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Summary
1. Summary
Electrocatalytic water splitting by layered catalysts is dominated by materials containing
expensive or toxic metals such as nickel and cobalt. Pure iron-based layered systems have been
neglected due to their difficult accessibility, although iron has often been identified as the active
metal center. In the context of this work it was possible to synthesize and characterize the
oxidation stable material mössbauerite from the mixed-valent "green rust" LDH and to
investigate its catalytic properties.
In the first part of the work, the phase-pure synthesis of mössbauerite is presented. The structure
is similar to the γ-phase of the nickel oxyhydroxide which was already used as an
electrocatalyst. Building on this, we used a layered iron oxyhydroxide as a catalyst in the
oxygen evolution reaction. The material proved to be an efficient and stable electrocatalyst. The
characterization showed that mössbauerite is a semiconductor without localized transitions.
Pure iron-based oxyhydroxides have already been used in earlier work as co-catalysts for
photoanodes. After mössbauerite turned out to be an efficient electrocatalyst with
semiconducting properties and a band gap in the visible range of the solar spectrum, it was
investigated whether the material could be used as a co-catalyst. The band gap and band position
of the material was determined for the first time. In combination with monoclinic tungsten(III)
oxide, a type II hetero-junction should result. Photoanodes on which tungsten(III) oxide was
deposited by electrophoresis were additionally coated with mössbauerite and showed an
increase of the current flow by more than 10%. Also, the experimental determination of the
band gap was in excellent agreement with DFT+U calculations of the electronic structure.
In the third part of the work, both the electronic and especially the crystallographic structure of
mössbauerite were investigated. Starting from the observation in the first paper that the layer
distance is significantly smaller than in related structures, the assumption was investigated that
the structure in the interlayer changes during oxidation from "green rust" to mössbauerite. The
degrees of freedom in FTIR were used to demonstrate that carbonate in the interlayer is bound
to the layers during oxidation. This observation causes a shrinkage of the layer distance to 7.0 Å
and could be proved plausible by DFT+U calculations. A structural model was established by
quantum mechanical calculations and subsequently refined under the assumption of a
randomized alternating storage of layers with bound and free carbonate in the intermediate
layer.
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Summary
This thesis is presented as a cumulative work; therefore, the results are described thematically
in the attached manuscripts.
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2. Zusammenfassung
Die elektrokatalytische Wasserspaltung durch schichtartige Katalysatoren wird von Materialien
dominiert die teure oder toxische Metalle wie Nickel und Kobalt enthalten. Rein Eisen-basierte
schichtartige Systeme wurden durch ihre erschwerte Zugänglichkeit vernachlässigt obwohl
Eisen häufig als das aktive Metallzentrum identifiziert wurde. Im Rahmen dieser Arbeit ist es
gelungen, ausgehend von dem gemischt-valenten „green rust“ LDH, das gegen Oxidation
stabile Material Mössbauerit zu synthetisieren, charakterisieren und hinsichtlich seiner
Katalyse-Eigenschaften zu untersuchen.
Im ersten Teil der Arbeit wird die phasenreine Synthese von Mössbauerit präsentiert. Die
Struktur weist Ähnlichkeiten mit der γ-Phase des Nickeloxyhydroxids auf welches bereits als
Elektrokatalysator eingesetzt wurde. Darauf aufbauend haben wir ein schichtartiges
Eisenoxyhydroxid als Katalysator in der Sauerstoffevolutionsreaktion eingesetzt. Das Material
erwies sich als effizienter und stabiler Elektrokatalysator. Im Zuge der Charakterisierung zeigte
sich, dass es sich bei Mössbauerit um einen Halbleiter ohne lokalisierte Übergänge handelt.
Rein Eisen-basierte Oxyhydroxide wurden in früheren Arbeiten bereits als Co-Katalysatoren
für Photoanoden eingesetzt. Nachdem Mössbauerit sich als effizienter Elektrokatalysator mit
halbleitenden Eigenschaften und einer Bandlücke im sichtbaren Bereich des Sonnenspektrums
herausgestellt hat, wurde untersucht, ob das Material als Co-Katalysator verwendet werden
kann. Im Zuge dessen wurde zum ersten Mal die Bandlücke und Bandposition des Materials
bestimmt. In Kombination mit monoklinischem Wolfram(III)oxide sollte sich eine Typ-II
Hetero-Junction ergeben. Photoanoden auf denen durch Elektrophorese abgeschiedenes
Wolfram(III)oxid zusätzlich mit Mössbauerit belegt wurde, zeigten eine Verstärkung des
Stromflusses um mehr als 10%. Die Bestimmung der Bandlücke zeigte sich in guter
Übereinstimmung mit DFT+U Berechnungen zur elektronischen Struktur.
Im dritten Teil der Arbeit wurden sowohl die elektronische, aber besonders die
kristallographische Struktur des Mössbauerit untersucht. Ausgehend von der Beobachtung in
der ersten Arbeit, dass der Schichtabstand deutlich geringer ist als in verwandten Strukturen,
wurde die Annahme untersucht, dass sich während der Oxidation von „green rust“ zu
Mössbauerit die Struktur in der Zwischenschicht ändert. Es konnte anhand der Freiheitsgrade
im FTIR nachgewiesen werden, dass Carbonat in der Zwischenschicht während der Oxidation
an die Schichten gebunden wird. Diese Beobachtung verursacht ein Schrumpfen des
Schichtabstands zu 7.0 Å und konnte durch DFT+U Berechnungen als plausibel belegt werden.
3

Zusammenfassung
Es wurde ein Strukturmodell durch quantenmechanische Rechnungen aufgestellt und
anschließend unter der Annahme einer randomisierten Wechsellagerung von Schichten mit
gebundenem und freiem Carbonat in der Zwischenschicht verfeinert.
Bei dieser Arbeit handelt es sich um eine kumulative Dissertation, daher werden die Ergebnisse
thematisch sortiert in den angehängten Manuskripten beschrieben.
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3. Introduction
3.1.

The Necessity for Energy Storing Technologies

While the necessity for energy is rather obvious – starting from the most basic such as food
preparation or, more recent, almost all comfort appliances – the necessity for energy storing
technologies, however, has arisen rather recently as a crucial topic in countless scientific
approaches.1-3 Roughly with the turn of the millennia, the work on ‘energy storage’ increases
significantly with increasing speed (Figure 1).

Figure 1: Bibliographic analysis of the keyword ‘energy storage‘ in publications with Web of Science (last update: June
2019).

This trend is caused by the transition from fossil fuels (such as coal or crude oil)4 to renewable
energy (such as solar radiation, winds, waves, tides),5-6 which, in return, is happening due to
two major causes. An increasing environmental awareness caused by the undeniable changing
climate and the depletion of fossil fuels.7-9 Renewable sources could easily provide sufficient
energy to make fossil fuels obsolete. The worldwide energy consumption by the human
population accounts to roughly 13 terawatts, whereas the sun alone provides 120,000 TW per
year.10-12 Obviously, the amount of energy is sufficient, its intermittence, conversion, and
storage are issues that need to be tackled. While there is a wide range of storage possibilities
(thermal, mechanic, electric, chemical), this work will be focused on molecular hydrogen (H2),
the lightest existing molecule.
Already today, approximately 60 million tons are produced each year,13 of which almost half is
consumed in the Haber-Bosch process. If considered as a fuel, hydrogen has the major
advantage to be a clean energy carrier since its combustion with oxygen yields only water as a
product alongside energy. This resulted in the idea of a hydrogen economy which is based on
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hydrogen as the primary fuel. The concept itself is (in a very simplified version) straightforward
and schematically depicted in Figure 2.

Figure 2: Schematic general concept of an idealized hydrogen economy. (based on14)

As a closed reaction cycle, no additional compounds are produced or consumed – and hydrogen
acts energy carrier to mediate between input and output. Currently, the major share of hydrogen,
however, is produced by the steam reforming process (Equation 1)15
𝐶𝐻4 + 𝐻2 𝑂 ⇌ 𝐶𝑂 + 3𝐻2

(1)

The initial, mainly nickel-catalyzed, conversion of methane is followed by the water-gas shift
reaction to convert the produced carbon monoxide with water according to Equation 2.
𝐶𝑂 + 𝐻2 𝑂 ⇌ 𝐶𝑂2 + 𝐻2

(2)

As a rapidly emerging, and currently the second most contributing method, the electrolysis of
water in order to produce hydrogen poses a reaction that is completely independent of carbonbased molecules or compounds.16 Therefore, it could sustain the energy supply (if being scaled
up intensely) regardless of the depletion of fossil fuels and is a major step towards an ideal,
functioning hydrogen economy. The electrolysis or electrochemical production of hydrogen
will be discussed in the following chapter.

6
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3.2.

Electrochemical Hydrogen Production

The phenomena of water splitting was initially observed and documented to some extent by
Deinman and van Troostwijk in 1789.17 The decomposition of water into so-called
‘combustible’ and ‘life-giving’ air was soon to be followed by many others such as J.W. Ritter
or William Nicholson only to by visualized by Alessandro Volta and published in The Royal
Society as a letter to Joseph Banks (Figure 3).18-19

Figure 3: The voltaic pile or ‘Organe électrique artificiel’ as originally depicted by Alessandro Volta in June 1800.
(reprinted with permission from the Royal Society19)
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Whereas the technology of electrolysis cells has come a long way in the past 200 years, the
thermodynamics behind the decomposition have, quite understandably, not changed. The zero
current cell voltage 𝐸𝑒𝑞 to split water can be derived from the Gibbs free energy of the formation
of water ∆𝐺𝑓0 . The relation of 𝐸𝑒𝑞 and ∆𝐺𝑓0 is expressed as:
𝐸𝑒𝑞

−∆𝐺𝑓0⁄
=
2𝐹

(3)20

𝐽
where F is the Faraday constant (𝐹 = 96,500 ⁄𝑉 ) and the 2 in the denominator origins from
the two electrons necessary to form molecular hydrogen and oxygen. At standard ambient
temperature (25 °C / 298 K), ∆𝐺𝑓0 = −237.1 𝑘𝐽 ⁄ 𝑚𝑜𝑙. Therefore, the thermodynamically
necessary voltage to exceed the stability region of water and to initiate its decomposition equals
1.23 V versus the reversible hydrogen electrode (RHE).21 Commercial electrolyzers, however,
usually operate ranging above 1.8 V.22 This deviance from the thermodynamically necessary
potential is referred to as the overpotential η of an electrochemical reaction. The experimental
determination and of the overpotential and its origins will be discussed in the following chapter
in a short overview of voltammetry in aqueous media.
3.2.1.

The study of electrolysis mechanisms by voltammetry

By measuring the electrode current as a function of the applied voltage in electrolysis cells, indepth information about the cell characteristics and electrochemical mechanisms can be
obtained. In the most elementary approach, information results from the measurements with
only two electrodes. The working electrode (WE) conducts the reaction that is to be analyzed.
Secondly, the reference electrode (RE) that is supposed to provide a fixed and constant potential
to define the drop in potential between WE and the surrounding electrolyte. This configuration,
however, is only applicable for a minuscule current flow e.g. in microelectrodes. The relation
between the potential E and the passing current i is described by:
𝐸 = (𝜙𝑚 − 𝜙𝑠 ) + 𝑖𝑅 + (𝜙𝑠 − 𝜙𝑟𝑒𝑓 )

(4)23

The first term describes the driving force for electrolysis at the WE, iR origins from the passage
of current between electrodes and describes the voltage drop at the WE/electrolyte interface.
The third term is the corresponding voltage drop at the RE/electrolyte interface. While the
second term in negligible in microelectrode setups, with larger electrodes it is not and therefore
affects the cell potential E. This issue is solved by using three-electrode setups with an
additional counter electrode (CE). The electrodes are connected to and controlled by a
potentiostat, where current only flows between WE and CE, whereas the potential of the RE is
8
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held constant.24 This setup usually is combined with a rotating disk electrode (RDE) to avoid
or minimize diffusion layers that would add additional overpotential.25 Figure 4 shows a
schematic presentation of a three-electrode setup.26 For the characterization of the processes at
the WE, glassy carbon (GC) is a standard material which is usually covered with a catalyst ‘ink’
of catalyst and Nafion® in a mixture of ethanol and water. Noble metals or noble metal alloys
at the CE catalyze the hydrogen evolution reaction (HER)23, 27 and the electrolyte is saturated
with gas (oxygen) to create an equilibrated and also standardized state.28 This, however, has
been the issue of some discussion in recent years.29

Figure 4: Schematic presentation of a three-electrode setup with RDE. (reprinted with permission from the Royal
Society of Chemistry26)

Using such a setup, various reversible or irreversible electrochemical methods can be performed
to characterize electrochemically active materials or processes. Linear-sweep voltammetry
(LSV) is a quite simple technique to perform and evaluate but still provides useful information
about the system and is a standard technique to benchmark the efficiency of electrocatalysts.
By sweeping the electrode in a range of typically between 5 mVs-1 and more than 102 Vs-1,23 in
a range from a value E1 where no reaction is happening to a potential E2 where electron transfer
is driven by an electrochemical reaction such as the oxygen evolution reaction (OER). If the
LSV is extended to a back-sweep in the same potential range as the first sweep, the technique
is called cyclic voltammetry. CV runs are used to ‘condition’ electrodes before performing
benchmark activities but also to investigate the kinetics of electrochemical reactions.30
Initially, the applied voltage is not sufficient to catalyze the desired reaction – consequently, no
current is flowing, but the electrodes are ‘charged’, comparable to plates in a capacitor. In
Figure 5A, this would correspond to the range below 1.4 V vs. RHE. After a certain threshold
is reached, the oxidation of water proceeds at the anode as follows:
9
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𝐻2 𝑂 →

1
2

𝑂2 + 2𝐻 + + 2𝑒 −

(5)31

This oxidative half-cell reaction is actually a four-electron process (since half an oxygen
molecule does not exist) and therefore thermodynamically and kinetically more demanding than
the reductive hydrogen evolution.32 However, if this energy barrier is surpassed, electrons flow
from the anode to the cathode to reduce protons. In general, it can be stated, that the sooner and
steeper the current starts to increase, the better the catalyst.

Figure 5: Electrochemical characterization of crystalline hematite and amorphous mössbauerite. (A)
Cyclovoltammetric (CV) measurements for the mössbauerite and hematite films (performed in 1.0 M NaOH) which
show a distinct cathodic shift in the onset potential. (B) Tafel plots for both the mössbauerite and hematite films. The
dotted lines are the extrapolated Tafel slopes and the table shows the values of the Tafel slopes and the exchange current
for each film. (C) Scan-rate-dependent CV measurements for both films. The peak current for the reduction wave in
mössbauerite is proportional to the square root of the scan rate, indicating a diffusion-controlled redox process. In
hematite, the peak current for the reduction wave is proportional to the scan rate indicating a surface-bound redox
species. (D) Potential step experiments for both films. The films were held at a potential of 1.9 V vs. RHE for 5 min,
followed by a potential step to 0.9 V vs. RHE. The resulting current-decay profile exhibits diffusion-controlled dynamics
in the mössbauerite film in contrary to the resulting current-decay profile in hematite.

Electrochemical characterization beyond LSV and CV is used to investigate materials more
detailed. Figure 5B shows Tafel plots of the catalysts as the overpotential vs. a logarithmically
scaled x-axis of the current. In this case, the slopes are fairly similar and therefore suggest
similar kinetic activities or similar kinetic limitations.33 The slopes of 111 mVdec-1 for hematite
10
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and 92 mVdec-1 for mössbauerite indicate a predominant surface-species formed in a step just
before the rate-determining step.33-35 This, however, is again subject to discussion since the
slopes are also depending on the setup. The possibilities of an in-depth analysis of CV
experiments is shown in Figure 5C. Upon reverse cycling during the CV measurement, a
reduction wave was observed at the point of water oxidation onset for both films. This peak has
been observed for a number of iron oxide electrocatalysts reported in the literature and the
origin of the peak species will be discussed in the following.36-37 For the mössbauerite sample,
the peak current density follows a scan rate-dependence of ip α ν0.5, indicating a diffusioncontrolled process. While the water oxidation intermediate appears to be under diffusion control
in the mössbauerite film, the scan rate-dependence of the reduction wave in the case of the
hematite film appears to indicate that this intermediate is surface bound and not under diffusion
control. This is evident from the fact that ip α ν1 for the hematite film.23 While the species itself
is difficult to determine from those experiments, it is evident, that the results indicate different
processed in the system. Finally, potential step experiments as shown in Figure 5D can contain
information about diffusion coefficients of intermediates.38
It is evident, that the information depth of EC experiments goes far deeper than benchmarking
a current density at the lowest possible to characterize electrochemically active materials.
However, the activity is from an economical point of view still the most decisive. In the
following chapter, state-of-the-art OER electrocatalysts will be discussed regarding their
performance, advantages, and disadvantages as well as the general direction of research in this
field at the moment.
3.2.2.

State of the art heterogeneous oxygen evolution electrocatalysts

The high overpotential of the OER is the critical issue in electrocatalytic water splitting. Noblemetal free or non-precious metal-based catalysts are dominating current research efforts on the
reduction of the OER overpotential. However, noble metal based catalysts (NMBCs) still have
some beneficial characteristics that make them highly interesting materials regarding current
density or durability.39 In the following, the advances in NMBC research for the OER will be
discussed briefly with a focus on composition, structure, and morphology of iridium, ruthenium
and other precious-metal-based metals, alloys or oxides.
Tuning the composition of ‘composite’ catalysts generally pursues two targets: reducing the
usage of noble metals and increasing the intrinsic activity of active sites. Ruthenium (RuO2)
and iridium oxide (IrO2) are usually listed as ‘state-of-the-art’ reference materials when new
work is published on OER catalysts.40 The complexity of the OER with countless possible
11
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decisive transition states, however, makes it difficult to define a reference catalyst.26 In-situ
XPS studies showed rather recently, that during the OER process IrIV is oxidized partially to
IrV.41 Additionally, the surface is partially converted to an iridium oxyhydroxide during
operation. Consequently, a purely IrOxOHy thin film was synthesized and showed superior
activity to both, amorphous and crystalline iridium oxide.42 Also, (unintentional) foreign metal
doping shows significant influence on the activity of catalysts by several magnitudes. If the
influence of the microstructure and the morphology of catalysts is taken into account, it is
obvious, that referencing the performance of new materials is difficult. McCrory et al. published
an objective evaluation of the activity of electrocatalysts for the OER in alkaline media which
is an excellent starting point for the comparison of activities.43 Figure 6 shows that, when
comparing the catalysts under similar conditions, iridium oxide is superior to a wide variety of
oxidic mixed-metal oxides.

Figure 6: Necessary overpotential of various oxidic OER electrocatalysts to sustain a current density of 10 mAcm-2 in
alkaline media.(reprinted with permission from the American Chemical Society43)

As mentioned at the beginning of this chapter, precious metal free catalysts are dominating
research efforts regardless of the performance of iridium oxide. For the simple reason that
noble-metals are scarce, and if water splitting is to be employed large-scale for hydrogen
production, the amount of OER catalysts necessary exceeds the availability of iridium or
ruthenium by far. Therefore, precious-metal-free materials need to be, and of course have been,
evaluated as potential catalysts and improved regarding activity and stability.
If precious metals are to be avoided, benchmarking OER catalysts at this point are layered
hydroxides or oxyhydroxides in various combinations of manganese, iron, cobalt, and nickel.
Those, however, will be discussed by their general application in electrochemistry in chapter
3.4. In the following chapter, the photoelectrochemical (PEC) hydrogen production will be
discussed. Especially the particularities compared to the electrochemical OER will be in the
focus.

12
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3.3.

Photoelectrochemical Hydrogen Production

Water splitting by photoelectrochemistry enables the conversion of solar energy into useable
and storable energy. According to the Nernst equation, 1.23 V is necessary per electron
transferred. Ideally, a single, semiconducting catalyst has a band-gap that is large enough to
surpass this energy. Additionally, the band energy needs to span over both electrochemical
potentials of H+/H2 and O2/H2O.44
Since the first report on titanium dioxide TiO2 by Honda and Fujishima in 197221 on the
electrochemical photolysis of water, the focus of countless researchers has been on the
development and testing of new (semiconducting) materials for both half-cell reactions.
Unfortunately for later researchers, Honda and Fujishima ‘discovered’ with TiO2 an already
highly effective catalyst due to its stability under operation, its low cost, and its low-lying
valence band, which in return results in highly oxidizing holes upon exciton generation.45-46
The general mechanism of photocatalysis is shown in Figure 7. In the photolysis of water, the
conversion of D- to D corresponds to the reaction at the valence band, the oxidation of H2O to
O2. The corresponding reaction at the conduction band is the reductive evolution of H2 from
protons.

Figure 7: Photocatalysis of a semiconducting material. Photogenerated excitons reduce electron acceptors (A) and
reduce electron donors (D). Competing reactions such as bulk recombination or surface recombination lower the
incident photon to current efficiency by mainly non-radiative processes. (based on44)

This illustration, however, is a bit deceiving for TiO2. The band-gap of TiO2 is the range of
3.2 eV, corresponding to radiation with a wavelength of 387 nm. If no light above this
wavelength is absorbed, the complete visible region is reflected, resulting in its white color and
leaving roughly 95% of the solar spectrum idle.44 While extensive effort has been spent in
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decreasing the band gap of TiO2,47 many other metal oxides (such as tungsten oxide) with
significantly lower band-gap exist and have been employed as photoanodes.
3.3.1.

Tungsten oxide photoanodes

Soon after the first reports on photoelectrochemical (PEC) cells with TiO2, tungsten trioxide
(WO3) has attracted attention as a photoanode due to the aforementioned drawback of TiO2’s
large band-gap.48 The structure of WO3 is temperature dependent.49 Except for elaborate
synthesis procedures that yield orthorhombic WO3,50 monoclinic or triclinic phases are stable
at room temperature. The band-gap of WO3 is roughly 2.7 eV; thus significantly smaller than
that of TiO2 and therefore at least 12% of the solar spectrum can generate excitons.51 Large
band-gap n-type semiconductors (such as TiO2 or WO3) suffer from small electron mobility
and short hole diffusion lengths.52 This significantly enhances the recombination rate and
lowers incident photon-to-current efficiency drastically. Mainly charge carriers that are
generated within the depletion range produce photocurrent. Doping, hydrogen treatment and
nanostructuring are means that are usually employed to tackle this issue of bulk materials by
augmenting the electrolyte/semiconductor interface or by increasing the charge mobility. An
elegant approach to increase the efficiency has arisen by forming heterojunctions of two (or
more) different semiconductors. This concept of heterojunctions and co-catalysts as photoanode
materials will be discussed in the following
3.3.2.

Co-catalysts in photoelectrochemical water splitting

As stated earlier, for semiconducting materials to catalyze the oxidative oxygen evolution, the
valence band must be energetically higher (more positive) than the O2/H2O potential. If a dual
system of two materials is used, there are three major types of heterojunctions (if two
semiconducting materials are assumed).53 Figure 8 shows the three main types of
heterojunctions of two semiconducting materials in contact.

Figure 8: Band position of type I, II, and III heterojunctions. (based on54)

Depending on the type of semiconductor (p-type: hole as majority charge carriers; n-type:
electrons as majority carriers) either electrons or holes / defect electrons contribute mainly to
14
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the total charge passed through the material. Figure 8I shows the energy alignment of a type I
heterojunction where conduction band (CB) and the valence band (VB) of material ‘a’ are
energetically lower. Therefore, both electrons and holes are collected in ‘a’. For type II, created
excitons (or charges) are separated effectively, since holes are transferred to ‘c’ and electrons
to ‘a’. A type III heterojunction is rather similar to type II, except that the energetic ‘distances’
of CB and VB of the two semiconductors are far more distinct.
Especially type II heterojunctions have been shown to have promising OER activities when
employed as photoanodes (for the above-mentioned reason of improved charge separation).55-57
Tungsten oxide, for example, has been shown to highly efficient with iron oxides, hydroxide,
and oxyhydroxides.58-59 However, with two- or more fold combinations and countless
morphologies, research on semiconducting materials for catalysts and co-catalysts as
photoanodes is far from being completed. As mentioned in 3.2.2, layered base metal catalysts
are currently top-performing materials for OER and are also used for photoelectrochemistry.
The following chapter will give an overview over prominent representatives and applications
before focusing on the two iron-based materials green rust and mössbauerite.
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3.4.

Layered Base Metal Catalysts in Electrochemistry

Layered hydroxides and oxyhydroxides of various compositions are currently the topperforming electrocatalysts for the OER.60-63 Regardless of the composition, the structures can
be described by similar structural features. They consist of brucite-like layers where metal
cations (whose charges vary from +2 to +4) are octahedrally coordinated by OH- or O2- or
mixtures of both. Additionally, in some cases anions are grafted to the layers and are therefore
accounted as part of the layer.64-65 Regardless of grafted or non-grafted, the counter ions ‘A’
are necessary to compensate excess charge in the brucite-like layers. The excess charge results
from deviations of the stoichiometries of M2+(OH)2, M’3+OOH or M’’4+O2. Figure 9 shows an
(probably) incomplete scheme of different representatives of layered materials that are based
on the brucite structure.

Figure 9: Overview (with no claim of completeness) of brucite-type (hydr-)oxides with one or two different

types of metals of equal or different oxidation states and possible anionic or cationic interlayer ions.

In oxidic cobaltate and birnessite, the mean oxidation state of the octahedral cations is below
4+, therefore, lithium cations reside in the interlayer. Consequently, both materials can be used
in Li-Ion batteries.66-67 The γ-phase of nickel doesn’t carry a layer charge due to its trivalent
charge and the coordination with oxide and hydroxide to equal parts. The redox flexibility of
nickel however, allows a net charge of around +3.7 before its electrochemical potential would
initiate a reduction of oxygen.68 If the nickel is overcharged, it has been shown to intercalate
alkali metal ions (Li+, Na+, K+) and can be used as electrodes in batteries.69 Layered double
hydroxides (LDH) have been used as passivation layers,70 flame retardants,71 adsorbents72 and
many other applications before being discovered as highly efficient electrocatalysts.73 The
depicted nickel-iron LDH is probably the most prominent and efficient OER catalyst. The
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majority of the most active materials contain toxic or expensive metals such as cobalt, nickel,
manganese or vanadium and are accessible only by costly synthesis procedures.
The 2:1 ratio of bivalent to trivalent metal ion requires a densely packed interlayer of carbonate.
A lower ratio than 2:1 can therefore not be achieved without structural changes (deprotonation
of hydroxyl groups) or secondary phases.74 In addition to carbonate, structural water is in the
interlayer in smaller voids. The weak interactions in the crystallographic c direction
(perpendicular to the layer) allow massive planar defects where layers are stacked in random
ways.75 By this turbostratic disorder, structural characterization by X-ray diffraction is gravely
complicated.76
If applied as electrocatalysts, LDHs have been shown to get partially oxidized.77 The higher
charge of the octahedrally coordinated metals ions has a greater attraction to the binding
electrons of the hydroxyl groups and make the protons more acidic. If excess charge is
generated, even deprotonation or grafting of interlayer anions are probabilities.78 These
processes are usually the result of applied potential (or temperature) and not observable under
standard conditions. The fougèrite group however, is an exception compared to other LDHs. If
both, bi- and trivalent metal ions are iron, the flexibility between the two oxidation states allows
to study the redox behavior and structural responses of a stable layered ferric iron-only
oxyhydroxide. The two representatives of the fougèrite group green rust and mössbauerite will
be discussed in the following.
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3.5.
3.5.1.

Iron-Only Layered Hydroxides and Oxyhydroxides
The Fougèrite Group

Fougèrite group minerals are unique among LDHs because iron makes up both, bi- and trivalent
ions in the brucite-like layer.79-83 Members of the group were first discoverer in hydromorphous
soil and at the French coast near Fougères in coastal gley.81 In their mixed-valence state, they
show a characteristic but only transient greenish-blue color. Possible interlayer anions are
carbonate, chloride, sulfate, oxalate and others. In nature however, the affinity towards and
incorporation of carbonate is dominating.84 Aerial oxidation of green rust results in amorphous
ferric oxyhydroxides such as feroxyhyte, lepidocrocite or goethite.85-87 This transition by
dissolution and reprecipitation corresponds to a vertical motion in the Pourbaix diagram from
the stability region of green rust. In-situ oxidation using a strong oxidant however, leads to a
different result. The crystal structure of the LDH is not dissolved but reacts in a topotactic
deprotonation to a phase that was named mössbauerite.78 Consequently, corrosion of iron and
mixed-valence iron phases had to be revisited since the new member in ferric oxyhydroxide
species was found.
3.5.2.

Green Rust

Green rust is a typical LDH of quintinite structure (2:1 metal ratio), comprising layers of
octahedrally coordinated bi- and trivalent metal ions.88 All ligands being hydroxide groups
results in a layer composition of [Fe2+4Fe3+2(OH)12]. This results in an excess positive charge
of +2 which is compensated by interlayer anions as mentioned in 3.5.1. Depending on the
interlayer anion, different modes of layer stacking are observed. If carbonate is intercalated, a
R-3m stacking and if sulfate is present, a P-3m1 stacking is observed.89
Beyond its presence in maritime marshes, green rust has attracted severe interest because of its
potential role in the origin of life in Precambrian oceans at hydrothermal vents.90-91 The redoxflexibility by switching between the ferric and ferrous oxidation state might act as an early,
simplified ATP/ADP system. While green rust might have had a crucial role in the early life
cycles, the redox behavior has not yet been made use of with one exception. Nitrite and nitrate
reduction to ammonium, which is increasingly necessary to avoid over fertilization, have
successfully been implemented in testing plants.92 Usually, the transient nature of green rust
towards oxidation prevents the application of the material in other (redox) reactions since they
result in amorphous iron oxyhydroxides that can’t be converted back to green rust. Recent
reports however, have shown, that green rust can be converted to an oxidation stable structure
without losing its structure by rapid oxidation with strong oxidants.78, 82 The resulting layered
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oxyhydroxide named mössbauerite will be discussed in the following part and is the main focus
of this work.
3.5.3.

Mössbauerite

Originally discovered by Génin et al., mössbauerite was discovered in 2006 after the oxidation
of green rust with hydrogen peroxide.79 The oxidation is accompanied by the deprotonation of
hydroxyl groups to compensate for the excess charge induced by the oxidation from mixedvalence to all ferric iron. If no other mechanism (such as dissolution-reprecipitation) is present,
the

formula

of

carbonate

interlayered

mössbauerite

is

as

follows:

[Fe3+6O4(OH)8]2+(CO32-)·3H2O.
The structure of mössbauerite differs in part to the one of green rust and other LDHs. The
morphology of hexagonal platelets is mainly conserved during the oxidation – indicating no
complete loss of the LDH structure. The first XRD study of mössbauerite however, showed
diffraction peaks that indicated a layer spacing of around d = 7 Å which is unusually small for
carbonate interlayered structures.78 This was interpreted as considerable stacking disorder and
intergrowths of two- and three-layer structure. While considerable stacking disorder is highly
probable, this would not explain the presence of more than one 00l d-spacings in the XRD (if
an ordered heterostructure is ruled out. If more than one d-spacing is present in a layered
material, the 001 is averaged by the X-ray beam and later reflexes shifted to the d-value of the
majority phase.93-94 Since two distinct 001 reflexes were observable, probably two different
were present in the sample. One with a d-spacing of 7.4 Å and one with 7.0 Å.
A d-spacing of 7.0 Å has been observed for another layered transition metal oxyhydroxide
material: the γ-phase of nickel oxyhydroxide.68 When γ-NiOOH is used in battery setups, it has
been observed, that the material suffers from self-discharge.95-96 This discharge reaction in
return, is related to the oxygen evolution in the electrocatalytic water splitting. Mössbauerite as
an iron-only layered structure related to γ-NiOOH, that has not yet been employed as
electrocatalyst, makes it an intriguing material to be employed. Both, non-toxic iron
oxyhydroxides and mixed-metal LDH structures have been shown to be efficient
electrocatalysts. Mössbauerite combines the composition of the first and almost the structure of
the latter. Additionally, the role of iron in LDHs is under some discussion whether it is the
active acting metal.97-99 Therefore, mössbauerite poses a promising and untapped material for
OER catalysis. The synthesis, structure, and application as electrocatalyst are reported and
discussed in this work.
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3.6.

Scope of Thesis

The necessity for the industrial-scale conversion of renewable to also storable energy is the base
from which this work arose. The thrive towards innovative, cheap, non-toxic and stable
catalysts was the motivation to synthesize, characterize and apply a material the comprises only
of the metal iron and bears the potential to produce molecular hydrogen from water efficiently
and sustainably. The naturally-occurring mineral “green rust” of the fougèrite group lays the
foundation to access a Fe3+-only material named mössbauerite that has been overlooked so far
from many. The transient nature of the precursor green rust, the highly disordered layered
structure and its flexibility regarding redox-activity, composition, and morphology make it an
equally intriguing and frustrating material. In this regard, no previous work has collectively
looked at the synthetic details, compositional and structural details, interlayer state, electronic
properties or electrocatalytic properties.
Layered Double Hydroxides (of which the fougèrite group is a part of) with the sum formula
[M2+4M’3+2(OH)12] (Xn-)2/n are a very versatile group of materials since the structure tolerates a
variety of different metal cations as well as counter anions in the interlayer. The structure of
alternating brucite layers (M(OH)2) and layers of counter anions (Xn-), however, remains
unchanged. This constant is broken by the forced oxidation of oxidation-sensitive green rust
([Fe2+4Fe3+2(OH)12]2+(CO32-)·3H2O) to mössbauerite – an iron-only layered oxyhydroxide
([Fe3+6O4OH8](CO32-)·3H2O).
The concept of this thesis comprises the following contentual parts:
•

Synthesis of mössbauerite and application as electrocatalyst in the OER
o Variation of the crystallinity and its influence on the activity

•

The electronic structure of mössbauerite and its application in photoanodes
o Increase in photocurrent at mössbauerite/WO3 type II heterojunctions as
deduced from the experimental and theoretical matching band positions

•

Combined theoretical and experimental study on the structure of mössbauerite
o Structural resemblance of mössbauerite with layered materials containing
grafted anions in diffractometry and spectroscopy
o Theoretical confirmation for the possibility of grafting in mössbauerite
o Proposed refined structure of a turbostratic disordered and interstratified
mössbauerite
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5. Synopsis
The presented cumulative thesis consists of three manuscripts. The first two focus on the
catalytic properties of the layered iron oxyhydroxide mössbauerite. Herein, mössbauerite was
synthesized, characterized and employed as electrocatalyst in the oxygen evolution reaction for
the production of molecular hydrogen. The third manuscript is a combined theoretical and
experimental work on the structure of mössbauerite and other members of the fougèrite group
that all consist of brucite layers separated by counter ions. Thereby, this work describes a
possible transition of an academically developed catalyst into scalable and economically
reasonable energy storage. The graphical synopsis is shown in Figure 10.

Figure 10: Graphical synopsis of this work containing the electrochemical, photoelectrochemical oxidation of water
with mössbauerite and a structural analysis of the layered oxyhydroxide.

Chapter 6.1. describes the overall first employment of the iron-only layered oxyhydroxide
mössbauerite as an electrocatalyst for the oxygen evolution reaction in basic media. During the
work on the manuscript, it was found that the material shows purely semiconducting behavior
and strong absorption in the visible range of light which are prerequisites for photoanode
materials in the oxygen evolution reaction.
Therefore, the second manuscript, depicted in chapter 6.2., is a study about the electronic
structure and the photoelectrochemical behavior of mössbauerite. After identifying the material
as an n-type semiconductor with band positions that should allow improved charge separation
at a heterojunction with WO3, the combination of both materials was successfully employed as
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photoanode in neutral media. During the work on these manuscripts, several inconsistencies
were discovered regarding the structure of mössbauerite in comparison to LDHs from standard
synthesis protocols.
These inconsistencies were investigated and confirmed by a combined computational and
experimental approach as described in chapter 6.3. DFT+U calculations and Rietveld
refinement were employed on synchrotron X-ray diffraction data to investigate the turbostratic
disorder and interstratification of the layered mössbauerite. This investigation confirmed that
mössbauerite is indeed a layered oxyhydroxide with partially grafted carbonate in the interlayer
– resulting in a shrinkage of the d-spacing as the most distinctive structural feature.
Assuming the application of the iron-only layered oxyhydroxide in electrolyzers,
electrochemical deposition of the material on steel plates in carbonate-containing solution was
developed. Without the addition of cost-intensive chemicals, highly crystalline material was
synthesized in direct contact on the conductive steel plates and applied as OER catalyst.
Additionally, the influence of the steel composition, oxidation method and synthesis
temperature on crystallinity, morphology, and activity was investigated.
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5.1.

Electrocatalytic Water Oxidation with an Iron-Only Layered Oxyhydroxide

In order to reduce the negative impact of greenhouse gas emissions on which the global energy
economy is still highly dependent, carbon-free alternatives to fossil fuels are necessary.
Hydrogen is currently considered a promising energy carrier that could be easily implemented
as a partial replacement due to is unprecedented efficiency in e.g. fuel cells. However, a
significant drawback that hinders is extensive usage at the moment is the cost-intensive
hydrogen-production. Ideally, hydrogen is generated from water through electrolysis. Highperforming, state-of-the-art catalysts are layered NiFe-based (oxy-)hydroxides where iron plays
a crucial role. Our aim was to investigate an iron-only layered (oxy-)hydroxide as OER
electrocatalyst that would be favorable since an iron-only catalyst would be non-toxic, earthabundant and additionally an ideal model system to gain mechanistic insight in the role of iron
during the OER.
Fougèrites are natural minerals that can be found under certain geological conditions and are
the only LDHs where divalent and trivalent metal ions are of the same element – which is iron.
The mineral green rust with the following sum formula [Fe2+4Fe3+2(OH)12]2+ (CO3) 2- is of
transient nature and plays an important role in natural redox cycles and in the purification of
aquifers. Aerial oxidation of this LDH results in a mixture of several ferric oxyhydroxide
species such as goethite, feroxyhyte or lepidocrocite. Rapid oxidation, however, with a strong
oxidant such as hydrogen peroxide preserves the layered structure. The additional charge that
is generated by the oxidation to only ferric iron is compensated by deprotonation of a third if
the hydroxide groups. The resulting material is phase-pure mössbauerite, an oxidation-stable
ferric oxyhydroxide. This transition from green rust to mössbauerite resembles the
electrochemical oxidation of α-Ni(OH)2 to γ-NiOOH during the charging mechanism in
batteries. The γ-phase of nickel suffers from self-discharge which proceeds via a reaction
similar to the OER and therefore makes mössbauerite a promising electrocatalyst.
To test this hypothesis, carbonate-interlayered mössbauerite was synthesized via forced
oxidation of carbonate interlayered green rust. Two different synthesis protocols were applied
to yield samples of different crystallinity. The materials were thoroughly characterized by
synchrotron high-energy X-ray diffraction, Mössbauer spectroscopy, thermogravimetric
analysis and the sum formula [Fe3+6O4OH8](CO32-)·3H2O for mössbauerite was proposed.
Interestingly and in contrast to all other iron oxyhydroxides, mössbauerite was shown to be an
ordinary semiconductor with a band-gap in the visible region.

33

Synopsis
Finally, mössbauerite was evaluated as an electrocatalyst for the OER in basic media where
iron is the active species and no synergistic effects can be present from other metals.
Mössbauerite was synthesized according to two different synthesis procedures where the main
difference is the reaction temperature, i.e. 50 °C and room temperature (RT). The material
synthesized at 50 °C achieves an overpotential of 10 mAcm-2 at an overpotential of 400 mV.
The sample synthesized at RT requires a significantly higher overpotential of 540 mV. In irononly electrocatalysts, the performance is usually hindered by conductivity limitations.
Therefore, galvanostatic impedance spectroscopy at a current density of 2 mAcm-2 was
measured. In the sample synthesized at 50 °C, the total charge transfer resistance is significantly
lower compared to the sample synthesized at RT, which strongly indicates a faster electron
transfer. In catalysis in general, higher activity if often achieved by a higher surface area through
micro-, meso-, or nanostructuring. BET measurements and the electrochemically active surface
area, however, show that in this case, the material with the higher surface area is inferior due to
its conductive limitations. The Tafel slope in the sample synthesized at 50 °C, is close to the
theoretical value of 2.303RT/αF and in good agreement with previous work on bulk LDHs.

Figure 11: Schematic depiction of the oxygen evolution reaction in basic media at mössbauerite as electrocatalyst.

The stability of catalysts is besides activity the most important criteria. Iron oxyhydroxides are
slightly soluble in basic media which could result in a transformation of mössbauerite to other
iron oxyhydroxide species. To evaluate the stability of mössbauerite, the sample was
investigated galvanostatically by applying a steady current of 0.0078 A which corresponds to a
current density of 10 mAcm-2. The necessary potential to sustain this current was recorded and
showed an increase of 14 mV after 4 hours of constant hydrolysis. Post-electrolysis analysis of
the material indicates, that some of the catalyst was dissolved during the experiment and
reprecipitated as amorphous akaganeite. The layered structure of the material, however, was
preserved as indicated by the still present sharp diffraction peak at 7.0 Å.
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This work represents the first application of the oxidation stable iron-only layered oxyhydroxide
mössbauerite as electrocatalyst for the oxygen evolution reaction. In addition to the catalysis,
the structure of the material was investigated and similarities to grafted layered nickel phases
were found. In-depth structural studies will be discussed in chapter 5.3 and 6.3. Whereas the
semiconducting nature of mössbauerite, that was found by UV Vis diffuse reflectance
spectroscopy and renders the material a promising candidate for the application in
photochemistry, will be the topic of the following chapter.
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5.2.

Mössbauerite/WO3 Heterojunction Photoanodes

As described in the previous chapter, energy conversion is essential for a sustainable energy
economy based on non-carbonaceous forms of storage. Mössbauerite was shown to be an
ordinary semiconductor with a band gap in the range of visible light. This can be exploited by
the use of sunlight for the conversion of water to hydrogen. Since the sun provides
approximately ten thousand times the power consumed by Earth’s population during the same
time, it is not only reasonable but necessary. Photoelectrochemical (PEC) water oxidation
allows the conversion of solar energy. Two separate half-cell reactions need to be catalyzed in
order to lower the overpotentials. Noble metals are employed to generate H2 from protons at
the cathode side, the oxygen evolution reaction, however, is more demanding since it proceeds
via a coupled multistep electron transfer reaction. Oxidic n-type semiconducting materials have
been in the focus of PEC research for energy storage. Pore hole transfer efficiency and low
charge carrier mobility, however, decrease the performance significantly. The concept of OER
co-catalysts has proven to be a promising approach to increase the activity/stability/efficiency
significantly. A prerequisite for PEC water oxidation to gain an economically significant role,
among other energy storage systems, would be a combination of materials that are highly
efficient, highly stable, environmentally friendly and cheap. Since iron-based coatings have
been shown to increase the photocurrent of several photoanodes significantly, we investigated
mössbauerite as potential co-catalyst.
In this work, mössbauerite was characterized regarding its electronic and photoelectronic
properties to evaluate its feasibility with monoclinic tungsten oxide. The chemical state of the
layered iron (oxy-)hydroxide was analyzed for the first time with X-ray photoemission
spectroscopy (XPS). In mössbauerite, all ferric cations are octahedrally coordinated with either
O2- or OH- comparable to α-FeOOH goethite. Indeed, the Fe 2p region of the XP spectra is in
close resemblance with data reported for goethite. Additionally, the O 1s spectrum of the sample
shows peaks that can be assigned to both oxidic Fe-O and hydroxide Fe-OH in a ratio that is in
close agreement with the sum formula proposed in chapter 6.1. The band positions of
mössbauerite were determined with a combination of UV Vis diffuse reflectance spectroscopy
(DRS) and Mott Schottky (MS) analysis. The flatband of mössbauerite was put at 0.34 V vs
RHE whereas the positive slope in the MS plot shows that the material is an n-type
semiconductor. The experimental results of the electronic structure were confirmed by quantum
mechanics. The partial and total density of states projected on Fe 3d and O 2p in a DFT
optimized structure confirm mössbauerite to exhibit semiconducting behavior. The band gap
between spin-up valence band and spin-down conduction band is 1.8 V and therefore in
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excellent agreement with the experimental results. A combination of mössbauerite with WO3 –
a standard material for photoanodes – would therefore yield a type-II heterojunction. The
formation of such interfaces with the same type of semiconduction but different band edge
positions has been shown to improve the charge separation and was therefore tested in PEC
water oxidation experiments.
At first, mössbauerite was tested if the iron-only material itself produces significant
photocurrent at low overpotentials which was not the case. Presumably due to low electronic
conductivity and therefore high recombination rates. Therefore, neat WO3 thin film electrodes
with significant photocurrent (1.44 mAcm-2 at 1.23 V vs RHE) were prepared. After
functionalization of these photoanodes by electrophoretic deposition with mössbauerite, the
heterojunction photoanode produces an increased photocurrent. The photocurrent of the
WO3/mössbauerite composite photoanode is among the highest reported for WO3 photoanodes.
Chronoamperometry at the thermodynamically necessary overpotential of 1.23 V vs RHE under
interrupted illumination shows that the current density with mössbauerite was increased by 10%
when compared to the neat WO3 anode. In contrast to the similar ferrihydrite, which has been
shown to act as hole storage layer, mössbauerite does not produce a cathodic overshoot when
illumination is interrupted. Therefore, the increased photocurrent with mössbauerite originates
from either improved charge carrier separation at the type II heterojunction or an improved hole
collection efficiency since mössbauerite acts as an electrocatalyst itself.
In the course of this work, the electronic structure of mössbauerite was investigated from both
an experimental and theoretical point of view. The band positions were determined with
surprisingly good agreement and were successfully tested for PEC water oxidation in a
combination with a highly active monoclinic WO3 photoanode.
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5.3.

In-depth Study on the Structure of Iron-Only Layered (Oxy-)hydroxides

Chapter 4.1. and chapter 4.2. were focused on the synthesis, characterization, and application
of the iron-only layered (oxy-)hydroxide mössbauerite. The synthesis of the material is based
on the rapid oxidation of a 2:1 Fe2+:Fe3+ LDH called green rust (or fougèrite) that is a member
of the hydrotalcite group. As such it comprises of edge-sharing Fex+(OH)6 where counter anions
compensate the excess charge induced by ferric iron. During the rapid oxidation to mössbauerite
however, there have been observed several changes in the material that would disqualify it as a
member of the hydrotalcite group such as shrinkage of the interlayer spacing, deprotonation of
hydroxyl groups and possible grafting of carbonate in the interlayer. Therefore, this systematic
study on the structure of these two phases was conducted from both, a theoretic and an
experimental approach combined.
Firstly, a unit cell for green rust with the sum formula [Fe2+4Fe3+2(OH)12]2+(CO32-)·3H2O has
been adopted. Then grafting of carbonate to the brucite layers was simulated what led to a
shrinkage of the d-spacing from 7.43 Å to 7.19 Å which is far from the experimentally found
7.53 Å. Additionally, the grafted structure was found to be significantly higher than non-grafted
fougèrite. Therefore, grafting is highly unlikely in the mixed-valence form.
For mössbauerite with the proposed sum formula [Fe3+6O4(OH)8]2+(CO32-)·3H2O, there exist
several possible configurations, depending on the distribution of hydrogen. A 5H/3H
distribution was found to be energetically most stable by at least 32 kJmol-1 compared to 6H/2H
and 4H/4H and was used for the following calculations. Simulated patterns of grafted and nongrafted mössbauerite resulted in layer separations of 7.17 Å and 6.90 Å, respectively. The
experimental d-spacing was found in between both which led us to the conclusion, that a
mixture of both is present in the measured samples. Consequently, a quantitative Rietveld was
calculated to match the experimental results by a mixture of turbostratically disordered stacks
of grafted and non-grafted layers. Shifting the layers with Δ ≠ 1/3 to avoid creating supercells
successfully resulted in a broadening of the Bragg peaks. Unfortunately, it was not possible to
create a completely random sequence of grafted and non-grafted. This interstratification would
avoid integral 00l series, therefore the 002 Bragg peak was present in the refinement.
There are two possibilities for the grafting of carbonate to brucite layers: monodentate and
bidentate. FTIR spectroscopy indicated, according to the splitting of the v3 band by 120 cm-2,
that a monodentate carbonate species is present. Monodentate grafted was also shown by the
calculations to be plausible at the reaction temperature of 50 °C and with excess hydrogen
peroxide for the oxidation from green rust to mössbauerite. Bidentate grafting would require
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significantly more energy and is inhibited under the reaction conditions. Energy profiles for the
grafting process have been calculated where HCO3- plays an important role, but the driving
force for the grafting process remains unclear at this moment. The transformation of fougèrite
to mössbauerite, however, proceeds exothermically with a reaction energy of -154 kJmol-1 and
once the grafted mössbauerite is formed, it is reasonable to assume that the grafted surface is
kinetically stable.
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