the Ni 2p and Fe 2p regions are listed in
Fig. S3 and Table S4. The Co 2p region of all CoNiFe (2:2:1) samples

a) b) Co 2ps; Co2p c) Hydroxide, | A (Metal) 01s
Co?2 defective Oxide i\ lattice oxide
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Fig. 1. Structural characterization of CoNiFe (2:2:1)/M, CoNiFe (2:2:1)/H, and CoNiFe (2:2:1)/A. (a) Powder X-ray diffraction patterns. (b), (c) XP spectra (Co 2p
and O 1s). (d) Estimation of optical band gaps (eg) from Tauc plots (direct allowed transition). (e) Mott-Schottky plots (frequency: 1500 Hz). The positive slopes
indicate that all three materials are n-type semiconductors, i.e. the Vip value represents in the Mott-Schottky approximation the corresponding conducting band edge
(CBE). (f) Energy schemes of CoNiFe oxide materials constructed from the estimated e, values and conducting band edges (CBE).
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contains two main peaks associated with Co 2p3,» and Co 2p; /2 orbitals,
and two main satellite peaks each. The shoulders at lower binding en-
ergies are probably caused by Auger peaks of Fe and Ni which are pre-
sent in this region. CoNiFe (2:2:1)/M and CoNiFe (2:2:1)/H exhibit the
Co 2p3,; peak at 781.1 eV and 781.2 eV, respectively. Together with the
pronounced satellite features, this suggests the presence of Co?" as CoO
or Co(OH),. In contrast, the Co 2ps,, peak is slightly shifted to a lower
binding energy (780.2 eV) in CoNiFe (2:2:1)/A and only very weak
satellite features can be observed, thus clearly suggesting the formation
of higher oxidation states such as observed for Co304 [38], which is also
in agreement with XRD and STEM-EELS results. In general, the observed
Co 2p binding energies are slightly shifted to higher values compared to
the literature reference of monometallic oxides. This might be caused by
the interaction with other elements present such as Ni and Fe. Only
minor differences in the Ni 2p (mainly Ni2") and Fe 2p spectra of the
three samples can be found and will be discussed in detail in the SI.

The high-resolution scans of the O 1s regions for all three samples
(Fig. 1c) show two peaks with binding energies of 529.9 eV and 531.6
eV, respectively, corresponding to lattice metal-oxygen (M—Oy) and to
metal hydroxides/defective oxides, respectively [39,40]. For sample
CoNiFe (2:2:1)/M, both peaks are pronounced, while the intensity of the
metal hydroxides/defective oxides peak is higher. In contrast, CoNiFe
(2:2:1)/H exhibits only a very small signal for lattice oxygen, while the
hydroxide/defective oxide signal is very strong. This result is not sur-
prising and reflects the anaerobic conditions of the thermal treatment.
For CoNiFe (2:2:1)/A, on the other hand, the peak ratio is inverted in
favor of lattice oxygen, which can be ascribed to the aerobic thermal
treatment. In principle, the ratio between the signal intensities can be
considered as an indicator for the relative amount of surface oxygen
vacancies, whereby a higher hydroxide / lattice oxide ratio reflects a
larger density of surface oxygen vacancies [41,42].

SEM analysis of the as-prepared powder samples of the CoNiFe
(2:2:1) series shows that all three mixed metal oxides exist as micro-
particles without significant morphological differences despite the
distinct thermal treatment conditions (Fig. S4-S6). EDX mapping in-
dicates that Co, Ni, Fe, and O are uniformly distributed on the material
surface. A more detailed examination using STEM coupled to EDX and
EELS reveals significant structural differences between the materials
(Fig. S7-512). In agreement with the results of SEM analysis, a uniform
distribution of Co, Ni, and Fe with only minor variations in their ratio
was observed for CoNiFe (2:2:1)/A and CoNiFe (2:2:1)/M (for the latter
material, STEM images are shown exemplarily in Fig. 2). In contrast,
CoNiFe (2:2:1)/H exhibits nanodomains on the bulk, which are enriched
with metallic Ni (Fig. S7 and S8) according to EELS and EDX. Further
differences between the three samples became apparent upon detailed
EELS analysis. Taken together, the respective EEL spectra (Fe, Co, and Ni
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L edge, O K edge) reflect the different preparation procedures of CoNiFe
(2:2:1) well, showing a material with completely oxidized metals in
CoNiFe (2:2:1)/A, the presence of metallic Ni in CoNiFe (2:2:1)/H and
the presence of non-oxidic Ni and Co in the case of CoNiFe (2:2:1)/M in
agreement with XPS analysis. A more detailed discussion of the EELS
results is provided in the SI.

The electronic band energy diagrams, including the corresponding
conduction band edge (CBE) and valence band edge (VBE), for the
prepared catalysts were elucidated based on combined UV-Vis
(Fig. S13) and Mott-Schottky analyses [43,44]. The corresponding Tauc
plots were constructed for the electronic band gap estimation (Fig. 1d).
The band gaps vary significantly with values of 1.7, 1.8, and 1.6 eV for
CoNiFe (2:2:1)/M, CoNiFe (2:2:1)/H, and CoNiFe (2:2:1)/A, respec-
tively. Mott-Schottky analysis was performed in 0.5 M NaySO4 aqueous
electrolyte (Fig. le, S14a-c) to estimate the flat band potentials (Vgg).
For all samples, the positive slopes indicate n-type semiconducting
behavior with Vgg values, which were obtained by extrapolation of the
curves, of 1.23, 1.17, and 1.07 V vs. RHE for CoNiFe (2:2:1)/M, CoNiFe
(2:2:1)/H, and CoNiFe (2:2:1)/A, respectively. Since all materials are n-
type semiconductors, these Vg values represent the corresponding CBEs
in the Mott-Schottky approximation (Fig. 1f). The shift of the Vg, as a
consequence of different atmosphere during annealing, is generally
known for semiconducting materials and confirms the influence on the
physical properties of the prepared materials [45-47].

2.2. OER activity evaluation

The electrocatalytic performance of CoNiFe oxides toward the OER
was investigated by linear sweep voltammetry (LSV) using a glassy
carbon RDE in a 1 M KOH electrolyte. The catalysts were applied to the
electrode via drop-casting of an ink that also contained Nafion binder
(for details, see the Experimental Section). In the following, the influ-
ence of the gas atmosphere during thermal treatment and the metal ratio
on the activity of the mixed metal oxides is discussed. Furthermore, a
comparison with the corresponding bimetallic oxides including
commercially available Co2NiOy illustrates the benefits of the trimetallic
system.

Fig. 3a shows the OER polarization curves for CoNiFe (2:2:1) oxides
annealed under different gas atmospheres along with commercial
CosNiOy. Upon comparison between the LSVs, a pronounced effect of
the thermal treatment conditions becomes evident. CoNiFe (2:2:1)/M,
the catalyst treated under oxygen-deficient conditions, shows signifi-
cantly higher OER catalytic ability than CoNiFe (2:2:1)/H and CoNiFe
(2:2:1)/A, the materials heated under reducing atmosphere and under
air, respectively. With 291 mV, CoNiFe (2:2:1)/M achieves the lowest
overpotential (1710) at 10 mA cmgez0 among the candidates in Fig. 3a,

Fig. 2. TEM images illustrating nanoscopic CoNiFe (2:2:1)/M.
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Fig. 3. (a-c) OER polarization curves obtained with different catalysts in 1 M KOH solution (v = 1 mV s %, @ = 1800 rpm, iR drop corrected). (a) Influence of the gas
phase composition during the thermal treatment of the active materials. (b) Influence of the molar metal ratio. (¢) Comparison with bimetallic oxides. (d) Chro-

nopotentiometric profiles recorded at 10 mA cmg’e% at 1800 rpm.

whereas CoNiFe (2:2:1)/A, and commercially available CooNiOy exhibit
the highest 10 values (Table 1). Moreover, the mass activity of CoNiFe
(2:2:1)/M at 1.56 V vs. RHE (y = 330 mV) is 343 A g’l, which is more
than 30 times higher than for CoaNiOx (10 A g’l). With 32 mV dec’l,

CoNiFe (2:2:1)/M exhibits the lowest Tafel slope within the CoNiFe
(2:2:1) series, albeit the differences to some other representatives are
only a few mV dec™! (Fig. S16a, Table 1). Interestingly, all iron-
containing trimetallic samples in the M series show similar Tafel

Table 1
Summary of electrochemical properties of OER electrocatalysts extracted from LSVs (Fig. 3a-c, S15a, and S17a), Tafel plots (Fig. S15b, S16a-c, S17b) impedance
spectra (Fig. 4e, f, S17d, S18 and S19), and ECSA analysis (Fig. S20, and S21).

Sample Onset potential™” Overpotential” at Mass activity ” at 1.56 V* Tafel slope Rp at 1.5V° ECSA®

W 10 mA cmgd (A geatalyst) (mV dec™) @ (cm®)

(mV)

CoNiFe (1:1:1)/M 1.48 £+ 0.006 310 £ 2.4 117.7 £ 5.6 35.6 £0.14 64.8 4.15+0.10
CoNiFe (1.5:1.5:1)/M 1.47 £ 0.006 299 + 2.3 224.4+17.3 35.0 £ 0.16 59.6 6.55 £ 0.15
CoNiFe (1:2:2)/M 1.47 £+ 0.002 313+ 1.6 106.0 + 3.4 36.6 + 0.25 181.2 3.35+0.10
CoNiFe (2:1:2)/M 1.48 £+ 0.002 313+ 8.0 119.0 £ 6.6 36.1 +£0.38 147.2 5.58 +£0.23
CoNiFe (2:2:1)/M 1.45 + 0.003 291 + 3.9 342.6 + 17.1 32.0 + 0.15 54.9 7.20 + 0.07
CoNiFe (2.5:2.5:1)/M 1.46 £+ 0.004 305+ 2.8 135.5+9.3 35.4 £ 0.13 60.6 4.78 £ 0.16
CoNiFe (2:2:1)/H 1.46 £+ 0.003 296 + 1.9 223.4 + 24.5 37.4£0.17 81.9 4.18 £ 0.12
CoNiFe (2:2:1)/A 1.49 £+ 0.001 349 + 5.0 17.9 + 3.0 50.7 £ 0.22 1246.3 2.34 +£0.25
CoNi (2:2)/M 1.50 £ 0.003 366 + 7.6 99+1.3 51.7 £0.13 1278.4 4.95 + 0.07
CoFe (2:1)/M 1.49 £+ 0.003 343 + 3.4 19.6 £ 4.2 38.0 £0.13 504.4 4.15+0.11
NiFe (2:1)/M 1.48 £+ 0.001 319+ 3.0 70.7 £ 8.7 35.7 £0.25 210.4 1.13 £ 0.07
Commercial Co;NiOx 1.50 £ 0.002 361 +£7.0 10.1 £ 2.3 41.5 + 0.58 2366.10 1.45 £ 0.10

2 All potentials are iR drop corrected and reported vs. RHE.
b Mean values obtained from at least five measurements.
© Geometrical electrode surface area: 0.113 cm?.
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slopes between 30 and 40 mV dec’l, while CoNi (2:2)/M is positioned
much higher at 51.7 mV dec ™. Similarly for the bimetallic catalysts the
most active are the ones containing iron.

The rather amorphous character of CoNiFe (2:2:1)/M may serve as
an explanation for the superior performance compared to crystalline
CoNiFe (2:2:1)/A, as an increasing density of structural defects has been
discussed as one of the keys for the improvement of OER catalysts in
water electrolysis [48-50]. In this context, the higher activity of CoNiFe
(2:2:1)/M compared to CoNiFe(2:2:1)/H is somewhat unexpected, as
the latter has a much more pronounced amorphous character according
to the XRD results. A possible explanation could be Ni accumulation in
certain nanodomains triggered by the reductive thermal treatment (H),
as discussed above in connection with EELS analysis. However, great
care must be taken when interpreting the results, as the material
structures change significantly under operating conditions (see section
2.3).

Next, the influence of the metal ratio was explored. The LSVs of some
mixed metal oxides with different molar ratios between Co, Ni, and Fe,
all subjected to thermal treatment under oxygen-deficient atmosphere
(M), are depicted in Fig. 3b and Fig. S17a. The OER performance data of
all prepared materials are listed in Table 1. A comparison shows that all
trimetallic oxides are significantly more active than commercial CosN-
iOx and that deviation from the 2:2:1 ratio leads to a performance
decrease. Within the series depicted in Fig. 3b, the OER activities in-
crease in the order CoNiFe (1:1:1)/M<CoNiFe (2.5:2.5:1)/M<CoNiFe
(1.5:1.5:1)/M<CoNiFe (2:2:1)/M. Similarly, CoNiFe (1:2:2)/M and
CoNiFe (2:1:2)/M show significantly inferior performance compared to
CoNiFe (2:2:1)/M (Fig. S17a). Among all tested materials, CoNiFe
(2:2:1)/M exhibits the smallest 5o value, the highest mass activity, and
the smallest Tafel slope (Table 1). A comparison with OER electro-
catalysts from the literature (Table S12) shows that CoNiFe (2:2:1)/M is
a highly competitive material.

Another focus of the investigations involved a comparison with the
corresponding bimetallic systems, all synthesized under the same con-
ditions (Fig. 3c and Fig. S15a). The LSVs and all extracted performance
parameters clearly demonstrate the benefit of the trimetallic systems
over the bimetallic ones. For example, the mass activity at 1.56 V vs.
RHE of CoNiFe (2:2:1)/M is 35, 17, and 5 times higher than that of CoNi
(2:1)/M, CoFe (2:1)/M, and NiFe (2:1)/M, respectively (Table 1). A
further significant loss of performance was observed when testing the
monometallic systems (Fig. S15a). Similar trends have already been
observed in previous studies on the Co-Ni-Fe system, in which the mixed
oxides were prepared using other synthetic methods [51,52]. Earlier, the
improved performance of the tri- and bimetallic systems over the
monometallic oxides has been ascribed to a synergistic stabilization of
active oxidation states, whereby the Ni(II)/Ni(IlI) couple (Ni(OH)z/
NiOOH) has been proposed as the active site [53-55]. In more recent
publications, the high activity of mixed metal oxide catalysts has been
ascribed to various synergistic effects between metal centers [56-58].
While the exact nature of the active site is still a subject of debate, it
should also be noted that even small Fe impurities were found to have a
performance-enhancing effect on the OER activity [59-61].

In the case of the monometallic (NiOy) electrocatalyst, formation of
NiOOH can be observed via cyclic voltammetry in resting solution as a
pre-peak of the OER process at 1.46 V (see Fig. S22) [62]. Likewise, the
CV of CoNiFe(2:2:1)/M shows such a pre-peak, but with a cathodic shift
of 70 mV. Accordingly, assignment to a stabilized NiOOH species ap-
pears tempting. However, without further information, e.g., from in situ
spectroscopic measurements, no conclusive statement can be made [63].

Chronopotentiometric measurements were carried out at 10 mA
crngezO for 15 min to assess the short-term stability of the materials under
mild stress (Fig. 3d, S15c, S17c, and Table S6). Except for CoNiFe
(2:2:1)/A, the tested mixed metal oxides show only small potential
changes during the test. Consistent with the 77 values read out from the
LSVs, the potentiometric profiles start at comparable overpotentials.
Again, the CoNiFe (2:2:1)/M shows superior behavior exhibiting the
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lowest starting potential, and no significant change in the overpotential
during the measurement.

Following the short-term tests shown in Fig. 3d, CoNiFe (2:2:1)/M,
CoNiFe (2:2:1)/H, CoNiFe (2:2:1)/A, and commercial CosNiOyx were
subjected to long-term chronopotentiometric measurements (10 mA
cmgezo, 50 h). As shown in Fig. 4a, a particularly high stability was
observed for CoNiFe (2:2:1)/M, with the smallest starting potential (19
= 269 mV) and a potential increase of only 9 mV after 50 h. The
potentiometric profile of CoNiFe (2:2:1)/H is slightly elevated to higher
potentials, but still relatively close to CoNiFe (2:2:1)/M, while CoNiFe
(2:2:1)/A exhibits a much higher starting potential (190 = 321 mV) with
similar potential increase after 50 h (9 mV). In contrast, commercial
CooNiOy exhibits a much stronger change (59 mV) after starting at a
higher 519 value (332 mV).

To analyze the stability at higher stress, further long-term mea-
surements were carried out (see Fig. 4b). For this purpose, the most
promising candidate, CoNiFe (2:2:1)/M, was subjected to chro-
nopotentiometric analyses for a duration of 50 h at 50 mA cmg’ez0 and
100 mA crngezo, respectively (w = 1800 rpm). Despite harsh conditions
and strong bubble formation [64,65], the catalyst exhibits a remarkable
stability. While initial 759 and 5109 values are 266 and 268 mV, respec-
tively, 5 increases by only 23 and 38 mV after 50 h. Monitoring of the
electrolyte pH showed a slight decrease during the experiment.
Correction of the measured profiles for the pH drift (Fig. S24) suggests
that the increase of the working electrode potentials in Fig. 4b is asso-
ciated with pH changes rather than with catalyst degradation. Further-
more, it is possible that formation of nano- and microbubbles within the
catalyst pores that cannot be removed by electrode rotation contribute
to potential changes [66].

Since in alkaline water electrolyzers, the catalyst is frequently
applied to Ni supports [28], a chronopotentiometric control experiment
was carried out at 50 mA cm ™2 in which a Ni RDE was used instead of the
glassy carbon electrode (Fig. 4c). In both cases, the electrode was loaded
with CoNiFe (2:2:1)/M. The resulting chronopotentiometric profile
shows improved characteristics compared to the glassy carbon support,
i.e., a lower initial 550 value (258 mV) and a smaller potential increase
(only 4 mV). Consequently, Ni seems to be ideally suited as a support for
CoNiFe (2:2:1)/M, calling for performance evaluation in an alkaline
water electrolyzer under practical conditions (vide infra). Additional
LSVs were recorded after the potentiometric measurements both for the
Ni and the glassy carbon support (Fig. 4d). The fact that the curves
measured before and after the 50 h stress tests almost match each other
confirm the excellent stability of CoNiFe (2:2:1)/M.

To gain an understanding of the activity trends that occur when the
synthesis conditions and the metal ratio are varied, electrochemical
impedance spectroscopy (EIS) measurements were carried out (Fig. 4e,
f) and the electrochemically active surface areas (ECSAs) were deter-
mined (Table 1) by measuring the double-layer capacitance (Cq)) in the
non-Faradaic potential range using cyclic voltammetry (CV) (Fig. S20
and S21). The EIS spectra recorded at 1.5 V vs. RHE using the catalysts
from the CoNiFe (2:2:1) series and commercial Co;NiOy are shown in
Fig. 4e (further EIS results obtained at 7719 and the onset potentials are
summarized in Fig. S18 and Table S7). The results show the same trend
as the Tafel slopes, i.e., that the performance increases in the order
CoNiFe (2:2:1)/A<CoNiFe (2:2:1)/H<CoNiFe (2:2:1)/M. This indicates
that annealing, i.e., phase formation, under oxygen-deficient conditions
may augment OER kinetics. Compared to the trimetallic oxides, Rp is
much higher in the case of CopNiOy. Within the trimetallic oxide series,
on the other hand, the influence of the metal ratio on Rp is relatively
moderate (Fig. 4f and S18). In terms of active surface area, the ECSA
values increase in the order CoNiFe (2:2:1)/A<CoNiFe (2:2:1)/
H<CoNiFe (2:2:1)/M as well (a more detailed discussion is provided in
the SI). Taken together, CoNiFe (2:2:1)/M exhibits both the lowest po-
larization resistance (Rp) and the highest ECSA among all tested mate-
rials. The reason of the outstanding performance thus seems to be a
combination of both fast OER kinetics at 1.5 V vs. RHE and high specific
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Fig. 4. (a-c) Chronopotentiometric long-term stability tests (RDE, 1 M KOH, @ = 1800 rpm). (a) Comparison within the CoNiFe (2:2:1) series (GC RDE). (b) Influence
of the current density (GC RDE). (c¢) Comparison between a Ni and a GC RDE used as support for CoNiFe (2:2:1)/M. (d) LSV curves (v =1 mV s71, w = 1800 rpm, iR
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impedance spectra (Nyquist plots) of mixed metal oxides from Fig. 3a and 3b, recorded at 1.5 V vs. RHE.
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surface area.

2.3. Characterization of used electrocatalysts

To obtain a better understanding of structural changes which CoNiFe
(2:2:1)/M, H, and A undergo during the stability tests shown in Fig. 4a-c,
additional electroanalytical experiments were performed (Fig. 5 and
Table 2). A first indication of occurred alterations can be derived from
comparing LSVs recorded before and after 50 h potentiometric analysis
at 10 mA cmge%, (Fig. 5a). While CoNiFe (2:2:1)/M shows only minor
profile changes and a 59 shift of merely 5 mV, more pronounced
changes are observed for CoNiFe (2:2:1)/A (45190 = 30 mV) and CoNiFe
(2:2:1)/H (An10 = 11 mV). The high structural integrity of CoNiFe
(2:2:1)/M is manifested in stability tests at 50 and 100 mA cmg’ezo, after
which only relatively small deviations of the LSVs can be observed
(Fig. 5b). ICP OES analysis of the electrolyte solution was carried out
after the measurements, whereby the Co, Ni, and Fe contents were below
the detection limit.

Further indications can be derived from the change in ECSA before
and after long-term measurements (Table 2 and Fig. S25). In the case of
the best performing CoNiFe (2:2:1)/M catalyst, a small decrease in ECSA
of only 15 % is observed. In contrast, the materials CoNiFe (2:2:1)/H and
CoNiFe (2:2:1)/A show stronger losses in ECSA of 54 %, and 58 %,
respectively, as result of stronger structural changes. In relation to the
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ECSA, the H-sample shows the highest activity, indicating that the
outstanding performance of the M sample is not due to a higher intrinsic
rate. Regarding the polarization resistance (Fig. S26, Table S10), both
CoNiFe (2:2:1)/M and CoNiFe (2:2:1)/H experience only moderate in-
creases after the stability tests at 10 mA cm_z, whereas CoNiFe (2:2:1)/A
shows a strongly enhanced Rp value. As with the freshly prepared
electrodes, Rp increases in the order CoNiFe (2:2:1)/M<CoNiFe (2:2:1)/
H<CoNiFe (2:2:1)/A.

To analyze the structural changes that occur under operating con-
ditions, PXRD, SEM-EDX, and XPS measurements were performed. Ac-
cording to PXRD, used CoNiFe (2:2:1)/M and CoNiFe (2:2:1)/A samples
exhibit an increased amorphous character compared to the fresh mate-
rials, whereas CoNiFe (2:2:1)/H shows hardly any -characteristic
reflection peaks either before or after the electrochemical test (Fig. S27).
The morphology and element distribution of CoNiFe (2:2:1)/M, the best
performing material, were studied by SEM-EDX. Both after currentless
contact with 1 M KOH and after positive polarization at 10 mA cmgezo in
the same electrolyte, the porosity was significantly enhanced compared
to the as-prepared material (Fig. S29a-d and Fig. S30a-d). EDX
confirmed that the metals were still evenly distributed and that their
stoichiometry did not change significantly (Fig. S29e-i and Fig. S30e-i,
Table S11).

XPS of all materials after electrolysis (Fig. 5c, d and S28) point to-
ward an oxidic nature of Co, Ni, and Fe. XP spectra in the region of Co
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Fig. 5. (a) OER polarization curves of CoNiFe (2:2:1)/M, CoNiFe (2:2:1)/H, and CoNiFe (2:2:1)/A recorded before and after 50 h electrolysis at 10 mA cmgez0 v=1
mVs!, ® = 1800 rpm, iR drop corrected). (b) OER polarization curves of CoNiFe (2:2:1)/M before and after 50 h stability tests at 10 mA cmgfo, 50 mA cmgezo, and
100 mA cmgezo, respectively. (c-d) XP spectra (Co 2p and O 1s) of CoNiFe (2:2:1)/M, CoNiFe (2:2:1)/H, and CoNiFe (2:2:1)/A after stability tests for 1 h at 10 mA

cmg’e% (for electrolysis conditions see Experimental Section).
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Table 2
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Summary of changes in electrochemical properties of CoNiFe (2:2:1) catalysts after 50 h stability tests at 10 mA (:m:,;ez0 (Fig. 5a-b, 525, S26).

Sample Mo before stability test ~ nyo after stability test ~ ECSA® before stability test ~ ECSA™ after stability test ~ Rp before stability test ~ Rp after stability test
(mV) (mV) (em®) (em?) (©) @

CoNiFe (2:2:1)/M 291.0 295.8 7.20 £ 0.074 6.13 £ 0.190 55.0 70.9

CoNiFe(2:2:1)/H 296.0 307.0 4.18 £ 0.12 1.92 + 0.070 81.9 97.1

CoNiFe(2:2:1)/A 349.0 379.0 2.34 £0.25 0.97 + 0.066 1246.3 2436.5

2 Geometrical electrode surface area: 0.113 cm?.

2p, Ni 2p, and Fe 2p show the tendency to adapt the shape of as-prepared
CoNiFe (2:2:1)/A (compare Fig. 1b) for all CoNiFe (2:2:1) oxides,
reflecting the strongly oxidizing conditions during the electrochemical
tests. The binding energy at main peaks associated with metal oxide-
2ps3/2 and metal- 2p;/, orbitals, and main satellite peaks, are almost
identical among the three materials. In contrast, XP spectra of O 1s for
the three mixed metal oxides Co:Ni:Fe (2:2:1)/M, H, A in Fig. 5d show
the opposite trend; after electrochemical tests they resemble more the
spectrum of fresh CoNiFe (2:2:1)/M (compare Fig. 1c). The high-
resolution XP spectra of O 1s of the used materials again exhibit two
main peaks with binding energies of 529.5 eV and 531.1 eV. The hy-
droxide peak is now the strongest for all samples in contrast to the re-
sults of the samples before electrolysis, reflecting a high amount of
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surface oxygen vacancies in all three materials. While it is frequently
argued that oxygen vacancies enhance the activity of metal oxide cat-
alysts [37], it is known that lattice oxygen can also play a critical role in
alkaline OER [7]. Since anodic polarization of the three materials leads
to a convergence of the XP (Fe 2p, Co 2p, Ni 2p, O 1s) spectra, the
outstanding catalytic activity of CoNiFe (2:2:1)/M can therefore not be
attributed to the structural features of the material surface revealed by
XPS alone. Together with the observed progression of the ECSA values,
however, a conclusive explanation can be offered. Thus, in the case of
the A and H samples, anodic polarization appears to cause in situ surface
activation and associated strong restructuring, which is particularly well
illustrated by the XPS results (cf. Fig. 5d with Fig. 1c) and the strong
diminishing in ECSA (Table 2). While restructuring seems to render

b) R,
4R 2
18
4 R,2

Fig. 6. Results of the alkaline water electrolyzer studies using CoNiFe (2:2:1)/M as the anode catalyst. (a) Load curves obtained with two different cathodes at 50 °C
at different KOH concentrations. (b) Polarization resistances evaluated from EIS spectra that correspond with the measurements in Fig. 6a (EIS spectra recorded at
U=1.8 V). (c) Stability experiment at 400 mA cm 2 current density using a Ni foam cathode (1 M KOH, 50 °C). (d) Polarization resistances evaluated from EIS spectra

for stability measurement (measured at 1.8 V).
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improved intrinsic activity, concommittant reduction in ECSA leads to a
smaller number of active sites. On the other hand, the M sample appears
to experience the smallest surface changes during OER. Consequently, it
seems advantageous to introduce the catalytic activity by the oxygen-
deficient thermal treatment as in the case of CoNiFe (2:2:1)/M, and
not by in situ electrochemical activation as in the cases of the A and H
samples.

2.4. Studies in an alkaline water electrolyzer

The catalyst with the best performance in the RDE studies, CoNiFe
(2:2:1)/M, was studied in an alkaline water electrolyzer under practice-
related conditions in a two-electrode arrangement. For this purpose, the
catalyst was deposited on a Ni foam electrode that was separated from
the cathode by an anion-selective polymer membrane (PSEBS-CM-
DABCO, for details see the Experimental Section). Fig. 6a and b show
load curves and corresponding EIS data resulting from short-term
measurements, whereby Rpl and Rp2 correspond to polarization re-
sistances in series with the system resistance (Rg; detailed equivalent
circuits are shown in Fig. S31). Firstly, a CoNiFe (2:2:1)/M—modified Ni
foam anode was tested in combination with a bare Ni foam cathode to
use the most simplified system. As follows from Fig. 6a, the performance
in 0.1 M KOH was relatively poor, achieving only 22.5 mA cmgezo at1l.8V
cell voltage (U). However, the shape of the load curve indicates that the
performance is limited by the Ohmic resistance of the electrolysis cell.
Increasing the KOH concentration from 0.1 to 1 M rendered a significant
improvement of the electrolyzer performance (71.2 mA cmgezo at1.8V)
due to both, lower R (Fig. S32) and R;, values (Fig. 6b). Decreasing Rp
values with increasing KOH concentration is also in line with concen-
tration dependent OER polarization curves recorded under RDE condi-
tions (Fig. S23, Table S8).

Despite the significant improvement of the performance, the ach-
ieved current density at 1.8 V is still below typical values reported in the
literature [9]. Therefore, the bare Ni foam cathode was replaced by Ni
foam modified with Pt/C catalyst (for details, see the Experimental
Section), leading to an increase of the current density to 133.4 mA cmge%
at 1.8 V in 0.1 M KOH. Obviously, both R, values shown in Fig. 6b
decreased when using the Pt/C cathode. Since water electrolysis was
performed in a two-electrode arrangement, it was not possible to assign
Rp1 and Rp2 values specifically to OER or hydrogen evolution reaction
(HER), respectively. However, the fact that using the Pt/C-modified
cathode decreases both R, values indicates that the overall perfor-
mance of the alkaline water electrolysis was hindered by the HER in the
case of the bare Ni foam cathode. Finally, increasing the KOH concen-
tration to 1 M further improved the performance, achieving 551.8 mA
cmgezO at 1.8 V. This result exceeds by far most of the results presented in
the literature [9].

To analyze the impact of the CoNiFe (2:2:1)/M catalyst, the mea-
surement was repeated in 1 M KOH using a Pt/C cathode and a bare Ni
foam anode. The corresponding load curves and EIS analysis are shown
in Fig. S33 and Fig. S34, respectively. Direct comparison shows that
about 13.5 % higher current density was achieved when using modified
Ni foam. The EIS data suggests that the improvement was achieved due
to reduced polarization resistance, as a result of enhanced electrode
kinetics. However, it seems that under the applied electrolysis condi-
tions, the true performance of the CoNiFe (2:2:1)/M catalyst can still be
hindered by the HER at the counter electrode.

After establishing the high activity of the CoNiFe (2:2:1)/M catalyst
under the conditions of the alkaline water electrolysis, the next step was
to analyze its stability. To simplify the system, a bare Ni foam cathode
was used again. The results of the stability test performed at a constant
current density of 400 mA cm 2 are shown in Fig. 6¢. The cell voltage
shows an increase at the beginning of the experiment (first 20 h) from
2.06 to 2.16 V (+4.9 %). This period is followed by a stable voltage
plateau at 2.16 V+0.01 V (+0.5 %) up to 65 h. During the last period, the
cell voltage decreased to 2.11 V. The initial increase of the cell voltage
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can be due to the stabilization of the system, including formation of the
surface layers on the electrodes or achieving equilibrium in the ratio
gas/liquid phase within the cell.

EIS shows that during the stability experiment, the Ry value that
corresponds to the Ohmic resistance of the cell slightly decreased from
0.27 Q cm? t0 0.24 Q cm? (11 %) (Fig. S35). This can be explained by the
additional activation of the polymer membrane under constant current
load. The R, values show a different trend, whereby Ryl increases
during stability test, while R,2 remains stable. As discussed before, it is
not possible to assign the R, values specifically to OER and HER due to
the setup used. However, the results obtained from the short-term ex-
periments suggest that HER represents the performance limiting factor
when bare Ni foam is used as cathode. Considering the R}, values shown
in Fig. 6d, it is likely that the increasing resistance Rp1 corresponds to
the HER process at the Ni foam cathode.

To evaluate the structural integrity of CoNiFe (2:2:1)/M during
alkaline water electrolysis, SEM-EDX and XRD measurements were
performed prior to and after the stability test. SEM images of the fresh
anode and anode after stability test are shown in Fig. S36. From SEM
imaging, it is clearly visible that the catalyst layer after the experiment is
still present and that shape, size, and number of the catalyst particles is
not significantly affected by the stability test. The stability is confirmed
by EDX mapping (Fig. S37), where it is possible to see homogeneous
distribution of all three metals. Finally, comparing the XRD pattern of a
freshly prepared electrode with a pattern of an electrode after the sta-
bility test (Fig. S38) shows appearance of a new NiO phase. This is likely
connected with the oxidation of the Ni foam that was used as catalyst
support. However, the XRD patterns clearly show that the phase
composition of the catalyst was not affected by the stability test. Taken
together, the results of the electrochemical studies and the structural
characterizations testify excellent stability of the CoNiFe (2:2:1)/M
catalyst under practice-related conditions.

3. Conclusion

In the present study, a promising approach for the preparation of
highly active mixed metal oxide electrocatalysts is presented, which is
based on a straightforward sol-gel process in combination with an
oxygen-deficient thermal treatment and a well-balanced molar metal
ratio. The influence of the thermal treatment conditions on the catalytic
properties of CoNiFe oxides toward alkaline OER was analyzed in
comparative electrochemical studies. Treatment of the materials under
oxygen-deficient conditions (M; 1 vol% air in argon) leads to the best
results in terms of activity and stability, while reducing conditions (H; 5
vol% Hj in argon) render significantly poorer results. The by far lowest
activity and stability were observed for materials whose thermal treat-
ment was carried out under aerobic conditions (A; air). Through sys-
tematic variation of the molar metal ratio, CoNiFe (2:2:1)/M was
identified as the best candidate under RDE conditions, with a 519 value
of 291 mV, a mass activity of 343 A g{altalyst at 1.56 V vs. RHE, a Tafel
slope of only 32.0 mV dec ™!, and negligible changes of the overpotential
in long-term potentiometric measurements at 100 mA cm 2. Further-
more, CoNiFe (2:2:1)/M exhibits the lowest polarization resistance (Rp)
and the highest electrochemically active surface area (ECSA) among all
tested materials. In view of Rp and ECSA, the material only deteriorates
marginally when exposed to electrolytic conditions.

While SEM measurements confirm a homogeneous metal distribu-
tion within all materials, XRD, STEM, and XPS analyses show a clear
influence of the thermal treatment conditions on the crystallinity and
surface chemistry. The optimized catalyst, CoNiFe (2:2:1)/M, exhibits a
rather amorphous character with crystalline fractions. According to XPS
analysis, the metals on the surface are present in different oxidation
states, whereby surface-bound oxygen predominantly exists as hydrox-
ide, to a lesser extent also as lattice oxygen. However, post-electrolysis
XPS characterization shows that anodic polarization causes a surface
restructuring and thereby an alignment of the structural properties
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between the M, H, and A materials. Consequently, the oxidative condi-
tions lead to a situation in which all metals exist in their highest
oxidation states and where the distribution between the oxygen species
assumes the one of as-prepared CoNiFe (2:2:1)/M. In contrast, the in-
fluence of the greatly increased active surface area on the performance
of CoNiFe (2:2:1)/M is evident. It is particularly important to note that
for this material, the ECSA only diminishes marginally during OER, as
opposed to the A and H candidates. Thus, CoNiFe (2:2:1)/A and CoNiFe
(2:2:1)/H seem to lose a considerable portion of ECSA as a result of their
electrochemical activation, which reduces the number of active sites
compared to the M sample. In contrast, the M sample experiences much
less dramatic changes of the surface properties upon OER. Consequently,
it appears beneficial to introduce catalytic activity by the oxygen-
deficient thermal treatment as in the case of CoNiFe (2:2:1)/M, and
not merely by electrochemical activation as in the cases of the A and H
samples. A deeper analysis of mechanistic aspects requires a combina-
tion of additional (in situ) spectroscopic techniques and is currently
underway.

Finally, the suitability of the optimized catalyst under practical
conditions was confirmed by studies using an alkaline water electrolyzer
in a two-electrode arrangement. Application of CoNiFe (2:2:1)/M to a
nickel mesh anode that was separated from a Ni foam cathode by an
anion exchange membrane enabled an average cell voltage of ~ 2.1 V at
a current density of 400 mA cm 2. Stability of the device for at least 70 h
was demonstrated. These promising results call for an in-depth analysis
under practical water splitting conditions as well as for studies on other
electrocatalytic applications (e.g., anodic oxidation of biomass-derived
alcohols), both of which will be carried out in our laboratory in the
near future.

4. Experimental section

Materials. All chemicals were of analytical grade and used without
further purification. Cobalt(Il) nitrate hexahydrate (Co(NOs)s-6H50)
was purchased from ThermoFisher GmbH (Karlsruhe, Germany). Nickel
(ID) nitrate hexahydrate (Ni(NO3)2-6H20), iron(III) nitrate nonahydrate
(Fe(NO3)3-9H20), nickel(II) cobalt(Il) oxide (CoyNiOy, nanopowder,
<150 nm particle size) and citric acid (C¢HgO7) were obtained from
Sigma-Aldrich. Potassium hydroxide solution (KOH, 0.999-1.001 M at
20 °C) was purchased from AppliChem. Ethanol (EtOH, abs., > 99.5 %)
was obtained from Walter-CMP. Nafion solution (D-521) was purchased
from Alfa Aesar. Throughout all experiments, deionized water was used.

Preparation of CoNiFe oxides. For preparation of the mixed metal
oxide precursors, a sol-gel protocol reported by Polyakov and co-
workers was adapted [67-69]. A mixture of x mol Co(NO3),-6H20, y
mol Ni(NO3),-6H50, z mol Fe(NO3)3.-9H30, and (x + y + 2z = 0.03) mol
citric acid was dissolved completely in 60 mL deionized water using a
magnetic stirrer at room temperature. For variation of the molar metal
ratio, the sum of x ,y and z remained constant. The homogeneous so-
lution was concentrated through stirring at 75 °C for 24 h, resulting in a
gel that was dried at 110 °C for 17 h. The light brown solid was ground
using a ball mill for 10 min to obtain a powder. The precursor material
was subjected to thermal treatment in a horizontal tubular furnace
(HTM Reetz) at 300 °C for 3 h, whereby a temperature ramp of 5 K min
was used to achieve the treatment temperature. Samples with the index
A were heated under air with a flow rate (V) of 25 mL min_l, while
materials with the index H and M were pyrolyzed in 5 vol% Hs / argon
(V = 25 mL min_l) and in 1 vol% air / argon (V=5mL min_l),
respectively. Details on all studied samples are summarized in Table S1.
Results of elemental analysis are provided in Table S2.

Materials characterization: Elemental analysis for carbon, hydrogen
and nitrogen was carried out using a TruSpec Micro CHNS analyzer
(Leco). The metal contents of the samples were measured using atomic
absorption spectroscopy (AAS) on a contra 800 D device (Analytik
Jena). For analysis of the electrolyte after long-term stability tests, ICP
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OES measurements were carried out using a Varian/Agilent 715-ES
spectrometer.

Powder X-ray diffraction patterns were recorded using a Stoe Stadi P
transmission diffractometer equipped with a DECTRIs Mythen2 1 K
detector applying Ge(111) monochromatized Mo Ka1 radiation (50 kV,
40 mA, 0.70930 A). The samples were ground to a fine powder and
placed between two plastic wraps before the measurement. Peak posi-
tions and profile were fitted with the Pseudo-Voigt function using the
HighScore Plus software package (Panalytical). Phase identification was
achieved by using the PDF-2 database of the International Center of
Diffraction Data (ICDD).

The XPS (X-ray Photoelectron Spectroscopy) measurements were
performed on an ESCALAB 220iXL (Thermo Fisher Scientific) with
monochromated Al Ka radiation (E=1486.6 eV). Samples were prepared
on a stainless-steel holder with conductive double-sided adhesive car-
bon tape. The measurements were performed with charge compensation
using a flood electron system combining low energy electrons and Ar™
ions (par =1 x 10”7 mbar). The electron binding energies are referenced
to the C 1s core level of carbon at 284.8 eV (C-C and C-H bonds).

The morphology of the electrode surface before and after electrolysis
was studied with electron microscopy. Scanning electron microscopy
(SEM, equipped with EDX) was performed using a MERLIN® VP
Compact (Zeiss, Germany) microscope. Scanning transmission electron
microscopy (STEM) investigations were carried out on a probe
aberration-corrected JEM-ARM200F (JEOL, corrector: CEOS) at an
accelerating voltage of 200 kV. The microscope is equipped with a JED-
2300 (JEOL) energy-dispersive X-ray spectrometer (for EDX) having a
silicon drift detector (dry SD60GV). Electron energy-loss spectroscopy
(EELS) was done with an Enfinium ER (Gatan) electron energy-loss
(EEL) spectrometer. For STEM imaging, a High-Angle Annular Dark
Field (HAADF) and an Annular Bright Field (ABF) detector were
employed, while an Annular Dark Field (ADF) detector was used for
position control during EELS acquisition. Dual EELS was performed at a
camera length of 4 cm, an illumination semi angle of 27.8 mrad and a
filter entrance aperture semi angle of 41.3 mrad using the low loss re-
gion for compensation of energy shifts during acquisition. The solid
samples were deposited without any pre-treatment onto a holey carbon-
supported Cu grid (mesh 300) and subsequently transferred to the mi-
croscope. The specific surface area and pore volume were determined by
Ny adsorption and calculated using BET and BJH methods, respectively.
Diffuse reflectance UV-vis spectra were obtained using an AvaSpec 2048
fiber optical spectrometer (Avantes BV) equipped with an AvaLight-DHS
light source and an FCR-19UV200-2-ME reflection probe by using BaSO4
as white standard reference material.

Electroanalytical Experiments: All experiments were performed in a
three-electrode arrangement using an Autolab PGSTAT 302 N (Met-
rohm). A glassy carbon rotating disk electrode [17] (diameter: 3.8 mm,
geometrical surface area: 0.113 cm?) was used as the working electrode
(WE). For the preparation of the coated working electrode, catalyst inks
were prepared by dispersion of 5 mg catalyst in 1 mL of a mixture of 0.1
M KOH, Nafion, EtOH, and H,O (1:2:45:45 in relation to the volumes of
the pure components). The ink was sonicated for 45 min at room tem-
perature. A defined amount of catalyst suspension was slowly dropped
on the working electrode surface and dried for an hour under air to
achieve a catalyst loading on the electrode surface area of 0.25 mg cm ™2,
An Ag/AgCl (3 M KCl) electrode and a Pt rod electrode were used as
reference electrode (RE) and counter electrode (CE), respectively. All
reported potentials are iR drop corrected. The uncompensated resistance
R was determined by electrochemical impedance spectroscopy (EIS) at
the open-circuit potential (OCP) from 20 kHz to 200 Hz with alternating
current perturbation of 5 mV. All recorded potentials were converted to
RHE.

All linear sweep voltammograms (LSVs) were recorded using a scan
rate of 1 mV s™! and a rotation rate of 1800 rpm. EIS analysis of the
electrocatalysts was carried out at 1.50 V vs RHE, at OER onset, and at
n10 scanning the frequency range from 10 kHz to 0.01 Hz and applying
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an amplitude of 5 mV. The electrochemically active surface area (ECSA)
was estimated by measuring the double layer capacitance in the non-
Faradaic region using cyclic voltammetry without electrode rotation
(for details, see the SI).

For Mott-Schottky analysis, FTO supports were coated by drop-
casting 100 uL of a Nafion-free ink (5 mg catalyst in 1 mL EtOH/H20
1:1, v/v). EIS measurements were performed at 100 Hz, 1000 Hz, 1500
Hz, and 2000 Hz, respectively, in the potential range between 0 V and 1
V vs Ag/AgCl (3 M KCI) in 50 mV steps.

For structural characterization of used materials, a Nafion-free ink of
the catalyst was deposited onto a glassy carbon plate (1 cm?, material
loading: 0.25 mg cm™2). Anodic polarization of the materials was car-
ried out at 10mA crngez0 for 1 hin aresting 1 M KOH electrolyte. After the
electrochemical test, KOH was removed by rinsing the plates with
deionized water. The plates with used catalyst could be investigated
directly by SEM. For XRD and XPS, the material was removed from the
plates.

Studies in alkaline water electrolyzer. For electrolysis tests, the catalyst
ink was prepared by mixing the catalyst powder with chloromethylated
poly(styrene-ethylene/butylene-styrene) block copolymer (PSEBS-CM)
acting as the polymer binder of the catalyst layer. Chloroform (10 mL)
was used as a solvent/dispersant. The catalyst to binder ratio (wt/wt)
was 90:10. The prepared catalyst ink was rested for 16 h prior to the
catalyst layer deposition. The catalyst layer was deposited on the surface
of the support (Ni foam) using the sonicated dispersion deposition
method. The catalyst load was 10 mg cm™2. After deposition of the
catalyst layer, the electrodes were immersed in a solution of 10 wt%
DABCO (1,4-diazabicyclo[2.2.2]octane) in ethanol at room temperature
for 48 h in order to introduce DABCO functional groups to the PSEBS-CM
[70,71]. After activation, the electrode was immersed in 0.1 M KOH
solution to load the polymer binder with OH™ ions. Bare Ni foam and Ni
foam modified by Pt/C (0.5 mg Pt cm™2), respectively, were used as
cathodes. The anion-selective polymer membrane PSEBS-CM-DABCO
(thickness in dry state: 60 um) was used as separator between anode
and cathode. Electrolysis was carried out at 50 °C using 0.1 M and 1 M
KOH, respectively, as the electrolyte. Activation of fresh electrodes was
achieved by polarization at constant cell voltage (1.9 V) for 20 h. After
the activation procedure, the short-term measurement of the load curves
followed in the cell voltage range between 1.5 and 2.2 V. The load curve
measurement was accompanied by EIS measurement at cell voltages in
the range from 1.5 to 1.8 V. The maximum amplitude of the perturbing
signal was 10 mV. The frequency range was 100 kHz — 0.1 Hz. The
equivalent circuits used for EIS spectra evaluation are shown in Fig. S31.
The top circuit was used in the case of bare Ni foam cathode, the bottom
one in the case of the Pt/C cathode.

The stability test was performed in 1 M KOH electrolyte at 50 °C and
a current density of 400 mA cm™2. Bare Ni foam was used as a cathode.
The stability test was composed of 10 h constant current measurement,
followed by the load curve and EIS measurements. The procedure was
successfully repeated six times. During the seventh cycle, the cell was
short-circuited.

Prior to and after the stability test, XRD and SEM-EDX were used to
investigate possible differences in the catalyst. For XRD analysis, a
PANanalytical X’Pert PRO with Cobalt lamp was used in the range from
6 to 110 °26. For SEM analysis, a Hitachi S4700 scanning electron mi-
croscope with EDX detector was used.
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Mixed oxides (MO) of Co, Ni, and Fe have emerged as promising catalysts for the oxygen evolution reaction
(OER) in alkaline water electrolysis (AWE). Although they are significantly cheaper than the precious metal
catalysts used for proton exchange membrane (PEM) water splitting, the limited availability of Co and the

Ef;;:cataly“ exceptionally poor environmental footprint of Co and Ni mining remain challenges for scaling up AWE capac-
Nickel ities. In this context, we present a promising approach toward reducing the metal content while preserving the
Iron catalytic performance. Based on a recent work on CoNiFeOyx OER catalysts from our group, admixture of pre-

treated Vulcan carbon XC-72R (VC) at different synthesis stages in various loadings was evaluated in view of
material structure and electrocatalytic activity. Attractive performance characteristics were obtained for the
optimized MO-VC composite material, e.g., a mass activity of 370 A ggly;z. at 1.56 V vs. RHE and a Tafel slope of
39.0 mV dec”!. Stable long-term performance under practical AWE conditions was confirmed in an anion ex-
change membrane (AEM) electrolyzer. An understanding of the effect of carbon admixture was achieved by
combining in situ X-ray absorption spectroscopy, analysis of the electrochemically active surface area, as well as
electrochemical impedance spectroscopy. The results point toward a benign impact of carbon admixture on the
electronic structure of the MO domains under potential bias.

Carbon additive
Metal content

1. Introduction

Hydrogen production through electrochemical water splitting pow-
ered by renewable energy is considered as one of the key building blocks
in establishing a carbon-neutral economy [1-3]. Although it is the
cathodic hydrogen evolution reaction (HER) that leads to the product of
interest, considerable efforts are devoted to the development of catalysts
for the anodic oxygen evolution reaction (OER). This is primarily caused
by the slow kinetics of the four-electron OER, which represents the
bottleneck of the water splitting process [4-7]. Consequently, devel-
oping OER electrocatalysts towards low overpotentials, high mass ac-
tivity, and improved stability is one of the keys to further optimizing the
efficiency of water electrolysis [8,9].

Compared to the already well-established proton exchange mem-
brane (PEM) water splitting, alkaline water electrolysis (AWE) is a less
prevalent but promising alternative, since instead of expensive Ir- and
Ru-based catalysts, cheaper and readily available alternatives such as
Co, Ni and Fe can be employed [10-13]. Recently, significant progress

* Corresponding authors.

has been made in the field of AWE through the development of
increasingly stable anion exchange membranes (AEM), with the pros-
pect of establishing efficient and durable AEM electrolyzers in the
foreseeable future [10,14]. This development has given fresh impetus to
AWE research, bringing OER electrocatalysts based on Ni, Co and Fe into
the focus [15-18]. The three metals are usually applied as oxides or
oxyhydroxides, with CoFeOy, FeNiOx and CoFeNiOy showing particu-
larly good OER performance [19,20]. The outstanding catalytic prop-
erties were deduced from a volcano-type relationship between activity
and binding energies of oxygen intermediates, whereby mixed Co, Ni,
and Fe oxides are located near the top of the volcano curve [21-23].
In a recent paper, we have presented a promising and straightfor-
ward method for preparing Co-Ni-Fe oxides as OER electrocatalysts
based on a citrate sol-gel approach (Fig. 1) [24]. It was found that the
key to strong catalytic performance is thermal treatment under oxygen-
deficient atmosphere (M), which renders superior electrocatalytic
properties compared to reductive (H) and aerobic conditions (A),
respectively. A comprehensive study on the impact of the metal
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Fig. 1. Summary of our previous study on the influence of thermal treatment
and metal ratio on the performance of CoNiFeO,-based OER electro-
catalysts [24].

composition showed that Co : Ni : Fe in a ratio 2 : 2 : 1 (denoted as
CoNiFe (2:2:1)/M in our previous work) renders optimum performance.
Using the optimized material, attractive performance characteristics
were obtained, e.g., an overpotential of 291 mV at 10 mA cm ™2 (i710) and
a Tafel slope of 32 mV dec™!. The combined results of electroanalytical
studies and structural characterization suggest that performance
enhancement through oxygen-deficient annealing can be mostly
ascribed to a higher electrochemically active surface area, which does
not significantly diminish under OER conditions in contrast to samples
prepared by reductive and aerobic treatment, respectively.

Although Co-, Ni-, and Fe-based OER electrocatalysts are signifi-
cantly cheaper than the precious metals used in PEM electrolysis, issues
related to cost of materials are also foreseeable in the future. Thus, a
shortage of the rare Co metal can be expected due to the increasing
demand for production of Li ion batteries [25,26] and limited number of
deposits [27]. Further issues are associated with the exceptionally poor
environmental footprint of Co and Ni mining [28,29]. Consequently,
reducing the metal content while minimizing the loss of performance is a
worthy goal for further improvement of our CoNiFeOy system. In this
context, carbon-based materials as widespread supports for HER
[30-34] and ORR [35] catalysts are interesting candidates that may
enable cost-effective “dilution” of the mixed metal oxide. In fact, the use
of carbon-supported OER catalysts in alkaline media has already been
successfully demonstrated by others [36-40]. Depending on the mate-
rials investigated, positive properties such as excellent electrical con-
ductivity and high porosity at a low price are usually emphasized [41].
On the other hand, a fundamental challenge is that carbon becomes
thermodynamically unstable at potentials higher than its equilibrium
potential of 0.207 V vs. the reversible hydrogen electrode (RHE) [42].
However, recent studies have suggested that the carbon oxidation re-
action (COR) is effectively suppressed when working in alkaline envi-
ronment [43] and that COR can be further reduced by combining carbon
with a highly effective OER electrocatalyst (“activity-durability coinci-
dence” of OER in the presence of COR) [44,45]. Further works demon-
strate that under certain conditions, passivation can stabilize graphitic
carbon kinetically [46] and that metal oxide—carbon composites can
work effectively as OER electrocatalysts in AEM water electrolysis for
more than 1100 h at 200 mA cm 2 and 80 °C without performance loss
[47]. In view of these encouraging findings, we opted to investigate the
influence of carbon additives on the OER behavior of our CoNiFeOy
system.

Herein, we present a study on the effect of “diluting” our CoNiFeOx
electrocatalyst with Vulcan XC-72R carbon black (VC). The latter was
selected as a popular material from battery and fuel cell research with
excellent electrochemical properties, i.e., high electric conductivity (31
458 em™Y), high purity, low sulfur contamination, good processability,
and high BET surface area (207 + 4 m? g_l) [38,48-51]. In addition, VC
showed good performance and particularly low susceptibility toward
COR in several recent OER and ORR studies [45,48-50]. To mitigate the
hydrophobicity of the material [52] and to explore potential benefits on
OER performance [51] including higher surface area and better
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interaction with the OER catalyst, oxidative pre-treatment of VC was
applied and evaluated. A further focus of our study is the impact of the
composite preparation method, whereby carbon was introduced during
the sol-gel step and during ink-preparation, respectively. The effects of
VC modification and composite preparation method were monitored by
electroanalytical studies under RDE conditions as well as through
structural characterization before and after electrolysis. Despite signif-
icant reduction of the metal content in the as-prepared materials, a
stable performance was achieved. Finally, high activity and stability of
the optimized CoNiFeO4-VC composite was demonstrated at practically
relevant current density in an AEM electrolyzer.

2. Results and discussion
2.1. Catalyst preparation

The composite materials studied in this work consist of a mixed
CoNiFe oxide and conductive Vulcan XC-72R carbon black particles. The
metal oxide component is based on the catalyst material from our pre-
vious study with best OER performance [24], CoNiFe (2:2:1)/M,
whereby 2:2:1 refers to the stoichiometric ratio between the three
metals and M for the oxygen-deficient thermal treatment of the catalyst
precursor. The precursors were prepared from the corresponding metal
nitrates in presence of citric acid using our sol-gel approach (Fig. 2)
[24]. Either unmodified carbon black (CB, particle size of 20-50 nm) or
carbon black pre-treated with aq. HNOs (CM) [53] was added to the
metal nitrate solution prior to gel formation. The precursors were sub-
jected to the same thermal treatment conditions as in the previous report
(300 °C, 1 vol% air in argon).

To systematically study the impact of the reduced metal content,
composites with various mass ratios between CoNiFe oxide and carbon
additive were prepared (for details, see the Experimental Section and
Table S1 in the SI). In the following, the different materials are denoted
as MO/CB or MO/CM, whereby MO refers to the mixed oxide (CoNiFe
(2:2:1)/M), CB to carbon black, and CM to carbon black pre-treated with
aq. HNOs. In addition, each sample denomination contains a number x
that represents the mass percentage of metal oxide in the material (e.g,
60MO/CM). The compositions of the materials determined by elemental
analysis are summarized in Table S2. After thermal treatment, inks were
prepared from the MO-carbon composites and a binder, followed by
deposition on the electrode surface for electrochemical studies. For
comparison, catalyst series xMO + CB and xMO + CM were prepared by
mixing MO with carbon particles after thermal treatment using a mortar.
The resulting mixtures were then used for ink preparation and electrode
coating under the same conditions.

2.2. Structural characterization

Structural characterization of the as-prepared composite materials
was carried out using powder X-ray diffraction (PXRD), X-ray photo-
electron spectroscopy (XPS), scanning electron microscopy (SEM),
energy-dispersive X-ray spectroscopy (EDX), scanning transmission

100-xCB

xMO/CB

100-xCB

tube furnace
1% air in Ar

2 Co(NO;), +
2 Ni(NO,), +
Fe(NO), :
A \J
XMO+CM
100-x CM xMO/CM 100-x CM

Fig. 2. Schematic illustration of the preparation of catalyst 100MO and the
xMO/CB, xMO/CM, xMO + CB, and xMO + CM series. MO = metal oxide.
Metal oxide content (wt. %): x = 100, 80, 60, 40, 20. CB = unmodified carbon
black. CM = pre-treated carbon black.
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electron microscopy (STEM), electron energy loss spectroscopy (EELS),
Raman spectroscopy (RS), X-ray absorption spectroscopy (XAS), and
Fourier transform infrared (FTIR) spectroscopy. As exemplarily shown
in Fig. 3a, PXRD patterns of 100MO (corresponds to CoNiFe (2:2:1)/M in
ref. [24]), 60MO/CB, and 60MO/CM exhibit similar patterns with broad
diffraction peaks at 16.3°, 19.1°, and 27.3° that are typical for the (111),
(200), and (220) planes of CoO, NiO, and FeO (for details, see Fig. S2).
An additional peak at 11.1° occurs for the two carbon-containing sam-
ples, which indicates the presence of graphite oxide [54,55]. The pres-
ence of graphitic domains is confirmed for both the CB and the CM
samples by characteristic Raman bands at 1310 cm™! and 1595 cm™?
(Fig. S20a-b), whereby the former reflects the well-ordered bonding
environment of sp2-hybridized carbon and the latter is caused by defects
in the graphitic structure [56].

XPS was carried out to provide information about the valence states
and chemical composition of the catalyst surface. Due to the strong
overlap of photoelectron lines and intense Auger peaks we focus on a
qualitative analysis here. For 100MO, 60MO/CB, and 60MO/CM, the Co
2p and O 1s regions are shown exemplarily in Fig. 3b and c, while the Ni
2p, Fe 2p, and C 1s regions are summarized in Fig. S7 and Table S4. The
Co 2p region of the catalyst with (CM and CB) and without carbon is
composed of two main peaks associated with Co 2ps/2 and Co 2p;,2
orbitals together with two intense satellite features on the high binding
energy side of each peak. As discussed in our previous work [24], the

a)
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100MO

1 1 1 1 1 1 1

1
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(o2
©
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100MO

1 1
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shoulders at lower binding energies are probably caused by Auger peaks
of Fe and Ni which are present in this region. All catalysts show the Co
2ps3/2 peak at 781.1 eV together with pronounced satellite features,
which suggests the presence of Co?" probably as CoO or Co(OH); [57].
However, compared to the literature dealing with monometallic oxides
[57], the observed Co 2p binding energies are slightly shifted to higher
values here. The interaction with other elements present in this catalyst
(Ni and Fe) probably leads to this shift. The Ni 2p (mainly Ni%) and Fe
2p spectra of the three catalysts are discussed in detail in the SI.

The high-resolution scans of the O 1s regions for all three samples
(Fig. 3c) show a similar shape with two main peaks at binding energies
of 529.9 eV and 531.6 eV, respectively, corresponding to lattice metal-
—oxygen (M-Oy) and to metal hydroxides/defective oxides, respectively
[58,59]. All samples present a much stronger signal for hydroxides/
defective oxides than for lattice oxide (the presence of M-OH is further
confirmed for all three samples by FTIR spectroscopy, see Fig. S20c).
While for samples 100MO and 60MO/CM the same binding energies are
observed for both peaks, 60MO/CB shows a slightly higher binding
energy for the second peak at 531.8 eV.

According to the XPS results, the impact of added carbon on the
surface metal oxide composition (and valence states) seems to be
negligible, which is in line with results obtained by K-edge XAS. Within
the Co K edge regime, 100MO and 60MO/CM exhibit basically the same
XANES profile (Fig. 3d). A similar outcome is also observed for the Ni

b) Co 2py, Co 2p
Satellite "2 satellite
- 60MO/CB
=}
8
2
2
. 60MO/CM
i
100MO
1 1 1 1 1
810 800 790 780 770 760
Binding energy (eV)
d) Co K-edge
£
8
c
Re]
a
[e]
[72]
<
= —100MO
S ——60MO/CM
z
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7700 7720 7740 7760 7780 7800 7820
Photon energy (eV)

Fig. 3. Structural characterization of 100MO (blue), 60MO/CM (red), and 60MO/CB (black). (a) Powder X-ray diffraction patterns. (b) Co 2p and (c) O 1s XP spectra.
(d) Co K-edge XANES analysis. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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and Fe K edge when comparing the data of 100MO and 60MO/CM
(Fig. S45). The oxidation states of the three metals within both as-
prepared materials are ~2.3 (Co), ~2.1 (Ni), and ~2.0 (Fe) according
to XANES analysis (Figs. S44 and S45). Consequently, the electronic
structures of the mixed metal oxide component within 60MO/CM
powder seem to resemble as-prepared 100MO.

SEM analysis was performed for 60MO,/CM, 60MO,/CB, 60MO + CM,
60MO + CB, and 100MO (Figs. S8-S12). The samples in which the
carbon particles were added only after thermal treatment (60MO + CM
and 60MO + CB) show a strong segregation into different domains,
which is shown exemplarily for 60MO + CB in Fig. 4a (bright domains
are caused by backscattering of electrons through elements with high
atomic number, here likely by Co, Ni, and Fe). In contrast, composites
that were prepared by adding carbon during the sol-gel step do not show
such separated domains, as exemplified for 60MO/CM in Fig. 4b.
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Samples 60MO/CM and 60MO/CB were additionally examined using
STEM coupled to EDX and EELS (Figs. S13-519). The exemplary STEM
image of 60MO/CM in Fig. 4c shows a homogeneous distribution of the
elements Co, Ni, Fe, and C across the particle (see EDX mappings in
Figs. 4e-g and S14c). Fig. 4d clearly shows nanocrystalline domains of
CoNiFeOy present on carbon. In principle, formation of a CoNiFeOy/
carbon composite could be confirmed by electron microscopic tech-
niques, with the main structural features of the metal oxide found in
100MO being retained. A detailed discussion of the findings is provided
in the SL.

Specific surface area (S) and conductivity of the as-prepared mate-
rials were investigated using BET analysis (Table S3) and impedance
spectroscopy (Table S6). With higher carbon content, both the xMO/CM
and xMO/CB series show increased Sggr (up to 211 m? g_l) compared to
100 MO (80 m? g™1), although the surface-increasing effect becomes

Fig. 4. Top row: SEM images of as-prepared 60MO + CM (a) and 60MO/CM (b) (BSE detector). Central row: STEM-HAADF images of 60MO/CM at different
magnifications (c, d). Bottom row: EDX elemental mapping of image (c) showing the distribution of Co (e), Ni (f), Fe (g), and O (h).
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significantly pronounced only below x = 60. Furthermore, an increase in
average pore size d (up to 49 nm) and mesopore volume Vy, (up to 0.56
cm?® g71) with increasing CB or CM content is clearly visible. This effect
is stronger for MO-carbon composites that were prepared by mechanical
mixing (xMO + CB and xMO + CM) than for the samples that were
prepared by adding carbon during the sol-gel process (xMO/CB and
xMO/CM).

The Spgr, Vm, and d values of selected samples, i.e., 60MO/CB,
60MO/CM, 60MO + CB, 60MO + CM, and 100MO are summarized in
Table 1 along with the electrical conductivity of the as-prepared pow-
ders (for details on conductivity analysis, see the Experimental Section).
A comparison of the conductivities shows that CM renders lower values
than CB, which is likely due to the oxidative pre-treatment and the
resulting decrease of the fraction of sp?-hybridized (graphitic) carbon
[53]. Moreover, it becomes clear that mechanical mixing of MO and
carbon particles (60MO + CB and 60MO + CM) is beneficial for con-
ductivity compared to adding carbon during the sol-gel step (60MO/CB
and 60MO/CM).

2.3. OER performance evaluation under RDE conditions

The electrocatalytic study was initiated with linear sweep voltam-
metry (LSV) using a glassy carbon RDE in a 1.0 M KOH electrolyte. The
electrode was coated via drop-casting of a Nafion-containing ink (for
details, see the Experimental Section). In the following, the influence of
the carbon additives (CB, CM) in different mass ratios relative to MO is
discussed along with the impact of the composite preparation approach
(compare Fig. 2). More specifically, addition of carbon particles at the
beginning of the sol-gel procedure (MO/CB and MO/CM series) is
compared to mechanical mixing of as-prepared CoNiFeOy with carbon
particles using a mortar, followed by preparation of catalyst ink (MO +
CB and MO + CM series). For all measurements, the same mass of
CoNiFeOy/C composite was applied to the electrode surface, resulting in
varying metal oxide loadings depending on the degree of “dilution” with
carbon.

LSVs were recorded at 1800 rpm (v = 1 mV s71) for composites with
different MO content (80 %, 60 %, 40 %, and 20 %) for series MO/CB,
MO/CM, MO + CB, and MO + CM. While all results are summarized in
Figs. S21, S23, and S24, exemplary LSVs of 60MO/CB, 60MO/CM,
60MO + CB, and 60MO + CM are shown in Fig. 5a-b together with the
LSV of pure metal oxide catalyst (100MO). Fig. 5a shows the mass
specific activity related to the metal oxide content, whereas in Fig. 5b,
the current density was calculated with respect to the geometrical
electrode surface area. The current densities at 1.56 V vs. RHE and
~2 extracted from the LSVs of the four

geo
composite series are summarized in Fig. 5c. Mass specific activities,
current densities and overpotentials (1710) are summarized in Table S6
for all catalysts.

At first glance, a comparison of the different samples shows that most
carbon composites perform significantly worse than the pure metal
oxide (Fig. 5¢). However, some of the “carbon-diluted” materials have a
performance comparable to 100MO despite significantly lower metal
content. Although 100MO renders the highest current density (Fig. 5b),
catalyst 60MO/CM, for example, provides a higher mass activity

overpotentials at 10 mA cm,

Table 1
Summary of surface areas (Sgrr), mesopore volumes (Vy,), average pore sizes (d),
and conductivity values for selected materials.

Sample SBET Vin d conductivity
[m?g1] [em® g1 [nm] [Sem™1]

100MO 80.3 0.04 1.6 0

60MO + CB 106.7 0.36 49.0 28.9

60MO + CM 89.6 0.29 48.1 6.0

60MO/CB 91.1 0.17 3.3 3.3

60MO/CM 89.6 0.11 3.3 2.1
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(A gclire) at 1.56 V with only 60 % metal oxide content (Fig. 5a). When
comparing 60MO/CM with 60MO + CM and 60MO/CB with 60MO +
CB, it becomes apparent that introducing the carbon already during the
sol-gel process leads to better results than only during ink preparation
(Fig. 5-b). For example, the mass specific activity at 1.56 V drops by
almost 80 % when replacing 60MO/CM with 60MO + CM, while 719
increases by more than 20 mV. A possible explanation for the superior
performance of the MO/CM and MO/CB materials is that a more inti-
mate mixing of the two components is achieved with the integrated
sol-gel process and heat treatment, leading to improved contact be-
tween the MO and CM domains (see also SEM images in Fig. 4a-b,
Fig. §9, and Fig. S11), and allowing the carbon to effectively contribute
to current flow as conductivity-enhancing additive. Superior perfor-
mance of the MO/CM and MO/CB materials is also reflected by the Tafel
slopes (Fig. 5d and Fig. S25).

A further prerequisite for good performance is the chemical pre-
treatment of carbon particles, as 60MO/CM performs significantly bet-
ter than 60MO/CB (Fig. 5-b). This trend is also confirmed by comparing
the activities and overpotentials of other congeners of the MO/CB and
MO/CM series (see Fig. 5¢) and the Tafel slopes in Figs. 5d and S25. A
possible explanation is that the increased and more hydrophilic surface
allows a stronger binding to the metal oxide during composite forma-
tion. Moreover, a sufficiently high MO content within the composite is
required for good catalytic activity. While very good results can be
achieved with 80MO/CM and 60MO/CM, the overpotentials and current
densities are significantly worse for 40MO/CM and 20MO/CM (Fig. 5c).
Finally, it should be noted that despite the good mass specific activity,
the admixture of carbon does in principle decrease the geometrical LSV
current density under RDE conditions (Fig. 5b). This may be attributed
to a decrease of the number of active sites by “dilution” with carbon.

From Fig. 5c, it can be concluded that the group located at the top left
of the diagram (60MO,/CM, 80MO/CM, and 100MO) exhibits the most
promising catalytic properties. Catalyst 60MO/CM represents a partic-
ularly auspicious candidate, as it achieves a high mass specific activity of
369.9 A gcluire at 1.56 V and a small 579 of 297 mV at low metal oxide
content. This impression is further confirmed by chronopotentiometric
profiles recorded at 10 mA cmgezO (Fig. 5e; further measurements are
summarized in Figs. S21d, S23d, S24d, and Table S6). Again, 60MO/CM
shows a behavior similar to 100MO and superior to 60MO/CB, starting
at relatively low potential without significant changes within 15 min.
Not surprisingly, the samples 60MO + CB and 60MO + CM show clearly
inferior profiles compared to 100MO, 60MO/CM, and 60MO/CB
(Fig. S21d).

Interestingly, long-term chronopotentiometric analysis at higher
current density, i.e., 50 mA cméez0 (Fig. S28a) and 100 mA cmg’f0 (Fig. 5f),
shows that 60MO/CM performs even better under high stress compared
to 100MO. 60MO/CM starts at 77100 = 240 mV and exhibits a stable
profile with a potential increase of less than 5 mV after 7 days. In
contrast, 100MO shows a stronger potential increase (~45 mV) after
starting at a higher 1100 value (262 mV). Since Ni foam is frequently used
in AEM electrolyzers as OER catalyst support, the long-term measure-
ment was repeated with 60MO/CB using a Ni RDE under otherwise
identical conditions (Fig. 5f). Starting at a higher potential compared to
the GC RDE, a similar potential was achieved after 7 days.

To further probe the performance of 60MO/CM at high stress, an
on-off chronopotentiometric analysis with 3 h intervals was carried out
with current densities of 10, 20, 50, and 100 mA cmgezO at @ = 1800 rpm
(Fig. 5g). Despite harsh conditions and strong bubble formation, the
catalyst exhibits stable plateaus during the 3 h intervals. In contrast,
100MO is much less stable under these conditions, as in several trials,
the experiment had to be aborted due to potential overloads at the 50
2

mA cmyg,

step (see Fig. S29). In general, the potential-time profile can be
affected both by catalyst degradation and by development of micro- and

nanobubbles within the pores which cannot be removed by electrode
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Fig. 5. (a-b) OER polarization curves measured in 1.0 M KOH solution (v =1 mV s

~1, » = 1800 rpm, iR drop corrected) showing the mass activity related to metal

oxide content (a) and the current density with respect to the geometrical electrode surface area (b). (¢) Comparison of overpotential and mass activity between

100MO and the MO-carbon composite series. (d) Tafel plots extracted from LSVs shown in Fig. 5b. (e) Chronopotentiometric profiles recorded at 10 mA cm,,
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1800 rpm). (f) Chronopotentiometric stability tests recorded at 100 mA cm,

potentials are pH corrected). (g) Stepwise chronopotentiometric stability test carried out at 10, 20, 50, and 100 mA cm,

2
eo ((D:

for 100MO and 60MO/CM on glassy carbon and Ni RDE, respectively (all measured
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geo

(3 h for each step). (h) Electrochemical

impedance spectra (Nyquist plots) recorded for 100MO, 60MO/CB, and 60MO/CM at 1.5 V vs. RHE. (i) Estimation of double layer capacitance (Cq) and electro-
chemically active surface area (ECSA) via CV in the non-Faradaic regime (for details, see Figs. 522, 526, and 527).

rotation [60,61]. Based on the present data, it cannot be clearly inferred
whether the superior long-term performance of 60MO/CM is due to a
higher stability or to improved dissipation of gas bubbles. In view of this
ambiguity, it should be noted that although RDE conditions are well
suited for studying and comparing catalyst properties, the significance
of the results is limited with respect to practical conditions in AEM
electrolyzers [61]. Consequently, stability and performance of 60MO/
CM was also evaluated in an AEM flow cell at 400 mA cmgezo (see Section
2.5).

To explore the origins of the observed trends, further analytical
techniques were applied. Electrochemical impedance spectroscopy (EIS)
at 1.5 V (Figs. 5h, S21e, S23e, and S24e) was used to determine the
charge transfer resistance Rp. CV was carried out with a stationary
electrode in the non-Faradaic regime (Figs. 5i, S21f, S23f, and S24f) to

determine the electrochemically active surface areas (ECSA) from the
double-layer capacitance (Cq). The Rp and ECSA values of 100MO,
60MO/CM, 60MO/CB, and other samples are summarized in Table S6.
The Nyquist plots in Fig. 5h show the same trend as the Tafel slopes in
Fig. 5d, i.e., that the charge transfer rate increases in the order 60MO/CB
< 60MO/CM < 100MO. The corresponding Rp values obtained from EIS
data fitting amount to 85 Q, 66 Q, and 55 Q, indicating i) that the
presence of carbon slows down OER kinetics at 1.5 V and ii), that the
decelerating effect is less pronounced for CM than for CB. On the other
hand, analysis of Cg shows a slight increase of the ECSA for 60MO/CM
compared to 100MO (7.43 cm? vs. 7.20 sz)_ In contrast, 60MO/CB
exhibits a significantly smaller ECSA (4.73 cm™2), suggesting that the
stronger catalytic performance of 60MO/CM compared to 60MO/CB
could be a result of the enhanced ECSA.

The better electronic conductivity of 60MO/CM and 60MO/CB
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compared to 100MO (cf. Table 1) certainly supports the rate of charge
transfer and counteracts the reduction in the number of catalytically
active sites. Although the oxidative carbon pre-treatment reduces the
conductivity of 60MO/CM compared to 60MO/CB (2.1 S cm ™! vs. 3.3 S
em™Y), it is still significantly higher than that of poorly conducting
100MO. However, interpreting the conductivity values should be exer-
cised with care, since conductivity measurements were performed using
dry powder, while ECSA and EIS measurements were carried out in
contact with the alkaline electrolyte at potential bias [62]. Under these
circumstances, the differences between the electronic conductivities of
the powder samples can only serve as a qualitative indication. Overall,
60MO/CM exhibits high ECSA and good conductivity, both of which
may partially compensate for the lower number of active centers
compared to 100MO.

2.4. Characterization of used catalysts

To better understand the structural changes which 100MO, 60MO/
CM, and 60MO/CB undergo under OER conditions, additional electro-
analytical and spectroscopic experiments were performed after applying
10 mA cmg.f0 for 1 hin 1.0 M KOH (RDE conditions). The first indication
can be derived from the change in R, before and after the galvanostatic
measurements (Fig. S30 and Table 2). Surprisingly, the initially lowest
polarization resistance of 100MO electrolysis rises by 16 Q, which cor-
responds to a 29 % increase. On the other hand, the Rp value of 60MO/
CM increases by only 3 Q (5 %). A similarly small increase in Rp (+2 Q) is
observed for 60MO/CB, albeit at a significantly higher level. As a result,
the post-electrolysis Rp values of the catalysts increase in the order
60MO/CM ~ 100MO < 60MO/CB.

Regarding ECSA, 60MO/CM experiences a loss of 52 %, whereas the
value for 100MO decreases by only 15 %. At a first glance, this result
appears surprising, as 60MO/CM shows a stable potential-time profile,
while the performance of 100MO deteriorates significantly during the
galvanostatic stability test (Fig. 5f). However, it must be considered that
the ECSA was determined via the double layer capacitance which also
contains contributions from catalytically inactive carbon domains — the
ECSA does therefore not directly translate to the number of active sites.
Catalyst 60MO/CB suffers a further loss of 34 % from its already low
initial ECSA value. Consequently, the post-electrolysis ECSA values
decrease in the order 100MO > 60MO/CM > 60MO/CB (Fig. S31 and
Table 2). This finding suggests that despite the decreasing ECSA, the
number of active sites and/or OER microkinetics of 60MO/CM remain
stable/gradually improve under stress. In contrast, 100MO seems to
deteriorate in agreement with the results of the RDE stress test at 100
mA cm,;ez0 (Fig. 5f).

To analyze the structural changes that occurred under operating
conditions, PXRD, SEM-EDX, STEM-EELS, XPS, and XAS measurements
were performed. Compared to the pre-electrolysis PXRD results shown
in Fig. 3a, used 60MO/CB and 60MO/CM show preserved but signifi-
cantly broadened peaks around 16°, 19°, and 27° (Fig. 6a). In contrast,
these signals vanish completely in the post-electrolysis PXRD pattern of
100MO, indicating that the material has become largely amorphous,

Table 2
Summary of changes in electrochemical properties of OER electrocatalysts after
1 h polarization at 10 mA cm;2 in 1.0 M KOH.

geo

Sample Rp before Rp after ECSA before ECSA after
stability test” stability test” stability test stability test
() @ (cm?) (em?)
100MO 54.9 70.9 7.20 + 0.07 6.13 £ 0.20
60MO/ 66.2 69.6 7.43 + 0.30 3.60 + 0.12
CM
60MO/ 84.4 86.4 4.73 + 0.20 3.13 +0.12
CB

2 Rp measured at 1.5 V vs. RHE.

Journal of Catalysis 450 (2025) 116299

whereby minor peaks around 25°, 30°, and 32° may suggest formation of
crystalline FeO and Fe304 domains [24]. Morphology changes of sam-
ples 60MO/CB and 60MO/CM according to SEM (Figs. S33-35) and
STEM (Fig. S36-43) analysis are comparable to 100MO, whereby EDX
mapping indicates that Co, Ni, Fe, and C retain their distribution across
the surface.

After the galvanostatic tests, the sample surfaces of 100MO, 60MO/
CB, and 60MO/CM were investigated again by XPS. The results for Co
2p, Ni 2p and Fe 2p are shown in Fig. 6b and Fig. S32 (all binding en-
ergies are summarized in Table S10). For all samples with (CB and CM)
and without carbon, very similar XP spectra can be observed and point
toward an oxidic nature of Co, Ni, and Fe after the strongly oxidizing
OER conditions. Especially for Co 2p in Fig. 6b, the small satellite fea-
tures together with the binding energy of the Co 2ps,» peak around
780.3 eV indicate the presence of Co as Co304 [57]. These findings are in
line with ex situ Co/Ni/Fe K-edge XANES data obtained from post-
electrolysis 60MO/CM (Fig. S46), which indicate an increase of the
Co, Ni, and Fe oxidation states from 2.3 to 3.3, from 2.0 to 2.5, and from
2.0 to 2.9, respectively.

In the O 1s region in Fig. 6¢, again two main peaks at binding en-
ergies of 529.5 eV and 531.1 eV can be observed. However, in the O 1s
XP spectra for 60MO/CM, the peak at 529.5 eV is weaker compared to
100MO (blue), while it almost disappears in the case of sample 60MO/
CB (Fig. 6¢). The addition of carbon thus seems to change the ratio of
lattice oxygen to hydroxide/defective oxygen after the OER. The hy-
droxide peak is strongly visible for all samples before and after
electrolysis.

2.5. Studies in an AEM flow electrolyzer

To approach the industrial standard of alkaline water electrolysis,
further studies were carried out in a flow AEM electrolyzer, in which two
electrodes were separated by an anion exchange membrane (electrolyte:
1.0 M KOH; T = 50 °C; for further details, see the Experimental Section).
60MO/CM was studied as the most promising catalyst from the RDE
measurements and compared to 100MO. OER catalysts were deposited
on a Ni-foam layer by air spray-coating with a mass loading of 5 mg
cm 2 related to the geometrical electrode surface area. The influence of
the cathode material was investigated by using bare Ni foam as well as
different loading of Pt on Vulcan carbon cloth electrodes (Fig. S53). To
minimize limitation through HER, carbon cloth with a Pt loading of 0.5
mg cm ™2 has been identified as a suitable cathode material.

Key results are summarized in Fig. 7. Stepwise increase of current
density with a time interval of 10 min for every step was used to evaluate
the short-stress stability. Bare Ni foam shows significantly higher po-
tentials at every current density compared to catalyst-loaded electrodes
(100MO and 60MO/CM on Ni-foam). With ca. 600 mV, the biggest
voltage gap between bare Ni foam and catalyst-loaded electrodes is
achieved at 1000 mA cm?2

geo*

800, 600, 400, 200, 100, and 10 mA cm_2

geo

During the reverse scan, cell voltages at
show significant improve-
ment compared to the forward scan, confirming the excellent OER ac-
tivity of 100MO and 60MO/CM under practically relevant conditions.
Interestingly, 60MO/CM performs somewhat better than 100MO, which
aligns with the RDE chronopotentiometric studies at high current den-
sity. The two samples exhibit the same potential at small current den-
sities (2-50 mA cm;ezo), but 60MO/CM renders 50-80 mV lower cell
voltages at higher current densities. The influence of the catalyst loading
on the anode was also studied (Fig. S54) and is discussed in the Sup-
porting Information.

Long-term stability tests were carried out at 400 mA cmz;ez0 with 10
intervals of 10 h each (Fig. 7b). During all intervals, the cell voltage is
close to 2.0 V. Once more, 60MO/CM shows high activity and stability
with little increase in cell voltage within and between the 10 h intervals.
During the experiment, the starting voltage is reduced continuously for
each 10 h interval. For example, the voltage at the beginning of the tenth
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periments using 100MO and 60MO/CM, respectively, as OER catalysts at 400 mA cm

interval is only 1.89 V and thereby 85 mV smaller compared to the first
interval. In contrast, no improvement of the cell voltage is observed after
100 h of load test when 100MO is used. Moreover, compared to 60MO/
CM, the pure metal oxide catalyst shows a significantly stronger po-
tential increase during most of the 10 h intervals. Consequently, as in the
step-scan experiments shown in Fig. 7a, 60MO/CM renders a better
impression during long-term stability test than its carbon free counter-
part 100MO.

2.6. In situ XAS analysis

To investigate the impact of CM additives on the structural evolution
of CoNiFeOy catalysts (100MO and 60MO/CM) during the OER, in situ
XAS measurements were conducted in a custom-made spectroelec-
trochemical (SEC) flow cell using a carbon paper anode as catalyst
support. Experimental protocols for synchrotron and electrochemical
settings are detailed in the Experimental Section. To optimize fluores-
cence signal quality, 0.1 M KOH (instead of 1.0 M) was used as standard
electrolyte, with applied potentials recalibrated to the RHE scale.
Analysis was focused on the K-edge absorption profiles of Co, Ni, and Fe
in the 100MO and 60MO/CM catalysts under positive electrode polari-
zation, probing their redox dynamics during OER.

Prior to in situ OER studies, reference spectra were recorded for the
dry catalyst layer (after ink preparation, spray coating, and electrode

geo geo

Arrows indicate the potential change during the reverse scan at 600 mA cm;2. (b) Stability ex-

geo*
-2
geo”

mounting in the SEC cell) and for the wet state after exposing the
electrode to electrolyte without potential bias (Fig. S48, Table S12).
Notably, the Fe species in the 100MO and 60MO,/CM materials exhibited
a positive shift of the average oxidation state from 2.0 (as-prepared
catalyst powder) to ~ 2.9 after spray-coating, likely caused by aerobic
oxidation during the ink/spray process. In contrast, the K-edge profiles
and average oxidation states for Co and Ni in 100MO and 60MO/CM
remained relatively stable between the as-prepared and spray-deposited
states.

Spectral evolution was analyzed at several selected critical potentials
(Fig. S47) and the results are summarized in Figs. S49-S52 as well as
Table S12. A comparison between the average oxidation states of 60MO/
CM and 100MO at the OCP (0.76 V) as well as under OER conditions
(1.61 V) is shown in Table 3. XANES spectra are shown exemplary for
the Co K-edge in Fig. 8. Between 60MO/CM and 100MO, a similar
progression of the mean oxidation states can be observed for Ni (from
2.3 to 2.5) and Fe (remains at ~3.0, see Table 3). In contrast, there is a
striking difference regarding the Co oxidation states: While 100MO
shows an increase from 2.5 to 3.0, 60MO/CM exhibits significantly
higher values both at the OCP (3.1) and under OER conditions (3.3).

Based on the available data and a comparison with the literature,
some tentative conclusions are possible. First, Fe shows no pronounced
redox activity and seems to maintain oxidation state +III over a wide
potential range. Although at this point, the task of Fe in our catalytic
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Table 3

Summary of average metal oxidation states by XANES analysis (for details, see

the Supporting Information).

Experiment Average
oxidation states

for 60MO/CM

Average
oxidation states
for 100MO

Co Ni Fe Co Ni Fe

Analysis of as-prepared catalyst powder 23 20 20 23 22 21

In situ measurement at OCP (0.76 V vs. 3.1 2.3 3.0 2.5 2.3 2.9
RHE)

In situ measurement during OER (1.61 V 33 25 30 30 25 29
vs. RHE)
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Fig. 8. In situ Co K-edge XANES spectra of 60MO/CM (top) and
100MO (bottom).

system cannot be unequivocally assigned, its role in mixed metal oxide
OER catalysts is generally considered to be rather a performance pro-
moter than an active site [63-65]. Second, a significant proportion of Co
(IV) centers can be observed under OER conditions, while Ni is present
in significantly lower oxidation states. The latter may be ascribed to the
short lifetime of the Ni(IV) state [63]. Third, there is a clear difference in
the redox behavior of Co between the two catalyst materials, reaching
significantly higher oxidation states in 60MO/CM than in 100MO. This
large difference under potential bias indicates that there is a strong in-
fluence of carbon on the electronic structure of the metal oxide, prob-
ably caused by improved charge transfer and likely influencing OER
activity of the individual sites at elevated potentials.

Journal of Catalysis 450 (2025) 116299
3. Conclusion

Based on our previously reported CoNiFe oxide OER catalytic system
[24], the effect of carbon black admixture and composite preparation
procedure on the performance was investigated. Using RDE voltamme-
try and RDE chronopotentiometry, it was found that under three pre-
requisites, a significant reduction of metal loading is possible while
maintaining high activity at low overpotentials:

1. The carbon particles must be already added during the sol-gel pro-
cess and not only during ink preparation. A possible explanation is
that a more intimate mixing of the two components is achieved
through the sol-gel step and subsequent thermal treatment, leading
to stronger interaction between metal oxide and carbon particles and
allowing the carbon to effectively contribute to current flow as
conductivity-enhancing additive. This rationale is supported by SEM
analysis of as-prepared composites.

2. Oxidative pre-treatment of hydrophobic carbon black particles is
required. A plausible explanation is that the enhanced and more
hydrophilic surface enables a stronger binding to the metal oxide
during composite formation.

3. A sufficiently high metal oxide content within the composite is
necessary for good catalytic activity. While very good results can be
achieved with 80 and 60 wt% metal oxide, activity significantly
drops when reducing the content to 40 and 20 wt%, respectively.

Catalyst 60MO/CM was identified as the most promising candidate
under RDE conditions: With 40 % reduced metal content, it achieved a
n110 value of 297 mV, a mass activity of 370 A gclyir. at 1.56 V, a Tafel
slope of only 39.0 mV dec ™}, and negligible changes of the overpotential
in long-term potentiometric measurements at 100 mA cmgezo. A com-
parison between the Rp values of the catalysts before and after chro-
nopotentiometric tests shows that 100MO experiences a strong increase
in charge transfer resistance, while 60MO/CM exhibits almost no
change. Interestingly, this is not a result of the available surface area, as
the ECSA of 60MO/CM decreases more than the value of 100MO. On the
other hand, the electronic structure of the metal oxide domains expe-
riences a strong influence through the CM component under OER con-
ditions, as demonstrated by in situ XANES analysis. Taken together, these
observations suggest that at elevated potentials, the carbon additive has
a promoting effect on OER microkinetics, enabling the effective use of
the composite materials despite lower metal loading. Excellent perfor-
mance of 60MO/CM was also confirmed under practically relevant
conditions in an AEM flow electrolyzer. Future studies should aim at
improving the mechanistic understanding, including the interplay be-
tween carbon and metal oxide domains as well as their structural
changes under OER conditions.

4. Experimental section

Materials for catalyst synthesis. All chemicals were of analytical grade
and used without further purification. Cobalt(Il) nitrate hexahydrate
(Co(NO3)2-6H50) was purchased from ThermoFisher GmbH (Karlsruhe,
Germany). Nickel(II) nitrate hexahydrate (Ni(NOs)2-6H20), iron(III)
nitrate nonahydrate (Fe(NO3)3-9H0), and citric acid (C¢HgO7) were
obtained from Sigma-Aldrich. Vulcan carbon XC-72R (carbon black) was
purchased from CABOT corporation and nitric acid (HNOg, ~65 %) was
ordered from Fisher Scientific. Potassium hydroxide solution (KOH,
0.999-1.001 M at 20 °C) was purchased from AppliChem. Ethanol
(EtOH, abs., >99.5 %) was obtained from Walter-CMP. Nafion solution
(D-521) was purchased from Alfa Aesar. Throughout all experiments,
deionized water was used.

Preparation of modified carbon black (CM). For oxidative carbon
treatment, a reported procedure was used [53]. Vulcan carbon XC72R
(2 g) was added to 90 mL of an aq. 9 M HNOj solution. The mixture was
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stirred at room temperature for 30 min and sonicated for 1 h (120 W, 35
kHz). Then, the mixture was heated to 90 °C and stirred for 3 h (650
rpm). After allowing the suspension to cool to room temperature, the
treated carbon particles were separated by centrifugation and layered
with deionized water. Centrifugation and addition of water were
repeated until reaching pH 7. Finally, after removal of water by
centrifugation, the black powder was dried at room temperature.

Preparation of MO-carbon composites by mechanical mixing. A defined
amount of CoNiFe oxide prepared according to our previously published
procedure (CoNiFe (2:2:1)/M) [24], carbon black (CB) or modified
carbon (CM), as well as a small amount of ethanol (200 mg MO-carbon
mixture in 2 mL ethanol) were mechanically mixed in a mortar until
homogeneity of the sample was achieved. The resulting mixture was
then dried in an oven at 45 °C to remove the alcohol and used for catalyst
ink preparation according to the procedure described below. A summary
of the prepared composites including the mass rations between MO and
carbon additive is found in Table S1.

Preparation of MO-carbon composites via sol-gel synthesis. The syn-
thesis of the composite is based on the sol-gel procedure of our previous
work [24]. 12 mmol Co(NOs3),-6H20, 12 mmol Ni(NO3),-6H,0, and 6
mmol Fe(NO3)3-9H20 were dissolved in 30 mL deionized water using a
magnetic stirrer at room temperature. A solution of 30 mmol citric acid
in 30 mL deionized water was added slowly to the solution using a
dropping funnel. The resulting solution was then stirred for 30 min,
followed by the addition of a defined amount of carbon (CB or CM, for
details see Table S1). To improve dispersion of the particles, the mixture
was sonicated for 45 min. The resulting dispersion was stirred at 250
rpm for 30 min at room temperature, followed by heating to 70 °C to
achieve gel formation. Heating to 110 °C for 17 h in a drying oven
yielded a xerogel, which was processed into a powder by grounding in a
ball mill for 10 min. The precursor material was subjected to thermal
treatment in a horizontal tubular furnace (HTM Reetz) at 300 °C for 3 h
under an argon/1 vol% air atmosphere (V=5mL minfl), whereby a
temperature ramp of 5 K min~! was used to achieve the treatment
temperature. Results of elemental analysis are provided in Table S2.

Materials characterization: Elemental analysis for carbon, hydrogen,
and nitrogen was carried out using a TruSpec Micro CHNS analyzer
(Leco). The metal contents of the samples were measured using ICP OES
analysis which was carried out using a Varian/Agilent 715-ES
spectrometer.

Powder X-ray diffraction patterns were recorded using a Stoe Stadi P
transmission diffractometer equipped with a DECTRIs Mythen2 1 K
detector applying Ge(111) monochromatized Mo Kal radiation (50 kV,
40 mA, 0.70930 A). The samples were ground to a fine powder and
placed between two plastic wraps before the measurement. Peak posi-
tions and profile were fitted with the Pseudo-Voigt function using the
HighScore Plus software package (Panalytical). Phase identification was
achieved by using the PDF-2 database of the International Center of
Diffraction Data (ICDD).

The XPS (X-ray Photoelectron Spectroscopy) measurements were
performed on an ESCALAB 220iXL (Thermo Fisher Scientific) with
monochromated Al Ka radiation (E = 1486.6 eV). Samples were pre-
pared on a stainless-steel holder with conductive double-sided adhesive
carbon tape. The measurements were performed with charge compen-
sation using a flood electron system combining low energy electrons and
Ar" ions (par = 1 x 1077 mbar). The electron binding energies are
referenced to the C 1s core level of carbon at 284.8 eV (C-C and C-H
bonds) for 100MO, 284.5 eV for CB and 284.4 eV for CM as received
from the measurement of pure CB and CM as reference samples (see
Section 13 in the SI and Fig. S58 for details).

The morphology of the electrode surface before and after electrolysis
was studied with electron microscopy. Scanning Electron Microscope
(SEM) analysis was performed on a Thermo Fisher Scientific (Hillsboro,
USA) Quattro S equipped with a Thermo Fisher Scientific UltraDry 60 M
Energy Dispersive X-ray Spectrometer (EDXS) for elemental
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identification.

Scanning transmission electron microscopy (STEM) investigations
were carried out on a probe aberration-corrected JEM-ARM200F (JEOL,
corrector: CEOS) at an accelerating voltage of 200 kV. The microscope is
equipped with a JED-2300 (JEOL) energy-dispersive X-ray spectrometer
(for EDX) having a silicon drift detector (dry SD60GV). EDX elemental
maps are depicted after applying net count fitting using the software
Analysis Station (JEOL). Electron energy-loss spectroscopy (EELS) was
done with an Enfinium ER (Gatan) electron energy-loss (EEL) spec-
trometer. For STEM imaging, a High-Angle Annular Dark Field (HAADF)
and an Annular Bright Field (ABF) detector were employed, while an
Annular Dark Field (ADF) detector was used for position control during
EELS acquisition. Dual EELS was performed at a camera length of 4 cm,
an illumination semi angle of 27.8 mrad and a filter entrance aperture
semi angle of 41.3 mrad using the low loss region for compensation of
energy shifts during acquisition. The solid samples were deposited
without any pre-treatment onto a holey carbon-supported Cu grid (mesh
300) and subsequently transferred to the microscope.

Specific surface areas and pore volumes were determined by N
physisorption measurements on a Micromeritics ASAP 2020 apparatus
at —196 °C and calculated using BET and BJH methods, respectively.
Catalysts were degassed at 200 °C in vacuum for 4 h before analysis.
Raman measurements were carried out at an excitation wavelength of
785 nm using a HORIBA iHR550 spectrometer equipped with a sapphire
ball-probe (Marq Metrix). FTIR spectra were recorded using a Bruker
Alpha-FTIR spectrometer in ATR mode.

Conductivity analysis. The composite was pressed into a pellet
(diameter: 10 mm, height: 1.5 mm) at a pressure of 3 kbar. The pellet
was placed between two gold-plated steel disk electrodes using a spring
rate of 2.4 N mm™! to obtain a stack pressure of approximately 0.6 bar.
Estimation of specific conductivity was done by impedance spectroscopy
(amplitude: 0.05 V, frequency range: 10 kHz to 1 kHz) at open circuit
potential using the TSC Battery test cell from RHD Instruments.

Electroanalytical experiments. All experiments were performed in a
three-electrode arrangement using an Autolab PGSTAT 302 N (Met-
rohm). A glassy carbon rotating disk electrode (diameter: 3.8 mm,
geometrical surface area: 0.113 cm?) was used as the working electrode
(WE). For the preparation of the coated WE, catalyst inks were prepared
by dispersing 5 mg catalyst in 1 mL of a mixture of 0.1 M KOH, Nafion
solution, EtOH, and H,O (1:2:45:45 in relation to the volumes of the
pure components). The ink was sonicated for 45 min at room tempera-
ture. The catalyst suspension was slowly dropped on the working elec-
trode surface and dried for an hour under air to achieve a catalyst
loading on the electrode surface area of 0.25 mg cm™2. An Ag/AgCl (3 M
KCl) electrode and a Pt rod were used as reference electrode (RE) and
counter electrode (CE), respectively. All reported potentials are iR drop
corrected. The uncompensated resistance R was determined by elec-
trochemical impedance spectroscopy (EIS) at the open-circuit potential
(OCP) from 20 kHz to 200 Hz with alternating current perturbation of 5
mV. All recorded potentials were converted to RHE.

All linear sweep voltammograms (LSVs) were recorded using a scan
rate of 1 mV s™! and a rotation rate of 1800 rpm. EIS analysis of the
electrocatalysts was carried out at 1.50 V vs RHE, at OER onset, and at
n10 scanning the frequency range from 10 kHz to 0.01 Hz and applying
an amplitude of 5 mV. The electrochemically active surface area (ECSA)
was estimated by measuring the double layer capacitance in the non-
Faradaic region using cyclic voltammetry without electrode rotation
(for details, see the SI).

For structural characterization of used electrodes, anodic polariza-
tion of the materials (ink preparation without Nafion) was carried out at
10 mA cm!;f0 for 1 h in a resting 1.0 M KOH electrolyte, followed by
removal of the electrode from solution and rinsing with deionized water.
SEM analysis was carried out directly on the electrode surface, whereas
for STEM, XRD, and XPS, the catalyst material was removed from the
glassy carbon disc.
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Studies in alkaline flow electrolyzer. The experiments were carried out
in a flow cell equipped with a catalyst-coated Ni foam current collector
for the anodic (OER) reaction, an anion exchange membrane, and a Pt-
loaded gas diffusion electrode for the cathodic HER process. The OER
catalyst was applied to the Ni foam (Good Fellow, 60-100 PPI, 1.5 mm
thickness) via spray-coating of a catalyst ink. The ink was prepared by
adding 50 mg 100MO (or 60MO/CM) and 16 pL of an ethanolic 5 wt%
Sustainion® XA-9 alkaline ionomer solution to 10 mL of a 3:1 (v/v)
ethanol-water mixture, followed by ultrasonication at room tempera-
ture for 45 min, and resting for at least 16 h before using. The ink was
applied to the Ni-foam (25 mm x 25 mm) by spray-coating at 75 °C until
a catalyst loading of 5 mg cm ™2 geometrical electrode surface area was
achieved. As separator, a Fumasep anion exchange membrane (FAA-3-
PK-130) was used. Prior to the experiment, the membrane was activated
by storage in 1.0 M KOH solution for one hour. Depending on the
experiment, two different types of gas diffusion cathodes were used. For
studies with 0.2 mg cm™2 Pt loading, a Vulcan carbon cloth cathode
(W1S1011, FuelCellStore) was used. For experiments with higher Pt
loading, a Toray 060 sheet (25 mm x 25 mm) was spray-coated with an
ink consisting of 7.5 mg Vulcan Carbon particles loaded with 50 % Pt
(Umicore), 16 pL. D-521 Nafion binder solution (Alfa Aesar), and 734 uL
of a 1:1 (v/v) ethanol-water mixture until the desired loading was
achieved. Electrolysis was carried out under galvanostatic conditions at
50 °C using tempered aq. 1.0 M KOH solutions as anolyte and catholyte,
respectively. Anolyte and catholyte solutions were separately purged
through the anode and cathode chambers, each with a flow rate of 80 mL
min~ .

XAS measurements. XAS K-edge spectra were recorded for Co, Ni, and
Fe at BESSY II synchrotron (Helmholtz-Center Berlin, Germany) at
Beamline KMC-3. The measurements were performed in transmission
mode. The Co, Ni, and Fe K-edge spectra were measured from 7580 to
8290 eV, 8207 to 8922 eV, and 7009 to 8922 eV, respectively. To obtain
Fe K-edge spectra, a servo system (PID controller) was needed to sub-
tract counts coming from other elements that absorb at the same energy.
Co-powder, Ni-powder, and Fe-foil were used as references, whereby the
first real inflection points at 7708.4 eV (Co), 8331.6 eV (Ni), and 7111.4
eV (Fe), respectively, were used for energy calibration. Further reference
materials used for Co were CoO (Co?%), Co304 (Co*%’"), and Co
(NO3)2-6H20 (Co?"). Similarly, NiO (Ni2t), Ni(NO3), 6H,0 (Ni?*), as
well as Fe3Oq4 (Fe2'67+), and Fe(NOs3)3-9H-,0 (FeH) were analyzed as
references for Ni and Fe K-edges, respectively (Fig. S44).

All powders for ex situ measurements were mixed homogenously in a
mortar with boron nitride (BN) as binder with the mass ratio of 1 : 10
(sample: binder). In situ measurements were carried out using a spec-
troelectrochemical flow cell. The OER catalyst was deposited on a car-
bon paper gas diffusion layer (GDL, 250 pym) at 70 °C with a mass
loading of approximately 0.75 mg cm ™2 by spray-coating with air flow.
An Ag/AgCl electrode (saturated KCl, E° = 0.197 V) and a Pt-modified
Vulcan carbon cloth (W1S1011, Pt loading: 0.2 mg cm ™2, FuelCell-
Store) served as the reference and the counter electrode, respectively.
An anion exchange membrane (Sustainion® X37-50 Grade 60) was used
as a separator. Measurements were carried out at room temperature
using agq. 0.1 M KOH solutions as anolyte and catholyte (pumped
separately through the anodic and cathodic half-cell with a flow rate of
20 mL min~1). The back side of the working electrode was covered by a
Teflon layer and orthogonally aligned to the X-ray beam.
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Heterogenized Copper(ll) Phenanthroline Catalysts for
Electroreduction of CO, to C, Compounds: Substitution on
the Ligand Causes Structural Changes to the Molecular

Framework and Stability Enhancement

Na Liu, Trang Minh Pham, Yanan Han, Linfeng Yang, Olga S. Bokareva,
Stephan Bartling, Armin Springer, Anke Spannenberg, Christoph Kubis, Jana Weiss,

Dmitry E. Doronkin, Wen Ju,* and Robert Francke*

Molecular Cu catalysts have shown promise for electrochemical CO,
reduction (eCO,RR) to multi-carbon products. Unlike metallic Cu facets, they
offer precise control over the active site’s electronic and steric configuration.
However, prior studies identified critical challenges related to irreversible
potential-induced formation of Cu particles, which participate in the eCO,RR
and obscure the role of molecular motifs. Based on a previously reported
binuclear Cu(ll) phenanthroline catalyst, a structurally modified
second-generation system with enhanced stability is developed. By
introducing methoxy groups to the phenanthroline ligand, the molecular
framework changes from a binuclear complex to an oligonuclear step-like
structure consisting of Cu(ll) ions linked by x,- and u;-OH groups. When
immobilized on a gas diffusion electrode, stable operation with a Faradaic
efficiency of >70% for C, products is achieved at elevated current densities.
In situ XAS spectroscopy shows only negligible changes of the Cu
coordination environment up to 50 mA cm—2. When approaching 250

mA cm~2, partial and reversible phase evolution occurs under Cu?* valence
state reduction, followed by phase recovery upon bias removal. This system
combines structural robustness with adaptive redox behavior, demonstrating
a route for implementing molecular electrocatalysts in eCO,RR processes at
industrial current densities.

1. Introduction

The capture and conversion of CO, emis-
sions into value-added chemicals holds
immense potential for closing the car-
bon cycle.'! Among various available ap-
proaches, the electrochemical CO, reduc-
tion reaction (eCO,RR) has attracted sig-
nificant attention due to its ability to di-
rectly utilize surplus renewable electric-
ity for the valorization of CO,. Depend-
ing on the employed catalyst and reaction
conditions, this approach generates valu-
able products such as carbon monoxide
(CO), formate (HCOO™), ethylene (C,H,),
and various multi-carbon oxygenates.[?!
Recent advances in electrolyzer design
have enabled two-electron reduction pro-
cesses (i.e., CO and formate generation)
to be operated under industrially rele-
vant conditions, which could facilitate com-
mercialization in the near future.?*<l In
contrast, the electrochemical synthesis of
multi-carbon products (e.g., C,H, and
C,H;OH) faces persistent fundamental and
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Scheme 1. Mono, bi- and oligonuclear Cu-phen compounds as molecular catalysts for eCO,RR.

technical challenges. These hurdles arise from i) complicated re-
action networks involving multiple electron transfers, protona-
tion steps, C—O bond cleavage, and C—C coupling,*! ii) the com-
plex interplay between microkinetics, mass transfer, and durabil-
ity on the device level at industrially relevant current densities,*!
and iii) structural and chemical instability of state of the art cata-
lysts under operating conditions.!”]

Cu-based catalysts remain the benchmark for eCO,RR to C,
products owing to their unique capability to stabilize “CO inter-
mediates and facilitate C—C bond formation.l®! However, the sit-
uation is complicated by various Cu sites (terraces, steps, defects)
with different selectivity,”! while dynamic phase evolution under
operating conditions often leads to a variation of the product dis-
tribution over time.!8] Overall, these aspects lead to performance
instability, hinder the mechanistic understanding, and compli-
cate the targeted optimization strategies.

To address the challenges along the way to efficient C,, pro-
duction, the development of well-defined catalyst structures is
a prominent strategy. In principle, such structures should en-
able precise elucidation of structure-performance relationships—
particularly for the desired C—C coupling step—while provid-
ing opportunities for performance and durability optimization.
In this regard, molecular electrocatalysts with well-defined ac-
tive sites provide interesting opportunities. While many reported
molecular systems have achieved high Faradaic Efficiency (FE)
to CO! and HCOOH!'" by using earth-abundant metals such
as Fe, Mn, and Co, relatively few works have demonstrated
the possibility for generating C,, products using molecular Cu
catalysts.['!]

The work to date highlights two critical aspects for the de-
velopment of new molecular Cu catalysts for the formation of
C,, products. First, it appears advantageous when the molecu-
lar framework provides two or more vicinal Cu centers enabling
C—C coupling between CO, reduction intermediates. Conse-
quently, bi- or multinuclear Cu complexes with suitable Cu--Cu
distance have shown particularly high selectivity toward C,,
products.['?! Second, a robust and cost-effective ligand with suit-
able steric and electronic properties must be selected. The biden-
tate 1,10-phenanthroline ligand (phen) was identified as an excel-
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lent choice for stabilizing bi- or multinuclear Cu ensembles due
to strong and entropically favored binding to metal sites,!'3] an ex-
cellent 7 acceptor capability that stabilizes lower metal oxidation
states,!'*] and a particularly high affinity to Cu ions.[**] Both the
influence of polynuclear structural motifs and the stabilizing ef-
fect of the phen ligand are well-documented by previous studies
on the Cu phen system (Scheme 1). While Wang et al. have intro-
duced Cat1 as a robust catalyst for the generation of C, products
(CO and HCOO~ in up to 90% combined FE),[? the binuclear
Cat2 recently reported by us shows a strong tendency to form C,
products.[**) When immobilized on a carbon electrode, our easy-
to-synthesize phen-based Cat2 shows 62% FE,, during electrol-
ysis in an H-type divided batch cell. Structural characterization
(pre- and post- electrolysis) revealed a hydroxo-bridged binuclear
framework with a Cu---Cu distance of 2.93 A. A remaining chal-
lenge in the use of Cat2 for eCO,RR is slow leaching into the
electrolyte solution, which is why stable long-term operation in
a membrane-electrode assembly (MEA) electrolyzer under con-
tinuous flow conditions could not be achieved. Consequently, we
aimed to develop a more stable system by modifying the phen
ligand, which we achieved by introducing methoxy substituents
in positions 4 and 7 (Cat3, see Scheme 1).

Herein, we present a study on the oligonuclear Cu phen
compound Cat3, a distinct Cu®* complex synthesized from 4,7-
dimethoxy-1,10-phenanthroline and CuCl, using a straightfor-
ward and scalable protocol. Cat3 features hydroxo-bridged Cu
centers that form a cascade-like framework. Compared to Cat2,
water insolubility is achieved, accompanied by enhanced robust-
ness under electrocatalytic conditions. Taken together, this allows
for integrating Cat3 into an MEA electrolyzer for studies under
technically relevant conditions. Remarkably, Cat3 achieves above
70% FE,, at current densities up to 200 mA cm~ in the MEA
electrolyzer. Stable operation was realized for 10 h with no obvi-
ous degradation in performance. To fundamentally address un-
certainties about the state of our proposed molecular active Cu
sites, in situ XAFS and HERFD-XANES analyses were carried
out using both an H-type and an MEA-type spectroelectrochem-
ical cell to explore different current density regions. As a result,
merely negligible changes in the Cu coordination environment
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Figure 1. a) The structure of our previously reported Cat2 and b) the core structure (coordination octamer) obtained after crystallization of Cat3.

were observed up to 50 mA cm~2, while partial and reversible

phase evolution under Cu?* valence state reduction occurs when
approaching 250 mA cm~2. Interestingly, the initial phase recov-
ers upon bias removal, indicating reversible adaptive redox dy-
namics under reaction conditions. This work not only establishes
arobust molecular catalyst for the selective production of C, com-
pounds, but also advances operando XAS methodologies for in-
vestigating molecular electrocatalysts under industrially relevant
current densities.

2. Results and Discussion

2.1. Synthesis and Structural Characterization

Based on our previously reported protocol for the synthesis of
Cat2 (Figure 1a),['®l three Cu catalysts with differently substi-
tuted phen ligands were prepared from CuCl, in alkaline solution
(for details, see the Supporting Information) and screened with
respect to their eCO,RR activity. Among the derivatives evalu-
ated, 4,7-dimethoxy-substituted phen emerged as optimal, which
is why all further efforts were focused on the resulting material
(Cat3, see Scheme 1).

The molecular structure of Cat3 was investigated using
single-crystal X-ray diffraction (SC-XRD). However, different ap-
proaches to growing single crystals unfortunately resulted in
samples of limited quality, likely due to the formation of coordina-
tion oligomers of varying chain lengths. One of these oligomers
could still be selectively crystallized and used for deducing the
structure of the molecular core unit from the SC-XRD results. In
the analyzed solid state, the Cu compound adopts an octameric
architecture (Figure 1b; Figure S1, Supporting Information), in
which eight Cu?" ions form a cascade-like framework stabilized
by p-oxo bridges, with peripheral methoxy-substituted phenan-
throline ligands and two terminal chloro ligands completing the
coordination sphere. Nonetheless, due to the limited SC-XRD
data quality, distinguishing between oxo (Cu—O—Cu) and hy-
droxo (Cu—OH—Cu) bridges, as well as precisely determining the
counterions and solvent molecules, was not possible. Therefore,
complementary spectroscopic and theoretical approaches were
used to resolve these structural ambiguities. In this context, X-
ray photoelectron spectroscopic (XPS) analysis shows the exclu-
sive presence of oxygen within y-hydroxo bridges and methoxy
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groups (Figure S4, Supporting Information). Protonation of the
bridging oxygen atoms was also probed using DFT calculations.
For this purpose, the optimized structures of both the protonated
and the non-protonated forms of the model dimer, tetramer, and
octamer were compared to each other. The results indicate that
protonation occurs preferentially on the bridging oxygen atoms,
leading to a chemically reasonable model with eight protons per
octamer and suggesting that protonation drives overall electronic
stabilization of the coordination compound (Figure S5, Table S1,
Supporting Information). X-ray absorption spectroscopy (XAS)
of the as-prepared material confirms the existence of Cu in the
indicated coordination environment and excludes inorganic or
metallic phases (Figures S2 and S3, Supporting Information).

For the preparation of electrodes for H-cell and MEA measure-
ments, inks consisting of Cat3 and an ionomer in a water-iPrOH
mixture were applied to carbon by drop casting or spray coating.
To confirm the identity of the catalyst in the different states, pow-
der and catalyst films were subjected to XPS, XAS, Raman spec-
troscopy, and powder XRD (P-XRD). A comparison to the results
obtained from Cat3 crystals suggests that the catalyst exists in the
same structural states in all three forms (Figures S3 and S6-S10,
Supporting Information).

To analyze the morphology of the crystals and the catalyst-
coated electrode as well as the elemental distribution across the
surface on the um level, scanning electron microscope (SEM)
measurements coupled with energy-dispersive X-ray (EDX) spec-
troscopy were conducted. SEM images of the studied samples
display needle-like crystals, with C, N, O, and Cu species ex-
hibiting a homogeneous distribution in the probed domains
(Figures S11 and S12, Supporting Information). The nanos-
tructure was confirmed by scanning transmission electron mi-
croscopy (STEM) at lower magnifications while a regular, yet
amorphous structure was observed at higher magnifications
(Figure S13, Supporting Information).

2.2. Studies in an H-type Divided Cell
The eCO,RR activity of a Cat3-modified carbon paper electrode
was studied in a gas-tight H-type divided cell using an aque-

ous 0.1 M CsHCO; electrolyte (Figure 2; Figures S14-S19, Sup-
porting Information). Linear sweep voltammetry (LSV) curves
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Figure 2. Electrochemical characterization of Cat3-modified carbon paper electrodes (aq. 0.1 M CsHCO; electrolyte, H-type-divided cell). a) LSVs of a
Cat3-modified electrode under Ar (black, pH 8.9) and CO, (red, pH 6.8), respectively. b) Product distributions obtained upon electrolysis at different
working electrode potentials using a Cat3-modified electrode. c) Comparison of the FE values for the generation of C; and C, products as well as
H,. d) Comparison of the partial current densities for C,H, obtained from CPE in 0.1 m CsHCO; and 0.1 M KHCO; using a Cat3-modified electrode.
e) Long-term stability test of Cat3 at —1.2 V versus RHE. f) Comparison between eCO,RR key performance indicators showing the influence of catalyst
structure (Cat2 vs. Cat3) and supporting electrolyte (CsHCO; vs KHCO3). All measurements were carried out in H-cells at the indicated working electrode
potential under otherwise identical conditions.
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were recorded under both CO, and Ar atmosphere, respectively
(Figure 2a). Under CO,, Cat3 exhibits a more positive onset po-
tential and enhanced current density compared to the response
under Ar, demonstrating promising catalytic activity.

To analyze the relationship between product distribution
and working electrode potential, controlled potential electrolysis
(CPE) was conducted at different potentials between —1.0 and
—1.5 V versus RHE in CO,-saturated solution (Figure 2b). While
the gaseous products (mainly C,H,, CH,, CO, and H,) were de-
tected online using a gas chromatograph (GC) after holding the
potential for 14 min, the liquid-phase products (formate, ethanol,
and acetate) were analyzed using 'H NMR spectroscopy (for de-
tails, see the Supporting Information). At less negative poten-
tials, CO generation is pronounced, but ceases in favor of for-
mate and CH, as the driving force increases. C,H, generation
begins at —1.0 V and gains significance with increasing potential.
At —1.3 V and more negative potentials, C,H, becomes the pre-
dominant product, with up to 2.7 mA cm~? partial current den-
sity and 30% FE. Interestingly, ethanol formation is also relatively
strong with FE values up to 20%. It should be noted that FE,;, re-
mains ~10% across the studied potential region, highlighting the
preference toward eCO,RR over HER (which is consistent with
our previously reported Cat2).!®! Analysis of the FE for H,, C,
and C, products at different potentials (Figure 2¢c) shows that the
charge consumption for generating C; and C, products is almost
equal in the range between —1.2 and —1.3 V (below and above this
regime, formation of C; products is dominant). Control experi-
ments with a blank carbon paper electrode as well as with CuCl,
and Cu nanoparticle loadings show clearly different product dis-
tributions (see Figure S18, Supporting Information).

A comparison between the partial current density for C,H,
achieved in 0.1 m CsHCO; and 0.1 m KHCO; (2.7 and 1.6
mA cm™2, both at —1.5 V) highlights the advantageous effect of
Cs* ions (Figure 2d), similar to our previous study on Cat2.11%]
The promoting effect of Cs* ions on eCO,RR has been reported
for various electrocatalysts elsewhere. It has been ascribed to i),
the weaker hydration shell compared to smaller cations, decreas-
ing the interfacial pH and increasing local CO, concentration,
ii), improved surface charge-dependent reaction energetics asso-
ciated with the smaller hydrated ion radius, and iii), the stabiliza-
tion of key eCO,RR intermediates.'”] The effect of Cs* on the
behavior of Cat3 was studied using impedance spectroscopy and
is treated in detail in the SI (see Figure S20, Supporting Informa-
tion; with corresponding discussion).

Noteworthy, Cat3 demonstrates exceptional electrocatalytic sta-
bility, maintaining stable FE,;, and nearly constant current den-
sity at —1.2 V for over 36 h of continuous operation (Figure 2e;
Figures S21-S23, Supporting Information). In Figure 2f, we com-
pare the eCO,RR performance with the maximum FE,,, of
Cat3 with our previous Cat2 in CsHCO;. While Cat2 seems to
outperform Cat3 in the H-cell configuration, the incorporation
of the methoxy substituents significantly enhances the robust-
ness under continuous flow conditions, enabling stable opera-
tion in an MEA electrolyzer at high current densities (vide infra).
It should also be noted that in the H-cell, Cat3 exhibits signif-
icantly reduced leaching. While ICP-OES analysis of the post-
electrolysis electrolyte solution revealed a Cu ion concentration
of 2.5 mg mL™" in the case of Cat2,[') only 0.03 mg mL™" was
found under the same conditions in the case of Cat3.
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2.3. Post-Electrolysis Characterization of the Electrocatalyst

After CPE at —1.2 V in CO,-saturated 0.1 m CsHCO; solu-
tion, the working electrode was analyzed using P-XRD, SEM-
EDX, XPS, and XAS (Figure 3; Figures S24-S31, Supporting
Information). Interestingly, P-XRD analysis of the electrode af-
ter electrolysis revealed the same reflection peaks as those of
the as-prepared Cat3 electrode, indicating the preservation of
crystalline domains during electrolysis. This finding is consis-
tent with SEM results (Figures S25-S28, Supporting Informa-
tion), which show microcrystalline objects on the surface (in
contrast, the binuclear complex Cat2 previously investigated
by us transitioned completely to the amorphous state during
electrolysis).['®) EDX mapping indicates even distributions of Cu,
N, O, C, and Cl across the electrode surface. Notably, the Cl
content decreased significantly after electrolysis compared with
freshly prepared electrodes, indicating reductive dehalogenation
of Cat3 at negative potentials (as observed for Cat2 in our previous
study).

As shown in Figure 3b, XPS analysis of the pre- and the post-
electrolysis materials shows two main peaks at 934.2 and 954.2
eV, accompanied by pronounced satellite features in the Cu 2p
region, which can be assigned to Cu 2p;;, and Cu 2p,, in the
Cu?* state.'8] The peaks at lower binding energies (932.2 and
952.1 eV) are associated with Cu*/Cu’ and result from reduc-
tion through X-ray radiation under high-vacuum conditions dur-
ing the measurement.!'®] This interpretation is confirmed by re-
peating the XPS measurement of the Cu 2p region after 1 h irra-
diation, whereby the Cu*/Cu® peaks are significantly enhanced
(Figure 3c). The XPS element quantification results are shown
in Table S4 (Supporting Information), including the N/Cu ratio,
which remains constant for the fresh and used Cat3-modified
electrode, thus underlining the enhanced stability of the cata-
lyst. In agreement with the EDX mapping results, the signal of
the chloride ligand in the post-electrolysis Cl 2p scan is missing
(Figure 3d), indicating reductive cleavage of Cu—Cl bonds under
eCO,RR conditions.

The oxidation state and coordination environment of the Cu
species within Cat3 were examined using ex situ X-ray absorp-
tion spectroscopy (XAS, for experimental details, see the Sup-
porting Information). Figure 3e shows the normalized Cu K-edge
X-ray absorption near-edge structure (XANES) spectra of Cat3,
Cu,0, CuO, CuCl,, and Cu nanoparticles. A comparison shows
that the reference materials display clear distinctions compared
to our synthesized Cat3, showing an absorption edge ~8975 eV.
Toward the higher energy region, the K-edge spectrum of Cat3,
both before and after electrolysis, partially aligns with those of
CuO and CuCl, but lacks the characteristic feature at 8986 eV.
The smooth rising edge without a shoulder at 8986 eV is typical
for Cu?* coordinated by 5 N/O atoms confirming the SC-XRD
results.!?] This suggests that Cu in Cat3 exists predominantly in
the +2 oxidation state and is coordinated by phen ligands, con-
sistent with our previous studies.['*] EXAFS analysis (Figure 3f)
further elucidates the local structural environment around Cu
atoms in Cat3. Fitting of the Fourier-transformed (FT-)EXAFS
data (Figure S42, Table S5, Supporting Information) for the as-
prepared powder reveals scattering contributions at distances of
1.94 + 0.01 A and 2.89 + 0.02 A with coordination numbers of
4.2 + 0.5 for N/O and 2.2 + 0.8 for Cu—O—Cu, respectively, in
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Figure 3. a) P-XRD patterns of Cat3 after electrolysis. b—d) XPS analysis. Scans in the Cu 2p region using Cat3-modified carbon paper electrode before
and after electrolysis, monitoring of the progression of the Cu 2p spectrum of as-prepared Cat3 powder during X-ray irradiation, and scans in the Cl 2p
region. e,f) XAS analysis of Cat3-modified carbon paper electrode (before and after electrolysis) and of reference materials. Normalized Cu K-edge XANES

spectra and Fourier transform EXAFS spectra.

agreement with our single-crystal diffraction data and DFT cal-
culations (Figure S1 and Table S2, Supporting Information).

2.4. X-Ray Absorption Spectroelectrochemistry

Despite the high FE.,, the stable performance over 36 h in
the H-cell configuration, and the good match between pre- and
post-electrolysis XANES/EXAFS spectra, the progression of the
molecular framework of the organometallic Cu species during
electrolysis yet remains uncertain. As known from the literature,
reductive demetallation of Cu complexes with a negative bias can
lead to the formation of CuO, particles.?”! In some cases, par-
ticle formation can even be reversible, i.e., the CuO, particles
transform back into the Cu coordination compounds when the
bias is removed or when the potential returns to a more posi-
tive value.!?!l This in situ phase evolution warrants special atten-
tion, particularly in determining active sites. Consequently, XAS
spectroelectrochemistry (SEC) was performed under eCO,RR
conditions in a custom-made divided cell in the three-
electrode configuration (Figure 4; Figure S32-S43, Supporting
Information).

XAS analysis was conducted in the dry state (catalyst-sprayed
carbon paper mounted in our in situ cell), in CO,-saturated
0.1 M CsHCO, solution at open-circuit potential (OCP), and at
potentials ranging from —0.9 to —1.4 V versus RHE. In situ
XANES spectra showing the full energy range (8850 to 9500

Adv. Mater. 2025, 13702 e13702 (6 of 12)

eV) and the enlarged pre-edge region (8970 to 8990 eV) are
presented in Figure 4a. The results indicate that across the
screened potential range, the Cu oxidation state and the d or-
bital structure remain nearly constant. Stability of the Cu co-
ordination environment is corroborated by the EXAFS spec-
tra (9030 to 9600 eV) and corresponding Fourier Transformed
(FT-EXAFS) profiles (Figure S33a, Supporting Information). A
similar trend could be observed in control experiments (0.1 M
KHCO, under CO, and 0.1 m CsHCO, under Ar, displayed in
Figures S35 and S36, Supporting Information). The dominant
scattering path observed at near 1.9 A corresponds to Cu in-
teractions with light atoms, such as N/O, in the first coordi-
nation shell, whereas minimal Cu—Cu scattering paths appear
at ~2-4 A, consistent with the oscillations observed in the k-
space profiles (Figure S33, Supporting Information). For a more
detailed comparison, wavelet-transformed EXAFS (WT-EXAFS)
analyses, based on both R-space and k-space profiles, were con-
ducted for selected samples (Figure S34, Supporting Informa-
tion), confirming the absence of inorganic Cu species and preser-
vation of the local Cu coordination environment in as-prepared
Cat3.

For the Cat3-modified electrode, the primary intensity max-
imum appears at ~1.9 A in R-space and spans k-values from
3 to 10 A~', corresponding to the first coordination shell
while excluding the presence of reference materials such as
CuO, CuCl,, and Cu,O. The intensity maximum in the WT-
EXAFS maps was maintained under negative bias, indicating the
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Figure 4. In situ XAS analysis of a Cat3-modified electrode performed in a divided SEC batch cell. a) Cu K edge XANES spectra of the electrode in
dry form and in aq. CO,-saturated CsHCOj; electrolyte at OCP and various potentials between —0.9 and —1.4 V versus RHE. b) The two most distinct
XANES spectra within the dataset from Figure 4a obtained via multivariate curve resolution-alternating least squares (MCR-ALS). c¢) Component fractions
corresponding to the most distinct spectra (Figure 4b) obtained via MCR-ALS, along with the corresponding current densities measured during in situ

XAS analysis.

preservation of the local coordination environment around the
Cu centers throughout the applied electrochemical potentials.
Based on these findings, we conclude that the molecular scaf-
fold exhibits structural stability up to —1.4 V versus RHE, which
is maintained during the reverse potential scan to —0.9 V versus
RHE.

To further elucidate the chemical behavior of Cu in Cat3 under
eCO,RR conditions, multivariate curve resolution-alternating
least squares (MCR-ALS) analysis was performed (Figure 4b,c).
This analysis enables the deconvolution of overlapping spec-
tral features to track subtle changes in the closer Cu coordi-
nation environment. For this purpose, the two spectra with
the strongest variation, components 1 and 2, serve as inter-
nal references (Figure 4b). Notably, both profiles nearly over-
lap with each other, highlighting a negligible reaction-induced
shift in the Cu oxidation state and coordination environment
under e-CO,RR conditions. A transition to a smoother rising
edge with a broader featureless white line is attributed to a very
slight increase of the coordination number (Table S5, Support-
ing Information).['%2?2] This effect is possibly be due to reduc-
tive cleavage of the Cu—Cl bonds at the terminal Cu centers
(vide supra) as well as to coordination of water and/or CO,RR
intermediates. The potential-dependent fractions of the individ-
ual components in the spectra are shown in Figure 4c along with
the corresponding current densities. Starting from the OCP, the
relative fraction of component 2 steadily increases at the cost
of component 1, however, since the spectral components are
nearly identical, the absolute change in the Cu state is mini-
mal. Despite this gradual change, the Cu centers in Cat3 con-
sistently remain in the Cu?* state and exhibit nearly unchanged
coordination environment at low current densities. This be-
havior highlights the stability of the molecular framework of
Cat3, in contrast to the dynamic restructuring observed with Cu
nanoparticles under identical conditions (Figure S37, Supporting
Information).

Adv. Mater. 2025, 13702 e13702 (7 of 12)

2.5. MEA Electrolyzer Studies

For testing the performance at high current density, Cat3 was
spray-coated onto carbon paper gas diffusion electrodes (GDEs)
and employed in a membrane electrode assembly (MEA) elec-
trolyzer (Figures S44-S55, Supporting Information). While the
cathode was fed with a stream of water-saturated CO,, aq.
0.1 m CsHCO; was pumped through the anodic half-cell, with
the applied current density ranging from 10 to 200 mA cm™2
(Figure 5a). The cell voltage (without IR drop correction) in-
creases from initially 2.5 to 4 V, which is somewhat higher
than reported for metallic Cu catalysts within similar cell
configurations.>#}] At each step, the current was held constant
for 15 min., followed by collection of the anolyte for liquid phase
analysis by 'H NMR spectroscopy (for details of product analy-
sis and calculations, see the SI). The major gas-phase products
are CO and C,H,, while the FE for H, remains well below 20%
across the entire current density range (Figures S46-S48, Sup-
porting Information). Interestingly, the fraction of ethylene in-
creases strongly with rising current density at the cost of CO for-
mation, while the amount of CH, formed remains negligible.
C,H;OH and CH;COOH were the dominant liquid products,
while the fractions of HCOOH and n-PrOH each remain below
10%. As a result, the FE for all C, products shows a steady in-
crease with rising current density, with a maximum of 71% at 200
mA cm~? (Figure S48, Supporting Information). This behavior
differs from the results obtained in the H cell, where the fraction
of C, compounds ceases in favor of CH, at elevated current den-
sities (cf. Figure 2c). Furthermore, a control experiment using a
GDE loaded with Cu nanoparticles shows a clearly different prod-
uct distribution (see Figure S52, Supporting Information), once
again highlighting the unique behavior of Cat3.

Analogous to the previous H-cell studies, the choice of the
cation significantly impacted the C—C coupling capability of Cat3
under MEA conditions (Figure 5b). While a maximum FE., of
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Figure 5. Electrochemical studies in an MEA electrolyzer using a Cat3-modified GDE (0.1 m CsHCO; as the anolyte). a) Relationship between current
density, product distribution, and cell voltage. b) Comparison between the performance characteristics of Cat3 and Cat2. c) Pre- and post-electrolysis
Raman spectra of Cat3-modified electrode (excitation wavelength: 785 nm). Signals assigned to Cat3 are marked with stars. d) Results of in situ Cu
K-edge high-energy-resolution fluorescence-detected (HERFD) XANES analysis of a Cat3-modified GDE under eCO,RR conditions at various current
densities (aligning with the measurements in Figure 5a). e) Most distinct Cu K edge HERFD-XANES spectra along with spectra of reference compounds.
f) Component fractions corresponding to the most distinct Cu K edge HERFD-XANES spectra (Figure 5e) obtained via MCR-ALS analysis. FE values for

C,H, are inserted for comparison.

45% is already achieved at 80 mA cm~? when using 0.1 M KHCO,
as the anolyte, a steady increase to 71% is observed at current
densities up to 200 mA cm~2 when using 0.1 m CsHCO; (for de-
tails, see Figures S46 and S47, Supporting Information). At 80
mA cm~2, FE,,;, remained close to 35% for over 10 h, demon-
strating robust and stable performance at continuous operation
(Figures S53 and S54, Supporting Information).

Noteworthy, the binuclear Cu complex Cat2 is significantly less
stable in the MEA electrolyzer under the same conditions. Due
to slow catalyst leaching, this system cannot be used effectively
for a longer period, which is why insoluble Cat3 offers a clear
advantage in the MEA environment. In view of C,H, production
rate, Cat3 exhibits a steadily increasing turnover frequency (TOF)
with rising current density, reaching 178 h™! at 200 mA cm 2. In
contrast, TOF (C,H,) decreases for Cat2 when the current density
rises above 50 mA cm™ (for details, see Figure S55, Supporting
Information).

After disassembling the post-electrolysis MEA, the catalyst
layer was examined and subjected to SEM, Raman spectroscopy,
and TEM (Figures S56-S63, Supporting Information). Identi-
cal to the as-sprayed GDE, the coating retained its greenish

Adv. Mater. 2025, 13702 e13702 (8 of 12)

color (Figure S56, Supporting Information). SEM-EDX revealed
a layer morphology similar to that of freshly prepared elec-
trodes, whereby Cu remains evenly distributed across the surface
(Figures S57-S61, Supporting Information). The Raman spec-
tra of the fresh and the used Cat3-modified electrode exhibit the
same characteristic bands at 302, 327, 674, 910, 995, 1096, 1304,
1418, 1438, and 1602 cm™! (Figure 5¢). Additional bands at 374,
410, 441, 570, and 743 cm™! stem from the used sapphire probe
and those at 1314 and 1599 cm™' from the carbon paper. The
broad bands around ~530 and 620 cm™!, typical for Cu/CuO,
nanoparticles, (Figure S64, Supporting Information) are neither
contained in the spectrum of the fresh nor the used electrode.
To study the structure of Cat3 under operational conditions, in
situ HERFD-XANES was carried out using a custom-made MEA-
type spectroelectrochemical cell (Figure S65, Supporting Infor-
mation). The HERFD-XANES technique with its exceptionally
high energy resolution!?! allows to highlight even small spec-
tral changes related to the Cat3 framework. The applied current
density was stepwise increased from 0 mA cm=2 (OCV) to 250
mA cm™2. Despite nearly constant spectral features from 8990
to 9500 eV across all current densities (Figure S66, Supporting
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Information), a slight but gradual increase in the pre-edge in-
tensity at 8980 eV was observed (Figure 5d; Figure S67, Sup-
porting Information). This growing pre-edge feature, associated
with the formally forbidden 1s to 3d transition, could be tenta-
tively attributed to structural distortion (via 3d—4p orbital mix-
ing), weakening of metal-ligand bonds,!*! or formation of inor-
ganic species.[?¢]

To further disentangle the hybrid/mixed phases present dur-
ing the reaction, MCR-ALS analysis was applied to the MEA-
derived XAS dataset and extracted two distinct spectral compo-
nents, as shown in Figure 5e. Component 1 closely resembles
the initial state of the catalyst, whereas component 2 represents
the mixture with the highest concentration of the second phase
emerging under electrochemical conditions. In component 2, Cu
remains coordinated to two N/O ligands, and a Cu—Cu distance
of ~2.5 A with a coordination number of 2 is observed. Approxi-
mately 35% of the Cu is estimated to be in a reduced state (Figure
S68, Table S6, Supporting Information). However, the absence
of a significant K-edge shift to lower energies, along with a low
average Cu—Cu coordination number, and in combination with
higher white line intensity comparable to standard references of
Cu, Cu,O, and CuO (Figure 5e), suggests minimal formation of
inorganic Cu-based particles.

At a current density of 200 mA c¢cm~2, the sample exhibits
nearly 60% component 2 (Figure 5f), comprising 35% reduced
Cu moieties. This outcome corresponds to about a 20% overall
reduction, and 80% of the Cu remains in the Cu?* state. These
observations are consistent with our linear combination analysis
(LCA), where Cu® is used to represent the reduced state (Figure
S69, Table S7, Supporting Information). Moving to 250 mA cm 2,
the contribution of component 2 progressively increased, reach-
ing ~70% (24.5% reduced Cu), however, causing a degradation
of C,H, production (Figure 5f). Interestingly, upon removal of
the applied bias, a partial recovery of the Cu electronic state
can be observed, both in the pre-edge region and the extended
fine structure, indicating a degree of reversibility in the initial
local environment of the Cu centers. Notably, K-edge profiles
recorded at 200 mA cm~? (Figure S70, Supporting Information),
averaged over 4-min intervals (corresponding to the maximum
FE(,y, yield, see Figure 5b), suggest that this structural change
is potential /current-dependent, but time-independent.

3. Conclusion

Our study provides new insights into the catalysis of electro-
chemical CO, reduction with molecular Cu phenanthroline com-
pounds. Screening of a series of differently substituted phenan-
throlines revealed 4,7-dimethoxy-1,10-phenathroline to be the
most effective ligand. The resulting water-insoluble Cat3 is a
cascade-like coordination oligomer that features u,- and ;-
hydroxo-bridged Cu centers with relatively short Cu---Cu dis-
tances. The material is readily synthesized using inexpensive
building blocks and a straightforward protocol. Compared to
the previously reported binuclear Cu phenanthroline compound
Cat2, the stability of Cat3 under electrocatalytic conditions is
significantly enhanced, allowing for operation in an MEA elec-
trolyzer at high current densities. When spray-coated onto a
carbon gas diffusion electrode, Cat3 achieves more than 70%
FE,, at 200 mA cm~2, while stable performance is observed for
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10 h with no obvious performance degradation. Pre- and post-
electrolysis analysis by SEM and Raman spectroscopy reveal that
the electrode is coated with a stable composite matrix containing
homogeneously dispersed copper and no obvious formation of
inorganic Cu species.

In many previous works, the decomposition of molecular Cu
catalysts during eCO, RR is reported, resulting in the formation
of Cu/CuO, particles that serve as the true active species. Conclu-
sions regarding the type of active site should therefore be drawn
with great caution and must be supported by in situ spectro-
scopic data. To monitor the structural evolution of Cat3 under
reaction conditions, in situ XAS was carried out under potential
control in the kinetic regime using a liquid flow cell, and un-
der galvanostatic conditions at high current densities in an MEA-
type cell. While in the kinetic regime, no significant changes of
the spectral features were observed, the results obtained with
the MEA-SEC cell suggest gradual structural changes when in-
creasing the current density from 50 to 250 mA cm™?, i.e., re-
duction of the Cu oxidation state, decrease of the Cu--Cu dis-
tance, and a lowering of the Cu—N/O coordination number. How-
ever, in view of the still low Cu—Cu coordination number, ab-
sence of K-edge shift to lower energies, and high white line in-
tensities compared to inorganic Cu reference species, no or only
minimal formation of Cu/CuO, particles is assumed. Strikingly,
the original phase is largely restored upon bias removal, high-
lighting both the structural robustness and adaptive redox be-
havior of Cat3 under harsh electrolysis conditions. While future
studies will address the potential-dependent structural modifica-
tions as well as the eCO,RR mechanism in detail, the present
work highlights a possible pathway toward implementing molec-
ular electrocatalysts in CO, electrolyzers for the synthesis of C,,
products.

4. Experimental Section

Chemicals: Copper chloride (CuCl,, 99%), cesium bicarbonate
(CsHCO3, 99.99%), methanol (99.8%), ethanol (99.8%), and isopropanol
(99.8%) were purchased from Fisher Scientific. 4,7-Dimethoxy-1,10-
phenanthroline (97%) was purchased from BLD Pharmatech Ltd.
(China). Triethylamine (99.5%), potassium bicarbonate (99.99%),
dimethyl sulfoxide (DMSO, 99.9%), copper nanoparticles (Cu NPs,
40-60 nm, 99.5%), and Nafion 1100W solution were purchased from
Sigma-Aldrich (Germany). Anode electrode (commercial IrO,-coated
gas diffusion electrode (GDE)) and Sustainion XA-9 alkaline ionomer
powder, both for use in the MEA electrolyzer, were purchased from
Dioxide Materials (US). Toray Carbon Paper 060 (wet-proofed), carbon
gas diffusion layers (GDL, Freudenberg H23C8), and PiperlON anion
exchange membranes (20 microns) were obtained from The Fuel Cell
Store (US). Deuterium oxide (D,0, 99.9%) for NMR measurements was
purchased from Deutero GmbH (Germany). CO, (99.9999%) and Ar
(99.9999%) were obtained from Linde AG (Germany).

Synthesis of Cat3: The catalyst was synthesized according to the re-
ported method in the previous work.['®] A solution of 134.45 mg (1 mmol)
CuCl, in T mL ultrapure water was combined with a solution of 240.60 mg
(1 mmol) 4,7-dimethoxy-1,10-phenanthroline in 4 mL of ethanol under
stirring at room temperature, resulting in the formation of a light green
precipitate. After stirring for 10 min, 10 mL triethylamine was added to
the suspension, leading to an immediate change of the precipitate color
to dark green. The mixture was stirred for an additional 10 min. The precip-
itate was then filtered off, washed with ultrapure water, and dried overnight
under vacuum at 60 °C, yielding a crystalline dark green product (yield: 300
mg). Elemental analysis: Cu 18.10, C 46.02, H 3.55, N 7.39, C| 7.84.
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Attempts to prepare high-quality single crystals of Cat3 for SC-XRD anal-
ysis using the previously described crystallization procedurel'®] remained
unsuccessful. Instead, an alternative procedure was applied, wherein Cat3
powder (60 mg) was partially dissolved in MeOH, followed by heating to
85 °C for 12h in an autoclave. Afterward, the mixture was allowed to cool
to room temperature. Crystallization proceeded within four days. The ob-
tained crystals were subjected to SC-XRD (see Figure S1, Supporting In-
formation).

To confirm the identity of Cat3 crystals, HERFD XAS (Figure S3, Sup-
porting Information), P-XRD (Figure S8, Supporting Information), and Ra-
man spectroscopy (Figure S9, Supporting Information) were performed.
In each case, a good agreement was observed between the results of Cat3
powder and crystalline Cat3.

Materials Characterization: ~X-ray diffraction (XRD) data were obtained
using a Panalytical X’'Pert Pro diffractometer with Cu-Ka radiation, while
single-crystal XRD (SC-XRD) was carried out on a Kappa APEX Il Duo
diffractometer from Bruker AXS. The copper content of Cat3 was ana-
lyzed using inductively coupled plasma optical emission spectrometry
(ICP-OES) with an Agilent 715-ES spectrometer. Carbon, hydrogen, and ni-
trogen contents were determined via combustion analysis using a TruSpec
Micro elemental analyzer (LECO Instrumente GmbH, Germany). The mor-
phology of the electrode surface, both before and after electrolysis, was
examined using scanning electron microscopy (SEM) with a MERLIN VP
Compact (Zeiss, Germany) equipped with EDX. "H nuclear magnetic res-
onance (NMR) spectroscopy was performed with a Bruker AVANCE 500
NEO spectrometer.

For scanning electron microscopy (SEM, field emission), the sam-
ples were mounted on a heavy metal-free Al-SEM-carrier (co. PLANO,
Wetzlar, Germany) with adhesive conductive carbon tape (Spectro Tabs,
TED PELLA INC, Redding, USA) and coated with carbon (5.0 nm thick-
ness) under vacuum (CCU 010 HV-Coating Unit, Co. Safematic GmbH,
Zizers, Switzerland). Analysis was carried out using a field emission
scanning electron microscope (SEM, MERLIN VP Compact, Co. Zeiss,
Oberkochen, Germany) equipped with an energy-dispersive X-ray (EDX)
detector (XFlash 6/30, Co. Bruker, Berlin, Germany). Representative ar-
eas of the samples were analyzed and mapped for elemental distribution
based on the EDX-spectra data by QUANTAX ESPRIT Microanalysis soft-
ware (version 2.0). SEM-images were taken from the selected regions.

Scanning Transmission Electron Microscopy (STEM) was performed on
a probe aberration-corrected JEM-ARM200F (JEOL, corrector: CEOS) atan
acceleration voltage of 200 kV. A High-Angle Annular Dark Field (HAADF)
and an Annular Bright Field (ABF) detector were used for imaging. The
solid samples were prepared as described in the Supporting Information
and deposited without any pre-treatment onto a carbon-supported Ni grid
(mesh 300) and finally transferred to the microscope.

XPS (X-ray Photoelectron Spectroscopy) measurements were per-
formed on an ESCALAB 220iXL (Thermo Fisher Scientific) with monochro-
mated Al Ka radiation (E = 1486.6 eV). Samples are prepared on a
stainless-steel holder with conductive double-sided adhesive carbon tape.
The measurements are performed with charge compensation using a
flood electron system that combines low-energy electrons and Ar* ions
(Par = 1x 1077 mbar). The electron binding energies are referenced to
the C 1s core level of carbon at 284.8 eV (C—C and C—H bonds). For quan-
titative analysis, the peaks were deconvoluted with Gaussian—Lorentzian
curves using the software Unifit 2023. The peak areas were normalized by
the transmission function of the spectrometer and the element-specific
sensitivity factor of Scofield.

Raman spectra of Cat3-modified electrodes (before/after electrolysis)
were measured using a Renishaw inVia Raman microscope equipped with
a 633 nm air-cooled He-Ne laser. For the measurement, the electrode or
a spatula tip of the powdered sample was placed on a microscope slide,
and the laser beam was focused on the sample using a x20 objective. The
Laser power was maintained at a relatively low level, ranging from 0.085
to 0.17 mW, to avoid damaging effects that may otherwise occur. The ex-
posure time of a spectrum was 30 s with 3 accumulations. To obtain a
broader cross-section of the sample, a selection of samples was analyzed
using a Horiba iHR 550 Raman spectrometer equipped with a 785 nm laser
source (Oxxius, maximum laser power: 864 m\W) connected to a fiber opti-
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cal ball probe with a sapphire lens (MarqMetrix, 3/8” Process BallProbe).
The samples were measured in the direct contact mode. The measure-
ment parameters varied depending on the sample: exposure time 10-30's,
3 accumulations.

Electrode Preparation: For measurements in an H-cell, the electrode
was prepared according to the previous work.['®] The catalyst (6 mg) was
suspended in a mixture containing 450 uL of ultrapure water, 90 L of iso-
propanol, and 60 pL of Nafion solution, then ultrasonicated for 15 min to
produce a homogeneous ink. Next, 50 pL of the ink was applied to a strip
of carbon paper (1cm wide) by drop-casting, covering an area of 1cm? on
both sides (resulting in 2 cm? active area in total). The electrode was then
allowed to dry in air. The catalyst loading (Cat3) for each working electrode
was 0.5 mg cm™2.

For measurements in a membrane electrode assembly (MEA) elec-
trolyzer, 40 mg of catalyst was suspended in a mixture of 3 mL ultrapure
water, 600 uL isopropanol, and 400 uL Sustainion XA-9 alkaline ionomer
solution (5 wt.% ionomer in EtOH, Dioxide Materials). The mixture was ul-
trasonicated to generate a homogeneous ink. Then, the ink was distributed
homogeneously on the micro-porous layer of the carbon paper (Freuden-
berg C8H23 GDL, 25 cm? geometrical surface area) by spray coating at
60 °C, followed by air-drying for 10 min. The GDL was weighed before
and after the spray-coating, and the mass difference was kept near 35 mg
(on 25 cm? electrode), resulting in a catalyst loading of 1 mg cm~2 and
~30 wt.% ionomer content in the dry as-prepared catalyst layer. From the
coated GDL, pieces of 5 cm? were cut out and used as cathode for MEA
measurements.

Electrochemical Experiments: Linear sweep voltammetry (LSV), con-
trolled potential electrolysis (CPE), and controlled current electrolysis
(CCE) were performed using a VIONIC potentiostat from Metrohm (Ger-
many). CPE was carried out in an H-cell (separator: glass frit with pore size
G4). A platinum plate and a Ag/AgCl electrode (3 m KCl solution) served
as a counter and a reference electrode, respectively. A0.1 M CsHCOj; solu-
tion (pH 6.8 under CO,, pH 8.9 under Ar) served as the electrolyte. Prior to
each CPE experiment, CO, was bubbled at a flow rate of 40 mL min~" for
30 min. Current densities were calculated based on the total immersed
electrode surface area of 2 cm?. Potentials measured vs. Ag/AgCl were
converted to the reversible hydrogen electrode (RHE) using the following
relationship.[27]

E (vs. RHE) = E (vs. Ag/AgCl) + 0.197 V + 0.0591 - pH m

The MEA measurements were performed at room temperature. The
spray-coated GDE was used as working electrode for eCO,RR, and a
commercial IrO,-based electrode (from Dioxide Materials) served as the
counter electrode. The cathode and anode chambers were separated us-
ing a PiperlON anion exchange membrane (thickness: 20 um). Humidi-
fied CO, was purged through the cathode chamber at a flow rate of 50
sccm (room temperature), while a N, bleeding line (flow rate: 20 sccm)
was injected after the electrolyzer, serving as the flow rate internal stan-
dard. 0.1 M CsHCO; solution was circulated through the anode chamber
as anolyte with a flow rate of 30 sccm, using a Simdos 10 diaphragm pump.

Product Quantification: ~Gaseous products from CPE (H-cell) and CCE
(MEA set-up) were analyzed using gas chromatography (GC, Agilent 6390)
with argon as the carrier gas, calibrated using certified gas mixtures from
Air Liquide as standards. A thermal conductivity detector (TCD) was used
to analyze H, and CO, while a flame ionization detector (FID) was em-
ployed to quantify CH,, C,H,, and C,Hg. For CPE and CCE, cells were
connected to the GC for online analysis by using a steady flow of CO, gas
of 20 mL min~" (H-cell) and 50 mL min~" (MEA set-up), respectively. In
the meantime, N, bleeding with a flow rate of 22 mL min~" served both as
an internal standard and to compensate for the CO, that was consumed
during the reaction (for details, see Figure S44, Supporting Information).
The Faradaic efficiencies (FE) for specific gaseous products x (e.g., x =
C,H,4) were calculated using the following equation, (28]

PV 2F

FE% = —25

-100 (2)
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where V refers to the flow rate of the gas delivered to the gas chromato-
graph at a specified sampling time with N, compensation, ¢, to the vol-
ume fraction of the gaseous product (e.g., C;H,) in the gas flow that was
delivered to the detector, p to the pressure (1.01 x 10° Pa), R to the gas
constant, T to the temperature (296 K), z to the number of electrons trans-
ferred for CO,-tox (i.e., z = 12 for C,H,), F to the Faraday constant, and
i to the current recorded by the potentiostat.

The liquid products were quantified by '"H NMR spectroscopy using
a water pre-saturation method and DMSO as an internal standard. For
sample preparation, a 500 pL aliquot of the post-electrolysis electrolyte
solution was mixed with 100 uL D,O and 35 uL DMSO. FE, was calculated
using the following relationship,

¢, VzF

FE, [%] = -100 3)

wherein ¢, denotes the concentration of the product (e.g. formate) in the
liquid phase, V represents the catholyte volume (17 mL), and Q is the total
amount of passed electric charge at the specified sampling time.

Ex Situ and In Situ X-Ray Absorption Spectroscopy (XAS) Measurements:
All ex situ measurements for powder and electrode were performed in
fluorescence mode. All in situ XAS measurements were carried out us-
ing either a divided spectroelectrochemical (SEC) liquid flow cell (three-
electrode arrangement) or a SEC MEA cell (galvanostatic conditions) in
the fluorescence mode.

For measurements in the SEC flow cell, electrode preparation follows
the same procedure as in the H-cell studies (catalyst loading: 1 mg cm™2
with 15 wt.% Nafion ionomer, deposited on Freudenberg C2 carbon pa-
per). The anodic and cathodic half-cells were separated by a Nafion 117
membrane. An Ag/AgCl reference electrode was placed in the cathode
chamber for control of the working electrode potential. All in situ XAS
measurements were carried out at the near (XANES) and extended (EX-
AFS) Cu K-edge at the XPP KMC-3 beamline (BESSY Il). The employed
flow cell is shown in Figure S32 (Supporting Information). The X-ray beam
was focused to a spot size of 500 x 500 um at a fixed sample position. The
beam energy was scanned from 8900 to 9600 eV (scan rate: 1.6 eV s~'). An
aqueous 0.1 m CsHCOj; solution was used as both catholyte and anolyte
and pumped through the half-cells at a flow rate of 20 mL min~'. The
catholyte was purged with CO, for 30 min prior to each measurement
and feeding to the catholyte was continued to ensure CO, saturation. For
every measurement at a defined potential, two in situ XAS spectra were
collected. Data reduction and processing of the XANES spectra, includ-
ing background subtraction, energy correction, normalization, and linear
combination fitting were performed using the standard Athena software
from the Demeter 0.9.26 program package.

Measurements in the SEC MEA cell (Figure S65, Supporting Infor-
mation) were performed in the High-Energy-Resolution Fluorescence-
Detected XAS (HERFD-XAS) mode at the ID26 beamline of the Euro-
pean Synchrotron Radiation Facility (ESRF, Grenoble, France). The higher
harmonics were suppressed by Si-coated mirrors which operate in to-
tal reflection mode. The desired energy was selected by a Si(111) dou-
ble crystal monochromator. The fluorescence X-rays were collected by an
X-ray spectrometer using the (800) reflection of two spherically bent Ge
crystals, and the photons were counted by a PILATUS3 100K-M detector.
The monochromator energy calibration was performed by measuring Cu
foil. For the HERFD-XANES measurements the monochromator energy
was scanned while the spectrometer was kept fixed at the maximum of
the KB1,3 emission line (8903.6 eV). The assembly of the MEA SEC was
carried out analogously to MEA performance characterization described
above (catalyst loading: 1 mg cm™2 with 15 wt.% Sustanion XA-9 ionomer,
sprayed on Freudenberg C2 carbon paper). The beam energy was scanned
from 8900 to 9600 eV (scan rate: 11.6 eV s~'). Characterization of the SEC
MEA cell including analysis of the product mixture was carried out sepa-
rately using the GC quantification protocol detailed above, whereby good
agreement with the standard MEA electrolyzer was found. Data reduction
and modelling of the EXAFS spectra were conducted using the standard
Athena and Artemis software from the Demeter 0.9.26 program package.
EXAFS data were analyzed in the R-space using fixed k and R ranges (2.0-
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11.0 A-T, R: 1.0-3.0 A). Wavelet transformations of EXAFS (WT-EXAFS)
spectra were calculated using the Hama Fortran program.[?°l The Morlet
wavelet was used for the analysis. The raw k3 weighted data were added
to the Hama_Fortran program for analysis. For the Multivariate Curve
Resolution—Alternating Least Squares (MCR-ALS) the spectral datasets
corresponding to each measurement were imported and normalized us-
ing the FASTOSH v. 1.0.8 software.3%] To derive the pure spectra and the
respective relative concentrations, the MCR-ALS Matlab toolbox3'! inte-
grated into FASTOSH was used.

Statistical Analysis: ~ All statistical analyses in this work were performed
using the Origin 2023 software. Before data analysis, irrelevant data detec-
tion and elimination were performed on the data sets. Experimental errors
for FE and average |j| values were calculated as the standard error of the
mean using a sample size of n = 3. Experimental data in bar diagrams
were presented as mean values + standard deviation.
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Supporting Information is available from the Wiley Online Library or from
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