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Abstract

Heterogeneous oxidation catalysis in the liquid phase amongst other things is pivotal for the
production of base chemicals, energy storage, and energy conversion. In comparison to the
often used and well investigated catalytic gas phase reactions, which usually have to be
conducted at rather harsh conditions, not enough is known about the active sites and reaction
mechanisms of liquid phase catalysis, making the design of cheaper, more active, and more
stable catalysts difficult. As a consequence, the systematic investigation of composition- and
mesostructure-activity relationships is of very high importance, since it enables a more
rational design of efficient heterogeneous catalysts. The mesostructure of a catalyst can be
defined by numerous features, e.g., morphology, porosity, crystallinity, exposed surface
facets, defects, or possible inhomogeneities on the micro or nano scale. Therefore, the main
focus of this thesis lies upon the development of robust synthesis methods for liquid-phase
catalysts, the systematic tuning of composition and mesostructure of the same, and their
catalytic testing. Herein, cobalt-based spinels have been chosen as prototypic case study for
(mixed) metal oxide catalysts.

To investigate the impact of composition the crystalline precursor decomposition approach
was applied to synthesize a substitution series containing Co030s, MgC0204, Co02FeQg,
C02AlO4, and CoFe204, with all catalysts exhibiting a porous platelet morphology and a
predominant 111 surface termination. To also compare the impact of different surface
terminations isotropic CosO4 and CoFe>O4 were prepared. Catalytic testing in chemical water
oxidation using ceric ammonium nitrate (CAN test), electrochemical oxygen evolution
reaction (OER) and H>O> decomposition was conducted. For the water oxidation reactions,
Co** was found to play the major role for high activity. For HO, decomposition on the other
hand, Co?* is most important. Overall, in all reactions CozO4 exhibited the highest activity. At
constant Co®" to other metal cation ratios redox active cations incorporated in the structure
were beneficial for catalytic activity compared to the spinels containing redox inactive
cations, therewith underlining the important role of redox pairs. The predominant 111 surface
termination was only favorable for the Co®" containing CosOs, for CoFe204 no trend was
observed.

Next to composition and surface termination, the precise tuning of other mesostructural
features such as pore size is desirable. Therefore the crystalline precursor decomposition

approach was combined with microemulsion-assisted co-precipitation (MACP). Through



limiting the particle growth within micelles and variation of the constant pH during synthesis,
the pore size was systematically effected and the as-prepared layered double hydroxides
(LDHs) and corresponding spinels are suited for the systematic investigation of confinement
effects during OER. A threshold pore size at which the overpotential increased significantly
was identified. Electrochemical impedance spectroscopy (EIS) hinted towards a change in
OER mechanism, connected to the oxygen release step. It is proposed, that in the smaller
pores, the critical radius for oxygen bubble formation is not met, so no oxygen bubbles are
blocking the pores, resulting in the observed lower overpotential for samples with smaller
pore sizes.

A detailed study on the structure of Co.FeOs prepared by the crystalline precursor
decomposition approach was conducted to better understand the formation of the oxide and
porous mesostructure from the precursor. Due to a miscibility gap in the phase diagram at this
composition, phase separation occurs during the decomposition step of the precursor. This
results in porous crystalline nano-flakes, which exhibit spatial composition fluctuations of
cobalt and iron rich domains with a size of around 5nm. A surprisingly small lattice
parameter for the iron rich phase was explained by density functional theory results with a
higher compressibility of this phase and the high number of interfaces due to the phase
separation on the nano scale. Investigation of the magnetic properties revealed an exchange
bias effect, due to the strong coupling of the adjacent antiferromagnetic cobalt rich and
ferrimagnetic iron rich regions within the platelets. This finding underlines the versatility of
the crystalline precursor decomposition approach for not only the systematic and reproducible
tuning of composition and mesostructure for catalytic applications, but also for synthesizing

spinels with unusual crystallographic and magnetic properties.



Kurzzusammenfassung

Heterogen katalysierte Oxidationsreaktionen sind unter anderem von entscheidender
Bedeutung fur die Herstellung von Grundchemikalien, Energiespeicherung und
Energieumwandlung. Im Vergleich mit der haufig verwendeten und gut untersuchten
Gasphasenkatalyse, die oft bei anspruchsvollen Reaktionsbedingungen durchgefiihrt werden
muss, ist nicht viel bekannt (ber die aktiven Zentren und Reaktionsmechanismen von
Flussigphasenkatalysatoren. Dies erschwert insbesondere die Entwicklung billigerer, aktiverer
und stabilerer Katalysatoren. Daher st die systematische Untersuchung von
Zusammensetzungs- und Mesostrukturaktivitatsbeziehungen von groRer Bedeutung, da sie ein
rationelleres Design effizienterer heterogener Katalysatoren ermdglicht. Die Mesostruktur
eines Katalysators kann durch viele Charakteristika beschrieben werden, zum Beispiel
Morphologie, Porositat, Kiristallinitdt, = Oberflachenterminierungen,  Defekte  oder
Inhomogenitaten auf der Mikro- oder Nanoskala. Auf Grund dessen liegt der Schwerpunkt
dieser  Arbeit  auf der Entwicklung robuster Synthesemethoden fur
Flussigphasenkatalysatoren, der systematischen Variation von Zusammensetzung und
Mesostruktur, sowie der Katalytischen Testung. Als prototypische Fallstudie wurden
kobaltbasierte Mischmetaloxidkatalysatoren ausgewahlt.

Um den Einfluss unterschiedlicher Zusammensetzungen auf die katalytische Aktivitat zu
untersuchen wurde mit Hilfe des crystalline precursor decomposition approach eine
Substitutionsreine bestehend aus Co030s, MgCo0204, Co2FeOs, C0.AlO0s und CoFe204
hergestellt. Alle Katalysatoren besitzen eine pordse Plattchemorphologie und eine
vorherrschende 111-Oberflachenterminierung. Um auch den Einfluss unterschiedlicher
Oberflachenterminierungen zu untersuchen, wurden isotropes Coz04 und CoFe204 hergestellt.
Zur Untersuchung der katalytischen Aktivitat wurde die chemische Wasseroxidation mit Hilfe
von Cer(IV)-ammoniumnitrat (CAN-Test), die elektrochemische
Sauerstoffentwicklungsreaktion (OER) und die H202 Zersetzung durchgefuhrt. Fir die
Wasseroxidationsreaktionen spielte Co®* die entscheidende Rolle fiir eine vergleichsweise
hohe Aktivitit, fiir die H,0, Zersetzung auf der anderen Seite war Co?" am wichtigsten. Bei
allen Reaktionen zeigte Co03Os die hdchste Aktivitdt. Zusatzlich wirkten sich bei einem
konstanten Anteil von Co*" in der Spinellstruktur redoxaktive Kationen positiv auf die

katalytische Aktivitdt aus, was die Relevanz von Redoxpaaren unterstreicht. Die



vorherrschende 111-Oberflachenterminierung war im Fall vom Co®" enthaltendem Co03Os
vorteilhaft, fur CoFe2O4 war kein Trend zu beobachten.

Neben Zusammensetzung und Oberflachenterminierung ist die Mdglichkeit zur gezielten
Variation anderer mesostruktureller Merkmale wie zum Beispiel die PorengroRe
winschenswert. Daher wurde der crystalline precursor decomposition approach mit der
mikroemulsionsbasierten Coféallung (microemulsion-assisted co-precipitation, (MACP)),
kombiniert. Durch die Begrenzung des Partikelwachstums innerhalb der Mizellen und die
Variation des konstanten pH Wertes wahrend der Synthese wurde die PorengrélRe
systematisch beeinflusst und die so hergestellten layered double hydroxides (LDHs) und
entsprechenden Spinelle eignen sich so fur die systematische Untersuchung von sog.
confinements effects wahrend der OER. Hierbei wurde eine Schwellenwert fur die PorengrofRe
identifiziert, oberhalb dessen es zu einen signifikantem Anstieg des Uberpotentials kommt.
Ergebnisse der elektrochemischen Impedanzspektroskopie (EIS) deuteten auf eine Anderung
des OER Mechanismus hin, die mit dem Schritt der Sauerstofffreisetzung verbunden ist. ES
wird angenommen, dass in den kleineren Poren der kritische Radius fur die Bildung von
Sauerstoffblasen nicht erreicht werden kann, sodass keine Sauerstoffblasen die Poren
blockieren, was in diesem Fall wiederum zu einem geringen Uberpotential fiihrt.

Um die Oxidbildung aus dem precursor und die porése Mesostruktur besser zu verstehen,
wurde eine detaillierte Untersuchung der Struktur des durch den crystalline precursor
decomposition  approach  hergestellten  Co2FeOs4  durchgefihrt.  Aufgrund  einer
Mischungsliicke im Phasendiagramm bei dieser Zusammensetzung kommt es wahrend des
Zersetzungsschrittes des precursors zu einer Phasenseparation. Dies fiihrt zu pordsen und
kristallinen nano flakes, die radumliche Schwankungen im Kobalt- und Eisengehalt mit einer
Doménengrofle von etwa 5nm aufweisen. Ein Uberraschend kleiner Gitterparameter der
eisenreichen Phase wurde durch Ergebnisse der Dichtefunktionaltheorie mit einer héheren
Kompressibilitat dieser Phase und der hohen Anzahl von Grenzflachen aufgrund der
nanoskaligen Phasentrennung erklart. Die Untersuchung der magnetischen Eigenschaften
ergab einen exchange bias effect aufgrund der starken Kopplung der benachbarten
antiferromagnetischen kobaltreichen und ferrimagnetischen eisenreichen Bereiche innerhalb
der Plattchen. Dieser Befund unterstreicht die Vielseitigkeit des crystalline precursor
decomposition approach. Nicht nur ist die systematische und reproduzierbare Variation der
Zusammensetzung und Mesostruktur fur katalytische Anwendungen mdglich, sondern auch
die Synthese von Spinellen mit ungewohnlichen kristallographischen und magnetischen

Eigenschaften.
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AFM
BET
BJH
CcVv
DFT+U
DLS
DRT
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NLDFT non-local density functional theory

OCP open circuit potential
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ORR oxygen reduction reaction
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PBEsol Perdew-Burke-Enzerhof for solids
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PSD pore size distribution

PXRD powder X-ray diffraction
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RHE reversible hydrogen electrode
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SAED selected area surface diffraction
SECCM scanning electrochemical cell microscopy
SEM scanning electron microscopy

SI supporting information

STEM scanning transmission electron microscopy
SXRD surface X-ray diffraction

TEM transmission electron microscopy
TGA thermogravimetric analysis
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VASP Vienna ab initio simulation package
VOC volatile organic compound

VSM vibrating sample magnetometer
WAXS wide angle X-ray scattering

XAS X-ray absorption spectroscopy

XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction

XRF X-ray fluorescence
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1. Introduction and Motivation

Catalysis is one of the most important technologies in our modern day lives. Nearly all
industrial productions of chemicals depend on catalytic reactions, most of them
heterogeneous.!*! As nowadays fossil fuels are a more and more fading resource, even more
effective catalytic processes are needed to further satisfy the demand of the ever-growing
world population. Next to the chemical supply chain, a special focus lies upon the energy
sector, which also is still heavily dependent on coal, oil, and gas. Therefore, the production of
green hydrogen is increasingly seen as a solution to the global energy crisis and an important
step towards a net-zero carbon emission economy to limit climate change.[?!

A lot of the heterogeneous catalyzed oxidation reactions in industry are gas phase reactions.
Frequently applied is the functionalization, often oxidation, of hydrocarbons and alcohols.F!
Famous examples are the synthesis of formaldehyde from methanol over iron molybdate or
the oxidation of propene.l! Even though gas phase reactions are regularly used, they have the
extreme downside of a high energy demand due to high temperatures and low selectivity, e.g.,
the total oxidation to CO2 and H20 is often inevitable. If total oxidation does not occur, often
a complex mixture of products is obtained, calling for extensive separation processes.®
Hence, a new focus falls upon liquid phase reactions, which are conducted at lower
temperatures, therefore have a significantly lower energy demand and selectivity problems
can often be addressed much more easily. Industrially manifested is for one the propylene
epoxidation using H20> in water and methanol, which does not yield any by-products except
water.®l A special field in catalysis is electrocatalysis, which is the other exception for
application of catalysis in the liquid phase. It is an important bridge between the world of
catalysis with the energy supply sector with applications such as water electrolyzers and fuel
cells but is hardly used within the chemical value chain.["

Compared to metal catalysis in the gas phase, very little is known about the active sites and
reaction mechanisms at solid-liquid interfaces.l® It would be desirable to gain knowledge
about the above-mentioned variables for actual working catalysts, which are often very
different to the much investigated ideal single crystal surfaces. This insight will enable the
development of synthesis procedures and rational, knowledge-based design strategies for
well-performing oxidation catalysts applicable in the liquid phase.ll Next to lowering the
energy demand and increase the selectivity by going to the liquid phase, it would be
preferable to replace expensive precious metal catalysts, to make industrial application

profitable. Promising candidates for well-performing liquid phase oxidation catalysts and



water splitting catalysts are cobalt iron containing layered double hydroxides (LDHs) and
spinels. Cobalt and iron are earth abundant and therefore cheap. Furthermore, the crystal
structures exhibit a huge flexibility for isomorphous cation substitution, resulting in extremely
tunable properties.!*"]

This thesis was prepared in the scope of the Collaborative Research Center 247, which has the
overall task to decipher the role of composition and the so-called real structure of mixed metal
oxides during oxidation catalysis in the liquid phase. The real structure includes numerous
mesostructural features, e.g., morphology, porosity, crystallinity, exposed surface facets,
defects, and possible inhomogeneities on the micro or nano scale.

The main goals of this work are the establishment of robust synthesis procedures for phase
pure layered double hydroxides and spinels, the characterization of the precursors and as-
prepared catalysts, and testing of the catalytic activity in liquid phase oxidation reactions. The
syntheses should be reproducible and allow scalability, to provide other research groups with
a reliable materials base for the investigation of the impact of composition and mesostructure
on the activity in various oxidation reactions and allow for further in situ or operando studies.
By applying direct co-precipitation of spinels or the crystalline precursor decomposition
approach, which was already employed by Friedel et al. for cobalt ferrite from a layered
double hydroxide precursor,i**l key parameters of the mesostructure are controlled. The
individual contributions and interplay of the different features are investigated. It is aimed for
an understanding of the impact of synthesis parameters far beyond the phenomenological
approach, which is still often used. All of this enables the gaining of knowledge about
composition and (real) structure-reactivity relationships.

The first pillar of this work is the investigation of composition-activity relationships for
cobalt-based spinel oxides. A systematic substitution of redox active and redox inactive
cations in the spinel structure, with otherwise as much as possible fixed mesostructure, allows
to investigate the role of redox pairs during electrochemical oxygen evolution reaction (OER),
chemical water splitting using Ce*" as oxidizing agent, and H.0O, decomposition. The second
pillar is the study of the impact of different mesostructures with otherwise fixed composition,
meaning mesostructure-activity relationships. In the first part of this chapter, the impact of
morphology and predominant surface termination is addressed for the aforementioned
oxidation reactions. Furthermore, microemulsion-assisted co-precipitation of LDHSs is
established and the impact of the constant pH during precipitation on the OER activity of the
LDHs and corresponding spinels is analyzed. The third pillar focuses on the advanced

examination of the mesostructure of iron cobaltites. It underlines the pivotal importance of



complementary characterization methods to unravel unusual mesostructural features and

resulting electronic and magnetic properties.






2. State of the Art

As already discussed in the introductory part of this thesis, oxides and (layered double)
hydroxides of transition metals play a major role in heterogeneous catalysis. Herein, the two
very promising candidates layered double hydroxides and spinels are introduced in more
detail. In addition, more insight is given on advanced synthesis methods, namely the co-
precipitation in general and the connection to the crystalline precursor decomposition
approach. The last part of this chapter spotlights electrocatalysis as it is the common catalytic
reaction throughout this research.

In each of the forthcoming chapters an own detailed introduction to the specific research

question is going to be given, hence repetition cannot be ruled out.

2.1 Layered Double Hydroxides

Layered double hydroxides are clay-like materials with the general formula

[MZ M3+ (OH),)*T[AR"]*" - mH,0, which descend from the eponymous compound

n

hydrotalcite with the composition MgsAl2(OH)16COs + 4H20.1'21 The layered structure is

composed of brucite-like layers with cations octahedrally coordinated by hydroxide anions.
Within the layers the octahedrons are connected by common edges. In the genuine brucite
structure exclusively bivalent cations are incorporated.[*®! Inside the LDH structure, a certain
amount of bivalent cations in the sheets is isomorphously substituted by trivalent cations,
leading to an excess positive charge. The resulting charge imbalance is compensated through
intercalation of anions between the brucite-like sheets. The layers are thus held together by
electrostatic interactions and through hydrogen bonding of additionally incorporated water.[*4]
The exact position and fluctuating interactions of the occupants in the anionic interlayers are
hard to investigate, therefore Figure 2.1.1 displays the LDH structure schematically, without
assignment of exact positions for the exemplary chosen carbonate anions and water. For the
formation of phase pure LDHSs the value for x has to stay within a certain range, which is
usually reported to be in the range of 0.2 < x > 0.33."% A multitude of trivalent cations

qualify to substitute the bivalent cations within the layers, the most important requirement



being similar ionic radii. Table 2.1.1 shows a selection of cations suitable for LDH synthesis

and their respective ionic radii.

Table 2.1.1: Selection of bivalent and trivalent cations suitable for the synthesis of LDHs and their
respective ionic radii in octahedral coordination.[6]

M?2* Radius [nm] M3* Radius [nm]
Fe 0.061 Al 0.054
Co 0.065 Co 0.055
Ni 0.069 Fe 0.055
Mg 0.072 Mn 0.058
Cu 0.073 Ga 0.062
Zn 0.074 Rh 0.067
Mn 0.083 Ru 0.068

Next to the flexibility in cations, which can be incorporated, a plethora of anions can be built
into the interlayer structure. The intercalation of carbonate is very common, but also for
example nitrate, chloride, sulfate, and a whole range of organic anions can be incorporated.t*”]
One of the biggest advantages of LDHs is the even distribution of the different cations within
the brucite-like sheets. Even though, reports of experimental and theoretical investigations of
the long- and short-range order in the layers are somewhat inconclusive, studies could clearly
show that for example in MgnFe LDHs (n = 2,3,4) the trivalent iron cations never occupy
neighboring sites if possible.' This even distribution can unlock unknown properties and

advantages for several applications in which cation distribution is of profound importance.
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Figure 2.1.1: Layered structure of LDH (left) and exemplary cation distribution within the layers
(right).[9



The well distributed cations within the layers, the tunable physicochemical properties, and the
flexibility of the structure lead to a high scientific interest and numerous applications of LDHs
and their derivatives. Utilizations are e.g., as ion exchangers,?%1 adsorption materials for small
molecules such as CO, and NOy,[?Y sensing of volatile organic compounds (VOCs),??
adsorption of aqueous pollutants,?® in drug delivery,?*! as additives in functional polymer
materials,?® and many more. Moreover, a special focus falls upon their use in different
catalytic applications. The as-prepared LDHs as such already perform well as electrocatalysts
or photocatalysts.[?61 Furthermore, intercalation, delamination, or deposition alters the
properties of the as-prepared layered structures, advancing the performance and fields of
catalytic application.[?”]

Another advantage of LDHs is their comparably easy and affordable synthesis. To achieve the
formation of LDHs with various properties, specially designed for their application purpose,
different synthesis approaches are used. Typical synthesis techniques are co-precipitation, 2]
the urea decomposition approach,?l hydrothermal (post-)treatment,*% and sol-gel
synthesis.BY If particle dimensions smaller than the usual near sub-micron platelet size are
desired there are two mainly used options. On the one hand, already synthesized particles can
be exfoliated e.g., by sonication or solution intercalation of surfactants,*?! or on the other
hand particle growth can be limited directly during synthesis through employment of
surfactants or even defined emulsions.!

However, next to the enormous flexibility of the structure and the multitude of applications
derived from that, LDHs have a disadvantage. They are in most cases not very temperature
stable and are therefore not suited to be used in e.g., thermal catalysis at elevated
temperatures. Nevertheless, they are feasible precursors for metal catalysts or mixed transition
metal catalysts. During thermal treatment of LDHSs, in general a 3-step decomposition takes
place, involving the dehydration, dehydroxylation and, in the case of carbonates as anions,
decarboxylation.** Depending on the composition of the LDH different oxides are formed
upon calcination. Very common is the formation of a rock salt type oxide and a spinel type
oxide. However, if the LDH contains oxidizable bivalent cations and the right ratio of bivalent
to trivalent cations is met, phase pure spinel can be obtained.™*®! This possibility is the core of
the synthesis approach applied in this thesis, the crystalline precursor decomposition
approach. In the next part of this chapter spinel type oxides are going to be introduced,
followed by a more detailed introduction to co-precipitation and the crystalline precursor

decomposition approach.



2.2 Spinel

The spinel structure (A%*)(B*"2)o04 is named after the mineral spinel MgAI.O4. Usually these
materials are oxides, but other chalcogens can serve as anions as well. The crystal structure is
built of cubic close-packed OZanions in which one half of the octahedral sites (o) is occupied
by B3* cations and one eighth of the tetrahedral sites (t) is occupied by A?*cations. This
results in the coordination of one O% anion by one A and three B cations. Figure 2.2.1 shows
the unit cell of the cubic spinel consisting of 56 atoms, with 32 cubic close-packed oxygen
anions, leading to a general formula of AsB16O32. Next to the typical bivalent and trivalent
cation containing spinel, the so-called (2,3) spinel, spinels can also consist of other
combinations of cations resulting in an overall number of 8 positive charges, e.g. (4,2) or (6,1)

spinels.*

-

L

Figure 2.2.1: Unit cell of the spinel structure. 5]

The exemplary shown MgAI>O4 in Figure 2.2.1 depicts the normal spinel structure with
above-described cation occupation. Next to this, inverse spinels (A% 1-«B3*«)i(A%*xB**24)o04
exist, x being the degree of inversion. For a normal spinel x = 0. If x = 1, an inverse spinel
structure is present. In this structure the bivalent A cations occupy octahedral sites and

trivalent cations are equally distributed in octahedral and tetrahedral sites. All other degrees of



inversion between the two extrema are possible as well.*¢1 The degree of inversion is
depending on many parameters, often mentioned are the cation radii, ionic charge, ligand field
stabilization energies, temperature, and even the mere particle size.%® 371 Theoretical methods
can calculate the degree of inversion for a given system and it can be experimentally
determined by several characterization methods, e.g., X-ray absorption spectroscopy, nuclear
magnetic resonance spectroscopy, or, for iron containing samples, Madssbauer
spectroscopy.®® The degree of inversion has a particular influence on the magnetic, electronic
and optical properties of the spinel, leading to many possible applications such as
supercapacitors,° battery materials,[*°! drug delivery,*! photocatalytic reactions,* as well
as electrocatalysis and thermal catalysis. ]

Another reason for their use is their relatively easy synthesis and they only/mostly contain
earth abundant transition or main group metals. Often used synthesis techniques are direct co-
precipitation,¥ sol-gel synthesis,[*® hydro- and solvothermal synthesis,*! nanocasting,*’]
and solid-state synthesis.*8] Next to the previously mentioned direct co-precipitation, spinels
can be derived from co-precipitated precursor materials through thermal treatment, the so-
called crystalline precursor decomposition approach. This approach and its advantages will be

briefly discussed in the following paragraph.

2.2.1 Crystalline Precursor Decomposition Approach

As already discussed in the two chapters above, LDHs and spinels are not only used in similar
applications, but LDHs can be used as precursors for the synthesis of well-defined spinels,
applying the crystalline precursor decomposition approach. In the first step, a crystalline
precursor, often a hydroxide or hydroxy carbonate like LDHs is (co-)precipitated, aged,
washed, and dried. Subsequently, this precursor is thermally transformed into an oxide,

serving as the as-prepared catalyst (Figure 2.2.2).
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Figure 2.2.2: Schematic representation of a typical computer-controlled (co-)precipitation. The crystalline
precursor is (co-)precipitated, washed with water, dried, and subsequently thermally transformed into a
porous pseudomorph of the precursor.

Co-precipitation in general is a powerful approach for the synthesis of high surface area
materials as it is usually done under mild conditions, therefore preventing sintering of
particles or pores. It is affected by a multitude of parameters, yet allowing the tuning of a lot
of materials properties like crystallinity, phase composition, etc. An overview is shown in
Figure 2.2.3.14%
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Figure 2.2.3: Parameters influencing materials properties during co-precipitation.
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One great advantage of the crystalline precursor decomposition approach is the accessibility
of unusual mesostructures. When spinels are synthesized via direct (co-)precipitation of metal
salts, usually isotropic particles are obtained due to the minimization of the surface energy,
which is automatically fulfilled if no stabilizers are added. The precipitated (layered double)
hydroxide precursors on the other hand form rather large platelets with high aspect ratios
without the addition of surfactants, because of their layered crystal structure. Upon thermal
treatment, the morphology is retained, giving access to rather untypical morphologies, so-
called pseudomorphs.*

Depending on the applied crystalline precursor, another huge advantage comes into play. In
the case of Co(OH)2 as a precursor, the thermal transformation to CozO4 occurs in a topotactic
manner from the (001) plane of the precursor to the (111) plane in the spinel, due to the very
similar lattice spacing.®® This results in cobalt oxides with a platelet morphology and a
predominant (111) surface termination, making them feasible model catalysts for the
investigation of the activity of one specific surface termination. Friedel et al. have shown that
this approach is transferable to cobalt ferrite as well.*4

The crystalline precursor decomposition approach therefore gives rise to well-defined but
unusual morphologies for spinel type oxides in high quantities due to easy reproducibility if
computer-controlled co-precipitation is applied. The formation of these particles is
accomplished without the addition of organic surfactants, which may influence the catalytic

properties of the material.

As electrocatalysis is a large and promising area of application for both LDHs and spinels, the
fundamental theoretical background is discussed in the following chapter.

2.3 Electrocatalysis

As already described in the motivation of this thesis, finding alternative solutions for fuel, at
best free of carbon emissions, is an important task for researchers these days. An extremely
promising and already in use fossil fuel alternative is hydrogen produced from
electrochemical water splitting.®™ Next to the storage of energy, the produced hydrogen can
be used as feedstock for high value-added chemicals.®?

This process can for example be conducted in electrolyzers powered by renewable energy
sources, with the hydrogen evolution reaction (HER) taking place at the cathode and the
oxygen evolution reaction (OER) taking place at the anode.
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Equations 1-3 show the anodic and cathodic half reactions in alkaline medium as well as the

overall occurring reaction.

Anode: 40H™ - 2H,0 + 0, + 4e~ Eq.1
Cathode: 4H,0 + 4e~ — 2H, + 40H™ Eq. 2
Overall: 2H,0 — 2H, + 0, Eq. 3

In equilibrium a potential Eo of 1.23 V is needed for the overall water splitting reaction.[
Nevertheless, the actual applied potential E to reach a certain current density is always higher
than the equilibrium potential. The difference is defined as the so-called overpotential  (Eq.
4),

The HER exhibits a way smaller cathodic overpotential nc compared to the anodic
overpotential for OER na. This is due to the significantly more sluggish kinetics of the OER,
as it is a four-electron process and therefore limiting the HER. Consequently, to make
hydrogen evolution via electrocatalytic water splitting more feasible, the OER process must
be optimized, meaning lowering the overpotential.

The overpotential is caused by several contributions, for example electrolyte resistance,
electronic resistances of the electrodes, concentration losses or mass transfer limitations, and
reaction kinetics.® Next to optimizing the cell design and therewith lowering the
overpotential, reaction kinetics play a pivotal role in electrocatalysis.

When assuming electron transfer to be rate determining, the Butler-Volmer equation (Eq. 5)

describes the relation between the current density i and the overpotential at an electrode.

o (1 —a)nFn —anFn Eq.5
L=1pg| exp RT exp RT

i IS the exchange current density, a the symmetry factor or transfer coefficient, n the number
of electrons involved in the reaction, F the Faraday constant, R the universal gas constant, and

T the temperature. The oxygen evolution reaction usually takes place at high anodic
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overpotentials, so the oxidation can be assumed to be dominant, allowing for simplifications
leading to the Tafel equation. (Eq. 6).[5% %

n = const + blogi Eq. 6

The Tafel slope b is common descriptor for charge transfer and with that the activity of an
electrocatalyst. The smaller b the higher the rate of electron transfer, resulting in a higher
efficiency of the catalyst.*8! Several commonly investigated parameters to compare the
performance of electrocatalysts exist. The most often used is the above described
overpotential at 10 mA cm and the Tafel slope. Additionally, the electrochemically active
surface area (ECSA) is frequently determined. For this purpose, several approaches exist such
as estimating the ECSA from the double-layer capacitance from cyclovoltammetry, or from
electrochemical impedance spectroscopy (EIS).’1 For evaluation of the stability either
cycling studies can be performed, meaning recording at least several hundreds or thousands of
cyclovoltammograms while monitoring the benchmarking overpotential at 10 mA cm. Also,
chronoamperometric, and chronopotentiometric studies are applied.®® 51 More insight into
oxidation and reduction processes can be gained from cyclovoltammography and for the
investigation of mechanistic details, for example the rate limiting step, electrochemical
impedance spectroscopy is used.’® All the above-described performance descriptors of
catalysts can be easily determined by using a typical three electrode setup with a reference
electrode, a counter electrode, and a working electrode, which often consists of glassy carbon
modified with the corresponding electrocatalyst.

To minimize the most frequently used performance parameter, the overpotential n, countless
studies on setup idealization and materials have been conducted. Precious metal oxides such
as Ir0O; and RuO; are good OER catalysts, but extremely rare and therefore expensive. In
addition they suffer from limited stability under highly oxidizing potentials.[®® Mixed
transition metal oxides have proven to be promising candidates since they are earth abundant
and therefore cheap. They are mostly not stable in acidic conditions, so alkaline conditions are
applied.

Next to comparing the experimentally derived activities of innumerable catalysts, theoretical
calculations are helpful to predict and tune the performance of electrocatalysts. A proposed
and often used mechanism of the OER is the following adsorption-based four step mechanism
(Equations 7-10).
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H,0+ *—>HO*+H"+e" Eq. 7

HO* > 0*+e” +H* Eq. 8
0* + H,0 » HOO* + e~ + H* Eq. 9
HOO* » "+ 0y +e” +H" Eq. 10

Based on this mechanism Rossmeisl and coworkers derived a volcano curve for common
materials used in the OER shown in Figure 2.3.1.%1 It is based on the Sabatier principle,
which states that an optimal performing catalyst exhibits intermediate bonding energies for
reactants, meaning that the surface of a good catalyst neither binds intermediates too strong
nor too weak. If the intermediate binds too weakly to the electrode surface, the reaction will
not take place because no activation is occurring, if it is bound too strongly, all surface sites
will be blocked.?
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Figure 2.3.1: Activity trend towards oxygen evolution for several oxides. The negative theoretical
overpotential is plotted against the standard free energy of AGY. — AGY,-.[5Y

This leads to the fact that the activity is by a large extent determined by the binding energy of
the intermediates. In Figure 2.3.1 the descriptor used is the standard free energy of AGJ. —
AGJ,+. Even though this form of volcano plot does not include any kinetic barriers, the
agreement of theoretical and experimentally derived overpotentials is very good, therefore
enables the identification of trends, and allows quantitative theoretical predictions of catalyst
activity based on the empirical Sabatier principle.[%® The volcano plot reveals overpotentials

for cobalt and nickel oxides in the range of the best performing precious metal oxides, making
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especially cobalt-based spinel oxides an interesting area of research towards better performing
electrocatalysts, with many studies already conducted.®*!

The above-described theoretical and experimental performance descriptors are very useful to
get a first idea of the relative activity of catalysts and the experimentally accessible
parameters can be easily obtained from rotating disc electrode (RDE) or rotating ring disc
electrodes (RRDE) measurements. Nevertheless, even though these measurement procedures
are convenient to perform and are a feasible tool for catalyst evaluation, they can carry certain
pitfalls with them, which should be avoided and/or considered during data evaluation. For
example, the coffee ring effect from drop casting the catalyst can lead to non-uniform catalyst
distribution,! bubble formation may block active sites,®® or binder effects might influence
the catalysts performance,®” which all in all may hinder the investigation of the real intrinsic
activity of a catalyst.

Nowadays, new, and more progressive methods come in to play, among them single entity
electrochemistry, in situ, and operando methods. Since catalysts under working conditions
usually drastically change in structure, the exact tracking of these changes during conditioning
and actual catalysis is desirable and essential to be able to design more active and stable
catalysts. For example, nano impact electrochemistry eliminates the uncertainty of the bulk
electrodes, which are often used. The powder catalyst is dispersed in the electrolyte and meets
an inert microelectrode through Brownian motion. Upon contact a current is detected.®]
Tschulik and coworkers were able to investigate the intrinsic activity of single 4 nm cobalt
ferrite nanoparticles by using the nano impact technique.® If particles are bigger, another
feasible method is scanning electrochemical cell microscopy (SECCM), enabling
measurement of electrochemical activity on top of particles, on edges, terraces, etc., therefore
providing precise information about structure-reactivity correlations within one particle.l®
For example, it was shown that for as-prepared hexagonal B-Co(OH): platelets the edge facets
show a significantly higher activity than the basal plane."]

With these methods the above-mentioned possible pitfalls of RDE measurements are
circumvented.

To gain more insight into the actual active phase of electrocatalysts, in situ or operando
studies are conducted. With the help of operando wide-angle X-ray scattering (WAXS) NiFe
and CoFe layered double hydroxides were shown to transform to a so-called y-phase at anodic
potentials in alkaline electrolyte, exchanging the intercalated anions with K*, leading to a
contraction of the crystal lattice.[’?! Bergmann et al. employed operando and surface-sensitive

X-ray absorption spectroscopy (XAS) and surface voltammetry, showing that under applied
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anodic potential Co?" in Co(oxyhydr)oxides transforms into predominantly octahedrally
coordinated, di-p-oxo-bridged Co%'.["®1 Furthermore, using operando surface X-ray
diffraction (SXRD) Magnussen and coworkers found an X-ray amorphous skin layer for
Co0304 catalysts, which was attributed to a 