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Summary

1 Summary

Together with energy harvesting and distribution, energy storage technologies are essential to
broadly establish renewable energy sources in a power grid. Chemical energy storage, e.g.,
through hydrogen, requires two conversion steps. Step one resembles the storage of electrical
energy in chemical bonds (electrolyzer), and step two reverses this process (fuel cells). This
work will introduce the technology of green hydrogen generation via water electrolysis and
illustrate why efficient and sustainable catalyst systems based on non-toxic, abundant, and cost-

effective materials are required.

For this purpose, the investigations focus on 2D layered materials, which have proven to be a
versatile material class to facilitate the oxidative half-reaction of electrochemical water
splitting, which is the oxygen evolution reaction (OER). This work will focus on the structure-
property relationship in such materials while also paying attention to the ecological aspects of
the technology. The aim is to tailor catalytical systems, further improving their capabilities and

scalability.

In the scope of this work, the influence of composition, specifically iron-content, in layered
double hydroxides is investigated concerning the triggering of grafting. That is the chemical
bonding of interlayer anions to brucite-like layers. Due to the high importance of bimetallic
iron-containing layered double hydroxides, it is crucial to understand which implication its
incorporation bears for the structure and, ultimately, the catalytic performance. The systematic
variation of Co/Fe composition within the layers showed that the presence of iron favors
grafting, thereby inducing structural disorder in the form of random interstratification and
planar defects. At the same time, having a minimum amount of Co in the structure is essential

to ensure high catalytic activity.

From the perspective of the structure-properties relationship, the question remains open as to
what kind of effect the extent of grafting has. For this purpose, different brucite-type materials
are compared. Three classes are chosen that feature inherently different interlayer constitutions,
while the layers have similar compositions. These include metal hydroxides M(OH). without
interlayer anions, layered double hydroxides with free interlayer anions, and hydroxynitrates
with fully grafted interlayer anions. This work shows that an interlayer anion's chemical
bonding can alter the metal centers' electronic structure. This is decisive for their oxidation

potential, i.e., the potential at which the electrocatalytically active center forms.

In the last part of this work, the previously gained knowledge is combined to achieve control

of grafting within the same material. The all-iron electrocatalyst mossbauerite is known to
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Summary

exhibit extensive grafting of interlayer anions. By employing a corrosion engineering approach,
it is possible to obtain its precursor green rust on a steel plate as a large area electrode and
control the ratio of grafted to ungrafted interlayer anions by choice of the oxidation method.
This control of grafting in the same material allows for the first systematic study on the

influence of grafting in mossbauerite.

This thesis is presented as a cumulative work; therefore, the results are described thematically
in the attached manuscripts.
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2 Zusammenfassung

Zusammen mit der Energiegewinnung und -verteilung sind Energiespeichertechnologien
unerl&sslich, um erneuerbare Energiequellen in einem Stromnetz auf breiter Basis zu etablieren.
Die chemische Energiespeicherung, z. B. durch Wasserstoff, erfordert zwei
Umwandlungsschritte. Schritt eins ist die Speicherung elektrischer Energie in chemischen
Bindungen (Elektrolyseur) und Schritt zwei ist die Umkehrung dieses Prozesses (Brennstoff
Zellen). In dieser Arbeit wird die Technologie der grinen Wasserstofferzeugung durch
Wasserelektrolyse  vorgestellt und erldutert, warum effiziente und nachhaltige
Katalysatorsysteme auf der Grundlage ungiftiger, Uppig vorhandener und kostengunstiger
Materialien erforderlich sind.

Zu diesem Zweck konzentrieren sich die Untersuchungen auf 2D-Schichtmaterialien, die sich
als vielseitige Materialklasse erwiesen haben, um die oxidative Halbreaktion der
elektrochemischen Wasserspaltung, die Sauerstoffentwicklungsreaktion (OER), zu erleichtern.
Diese Arbeit wird sich auf die Struktur-Eigenschafts-Beziehung in solchen Materialien
konzentrieren, wobei auch 6kologische Aspekte der Technologie beriicksichtigt werden. Ziel
ist es, die katalytischen Systeme weiter zu optimieren, um ihre Eigenschaften zu verbessern und

die Mdglichkeit der Skalierbarkeit zu erftllen.

Im Rahmen dieser Arbeit wird der Einfluss der Zusammensetzung, speziell des Eisengehaltes
in geschichteten Doppelhydroxiden, auf die Auslosung des Graftings untersucht. Das ist die
chemische Bindung von Zwischenschichtanionen an Brucit-artige Schichten. Aufgrund der
groRen Bedeutung bimetallischer, eisenhaltiger Schichtdoppelhydroxide ist es von
entscheidender Bedeutung zu verstehen, welche Auswirkungen ihr Einbau auf die Struktur und
letztlich auf die Kkatalytische Leistung hat. Die systematische Variation der Co/Fe-
Zusammensetzung innerhalb der Schichten zeigt, dass die Anwesenheit von Eisen das Grafting
begunstigt und dadurch strukturelle Unordnung in Form von zufélliger Zwischenschichtung
und planaren Defekten hervorruft. Gleichzeitig ist ein Mindestanteil an Co in der Struktur flr

eine hohe katalytische Aktivitat unerlasslich.

Offen bleibt die Frage, wie sich das Ausmal} des Graftings auf die Struktur-Eigenschafts-
Beziehung auswirkt. Zu diesem Zweck werden verschiedene Materialien des Brucit-Typs
verglichen. Es werden drei Klassen ausgewéhlt, die von Natur aus unterschiedliche
Zwischenschichtaufbauten aufweisen, wahrend die Schichten ahnliche Zusammensetzungen
haben. Dazu gehoren Metallhydroxide M(OH)2 ohne Zwischenschichtanionen, geschichtete

Doppelhydroxide mit freien Zwischenschichtanionen und Hydroxynitrate mit vollstandig
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gegrafteten Zwischenschichtanionen. Diese Arbeit zeigt, dass die chemische Bindung eines
Zwischenschichtanions die elektronische Struktur der Metallzentren veréndern kann. Dies ist
entscheidend fiir ihr Oxidationspotential, d.h. das Potential, bei dem sich das elektrokatalytisch
aktive Zentrum bildet.

Im letzten Teil dieser Arbeit werden die zuvor gewonnenen Erkenntnisse kombiniert, um die
Steuerung des Graftings im Material der gleichen Klasse zu erforschen. Der vollstandig auf
Eisen basierende Elektrokatalysator Méssbauerit ist daftir bekannt, dass er ein umfangreiches
Grafting von Zwischenschichtanionen aufweist. Mit Hilfe eines korrosionstechnischen
Ansatzes ist es moglich, seine Vorstufe Green Rust auf einer Stahlplatte als grof3flachige
Elektrode zu erhalten und das Verhaltnis von gegrafteten zu freien Zwischenschichtanionen
durch die Wahl der Oxidationsmethode zu steuern. Die Steuerung des Graftings in ein und
demselben Material ermdglicht diese erste systematische Studie tiber den Einfluss von Grafting

in Mdssbauerit.

Bei dieser Arbeit handelt es sich um eine kumulative Dissertation — die Ergebnisse werden

daher thematisch sortiert in den angehéngten Manuskripten beschrieben.
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3 Introduction

This section gives a brief overview to outline the importance of energy storage technologies.
Furthermore, it summarizes physicochemical key aspects of electrochemical water splitting,
focusing on the OER, typical catalyst materials, possibilities for innovation, and current
developments. The last section gives insights into three key research questions which form the
foundation of this thesis.

3.1 The way toward renewable energies

Resolving energy and environmental issues has been perceived as the most critical challenge
of the 21% century.™™ Since the early 2000s, it has become evident that rising CO2 levels,
increasing severity and frequency of natural disasters, and environmental pollution create a
formidable incentive on the topic.l?! Due to the limited number of countries with rich fossil fuel
reserves, its broad usage further poses the risk of economic dependency and becoming a target
of geopolitical interests.®! This circumstance has led to an impressive manifestation of this
dependency and triggered a political rethinking. Almost a third of advanced economies rely
heavily on just three trade partners for more than 70% of their fuel imports, which is a
significant portion of their economy.™ With a renewable energy ratio of 49.6% in the power
mix (Fig. 1), the Energy Transition Index (ETI) only ranked Germany as number 15 out of 31
advanced economies regarding their energy performance. This rating includes the resilience

and efficiency of generation, transmission, and progress to cleaner forms of energy.?!

Solar
grid feed-in/
self-consumption

J_é Biomass

‘ Hydropower

. . B
Fossil gas/oil ==
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Hard Coal i
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on-/offshore

Figure 1: Net public electricity generation in Germany in the year 2022. The energy mix of Germany
is still heavily reliant on fossil fuels, with the share of renewables representing less than 50%. The source
data is from Fraunhofer ISE.!
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Recent investments in green energy technologies and CO-neutral means of transportation have
also led to the European Union's decision to ban all new internal combustion engines from
2035.11 However, this reliance on fossil fuels ranges further than only the transport sector.
Private household energy supply and the chemical, glass, and steel industries rely heavily on
cheap power and chemicals from the petrol industry (e.g., hydrogen).l®! The critical aspect
required to contain or even eliminate arising problems renders a transition to renewable energy

sources an imperative for the years to come.

While some forms of renewable energy sources (e.g., hydropower, geothermal, or biomass
plants) can run with sufficient steadiness to act as a base load supplier in the electrical grid,
most sources cannot. Base-load supply implies that they operate 24/7 to meet the minimum
power demand. These technologies are not designed to respond to peak demands or
emergencies. Regarding conventional energy sources, coal or nuclear power plants handle this
task instead. Intermediate and peaking power plants handle everything beyond this minimum

power demand, which can be adjusted to the demand more easily when needed.

However, it is apparent that solar and wind energy, which are typical examples of intermittent
renewable energies, cannot fulfill either of these tasks in an electrical grid by themselves. Due
to their output dependence on weather conditions and daily and seasonal variations, they can

neither supply a steady base load nor respond quickly to meet peak power demands.®!

Due to the intermittent character of renewable energies, coupling with suitable storage
techniques is vital to ensure a continuous, secure, and demand-oriented energy supply while
minimizing curtailment.’®! Thus, establishing renewable energy sources in the grid is inevitably
connected to the necessity of efficient energy storage to mitigate the cyclic but often offset
nature of supply and demand. Therefore, excess supply can be harvested during a power
generation surplus and utilized as an intermediate or peak supplier when required. Sufficient
storage infrastructure in the grid can also provide a steady base load through this coupling of
energy harvesting and energy storage.®! Ideally, storage technologies are established beyond

the primary grid to meet stationary, mobile, and portable demands.

The establishment of application-oriented storage technologies entails optimization to vastly
varying requirements. These different application areas quickly allow the conclusion that there
is no single storage technology for all applications. Instead, all of them have their respective
advantages and disadvantages. Requirements like conversion efficiency, scalability,

storage/release time, transportability, acquisition and operational cost, safety, environmental
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friendliness, infrastructure requirements, and many more must be considered. These
technologies can be categorized into five main fields (Fig. 2): Electrical (e.g., electrical double-
layer capacitors EDLCs), mechanical energy (e.g., pumped hydro storage PHS),
electrochemical (e.g., batteries), thermal (e.g., heat storage), and chemical storage (e.g.,

hydrogen fuel cells).

Figure 2: Overview of different categories of storage technologies. Every method has advantages and
disadvantages related to efficiency, cost, applicability, and others. Adapted from Fort Frances Power
Corporation.2”!



Introduction

3.2 Hydrogen

Hydrogen-based storage technology belongs to the group of chemical storage, where the energy
is stored in the form of chemical bonds. Hydrogen itself cannot readily be considered a clean
energy source with a CO,-neutral footprint.[*l In fact, various types, often termed colors, are
differentiated. Hydrogen obtained by fossil fuels (e.g., natural gas) is considered Grey
Hydrogen if the CO, generated during the production is released into the atmosphere. If it is
supported by carbon capture and storage, it is termed Blue Hydrogen. Both cannot be regarded
as sustainable energy storage.!*?!

Only hydrogen, where the educts originate from sustainable sources, with the conversion energy
being supplied by renewable energies and no greenhouse gas release during the production, can
be termed Green Hydrogen.[*>*¥1 The required infrastructure comprises two complementary
processes. The first part includes converting electrical energy into chemical energy using
electrolysis.™! In the second step, this fuel can then be used directly as a reagent in the chemical
industry or to convert chemical energy back into electrical energy, e.g., to support power
demand in the grid or run an electric motor via a fuel cell.**% While various fuel cell types
exist, with their particular application area, advantages, and disadvantages, most of them share

the utilization of hydrogen as their primary fuel.[**

Due to the focus of this thesis on the generation of Green Hydrogen via water electrolysis, this
part of the introduction aims to give an insight into the underlying challenges, setups, and
benchmarks to research water electrolysis. It will focus on how to make the water splitting
reaction more energy efficient, minimize losses during conversion, and make it more scalable
and sustainable. Further challenges arising from the transport, medium- and long-term storage,

and the utilization of a practical fuel cell will not be addressed in the scope of this thesis.
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3.2.1 Thermodynamics of electrochemical water splitting

Thermodynamics tells us that splitting water in its constituents' oxygen and hydrogen is an
endergonic (i.e., non-spontaneous) process. However, the reaction can proceed when an
appropriate driving force, e.g., thermal energy or electricity, is provided. Using the latter for
the endergonic transformation is called electrolysis, and a setup typically consists of two
electrodes separated by an ionic conductor, the so-called electrolyte. Electrical work to the cell
is provided via these electrodes, allowing gaseous hydrogen and oxygen production. The
individual half-cell reactions and their corresponding mechanisms depend on the pH of the
electrolyte.[*]

In acidic media, water splitting occurs according to the following reactions:[6-171

Anode: HoO(I) = % Ox(g) + 2 H* + 2¢° EL=+1.23V (Eq. la)
Cathode: 2 H* + 2" — Ha(g) E.”=+0.00 V (Eq. 1b)
Full: H20(1) — Ha(g) + % O2(g) (Eq. 1¢)

While in alkaline conditions, it proceeds according to:[*6-17]

Anode: 2 OH — % 0(g) + H20 + 2¢° Ea®=+0.40V (Eq. 2a)
Cathode: 2 H20 + 28" — Ha(g) + 2 OH" E.°=-0.83V (Eq. 2b)
Full: H20(l) — Ha(g) + %2 02(g) (Eq. 2c)

The anodic reaction (oxidation) is termed oxygen evolution reaction (OER) due to the release
of oxygen gas from there, and the cathodic reaction (reduction) is called hydrogen evolution
reaction (HER) due to the release of hydrogen gas. In acidic and alkaline media, H* ions and
OH" ions are responsible for providing charge compensation by migrating through the
electrolyte during cell operation. The overall standard cell potential in both media results from

the difference between the individual reaction potentials:[*€]
E°=EL-ELL=1.23V (Eq. 3)

From a thermodynamic viewpoint, the amount of electricity (nFE) required at equilibrium to
facilitate the reaction to split 1 mol of water can also be expressed by the change in Gibbs Free

Energy (AGy) of the dissociation reaction.!
AG: = -nFE (Eq. 4)

With n = 2 as the number of electrons being transferred during the electrochemical reaction, F
being the Faraday constant, and E being the potential associated with reactions in the

corresponding media (Eqg. 1c, 2c).
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For the given potentials, a standard pressure (p°®=101.325 kPa) and standard temperature
(T° =298.15 K) are assumed where water is liquid and the reaction products are gaseous. Thus,
using literature values® for the Gibbs Free Energy, the thermodynamically required voltage
to facilitate the electrochemical water splitting reaction results in the same as determined above
from the individual half-cell reactions:[* 1]

AG°(H20) = 237.22 kJ mol* = E° = AG°(H;0) / (2 F) = 1.2293 V= 1.23V  (Eq. 5)

According to this solely thermodynamic point of view, the required potential would depend
only on temperature, pressure, reactant concentration, and product concentration. In practice,
this equilibrium cannot be reached once a current flow is involved, i.e., the electrochemical
reaction proceeds at an appreciable rate. The higher the current, the greater the potential must
be to maintain the flow of electrons. Consequently, this also bears kinetic implications which
arise from transfer reactions, electronic and ionic conductivity limitations, and finite mass
transport.'* 171 Such phenomena give rise to so-called overpotentials, which are considered the
irreversible part of the electrochemical reaction. They are defined as the offset of the potential
of the electrode E from the reversible value E° and cannot be regenerated. Thus, they are
hampering the overall conversion efficiency.[*511 Consequently, these overpotentials are
regarded as a crucial evaluation criterion and design factor in evaluating the performance of

new materials, which will be further discussed in chapter 3.3.
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3.2.2 Oxygen evolution reaction

Practically, the overall potential required to drive the electrochemical splitting of water includes
irreversible kinetic contributions from both the anodic and cathodic reactions. The HER is a
two-electron transfer reaction and typically features low overpotentials.[*®! A variety of different
catalyst systems are reported, resulting in overpotentials as low as 27 mV for Pt on carbon. "]
Compared to the HER, the OER is subject to sluggish kinetics and thus exhibits an intrinsically
lower efficiency.?!) This comparably complex reaction system originates from a coupled,
multi-electron process, resulting in a higher kinetic barrier as the transfer of four electrons per
02 is necessary to facilitate oxidation.** 171 Since only a single electron can be transferred with
each step and various electrode surface reactions are involved, the process is forced to proceed
in multiple steps with distinct intermediates. Various intermediary products are passed through
depending on the employed catalyst and media.*"- 22

Various research groups have proposed many possible mechanisms for both acidic?®! (Fig. 3)
and alkaline®! (Fig. 4) media, and the topic remains frequently discussed.?®! There exists
consensus about the presence of MOH and MO intermediates, but there are discrepancies
regarding the exact mechanisms, particularly related to when and from which intermediate the
oxygen is released.[*” Two pathways are widely accepted. The first supposed pathway includes
the formation of oxygen due to a direct reaction of two MO intermediates. Alternatively, a

MOOH intermediate can form, ultimately decomposing to release O,.[*4 7]

(V]

H* +0,+¢ H,0
Acidic conditions: /' 'v H e
M + H,O(l) = MOH + H* + ¢

[M-OH]

MOH — MO +H* + ¢ eoon

140,

X |\1-01/

H +c

MO — M + % O4(g)

MO + H,0(l) = MOOH + H* + ¢ K
H* + e
MOOH — M + Oz(g) + H" + & o

Figure 3: OER mechanism under acidic conditions.*”! Adapted from Cai et al.[*]
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[M]
Alkaline conditions: H0+ 0+ e
M + OH" — MOH | ’ \

[VM-00H]

[M-OH]

MOH + OH" — MO + H20(l) + &
MO — M + % 02(q)

MO + OH" — MOOH + ¢ K " O]/ .
. OH

MOOH + OH" — M + O(g) + H20(l) + & o -

Figure 4: OER mechanism under alkaline conditions.*”! Adapted from Cai et al.

While the most common application of OER is in heterogeneous catalysis, examples of
homogeneous catalysis or even biocatalytic reaction also exist.[?8! This circumstance renders
adsorption interactions between catalysts and educts, bonding within the possible intermediates
(MO, MOOH, MOH), and desorption behavior of the products from the catalyst crucial factors
for the overall performance.l# 16-17]
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3.2.3 Measurement setup

The primary measurement setup to obtain crucial performance parameters is described in this
section. The parameters themselves will be described in more detail in the following chapter.

Information about the catalyst system can be obtained by measuring the current passing through
the electrode as a function of the applied potential over the cell. The typical testing cell consists
of three electrodes, thus being called the three-electrode setup. A current is passed through the
working electrode (WE) and counter electrode (CE). Changes in the working electrode's
potential are measured against a reference electrode (RE) in a secondary circuit. Latter carries
practically no current and thus provides a steady reference potential irrespective of the current
load on the WE and CE. This constant reference potential is essential as the potential of the CE
may change substantially. Due to possible alterations in CE potential, a two-electrode setup is
considered unsuitable to perform such half-cell testing with sufficiently high data reliability. A
typical choice for such RE is the reversible hydrogen electrode (RHE) or an Ag | AgCl | KCI
electrode.?”]

Uncontrollable or severely limited mass transport can compromise accuracy and lead to non-
reproducible results. Therefore, the previously described system is usually combined with a
rotating disc electrode (RDE) as the WE (Fig. 5). Through rotating the electrode in solution,
rather than agitating the solution by stirring or gas bubbling, efficient transport of educts to the
electrode and detachment of products from the electrode can be achieved.*® 271 The RDE is
composed of a cylindrical metal rod that is embedded in an insulating cylindrical plastic holder.
The outer holder usually consists of Teflon or polyether ether ketone (PEEK) due to their high
chemical inertness and insulating properties. The bottom end of the electrode is attached to the
respective electrode material, exposed to the solution, and polished flush with the surrounding
holder. The typical electrode material for electrocatalytic investigations for the OER is glassy
carbon (GC).

Therefore, the RDE setup with a GC electrode fulfills multiple important characteristics for
benchmarking OER catalysts. The most important feature is the provision of a so-called
uniformly accessible surface. It implies that the rate of mass transport to the surface is uniform
despite the different rotational velocities depending on the distance from the center of rotation.
Another fundamental property is that the flow of the solution to the surface has a laminar
character up to high rotation rates, thereby underlining the possibility of obtaining highly
reproducible results from RDE measurements. The electrode area typically must be minimal to

reach such high stability.[?7-2]
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Working electrode (WE)

Reference electrode Counter electrode
(RE) (CE)

Glassy carbon disk

Bottom view

Figure 5: Typical three-electrode RDE setup for OER measurements. It consists of a working electrode
(WE), a counter electrode (CE), and a reference electrode (RE). Charge flow proceeds between the WE
and CE, while the potential difference is measured between the WE and RE. The WE is rotated to
facilitate more effective mass transport. It has a glassy carbon bottom to apply the catalyst material.

The use of GC as the electrode material is widespread because it is highly (electro)chemically
resistant at both oxidizing and reducing potentials. It features a low electric resistance and low
intrinsic activity in the facilitation of the OER, thus rendering it an ideal material for the

application as a current collector in benchmarking OER catalysts employing an RDE.[16:27]

In a 3-electrode setup without an RDE, other current-collectors can also be employed, e.g.,
carbon cloth,?® carbon paper,B% nickel foam, iron foam,*? Cu foam, indium tin oxide
(1ITO),B4 and gold.% Care has to be taken as the choice of substrate can significantly influence
the observed activity of the respective catalysts.*® Some can even make a notable contribution
to the measured currents either through synergistic effects or dissolution and, thus, unintentional

doping.t®"]

A typical catalyst benchmark measurement includes the (repeated) linear variation of the
potential to probe the onset of the electrochemical reaction in a 1 M KOH solution. If a single
potential sweep is performed, the method is called linear sweep voltammetry (LSV), while
multiple, continuous sweeps are termed cyclic voltammetry (CV). Other standard measurement
techniques include the application of a constant current (chronopotentiometry, CP) or a constant
potential (chronoamperometry, CA) to assess any changes in current or potential during

prolonged operation.
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3.3 Critical factors in catalyst development and design

Electrocatalysts facilitate electrochemical reactions such as the previously described
electrochemical water splitting. In this process, they can either aid the reaction at the surface of
an electrode or act as an electrode itself. The mechanism of action can be manifold such as
promoting the reactant adsorption, assisting the electron transfer between the electrode and the

reactant, and allowing efficient desorption of reaction products.®

Benchmarking corresponding catalyst materials includes kinetic performance parameters, such
as the overpotential (), Tafel slope, or behavior under long-term operation, which will be
covered in this section.®®] To assess the overall versatility and scalability, economic and
ecological aspects should also be considered as well due to the difficulty of transferring catalyst
testing performed on the lab scale to standards demanded by industrial electrolysis applications.

Overpotential

The overpotential (i) is one of the most widely used indicators to evaluate an electrocatalyst's
performance.*! Ideally, for an electrochemical reaction, the required potential to facilitate the
reaction should equal the potential of the reaction at equilibrium. Nevertheless, this idealized
view breaks down once additional resistances of the wiring and kinetic hindrances due to multi-
electron transfer reactions, bubble overpotential (i.e., impeded desorption of products from the
electrode/catalyst surface), and ionic transfer resistances are considered. In practice, the applied
potential is much higher than the equilibrium potential (E° = 1.23 V), primarily due to the

kinetic barriers of the reaction.4

The overpotential quantifies the collective contribution of such. It defines the difference in
potential between the half-cells thermodynamically determined potential E° and the

experimental observation of the redox event E (Eq. 6).11

n=E-E° (Eq. 6)
Thus, it quantifies at which relative potential a specific electrocatalytic activity can be observed
for a target reaction. This definition raises the necessity to state how great this activity should
be relative to the catalyst mass or the area covered by the catalyst. Therefore, an area-
normalized current (i.e., current density) is typically used to quantify the rate of the reaction.

The overpotential is then reported at a value of 10 mA cm™.

In practice, both the OER and the HER feature an overpotential 7. and ¢, respectively. For
previously discussed reasons (chapter 3.2.2), the contribution of the HER is often negligible

compared to the one of the OER. The practical, complete overpotential of an electrolyzer
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resembles the joint contribution of both #a and #¢ (Fig. 6), while for investigative purposes, the
two contributions can be investigated separately in the discussed three-electrode setup.

Current density j Losses Stored Energy Losses

HOR j
U

Potential U/

\
1

Figure 6: Depiction of the anodic and cathodic processes during the electrochemical water splitting.
The hydrogen evolution reaction (HER, —) runs at the anode, while the oxygen evolution reaction
(OER, —) is facilitated at the cathode. The corresponding reverse processes are the hydrogen oxidation
reaction (HOR, ----) and the oxygen reduction reaction (ORR, ----). The potential E is greater than the
electrochemical standard potential E° and is required to drive the reaction. This higher potential is
necessary due to the overpotentials of the HER (#¢) and OER (7.). These are recorded at an electrode
current of 10 mA cm™ and represent an irreversible loss.

Tafel slope

For practical applications, operating the electrolyzer at high current densities is necessary.
Faraday's law of electrolysis describes that the molar quantity of reaction products is directly
proportional to the amount of total electric charge passed through the electrode during the
reaction. Electric current resembles the number of charges passing in a specific time; therefore,
it should be high to facilitate a fast turnover.[*® Since higher currents are subject to greater
overpotentials, it is desirable to have catalysts that only feature a shallow increase in
overpotential when increasing the current density. This property is described by the Butler-
Volmer equation, which can be simplified into the more elementary form of the Tafel equation
(Eq. 7)_[17-18]

(Eq.7)

onkF’ 11)

i~ ioexp( RT

The parameters i and io represent the current and the exchange current, respectively. The
parameter o expresses the anodic transfer coefficient, and n is the number of transferred charges.
The temperature is designated by T, R is the universal gas constant, and F is the Faraday
constant. Logarithmic translation of the Tafel equation yields a simple form in which

voltammetry data can be plotted (Eq. 8).[17-18]
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The Tafel slope b indicates how fast the overpotential increases with the current i. It is typically

n=b - log (f) with b (Eq. 8)
0

given in mV/dec expressing the build-up of overpotential when the current is stepped up by one
decade. Consequently, a smaller Tafel slope represents better electrocatalytic properties due to

fewer irreversible losses.
Long-term stability analysis

Besides the initial activity of an electrocatalyst, the versatility of a catalyst material also
expresses itself by its performance under permanent load. To assess this property, it is required
to perform long-term stability measurements. This investigation can be performed in either two
modes — while applying a constant current (chronopotentiometry), where the change in potential
is observed, or under a constant potential (chronoamperometry), where the alteration of the
current is measured. The decisive difference compared to linear sweep voltammetry (LSV) and
cyclic voltammetry (CV) analysis is that the material is subjected to a constant current/potential
over a prolonged time ranging from hours or sometimes even days.?**! This aids in assessing
the presence and severity of aging under operation and is one key parameter to rate the

versatility of catalysts for industrial use.
Post-mortem analysis

A secondary sphere to derive information about the employed catalysts involves a structural
assessment after the catalytic experiments. Post-mortem analysis is a versatile step in the
development process that comprises several techniques. Firstly, the catalyst itself can be
investigated for structural changes.*?! These can be induced by intrinsic restructuring to a more
stable phase under the given conditions, through the incorporation of ions from the
electrolysis solution,* or through a loss of material during operation.[*®! These alterations often
lead to a change in morphology and potentially a loss of active sites.[*®) However, in other cases,
an initial restructuring can also lead to the in-situ formation of a more stable and active
catalyst.#”1 Thus, a detailed analysis is necessary to identify the active catalyst phase. These
investigations are typically performed using bulk techniques (e.g., powder X-ray diffraction;
PXRD), surface techniques (e.g., X-ray photoelectron spectroscopy; XPS), and methods to
determine changes in morphology (e.g., scanning electron microscopy; SEM), or by
determining material loss to the electrolyte (inductively coupled plasma atomic emission
spectroscopy; ICP-AES).[210. 48]
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Economic and ecologic aspects

Like many lab-scale experiments, they are not routinely scalable for commercialization. As the
eventual goal for catalyst development is an industrial application, research must also be

designed to meet these demands and requirements.

Experiments are almost exclusively performed on the previously introduced RDE
(chapter 3.2.3). It aids in alleviating several limitations during the measurement but does not
resemble a scalable setup. At low current densities like 10 mA cm?, effects of catalyst
degradation, educt transport limitations, and gas evolution are kept to a minimum. Still, this
current density is relatively low considering that commercial alkaline electrolyzers typically
operate at 100-400 mA cm and sometimes even up to 2 A cm2.191 Although the turnover
increases when choosing higher current densities, efficiencies drop. The operating conditions
of the electrolyte significantly differ from the lab scale. While small-scale experiments employ
a 1 M KOH solution, commercial electrolyzers utilize a 6.5 M-7.8 M (25-30 wt-%) KOH
solution at temperatures typically between 5°C and 100°C and pressures ranging from 25-
40 bar.1#%

The development of catalyst systems cannot merely focus on performance but should also
consider other industry-relevant requirements. The electrodes should be producible on a large
scale with high uniformity, at an affordable cost, and eventually, allow for long-term operation
to avoid the frequent exchange of the electrode. Particularly the anodic side exposes the catalyst
to a highly corrosive environment, which often compromises the stability leading to irreversible
phase changes or dissolution, thus hampering the catalytic activity.* 5 Therefore, it is
desirable to resort to non-toxic, abundant, and recyclable materials that can either be reused or
where catalytic capabilities can be restored. Catalysts featuring a complex preparation route or

catalysts relying on expensive educts are unsuitable for commercial applications.'4 50
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3.4 Materials for OER

To mitigate the high overpotentials of the OER and thus increase the efficiency when
considering the energetic perspective of employing the technology as an energy storage
technology, various catalyst material classes have been extensively investigated. Studies focus

on how to improve electrode kinetics and stability in different environments. 38 54

One class exhibiting excellent OER activity in acidic and alkaline media are so-called noble
metal-based catalysts (NMBCs). For instance, rutile-type RuOz and IrO2 exhibit high activity
in the OER catalysis but suffer from intrinsic drawbacks that hamper their applicability. Both
are highly unstable under elevated anodic potentials due to the extremely oxidizing
environment. RuO. undergoes oxidation to RuOs which ultimately dissolves into the
electrolyte solution.!*”] This loss of catalyst inevitably results in a loss of activity. Although
more stable at high anodic potentials in both acidic and alkaline electrolytes, the use of IrO>
entails a similar issue where the catalyst undergoes oxidation to IrOz before also being subject
to dissolution. They are also composed of noble metals, making such materials impractical and

undesirable for large-scale applications in industrial processes.™*”]

To deal with these intrinsic drawbacks of the presented NMBCs, the search for viable, low-cost
transition metal-based catalysts has raised increasing attention to be used under alkaline
conditions. They have proven to exhibit both satisfactory intrinsic activity and stability for the
OER.F?l As this thesis covers the alkaline OER, only the relevant materials for this medium
will be discussed in the scope of this chapter. Popular investigated electrocatalysts include Co-,
Ni-, Fe- and Mn-containing materials demonstrating the possibility of replacing NMBCs. These
include Ruddles-popper oxides,®® rock salt oxides,®¥ rutiles,®® high-entropy alloys,®®
perovskites,®”) metal oxides,®® spinels,®® layered double hydroxides (LDHs),’® and
hydroxides.®]  Most notably, LDHs have shown outstanding OER performances,

straightforward synthesis routes, and a wide range of further improvements.[®?

Due to their unique structural and compositional features to facilitate the OER, this chapter will
introduce brucite-like layered materials in more detail. Here, a particular focus will lay on LDHs
and hydroxynitrate salts to cover various aspects regarding their compositional possibilities,

structural constitution, and electrocatalytic capabilities.
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3.4.1 Layered Double Hydroxides (LDHSs)

3.4.1.1 Structure

In general, the compositions of LDHs can be described by the generic formula
M?*1xM3*x(OH)2(A™)wn - Z H20. The crystal structure is composed of edge-sharing octahedral
sheets with divalent (M?*; e.g., Ca%*, Ni?*, Mn?*, Co?*, Fe?*) and trivalent metal cations (M**;
e.g., AP, Cr¥*, Mn**, Fe**, Ga*, Co®', Ni*") with similar ionic radii and hydroxide ligands
extending into the interlayer space. 23 62631 Strycturally, they resemble brucite-like (Mg(OH)2)
layers, whereas the isomorphic substitution of M?* with M3* generates an excess charge. Anions
in the interlayer space compensate for this additional charge (A™; e.g., NOs, SOs%, COs>,
CI).[2%2,632,630] The ratio (x = 0.17-0.33) of M2*/M>* can be varied within certain boundaries,
but a ratio of 2:1 (x = 0.33) is generally assumed to be the most favorable composition.[ The
individual layers are held together by electrostatic interactions and hydrogen bonds between
the brucite-like layers and the interlayer anions, forming the three-dimensional structure
(Fig. 7).166]

Figure 7: (a) Schematic visualization of the layered structure of a bimetallic carbonate LDH of the
fougerite group. Interlayer anions and water separate the layers. (b,c) The layers are composed of M?*
(green) and M** (yellow) being octahedrally coordinated by hydroxide ligands. The figure is based on
the reported crystal structure of Dionigi et al. for a NiFe-CO3 LDH."!

Various synthetic methods have been applied to obtain LDHSs, with the most widely known
being coprecipitation. Conditions can vary significantly from precipitation at low or high
supersaturation, with separate nucleation and aging steps, or via an urea hydrolysis route. !

The ion exchange method®! is chosen when the primary metal ions react with the desired
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interlayer anion or when they are unstable in an alkaline solution. Other methods include the
rehydration of mixed-metal oxides, hydrothermal synthesis, electrodeposition, sol-gel
approaches, or more specialized strategies.°¢]

However, most LDHs can be obtained by relying on a one-step precipitation synthesis where
the divalent metal-ion might undergo further oxidation by atmospheric or dissolved oxygen
when susceptible to oxidation.[%3¢l While versatile for some LDHs, this oxidation can be a
considerable obstacle when, for instance, obtaining pure iron LDHs without any side phases.[™™
This issue will be further discussed in section 3.4.1.3.

3.4.1.2 Application in OER catalysis

The first metal hydroxide identified to exhibit catalytic capabilities with respect to the OER
was a-Ni(OH)..["Yl Further investigations revealed that doping with other suitable metal cations
further improves the electrocatalytic OER activity.?* 7 Since then, also transition metal-based
LDHs™! (e.g., containing Mn, Fe, Co, and Ni) and their topotactic derivativest’ (e.g.,
oxyhydroxides) have been further investigated. Their excellent OER capabilities originate from
their highly controllable structurel™ intensive host-guest interactionst®!, and highly dispersed
single-atomic sites.!?" 771 The performance of such bimetallic, transition metal-based LDHs as
OER catalysts can be evaluated by comparing their respective overpotential and Tafel slope
(Fig. 8)."0. 781

90
NiCu-LDH
[
80
70 A
o IrO,
(]
= FeFe-LDH
> 60 4 CoFe-LDH
g . @
= NiV-LDH
2 50 A ®
= . [
3 NiFe-LDH e _o L
S 40 - ® e CoCo-LDH
30 4 CoMn-LDH\
NiCo-LDH
20

0.25 0.27 0.29 0.31 0.33 0.35 0.37 0.39 0.41
Overpotential # @ 10 mA cm?2/V

Figure 8: Tafel slope and overpotential of representative studies for a given transition metal
combination in LDHs.I"® 78 The 1rO, benchmark (blue) performance is shown as a reference. The best-
performing catalysts are located on the bottom left of the plot, while the ones with inferior performance
are on the top right.
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The choice of transition metals for LDHs is mainly focused on those with high redox activity.
Therefore, combinations of Fe*’®*, Ni**** and Co?"** metal cations are extensively
researched. (62" 63¢ 83 Among those, NiFe-LDHs excel with high activity and stability and are
qualified for use as a cost-effective material for large-scale utilization. Despite the impressive
catalytical capabilities, the active site of the material was subject to controversial discussion.[®2
The earliest studies suggested that the Ni atoms are the origin of the high OER activity, while
Fe was acknowledged to increase the acidity of OHx moieties coordinating with the Ni centers.
Thereby, the reduction potential for the Ni**#* couple can be lowered, increasing the population
of Ni** and thus aiding the OER activity.["® Later results indicate that surface Fe exhibited
lower overpotentials leading to the conclusion that these should be the active centers.®
However, oxyhydroxides with more than 55 at-% of Fe have failed to show any attractive OER
activity.[523 In fact, density functional theory (DFT) investigations indicated that the OER
overpotential of a single Fe site is considerably higher than experimental data suggests.[62 6211
In-operando Mossbauer spectroscopy studies indicated that the formation of localized Fe** is
the reason for the observed performance, while surrounding Ni-ions exhibit a stabilizing
effect.®® Thus the synergistic interaction between Fe and Ni in NiFe-LDHs is the reason for

the excellent OER performance. 3

Other possibilities for further optimization have been explored, including nanostructuring,
vacancy creation, partial cation substitution, hybridization with conductive material, and anion

replacement.[6%c]

Nanostructuring aims to increase the number of active sites, facilitate a more efficient
electrolyte diffusion, adsorption of educts, and desorption of products.[** 81 This can, for
example, be achieved by exfoliation and utilization of LDH nanosheets as the respective OER
catalysts.l’8! |t is important to note that the higher number of active sites does not only originate
from a higher surface area. It is consensual knowledge that the edge sites dominate the OER
performance in bulk, and there are only minor contributions from defect sites in the basal
plane.®3 However, the exfoliation process introduces additional defects that contribute to OER
performance. Concomitantly, different etching techniques can also be used to purposefully

create vacancies and provide additional active sites in the same manner. [0 63¢.84]

Another approach resembles the transition from bimetallic to trimetallic LDHs, which aims to
increase the number of OER active sites in the catalyst material.®® Due to the intrinsically low
conductivity of LDHs, increasing the number of active sites alone is insufficient to boost the

performance significantly. Therefore, strategies aim to composite them with conductive
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material, grow LDH on them, or create heterostructures.[53¢ 881 Anjon replacement impacts the
widening of the interlayer space, potentially increasing the number of accessible active sites
and improving OER performance by modifying the electronic surface structure of the
catalyst.[632 871

Despite the apparent focus on performance aspects, it is essential to reconsider the economic
and ecological aspects discussed previously. From this viewpoint, the use of Ni and Co should
be considered carefully due to competing interests in the material with the manufacturing
industry of Li-ion batteries. Especially the use of Co, which is toxic and bears geopolitical risks,
has to be seen critically as more than half of the worldwide Co is produced in the Democratic
Republic of Congo under hazardous and socioeconomically questionable working
conditions.® These circumstances have created a research interest in the exclusive use of
inexpensive and abundant iron in OER catalysis.[®® One example is the all-iron oxyhydroxide
maossbauerite derived from an LDH, which will be further introduced in the next section.
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3.4.1.3 All-iron OER catalyst: Mossbauerite

Besides high-performance catalysts from the LDH family, its compositional richness also
allows access to a cost-efficient and green catalyst material based only on inexpensive and
abundant iron. Usually, Fe-based alkaline OER catalysts are mainly subject to high
overpotentials or dissolution.[®¥ The unique structural advantages of LDHs allow the synthesis
of the mixed-valence mineral green rust (GR) with an idealized formula of
Fes?"Fe2®"(OH)12C0s+ 3 H.0. Unfortunately, structural Fe?* species are prone to oxidation at
ambient oxygen fugacity. Thus, aerial or dissolved oxygen triggers the oxidation from Fe?* to
Fe3*. This reaction induces the transformation into various ferric oxyhydroxides like goethite,
feroxyhyte, and lepidocrocite.™® If the oxidation is performed through a quick and defined
chemical process using H>O, the oxidation has been shown to yield the ferric oxyhydroxide
and OER catalyst mossbauerite (GR*) Fes®"(0)4(OH)sCOs- 3 H20. The oxidation reaction
proceeds topotactically, and deprotonation provides the required charge compensation.?®®! The
carbonate ions, which are situated in the interlayer space, stabilize the structure.l® With an
overpotential of 400 mV at 10 mA cm, the catalyst is not competitive with high-performing
mixed-metal transition-metal LDHSs (Fig. 8), but efficiently boosts the low activity of iron-only
catalysts through incorporation in this particularly beneficial layered structure.t’® Mossbauerite
exhibits additional structural peculiarities worth investigating concerning the structure-property

relationship.

A detailed characterization of the mdssbauerite structure is indispensable to understand why —
despite the topotactic nature of the transformation — the diffraction pattern of GR* features less
and significantly broadened reflections compared to GR." As typical for layered materials,
massive defects hamper the understanding of the real structure and, thus, the structure-property
relationship of brucite-type compounds in general. DFT calculations have shown that upon
oxidation of the mixed-valent precursor GR to GR*, bonding of the interlayer anions to the
octahedrally coordinated Fe3* species is triggered.®!] This phenomenon, termed "grafting", has
been described for several anionic species such as carbonates!®?, phosphatest®®l, molybdates®,
and chromates®! in various systems. The process proceeds exothermically for the oxidation of
GR to GR*, thus resembling the driving force of this spontaneous bonding to the layers.[°!
Investigations conclude that in mdssbauerite, both carbonate species, grafted to the layer and
free in the interlayer space, are present. The arrangement of these, however, is not systematic
and expresses itself in a random interstratification of layers with various grafting degrees. Thus,
the material can only be described in a model composed of random interstratification and

turbostratic planar disorder.!]
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3.4.2 Nitrate double salts

3.4.21 Structure

Hydroxy double salts (HDS) are closely related to LDHs. Synonymous terms include basic salts
and layered hydroxide salts.®® Their composition can be expressed as
[(M?*14, M?* 1) (OH)3(1-9)] A" a+3yyn - Z H20.[%6°1 They are composed of divalent metal ions
(M?*) octahedrally surrounded by hydroxide ions, resembling a structural derivative of the
brucite structure (Fig. 9).[°¢°! The denoted M?* ions can either be the same or different ionic
species. In this case, however, only a difference of 0.05 A in ionic radii r is tolerated, which
resembles a lower tolerance than that for LDHs.®”] The most common mono-ionic HDSs
include compounds based on Zn?* (r =0.74 A), Ni?* (r =0.69 A), Co?* (r =0.72 A), and Cu?*
(r=0.72 A). The respective bimetallic materials also exist as long as the previously stated rule
of ionic radii difference is satisfied.[*’! The interlayer anion can either be monovalent, such as
Cl', NOs  or CHsCOO, or divalent, such as SO4%, or CO3?.[°¢" %1 Notably, this interlayer anion
is bound directly to the metal ion, thus defining the structural identity. This grafting
phenomenon was also found for some LDHs described in the previous chapter.[*%21 HDSs form
layered structures, with either a planar layer arrangement or layers with vacancies where the
metal ion is relocated in a tetrahedral position, thus expressing the relation to LDHs and the
parent brucite. [°¢ 7. %% The latter vacancy-type arrangement is often found for Zn or Zn-rich

compounds and is an exception as it does not exhibit this grafting characteristic.!*%

(2) (b)

Figure 9: (a) Schematic visualization of one possible layered structure of a nitrate HDS. The layers are
separated by interlayer anions, which are grafted to one layer. (b,c) The layers are composed of M?*
(green) octahedrally coordinated by hydroxide and nitrate ions (blue). The graphic is based on the
reported crystal structure of Bovio et al. for Cu(OH)sNOs (gerhardite).**
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The structural richness, particularly for Co, Ni, and Cu HDS is well investigated, and various
synthetic methods have been presented in the literature.*%?] The most versatile route is simple
alkaline precipitation by adding a base to a metal-salt solution containing the desired metal and
anion.[%%1 Other synthesis methods include the reaction of a soluble metal salt with an insoluble
oxide, % electrosynthesis, ! mechanochemical synthesis,*%! hydrothermal synthesis™°”, or
via urea hydrolysis'® 1% The latter method works by inducing the precipitation through a

constant release of NHs and the subsequent slow pH increase.

3.4.2.2 Application in OER catalysis

Unlike transition metal-based hydroxides, oxyhydroxides, and LDHs, HDS have received less
attention as OER catalysts. Reports include Co-hydroxycarbonate on carbon paper (7 = 240 mV
at 10 mA cm?)% or Ni-foam (7=332mV at 10 mA cm?)10 Cozn-hydroxysulfate
(7 =370 mV at 10 mA cm?) ¥ and CoMn-hydroxycarbonate on Ni-foam (7 =294 mV at
30 mA cm™).1**2 Among all investigated catalysts, Ni-hydroxynitrate on Ni-foam exhibited the

lowest overpotential (7 = 231 mV at 50 mA cm2) reported for hydroxy double salts.[***]

Analogous to the strategies elaborated for LDHSs, the improvement of the HDS usually aims to
utilize the compositional flexibility and move from mono-metallic catalysts to compounds
employing two different transition metals. This incorporation can happen either through small-
scale doping or by replacing a significant amount of the divalent cation with another.l'4 Other
approaches aim to deposit them on a conductive or high-surface-area substrate to boost

electrical conductivity and the accessible surface area.[14" 115l

While care should be taken when investigations are performed on substrates other than a GC to
avoid additional contributions (chapter 3.2.3), the material class has been proven to be a
versatile candidate for further development. However, the origin of the electrocatalytic activity
regarding the structure-properties relationship, similarities, and differences to other brucite-type

catalysts has been mostly disregarded.
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3.5 Scope of this Thesis

The motivation for this work was to gain a deeper understanding of the OER electrocatalyst
structure-performance relationship to develop efficient energy storage technologies based on
green hydrogen. Employing innovative strategies, current research aims to develop efficient,
environmentally friendly, and scalable methods to store the energy harvested from renewable
resources. Here, different 2D electrocatalyst systems were further investigated. Particular
attention was paid to structural details resulting from the interaction between the interlayer
anion and the layer through grafting. This effect has not been systematically studied with
respect to its impact on the electrocatalytic capabilities of the given materials. The major
incentive of the performed studies was to elucidate how catalysts can be tailored not only with
a focus on efficiency but also towards sustainability and applicability.

A stepwise approach ensures the correct understanding of what these alterations look like and
which consequences they imply for the structure and performance. For this purpose, the
presented investigations dealt with three key questions, further outlined in chapter 4.

Grafting represents a versatile parameter to tailor electrocatalysts' capabilities. The chemical
bonding of interlayer anions not only results in structural alterations but also influences the
electronic structure, which is similarly responsible for the activity of the OER catalyst. While
it is known that grafting is triggered in mossbauerite,[’®! the influence of iron incorporation in
other LDHs has only been investigated from a purely electrocatalytic point of view. Therefore,
connecting the LDH composition with the observation of grafting and the catalytical properties

is necessary to conclude on the structure-property relationship.

» What are the structural and electrochemical effects of Fe incorporation and, thus, the
Co/Fe ratio in CoFe-LDHs?

Despite the structural similarities of brucite-type materials, they all feature vastly different
electrocatalytic properties. A decisive difference between such layered hydroxides, layered
double hydroxides (LDH), and hydroxy double salts (HDS) is the interlayer anion's presence
and binding mode. To derive conclusions on the effect of interlayer anion grafting, it is thus
crucial to investigate different members of this material family and compare them regarding

their structural peculiarities and properties.

» How does the interlayer anion binding state influence the OER activity in different

brucite-type materials?
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To further improve the capabilities of a catalyst, the previously gained knowledge about the
beneficiary of grafting can be combined to control the extent of grafting within the same
material class. Particularly for a material very prone to grafting, i.e., mossbauerite, it is crucial
to control the grafting behavior of interlayer anions by influencing the driving force for this

reaction.

» Can modulation of the synthetic procedure influence the presence of grafted and
ungrafted interlayer anion species in mossbauerite? How does it impact the structure

and the electrocatalytic capabilities of the material?

-28-



Synopsis

4 Synopsis

The presented cumulative thesis consists of three publications (Fig. 10). These pick up the key
questions stated in chapter 3.5. The first focuses on the effect of Fe-content in CoFe-LDHSs from
a structural and electrocatalytic point of view. The second work deals with the effect of
interlayer anion grafting and its influence on the observed catalytical performance of the
material. In the third publication, the previous knowledge is applied to obtain the iron-only
electrocatalyst mossbauerite with different degrees of grafting via an electrochemical route.

/ Chapter 4.1: \

Structural and electrochemical effects of Fe incorporation in LDHs
Caution, grafting! — Defects ahead! Free Ride!

i A [N

( Chapter 4.2: \
Influence of Grafting on the electrocatalytic capabilities of layered materials

Grafted Free
Interlayer Anion Interlayer Anion

AL ORK

Oxidation ’ t " r m

Current Density

Potential

OER activity

/ Chapter 4.3:

Grafting control — OER catalysis through a scalable Fe-corrosion process

AN

Current Density

Potential /

Figure 10: Graphic synopsis of all presented publications of this cumulative thesis.
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In chapter 4.1, the successful synthesis of a variety of compositions of CoFe-LDHs is described
ranging from Fe-poor (33.3 at-%) to Fe-rich (83.3 at-%) samples. In terms of structure, the
publication finds that the oxidation of mixed-valence Fe-LDHSs triggers partial grafting of
interlayer carbonate to the brucite layers. The study indicates that a minimum of 20% of Co is
required in these structures to obtain high current densities up to 200 mA cm at potentials
below 1.7 V. Based on these experimental findings, underlined by preceding theoretical

investigations,®¥ it is apparent that grafting can play a crucial role in OER catalysis.

The study performed in chapter 4.2 provides a more in-depth analysis of this effect in the scope
of a systematic study of brucite-type layered compounds. For this purpose, both Co- and Ni-
based materials from this class are investigated. The work includes the corresponding metal
hydroxides M(OH). without an interlayer anion, LDHs with free interlayer anions, and
hydroxynitrates with fully grafted interlayer anions. The investigations confirm that Ni- and
Co-hydroxynitrates display notably earlier formations of the electrocatalytically active species,
and particularly Co-hydroxynitrates exhibit lower overpotentials (0.34 V at 10 mA cm and
0.40 V at 100 mA cm2) than their other brucite-type relatives.

Chapter 4.3 presents a scalable, cheap, and time-efficient route to prepare the all-iron OER
catalyst mossbauerite on steel. The preparation is based on an electrochemical corrosion process
to obtain the mixed Fe?*/Fe®* precursor green rust. The subsequently used oxidation method to
obtain the ferric mossbauerite determines the degree of interlayer anion grafting. Apparent
differences in interlayer spacing and the change of observable stacking disorder indicate that
grafting can be reduced using an electrochemical oxidation route. The direct deposition of the
OER catalyst onto a steel plate, which acts as an iron source and the current collector, allows it
to outperform the bare steel substrate. The obtained material can reach 100 mA cm™ at

potentials of 1.82 V and 1.84 V, depending on the degree of grafting.
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4.1 Structural and electrochemical effects of Fe incorporation in LDHSs

As discussed in chapter 3.4.1, the class of LDHSs exhibits high flexibility toward substitution
patterns and enables the partial replacement of metal ions. These properties allow for the
systematic variation of their composition and their respective oxidation products, the
oxyhydroxides. For the mixed-valent all-iron LDH green rust, previous studies indicated that
oxidation triggers partial grafting of interlayer carbonate to the brucite-like layers.®X The iron
in the layers favors the occurrence of this grafting process, inducing major stacking disorder
observed through non-systematic peak broadening and an irrational 00l-series. Therefore, it is
sensible to assume that partial grafting will also be triggered above certain iron contents in

mixed-metal LDHs known for their versatile OER catalytical capabilities.

To investigate the structural changes and the variation in OER activity, different Co/Fe ratios
were screened in carbonate LDHSs. In terms of composition, the thermodynamically most stable
LLDH composition of M?*:M3* = 2:1 was chosen, where a dense packing of flat-laying carbonate
anions in the interlayer was achieved.[%® To strictly stick with this composition even at different
Col/Fe ratios, both divalent and trivalent Fe-species were used, resulting in LDHs having the
general composition of [M?*6.xM3*(OH)12](CO3*)x2 - n H,O with M?* = Fe**, Co** and
M3 = Fe®". To eliminate the influence of uncontrolled aerial oxidation of ferrous Fe in the
obtained products, they were subjected to fast oxidation using H2O which allowed the
conversion of the material to contain only ferric Fe species. By employing this strategy, it was
possible to obtain LDH-type catalysts ranging from an iron content of 33.3 at-% to 83.3 at-%

on the transition-metal position.

The successful synthesis of the obtained COs*>-LDH products with the desired structure,
morphology, and composition was proven by X-ray diffraction (XRD), Fourier-transformed
infrared spectroscopy (FT-IR), scanning electron microscopy (SEM), and atomic absorption

spectroscopy (AAS).

The XRD investigations allowed the observation of significant peak broadening when the Fe-
content exceeds 75 at-%. This value is lower than in reference studies which can most likely be
attributed to the strict adherence to the composition of divalent and trivalent cations of the
highest stability.[*'® Through variation of the Co/Fe ratio, a shift of the 003 reflections could
be observed, accompanied by variations in rationality and peak width. In line with previous
reports, these findings could be attributed to the fact that oxidation of the mixed-valent LDH
triggered partial grafting of carbonate of the brucite layers.® Models have indicated a lower

d-spacing for LDHs with fully grafted compared to ungrafted interlayer anions.[®! Therefore,
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the observed shifts were attributed to an interstratified real structure composed of random
interstratifications of varying amounts of grafted and non-grafted layers, explaining both
irrationality of the 00I-series and variation in peak width. The simultaneously occurring planar
defects in the stacking of adjacent layers are clearly influenced by the composition. Fe-poor
samples featured intense and symmetrical reflections, while Fe-rich samples featured less
intense, lambda-shaped reflections indicating turbostratic stacking, i.e., no defined phase

relationship between the stacking layers.

To further prove the origin of these structural alterations by relating them to grafting, FT-IR
spectroscopy measurements were employed to assess the binding mode of interlayer anions.
For Fe-rich samples, the presence of grafted carbonate anions was evidenced through an
energetic splitting of the vz band, indicating a symmetry lowering from Dan to Coy. This splitting
further proved that the previous PXRD observations indeed originated from carbonate grafting.

Despite the structural alterations, based on the choice of Co/Fe-ratio, it also had a notable
impact on the OER electrocatalysis. It was found that a minimum of 20 at-% Co is necessary to
achieve high current densities in the order of 200 mA c¢m at potentials lower than 1.7 V vs.
RHE. The highest electrocatalytic OER activities were determined for the CoFe layered
(oxy)hydroxide material with a Fe-content of 50 at-% and 66 at-%. Thereby, synergistic effects
could be exploited in LDHs composed of these two transition metals. However, it was
underlined that the gradual replacement of Co with Fe also bears structural alterations based on

a higher tendency of interlayer carbonate grafting to the brucite-like layers.
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4.2 Influence of Grafting on the electrocatalytic capabilities of layered materials
The studies presented in chapters 3.4.1.3 and 4.1 showed that the grafting of interlayer ions
might play a vital role in the structural constitution of an OER catalyst, its activity, and its
stability. Despite the significant relevance of brucite-type materials for OER catalysis, the effect
of grafting anions to these brucite-type layers was never systematically investigated.

This study aimed to provide a more profound insight into the effect of grafting concerning the
activity of materials to be used as OER catalysts. For this purpose, Co- and Ni-based materials
from the class of brucite-type layered compounds were investigated. These samples included
the corresponding metal hydroxides M(OH). without interlayer ions (Fig. 11a), LDHs with free
interlayer ions (Fig. 11b), and hydroxynitrates with interlayer anions bound to the layers
(Fig. 11c). All compounds were synthesized, structurally characterized by means of X-ray
diffraction (XRD) and Fourier-transformed infrared spectroscopy (FT-IR), and studied in terms

of their catalytic capabilities to facilitate the OER.

(@)
oo (b) Brucite-type ()
_,"‘1"|. . Ni-/Co-hydroxide
— . \
N A

e
Moo ¢
Layered Double Hydroxides (LDHs) Ni-/Co-hydroxynitrate

Figure 11: Chemical binding of interlayer ions, i.e., grafting to brucite-like layered materials, influences
their electrocatalytic capabilities. Three Ni- and Co-compounds were assessed: (a) Brucite-type M(OH)
(no interlayer ions), (b) LDHs (free interlayer anions), and (c) hydroxynitrate (fully bonded interlayer
ions). Formal substitution of OH™ with NO;™ allowed for a widening of the interlayer space and a reduced
electron density at the metal centers to induce the onset of the OER at lower potentials.!**”! [Copyright
2021 Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.]

The metal hydroxide representatives Ni(OH). and Co(OH)2 expectedly featured the lowest
interlayer distances with 4.6 and 4.7 A. The distance is the narrowest of all investigated
materials due to the absence of an interlayer ion. The interlayer space of LDHs and
hydroxynitrates was thus significantly higher due to the steric demand of the corresponding
ions. For LDHs, considerably larger interlayer distances of 7.5 and 7.6 A was found for NiAl-
COs3 and CoAlI-COs, respectively. Compared to the other classes, hydroxynitrates featured a

lower spacing between their layers due to the grafting of interlayer nitrate anions, which
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allowed for a contraction of the layers. Here, 6.9 and 7.0 A were determined for the Ni- and

Co-hydroxynitrate, respectively.

FT-IR investigations of the materials expectedly indicated the absence of any interlayer anion
in the M(OH)2 samples but exhibited additional bands for the interlayer anions in both LDH
and hydroxynitrate samples. However, the bonding mode of the interlayer anions was inherently
different. Direct bonding to the layer compared to free interlayer anions was evidenced by the
symmetry of the interlayer anions. For LDHs, intercalated carbonate anions exhibited Dsn
symmetry in both LDHSs, while the symmetry in the hydroxynitrates was reduced to Cay through
grafting to the layer. This was concluded based on the presence of two distinct vi and v4 modes
at 1300 and 1500 cm™, respectively, with a characteristic wavenumber difference of 200 cm™.
The presence of these nodes indicated that one oxygen of nitrate was directly bound to the metal
cation completing its octahedral coordination shell and provided direct experimental evidence
for the nitrate grafting in both Ni- and Co-hydroxynitrate.

Indeed, the bonding situation between the layers and the interlayer ions proved to influence the
electronic structure and thus the observed OER activity. Notably, hydroxynitrates allowed the
formation of the electrocatalytically active species at significantly lower potentials than the
other compounds studied. Grafted nitrate anions influenced the oxidation of Ni?*, allowing its
conversion to the active OER species, i.e., Ni** at more cathodic potentials.>® This indicated
the highest intrinsic activity among all Ni-containing materials tested but was unfortunately
hampered due to the lower number of active sites. Similar findings for the Co-hydroxynitrate
confirmed this trend. Here, the oxidation peak associated with the Co?* oxidation was found to
be ~0.15 V and ~0.20 V lower compared to the corresponding -Co(OH)2 and CoAl-COs LDH.
In the case of Co-hydroxynitrate, current densities of 10 and 100 mA cm could already be

achieved with overpotentials of only 0.34 and 0.40 V, respectively.

Additional galvanostatic testing confirmed the high stability of hydroxynitrates under
continuous load and thereby underlined the potential of this compositional flexible material
class as an electrocatalyst. These results led to the conclusion that there were two significant
influences on the redox activity of the compounds studied. Firstly, the widening of the interlayer
spacing for better accessibility of the catalytically active centers. More accessibility to such
active sites resulted in increased net activity. Secondly, the electron-donor capability of the
interlayer anion, by formally replacing the metal center's hydroxide ligand. This alteration in
the bonding situation also significantly influenced the electronic structure and, thus, the redox

activity of the compounds studied.
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4.3 Grafting control — OER catalysis through a scalable Fe-corrosion process

The results summarized in chapter 4.2 evidenced that the electrocatalytic capabilities within
one material class can be optimized by choosing the extent of grafting. This finding and the
pursuit of designing a scalable, sustainable, and non-toxic electrocatalyst led back to the all-
iron OER catalyst méssbauerite. For this material, a detailed study regarding the driving force
and structural consequences of grafting was discussed previously.®* Nevertheless, these
synthetic routes never allowed obtaining different amounts of grafted interlayer ions for the

same material.

For this purpose, the study aimed to remove or minimize the driving force of grafting, i.e., the
exothermic reaction of the mixed-valent precursor with H20,. The developed electrodeposition
through a scalable corrosion process of commercial steel allowed to obtain the mixed-valent
green rust (Fes2*Fe,>*(OH)12C03-3 H20) before the critical step of oxidation to the monovalent
Fe3* catalyst mossbauerite (Fes®*(0)s(OH)sCOs-3 H20). The corresponding catalyst was
successfully yielded by performing the oxidation either chemically (with H.O2) or
electrochemically. The obtained materials were subjected to structural, morphological, and
electrocatalytic OER tests using X-ray diffraction (XRD), Fourier-transformed infrared
spectroscopy (FT-IR), Mdssbauer spectroscopy, scanning electron microscopy (SEM), cyclic

voltammetry (CV), and chronopotentiometry testing (CP).

Notably, the product obtained by electrochemical oxidation featured less contraction of the
interlayer space and a reduction of observable stacking disorder. This was evidenced by XRD
measurements which related variations in the apparent basal spacing to a random
interstratification of grafted and intercalated domains. The higher reflection intensity and d-
value observed for the electrochemically oxidized sample indicated significantly fewer grafted
domains. Consequently, more intercalated (i.e., ungrafted) domains contributed to random
interstratification, resulting in an overall higher observed basal spacing of 7.3 A. For chemical
oxidation, the typically featureless XRD patternl’® °1 with broad reflections and the absence of
the 002 reflection was observed. Here, extensive grafting of interlayer anions led to a
contraction of the interlayer space decreasing from 7.5 A of the parent green rustto 7.1 A. Thus,
it could be concluded that electrochemical oxidation induced less interlayer CO3? grafting due

to a smaller driving force for grafting than chemical oxidation.

Apparent characteristics for reduced grafting in the electrochemically oxidized sample were
also found by performing FT-IR investigations. Similar to the analysis described in chapter 4.2,

bonding to the brucite-like layer is accompanied by a symmetry reduction of the carbonate ion
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from Dsn to Cay, resulting in a pronounced vs band splitting upon grafting. Therefore, it was
possible to distinguish between grafted and intercalated carbonate anions. Comparing the
chemically and electrochemically oxidized sample, the band splitting and, thus, the presence of
grafted carbonate was evident in either sample. However, the relative intensity of the respective
bands presented qualitative evidence that the ratio of grafted to ungrafted species was higher
for the chemically oxidized sample. This finding provided further evidence to support the
previous XRD findings that the degree of grafting could be reduced by electrochemical

oxidation.

SEM analysis of both samples indicated a typical morphology of platy crystals which are often
intergrown with smaller platelets. These morphological changes to the surface of the bare steel
plate also allowed for increasing its number of active sites by a factor of 2.4 to 2.7 for the
chemically and electrochemically oxidized samples, respectively. This property was evidenced

by the analysis of the electrochemically active surface area (ECSA).

Electrocatalytic testing concluded that a current density of 100 mA cm could be reached at
potentials of 1.82 VV and 1.84 V for the chemically and electrochemically oxidized samples,
respectively. Thus, both outperformed the bare steel plate (1.88 V) when being operated in a
1 M KOH solution. Long-term measurements also showed a slower performance degradation
for the electrochemically oxidized sample compared to the bare steel plate. Interestingly, the
chemically oxidized sample exhibited a faster degradation. This difference in catalysts was
attributed to the harsh conditions during chemical oxidation which ultimately may give rise to
the loss of electrical contact between the catalyst and the current collector. In contrast, the mild
electrochemical oxidation allowed for the formation of percolation paths, effectively delaying
the degradation. In general, the increase in overpotential was an indicator of degradation and
the loss of active sites, which was confirmed by post-mortem analysis. The bare steel plate
exhibited discoloration after the experiment, likely due to the formation of inactive corrosion
products that block access to active centers. The morphology of the catalyst-coated samples
was generally preserved while they exhibited rounded corners and secondary deposits on the

surface, likely originating from reprecipitation.

Besides improving the electrocatalytic capabilities of the steel plate, the direct electrodeposition
of the catalyst on a conductive substrate also enabled the first systematic study of the impact of

grafting on the performance of mdssbauerite in the OER.
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Layered double hydroxides (LDHs) are presently among the best-performing oxygen evolution reaction
(OER) electrocatalysts in alkaline media. The high activity of LDHs is due to synergistic effects between
two transition metals as well as the layered structure which facilitates electron transfer. Because of a
perfect match with the size of interlayer carbonate a ratio of 2:1 for the di- and tri-valent octahedral
cations is energetically preferred. Here we present a strategy, where first mixed valent (Coz*l.zFez*z)‘.
Fe3*; - LDHs, with z values between 0 and 0.75 are synthesized, which are subsequently oxidized to
Co’*Fe>* LDH-type layered (oxy)hydroxides with an unusual high trivalent Fe content. Characterization
of the chemically oxidized materials using bulk and surface techniques demonstrated the successful
synthesis of LDH-like trivalent iron rich (Co®*)s.q; (Fe>*)2.4; (oxy)hydroxides with a final Fe content
ranging from 33.3 to 83.3%. Current densities of up to 200 mA cm™2 were obtained at potentials lower
than 1.7 V vs. RHE for (Co*")4_s, (Fe**);,.4, (oxy)hydroxides containing a maximum of 80% Fe.

© 2020 Elsevier Ltd. All rights reserved.
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1. Introduction elements are preferred. Such efficient and durable electrocatalysts

will play a pivotal role in future developments of this field [8]. To

Water splitting catalysts are of rising interest due to their key
role in the conversion and storage of green energy [1-4]. The
emerging focus on renewable energies and gradual refusal of
conventional fossil energy sources give rise to new challenges
regarding discontinuous energy provision as well as energy grid
management. Thus, a major focus is to deal with the fluctuating and
intermittent nature of renewable energy sources and store excess
energy in chemical bonds, e.g. as hydrogen [5]. However, the
bottleneck for such a cycle is the energy loss associated with the
oxidative half-reaction, namely the oxygen evolution reaction
(OER) [6]. It features a prominent overpotential due to sluggish
kinetics caused by the coupled four-electron/proton transfer re-
actions to generate O, [7]. Moreover, for green energy production,
environmentally friendly, earth-abundant and thus affordable

* Corresponding author.
** Corresponding author.
E-mail addresses: josef.breu@uni-bayreuth.de (J. Breu), corina.andronescu@uni-
due.de (C. Andronescu).

https://doi.org/10.1016/j.electacta.2020.136256
0013-4686/0 2020 Elsevier Ltd. All rights reserved.

reduce the overpotential on the anode side during water-splitting,
cobalt catalysts such as Co—Ni—P nanowires [9] and CoP-
mesoporous nanorod arrays [10] were shown to be highly active
and stable. These compounds often require extensive synthetic
efforts and contain high percentages of Co, which is comparatively
expensive, toxic and is mined in politically unstable regions.
Therefore, substituting part of the cobalt through environmentally
abundant, readily and globally available and cheap iron is highly
desirable. In addition, synergistic effects between iron and cobalt
show an improvement of the electrocatalytic activity beyond the
performance of pure Co-compounds [1,11]. It has been suggested
that approximately equal amounts of Fe and Co yield the highest
catalytic activity [11]. Verification of this hypothesis requires ma-
terials/structures providing compositional flexibility.

The structural class of layered double hydroxides (LDHs) is
known to demonstrate high activity regarding the OER while
providing excellent compositional flexibility [1,12]. In general, the
composition of carbonate-LDHs can be described as
[M?*6_xM>*(OH)12]{(CO% 7 )xj2 -nH20}, where M** is a divalent
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and M3+ a trivalent metal species with x having values between
0 and 2 [13]. LDHs exhibit a layered morphology, are nanosized and
may, moreover, be exfoliated providing significant surface areas
and hence active sites for reactants, rendering them effective
water-splitting catalysts [14—18]. Particularly their high flexibility
towards substitution patterns with various metals renders them
ideal to partially substitute some of the metal sites allowing for
systematic variations of the composition [19]. For carbonate-LDHs,
a ratio of M2+:M3+ =2:1 represents the thermodynamically most
stable LDH composition because it corresponds to a dense packing
of flat-lying carbonate anions in the interlayer space [20]. In this
work, we consequently stick to this preferred charge density. As a
trivalent cation Fe>* is applied, while for M2+ various ratios of Co?*
and Fe2* were chosen. Since mixed valent Fe-LDHs (“green rusts”)
are very sensitive to oxidation, the materials were subsequently
converted to Fe>*-only materials by fast oxidation with H,0-. This
way LDH-type catalysts were obtained with Co®*:Fe>* ratios
ranging from 2:1 to 1:5 that were tested for catalytic activity in
OER.

2. Experimental details
2.1. Chemicals

Cobalt (1) chloride hexahydrate, iron (II) chloride tetrahydrate,
iron (I1I) chloride hexahydrate, sodium carbonate, hydrochloric acid
(32%), phosphoric acid (85%), nitric acid (70%), fluoroboric acid
(48%), potassium hydroxide and Nafion 117 solution (5%) were
purchased from Sigma-Aldrich and used as received. All solutions
were prepared with Ar-saturated Milli-Q water. Hydrogen peroxide
solution (30%) was supplied by VWR chemicals.

2.2. Catalyst material preparation

The mixed valence LDHs [(Co?*;_, Fe?*;)4 Fe>*(OH)12J{(CO37) -
n Hy0} with 0 <z <0.75 were synthesized by a co-precipitation
process. Corresponding amounts of metal chloride salts were dis-
solved in 50 mL Ar-saturated Milli-Q water yielding typically a total
metal concentration of 0.4 M. 40 mL of a 1.0 M Na,CO; solution was
added in one shot to the metal salts solution inducing the precip-
itation of a carbonate interlayered LDH. After stirring the suspen-
sion for 30 min, 2 mL of 30% H203 solution were added. Please note:
Neither 0.4 M CoCl; - 6H0 nor a mixture of FeCl; - 4H>0 and FeCl3
- 6H,0 can be precipitated upon addition of H,0,. This indicates
that (oxy)hydroxides will not form under these conditions. After
additional 10 min of stirring, the suspension was centrifuged and
washed five times with water before freeze-drying. The nominal
metal ratios used for the synthesis of the different CoFe-LDH
samples as well as the final compositions of the obtained CoFe
layered (oxy)hydroxides are presented in Tables 1 and 2.

Table 1
Nominal metal compositions used for synthesis [(Co®*;_, Fe**,)s Fe**5(OH);,]
((CO%') - n H,0} with 0 <z <0.75 LDH intermediates.

Co** Fe2* Fe** M2+ M3+ Fe-ratio/%
1 3 2 2 833
1.2 28 2 2 80.0
1.5 25 2 2 750
2 2 2 2 66.7
3 1 2 2 50.0
4 0 2 2 333

Table 2
Metal compositions of final CoFe layered (oxy)hydroxide samples according to AAS
data.

Sample Co?* Fe* Full formula

CoqFes 1 5 [Co1Fes(OH)e03]CO3
Coy.oFess 12 48 [Coy-2Fes.g(OH)o.20,£]CO;
Coy.sFess 15 45 [Coy.5Feq.5(OH)s.50, 5]CO5
CoyFey 2 4 [CozFeq(OH)1002]C0O5
CosFe; 3 3 [CosFe3(OH)1;0,]CO;
CosFes 4 2 [CoaFex(OH)1200]COs

2.3. Structural characterization of the materials

Powder X-ray diffraction (XRD) patterns were recorded with Ag
Ko radiation (h=0.5594 A) in transition mode applying a STOE
Stadi P equipped with four MYTHEN2 R 1 K detectors. XRD patterns
can be indexed according to PDF#50—0235 reported for CoFe-LDH
[1]. The infrared (IR) spectra of the powder samples were recorded
using a JASCO FTIR 6100 spectrometer (400-4000 cm™! range,
4cm™! resolution). The specific surface area was measured with a
Quantochrome Nova A with Ny as adsorbate at 77 K applying the
Brunauer-Emmet-Teller (BET) method. Transmission electron mi-
croscopy (TEM) images were registered using a Zeiss/LEO EM922 Q
transmission electron microscope. Scanning electron microscopy
(SEM) images were acquired using a Zeiss/LEO 1530 system. Fe and
Co concentrations were determined by atomic absorption spec-
troscopy (AAS) applying a Varian AA100 spectrometer. For this,
20 mg of the compounds were dissolved in an acidic solution of HCl
(3 mL), H3PO4 (1.5 mL), HNO3 (1.5 mL) and HBF4 (2 mL) and diluted
with water to a volume of 100 mL. X-ray photoelectron spectra
(XPS) were recorded using a Versa Probe Il from Physical Elec-
tronics. Copper and gold were used for calibration. Shirley-type
background-subtracted data is presented.

2.4. Electrochemical characterization

The catalyst ink was prepared by dispersing 1 mg powder
catalyst in 0.2mL solvent mixture (0.004 mL Nafion solution,
0.098 mL ethanol, 0.098 mL water) by 30 min sonication generating
a stable suspension (5mg/mL). A certain volume of the ink was
drop-coated on the glassy carbon electrode (Aelectrode = 0.1134 sz)
to obtain a mass loading of 0.2mgcm™2 catalyst. Rotating disk
electrode measurements were carried out in a standard three-
electrode setup using an Autolab Potentiostat/Galvanostat
PGSTAT128 N with a platinum mesh as counter electrode, a Ag/AgCl
(3M KCl) reference electrode and the catalyst modified glassy
carbon electrode as working electrode. The counter electrode was
separated from the bulk electrolyte by a glass frit and all electro-
chemical measurements were performed in O; saturated 1 M KOH
solution. Purified electrolyte was used for all electrochemical
measurements using a cation-exchange resin — Chelex 100 (Bio-
Rad Laboratories) following the procedure recommended by the
producer. The uncompensated resistance was determined from
electrochemical impedance spectroscopy (EIS) recorded in the
frequency range from 100 kHz —100 Hz with an AC perturbation
voltage of 10 mV (RMS) at open circuit voltage. Linear sweep vol-
tammograms (LSVs) were further recorded in the potential window
from O to 1V vs. Ag/AgCl (3 M KCl) at a scan rate of 5mVs~" and at
1600rpm (before cycling). In order to have a fast hint on the
catalyst stability during OER, 10 CVs were further recorded in the
same potential window at a scan rate of 100 mvs~L. Following this,
a second LSV was recorded at a scan rate of 5mVs~' and this LSV
was named “after cycling”.

The potentials measured vs. Ag/AgCl (3 M KCl) were converted

-850 -




Publications

S. Weif et al. / Electrochimica Acta 350 (2020) 136256 3

to the RHE scale and corrected for the uncompensated resistance
using the formula:

Erue = Eagjagal + E°agiagaiam kery + 0.059*pH — iR

Where: Egye is the potential (in V) vs. RHE, Eagjagc is the applied
potential (in V) vs. Ag/AgCl (3 M KCl), EnAg/qu (3M kel is the formal
potential of Ag/AgCl (3 M KCl) (in V), i is the registered current (in
A) and R is the solution resistance (in Q), which was derived from
EIS (high frequency range).

The electrochemical surface area (ECSA) was calculated
following the report of McCrory et al. [21] Cyclic voltammograms
were recorded in the non-Faradaic region at scan rates (v) of 0.005,
0.01,0.025,0.05,0.1 and 0.2 Vs™! in the potential window calculated
as open circuit potential (OCP) + 0.05 V. The electrochemical double
layer capacitance was calculated using the formula: Cp, = i- »~!
where i is the current recorded at a defined potential at different ».
For ECSA calculation the following formula was used: ECSA = Cp; -
CS-‘, where C; is the specific capacitance which was in this manu-
script approximated with 0.04 mFcm=2 [21].

3. Results and discussion

The co-precipitation of different ratios of Co®*, Fe?* and Fe>*
chloride salts yielded carbonate interlayered LDHs with the
preferred (Co**+Fe?*)/Fe** ratio equal to 2 and a total nominal Fe
content varying between 83.3 and 33.3% (Table 1). Mixed valence
green rust type LDH materials are known to be prone to slow
oxidation in suspension or at ambient oxygen fugacity whereupon
the materials eventually transform into goethite [22]. Due to this
sensitivity to oxidation the materials were, without isolation of this
precursor, directly oxidized by addition of H,O, to layered
mdssbauerite-type all Fe3* materials according to our recently re-
ported procedure [23]. To preserve the LDH structure at ambient
conditions this rather fast and complete chemical oxidation to Fet
is required. Thus, all materials tested for electrocatalysis are
méssbauerite-type Fe** only materials.

The CoFe layered (oxy)hydroxide materials contain Co®* and
Fe*, they are stable and can be handled in atmosphere without any
precautions. Charge compensation upon oxidation is accomplished
by partial deprotonation of structural hydroxyl groups [24]. The
compositions of oxidized products were analyzed by means of AAS
and were consistent with nominal ratios of the metal salts within
experimental errors (Table 2).

All observed diffraction peaks (Fig. 1) located at 4.1°, 8.3°,12.2°,
13.8°, 16.4°, 20.6° and 21.1° can be indexed with the unit cell
published for CoFe-LDH (PDF#50—-0235) as (003), (006), (012),
(015), (018) (110) and (113) planes, respectively. The interlayer d-
spacing determined based on the 003 reflection is 7.8 A for CosFey,
which is in good agreement with the value for a CO3~ intercalated
LDH [25]. Kim et al. [26] observed a pronounced broadening of
reflections with decreasing cobalt content. The effect became very
noticeable when the Co-content is decreased to 60% [26]. We
observe a significant broadening only starting from less than 25%
cobalt (Co;.sFess, Coq.oFess, CojFes). We attribute this improve-
ment to our specific synthesis protocol that initially applies strictly
the preferred 2:1 ratio of M2*:M>*. This synthesis protocol con-
trasts with previous reports where the materials with different Co/
Fe-ratios were synthesized using a one-step approach involving
only Co?* and Fe>* salts [26,27], which implies a significant devi-
ation from the preferred 2:1 ratio of M**:M>* for carbonate-LDHs.

The 003 reflection is first gradually shifted from 7.8A to a
minimum of 6.4 A with increasing Fe>*-content (CosFe,, CosFes,
CozFe4) and then increases again to 7.5 A when further increasing

(003)
(006)
(012)
(015)
(018)
(110)
(113)

Intensity / a.u.
@)
o
t

20/°

Fig. 1. XRD patterns acquired for the different CoFe layered (oxy)hydroxide samples.
The cobalt-content decreases from top to bottom. Differences in peak positions and
sharpness can be observed depending on the metal compositions of the materials.

the Fe**-content (Coq.5Feqs, Coy.oFesg, CojFes). These shifts are
accompanied by variations in the peak widths and the rationality of
the 00I-series. We have previously shown that the oxidation of
mixed valence Fe-LDHs triggers partial grafting of interlayer car-
bonate to the brucite layers [28]. According to ab-initio modelling,
the completely grafted structure is expected to have a significantly
smaller basal spacing (6.9 A) than the non-grafted LDH (7.2 A) [28].
The above shifts may therefore be related to interstratified real
structures composed of a random interstratification of varying
amounts of grafted and non-grafted interlayers. The variation of
peak widths and irrational 00I-series could also be explained by
such an interstratification. According to the Hall-Williamson
method, thickness related broadening would increase FWHM of
00l peaks systematically with cos 6. We observed, however, a non-
systematic broadening, which clearly is related to the effects of
statistical interstratification as described by Mering's rules [29]. For
instance, for sample CosFes the FWHM of the 006 (0.272°) is smaller
than the FWHM of the 003 (0.305°).

Refinement of these real structures is tedious and time-
consuming and thus beyond the scope of this paper. Grafting
with some of the CoFe layered (oxy)hydroxides is additionally
qualitatively supported by Fourier-transform infrared spectroscopy
(FT-IR) as discussed below.

Concomitantly, planar defects in the stacking of adjacent layers
vary with composition as indicated by the shape and the relative
intensity of cross-reflections, e.g. 110. The 110 reflection for the
cobalt-rich samples Co4Fe;, CosFes and CoyFey is symmetrical and
intense indicating few to null planar defects while it becomes
lambda-shaped and less intense for samples CojsFess, CoizFess
and CoqFes indicating a turbostratic stacking with no defined phase
relationship of adjacent layers in the stack.

The oxidation state of Co and Fe of the CoFe layered (oxy)hy-
droxide catalyst was verified by XPS (Fig. 2). The binding energies
were calibrated using the peak corresponding to the C 1s adven-
titious carbon located at 284.8 eV as reference. Although decon-
volution of the Co 2p and Fe 2p peaks is hampered by the low signal
to noise ratio of the recorded spectra, both Co and Fe can safely be
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Fig. 2. High resolution XPS spectra of CoFe layered (oxy)hydroxide samples recorded in the (a) C 1s, (b) Fe 2p and (c) Co 2p regions.

assigned to oxidation states Co?* and Fe’*, respectively. For Fe the
main peak is observed at BE ~711 eV, which is in good agreement
with values reported for FeOOH [30]. XPS cannot provide evidence
for the formal oxidation state of Co. We can, however, indirectly
conclude on it: In a previous publication on iron-only mdssbauerite
we have presented Mossbauer spectroscopy showing complete
oxidation to Fe>* by means of H,0, [23]. It is sensible to assume
that Fe oxidation is also complete in the CoFe samples as presented
in this manuscript. Moreover, we see a clear oxidation peak in the
first linear sweep voltammogram (Fig. 4b) which, depending on the
Co content, is located at potentials between 1.2 and 1.4V vs RHE
and which corresponds to the oxidation of Co?* [11].

All CoFe layered (oxy)hydroxides come in irregularly shaped
platy crystals with rounded corners (TEM-images: Fig. S1 and SEM-
images: Fig. S2). The degree of inter-growth of platelets varied with
composition. Samples with high iron content featured more indi-
vidual, particular platelets, whereas an increase in the cobalt ratio
leads to an increasing inter-growth of the platelets to aggregates
(Fig. S2) into rose-like morphologies quite typical for LDHs. Size
distributions of all CoFe layered (oxy)hydroxides catalyst samples
was determined by TEM through averaging over multiple crystals
(Fig. S1). Within errors, the disordered crystals feature similar
average dimensions as the less disordered samples. However, the
irregular shape results in a high intra-sample variability with
lateral dimension ranging from 50 nm up to 275 nm with a thick-
ness of 20 nm for the platy crystals. For the specimen with the
highest content of Co, the size determination was not feasible
because of the strong intergrowth and formation of bigger aggre-
gates (Figs. S1 and S2).

The specific surface area of all samples was determined using
the Brunauer-Emmett-Teller method (Table 3) [31]. CoqFes,
featuring the highest iron content, exhibited the largest specific

surface area with 242.1 m? g'l, while sample CojsFess exhibited

Table 3
BET-data and the calculated electrochemical surface areas (ECSA) of the samples
with various compositions.

Sample BET surface area/cm? g~! ECSA/cm?

Co,Fes 242.1 0.389+0.004
Co;.oFess 1141 0.322 +0.032
Co.sFeas 983 0.735+0.024
CoyFe, 106.3 0.561+0.048
CosFes 106.5 0.424+0.014
Cog4Fey 147.8 0.797 +0.034

the lowest with 98.3 m? g‘l. As the iron content decreases, the

surface area decreases from sample Co Fes to CoqsFess and then
increases again from samples CoFey4 to CogFe;.

UV Vis/DRS spectra of all CoFe layered (oxy)hydroxide materials
(Fig. S3) showed a prominent semiconductor transition with no
obvious localized transitions. The bandgaps vary slightly between
1.8 and 1.6eV for the direct and 1.5 and 1.7 eV for the indirect
transitions. No clear trend can be recognized depending on the
composition. The trend could, however, be masked as the values
might be shifted slightly due to the Urbach tail. This phenomenon
originates from less crystalline domains or defect states and is
frequently encountered in semiconducting materials [32].

To verify the presence of grafted carbonate as opposed to simply
intercalated carbonate as indicated by XRD, FI-IR spectra were
analyzed (Fig. 3). For all synthesized materials a broad band located

100
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Fig. 3. FT-IR spectra of the synthesized CoFe layered (oxy)hydroxides samples. The
inset shows the regional characteristic for the carbonate. The splitting of the 3 band of
carbonate with an energy difference of ~120 cm=" is an indication for the monodentate
carbonate in Co,Fes, Coy.5Fess, Coq.oFess and CoqFes. Particularly CoFes exhibits
pronounced band splitting. Contrarily, CosFe; and CosFe; show almost no band
splitting.
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Fig. 4. Electrochemical data recorded for the synthesized CoFe layered (oxy)hydroxides catalyst samples using RDE experiments in O, saturated 1 M KOH solution with 1600 rpm
and 5mV s~ scan rate: (a) First linear sweep voltammograms recorded (before cycling), (b) zoom of Fig. 4 (a) in the low region current part, (c) Linear sweep voltammograms
recorded after performing 10 CVs with 100 mv s~ (after cycling), (d) first linear sweep voltammograms recorded (before cycling) where the current densities were calculated using
the electrochemical surface area and (e) comparison of the initially most active electrocatalyst Co4Fe, before and after the electrochemical cycling.

at 3650 - 3200 cm™! corresponding to the O—H stretching vibration
mode of water and hydroxyl groups was observed. The signal at
3000 cm~!, which was for most samples only visible as a shoulder,
is attributed to the hydroxyl interactions with carbonate and ions in
the interlayer [33]. At 1611 cm™, the bending mode of interlayer
water is visible. Carbonate ions located in the interlayer space with
D3, symmetry were confirmed by the presence of characteristic
bands at 1382 cm™" and 1350 cm™! corresponding to asymmetric
stretching modes of CO5~ [26,34]. A splitting of the »3 band into
1470 cm™" and 1350 cm™" can be clearly observed in the iron-rich
samples CoqFes, CojsFesg, CoisFess and CoyFes. The identifica-
tion of such »3 band splitting with an energy difference of 120 cm™!
indicates a lowering of the symmetry from D3, to C2y and has
previously been assigned to monodentate carbonate. Thus, it pro-
vides qualitative evidence of interlayer carbonate grafted to the
layers [28]. In contrast, the Co-rich samples CosFe; and CosFes
show little to no band splitting indicating free interlayer carbonate
in D3, symmetry and no grafted carbonate. Interestingly, XRD
indicated that these samples suffer least of planar defects and
interstratification, suggesting that grafting might be directly
related to defect concentration.

The electrocatalytic activity towards the OER of the synthesized
trivalent Fe-rich CoFe layered (oxy)hydroxide materials was
assessed by means of linear sweep voltammetry in rotating disk

electrode experiments. The lowest electrocatalytic activity was
registered when Co;Fes was used as electrocatalyst, this being the
only case when a current of up to 200mAcm=2 could not be
reached. Interestingly, the small increase of the Co content in
CoizFes g leads to a tremendous boost of the activity, despite the
surface area of the sample, determined from BET measurements,
being almost 2 times lower than of that of sample Co;Fes (Table 3).
Also, by normalizing the recorded currents to the ECSA, CoqFes
shows the lowest activity of all measured samples (Fig. 4d). Taking
only minor structural differences between these two samples into
consideration, as suggested by XRD and TEM data, it can be
concluded that a critical amount of Co is necessary in order to boost
the electrochemical activity of the CoFe layered (oxy)hydroxides. A
further increase in Co content leads to an increased catalytic ac-
tivity with the maximum value reached for CosFe; or CosFes,
depending if the current normalization is performed by the geo-
metric surface area (Fig. 4a) or by the ECSA (Fig. 4d), respectively.
While at lower current densities (10mAcm'2) no significant dif-
ference can be observed between Co,Fe,, CosFe; and Co4Fe,, the
difference becomes more visible at high current densities (Fig. 4 a,
Table 4). Normalization of the currents by the ECSA instead of the
geometric area of the electrode is not significantly impacting the
observed trend (Fig. 4 a vs. 4 d). After running 10 CVs at a scan rate
of 100 mV s~ in the same potential window, an additional LSV was
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Table 4

Summary of the potentials required to record 10mAcm™ and 200 mAcm™2
(normalization performed using the geometric surface area) using the investigated
CoFe layered (oxy)hydroxide electrocatalysts. The data are presented as average
values of the data recorded using 2 or 3 different electrodes.

Sample Potential/V vs. RHE

@ 10mA cm™2 @ 200mAcm™2
Co,Fes 1.62 +0.005 -
CojsFeqs 1.58 1.65+0.012
CojsFeqs 1.57 +0.005 1.61+0.012
CogFe, 1.55 +0.005 1.61+0.008
CozFes 1.54 +0.005 1.54+0.005
CogFes 1.54 1.55

recorded labelled “after cycling” (Fig. 4 c). For all samples, a decay in
the catalytic activity is observed (Fig. 4 a,c.e) indicating that a
further rearrangement occurs in the structure of the catalyst when
exposed to high anodic potentials. The results are in line with our
previous report where we showed that for the Fe>* only layered
(oxy)hydroxide, mdssbauerite, dissolution of Fe followed by rep-
recipitation into a less active form during the OER had an impact on
the long-term performance of the catalyst [23].

4. Conclusion

Synthesis of Fe** rich CoFe layered (oxy)hydroxide electro-
catalysts via chemical oxidation of different (Co*"1.,Fe?*,), Fe**;
precursor LDHs with 0<z<0.75 was successfully achieved.
Following fast oxidation using H,0,, the layered structure typically
observed for LDHs was preserved. Changes in the surface area as
well as changes in the degree of disorder could be observed based
on XRD and TEM results. The Co/Fe-ratio clearly impacts the OER
electrocatalysis, with a minimum of 20% Co being required in order
to achieve 200 mA cm™? current densities at potentials lower than
1.7V vs. RHE. The highest electrocatalytic OER activity was shown
using CoFe layered (oxy)hydroxide material with a Co/Fe-ratio of 1,
followed by the more Fe-rich sample containing a Co/Fe-ratio of 0.5,
which required just 10mV higher overpotential to deliver
200 mA cm™? current densities during OER.
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Trivalent Iron rich CoFe Layered Oxyhydroxides for Electrochemical Water

Oxidation

1. Electron micrographs

Figure S1: TEM micrographs of the CoFe layered (oxy)hydroxides materials with various compositions. The micrographs
depict the following samples: (a) CosFes, (b) Co1.2C043, (c) Co1.5C04.5, (d) CozFes, (e) CosFes and (f) CosFe.. The change in
composition is accompanied by a morphological alteration of the sample which is most evident in (f) due to the strong
intergrowth of the crystals.

Figure S2: SEM micrographs of the CoFe layered (oxy)hydroxides materials with various composition. The micrographs depict
the following samples: (a) Co;Fes, (b) Co;,C04s, (c) Co15Co4 s, (d) CosFes, (€) CosFes and (f) CosFe,. The change in composition
is accompanied by a morphological alteration of the sample which is most evident in (f) due to the strong intergrowth of the
crystals.
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2. UV Vis Diffuse Reflectance Spectroscopy (UV Vis/DRS)
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Figure $3: UV Vis DRS spectral analysis of the CoFe layered (oxy)hydroxide materials (a). The direct (b) and indirect bandgap
transitions (c) are determined using a Tauc plot with the Kubelka-Munk formula. The results are summarized (d).
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6.2 Influence of Grafting on the electrocatalytic capabilities of layered materials
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The Effect of Interlayer Anion Grafting on Water Oxidation
Electrocatalysis: A Comparative Study of Ni- and Co-Based
Brucite-Type Layered Hydroxides, Layered Double
Hydroxides and Hydroxynitrate Salts

A.V. Radha®,"” Sebastian Wei",™" Ignacio Sanjuan’,” Michael Ertl,”’ Corina Andronescu,*!

and Josef Breu*®"

Abstract: The urge for carbon-neutral green energy conver-
sion and storage technologies has invoked the resurgence of
interest in applying brucite-type materials as low-cost oxygen
evolution reaction (OER) electrocatalysts in basic media.
Transition metal layered hydroxides belonging to the brucite-
type structure family have been shown to display remarkable
electrochemical activity. Recent studies on the earth-abun-
dant Fe’* containing mdssbauerite and Fe’* rich Co—Fe
layered oxyhydroxide carbonates have suggested that grafted
interlayer anions might play a key role in OER catalysis. To
probe the effect of such interlayer anion grafting in brucite-
like layered hydroxides, we report here a systematic study on
the electrocatalytic performance of three distinct Ni and Co

.

brucite-type layered structures, namely, (i) brucite-type M-
(OH), without any interlayer anions, (i) LDHs with free
interlayer anions, and (iii) hydroxynitrate salts with grafted
interlayer anions. The electrochemical results indeed show
that grafting has an evident impact on the electronic
structure and the observed OER activity. Ni- and Co-
hydroxynitrate salts with grafted anions display notably
earlier formations of the electrocatalytically active species.
Particularly Co-hydroxynitrate salts exhibit lower overpoten-
tials at 10 mAcm™ (7=0.34 V) and medium current densities
of 100 mAcm™ (7=0.40 V) compared to the corresponding
brucite-type hydroxides and LDH materials.

J

Introduction

The idea of storing excess energy from intermittent renewable
solar and wind sources as an H, fuel is gaining traction as an
efficient way to deliver a steady supply of renewable energy."”
Although the water-splitting reaction in an electrolyzer is
expected to occur when an applied potential (E) reaches the
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thermodynamic equilibrium potential (E,,=1.23V), in practice,
electrocatalysts need to be employed to reduce the over-
potential (7 =E-E,.;) and to lower the energy loss related to the
kinetic barriers for hydrogen and oxygen evolution reactions.”
The main source for the observed overpotential is the oxygen
evolution reaction (OER). It is a complex process as it requires a
four-electron transfer to produce molecular oxygen at the
anode. The current benchmark OER catalysts are noble-metal-
based IrO, and RuO,, which are expensive due to global
scarcities of their mineral resources and are known to have
long-term stability issues in alkaline media.”!

The initial OER studies dating back to the 1980s focused on
Ni-, Co- and Fe-based hydroxides and (oxy)hydroxides as
possible water oxidation catalysts in basic media? These
studies were prompted by the observation of detrimental
oxygen gas evolution at the positive electrode in nickel-
cadmium (NiCd) and nickel-metal hydride (NiMH) rechargeable
batteries. The last decade saw the resurgence of Ni-, Co-, and
Fe-based, brucite-type layered materials as OER catalysts, thanks
to several coinciding efforts to develop thin films of transition
metal oxide, hydroxides, oxyhydroxide, and Ni-borate.” Inter-
estingly, these studies observed the in situ oxidation of layered
hydroxide and oxyhydroxide during electrocatalysis, such as the
a-Ni(OH),/y-NiO(OH) couple as depicted in the Bode's
diagram.”’ Later, Song etal. reported NiFe layered double
hydroxide (LDH) and oxyhydroxide as OER catalysts, out-
performing the benchmark IrO, catalyst” This encouraged
widespread research on OER activities of transition metal-based

16930 © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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LDHs with various combinations of cations, exfoliated and
electrodeposited ultrathin LDH sheets, as well as numerous
graphite composites of LDHs."®

Recently, our research group introduced two OER active
materials, the earth-abundant Fe’* containing méssbauerite,”
and Fe*" rich Co—Fe layered (oxy)hydroxides."” Later, a detailed
structural analysis of mossbauerite by combining powder X-ray
diffraction fitting with the DFT computed structural models
revealed a randomly interstratified disordered structure with
the interlayer carbonate partially grafted to the brucite layers.!""
In line with this, previously, Hunter et al” identified some of
the interlayer nitrite ions to be directly bound to Fe located at
the edge of the brucite-type layer.

To the best of our knowledge, the effect of grafting anions
to the brucite-type layers on the electrocatalytic performance
has not been studied systematically. For selected transition
metal cations such as Co and Ni, brucite-type materials, grafted
hydroxy salts, and intercalated LDHs are accessible (Figure 1)
and hence allowing for an investigation on the influence of
grafting on their electrocatalytic performances.

Results and Discussion

Hydroxides of divalent first-row transition metal cations such as
Ni?*, Co’*, Fe**, Mn**, Cu*** and Zn** with ionic radii in the
range of 0.60 to 0.75 A crystallize in the brucite structure
(Figure 1a) with an interlayer distance of 4.6 A" LDHs of
general formula [M**,,M** (OH),,]{CO,:nH,0} with z=1.2 to 2,
are formed upon partial replacement of divalent with trivalent
cations, which results in positive hydroxide layers that are
charge compensated by hydrated interlayer anions (Fig-

(a)

" BHEs "
o Brucite-type
“ Ni-ICo-hydroxide o
~ ..
e %‘q
Layered Double Hydroxides (LDHs) Ni-/Co-hydroxynitrate

Figure 1. Schematic depiction of brucite-derived transition metal com-
pounds investigated in this work.

ure 1b)."¥ Partial substitution of hydroxides with grafted anions
leads to the third class of brucite-derived compounds known as
metal hydroxy salts (Figure 1c) or hydroxide-rich basic salts,
[M(OH),.J{(A"),, -nH,0} with distinct y values of 0.5, 0.67, and 1
and A" =NO,", CI", CO,> or 50,2~

Unlike transition metal-based brucite M(OH), and LDHs,
basic hydroxy salts have received less attention as OER catalysts.
For instance, Co-hydroxycarbonate on carbon paper (p=
240mV at 10mAcm )" or Nifoam (=332mV at
10 mAcm™3),'"" and CoMn-hydroxycarbonate on Ni-foam (7=
294 mV at 30 mAcm~)""® have shown to catalyze OER at low
overpotentials. However, these materials were either amor-
phous or poorly crystalline, with barely visible reflections in
their PXRD patterns. The electrocatalytic studies on well-
crystalline basic hydroxy salts are mostly limited to CoZn-
hydroxy  sulfate  (p=370mV  at 10mAcm™ for
Zn,,,C0,7550,(0H)s-0.5 H,0) on a glassy carbon electrode."” Ni-
hydroxynitrate on Ni-foam exhibited the lowest overpotential
(7=231 mV at 50 mAcm™)* reported so far for hydroxy salts.
Later it has, however, been shown that the Ni-foam itself
contributes to the electrocatalytic activity.”"

The focus of this study is not reducing the overpotential to
the minimum value. Instead, we want to gain insights into the
effect of grafting on the overpotential by comparing the
performance of three distinct Ni and Co brucite-derived layered
structures, namely, (i) brucite M(OH), without any interlayer
anions, (ii) LDHs with free interlayer anions and (iii) hydroxyni-
trates with grafted interlayer anions.

For brucite structure, commercial reagent grade Ni(OH), and
Co(OH), were used. The LDH structure requires trivalent cations.
To avoid synergistic effects reported with Fe’* in
electrocatalysis”” AI’* is chosen as an electrochemically inert
trivalent cation. Both NiAl-CO; and CoAl-CO; LDHs were
obtained by urea hydrolysis. Ni and Co are known to exist as
hydroxynitrate.”* Here, nitrate bonds or grafts directly to the
metal cation, replacing hydroxide in the brucite layers (Fig-
ure 1c), leading to an interlayer distance of 6.9 A, which is
intermediate between brucite-type hydroxides (Figure 1a) and
LDHs (Figure 1b)."

Synthesis and Characterization of Compounds

The compositions of hydroxide samples, LDHs, and hydroxyni-
trates were determined by elemental analyses and were found
to be within the expected range (Table 1). All X-ray powder
diffraction traces could be fully indexed, indicating phase pure

Table 1. Summary of compositions and the cell parameters of Ni- and Co-based phases.
Sample Composition a(A) c () Polytype
Ni(OH), Ni(OH), 3.127(5) 4613(1) H
NiAI-CO, LDH Ni, 54Al, 6(OH)15(COL)y 05+ 2.5 H,0 3.027(1) 2257(1) 3R,
Ni-hydroxy-nitrate Ni(OH), 5(NO,)¢5-0.12 H,O 3.131(3) 6.869(1) 1H
ColOH), Co(OH), 3.183(0) 4.657(2) H
CoAI-CO,-LDH C0,4g7Al, 53(0H),5(CO,)g7- 3.2 H,0 3.077(7) 2283(2) 3R,
Co-hydroxy-nitrate Co(OH), 5(NO;)g.46-0.05 H,0 3.188(9) 20.79(8) 3R,

Chem. Eur. J. 2021, 27, 16930-16937 www.chemeurj.org 16931  © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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materials (Figures 2). The PXRD patterns of Ni(OH), and Co(OH),
conform to a typical brucite structure (Figures 2a and d) with
P-3m1 space group and refined cell parameters in close
agreement with reported literature values (PDF: 14-117 (4.6 A)
and PDF: 30-443 (4.7 A) for Ni (OH), and Co(OH),, respectively;
Table 1).

The PXRD patterns of NiAl-CO; and CoAl-CO, LDHs (Fig-
ure 2b and e) could be indexed with a three-layer rhombohe-
dral cell with R-3m space group with interlayer distances of
7.523) A and 7.61(0) A for NiAl-CO, and CoAl-CO, LDHs,
respectively, which is in perfect agreement with published
values for carbonate intercalated LDHs (for instance 7.5 A for
NiAlI-CO; (PDF: 015-0087)). In line with earlier studies, the
presence of prominent mid-20 reflections around 2.6 A, 2.3 A,
and 1.9 A in these PXRD patterns match with (012), (015), and
(018) reflections supporting the 3R, polytype structure having a
stacking sequence of AC CB BA AC*!

As expected, for hydroxynitrates (Figure 2c and f), interlayer
distances of 6.9 A (Co-hydroxynitrate) and 7.0 A (Ni-hydroxyni-
trate) were found to be intermediate between the values of the
hydroxide and the LDH counterparts. This confirmed the
presence of grafted nitrate anions. A nice integral series of (00l)
reflections indicates a uniform interlayer distance with grafted
anions being present in all interlayers. For both the Co- and Ni-
hydroxynitrate salts (Figure 2c and f), (hkl) reflections with /#0
indicated ordered polytypes. For Ni-hydroxynitrate, the reflec-
tions observed at d-values of 6.9A, 3.5A, 2.7A, 25A, 21 A,
1.7A, 1.6 A, and 1.5 A correspond to (001), (002), (100), (101),
(102), (103), (110), and (111) reflections of the 1H polytype as

shown in earlier reported data (PDF: 022-0752).*" The non-
systematic broadening of mid-20 reflections between 30° to 50°
(FWHM varying from 0.5° to 0.8° compared to 0.3° of basal
ones), however, indicated a certain degree of stacking faults. As
previously reported and contrary to Ni-hydroxynitrate, Co-
hydroxynitrate crystallizes in the 3R, polytype with an AC BA CB
A stacking sequence.” The positions of the prominent mid-20
reflections in Co-hydroxynitrate (Figure 2f) at 2.7 A, 2.4 A, and
2.0 A are consistent with this earlier polytype assignment and
correspond to (101), (104), and (107) reflections. Again, the non-
systematic broadening of mid-20 reflections (FWHM varying
from 0.1° to 0.3° compared to 0.1° of basal ones) is due to the
presence of stacking faults similar to its Ni analogue.

FTIR spectra of both, Ni(OH), (Figure3a) and Co(OH),
(Figure 3d), showed three absorptions bands in two different
regions as typical for brucite structures: A sharp peak due to
non-hydrogen bonded hydroxide groups around 3630 cm™,
and two overlapping M—0 vibration mode at 500 cm™".

FTIR spectra of NiAl-CO, (Figure 3b) and CoAl-CO, LDHs
(Figure 3e) displayed peaks in three different regions due to the
presence of interlayer anions and interlayer water molecules in
addition to structural hydroxyl anions. The hydroxide stretching
modes in LDHs appear to be broad and shifted to a lower
region around ~3400 cm™' due to hydrogen bonding with the
interlayer water molecules. The corresponding bending mode
showed up as a weak signal at 1600 cm™".*” A large mass
difference between the transition metal Ni/Co and Al cations
split the M—O—H bending modes into a doublet at 560 and
615 cm™'. Additional peaks like a strong v; band at 1350 cm™
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Figure 2. PXRD patterns of Ni-compounds (top): (a) Ni(OH), without interlayer anions, (b) NiAI-CO; LDH, and (c) Ni-hydroxynitrate with grafted nitrate anion.
PXRD patterns of Co-compounds (bottom): (d) Co(OH), without interlayer anions, (e) CoAI-CO, LDH, and (f) Co-hydroxynitrate with grafted nitrate anion. A

minor Co(OH), impurity in (f) is marked with an asterisk.
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Figure 3. FTIR spectra of Ni-compounds (top): (a) Ni(lOH), without interlayer anions, (b) NiAl-CO; LDH, and (c) Ni-hydroxynitrate with grafted nitrate anion. FTIR
spectra of Co-compounds (bottom): (d) Co(OH), without interlayer anions, (e) CoAl-CO, LDH, and (f) Co-hydroxynitrate with grafted nitrate anion.

along with two weak signals due to v, and v, modes around
810 and 667 cm™' that overlap with the M—O lattice vibrations
modes confirmed the presence of intercalated carbonate anion
in Dy, symmetry in both LDHs.

The FTIR spectra of Ni- (Figure 3c) and Co-hydroxynitrate
(Figure 3f) were distinctly different from the LDH spectra
regarding both wavenumbers and the splitting of the bands.
For instance, the band due to the hydrogen-bonded hydroxide
group appeared as a broad peak around 3600cm~' and
M—O—OH and M-O lattice vibration modes at ca. 650 and ca.
450 cm™" respectively. A strikingly distinct part was the
presence of three strong absorption bands at 1300 cm™,
1500 cm™', and 980 cm™', which could be assigned to v,, v, and
v, vibration modes of the nitrate anion with symmetry lowered
to C,. The presence of two distinct v, and v, modes with a
wavenumber difference of 200 cm™' indicated that one oxygen
of nitrate is directly bound to the metal cation completing its
octahedral coordination shell. This provides direct experimental
evidence for the nitrate grafting in both Ni- and Co-hydroxyni-
trate.

As evidenced by the SEM micrographs (Figure 4), all
compounds tend to form larger, intergrown aggregates of platy
crystals as expected for layered structures. The corresponding
BET surface areas are depicted in the micrographs and give a
first hint regarding the accessible surface, solely based on
morphological considerations. For Ni-based compounds, the
NiAl-CO; LDH and Ni(OH), feature the highest and the lowest
surface area, respectively. Similarly, the CoAl-CO, LDH resembles
the compound with the highest BET surface area, while the Co-
hydroxynitrate features the lowest. Based on these structural

NiAI-CO, LDH Ni-hydroxynitrate

= -
500 nm | BET=38mig" BET=26m"g"

€oAlco, LDH Co-hydraxynitrate

-
BET=29 mig" BET=14m'g"

Figure 4. SEM micrographs of Ni- (top) and Co- (bottom) compounds:
Ni(OH), and Co(OH), without interlayer anions (left), NiAl-CO, LDH and CoAl-
CO; LDH (middle), and Ni-/Co-hydroxynitrate with grafted nitrate anion
(right) with corresponding BET values.

considerations alone, the samples with the lowest accessible
surface area are expected to perform the least active in OER
catalysis.

However, as the active site for OER has been proposed to
be located at the edges of the brucite layers rather than the
planes, activity is expected to increase with the surface area
and the contribution of the edges to it.”® Thus, platelets with
small diameters and small aspect ratio (diameter/thickness)
should be most advantageous. To determine the accessibility
based on the electrochemically active surface area, double layer
capacitance measurements are performed complementary to
the electrocatalytic measurements in the following section.
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Figure 5. Linear sweep voltammograms of the Ni- (a and b) and Co-based compounds (c and d). LSVs were recorded with a scan rate of 5mVs~' and RDE
speed of 1600 rpm in O, saturated purified 1 M KOH solutions. In plots (a) and (c), the current density is calculated using the geometric area of the electrode.

In contrast, in plots (b) and (d), the current density is calculated using the ECSA.

Table 2. Summary of the ECSA and the overpotential (V) required to record 10 and 100 mAcm~2 of Ni- and Co-based layered hydroxides (overpotentials for
geometric area normalized 10 mAcm™ and 10 mAcm™ ECSA normalization).
Sample ECSA (cm?) Overpotential 7 (V) 10 mAcm™ Overpotential 7 (V) Overpotential 7 (V)
10 mAcm~? (ECSA) 100 mAcm™
Ni(OH), 1.88+40.09 0.49+0.03 - -
NiAI-CO;-LDH 1.3940.17 - - -
Ni-hydroxy-nitrate 0.514+0.01 0.56+0.03 - =
Co(OH), 0.80+0.02 0.358+0.003 0.40+0.01 0.414+0.009
CoAl-CO;-LDH 1.57+0.03 0.366 +0.005 0.415+0.001 0.416+0.003
Co-hydroxy-nitrate 222+40.10 0.3440.02 0.41540.002 0.401 40.005

OER electrocatalysis of Ni and Co compounds

The OER electrocatalytic performance of the different brucite-
type layered materials was analyzed using linear sweep
voltammograms recorded in the OER potential window (Fig-
ure 5). The normalization of the recorded currents was done
using both geometric area of the catalyst film, as well as its
ECSA evaluated from the cyclic voltammograms recorded in the
non-Faradaic region using different scan rates (Table 2). When
normalized to the geometric area, significantly higher activity is
observed for Co-based compounds, for which current densities
up to hundreds of mAcm™ are recorded with ~400 mV
overpotential. At the same time, in the same potential window,
just a few tenths of mAcm™ are generated for the Ni-based
materials (Figure 5, Table 2). This fact suggests the superior
activity of Co-based compounds towards OER and is in line with
the proposed activity trend for different transition-metal (oxy)
hydroxides in alkaline media.””

In the LSVs recorded using the Ni-based compounds (Fig-
ure 5a and b), different features are observed associated with
the Ni’* oxidation. In the case of B-Ni(OH), and Ni-hydroxyni-
trate, the Ni** electro-oxidation to Ni** was observed as a pre-
oxidation shoulder which appeared at potentials below OER. In
the case of Ni-hydroxynitrate, Ni’** electro-oxidation occurred at
more cathodic potentials (~ 1.4 V vs. RHE) than in the case of -
Ni(OH), (~1.45 V vs. RHE), while for NiAl-CO, LDH, no clear Ni**
oxidation peak could be observed. This indicates that the
grafted nitrate anions influence the oxidation of Ni**, allowing
its conversion to the active Ni** OER electrocatalyst at more
cathodic potentials already. Different activity trends were
observed depending on the area used to normalize the
recorded currents, the geometric or the ECSA one. While the
normalization by the geometric area indicates [3-Ni(OH), as the
most active, the normalization to the ECSA concludes that Ni-
hydroxynitrate shows the highest catalytic activity of Ni-based
electrocatalysts. Based on these findings, we conclude that
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electrocatalytic centers in Ni-hydroxynitrate are the most active.
Still, the overall performance suffers from the lower number of
active sites accessible due to its morphology. The rotating ring
disk electrode (RRDE) technique was used to confirm the O,
formation on the Co- and Ni hydroxynitrates (Figure S1). The
faradaic efficiencies (FE) of O, obtained using Ni-hydroxynitrate
at +1.5V vs. RHE was 91+9% indicating that the recorded
currents correspond mainly to the OER.

As observed for the Ni-hydroxynitrate, and also in the case
of Co-hydroxynitrate, an oxidation peak associated with Co’*
oxidation”” was present at ~1.2 V. In comparison, for §-Co(OH),
and CoAl-CO; LDH, an oxidation process was observed at more
anodic potentials with ~1.35V and 1.4 V vs. RHE, respectively.
This suggests that the presence of grafted nitrate anions is
influencing the formation of the Co®" species. Different activity
trends were also observed for the Co-based compounds when
comparing the potentials at which a current density of
10 mAcm~ was obtained, depending on the considered area.
When the geometric area is used, Co-hydroxynitrate shows the
highest activity reaching 10 mAcm™ at 0.34V overpotential
while B-Co(OH), requires 0.36 V. At a higher current density of
100 mAcm™, the Co-hydroxynitrate still allows for a lower
overpotential than the other materials under investigation. With
an overpotential of 0.4V, it performs better than the [3-Co(OH),
(0.41V) and the CoAl-CO, LDH (0.42V). When the ECSA is
considered, the Co-hydroxynitrate initially shows the earliest
onset of OER. However, at a current density of 10 mAcm? the
recorded overpotential for 3-Co(OH), is 0.4 V while 10 mV more
are needed for Co-hydroxynitrate and CoAl-CO, LDH. These
differences are not as pronounced as in Ni-based materials,
indicating that in the case of Co-based materials, nitrate
grafting influences the oxidation of Co®*. Still, overall the OER
electrocatalytic activity is not so strongly affected as in Ni-based
compounds. Since higher current densities are recorded on Co
hydroxynitrate compared with the Ni one, to quantify the
formed O, we used a gas chromatograph coupled to a gas-
tight electrochemical cell. In this case, the Co-hydroxynitrate
catalyst was deposited on carbon paper, and the electrolysis
was performed in galvanostatic mode. We started by applying
15mA (3.75mAcm™), and we increased the current up to
200 mA (50 mAcm™). The produced O, was quantified by gas
chromatography, and FE values in the range 91-103 were
calculated (Figure S3). For example, at 50 mAcm™, the calcu-
lated FE is 95 +1%.

In general, the performance of electrocatalysts must be
interpreted in terms of oxidation state, electronic structure, and
coordination state of the active metal sites."™ In-situ studies of
layered electrocatalysts have recognized the transition metal
positions located at the edges and corners of the layers as more
active OER sites.”" Here, synergistic effects based on metal
cations in the second coordination sphere are regarded
negligible as the catalytic activity of CoAl-CO; LDH (7 =366 mV
at 10 mAcm™) is comparable to NiCo-CO, and CoCo-CO, LDHs
with overpotentials of 385 and 395 mV at 10 mAcm=2" Thus,
we assume that the effect of electrochemically inactive,
structural Al can indeed be neglected.
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Ni-hydroxynitrate showed the earliest formation of electro-
catalytically active Ni** from all Ni-based compounds. Similarly,
among all Co-based samples studied, Co-hydroxynitrate addi-
tionally featured the highest OER activity up to 407 mAcm™.
This would indicate that the grafted anion of hydroxy salts
triggers a larger separation of individual layers than the
hydroxide compounds. Thus, it improves the accessibility of
electrochemically active cation sites for OER catalysis at the
edges, facilitating the OER reaction. Furthermore, the electronic
structure and thus redox activity is modulated by the formal
replacement of hydroxide by nitrate anions. According to the
spectrochemical row,”” the electron-donating capability of
hydroxide ions is expected to be higher than those of the
nitrate-ions. Thus, a lower electron density is expected at the
electrocatalytically active transition-metal centers for hydroxy
salts compared to hydroxide or LDH compounds. Previous
investigations on NiFe-LDHs have shown that charge delocaliza-
tion and reduced electron density created by incorporating
electron-withdrawing anions or cations can facilitate higher-
valent electrophilic transition metal ion sites. These can
promote the nucleophilic attack of hydroxyl and water mole-
cules and thus improve the adsorption of the reaction
intermediate during OER.™

To further understand the potential of hydroxynitrates as
OER electrocatalysts, their stability was evaluated by current-
controlled electrolysis (Figure 6a), A constant current corre-
sponding to 10 mAcm™ current density was applied for 2 h
while continuously monitoring the potential. While Ni-hydrox-
ynitrate shows an initial deactivation, followed by activation
with time, a constant potential is recorded when using Co-
hydroxynitrate (Figure 6b), indicating superior stability of the
latter with time at these moderate electrolysis conditions. For
the Co-hydroxynitrate catalyst, we analyzed every 15 minutes
the concentration of the formed O, during the 2 h electrolysis.
The calculated FEs indicate a stable electrolysis process in which
0, is produced with FE close to 100% without significant
variations over the course of the 2 h (Figure S4).

LSVs recorded for both materials before and after the
stability test support the previous observation. While for Ni-
hydroxynitrate, higher current densities are recorded after the
prolonged electrolysis (Figure 57), in the case of Co-hydroxyni-
trate, a slight decay of the activity is observed, probably due to

o
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Figure 6. (a) Chronopotentiometric measurements performed in 1 M KOH at
a current density corresponding to 10 mAcm™ for 2 h under 1600 rpm,
using Co- and Ni-hydroxynitrate modified GC electrodes; (b) LSVs recorded
for the Co-hydroxynitrate modified GC before and after the stability test.
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decreased conductivity of the Co-hydroxynitrate as it can be
observed from the LSV slope. Still, the Co-hydroxynitrate shows
higher electrocatalytic activity compared with the Ni one. No
significant changes can be noticed on the electrocatalysts film
based on the SEM pictures taken before and after the stability
measurement.

Post-electrolysis XRD analysis was performed for both the
Ni-hydroxynitrate (Figure S8) and the Co-hydroxynitrate (Fig-
ure S9). Both XRD patterns show the presence of the initial
catalyst with some side phases formed during the 2h
electrolysis. However, an unaltered basal spacing of the layered
structures indicates that the interlayer space composition has
not changed over the course of the experiment. For Ni-
hydroxynitrate, some of the additional reflections can be
assigned to the presence of K,Ni(CO,), (PDF: 00-046-0783),
K,CO, (PDF: 00-011-0655), and NiO (PDF: 00-047-1049). Previous
studies of this catalyst have also shown the alteration of the
surface layer upon prolonged electrolysis.** The newly formed
phases can contribute to the fluctuations observed in the
chronopotentiometric measurements. Besides this, possible
catalyst dissolution occurring during the electrolysis process
can change the catalyst film conductivity and generate a
catalyst film with an overall higher electrocatalytic activity. In
Co-hydroxynitrate, evidence for the presence of Co,0, (PDF: 00-
042-1467) and K,CoO, (PDF: 00-049-1556) can be found. Post-
electrolysis EDX measurements for Ni- and Co-hydroxynitrate
indicate no detectable incorporation of secondary metal ions
from the electrolyte (Figure S10, S11). Despite the fact that
secondary phases formed during the 2h electrolysis, no
significant impact can be noticed in the overall performance of
the Co-hydroxynitrate coated electrode.

Conclusion

Grafting of anions to brucite-type layered structures formally
represents a substitution of hydroxides, for example, by nitrate.
On the one hand, adjacent layers are separated to larger
distances allowing for easier access to active sites at the edges.
On the other hand, the nitrate ligand's basicity is smaller than
the hydroxide ligand, and the electron density at the metal
center is reduced. Both factors may contribute to the observed
increased OER efficiency of hydroxy salts than simple hydrox-
ides or LDH structures. While hydroxy salts are less flexible with
respect to compositional variations than LDHs, doping, for
instance, with Fe, will be feasible to some extent. During 2 h
electrolysis performed at 10 mAcm~2, both Co and Ni-hydrox-
ynitrates form secondary phases, as often observed for
transition metal-based OER electrocatalysts. Hydroxy salts show
high versatility, being accessible for various anions like acetate,
sulfate, carbonate, perchlorates, and halides. Based on previous
experience with NiFe-LDHs, further performance improvement
should be achievable this way. Hydroxy salts certainly deserve
further attention in the electrocatalysis world.
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Experimental Section

All starting materials Ni(NOs),'6H,0, Co(NOs),-6H,0, Al(NOs);-6H,0, and urea reagents, as well as
Chelex resin, Ks[Fe(CN)e] and 5 wt.% Nafion dispersion in a mixture 45 % water and 55 % aliphatic
alcohols were purchased from Sigma-Aldrich or Merck (India) and used as such. KOH (reagent grade,
85.9 %) and ethanol absolute (reagent grade 99.97%) were purchased from VWR chemicals. All

solutions were prepared using Milli-Q water, with a resistivity below 18.2 MQ cm.
Material preparations

Metal hydroxides: Reagent grade Ni(OH), and Co(OH), procured from Sigma-Aldrich were used as

control samples without further treatment.

LDH synthesis: Both, NiAl-COs;, and CoAl-CO; LDHs with interlayer carbonate were synthesized by
making use of the urea hydrolysis method.""! In a typical synthesis, 0.5 M mixed metal nitrate solution
with M?*:M?** ratio as 2:1 was prepared by mixing suitable amounts of divalent and trivalent salts. Then
solid urea was dissolved in 40 mL of this mixed metal nitrate solution by maintaining a urea/total metal
ratio of 3.3 to 5. Finally, this clear solution was transferred to a Teflon lined stainless steel autoclave
and hydrothermally treated at 110 or 180 °C for 24 hours. Then the autoclave was cooled before
filtration, the solid was washed with water a couple of times and finally dried in an air oven at 60 °C

for 24 hours.

Hydroxynitrate synthesis: Ni- and Co-hydroxynitrate were synthesized using previously reported urea
hydrolysis of metal salt melts."*? A slurry was prepared by mixing 18 g of nickel nitrate or cobalt nitrate,
2 g urea and 2 mL of water in a round bottom flask. This slurry was heated at 140 to 160 °C by placing
the flask on a heating mantle for 2 to 3 hours until all water evaporated completely leaving behind a
solid green (for Ni sample) or a pink cake (for Co sample) at the bottom. Finally, the solid cake/paste
was recovered using Milli-Q water after cooling, washed with Milli-Q water 5 times by centrifugation

and finally freeze-dried overnight.
Material characterization

Powder X-ray Diffraction (PXRD) traces for Ni-compounds were measured in transmission mode on a
STOE STADI P powder diffractometer with a Cu Ku radiation source (A =1.540598 A) with a Ge
monochromator and a linear position-sensitive detector. To circumvent heavy fluorescence, PXRD
patterns of Co-samples were collected using a STOE STADI-P diffractometer with Ag Kq: radiation
source (A = 0.5594075 A) in transmission geometry equipped with four MYTHEN2 R 1K detectors. The

data collection was done in stationary mode for one hour with samples loaded in 0.5 mm glass
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capillaries. To assist comparability, the diffraction traces shown in Figure 2 were, however,
recalculated assuming Cu Kq: radiation. The solid-state infrared (IR) spectra of samples were collected
using a JASCO FTIR 6100 spectrometer (range 400-4000 cm™; resolution 4 cm™). The specific surface
area was measured with a Quantochrome Nova A with N; as adsorbate at 77 K applying the Brunauer-
Emmet-Teller (BET) method. The Scanning Electron Microscopy (SEM) micrographs were acquired
using a Zeiss Ultra Plus. Post-mortem EDX measurements were acquired using the same device

equipped with a UltraDry-EDX-Detector (Thermo Fisher Scientific NS7) unit.

Sample compositions: The metal (Ni, Co and Al) contents were determined using a Varian, Vista-Pro
Radial Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES). All solutions were
prepared by two-fold dilution to reduce the original metal concertation to the ICP-OES detection range
of 1to 10 mg L* using 5 % HCI (high purity spectroscopic grade). The nitrate and carbonate anions were
estimated based on N and C contents determined by CHN analyses using an Elementar Vario EL IlI
equipment. The water contents in samples were calculated from the first step weight loss observed in
the thermogravimetric analysis (TGA) curves obtained by heating samples in a platinum crucible under

Ar from 25 to 800 °C using a Netzsch STA 449c system (heating rate = 10 K min™).

Electrochemical measurements

Working electrode preparation: Disk-shaped glassy carbon (GC) electrodes having a geometric area of
0.1134 cm? mounted in a Teflon sheath were used as the current collectors. To ensure a reproducible
mirror-like surface in all the experiments, the GCs were polished using 3, 1, and 0.3 um of abrasive
particle size polishing papers, followed by 5 min polishing with a suspension of alumina (0.05 um
particle size) in water. Finally, to remove the remaining alumina, the GCs were rinsed thoroughly with
Milli-Q water, sonicated for 1 min in a mixture Milli-Q water and absolute ethanol, and left to dry under
a nitrogen stream. A catalyst ink was obtained by dispersing 5 mg catalyst in 1 mL solvent mixture
(490 pL ethanol absolute, 490 pL Milli-Q water, and 20 pL of a 5 wt.% Nafion dispersion). Finally, the
mixture was sonicated for 30 minutes at room temperature to ensure a stable dispersion. A certain
volume of this dispersion was pipetted on the GC to generate homogeneous catalyst films with a mass

loading of 0.2 mg cm2.

OER measurements were performed using an Autolab potentiostat/galvanostat (PGSTAT302N,
Methrom) and a rotating disk electrode (RDE) (Autolab RDE-2 rotator and motor controller, Methrom).
A standard three-electrode configuration containing the catalyst modified GC, a Pt wire, and a double
junction Ag/AgCl 3 M KCl as working, counter, and reference electrodes, respectively, were used. A
glass frit was employed to separate the counter electrode from the bulk electrolyte. KOH solution (1 M

KOH, pH 13.5) was used as the electrolyte in all electrochemical experiments. It was purified using a
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cation-exchange resin in its potassium form (Chelex 100, Sigma-Aldrich) following the procedure

recommended by the producer.

The electrocatalytic activity of the materials was investigated in O, saturated 1 M KOH using linear
sweep voltammetry (LSV) recorded from 0 to +1 V vs. Ag/AgCl (3 M KCl), with a scan rate of 5 mV s*
and a rotation speed of 1600 rpm. Three measurements were conducted for each material, and the
average values of these measurements were reported. Before recording the LSV, electrochemical
impedance spectroscopy (EIS) was conducted at open-circuit potential (OCP) in the frequency range
from 100 kHz to 100 Hz using an AC perturbation of 10 mV (RMS). All the potentials shown in this work
were referred to the reversible hydrogen reference electrode (RHE) scale, and the conversion from the

Ag/AgCl 3 M KCl to the RHE scale, was done using the following expression:
Erne = Eapp + E%ag/agcisamkc + 0.059 - pH [Eq. 1]

where Epye is the electrode potential in the RHE scale (in V); Eapp is the applied potential versus
Ag/AgCl/3 M KCl (in V); E°ag/agaiis the standard potential of the Ag/AgCl (3 M KCl) reference electrode

(0.21 V). Potential values were 100% manually iR-corrected using the following formula:
E're = Erue -iRu [Eq. 2]

Where E gy is the iR-drop compensated potential (V), i is the measured current intensity (in A) and R,

is the uncompensated resistance determined by EIS (in Q) in the high-frequency range.

The electrochemical surface area (ECSA) was determined following protocols described in literature.!
Cyclic voltammograms were recorded in the OCP + 0.05 V potential window using different scan rates
(v): 0.005, 0.01, 0.025, 0.05, 0.1, 0.2 and 0.4 V s, 10 s waiting time was used between the anodic and
cathodic scans. From the CVs, the electrochemical double-layer capacitance (Cp ) was calculated using

the following formulas:

CoL= Ifaverage / v [Eq 3]

iaverage = (ia-fc) / 2 {Eq 4]

Where fiyemge Stands for the average value of anodic (i,) and cathodic (i;) currents in modulus at
different scan rates, taken from the CVs at OCP. Then, ECSA was calculated by dividing the Cp value

with the specific capacitance (Cs) approximated to be 0.04 mF cm™ in alkaline electrolyte:!®!

ECSA = Co / Cs [Eq. 5]
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Screening of catalyst stability based on fast benchmarking protocol: Galvanostatic measurements
investigated initial evaluation of the stability of the hydroxynitrates samples. A current of 0.0011 A
(corresponding to a current density of 10 mAcm?) was applied for 2 h. After the stability
measurement, an LSV was recorded from 0 to +1 V vs. AgCl/Ag (3 M KCI) to explore changes in the

electrocatalytic performance. The experimental conditions were the same as those described above.
OER Faraduic efficiency

Faradaic efficiency (FE) of the Ni-hydroxynitrates was evaluated using rotating ring disk electrode
(RRDE) measurements. A rotating ring disk electrode device (rotor and motor controller, Methrom)
was used along with the PGSTAT302N in the bipotentiostat mode for these measurements. The
experiments were performed in an Ar-saturated 1 M KOH solution and a rotation speed of 3000 rpm.
The potential of the Pt ring electrode was set at -0.7 V vs. Ag/AgCl (3 M KCI). Initially, OCP was applied
to the disk electrode for 60 s to establish the background currents for both ring and disk electrodes.
The potential of the disk electrode was further increased to +0.50 V vs. Ag/AgCl (3 M KCl) and kept at

this potential for 500 s. The FE was calculated using the following formula:

FE= |fring| /(N . ’a’r’sk) [Eqg. 6]

where N is the collection efficiency. The collection efficiency was determined using an Ar-saturated
solution of 5 mM Ks[Fe(CN)s] in 1 M KOH. The potential of the Pt ring electrode was kept at +0.4 V vs.
Ag/AgCl/3 M KCl, while the potential of the disk electrode was swept from +0.5 to -0.2 V vs. Ag/AgCl
(3 M KCI) with a scan rate of 5 mV s™. The calculated collection efficiency (N) is 0.18 for the Ni-

hydroxynitrate sample and 0.25 for Co-hydroxynitrate.

Considering the high currents obtained with Co-hydroxynitrate, the O, FE was further investigated
through gas chromatography. Experiments were conducted in an H-type cell with an air-tight electrode
compartment connected to the gas chromatograph. An anion exchange membrane (fumasep® FAB-
PK-75, Fumatech) was used to separate catholyte and anolyte compartments. The reference electrode
was a leakless Ag/AgCl (3 M KCI) reference electrode immersed in the working solution (deoxygenated
purified 1 M KOH). A Pt mesh was used as the counter electrode. The working electrode consisted of
a Co-hydroxynitrate drop-coated carbon paper (H23, Quintech) with a catalyst loading of 1 mgcm™.
The catalyst was drop-coated using the same ink composition mentioned above in this section. The
piece of carbon paper used had a geometric area of 1 cm x 1 cm, and both sides of the paper were
drop-coated (total geometric area = 4 cm?). Oxygen was quantified during electrolyzes conducted at
different current densities (3.75 up to — 50 mA cm?) for 15 min each. An aliquot of the oxygen

produced in the anode chamber was automatically into the gas chromatograph and analyzed online in
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all the experiments. The gas chromatograph used was an SRI 8610C MG1 Multiple Gas Analyzer System
equipped with a packed 3 m HaySep D column (SRI instruments). O, was analyzed using a thermal
conductivity detector (TCD), previously calibrated with O, and N, mixtures. High purity nitrogen
(99.999 %) was used as the carrier gas in the gas chromatograph. N, was also used to deoxygenate the
solution and carry the gases from the H-type cell to the chromatograph, with a flow rate of 10 mL min™
provided by a flow mass controller. The FE for O, was also calculated during 2 h electrolysis at
10 mA cm™. In this case, a constant current was applied for 2 h, and each 15 min, a sample was injected

in the gas chromatograph and thus analyzed.
The FE was calculated using the following formula:

_ Cozjnz 4

F
FE -100 (%) [Eq. 7]
T

Where: Co;z- is the O, concentration obtained from the gas chromatograms, ju; is the N; flow- the

carrier gas, F is the Faraday constant, V- molar volume, and / is the electrolysis current.
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S.1. Rotating ring disk electrode (RRDE) measurements.
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Figure S1. Chronoamperometric measurement was performed using Ni-hydroxynitrate coaded GC to
calculate the Faradaic Efficiency towards O, formation. The WE are set at OCP for the first 60 s and

then swept up to +1.50 V vs. RHE for 500 s. RRDE measurements were recorded under 3000 rpm and
with a constant electrode potential of +0.31 V vs. RHE in the Pt ring.
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Figure S2. RRDE experiments performed to determine the collection efficiency (N) for the Ni-
hydroxynitrate modified GC electrode using an Ar-purged 5 mM K;[Fe(CN)e¢] in 1 M KOH solution.
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S.2. Faradaic efficiency for OER determined by gas chromatography measurements.
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Figure S3. O, faradaic efficiencies were calculated at different current densities used for the
galvanostatic water electrolysis using Co-hydroxynitrate as electrocatalyst. (Electrode geometric area
=4 cm?). The 02 concentrations obtained based on two chromatograms were used to calculate the FE,
and the data are averaged.

Co-hydroxynitrate - Electrolysis at 40 mA (10 mA cm) for 2 h
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Figure S4. O, faradaic efficiencies evaluated over 2 h at the 15-minute interval while performing water
electrolysis galvanostatically at 10 mA cm (40 mA) using Co-hydroxynitrate as electrocatalyst. O,
quantification was performed by gas chromatography every 7.5 minutes.
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S.3. Post-mortem SEM characterization.

Figure S5. SEM images of the Co-hydroxynitrate modified GC electrode before (left) and after (right)
2 h chronopotentiometry measurement performed at a current of 1.134 mA corresponding to
10 mA cm? current density.

Figure S6. SEM images of the Ni-hydroxynitrate modified GC electrode before (left) and after (right)
2 h chronopotentiometric measurement performed at a current of 1.134 mA, corresponding to
10 mA cm? current density.
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S.4. Stability measurements.
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Figure S7. LSVs performed for Ni-hydroxynitrate modified GC electrode before and after a stability

measurement based on applying 10 mA cm™ for 2 h. LSV were recorded in a O,-saturated 1 M KOH
solution with a rotation of 1600 rpm.
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S.5. Post-mortem XRD characterization
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Figure S8. Post-electrolysis XRD performed for Ni-hydroxynitrate after electrolysis performed at
0.55 V vs. Ag/AgCl 3 M KClin 1 M KOH for 2 h.
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Figure S9. Post-electrolysis XRD performed for Co-hydroxynitrate after electrolysis performed at
0.55 Vvs. Ag/AgCl 3 M KClin 1 M KOH for 2 h.
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S.6. Post-electrolysis EDX characterization

Energy dispersive X-ray (EDX) spectroscopy measurements of Ni- and Co-hydroxynitrate samples were
conducted to rule out the incorporation of secondary metals during the chronopotentiometry
experiment (10 mA cm™ for 2 h). The obtained results present no evidence of such metal (particularly
Fe) incorporation. The only additional signals not belonging to the catalyst can be attributed to the
Nafion binder (F, S) and traces of electrolyte (K). The investigation included probing each sample at 10
different spots from which two representative EDX spectra of points 1 and 2 are shown.

Ni-hydroxynitrate
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Figure S$10. EDX characterization of Ni-hydroxynitrate after 2 h chronopotentiometry measurement
performed at a current of 1.134 mA, corresponding to 10 mA cm™ current density.
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Co-hydroxynitrate
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Figure S11. EDX characterization of Co-hydroxynitrate after 2 h chronopotentiometry measurement
performed at a current of 1.134 mA, corresponding to 10 mA cm2 current density.
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A versatile electrochemical corrosion process was used to generate green rust (GR) on a steel substrate
and to transform it into the trivalent iron-only oxygen evolution catalyst mossbauerite (GR*) upon a
subsequent oxidation process. Besides being scalable, cheap, and time-efficient, the demonstrated
procedure is based on earth-abundant and non-hazardous materials only. Oxidation of mixed-valence
Fe?*/Fe** GR to GR* was achieved by chemical and electrochemical processes. The latter induces less
grafting of interlayer CO;Z“ leading to less contraction of the interlayer space and a reduction in the
observable stacking disorder. The direct electrodeposition of the catalyst on a conductive substrate
enabled the first systematic study of the impact of grafting on the performance of GR* in the oxygen
evolution reaction (OER). The materials subjected to chemical (GR*cho,) and electrochemical oxidation
(GR*gi0x) allowed obtaining a current density of 100 mA cm™? at 1.82 V and 1.84 V, respectively, thus
improving the electrocatalytic capabilities and outperforming the bare steel substrate operated in 1 M
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Introduction

Resolving energy and environmental issues has been receiving
enormous attention. It can be regarded as the critical challenge
of the 21st century."” Most of the proposed strategies focus on
renewable energies to curb CO, emissions by gradually turning
away from conventional fossil energy sources. Due to the
intermittent nature of these energy sources, suitable storage
methods are imperative to provide a continuous energy supply
for grid management.® For instance, energy can be stored in the
form of chemical bonds, e.g:, hydrogen. However, the bottleneck for
establishing a hydrogen-based storage cycle is linked to the oxida-
tive half-reaction, called the oxygen evolution reaction (OER)."
Moreover, for green energy production, environmentally friendly,
earth-abundant, non-hazardous, and affordable elements allowing
for technically benign processing are preferred. Such materials with
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efficient and durable electrocatalytic properties will play a pivotal
role in future developments in this field.”

Ideally, cheap and scalable anodes for the OER are highly
sought-after since noble metal oxides are considered unsuita-
ble due to dissolution, high production price, and catalyst
material maintenance.® Being affordable and easy to manufac-
ture, iron-based electrodes represent a viable option. Unfortu-
nately, under OER operating conditions, the Pourbaix diagram
of iron implies the dissolution of the electrode through the
formation of ferrate (Fe0,>) anions.” The dissolved ferrate is
not stable in aqueous environments at pH 14 and will thus
oxidize water to produce oxygen.® Concomitantly, with the
reduction of the ferrate, undesirable corrosion products of iron
are formed on the steel surface.” The formation of this passiva-
tion layer may impede further corrosion but may also impair
the performance of the electrode due to the low conductivity
and/or lacking activity of the formed products.™”

Using stainless steel, this uncontrolled rusting of the elec-
trode can be mitigated. Among the other transition metal
additives, stainless steels typically contain at least 12 wt% of
chromium to reduce susceptibility to corrosion."" Under ambi-
ent conditions, a thin chromium oxide layer passivates the
surface. This, however, has been reported to contribute little or
even reduce the OER activity of the stainless steel.'*'® The
Pourbaix diagram of Cr, moreover, indicates that the formation
of Cr0,*” is thermodynamically favored under OER operating

© 2021 The Author(s). Published by the Royal Society of Chemistry
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conditions.'” Indeed, previous studies have shown Cr leaching
into the electrolyte in the long term.'*'*'® The dissolution of
chromium under sufficiently high anodic potentials has even
been utilized to obtain thin Ni-Fe oxide layers representing a
robust OER catalyst."”” However, Cr(V1) is known to be carcino-
genic and must not be released into the environment but
rather needs to be completely removed upon exchanging the
electrolyte."®'? Nevertheless, these and other'***!
clearly have proven the efficiency of oxidic layers on Fe-based
substrates for OER catalysis. The steel types applied, however,
often contain environmentally unfriendly or even toxic ele-
ments like Co, Cr, and Ni while processing often is time-
consuming and requires harsh conditions.

Layered double hydroxides (LDHs) are regarded as one of
the most promising classes of OER catalysts** owing to the fact
that they exhibit compositional flexibility and allow for tuning
of the morphology. When optimizing the electrocatalytic prop-
erties, these features allow for the optimization of electronic
structures while providing high specific surface area at the
same time.*” Generally, the composition of carbonate-
LDHs can be described as My_,*"M,*'(OH),,(COj3),,,-nH,0 with
0 < x < 2. Previously, we have shown that the trivalent Fe-only
(oxy)hydroxide mossbauerite (GR*; Fe'((0),(OH)4(CO;)-3H,0)
is an n-type semiconductor and exhibits electrocatalytic activity
promoting the OER.** The catalyst is obtained by the quick
oxidation of the mixed-valence mineral green rust (GR; Fe',
Fe''',(OH),,(CO5)-3H,0). In terms of structure, GR consists of
positively charged brucite-like layers containing di-/trivalent
cations, interlayered anions, and structural water.>* Under
ambient oxygen fugacity, GR is susceptible to oxidation and
can form various ferric oxyhydroxides like goethite, feroxyhyte,
and lepidocrocite.”>*® However, fast chemical oxidation using
H,0, leads to the formation of GR*.*?

Herein, we report the direct electrochemical coating of
environmentally friendly, alliron GR on a steel surface and
its subsequent conversion into the efficient OER catalyst GR*
(Fig. 1). Anodes are fabricated from inexpensive steel via an
electrochemical corrosion process producing GR, which is
subsequently transformed into the active OER catalyst GR*.
Two alternative routes for the conversion were explored, which
influence the grafting behavior of the interlayer carbonate:

studies

Fig. 1 Schematic comparison of the current—voltage curve for the OER of
an unmeodified bare steel substrate (a) and the same substrate coated with
the all-iron electrocatalyst GR* via a corrosion engineering process (b).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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either via chemical oxidation (GR*chox) using H,O, or via an
electro-oxidation process (GR*gjoy). The variation in the struc-
ture and the electrochemical performance of the oxidized
products obtained by these two methods are compared.

Experimental
Materials

All solutions used to synthesize the catalysts were prepared
with Ar-saturated Milli-Q water (18.2 MQ cm). Hydrogen per-
oxide solution (30%) and ethanol absolute were supplied by
VWR Chemicals. Potassium hydroxide was ordered from Bernd
Kraft GmbH and sodium bicarbonate from Griissing GmbH.
Substrates were prepared using custom-cut steel plates (DC 01 -
DIN EN 10130, Maschinenbau Feld GmbH). The nail varnish
(shine last & go! gel nail polish; absolute pure) was bought from
Cosnova GmbH.

Electrodeposition of GR and its conversion into GR*

Steel plates were cut to square-sized pieces of 1.4 cm length and
any potentially pre-formed corrosion products were removed
using grade P400 grinding paper and were further polished
with 0.3 pm Al,O; powder. Then, they were cleaned by ultra-
sonication with ethanol for 5 minutes. Finally, each electrode
was rinsed with water and ethanol to remove the remaining
loose metal particles and organic contaminants. Electrical
contact was provided by using a PTFE-insulated Ag-wire and
conductive silver adhesive. UV-curing glue was used to seal
any exposed silver. According to a previously published
procedure,” the plates were placed in a 0.4 M NaHCO, solution
with the pH adjusted to 9.6 by the dropwise addition of 10 M
NaOH solution. Electrodeposition and electro-oxidation were
conducted using a CH-Instruments potentiostat 710E in a
3-electrode setup. A Fisher-type double net Pt/Ir electrode
(& 3 em) and a HydroFlex™ hydrogen reference electrode from
Gaskatel were used as the counter electrode and reference
electrode, respectively. The plates were cycled from 0 to 0.2 V
vs. RHE for 90 cycles with a scan speed of 10 mV s™'. After
completion, a greenish deposit was visible on the surface of the
substrate. As a control experiment, the substrate was immersed
in the given solution without any applied potential. Here, no
formation of a deposit was observed after 12 weeks.

For the complete oxidation of the mixed-valence GR to GR*,
two different methods were employed. For chemical oxidation,
the sample was immersed in 40 mL of a 25 mM aqueous
solution of H,0,. Electrochemical oxidation was achieved by
simply increasing the voltage from 1.10 to 1.47 V vs. RHE
(typically 5-10 cycles) and subsequently to the electrodeposi-
tion of GR. Scanning experiments were performed until no
notable current was detectable. Both procedures yielded
orange-brown deposits on the steel substrate plates and were
then applied as anodes.

Structural characterization of the materials

To allow for quick measurements to minimize oxidation,
powder X-ray diffraction (PXRD) traces for GR were collected

Mater. Adv,, 2021, 2, 5650-5656 | 5651
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using a Bragg-Brentanotype diffractometer (Empyrean) with a
Ni-filtered Cu K, radiation source (4 = 1.540598 A) equipped with
a PIXcel detector. To further reduce fluorescence, PXRD patterns of
air-stable GR*-samples were collected using a STOE STADI-P dif-
fractometer with a Ag K,; radiation source (4 = 0.5594075 A) in
transmission geometry equipped with four MYTHEN2 R 1 K detec-
tors. Data collection was performed in the static mode for one hour,
with samples loaded in 0.5 mm glass capillaries. However, to assist
comparability, the diffraction traces acquired with Ag K, radiation
(Fig. 2b) were recalculated assuming Cu K, radiation. The infrared
spectra of the powder samples were recorded using a JASCO FT-IR
6100 spectrometer (400-4000 cm~' range, 1 cm™" resolution).
Transmission electron microscopy (TEM) images were obtained
using a Zeiss/LEO EM922 Omega transmission electron microscope.
Scanning electron microscopy (SEM) images were acquired using a
Zeiss/LEO 1530 system. For Mossbauer spectroscopy, a small
amount of the powder sample was mixed with transparent nail
varnish and spread over a region of 1 mm diameter on a plastic foil.
The dimensionless effective sample thickness was estimated to be
12 (~30 mg Fe em™?), which is close to the optimum thickness for
this composition.”* The Méssbauer spectra were recorded at room
temperature (293 K) in the transmission mode using a constant
acceleration Massbauer spectrometer with a nominal 370 MBq *’Co
high specific activity source in a 12-um-thick Rh matrix.***® The
velocity scale was calibrated relative to a 25-um-thick o-Fe foil using
the positions certified for the (former) National Bureau of Standards,
standard reference material no. 1541; line widths of 0.36 mm s~ * for
the outer lines of o-Fe were obtained at room temperature. The
spectrum was collected for one day. The Mdssbauer spectra were
fitted with MossA software®’ using the full transmission integral.
Data were fitted into doublets with pseudo-Voigt lineshape and
conventional constraints (doublet components constrained to have
equal widths and areas).

Electrochemical characterization

Electrochemical characterization was performed using an Autolab
potentiostat/galvanostat PGSTAT204. Counter and reference elec-
trodes were the same as those used for the preparation of the
material. If not noted otherwise, all electrocatalytic performance
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Fig. 2 PXRD patterns of (a) GR on a steel substrate as obtained through an
electrochemical corrosion engineering process (*: substrate, #: partially
oxidized product formed during measurements) and (b) scraped off GR*
powder as obtained through electro-oxidation (GR*giox; red) and chemical
oxidation (GR*ci,ox gray) of GR. Photographs of GR and GR*¢ i, are shown
in the insets
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measurements were performed in O, saturated 1 M KOH solu-
tions. The electrolyte for all measurements was purified using the
cation-exchange resin Chelex™ 100 (Bio-Rad Laboratories) follow-
ing the procedure recommended by the producer.’ For electro-
chemical measurements, the exposed surface area was reduced to
1 cm? by sealing the rest of the plate with hot melt adhesives. The
obtained potentials were corrected by 85% of the uncompensated
resistance (iR) determined via current interrupt. Polarization
curves were acquired by performing linear sweep voltammetry
(LSV) in the range of 1.0-2.5 Vwith 5 mV s~ . The overpotential (i)
is given as the voltage potential difference of 1.23 V. Stability
measurements were performed galvanostatically by applying
a current of 10 mA, corresponding to a current density of
10 mA em™?, for 24 h. Galvanostatic stability experiments were
carried out without iR compensation.

The determination of the electrochemically active surface
area (ECSA) was performed by cyclic voltammetry (CV) measure-
ments in an Ar-saturated 1 M KOH at various scan rates (10, 20,
40, ..., 100 mV s~ ') in the potential window between 0.210 V
and 0.310 V vs. RHE where there was no faradaic current
response. The double-layer capacitance (Cy;) was estimated by
plotting Aj = j, — j. at 0.260 V as a function of the scan rate v
(eqn (1)).%

Car = 0.5-(d(A7)/dv) )

The ECSA was calculated by dividing Cq by the specific
capacitance C; of a flat surface. A value of C; = 0.04 mF em ™
was reported as an average value for different metal electrodes
in an alkaline environment.**

Results and discussion

Various strategies have been employed to synthesize GR.
These include Fe'/Fe'" co-precipitation, oxidation of ferrous
hydroxide,** bacterial reduction of ferric compounds,*® and
electrosynthesis.’”” Formation of carbonate interlayered GR
has been followed by Génin et al. by tracking the E;, during the
reaction.”® They further constructed the corresponding Pour-
baix diagram, which identifies the stability field of GR with
variation in pH and E,.*® Based on previous investigations, a
pH of 9.6 was considered most suitable to enable a successful
deposition.27 For this pH, the £, range of GR can be identified
to be located between 0 V and 0.15 V. For cyclic voltammetry,
the window was chosen from 0 V to 0.2 V to account for possible
overpotentials. After cycling, a greenish deposit was formed on
the steel electrode. The intensity of the wave peak recorded
during deposition increased steadily, indicating the thickening
of the deposited material layer with time (Fig. S1, ESLi). The
obtained product was characterized utilizing XRD directly on
the steel substrate to minimize unintended oxidation by air
(Fig. 2a).

The diffraction pattern of GR is in accordance with pre-
vious reports on the material (PDF #00-046-0098).*°*** The
d-spacing of 7.5 A for the first reflection is characteristic for GR
containing carbonate ions in the interlayer space and is usually

@© 2021 The Author(s). Published by the Royal Society of Chemistry
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assigned as the 003 plane of the 3R, polymorph.”**" The
coefficient of variation of the average of the basal spacing as
calculated from individual 00/ reflections was found to be small
for GR (0.12%).

This indicates little variance in the stacking distance of
individual interlayers.’> As previously found, the remaining,
weak in-plane reflections observed are in line with the 3R,
polymorph.*** A prominent reflection at 44.7° is caused by the
underlying substrate and can be assigned to %-Fe(110) (PDF
#00-006-0696).

Because of the oxygen sensitivity of GR,”® a controlled
oxidation process is necessary to obtain phase pure GR*.*
Previously, we have shown that this can be achieved by sub-
jecting GR to a H,0, treatment as it allows rapid oxidation.
Applying this chemical oxidation (GR*¢p0y) to the GR deposited
on the steel electrode led to an immediate color change from
green to orange-brown. Alternatively, the previously deposited
GR on the steel substrate was subjected to electrochemical
oxidation (GR*p,) via cyclic voltammetry in the range of
1.10-1.47 V vs. RHE. A similar color change to orange-brown
was observed. A suitable potential range to facilitate the oxida-
tion was identified using cyclic voltammetry over a broad range
from 0.60 to 1.57 V (Fig. S2, ESI}). Because both GR* samples
are air-stable, the obtained products were scraped off the plate
before being characterized using XRD (Fig. 2b).

The powder XRD patterns of both GR* samples exhibit very
few asymmetric and rather broad reflections. The featureless
diffraction pattern is typical for GR*.>****! The diffraction
pattern can be fully explained with a turbostratic disorder
and concomitant interstratification of domains with grafted
carbonate and domains with intercalated carbonate. In any
case, side phases are not indicated in the diffraction pattern.
This is in contrast with previous reports, where GR was oxidized
in an ambient atmosphere or by bubbling oxygen through the
suspension where mixtures of GR* with goethite are obtained
instead of phase pure GR*.?”***> Both the strategies presented
herein, however, yield the desired product with no side phases.
The first reflex of GR* appears at 7.1 A (GR*chox) and 7.3 A
(GR*g10x) and has been related to the basal spacing." However,
an integral 00/ series is missing, indicating heavy random
interstratification. The apparent basal spacing of both samples
is lower as compared to that of the mixed-valence parent GR
(7.5 A).“m In GR*gjox, the (001) reflection is rather sharp and
more intense as compared to that in GR*cpox. Moreover, even
the (002) reflection (d = 3.7 A) is visible while being submerged
into the background when the oxidation is performed
chemically.

We have previously shown that the oxidation of mixed-
valence Fe-LDHs triggers partial grafting (i.e., chemical bond-
ing) of interlayer carbonate to the brucite-like layers.’® Density
functional theory (DFT) calculations have shown that the
completely grafted structure shows a basal spacing, which is
0.3 A smaller than that for the non-grafted LDH.** A similar
trend was found in CoFe-LDHs, where it was found that a higher
Fe-content promoted more grafting.** In the presence of H,0,, the
grafting was shown by DFT to proceed exothermically, which

© 2021 The Author(s). Published by the Royal Society of Chemistry
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constitutes the driving force for the grafting process.* Grafting
can also be qualitatively supported by FT-IR, as discussed below.
Thus, the variations in the apparent basal spacings found for
GR*cox and GR*g o, are attributed to a random interstratification
of grafted and intercalated domains. The higher intensity and
higher d-value observed for GR*yq, indicate significantly fewer
grafted domains being produced by electrochemical oxidation as
compared to chemical oxidation (GR*cpoy). Employing electro-
oxidation (ie., in the absence of H,0,), the driving force for
grafting might be smaller as compared to chemical oxidation
and consequently, more intercalated (ie. ungrafted) domains
contribute to random interstratification leading to an overall
higher observed basal spacing of 7.3 A.

To corroborate the varying grafting probability with the
oxidation method, FT-IR spectra were recorded (Fig. 3). Based
on the symmetry of the carbonate ion, it is possible to experi-
mentally distinguish between non-grafted interlayer carbonate
and carbonate ions that are grafted to the brucite layers. The
former features a Dj, symmetry, whereas the latter shows
symmetry reduction to C,,. As shown in the previous work,
the v; vibration band of CO,*” at 1350 cm™' may be used to
quantify grafting. Symmetry reduction due to grafting mani-
fests as an energetic splitting of this band to a second one
observable at 1485 em ™', which is characteristic of the grafted
carbonate species.* Irrespective of the oxidation method, these
two bands are present. The relative intensity of these two bands
furthermore allows for the assessment of the extent of grafted
and non-grafted species qualitatively. Both bands, assigned to
grafted and ungrafted carbonate species, exhibit roughly simi-
lar intensity for GR*chox. For GR*giox, however, the band’s
relative intensity at 1485 cm™' is notably decreased. Thus, it
can be concluded that grafting of carbonate species is less
prevalent when performing electro-oxidation. This phenom-
enon is in line with the above interpretation of the XRD
patterns (Fig. 2b). It suggests that oxidation with a potent
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Fig. 3 Normalized FT-IR spectra of GR*chox (gray) and GR*gox (red).
Carbonate peak splitting is found in both samples. Based on the relative
intensity of grafted and ungrafted carbonate peaks, a lower proportion of
grafted CO+%~ can be obtained for GR*goy.
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chemical oxidation agent, such as H,0,, provides a stronger
driving force for grafting as compared to electro-oxidation,

Besides basal reflections, only asymmetric, non-uniformly
broadened reflections are observed in the diffraction patterns
of both GR* samples. As previously shown,* they originate
from two-dimensional diffraction by the brucite layers being
stacked with the random phase (turbostratic disorder) leading
to hk-bands.

The SEM images of both GR* samples (Fig. S3a-d, ESIi)
confirm the coating on the substrate. The micrographs of the
bare steel substrate merely show some surface roughness due
to polishing (Fig. S3e and f, ESIZ). For both chemically and
electrochemically oxidized samples, the deposited layer
features a plate-like morphology typically observed for LDHs.
The steel substrate is completely coated and the coating
appears to be uniform. The platy crystals of both GR* samples
feature dimensions ranging from 0.4 pm to 4.5 pm in diameter
and 40-80 nm in thickness. Large platelets are found to be
intergrown, with smaller platelets providing an increased num-
ber of edges and corner sites, contributing to the OER activity.*
A similar appearance of both samples indicates the topotactic
transformation of GR to GR* and thus the morphology is deter-
mined already in the first step, the electrochemical deposition of
GR, with little to no morphology change occurring upon the
formation of GR*.* This conclusion is supported by the SEM
micrographs of GR acquired prior to oxidation (Fig. S4, ESIE).

The Mdossbauer spectra of chemically and electrochemically
oxidized samples are also very similar (Fig. S5, ESIF). The *’Fe
spectra were acquired at room temperature consisting of a
single, broad doublet with a mean quadrupole splitting of
0.67 mm s ' and 0.75 mm s ' and an isomer shift of
! ! with respect to metallic iron.
These values agree well with those expected for GR*.'®"!
Complete oxidation from Fe’* to Fe** can be achieved for both
samples as no residual ferrous doublet can be observed in the
acquired spectra. Not surprisingly, Mdssbauer spectroscopy is
insensitive to the degree of grafting.

Both GR* samples were tested for OER catalysis. The elec-
trochemically active surface area (ECSA) is calculated (Fig. 4a)
by performing CV in a non-faradaic regime at different scan
rates (Fig. S6, ESI). Due to the influence of the setup and the
method of determining the absolute ECSA,"* we only use the
ECSA as an activity parameter to compare the samples obtained
within this study. For this purpose, the relative ECSA of the
untreated steel plate is compared with those of GR*cpo, and
GR*gjox.

Compared to a non-coated sample, the controlled corrosion
producing GR and then GR* leads to an approximately 2.4- and
2.7-fold increase in the ECSA for GR*¢pox and GR* oy, respec-
tively. Regarding the different oxidation methods, GR* o, has a
slightly higher relative ECSA.

LSV experiments are performed and compared to the over-
potential (i) of the uncoated substrate (Fig. 4b). Comparing the
two GR* samples with varying degrees of grafting furthermore
will allow for the first-time conclusion regarding the effect of
grafting on the OER performance.

0.35 mm s~ and 0.36 mm s~
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Fig. 4 (a) Electrochemically active surface area with normalized relative

ECSA and (b) linear sweep voltammograms for all three samples: the
pristine steel plate, GR*giox, and GR*cpox. LSVs were recorded with a scan
rate of 5 mV s™" in O,-saturated purified 1 M KOH solutions

GR*chox and GR*gjox showed overpotentials of = 440 mv
and 5 = 450 mV, respectively, at a current density of 10 mA em 2
while for the uncoated bare steel plate, y = 506 mV is necessary.
A current density of 100 mA cm™> was reached at the over-
potentials of 598 mV for GR*chox and 610 mV for GR*gjox. The
absence of any notable pre-peaks is consistent with the expec-
tations and conclusions from the Mossbauer spectroscopy
measurements, as both electrocatalysts have been fully oxidized
to the all-ferric oxidation state.

Compared to the uncoated steel plate, both GR* catalyst
materials show a clear OER activity improvement. The over-
potentials at 10 mA em™? are in the range reported for moss-
bauerite synthesized at room temperature ( = 540 mV) and at a
temperature of 50 °C (5 = 400 mV). The offset may be attributed
to the different synthesis methods and the rotating disc elec-
trode setup being used to determine the latter values.

Despite the slightly higher ECSA of GR*gjox compared to
GR*chox, the latter exhibits a higher activity over the probed
potential range. Normalization of the polarization curves to the
ECSA (Fig. S7, ESIf) further confirms the higher intrinsic
activity of GR*¢po, compared to GR*gjo,. We attribute this to
the higher degree of carbonate grafting of GR*chox which can
be regarded as a formal replacement of OH™ with CO;*",
modulating the electronic structure and thus the redox activity
of the metal center., According to the HSAB principle, the softer
base OH™ donates electron density to the adjacent metal
centers more readily than the harder base CO;°"."* Therefore,
a lower electron density is expected at the electrocatalytically
active transition-metal center for GR*gpo, as compared to
GR*giox. Investigations on NiFe-LDHs have shown that such
reduced electron density, charge delocalization and the incorpora-
tion of electron-withdrawing anions or cations can be beneficial
for the facilitation of higher-valent electrophilic transition metal
ion sites. At these sites, the nucleophilic attack of hydroxyl and
water molecules is promoted, leading to improved adsorption of
reaction intermediates during the OER.*>*

In order to investigate the stability and versatility of the
catalyst during continuous operation, chronopotentiometry
experiments were conducted. Here, the galvanostatic perfor-
mance was investigated by applying a current corresponding to
a current density of 10 mA em ™~ for 24 h in 1 M KOH (Fig. S8,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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ESIi). Over this time, the necessary overpotential to maintain this
current was recorded. Initially, GR* i and GR* g0, allow achiev-
ing the current density of 10 mA cm > at lower potentials than the
uncoated substrate. Throughout the experiment, an increase of
the potential was recorded for GR*gox (21 mV), GR*chox
(+30 mV), and the uncoated bare steel substrate (+26 mV).

The decrease in the performance of both GR* samples may
be related to various effects such as the physical detachment of
the catalyst material under operating conditions or degradation
resulting in the loss of activity and active sites.”® Interestingly,
the potential of GR*¢y,0, increased the most during the first
2 hours of the experiment (inset Fig. S8, ESI). Most likely, this
is caused by the energy released during harsh chemical oxida-
tion, which might result in a less intimate contact between the
substrate and the catalyst. Thus, GR*¢,0x is more prone to a
loss of electrical contact during operation. Due to the prior
electrochemical treatment, GR*giox shows an initial perfor-
mance increase which could be related to the easier formation
of percolation paths and active sites. In GR*¢p,0, these improv-
ing changes are delayed and masked by possible detrimental
alterations discussed earlier.

As expected, the performance of the uncoated steel also
decreases, likely due to the formation of inactive corrosion
products blocking the access to more electroactive centres. The
formation of such products was also evidenced by the
brownish-black staining of the surface after the experiment.

To gain insight into the alteration of catalysts during catalysis,
post-catalysis SEM studies of the employed electrodes were per-
formed. For the bare steel substrate, the results evidence the
formation of a porous surface layer (Fig. S9a and b, ESI). This
indicates the oxidation of Fe” to soluble Fe-species as predicted by
the Pourbaix diagram discussed earlier. Alteration of the electrode
under the current load was also evident by the previously
described brown-black staining. The post-catalysis XRD measure-
ments (Fig. $10, ESI}) indicate the presence of Fe,_,0 and Fe;0,
deposits formed via reprecipitation. Presumably, these deposits
are responsible for the deterioration of catalytic performance
during the chronopotentiometry measurements.

For GR*chox and GR* o catalysts, the platelet-like morphol-
ogy was generally preserved, although a loss of the catalyst
material (—23%, determined gravimetrically) was observed
during the stability experiment. The SEM analysis moreover
indicates the degradation of the hexagonal platelet shapes to
more rounded corners and the secondary deposits covering the
platelets after 24 h (Fig. S9c-f, ESIf). Based on our previous
study examining the stability of mdssbauerite in a setup using a
rotating disc electrode, we conclude that during electrolysis,
small amounts of the catalyst can be dissolved into the electro-
lyte and are redeposited as amorphous iron (oxy)hydroxides.*
The post-catalysis XRD measurements (Fig. $10, ESIf) do not
show any crystalline phase other than GR* and steel.

Conclusions

Manufacturing catalyst-coated electrodes through a controlled,
cheap, and time-efficient corrosion engineering process of steel

© 2021 The Author(s). Published by the Royal Society of Chemistry
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presents a viable way to obtain electrodes for the oxygen
evolution reaction. A carbon steel substrate was used to deposit
the known iron-only electrocatalyst GR* vig its precursor GR.
Clearly, the choice of oxidation method, ie., chemical or
electrochemical oxidation, has a notable influence on the
structural constitution and performance of the catalyst.
Chemical oxidation gives a higher degree of grafting, which
appears to be advantageous for the catalytic performance.
Based on these results, further developments will aim
towards maximizing the catalyst's coverable surface area, e.g.,
by deposition on steel wool or iron foam. Of course, concomi-
tant doping can further improve the performance as well.
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1. Cyclic voltammogram recorded during the deposition process
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Fig. S1: Voltammogram recorded during the deposition of GR with a scan speed of 5 mV s

Cyclic voltammetry in the GR associated stability region was performed. The applied potentials

ensure a suitable Fe2*/Fe3* ratio for the deposition of GR. Maximum anodic currents are found

at 0.13V vs. RHE. With increasing number of cycles, the current density increases from

0.175 mA cm2to 0.308 mA cm™.
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2. Electrooxidation of Green Rust
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Fig. S2: a) Voltammogram recorded to identify a suitable oxidation potential to obtain GR™ from GR.
b) Voltammogram recorded during the oxidation of the material. Voltammograms were recorded
with a scan speed of 5 mV s,

Cyclic voltammetry was performed to identify a suitable oxidation potential to facilitate the
oxidation of GR to GR*. For screening, a potential range from 0.6 V to 1.6 V was chosen. The
recorded voltammogram features a small anodic wave at 0.78 V and an intense one at 1.20 V.

A broad cathodic wave peaked between 0.95-0.91 V.

By reducing the potential range to 1.10-1.47 V, only the anodic event can be observed. Rapidly

decreasing current densities indicate a quick oxidation process.
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3. SEM micrographs of the oxidized and untreated samples

a) b)

Fig. $3: SEM micrographs of the GR* samples. The GR*chox and GR*g oy catalysts are shown in a,b)
and c,d), respectively. Both feature similar morphologies of big, platy crystals intergrown with
smaller platelets. In e) and f), the untreated steel plate is shown. Apparent roughness originates from
the polishing procedure.
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4. SEM micrograph of the unoxidized GR sample

Fig. S4: SEM micrograph of GR before oxidation. The material features a similar morphology to
these of GR*. Big, platy crystals intergrown with smaller platelets are observable and underline the
assumption of a topotactic conversion from GR to GR*cno, or GR¥*po,. Please note that partial
oxidation is possible due to oxygen volatility and the necessary transfer of the sample.
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5. Mossbauer spectroscopy
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Fig. S5: Room temperature Mossbauer spectra of a) GR*¢hox and b) GR*gox. No Fe?* impurities are
detectable in either of the two samples.
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Fig. S6: Plots to determine the ECSA based on the difference between cathodic and anodic current
depending on the scan speed: a) GR*choy, b) blank substrate and ¢) GR*gjox.

6. Electrochemical Active Surface Area (ECSA)
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7. ECSA normalized Linear Sweep Voltammograms
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Fig. S7: ECSA normalized polarization curves of GR*¢ o, and GR¥*g,. LSVs were recorded with a scan
rate of 5 mV s in O,-saturated purified 1 M KOH solutions.
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Fig. S8: Galvanostatic stability test of GR*cho, GR*gox, and steel in 1M KOH at 10 mA cm2 for
24 hours.

8. Galvanostatic stability tests
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Fig. S9: Representative post-catalysis SEM micrographs for the bare steel (a,b), GR*cox (c, d), and
GR*gox (e, f) sample after chronopotentiometry for 24 h at a current density of 10 mA cm2. Both
samples show apparent degradation of the platelet-like catalyst morphology with some secondary
deposit onto these platelets. A photograph of a partly immersed steel plate shows the apparent
staining after electrocatalysis.

9. Post-catalysis investigations: Scanning Electron Microscopy

10
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Fig. $10: Post-catalysis XRD patterns (Cu K, source) of the bare steel substrate, the GR* 05, and GR*gox
sample after chronopotentiometry for 24 h at a current density of 10 mA cm™2. The bare steel
substrate exhibits weak reflections which can be assigned to the presence of Fe;0,
(PDF #01-072-2303) and FeO (PDF #00-006-0615). GR*¢o, does not show any reflections, which
indicates partial dissolution and thus the complete attenuation of the very weak (001) reflection. Due
to the stronger initial intensity of the (001) reflection in GR*go, the signal is still detectable post-

catalysis.

10. Post-catalysis investigations: X-ray diffraction

11
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Fig. S11: Representative TEM micrographs from GR*¢ox (a), and GR* o, (b) before catalysis. Both
feature similar morphologies of big, platy crystals partially intergrown with smaller platelets. The big
platelets are composed of multiple individual layers. Post-catalysis TEM micrographs of GR*¢noy (),
and GR*go, (d) show that the platelet-like morphology is generally preserved but apparently
overgrown by second phase.

11. Post-catalysis investigations: Transmission Electron Microscopy

12
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