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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 mossbauerite 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 mdssbauerite is presented. The structure
is similar to the y-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 mdssbauerite is a semiconductor without localized transitions.

Pure iron-based oxyhydroxides have already been used in earlier work as co-catalysts for
photoanodes. After mdssbauerite 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(l11)
oxide, a type Il hetero-junction should result. Photoanodes on which tungsten(l11) oxide was
deposited by electrophoresis were additionally coated with mdssbauerite 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
maossbauerite 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 mossbauerite. 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 A
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.



Summary

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



Zusammenfassung

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 Zuganglichkeit vernachldssigt obwohl
Eisen héufig 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 Md0ssbauerit zu synthetisieren, charakterisieren und hinsichtlich seiner
Katalyse-Eigenschaften zu untersuchen.

Im ersten Teil der Arbeit wird die phasenreine Synthese von Mdssbauerit préasentiert. Die
Struktur weist Ahnlichkeiten mit der y-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 Mossbauerit um einen Halbleiter ohne lokalisierte Ubergénge handelt.

Rein Eisen-basierte Oxyhydroxide wurden in friheren Arbeiten bereits als Co-Katalysatoren
fur Photoanoden eingesetzt. Nachdem Mdssbauerit sich als effizienter Elektrokatalysator mit
halbleitenden Eigenschaften und einer Bandliicke 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 Bandlucke und Bandposition des Materials
bestimmt. In Kombination mit monoklinischem Wolfram(lI1)oxide sollte sich eine Typ-II
Hetero-Junction ergeben. Photoanoden auf denen durch Elektrophorese abgeschiedenes
Wolfram(l11)oxid zusatzlich mit Mdssbauerit belegt wurde, zeigten eine Verstarkung des
Stromflusses um mehr als 10%. Die Bestimmung der Bandlicke zeigte sich in guter

Ubereinstimmung mit DFT+U Berechnungen zur elektronischen Struktur.

Im dritten Teil der Arbeit wurden sowohl die elektronische, aber besonders die
kristallographische Struktur des Mdssbauerit 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 wihrend der Oxidation von ,green rust® zu
Maossbauerit die Struktur in der Zwischenschicht &ndert. Es konnte anhand der Freiheitsgrade
im FTIR nachgewiesen werden, dass Carbonat in der Zwischenschicht wahrend der Oxidation
an die Schichten gebunden wird. Diese Beobachtung verursacht ein Schrumpfen des
Schichtabstands zu 7.0 A und konnte durch DFT+U Berechnungen als plausibel belegt werden.



Zusammenfassung

Es wurde ein Strukturmodell durch quantenmechanische Rechnungen aufgestellt und
anschlieBend 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 angehangten 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.® Roughly with the turn of the millennia, the work on ‘energy storage’ increases

significantly with increasing speed (Figure 1).

T

]

i)
n

866t -
9EET =

]
i)

00T
ge6T -

=) =1
=3 a

qnot o
50T o
»0O0T o
€007

=]
=1

(At
Ba0T o
900t -

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)* to renewable
energy (such as solar radiation, winds, waves, tides),>® 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.”° 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.1%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,'? 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.
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Figure 2: Schematic general concept of an idealized hydrogen economy. (based on'#)

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)%°
CH, + H,0 = CO + 3H, (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 + H,0 = CO0,+ H, (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 carbon-
based molecules or compounds.'® 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.
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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.} 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).181°

Figure 3: The voltaic pile or ‘Organe électrique artificiel’ as originally depicted by Alessandro Volta in June 1800.
(reprinted with permission from the Royal Society?®)
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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 E,, to split water can be derived from the Gibbs free energy of the formation

of water AG}’. The relation of E,, and AG]? is expressed as:

—AG?
u = o @

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), AG]? = —237.1 k] / 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).?* Commercial electrolyzers, however,
usually operate ranging above 1.8 V.?? This deviance from the thermodynamically necessary
potential is referred to as the overpotential # 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, in-
depth 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= (¢m - d)s) + iR+ (¢s — d)ref) (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
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held constant.?* This setup usually is combined with a rotating disk electrode (RDE) to avoid
or minimize diffusion layers that would add additional overpotential.?® Figure 4 shows a
schematic presentation of a three-electrode setup.?® 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)?* 2’ and the electrolyte is saturated
with gas (oxygen) to create an equilibrated and also standardized state.?® This, however, has

been the issue of some discussion in recent years.?°

Working
Electrode

Reference
Counter Ejectrode

Electrode

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

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™ and more than 102 Vs, 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.*

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:



Introduction

Hy0 — -0, + 2H* + 2e” (5)%

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.®> 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.
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Figure 5: Electrochemical characterization of crystalline hematite and amorphous mdssbauerite. (A)
Cyclovoltammetric (CV) measurements for the méssbauerite 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 mdssbauerite 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
mossbauerite 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 VV vs. RHE. The resulting current-decay profile exhibits diffusion-controlled dynamics
in the mdssbauerite 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.>® The slopes of 111 mVdec™ for hematite

10
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and 92 mVdec™ for mossbauerite indicate a predominant surface-species formed in a step just
before the rate-determining step.3*-% 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.%¢-*" For the mdssbauerite sample,
the peak current density follows a scan rate-dependence of ip o v*°, indicating a diffusion-
controlled process. While the water oxidation intermediate appears to be under diffusion control
in the mossbauerite 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 i, a v! for the hematite film.2® 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.3®

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. Noble-
metal 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.®® 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 (RuQ2)
and iridium oxide (IrO2) are usually listed as ‘state-of-the-art’ reference materials when new

work is published on OER catalysts.** 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.?® In-situ
XPS studies showed rather recently, that during the OER process Ir'V is oxidized partially to
IrV.4 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.*? 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.** Figure 6 shows that, when
comparing the catalysts under similar conditions, iridium oxide is superior to a wide variety of

oxidic mixed-metal oxides.

Benchmarking OER Electrocatalysts
in1 M NaOH at 10 mA cm™

=
.
th
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Figure 6: Necessary overpotential of various oxidic OER electrocatalysts to sustain a current density of 10 mAcm2 in
alkaline media.(reprinted with permission from the American Chemical Society*?)

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. ldeally, 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/H20.*

Since the first report on titanium dioxide TiO2 by Honda and Fujishima in 1972% 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.*4®
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 H20 to
O2. The corresponding reaction at the conduction band is the reductive evolution of H2 from

protons.

D

bulk
recombin?lion

surface
recombination

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 on*4)

This illustration, however, is a bit deceiving for TiO2. The band-gap of TiOz2 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.** While extensive effort has been spent in

13
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decreasing the band gap of TiO2,*” 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 TiOz, tungsten trioxide
(WO:s) has attracted attention as a photoanode due to the aforementioned drawback of TiO2’s
large band-gap.*® The structure of WOs is temperature dependent.*® Except for elaborate
synthesis procedures that yield orthorhombic WOs,>® monoclinic or triclinic phases are stable
at room temperature. The band-gap of WQOs is roughly 2.7 eV; thus significantly smaller than
that of TiO2 and therefore at least 12% of the solar spectrum can generate excitons.>! Large
band-gap n-type semiconductors (such as TiO2 or WQOgz) suffer from small electron mobility
and short hole diffusion lengths.>? 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/H20 potential. If a dual
system of two materials is used, there are three major types of heterojunctions (if two
semiconducting materials are assumed).>® Figure 8 shows the three main types of

heterojunctions of two semiconducting materials in contact.

| _ 1] s N 1]} _
/~ cB DB /~ cB DX / cEl
I Gie 9 Joe "*’
) ~_VB _~

+Eh+
Figure 8: Band position of type I, 11, and 11 heterojunctions. (based on®*)

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 81 shows the energy alignment of a type |
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 Il heterojunctions have been shown to have promising OER activities when
employed as photoanodes (for the above-mentioned reason of improved charge separation).>5->’
Tungsten oxide, for example, has been shown to highly efficient with iron oxides, hydroxide,
and oxyhydroxides.>®>® 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 mdssbauerite.
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3.4. Llayered Base Metal Catalysts in Electrochemistry

Layered hydroxides and oxyhydroxides of various compositions are currently the top-
performing electrocatalysts for the OER.%¢3 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 O or
mixtures of both. Additionally, in some cases anions are grafted to the layers and are therefore
accounted as part of the layer.5% 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 M?*(OH)2, M*3*OOH or M”*#*Oz. Figure 9 shows an
(probably) incomplete scheme of different representatives of layered materials that are based

on the brucite structure.

Birnessite LDH
{Lig 35} [(Mn#*g 3sMn3*; 65)05]  [NiZ*4Fe’*,(OH");,] {CO5}

M= M M=M
Y =0 - Mz M X=0H Hydroxy nitrate salts
- =02 = OH = -
Lithium cobaltate A= Li- X - o X - OH 2 2= C0- [Nio(OH)5(NO,)]
{Li} [CoO,] A=COs “(OH)-(NO..
2 [Coy(OH)3(NO,)]
{A}interlayer[MM‘ XN/Z]Iayer
L L - -
I NI/ — N\l — N/ ]
M =M
y-NiOOH 5 = gy Q Fougérite
13+ ()2- - =0 2+ 3+ -
[Ni#*0>OH] QM —y 7-coz M= P LFe?"Fedy(OH )] {COs}
X = OH A=CO% X =0H
Y = 02 A=COz*
Mbossbauerite

[Fe?*50%4(OH) §(CO3*)u] {CO3}.

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-lon batteries.%” The y-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.®® 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.%® Layered double
hydroxides (LDH) have been used as passivation layers,” flame retardants,”* adsorbents’ and
many other applications before being discovered as highly efficient electrocatalysts.”® 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.” 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.”® By this turbostratic disorder, structural characterization by X-ray diffraction is gravely

complicated.’®

If applied as electrocatalysts, LDHs have been shown to get partially oxidized.”” 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.”® These
processes are usually the result of applied potential (or temperature) and not observable under
standard conditions. The fougeérite 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 fougerite group green rust and mossbauerite will
be discussed in the following.
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3.5. lron-Only Layered Hydroxides and Oxyhydroxides

3.5.1. The Fougerite Group

Fougerite group minerals are unique among LDHSs because iron makes up both, bi- and trivalent
ions in the brucite-like layer.”®-8 Members of the group were first discoverer in hydromorphous
soil and at the French coast near Fougeéres in coastal gley.®! 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.* Aerial oxidation of green rust results in amorphous
ferric oxyhydroxides such as feroxyhyte, lepidocrocite or goethite.2>8” 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 mdssbauerite.”® 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.%8 All ligands being hydroxide groups
results in a layer composition of [Fe?*sFe®"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.%®

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.**°! The redox-
flexibility 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.®? 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.”® 8 The resulting layered
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oxyhydroxide named maossbauerite will be discussed in the following part and is the main focus
of this work.

3.5.3.  Médssbauerite

Originally discovered by Geénin et al., mdssbauerite was discovered in 2006 after the oxidation
of green rust with hydrogen peroxide.” The oxidation is accompanied by the deprotonation of
hydroxyl groups to compensate for the excess charge induced by the oxidation from mixed-
valence to all ferric iron. If no other mechanism (such as dissolution-reprecipitation) is present,
the  formula  of  carbonate interlayered mossbauerite  is as  follows:
[Fe**604(OH)s]?*(C0O3%)-3H:0.

The structure of mossbauerite 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 mdssbauerite however, showed
diffraction peaks that indicated a layer spacing of around d = 7 A which is unusually small for
carbonate interlayered structures.’”® 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 001 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.%*-°* Since two distinct 001 reflexes were observable, probably two different

were present in the sample. One with a d-spacing of 7.4 A and one with 7.0 A.

A d-spacing of 7.0 A has been observed for another layered transition metal oxyhydroxide
material: the y-phase of nickel oxyhydroxide.%® When y-NiOOH is used in battery setups, it has
been observed, that the material suffers from self-discharge.®>*® This discharge reaction in
return, is related to the oxygen evolution in the electrocatalytic water splitting. Mdssbauerite as
an iron-only layered structure related to y-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. Mdssbauerite combines the composition of the first and almost the structure of
the latter. Additionally, the role of iron in LDHSs is under some discussion whether it is the
active acting metal.®”*® Therefore, mossbauerite 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 fougérite group lays the
foundation to access a Fe3*-only material named mossbauerite 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 fougérite group is a part of) with the sum formula
[M2*4M*3*2(OH)12] (X™)2m 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 (X"), however, remains
unchanged. This constant is broken by the forced oxidation of oxidation-sensitive green rust
([Fe?*sFe3*2(OH)12)?*(C0O3s?)-3H20) to mdsshauerite — an iron-only layered oxyhydroxide
([Fe**6040Hs](CO3?%)-3H20).

The concept of this thesis comprises the following contentual parts:

e Synthesis of mossbauerite and application as electrocatalyst in the OER
o Variation of the crystallinity and its influence on the activity
e The electronic structure of méssbauerite and its application in photoanodes
o Increase in photocurrent at moéssbauerite/WOs3 type 1l heterojunctions as
deduced from the experimental and theoretical matching band positions
e Combined theoretical and experimental study on the structure of mdssbauerite
o Structural resemblance of mossbauerite with layered materials containing
grafted anions in diffractometry and spectroscopy
o Theoretical confirmation for the possibility of grafting in mossbauerite
o Proposed refined structure of a turbostratic disordered and interstratified

maossbhauerite
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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 mossbauerite. Herein, mossbauerite 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 mdssbauerite and other members of the fougérite 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.
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Figure 10: Graphical synopsis of this work containing the electrochemical, photoelectrochemical oxidation of water

with méssbauerite and a structural analysis of the layered oxyhydroxide.

Chapter 6.1. describes the overall first employment of the iron-only layered oxyhydroxide
maossbauerite 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 mdssbauerite. After identifying the material
as an n-type semiconductor with band positions that should allow improved charge separation

at a heterojunction with WQs, 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 mdssbauerite 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 mdssbauerite. This investigation confirmed that
maossbauerite 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. High-
performing, 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, earth-
abundant and additionally an ideal model system to gain mechanistic insight in the role of iron
during the OER.

Fougeérites are natural minerals that can be found under certain geological conditions and are
the only LDHSs where divalent and trivalent metal ions are of the same element — which is iron.
The mineral green rust with the following sum formula [Fe?*sFe®*2(OH)12]?* (COs)  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 mdssbauerite, an oxidation-stable
ferric oxyhydroxide. This transition from green rust to madssbauerite resembles the
electrochemical oxidation of a-Ni(OH)2 to y-NiOOH during the charging mechanism in
batteries. The y-phase of nickel suffers from self-discharge which proceeds via a reaction

similar to the OER and therefore makes mdssbauerite a promising electrocatalyst.

To test this hypothesis, carbonate-interlayered mossbauerite 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, Madssbauer spectroscopy, thermogravimetric
analysis and the sum formula [Fe3*s04OHs](COs%)-3H20 for mdsshauerite was proposed.
Interestingly and in contrast to all other iron oxyhydroxides, méssbauerite was shown to be an

ordinary semiconductor with a band-gap in the visible region.
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Finally, mdssbauerite 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.
Madossbauerite 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 at an overpotential of 400 mV.
The sample synthesized at RT requires a significantly higher overpotential of 540 mV. In iron-
only electrocatalysts, the performance is usually hindered by conductivity limitations.
Therefore, galvanostatic impedance spectroscopy at a current density of 2 mAcm? 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/aF and in good agreement with previous work on bulk LDHs.
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Figure 11: Schematic depiction of the oxygen evolution reaction in basic media at mdssbauerite 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 mossbauerite to other
iron oxyhydroxide species. To evaluate the stability of mdssbauerite, the sample was
investigated galvanostatically by applying a steady current of 0.0078 A which corresponds to a
current density of 10 mAcm™. 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 A.

34



Synopsis

This work represents the first application of the oxidation stable iron-only layered oxyhydroxide
maossbauerite 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 mdssbauerite, 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. Mossbauerite/WOs Heterojunction Photoanodes

As described in the previous chapter, energy conversion is essential for a sustainable energy
economy based on non-carbonaceous forms of storage. Mdssbauerite 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

maossbauerite as potential co-catalyst.

In this work, mdssbauerite 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 mdssbauerite, all ferric cations are octahedrally coordinated with either
0% or OH" comparable to a-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
maossbauerite were determined with a combination of UV Vis diffuse reflectance spectroscopy
(DRS) and Mott Schottky (MS) analysis. The flatband of mdssbauerite 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 madssbauerite 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 méssbauerite with WO3 —
a standard material for photoanodes — would therefore yield a type-1l 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, mossbauerite 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 WOs 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 mdssbauerite, the
heterojunction photoanode produces an increased photocurrent. The photocurrent of the
WOs/mdssbauerite composite photoanode is among the highest reported for WOz photoanodes.
Chronoamperometry at the thermodynamically necessary overpotential of 1.23 V vs RHE under
interrupted illumination shows that the current density with mdssbauerite 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, mdssbauerite does not produce a cathodic overshoot when
illumination is interrupted. Therefore, the increased photocurrent with méssbauerite originates
from either improved charge carrier separation at the type 11 heterojunction or an improved hole

collection efficiency since m@ssbauerite acts as an electrocatalyst itself.

In the course of this work, the electronic structure of mdssbauerite 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 mdssbauerite. The synthesis of the material is based
on the rapid oxidation of a 2:1 Fe?*:Fe®" LDH called green rust (or fougerite) that is a member
of the hydrotalcite group. As such it comprises of edge-sharing Fe**(OH)s where counter anions
compensate the excess charge induced by ferric iron. During the rapid oxidation to mossbauerite
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 [Fe?*sFe®*2(OH)12]?*(C0O3?)-3H20 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 A to 7.19 A which is far from the experimentally found
7.53 A. Additionally, the grafted structure was found to be significantly higher than non-grafted

fougeérite. Therefore, grafting is highly unlikely in the mixed-valence form.

For mossbauerite with the proposed sum formula [Fe3*s04(OH)s]?*(CO3%)-3H20, 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 compared to 6H/2H
and 4H/4H and was used for the following calculations. Simulated patterns of grafted and non-
grafted mossbauerite resulted in layer separations of 7.17 A and 6.90 A, 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 A # 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 vs band by 120 cm?,
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 mdssbauerite. 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 HCOs™ plays an important role, but the driving
force for the grafting process remains unclear at this moment. The transformation of fougeérite
to mossbauerite, however, proceeds exothermically with a reaction energy of -154 kJmol™ and
once the grafted mossbauerite is formed, it is reasonable to assume that the grafted surface is
Kinetically stable.
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Abstract: Mossbauerite is investigated for the first time as
n “iron-only” mineral for the electrocatalytic oxygen evo-
lution reaction in alkaline media. The synthesis proceeds
via intermediate mixed-valence green rust that is rapidly
oxidized in situ while conserving the layered double hy-
droxide structure. The material catalyzes the oxygen evo-
lution reaction on a glassy carbon electrode with a current
density of 10 mAcm 2 at 1.63 V versus the reversible hy-
drogen electrode. Stability measurements, as well as post-
electrolysis characterization are presented. This work dem-
onstrates the applicability of iron-only layered double hy-
droxides as earth-abundant oxygen evolution electrocata-
lysts. Mossbauerite is of fundamental importance since as
an all Fe’* material its performance has no contributions
from unknown synergistic effects as encountered for
mixed valence Co/Ni/Fe LDH. )

The high overpotential of the oxygen evolution reaction (OER)
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[a] M. Ertl,* Prof. Dr. J. Breu
Bavarian Polymer Institute and Department of Chemistry
University of Bayreuth, Universitdtsstr. 30
95440 Bayreuth (Germany)
E-mail: josef.breu@uni-bayreuth.de
[b] Dr. C. Andronescu,” Dr. S. Barwe, Prof. Dr. W. Schuhmann
Analytical Chemistry—Center for Electrochemical Sciences
Ruhr-University Bochum, Universitdtsstr. 150
44780 Bochum (Germany)
E-mail: wolfgang.schuhmann@rub.de
[c] Dr. J. Moir,* Prof. Dr. G. Ozin
Department of Chemistry, University of Toronto
80 St. George Street, M553H6, Toronto (Canada)
E-mail: gozin@chem.utoronto.ca
[d] Prof. Dr. M. Zobel
Solid State Chemistry—Mesostructured Materials
University of Bayreuth, Universitdtsstr. 30
95440 Bayreuth (Germany)
Prof. Dr. F. E. Wagner
Physics Department e15, Technical University Munich
James-Franck-Str., 85748 Garching (Germany)

[e

[*] These authors contributed equally to this work.

L Supporting information and the ORCID identification number(s) for the au-
@ thor(s) of this article can be found under:
https//doi.org/10.1002/chem.201801938.

Chem. Eur. J. 2018, 24, 9004 - 9008

Wiley Online Library 9004

ides and layered double hydroxides (LDH) have been shown to
be among the most active OER catalysts in alkaline electrolyte
solutions; the best even surpassing state-of-the-art noble-
metal oxides.® Iron was shown to play a crucial role which,
however, is not yet fully understood. Trotochaud etal. hy-
pothesized that the activation is due to a Ni-Fe partial charge
transfer.”

Fougerites are abundant natural minerals found under spe-
cific geological conditions (low T, moderate CO, fugacity, alka-
line pH).'*" Minerals of the fougérite group are the only
members of the hydrotalcite (LDH) supergroup where divalent
and trivalent cations are of the same element (iron)."” The
mixed-valence mineral green rust (idealized formula Fe,** Fe,*"
(OH),,C05:3H,0) is found in large quantities in maritime marsh-
es in northern France (Figure 1A). Green rusts have been inten-
sively studied by geologists and typically show a greenish-blue
color, which is transient due to the propensity of Fe?* towards
oxidation. Green rust plays an important role in the natural pu-
rification of aquifers and reduces nitrate to molecular nitro-
gen.m,ml

Upon aerial oxidation the material usually transforms into a
variety of ferric oxyhydroxides like goethite, feroxyhyte, and
lepidocrocite.">'® Additionally, in a narrow zone around green
rust some 16-31% are transformed in a topotactic conversion
into an all-ferric compound, named méssbauerite (idealized
formula Feg**(0),(OH);CO:3H,0)."" Charge compensation
upon oxidation is achieved by partial deprotonation whilst the
interlayer carbonate remains in the structure. The natural pro-
cess can be mimicked in the laboratory by a one-step oxida-
tion of synthetic green rust by the use of hydrogen peroxide,
resulting in phase-pure méssbauerite."”'®

The conversion can be observed by the naked eye by the
abrupt change in the color from green-blue to brownish red
(Figure 1B). The topotactic nature of this oxidation process is
evident from the retention of the hexagonal platelet morphol-
ogy of the precursor green rust in the product mossbauer-
ite.h?]

The conversion of green rust to mdssbauerite resembles the
electrochemical oxidation of a-Ni(OH), to y-NiOOH."*?* This
conversion has been intensively studied by battery technolo-
gists in the context of Ni-based alkaline secondary batteries.
While the a-/y-couple delivers more than 100% charge storage
capacity, it unfortunately suffers from a high self-discharge
rate.?"?? This self-discharge is related to the catalysis of the
OER by the charged phase, y-NiOOH.
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Figure 1. (a) Natural green rust deposit at the beach of northern Brittany.

(b) Synthesis of mossbauerite by in situ oxidation of green rust. A mixture of
Fe’" and Fe’" salts is precipitated by increasing the pH in an oxygen-free
atmosphere. Consecutively, the precipitating green rust is oxidized by hydro-
gen peroxide.

More recently, Fe-substituted y-Ni, ,Fe,OOH was reported to
be 500 times more active for OER in alkaline media as their
pure Ni and Fe parent compounds.”®’ By operando X-ray ab-
sorption measurements, moreover, the Ni-sites were shown
not to be active sites in the OER. In contrast to the OER, Scav-
etta etal. reported that for the electrochemical oxidation of
glucose, the Fe sites in Ni';Fe"-LDHs were found not to be
electroactive whilst influencing the electroactivity of Ni sites by
shifting the redox potential to less anodic values and by in-
creasing the percentage of electroactive Ni sites.”* Since NiFe-
LDHs are structurally closely related to y-NiOOH by having the
same brucite type layers (which for LDH carry a positive
charge), this contradiction strongly suggests that a deeper un-
derstanding of the crucial role of Fe is needed.

In this communication, we synthesized mossbauerite, a triva-
lent iron-only compound with the structure of LDHs. Having a
defined material containing only iron is of great importance
for understanding OER catalysts. Investigations of a pure
phase, with no synergistic effects between different metals, are
possible. The iron-only electrocatalyst for the OER furthermore
possesses the potential to replace other catalysts comprising
less abundant, more expensive, or higher toxicity catalysts.
Moreover, mossbauerite represents a missing link between y-
NiOOH and LDHs, in as much as it represents an (oxy)hydrox-
ide like in y-NiOOH but the brucite type layers are positively
charged as for LDHs.

The co-precipitation with Na,CO; of a 2:1 mixture of ferrous
and ferric chloride, dissolved in Ar-saturated water, yielded car-
bonate-interlayered green rust with a d-spacing of 7.5 A, as
evidenced by powder X-ray diffraction (XRD, Figure STA in
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Supporting Information). The 00/ series of green rust is inte-
gral, indicating a well-defined, regular basal spacing. To vary
the crystallinity, the synthesis was conducted at room tempera-
ture (RT) following literature procedures,'®?* and also at ele-
vated temperature (50°C).

Upon addition of hydrogen peroxide, the color of the crys-
tals change to brownish-red and phase-pure mdssbauerite is
obtained, labeled M and M-50 for RT and 50°C synthesized
samples, respectively. Details of the synthesis procedure are in
the Supporting Information.

Not surprising for a layered compound, the diffractogram
(Figure 2, Figure S1B) is rather featureless, indicating turbo-
stratically disordered stacking of adjacent layers. The few
peaks observed are labeled according to Génin et al."” A sharp

104 254 A
(012);
0.8

7.0A 148 A
|(002),, (00.15),,

Intensity (a.u.)
=]
o

I
a

0.2

260 (%)

Figure 2. Synchrotron X-ray diffraction data of M-50, indexed according to
Génin et al."” The d-spacing is 7.0 A (26=1.45"), corresponding to the basal
distance of the 2T polytype of méssbauerite (1 =0.1771 A).

peak at 26=1.45" (002) corresponds to the basal distance of
what Génin etal. indexed as the 002 reflex of the 2T poly-
type."” No integral 00/ series of the 2T polytype is observed,
neither in this work, nor by Génin etal., indicating that the
layers are stacked with slightly varying basal spacing (interstra-
tification). For y-Ni-oxyhydroxide a comparable basal spacing
of 6.9 A was reported,?*?* whereas for o-Ni-oxyhydroxide a
slightly larger basal spacing of 7.5 A was reported,”” which is
more in the line with other carbonate-LDHs (typically 7.5 A),?®
and with that of green rust (7.5 A). Gravimetric analysis of the
interlayer carbonate content as BaCO,*” indicates a lower car-
bonate content of M and M-50 as compared to the idealized
formula. Assuming that charge neutrality is assured by adjust-
ing the O* /OH™ ratio through deprotonation, the following
formula can be given for these synthetic mossbauerites: Feg® "
(0)44(0H); (CO3)o 53 H,0. Within experimental error, both M-50
and M have the same formula. Upon thermal decomposition
of mossbauerite to produce hematite, a total mass loss of
21 wt.% (M-50) and 22 wt.% (M), due to loss of H,0 and CO,,
was observed (Figure S2), which is in close agreement to what
is expected from this formula (24.7 wt. %).

At both temperatures, hexagonally-shaped platy crystals are
obtained. At 50°C the crystals are, however, more uniform,
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larger, and show sharper edges (Figure 3 and Figure S3). The
morphology of green rust and mdssbauerite are very similar
(Figure 3 and Figure S3D), indicating a topotactic conversion
as previously suggested by Génin et al.*” The disordered crys-
tals are approximately hexagonal prisms with large aspect

Figure 3. (a) SEM and (b) TEM images of M-50 displaying thin, hexagonally-
shaped platelets. Typical platelet diameters in the range of 50-200 nm are
observed, while the SEM image suggests thin platelets of <10 nm thickness.

ratio of >20. The thickness of the platy crystals is 20 nm on
average in both samples, M and M-50, as derived from TEM
images and by means of AFM (Figure S4 in Supporting Infor-
mation). In both mdéssbauerite samples, the interlayer anion is
carbonate, as evidenced by FTIR (Figure S5). Of course, many
other mixed valence Fe-containing LDHs containing various
amounts of for example, Co and Ni, have been studied previ-
ously where iron has been shown to be the active center.®"
Méossbauerite is, however, an iron-only LDH with solely trivalent
iron, and for which charge balance upon oxidation is achieved
by partial deprotonation of the structural hydroxyl ions. The
exclusion of other metals and potential synergistic effects will
render fundamental studies about intermediates and inter-
mediate oxidation states of iron easier.

Interestingly, contrary to the other known iron (oxy)hydrox-
ides, mdéssbauerite is an ordinary semiconductor, with no local-
ized transitions observable, but with a band-gap of 2.4 eV (Fig-
ure S6). Mossbauer spectra of M and M-50 are very similar (Fig-
ure S7). At RT the *’Fe spectra consist of a single, broad dou-
blet with a mean quadrupole splitting of 0.69 mms ' and an
isomer shift of 0.38 mms™' with respect to metallic iron. At
42K a sextet pattern with broad lines, a hyperfine field of
49.4T, and a very small electric quadrupole interaction of only
—0.09 mms ' is observed. These values agree well with those
expected for méssbauerite."** Clearly, no residual ferrous
doublet was observed in the RT spectra, indicating complete
oxidation to ferric iron in both méssbauerite samples. The spe-
cific surface area of the two samples were determined by the
Brunauer-Emmett-Teller method (BET).®*) Sample M has a sur-
face area of 105 m?g~' whereas sample M-50 has a slightly
lower surface area of 86 m*g "' (Figure S8, Table S1).

Inspired by the analogy to y-NiOOH, the mdssbauerite was
evaluated as an electrocatalyst for the OER. Mdssbauerite as an
iron-only LDH, is the only material where the brucite type
layers, as found in y-NiOOH and LDHs, are realized by only
ferric iron ions. Moreover, by X-ray analysis no other iron (oxy)-
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hydroxides were observed. Therefore, this material could serve
as ideal catalyst to study the OER reaction in depth without
synergistic effects. M-50 achieves a current density of
10 mAcm? at an applied potential of 1.63 V versus the reversi-
ble hydrogen electrode (RHE), whereas M requires a much
higher potential of 1.77 V versus RHE (Figure 4). The overpo-

(az 25
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1.77 @ 10 mAlcm?

Current density (mA/cm’
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Figure 4. Electrochemical data of M-50 (black) and M (red). (a) Linear sweep
voltammograms registered at 5 mVs~' (b) Nyquist plots registered under
oxygen evolution at 0.156 mA (2 mAcm?) (c) Tafel slopes calculated from
LSV.

tentials of the two mossbauerites differ significantly (540 mV
and 400 mV, respectively, for M and M-50) indicating that
there might be plenty of room for further improvement by
varying synthesis conditions. The M-50 overpotential is, how-
ever, already comparable to the best values reported in the lit-
erature for thoroughly optimized iron-only based catalysts.®***!
Since there is plenty of space for optimization of the synthesis,
for example, with respect to crystallinity and microstructure,
we expect that lower overpotentials should become accessible
for the OER.

The performance of iron-only based catalysts is considered
to be closely related to the conductivity limitations of these
materials.** Mass activities (mAug~') were determined by
measuring linear sweep voltammograms (LSV) for M-50, using
different mass loadings (0.1, 0.125, 0.25, and 0.5 mgcm ?). The
highest catalytic activity was found for 0.25 mgcm ™2 (Figure S9
in Supporting Information). Despite the semi-conducting
nature of mdssbauerite, a maximum is observed suggesting
that after complete coverage of the electrode, conductivity of
grain boundaries limits the activity.

Since due to the high local concentration of H,O, the OER
current is not limited by mass transport, the LSV at sufficiently
slow scan rates represents the current increase with increasing
driving force diminished by potential Ohmic drop due to elec-
tron-transfer resistance such as, for example, that caused by
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inter-particle electron transfer. Hence, the LSV slope is consid-
ered to provide a hint on the intrinsic conductivity of a catalyst
layer. The difference in the slope of the LSVs furthermore indi-
cates a difference in the electrical conductivity of the two
maossbauerites, which can explain the OER activity difference of
both materials.

Galvanostatic electrochemical impedance spectroscopy at a
current density of 2 mAcm 2 was performed. The total charge
transfer resistance evaluated from the Nyquist plots is signifi-
cantly lower for M-50 compared to M, indicating a faster elec-
tron transfer of the oxygen evolution reaction on M-50 than
on M, which can also induce the differences observed in the
LSVs. (Figure S10, Table S2).

Electrochemically active surface areas were additionally eval-
uated from the electrochemical impedance spectra, following
a procedure by McCrory et al.*® The M to M-50 electrochemi-
cal surface areas ratio is 1.83 (Table S2), exhibiting a similar
trend to the BET surface areas, where a higher surface area was
determined for M than for M-50. The Tafel slopes of both cata-
lysts were investigated in the range of 1 to 2 mAcm 2 current
densities. The Tafel slope observed for M-50 is much smaller
than that of M (57 and 125 mVdec ', respectively). For iron-
only catalysts, previous work conducted by Lyons and Doyle
reported values ranging from 40 to 60 mVdec ' in the low
overpotential region to 120 mVdec ' in the high overpotential
region.* These differences were attributed to the formation
of dissimilar FEOOH films on the iron electrode as a conse-
quence of the different cycling methods used.®” The M-50
Tafel slope of 57 mVdec™' is close to the theoretical value of
2.303RT/0F (F—Faraday constant, T—temperature, R—univer-
sal gas constant, a—transfer coefficient) and is also in good
agreement with previous results from bulk LDHs.” For M-50,
the calculated Faradaic efficiency is 94% (Figure S11) which is
in good agreement with values reported for base metal cata-
lysts in 1M basic electrolyte.*®

Beside activity, catalyst stability, especially during the appli-
cation of high anodic potentials required for the OER, is equal-
ly important. Moreover, the slight solubility of iron oxyhydrox-
ides in basic media could lead to re-precipitation of FeOOH on
the electrode surface. Hence, it needs to be ruled out that this
is responsible for the observed electrocatalytic activity. We re-
corded LSVs for the same electrode before and after condition-
ing. A slightly increased activity was observed after the condi-
tioning process which can be induced by the modification of
the catalyst surface in contact with the electrolyte (Figure S12
in Supporting Information).

Different protocols have been established in literature to
evaluate catalyst stability.*”***! McCrory et al. employed con-
trolled-current electrolysis for 2 h and a change of 0.03 V in the
registered potential was used as criteria to determine the cata-
lyst stability.>®

Following the reported protocol, we investigated the stabili-
ty of M-50 galvanostatically by applying a current of 0.0078 A
(corresponding to a current density of 10 mAcm~?) for 4 h in
1M KOH. During this time, the necessary overpotential to sus-
tain this current was recorded. An increase of the potential by
0.014 V was registered after 4 h electrolysis (Figure 5A). The re-
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Figure 5. Stability test and post-electrolysis characterization of M-50.

(a) Chronoamperometric measurement of M-50 in 1m KOH at 10 mAcm 2.

(b) TEM image of M-50 after 4 h long term measurement (M-50 4 h) display-
ing thin platelets.

corded relatively small change of the potential could be
caused by different factors, like activity loss of the catalyst or
its physical detachment from the electrode surface. SEM
images of the electrode after the 4 h electrolysis show that the
catalyst is still present on the electrode surface, but not as ho-
mogeneously distributed, which could indicate a partial loss of
the catalyst (Figure S13). The EDX spectrum indicates that iron
is the only metal present on the electrode surface (Figure S13).

Post-electrolysis characterization of the catalyst shows that
the platelet morphology is maintained throughout the stability
test (Figure 5B). The edges of the hexagonal platelets were,
however, rounded. This might indicate a partial dissolution and
re-precipitation of the catalyst during long-term operation. The
post-electrolysis diffractogram of M-50 showed little change
(Figure S14). Most importantly, the sharp peak at 20=1.45" is
still clearly present. The basal spacing of the layered structure
has not been modified, as would be expected if the composi-
tion of the interlayer space would have changed throughout
the long term stability measurement. Some additional sharp
reflections are observed that can be assigned to KHCO,. The
broad reflection at ~20 =2 (d=5.3 A) could indicate the pres-
ence of small amounts of akaganeite (dy,,=5.3 A, PDF# 00-
034-1266). It is, however, very unlikely that this trace impurity
significantly contributes to the activity of the mdssbauerite cat-
alyst, in particular since akaganeite was reported to exhibit low
catalytic activity for the OER.*"

In conclusion, we have synthesized an iron-only méssbauer-
ite with LDH structure that shows considerable activity for the
OER. The synthesis proceeds by fast oxidation of the labile pre-
cursor, green rust. The LDH structure is preserved throughout
the oxidation process resulting in carbonate-interlayered LDHs.
By simply varying the synthesis temperature the performance
of the mdssbauerite as an oxygen evolution electrocatalyst
could already be drastically improved in this work. This indi-
cates that a thorough systematic optimization of the depend-
ence of the oxygen evolution activity on the size, shape, and
crystallinity of the materials could yield a highly efficient elec-
trocatalyst for oxidizing water. For the material synthesized at
50°C, a current density of 10 mAcm~? was recorded at an
overpotential of 400 mV versus RHE, with an initial Tafel slope
of 57 mVdec'. Morphology, doping, and processing method
of the catalyst, electrolyte, type of electrodes etc. have a pro-

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

44




Results

\\;* ChemPubSoc
Dl Europe

nounced influence on performance data and make comparison
difficult. Nevertheless, M-50 is among the best iron-based OER
catalysts (Table S3 in Supporting Information).

A slight change of the catalyst is noticed after a 4 h stability
test, but without a negative impact on the potential required
to generate a current density of 10 mAcm 2 Besides good ac-
tivity, the iron-only LDH m&ssbauerite offers the opportunity
to investigate the OER of iron LDHs without synergistic effects
from other transition metals. The mixed valence intermediate
green rust, with ferrous and ferric iron, will moreover allow
doping with a variety of transition metal ions while preserving
the brucite-type structure of LDHs. This compositional flexibili-
ty will enable expansion and enrichment of the application op-
portunities of mossbauerite by material chemists; a naturally
occurring material, which has so far been the exclusive play-
ground for mineralogists and geologists.
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Results

Supporting Information

1.0. Materials

Iron (IT) chloride tetrahydrate, iron (III) chloride hexahydrate, sodium carbonate decahydrate,
iron (III) sulfate, sodium hydroxide, barium chloride, ethanol and Nafion 117 sol. 5% were pur-
chased from Sigma Aldrich. Hydrogen peroxide solution (30 %) and iron (II) sulfate was sup-

plied by VWR chemicals.

2.0. Methods

2.1. Synthesis of méssbauerite (M)

This sample of mdssbauerite was synthesized at room temperature according to the work of Gé-
nin'! and Barthélémy et al.) A 2:1 mixture of ferrous (7.42 g) and ferric sulphate (6.52g) hy-
drate were dissolved in 95 mL Ar-saturated water yielding a total iron concentration of 0.4 M. In
a second flask, 3.2 g of NaOH and 13.3 g of Na2CO3*10H20 were dissolved in 92 mL of Ar-
saturated water (0.8 M in NaOH and 0.466 M in Na2COs3). The alkaline solution was added rap-
idly to the iron salt solution resulting in a pH of 7.6. The green rust that precipitated was then
oxidized by adding stoichiometric amounts of a 30 wt% H20: solution whereupon the color
changed to brownish-red. The mossbauerite suspension was finally stirred for another 10 minutes

before being washed five times with distilled water before being freeze-dried.
2.2. Synthesis of méssbauerite using the modified procedure (M-50)

A 2:1 mixture of ferrous (2.65 g) and ferric chloride (1.75 g) hydrate were dissolved in 48 mL
Ar-saturated water yielding a total iron concentration of 0.4 M. To this solution 40 mL of a
1.0 M Na2COs solution in Ar-saturated water was quickly added resulting in a pH of 7.5. Both
solutions were heated to 50 °C before mixing them. Under continuous Ar-flow the green rust
suspension was stirred vigorously at 50 °C for 30 minutes. Then an excess of 30 wt% H20: solu-
tion (2 mL) was added whereupon the color changed to brownish-red. The mdssbauerite suspen-
sion was finally stirred for another 10 minutes before being washed five times with distilled wa-

ter followed by freeze-drying.
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2.2. Determination of the carbonate content of mossbauerite

To determine the carbonate content of mdssbauerite, the sample was dissolved in Ar-saturated 1
M hydrochloric acid in a sealed flask. The flask was flushed with Ar and the CO2 exhausted was
captured in an alkaline solution of 1 M barium chloride. The resulting precipitate was filtered,
dried and analyzed gravimetrically.

1 g of mossbauerite yielded 243 mg BaCO3; (M-50) and 245 mg BaCO3; (M), respectively. The

following formula can be given for these synthetic mossbauerites: Fe(I11)604.4(OH)7.6(CO3)os.
2.3. Physico-chemical characterization

Powder X-ray difffraction (PXRD) pattern of green rust were recorded using a Bragg-Brentano-
type diffractometer (X’PERT-Pro, PANalytical with CuKa-radiation (A = 1.541 A), equipped
with a secondary monochromator to suppress fluorescence. The oxidation sensitive green rust
sample was additionally washed with ethanol and acetone and placed in a flowing nitrogen at-
mosphere in a XRK chamber during the measurement. Thermogravimetric analysis (TGA)
measurements were performed using a Netzsch STA 449c in Ar atmosphere with a heating rate
of 10 K/min. Transmission electron microscopy (TEM) images were acquired using a Zeiss /
LEO EM922 Omega Transmission Electron Microscope. Scanning Electron Microscopy (SEM)
images were acquired using a Zeiss / LEO 1530. Fourier transform infrared spectroscopy (FT-
IR) spectra were recorded with a JASCO FT/IR 6100 spectrometer. UV Vis diffuse reflectance
spectra were recorded with an Agilent Cary 3 spectrophotometer equipped with an integrating
sphere. A ¥’Co/Rh (~25 mCi) source was used for Mdssbauer spectroscopy. The specific surface
area was measured with a Quantochrome Nova A with N2 as adsorbate at 77 K according to the
Brunauer-Emmet-Teller (BET) method."*! Atomic force microscopy was performed with a com-
mercial AFM (Dimension™ 3100, Veeco Instruments Inc., USA) equipped with a NanoScope®
V SPM controller and a hybrid XYZ closed-loop scanner. Synchrotron high-energy X-ray dif-
fraction measurements in capillary transmission mode were carried out at beamline ID-31 at the
ESRF, Grenoble, with an X-ray energy of 70 keV (A = 0.1771 A), using a Pilatus X CdTe 2M
detector and NIST CeO: for distance calibration.

2.4. Electrochemical characterization

Electrochemical measurements were carried out with a standard rotating disk electrode (RDE)

set-up using a Ag/AgCl/3 M KCl as reference electrode, a Pt mesh as counter electrode and the
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catalyst deposited on a glassy carbon electrode as working electrode, using an Autolab potentio-
stat / galvanostat (Methrom - Autolab, The Netherlands). In a typical experiment, 5 mg of the
catalyst were dispersed in a mixture of Milli-Q water (490 pL), ethanol (490 pL) and 5 % sol.
Nafion (20 pL). A specific volume of the suspension was pipetted on a glassy carbon electrode
with an electrode surface of 0.078 cm? to form a catalyst film with a certain mass loading. The
influence of the mass activity was studied (Figure S7). The highest catalytic activity was regis-
tered when 0.25 mA/cm? mass loading was used. Further electrochemical characterization was
performed using this mass loading. The resulting films were left to dry in air under ambient con-
ditions. The OER activity was investigated in Oz saturated 1 M KOH solution. The catalyst sur-
face was conditioned by performing 10 cyclic voltammograms between 0 — 0.5 V vs. Ag/AgCl/3
M KCI with a scan rate of 100 mV/s. Linear sweep voltammetry was performed from 0 vs.
Ag/AgCl/3 M KCl to the potential corresponding to a current density of 20 mA/cm? (to prevent
the detachment of the catalyst from the electrode due to the mechanical stress induced by the
formed Oz bubbles on the catalyst film) using a scan rate of 5 mV/s and 1600 rpm. Electrochemi-
cal impedance spectroscopy (EIS) was recorded under OER conditions. For this, 0.156 mA (2
mA/cm?) was applied for 2 min in order to achieve a steady state potential. EIS was registered by
applying 0.156 mA in the 10000 — 0.1 Hz frequency range.
All potentials were converted from the used RE: Ag/AgCl/3 M KCl to the reversible hydrogen
electrode (RHE) using the following formula:

ERHE = Emeasured + 0.21 + 0.059 pH, where pH =13.89.
LSVs were also corrected for the ohmic drop using the resistance of the electrolyte (R) obtained
in the EIS at high frequency. Thus, the corrected potential was calculated using the following
formula:

EruE (corrected) = Emeasured + 1.03 - iR

where i is the current.
Long term measurements were performed galvanostatically by applying a current of 0.0078 A
(corresponding to a current density of 10 mA/cm?) for 4 h. The experimental conditions are simi-
lar to the ones described above.
The Faradaic efficiency (FE) of the catalyst was evaluated using rotating ring disk electrode
(RRDE) measurements. The experiments were performed in Ar-saturated 1 M KOH solution.

The potential of the Pt ring electrode was set at -0.7 V vs. Ag/AgC1l/3M KCI. Initially, the open-
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circuit potential (OCP) was applied to the disk electrode for ~ 300 s to establish the background
currents for both ring and disk electrodes. The potential of the disk electrode was further in-
creased to 0.66 V vs. Ag/AgCl/3M KCl and kept at this potential for ~ 300 s. The FE was calcu-
lated using the following formula: FE = iring/(igisk ‘N), where N is the collection efficiency. The
collection efficiency was determined using a solution of 5 mM Ks[Fe(CN)¢] in 1 M KOH. The
potential of the Pt ring electrode was kept at 0.4 V vs. Ag/AgCl/3M KCl, while the potential of
the disk electrode was swept from +0.4 to -0.1 V vs. Ag/AgCl/3M KCl with a scan rate of 5
mV/s. The calculated collection efficiency (N) is 0.2.

3.0. Supplementary results and discussion

3.1. Powder X-ray Diffraction
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Figure S1A. PXRD (Cu Ka radiation (A\=1.541 A)) of green rust synthesized at room tempera-
ture (red, M) and 50 °C (black, M-50). The diffractogram of green rust shows a rational 00/ se-
ries with a doos-spacing of 7.53 A (20 = 11.6°). Although the material is turbostratically disor-
dered, we assume the 3T polytype for indexing to be consistent with the literature. All peaks can
be indexed with the unit cell published by Génin et al./ for green rust indicating that no other
crystalline phases are present.
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Figure S1B. PXRD (Cu Ko radiation (A=1.541 A)) of mossbauerite synthesized according to
established literature procedures,[" 2l at room temperature (M, red) and at 50 °C (M-50, black).
Only for M-50 a basal reflection is observed d ~ 7.0 A (20 = 12.6°), which is in good agreement
with the d-spacing reported for the T2 polymorph by Génin et al. (d ~ 7.1 A).’] The low intensi-
ty is related to the fluorescence which results in high background intensity despite the secondary
monochromator applied. The lack of the basal reflection for the sample M most likely is related
to a more pronounced interstratification of slightly different basal spacings.
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3.2. Thermogravimetric analysis (TGA)
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Figure S2. TGA analysis of M (red) and M-50 (black).
The TG curves of the mdssbauerite samples show a continuous weight loss of 21 % (M-50) and
22 % (M) up to 800 °C. Upon thermal decomposition of mdssbauerite producing hematite a total
mass loss of 24.7 wt% is expected:
Fe(I11)604.4(OH)7.6(CO3)0.2*3 H20 = 3 Fe203 + 0.8 CO2 + 6.8 H20
Mméssbaueriee = 638 g/mol
Miematite = 160 g/mol
For 1 mol mdéssbauerite the weight loss amounts to
Am = Mméssbaverite — 3 * Mhematite = 158 g
Wt%H20,002 = Am / Mmassbauerie = 158 g/ 638 g=24.7 %

The observed weight losses are in good agreement with expectations confirming the above for-

mula for the synthetic mossbauerite.
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3.3. Electron micrographs

Figure S3B. SEM image of M.
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Figure S3C. TEM image of M.

Figure S3D. TEM images of the intermediate green rust synthesized at 50 °C.
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SEM and TEM images of both the intermediate and M and M-50 show thin hexagonally shaped
platelets. Typical platelet diameters in the range of 50-200 nm are observed. The thickness of
LDH stacks is in both cases (M-50 and M) 20 nm on average measured on 20 different stacks.

The crystal edges of M are less sharp and the shapes are irregular.

3.4. Atomic Force Microscopy (AFM)
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Figure S4B. AFM image and height analysis of M.
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3.5. Fourier transform infrared spectroscopy (FT-IR)
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Figure SSA. FT-IR spectroscopy of M-50.
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Figure S5B. FT-IR spectroscopy of M.

The FT-IR spectra of M and M-50 are identical and show a broad absorption at 3400 cm™ origi-

nating from the excitation of O-H stretching. Absorption bands at 1473 and 1350 cm' are char-

acteristic for carbonate. Weak bands at lower wavenumbers can be assigned to different Fe-O

streching.’) The characterizing vibrational band of sulfate (1160 cm™)"! is not visible in the

spectra of M. Clearly, carbonate is the only interlayer anion for both M and M-50.
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3.6. UV Vis Diffuse reflectance spectroscopy (UV Vis/DRS)
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Figure S6A. UV Vis diffuse reflectance spectra of M-50 (black) and M (red).

The DRS spectra of both M-50 and M show a band-gap transition at ~2.4 eV. While the semi-

conductor transition is prominent, no localized transitions can be observed.
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Figure S6B. Kubelka-Munk function of the measured UV-Vis DRS of M-50 (black) and M
(red) spectra plotted versus the wavelength. From the KM plot a band-gap of 2.4 eV can be esti-

mated.
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3.7. Méssbauer spectroscopy
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Figure S7A. Mossbauer spectra of M-50 recorded at room-temperature (left) and at 4.2 K
(right).
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Figure S7B. Mossbauer spectra of M recorded at room-temperature (left) and at 4.2 K (right).

Both samples, M and M-50 show similar Mdssbauer spectra. In line with previous reports on
mossbauerite, the room-temperature >’Fe Mdssbauer spectra consists of a single, broad doublet
with a mean quadrupole splitting (QS) of 0.69 mm/s and an isomer shift (IS) of 0.38 mm/s with
respect to metallic iron. At 4.2 K one observes a sextet pattern with broad lines, a hyperfine field
0f49.4 T and a very small electric quadrupole interaction (quadrupole shift) of only -0.09 mm/s.
These values agree well with those expected for méssbauerite.®! No residual ferrous iron doublet
was observed in the room temperature spectrum indicating complete oxidation to ferric iron. The

isomer shift is reasonable for octahedrally coordinated iron.> *J
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3.8. Brunauer-Emmet-Teller surface area analysis
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Figure S8. BET plot for N2 on the samples M and M-50 at 77 K.

The BET equation is given by:
1 1 c-1 p
B —) + * (

W) =1 WinrC ' WysC

E)

W: weight of the gas adsorbed

po/p: relative pressure

Wm: weight of the adsorbate constituting a monolayer of surface coverage

C: BET constant

The measurement data were processed with Quantochrome® ASiQwin™. The adsorbate is N2
and the data was refined with Oxygen/Zeolite as adsorbent. The results are summarized in the
following table.

Table S1: Results of the BET surface area analysis.

M M-50
specific surface are (m?%/g) 106 85
C constant +273 + 144
correlation coefficient R 0.999979 0.999995
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3.9. Mass loading and mass activity
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Figure S9. Mass loading influence plotted as current density (a) and mass activity (b) as a func-

tion of the potential.

Linear sweep voltammograms registered with a scan rate of S mV/s in 1 M KOH, 1600 rpm for

M-50 using different mass loadings. The results are presented as current density and mass activi-

ty as function of the applied potential.

3.10. Electrochemical Impedance Spectroscopy (EIS)
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Figure S10. Fitted Nyquist plots registered at 2 mA/cm? using the modified Randles circuit.
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Table S2. Parameters obtained by fitting the Nyquist spectra using the modified Randler circuit.

Sample | R(Q) CPEa—Yo CPEq— Rt () a Cdl* | ESCAS
(nMho) ngi (mF)
M-50 6.68 33 0.83 202.41 0.33 | 0.006 | 0.15
M 5.63 34 0.88 308.9 0.29 | 0.011 | 0.275

Nyquist plots from Figure S9a were fitted using the modified Randles Circuit, where a constant
phase element (CPE) was introduced instead of a capacitor. In the model, Rs is the electrolyte
resistance, Ret - charge transfer resistance and CPEa - double layer capacitance.

*The double layer capacitance was calculated using the following formulal'®):

dal — o Rs Rct
SEstimation of electrochemically surface area (ESCA) was done from the double layer capaci-
tance using the following formula:
Car
ECSA = —
C

S

Where Cs is the specific capacitance of the sample. We used Cs = 0.04 mF/cm? as an average
value which was reported for different metal electrodes in alkaline environment. The resulted
value needs to be carefully used since it was described that the error used to determine ECSA by
using an average Cs value can be off a factor of 7.

3.11. Faradaic efficiency
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Figure S11. Chronoamperometric Faradaic efficiency measurements.
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Chronoamperometric Faradaic efficiency measurements registered in Ar saturated | M KOH
solution (left). The potential of the Pt disk electrode was -0.7 V vs. Ag/AgCl/3M KCI. The po-
tential of the disk electrode was initially kept at OCP and was then increased to 0.66 V vs.
Ag/AgCl/3M KCI (~450 s). Collection efficiency measurement performed in 5 mM K;[Fe(CN)s]
in I M KOH solution (right). The potential of the disk clectrode was swept from 0.4 to -0.2 V vs.
Ag/AgCl/3M KCl with a scan rate of S mV/s, while the potential of the ring electrode was kept
constant at +0.4 V vs. Ag/AgCl/3M KCI.

3.12. Catalyst conditioning
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Figure S12. Linear sweep voltammograms registered before (M-50 BC) and after (M-50 AC)

conditioning.

Linear sweep voltammograms registered with a scan rate of 5 mV/s in 1 M KOH, 1600 rpm for
M-50 BC and M-50 AC performing 10 cyclic voltammograms between 0 — 0.5 V vs. Ag/AgCl/
3 M KCI with a scan rate of 100 mV/s (conditioning step). The slightly increased activity after

conditioning probably origins from a modification of the catalyst in contact with the electrolyte.
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3.13. Post-electrolysis SEM and EDX characterization

R T e——

20 um

Figure S13. SEM pictures and EDX spectrum of the M-50 deposited on the GCE after the long-
term measurements (M-50 4h).

SEM images of the electrode show, that the catalyst is still attached to the electrode. However,
the material is rather inhomogeneously distributed. During catalysis, small amounts of catalyst
can be dissolved into the electrolyte and redeposited as amorphous FeOOH.

The EDX spectrum registered after electrolysis show just the presence of Fe, K, C and O, indi-
cating that no other metal was intercalated as impurity from the electrolyte. Also in PXRD we

were able to fit all peaks to Fe based compounds or KHCOs3 (Figure S14).
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3.14. Post-electrolysis synchrotron X-ray diffraction
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Figure S14. Synchrotron X-ray diffraction data of M-50 (black) and M-50 4h (grey) before and
after long term measurement. Reflections marked by an asterisk can be assigned to KHCO3, the

broad reflection at ~20 = 2° originates from akaganeite (PDF# 00-034-1266).
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3.15. Table S3: Comparison of catalytic performance of transition metal species

Table S3. Catalytic activity of related materials in the electrocatalytic OER in comparison to this

work.
Material N@10mAcm>(mV) | Electrode | Electrolyte | Tafel slope (mV/dec)
M-50 400 GC IM KOH 57
M 540 GC IM KOH 125
(Ni1/Feo)OOH!!! 680 Au/Ti-SiN | 0.1 M KOH
(Nig.9/Feo.1)OOH!!! 380 Auw/Ti-SiN | 0.1 M KOH
(Nio.75/Feo.2s)OOH 370 AuwTi-SiN | 0.1 M KOH
(Nio.s/Feo.s)OOH!! 375 Au/Ti-SiN | 0.1 M KOH
(Nio.2s/Feo.7s)OOH!! ! 410 Au/Ti-SiN | 0.1 M KOH
(Nio.1/Fe.9)OOH!!! 525 Auw/Ti-SiN | 0.1 M KOH
(Nio/Fer)OOH!!! 560 Au/Ti-SiN | 0.1 M KOH
bulk NiFe LDH!'?! 347 GC IM KOH 67
3-MnO> ns!!?! 320 Ni foam 1 M KOH 40
bulk-CoFe LDH!'4] 400 Ni foam 1 M KOH 47
ex-CoFe LDH' 255 Ni foam 1 M KOH 40
ex-CoFe LDH!"! 232 Ni foam 1 M KOH 36
NiFe LDH/Co,N-CNF!!¢] 312 GC 0.1 M KOH 60
NiTi MMO ns!!”! 320 GC 1 M KOH 52
a-FeOOH 181 600 Pt-mesh 1 M KOH
a-FeOOH calc. ['¥ 480 Pt-mesh 1 M KOH
FeOOH!!! 420 Pt/Au 1 M KOH 46/ 31
B-Ni(OH)z ns!?"! 500 @ 4.4 mAcm™ GC 1 M KOH 415

(abbreviations: Au/Ti-SiN: Au and Ti-coated silicon nitride; ns: nanosheet; ex: exfoliated; Co,N-
CNF: Co,N-Codoped carbon nanoframes, GC: glassy carbon; calc.: calcined at 300 °C)
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ABSTRACT: Mossbauerite, a trivalent iron-only layered oxyhydroxide, has been bi

) X N X i 1as =
recently identified as an electrocatalyst for water oxidation. We investigated the le <]
material as potential cocatalyst for photoelectrochemical water oxidation on Ho
semiconductor photoanodes. The band edge positions of mossbauerite were g
determined for the first time with a combination of Mott—Schottky analysis and H, o]

UV—vis diffuse reflectance spectroscopy. The positive value of the Mott—Schottlky H.O
slope and the fatband potential of 0.34 V vs reversible hydrogen electrode (RHE)
identifies the material as an n-type semiconductor, but bare mossbauerite does not
produce noticeable photocurrent during water oxidation. Type-II heterojunction
formation by facile drop-casting with WO, thin films yiclded photoanodes with
amended charge carrier separation and photocurrents up to 1.22 mA cm™2 at 1.23
V vs RHE. Massbauerite is capable of increasing the charge carrier separation at
lower potential and improving the photocurrent during photoelectrochemical water
oxidation. The rise in photocurrent of the mdssbauerite-functionalized WO,
photoanode thus originates from improved charge carrier separation and augmented hole collection efficiency. Our results
highlight the potential of massbauerite as a second-phase catalyst for semiconductor electrodes.

FTO
wo,
o

B INTRODUCTION Among all those efforts, the most challenging goal is to
create a highly efficient, highly stable, environmentally friendly,

Photoelectrochemical (PEC) water-splitting enables the direct o
and cost-eflicient combination of materials.”” This is a

conversion of solar energy into uscable energy consisting of

storable hydrogen.'™® PEC water-splitting consists of two half prerequisite for rendering PEC water splitting a superior
reactions. On the cathode site, electrons are used to generate alternative to a wide variety of energy generation S)fStETns“y

molecular hydrogen, formally from protons, which is generally Thin iren-based coatings, such as FeOOH,” FeNiO,,** and
highly efficiently catalyzed by noble metals.” The oxygen ferrihydrite,”> have emerged as cfficient catalytic coating to
evolution reaction (OER) at the photoanode proceeds via a increase the PEC performance of photoanodes. Ferrihydrite is
coupled multistep clectron transfer reaction and is more an iron oxyhydroxide nanomaterial that can raise the
dcma:\ding from both a kinctjc and a thermodynamic point of photocurrent of different oxide and nitride semiconductors
view." A broad variety of oxidic n-type semiconductor phomanodes.“ For instance, ferrihydrite can act simulta-

materials such as TiO,” Zn0," a-Fe,0,," WO, " Bivo,,"”
and CuWO,'* have been employed in recent years as
photoanodes.

Still, these materials have substantial drawbacks, i.e., poor
hole transfer efficiency, low charge carrier mobility, and
therefore high recombination rates, which decrease their
performance signiﬁcanﬂy.ls Along with nano-'® and meso-
structuring,” the concept of OER cocatalysts has led to

neously as a protective coating and hole storage layer for
$rT20;N nanowire photoanedes.”’ Layered double hydroxides
(LDH) are a promising class of materials for electrocatalysis,
for photocatalysis, or as precursor for oxidic catalysts because
of their facile synthesis, versatility in chemical composition,
and structural morphology.®

uncountable combinations of semiconductor and cocatalyst for Received: February 3, 2019
eflicient PEC water oxidation." Published: July 16, 2019

ACS Publications — © 2019 American Chemical Society 9655 DO, 10,1021 facs inargehem 9600327
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Recently, we have shown that méssbauerite {Figure 1A), an
iron-only layered oxyhydroxide, is an efficient electrocatalyst

oy}

——TDOS

density of states

-I1 0 1 2 3
Energy (eV)

Figure 1. (A) Side view of mosshauerite structure; (B) total and
partial density of states (TDOS and PDOS, respectively) projected on
Fe 3d and O 2p atomic orbitals (blue and red, respectively). The
upper and lower panels indicate the spin-up and spin-down
projections, respectively.

for water oxidation, generating 10 mA cm™* at 1.63 V vs
RHE.”® The layers in méssbauerite are of Cdl,-type
(Fe;0,(OH);[CO,]-3H,0); they carry a positive charge
and are separated by carbonate for charge balance.
Madssbauerite is an iron-only material that can be synthesized
by fast chemical oxidation applying H,0, to green rust, a Fe?'/
Fe* 1 mixed-valence iron-only LDH that is green in
color.”™ Upon oxidation to méssbauerite, partial deprotonation
to an oxyhydroxide occurs concomitantly.

Massbaucrite is an intrinsic semiconductor with a band gap
in the wvisible range. The strong light absorption, purely
semiconducting behavior, and the layered oxyhydroxide
structure make mossbaucrite a promising material for the
formation of heterojunctions. Previously, a type-1I (n-type/n-
type) heterojunction of tungsten trioxide and hematite has
been shown to increase charge carrier separation.''

In this work, we report on the physical characterization of
mossbauerite by a combination UV—vis diffuse reflectance
spectroscopy, Mott—Schottky analysis, XPS, and DFT+U
calculations. We employ these nanoplatelets for the first time
as a cocatalyst for thin films of monoclinic tungsten oxide and
investigate the effect of mossbauerite functionalization for PEC
water oxidation.

B EXPERIMENTAL SECTION

Synthesis of Méssbauerite. All chemicals have been purchased
from Sigma. Massbauerite was synthesized according to a previously
reported Prucedure.% In brief, a 2:1 mixture of ferrous (2.65 g
99.9%) and ferric chloride hydrate (1.75 g 99.9%) was dissolved in
argon-saturated deionized water, yielding a total iron concentration of
0.4 M. Subsequently, a 1 M solution of Na,;CQ; in argon-saturated
water was added at a temperature of 323 K. Under continuous argen
flow, the resulting greenish suspension was stirred for 30 min at 323
K. Then, 2 mL of a 30 wt % H,0, solution was added in one shot
whereupon the color of the suspension changes te brownish-red. The
obtained mossbauerite suspension was washed with distilled water
and fnally freeze-dried. Mossbauerite can be handled in air.

Synthesis of WO; Photoanodes. WQ, thin films were grown on
conductive fluorine-doped tin oxide (FI'O) glass slides (2.2 mm
thick, Sigma-Aldrich) based on a modified synthesis by Diao.” First,
5 mL of 0.1 M Na,WO,2H,0 (99.995%) were cautiously added
dropwise into 10 mL of 0.1 M H,C,0,(99%). Then, 10 mL of 1 M
HCI was added into the above mixture and ultrasonicated for 15 min.
Next, 6 mL of the solution was transferred to a 20 mL T'eflon-lined
stainless-steel autoclave, and the FTO substrate was placed vertically.
The auteclave was scaled tightly and heated at 453 K for 2 h. After
cooling down to room temperature, the FTO glass was washed with
deienized water. The FTO glss with the deposited thin film was
annealed at 823 K for 2 h under ambient atmosphere in order to
increase the crystallinity of the tungsten trioxide.

Deposition of Mossbauerite on the WO, Photoanode.
Mossbauerite powder was dispersed by ultrasound in ethanol (35.0
g mL "), The WO, thin film electrode was placed on a heating plate
at 323 K and the Fe-LDH dispersion was drop-cast on the surface.
The electrode was dried under vacuum for 24 h.

Preparation of Méssbauerite on FTO. Electrophoretic
deposition (EPD) was used to immobilize mossbauerite onto FTO.
Briefly, S mg of iodine and 20 mg of massbanerite powder were
dispersed in 30 mL of acctone with ultrasonication to obtain a
suspension for EPD. Two FT'O glass slides were electrically wired and
placed inside the solution within a distance of § mm under 20 V of
bias for $ min to coat the FI'O substrate with a mossbauerite layer.

X-ray Diffraction (XRD). Powder XRD) patterns of the bare thin
films, WO, and WO, /mbssbauerite photoelectrodes, were recorded in
the transmission mode on a STQE STADI-P diffractometer {Cu Ker
radiation) equipped with a DECTRIS Mythen 1K detector.

Electron Microscopy, X-ray Photoelectron Spectroscopy
(XPS), and UV-Vis Spectroscopy. Transmission electron micros-
copy {TEM) images were acquired using a Zeiss/LEQ EM922
QOmega transmission electron microscope. Scanning electron micros-
copy {SEM) images were acquired using a Zeiss/LEO 1530. The
TEM results from Figure 7 were obtained on an aberration-corrected
Themis Z instrument from FEl company (now Thermo Fisher)
operated at 300 kV. For the high-angle annular dark field (HAADF)
and electron energy-loss spectroscopy (EELS) results, the TEM was
operated in STEM mode with a convergence angle of 19.5 mrad and a
collection angle of 17 mrad. The selected-area clectron diffraction
pattern (SAEDP) was acquired by using a parallel illumination and a
selected area entrance aperture centered over an agglomerate similar
to that shown in Figure 2a. '[he EELS data were extracted from a
spectrum  image where both core-loss and low-loss EELS was
simultancously acquired. The spectrum in Figure 7¢ was stripped of
the pre-edge backgreund and decenvelved te represent a single
scattering distribution.

XP spectra were measured with a Versa Probe 11l from Physical
Electronics. UV Vis diffuse reflectance spectra were recorded with an
Agilent Cary 5000 spectrophotometer equipped with an integrating
sphere and PTFE as 100% reflection reference.

Photoelectrochemical (PEC) Characterization. The measure-
ments were carried out with a PEC cell (WAT Venture) operating in
a conventional three-electrode configuration. A platinum wire and a 1
M Ag/AgC] electrode were used as counter and reference electrodes,
respectively. The produced thin films on FTO were used as working

DAL 101021 /acs.inargchem 9b00327
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Figure 2. Electronic micrographs of (A) méssbaverite and (B)
nanoporous composite WO;/méssbauerite photoanode.

electrodes. All current values of the photoanodes were recorded
versus I M Ag/AgCl and converted vs RITE according to Epyyy, (volt}
= Ejp agiagar + (0059 X pH}). The supporting electrolyte was 0.1 M
Na,S0, solution buffered to pH 7 by 0.1 M potassium phosphate.
The electrolyte was prepared with Milli-Q water (18.3 €2 cm).

A potentiostat (SP-150, BioLogic) was employed to record the
clectrochemical data, The light source for all data presented in this
work was an AM 1.5G solar simulator (100 mW Jem?, class-AAA
940234, Newport). Photoanodes were illuminated from the backside.
In a typical linear square voltammetry (LSV), the voltage was swept
linearly from negative to positive potential divection at a rate of 10
mV/s. Mott—Schottky measurements were performed at three
different frequencies, i.e,, 10, 100, and 1000 Hz, and analyzed with
LC Lab Software.

Computational Methods. Spin-polarized DFT calculations were
performed using the projector augmented wave (PAW)* formalism
and the generalized gradient approximation (GGA) method with
Perdew—Burke—Emmzerhof (PBE) exchange-correlation functional as
implemented in the Vienna Ab Initic Simulation Package
(VASP).*™* The DFI-D3 method of Grimme was employed to
evaluate the dispersion contribution for the -.;dsarption.34 The cutoff
energy of 500 eV for the plane-wave basis set has been used. The
convergence criteria of 107% eV and 1072 eV/A were used for the
energy and forces (in geometry optimizations) convergence,
respectively. DFT+U theory was applied with the U—J values of 3.7
Y

The IT polytype (Ol geometry) was used to represent the
structures of mossbauerite. On the basis of test calculations, a /3 X
24/3 supercell was adopted to accommodate the carbonate anion
(CO3*") and three water molecules in the interlayer space
(Fe;0,(OH )3 CO,|*311,0); the total magnetic moment was
fixed at 30 py per cell and 4 X 3 X 2 k-point samphng% was
consistently used.

B RESULTS AND DISCUSSSION

Structural Characterization. For the XRD analysis of
tungsten trioxide, the thin films were mechanically removed
from the FT'O-glass to avoid reflection peaks of tin oxide. The

9657

diffractogram shows that the thin film consists only of tungsten
trioxide (Figure S1).

Synchrotron high-energy X-ray diffraction of the highly
disordered carbonate interlayered mdsshauerite was published
in a previous work.”® The diffractogram indicates a turbostratic
disordered layered material with a d-spacing of 7.0 A. As stated
in the previous work on a mossbauerite electrocatalyst, the lack
of an integral 00I-series might be related to an interstratifi-
cation of varying d-spacings.

The semiconducting nature of mossbaverite and the size of
the bandgap were confirmed by quantum mechanics. Starting
with published structures of related LDH, the crystal structure
of carbonate interlayered mdssbauerite was optimized by DET
methods (Figure 1A). The total density of states (TDOS) and
partial density of states (PDOS) projected on Fe 3d and O 2p
atomic orbitals confirm mdssbaverite to be semiconducting
(Figure 1B), In very good agreement with experimental
observations, the band gap between the spin-up valence band
and spin-down conduction band calculated via DE1'+U was
found to be 1.8 eV. The former and the latter are mainly
contributed from O 2p and Fe 3d orbitals, respectively.

TEM micrographs show the 2D structure of mossbauerite,
consisting of intergrown hexagonal nanoplatelets (Figure
2A)."" The Tength and thickness of the nanoplatelets are
around 50-200 nm and 10-20 nm, respectively. Figure 2B
depicts a representative SEM image of the composite
phctoanode ‘WO, /mdJssbauerite. Since the amount of
missbauerite was very small, the morphology of the nano-
porous tungsten trioxide plates remains unchanged. The WO,
plates are several micrometers large and display a thickness of
approximately 200 nm, while the nanoporous structure is
visible over the whole crystallites.

The chemical states of mdssbauerite were analyzed by XPS
(Figure 3). The sample was sputtered with Ar ions after
introducing the sample into the XPS chamber to remove
adsorbed hydrocarbons. In mdssbauerite, all Fe™ cations are
octahedrally coordinated with O*~ or OH™ comparable to the
alpha phase of FeQOH (gocthitc).w The Fe 2p energy region
in the XP spectrum resembles the one previously reported for
goethite.w Curve-fitting of mixed iron oxyhydroxide species
however is difficult due to varying peak shapes, varying satellite
intensitics and satellite overlap.

The main peaks were deconvoluted into two Fe 2p,,,/Fe
2p, s, doublets with an additional satellite peak for each. The
maxima of the peaks are found at 710.4, 712.5, and 718.2 eV
for Fe 2py;, and 724.8, 732.6, and 742.6 eV for Fe 2p;p,
respectively, and are in good agreement with goethite.j’8 Fitting
a Gupta and Sen multiplet splitting to the XP spectrum would
yield no additional information.” In the O 1s spectrum, three
peaks can be identified and assigned to oxidic Fe—O (529.6
eV), hydroxide Fe—OH (531.2 eV) and water in the interlayer
or external surface of massbauerite.'’ The C 1s spectrum is
dominated by an impurity species related to tape used to attach
the powder sample to the measurement stage. Additionally,
C—0 and C=0 peaks are present at 286.0 and 288.7 eV,
confirming the presence of carbonate as the counteranion of
the mdssbauerite.*’

The optical bandgap of mosshauerite was measured by UV—
vig diffuse reflectance spectroscopy, and the calculated Tauc
plot is shown in Figure 4A. The experimentally determined
bandgap for the indirect transition is 1.8 eV. This value might
be slightly shifted by the influence of an Urbach tail,

originating from less crystalline domains or defect states, as

DOI: 10.1021/acs.inorgchem 3600327
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Figure 3. XP spectra of missbauerite.

frequently encountered in semiconducting materials.*” The
bandgap of the direct transition is 2.1 eV but will be
disregarded in the following because the PEC experiments
are conducted at room temperature where suflicient energy is
supplied to change the impulse of electrons during the band
transition.

Photoelectrochemistry. The flatband position of mdss-
bauerite was determined by means of Mott—Schottky (MS)
analysis at 10, 100, and 1000 Hz (Figure 4B). The positive
slope of the reciprocal square of the capacitance versus the
potential indicates the material to be an n-type semiconductor.
The MS plots measured at different frequencies are consistent
and put the flatband of mossbauerite at 0.34 V vs RHE. This
value is comparable with literature reports on both oxide and
hydroxide species of iron. For instance, for hematite values
between 0.71 and 0.47 V vs RHE were reported, depending
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WO,

Figure 4. (A) UV—vis and {B) Mott—Schottky plots of masshauerite
at different frequencies, (C) Schematic illustration of valence band
{VB) and conduction band (CB) edge positions for tungsten trioxide
and mossbauerite.

vastly on sample preparation and morphology.“ With
increasing hydroxide content, the flatband is shifted toward
lower potentials. Méssbauerite being an iron oxyhydroxide is
more similar to ferrihydrite for which a flatband potential of
around 0.3 V vs RHE was reported.””

The resulting valence band edge (VBE) and conduction
band edge (CBE) positions of mdssbauerite vs RHE are
plotted in Figure 4C and compared to those of WO, The
different positions of the VBE and CBE would yield a type-IT
heterojunction upon contact of both n-type semiconductors.

DAL 101021 /acs.inargchem 9b00327
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The formation of interfaces between two semiconductors of
the same type but different band edge positions can improve
the charge carrier separation of photoelectrodes. The
comparison of the open-circuit potential of WO, before and
after mossbauerite functionalization shows that the photo-
induced potential drop was slightly larger for the hetero-
junction (Figure $2). This is highly likely to originate from the
more negative CBE position of mossbauerite in comparison to
WO,

For the photoelectrochemical characterization of mossbauer-
ite, LSV curves of electrodes prepared by EPD were recorded
in 0.1 M Na,SO, (pH 7) at a scan rate of 10 mV s .
Massbauerite developed a small anodic current of approx-
imately 15 4A cm™ at 1.23 V vs RHE current density and no
upsurge could be observed upon illumination (Figure SA). The
lack of photocurrent may be due to low electronic conductivity
combined with fast surface recombination of charge carriers at
interconnected mdssbauerite nanoplatelets.

Applying a modified synthesis of Diao,™ we were able to
prepare a WO; thin ilm photoanode with very good PEC
water oxidation performance (Figure 5B) as reflected in =
significant photocurrent of 1.44 mA cm™ at 1.23 V vs RHE.
The onset potential, i.e., the value at which photocurrent can
be detected, for water oxidation is about 0.65 V vs RHE. Since
water oxidation is a kinetically demanding process, it is
impossible to determine directly the number of photo-
generated holes reaching the electrode—electrolyte interface.
Contrary to water, the oxidation of sulfite anions to sulfate
anions is a very fast process. Using sulfite as a hole scavenger
therefore allows us to determine the number of surface-
reaching holes available for oxidative processes. When
oxidizing sulfite instead of water, the neat WO, photoanode
generates a photocurrent of 1.64 mA cm™ at 1.23 V vs RHE
(Figure 5B). After functionalization with madssbauerite, the
heterojunction photoanode shows a small but significant
increase in photocurrent density during sulfite oxidation at a
potential below 1.15 V vs RHE indicatmg irnproved charge
carrier separation at the WO ;/mossbauerite heterojunction.

In the absence of sulfite, a similar tendency of an enhanced
photocurrent density during PEC water oxidation can be
observed on the WO,/mdssbauerite heterojunction photo-
anode (Figure $C). An upsurge in photocurrent during LSV in
comparison to WO; photoanode was recorded after coating
the surface with mossbauerite. After having exceeded the
optimal loading amount of 4 ug of mossbauerite, the
photocurrent decreased (Figure $3).

This is a frequent observation for composite electrodes,
where after reaching the optimived amount of catalyst, further
addition leads to a decrease of semiconductor—catalyst
interfaces being exposed to the electrolyte. Though the
photocurrent of the compasite electrode is among the highest
for WO, photoanodes, the catalytic enhancement of the
current density remains lower than the value obtained for the
oxidation of sulfite as hole scavenger (Figurc 5B). Above the
thermodynamic potential for water oxidation (1.23 V vs RHE),
the bare WO; photoanode exhibits a higher value for sulfite
oxidation in comparison to the heterojunction electrode; a
phenomenon often occurring for composite photoelectrodes
based on tungsten trioxide."

Chronoamperometry at 1.23 V vs RHE under interrupted
illumination shows that mossbauerite advances the photo-
current of the WG, photoanode by 10% from 1.11 to 122 mA
em™ (Figure 6). The slight decay in photocurrent during the
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Figure 5. LSV at a scan rate of 10 mV s™' under sequentially
interrnpted backlight AM 1.5G illumination at pH 7: (A) bare
massbauerite, {B) comparison of bare WQ; and WO,/méssbauerite
in the presence of sulfite anions (50 mM) as hole scavenger, (C)
comparison of bare WO; and WO;/mossbauerite. The black curves
and red curve correspond to PEC water oxidation without sulfite
addition.

CA can be mainly attributed to WO, because the shape of the
curvature is similar to the pristine tungsten trioxide photo-
anode. It should be noted that the WO; photoanode was not
subject to postannealing treatment before mdassbauerite
deposinonf“' Such treatment under nonambient atmosphere
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Figure 6. Chronoamperometry during PEC water oxidation on
photoanodes WO, and WO,/massbauerite at 1.23 V vs RHE under
chopped illumination at pH 7 under sequentially interrupted backlight
AM 1.5G illumination.

is usually necessary to obtain current densities above 1 mA
em™ at 123 V vs RHE.*" The percent increase of
photocurrent by mossbauerite depends on the initial photo-
current of the tungsten trioxide. We measured the PEC water
oxidation with the heterojunction system but used a WO,
photoanode exhibiting a poorer initial photocurrent (Figure
$4)."" After méssbauerite functionalization, the photocurrent
increased from 18 to 26 gA am™? at 1.23 V vs RHE.

The difference between mdssbauerite and the iron oxy-
hydroxide ferrihydrite, which is known to be a very eflicient
hole storage layer, becomes clear when analyzing the curvature
of the chronoamperometry. Upon interruption of illumination,
the current of the photoanode WQO;/mdssbauerite drops to
zero without the occurrence of a cathodic overshoot, ie, a
current drop below zero accompanied by a subsequent rapid
rise to vero. The described cathodic overshoot is the
characteristic behavior of a hole storage layer such as provided
by ferrihydrite. A complementary bare méssbauerite electrode,
containing the same amount as for the heterojunction

photoanode, did not develop any noticeable photocurrent at
1.23 V vs RHE (Figure S6).

A more detailed analytical study of the mossbauerite
catalytic interface after PEC water oxidation is presented in
Figure 7. Here, a separate mossbauerite electrode was prepared
via EPD and utilized for water oxidation at 1.23 V vs RHE for
60 min. The sample was mechanically removed from the
substrate, dispersed in hexane and deposited on a TEM grid.
The corresponding HAADF micrograph and SAEDP are
presented in Figure 7ab. The rotational average of this
diffraction pattern is inset in yellow, and a simulated powder
diffraction pattern is overlaid in black. The pattern was
generated using the structure file from DFT+U in the Mercury
program and was blurred to more closely simulate the clectron
diffraction conditions. Since the massbauerite plates rest atop a
thin amorphous carbon TEM grid, the amorphous carbon
rings present a very high background contribution, obscuring
some of the weaker reflections. Nevertheless, a number of
reflections corresponding to strongly diffracting atomic planes
are vigible, and these are annotated with dashed rings over part
of the figure. Miller indices accompany these rings. The outer
three rings have two indices each, as multiple strong reflections
are present in the angular range but cannot be individually
distinguished in this data set. Figure 7c shows an EEL
spectrum from the agglomerated nanoplates after PEC water
oxidation. Energy-loss near-edge fine structure (ELNES)
features for the oxygen K and iron L, ; edges are both visible
and bear a striking resemblance to Fe, O, strongly suggesting
that the oxidation state is primarily +3."

Electrochemical impedance spectroscopy measurements
performed under illumination show a smaller arc radius for
the heterojunction; hinting toward improved charge transfer
upon massbauerite functionalization (Figure S5). The rise in
photocurrent of the mossbauerite-functionalized WO, photo-
anode thus originates from (i) improved charge carrier
separation as a consequence of the type-Il heterojunction
formation and (ii) an improved hole collection efliciency due
to mossbauerite acting as a water oxidation catalyst.

B CONCLUSION

We have investigated mdssbauerite as a cocatalyst for PEC
water oxidation on tungsten trioxide thin film electrodes.
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Figure 7. (A) HAADF micrograph of a missbauerite nanoplates after PEC water oxidation at 1.23 V vs RHE. (B) SAEDP from the méssbauerite
nanoplates. A rotational average of this SAEDP is in the inset and is overlaid with a simulated powder diffraction pattern from DFT+U. Selected

reflections are indexed. (C) EEL spectra of the mossbauerite nanoplates.
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Maossbauerite-functionalized WO, photoanodes reached a
photocurrent of 1.22 mA ecm™ at 1.23 V vs RHE during
PEC water oxidation. Mott—Schottky measurements in
combination with UV—vis spectroscopy show méssbauerite
to be an n-type semiconductor with a band gap of 1.8 ¢V and a
flatband potential of +0.34 V vs RHE. The XP spectra confirm
all Fe** cations to be octahedrally coordinated with O* or
OH similar to the structurally related goethite.

PEC oxidation of sulfite as hole scavenger on méssbauerite-
modified WO, photoanodes indicates an enhancement of the
charge separation by the type-II heterojunction created. Our
work demonstrates that, in addition to the known electro-
catalytic activity of mossbauerite, its semiconducting nature
and band alignment additionally improve the photocurrent due
to better charge carrier separation at the interface. Our results
highlight the potential of médssbauerite in the construction of
heterojunctions for improving the performance of photo-
anodes.
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ABSTRACT: Layered double hydroxides (LDHs) of various compositions ~§ n
have been shown to be potent photo- and electrocatalysts. Recently,
mossbauerite, obtained by chemical oxidation of an all-iron, mixed-valence
green rust (GR) LDH, was introduced as an efficient oxygen evolution
reaction (OER) electrocatalyst. An accurate characterization of the structure
of mossbauerite is necessary for a knowledge-based future optimization of

OER performance. However, as is typical for layered materials, massive b (| 2
defects hamper the understanding of its true structure. In this work, we Grafting ,-,3'?

elucidate the structure of mdssbauerite and gain insight into the structure— =8
property relationships relevant to its potential as an OER catalyst. Density
functional theory calculations show that upon oxidation of a GR precursor to
mossbauerite, the direct grafting of interlayer anions to octahedral iron becomes energetically feasible. This indicates that the
grafted and interlayer carbonate anions may coexist in a random interstratification. This prediction is supported by analysis of
infrared spectroscopy and X-ray powder diffraction data, which show that an interstratified model with turbostratic planar

disorder provides a good fit with the experiment.

. INTRODUCTION

Layered double hydroxides (LDHs) of various compositions
have been identified as the best oxygen evolution catalysts with
respect to overpotential.' LDHs consist of brucite-type layers
that carry a positive charge because of isomorphous
substitution of tnv1lcnt with dlva.lent octahedral cations, for
instance, [Ni;_,* Fe,* (OH),]*".” The charge is compensated
by anions, which reside in the interlayer space between the
layers. For a 2:1-ratio of divalent and trivalent cations with
carbonate interlayer anions, the interlayer space is densely
packed with CO,*", lying parallel to the layers with smaller
voids filled with interlayer water molecules. As is the case with
all layered compounds, LDHs exhibit massive planar defects.
Adjacent layers are stacked in a random way (turbostmhcnty),
which complicates the structural analysis by X-ray diffraction.”
In the course of electrocatalysis, the redox-active octahedral
cations in the LDH layers become partially ox:ldlzed rendering
the structural protons of the LDH more acidic.’ It has been
suggested that the compensation of the additional positive
charges generated by (eclectro-)oxidation happens via the loss
of protons from the structure.” Moreover, this might partially
trigger the direct coordination of the interlayer anions to the
octahedral cations (grafting), leading to a random modulation
of the layer spacing. This random interstratification will affect
the positions, the full width of half maximum, and the
intensities of 00 reflections.” In such a case, the X-ray beam
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averages the different real d-spacings corresponding to grafted
and nongrafted layers, and hence, the observed basal spacing is
no longer related to the real structural parameter. Carbonate-
grafted LDHs have been experimentally observed in the
thermal evolution (frorn room temperature to 300 °C) of Ni—
Co and Ni—Fe LDHs." In addition to carbonates, grafting of
other anions to brucite layers after calcination has also been
suggested, including sulfate,” phosphate,” chromate/dichro-
mate,"”!" metavanadate,’> and other oxometalate anions. Such
grafting phenomena seem to be common during thermal
decomposition. Grafted structures were proposed as inter-
mediates in the thermal LDH decomposition based on density
functional theory (DFT) calculations;"® grafting can only
occur at high temperature (330 °C) as indicated by both
experiment and themy“ > However, grafting has also been
observed under relatively mild gondltmm for acetates and
nitrates in “simple” hydroxides."®

In summary, the impressive flexibility of the brucite-type
structure leads to an extensive “family” tree spanning various

combinations of substitution types (valence and types of

metals, structural O*~, and OH™, and types of grafted anions,
as shown in Scheme 1) comprising both anionic and cationic
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layers and encompasses materials applied in various technical

fields such as batteries'® and catalysis.'”*"
V£

Scheme 1. Overview (Making No Claim of Completeness)
of Brucite-Type (Hydr-)Oxides with One or Two Different
Types of Metals of Equal or Different Oxidation
States™' ¢
LDH
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In this paper, a joint computational and experimental effort
was taken to determine where mossbauerite is located in this
extensive structural family tree and to unambiguously assign its
structure.

2. METHODS

2.1. Computational Details. To determine the most
stable structures of green rust (GR) and mossbauerite, we
employed a two-phase computational strategy. First, 7.5 ps ab
initio molecular dynamics (AIMD) simulations were run for all
the configurations (surface OH constitution, and grafting
states), in order to generate a set of reasonable structures at
finite temperature (300 K). An energy convergence criterion of
1077 eV was employed to minimize the energy drift during the
simulations. Then, the most stable four structurally inequiva-
lent configurations were sclected from the simulation
trajectory, and subsequent geometry optimization was
performed to locate local minima on the potential energy
surface (PES). These structures were then used as starting
points for the calculation of minimum energy pathways
between relevant minima, via climbing image nudged-elastic
band (CI-NEB) calculations. In summary, AIMD is employed
as a tool to increase the sampling of configuration space under
experimentally realistic conditions, while multiple starting
configurations allow all important structures to be accessed,
avoiding problems of rare event sampling. All encrgetic and
structural analyses are then performed on the PES on which we
search for stationary points at relevant regions.

Spin-polarized DFT calculations were performed using the
projector-augmented wave’” formalism and the generalized
gradient approximation method with the Perdew—Burke—
Ernzerhof exchange-correlation functional as implemented in
the Vienna Ab initio Simulation Package (VASP).”*™*® The
DFT-D3 method of Grimme with Becke—Johnson damping
was employed to evaluate the dispersion contribution.” The
plane-wave basis set was expanded to a cutoff energy of 500
eV. Convergence criteria of 1075 eV and 1072 eV/A were used
for the energy and forces in geometry optimizations,
respectively. The DFT + U approach is applied to treat the
electron correlation of highly localized iron d orbitals, with the
values of U—] for Fe*'/Fe*™ set to 3.7 eV. This value has been
proposed previously for iron oxide surfaces.’”” The volume and
lattice parameters of unit cells and atomic positions were fully
relaxed during geometry optimizations. The transition states

were localized using the climbing image nudged elastic band
method™ as implemented in the Transition State Tools for the
VASP (VTST) module.”” The solid-state CI-NEB was used, in
which the volumes and lattice parameters of all intermediates
were fully relaxed during the transition state search.

Test calculations carried out for mossbauerite with 2T unit
cells (two layers per cell) revealed that ferromagnetic (FM)
and antiferromagnetic states have very similar energies (the
differences are always smaller than 10 kJ mol™ and mostly
smaller than $ kJ mol™). Thus, FM coupling was adopted for
all calculations. Consequently, calculations were performed for
a unit cell comprising a single layer. The 3R, model was used
for GR, and it was reduced to 1/3 by an offset vector,
considering the symmetry. There are a large number of
possible structures of massbauerite, 3T; (0,0,P,). Therefore,
the 1T model was used; the corresponding O, geometry
represents reasonably well the structure of mossbaucrite, and it
is suitable for an atomistic understanding of the interlayer
space. The 4/3 X 24/3 supercell was adopted to accommodate
the carbonate anion (CO5>7). Three water molecules were
included in the interlayer space within both models, giving the
following stoichiometries: GR [FelFe}!(OH),,] {CO;3H,0}
and méssbauerite [Fef'O,(OH),]{CO;-3H,0}. Thus, the
total magnetic moments of GR and mdssbauerite were fixed
at 26 and 30 uy per cell, respectively, (6 Fe atoms in total, 4
Fe*' and 2 Fe*' in GR, and 6 Fe’' in méssbaucrite). 4 X 3 X 2
k-point sampling was used in all calculations.

2.2. Refinement of the Disorder Model. TOPAS-
Academic V6 was used for the refinement of the real structure
and the disorder model.** Applying the unit cell data from
DFT calculations, a stack of 400 layers was created with
stacking probabilities of p,4.q = 0.7 and pyngrsica = 0.3. To
introduce turbostratic disorder in the stack, random shifts in a
and b directions were applied between adjacent layers in the
stack. To compensate the thermal expansion of the lattice
parameters of the DFT-calculated values, the unit cell
parameters a and b were refined within a range of 5.5-5.9
and 10.6—11.5 A, respectively. The c axis for grafted layers was
allowed to refine within a range of 7.2-7.3 A and for
nongrafted within 7.5-7.8 A. Cell angles were allowed to vary
within +3°. Also, the atomic displacement parameters (beq)
were fixed to seven for hydrogen, six for carbon, four for iron,
and six for oxygen. A step size of 0.05° 20 was chosen for the
refinement.

2.3. Synthesis and Characterization. Carbonate-inter-
layered GR was synthesized according to a literature
procedure. In brief, a 2:1 mixture of ferrous (2.65 g) and
ferric chloride (1.75 g) was dissolved in 48 mL Ar-saturated
water. This yields a total iron concentration of 0.4 M. Na,CO;
solution (40 mL, 1.0 M) in Ar-saturated water was added,
which results in the precipitation of a greenish-blue solid. Both
solutions were heated to 50 °C before mixing them. Under
continuous Ar-flow, the GR suspension was stirred at 50 °C for
30 min. For the synthesis of mossbauerite, 2 mL of an aqueous
30 wt % H,0, solution was added to the GR suspension
described above. Assuming that 1 molecule of H,0, can
oxidize two ferrous iron atoms, this corresponds to a three-fold
excess of the oxidant to Fe'.

Powder X-ray diffraction patterns of GR and mdssbauerite
were recorded with a STOE STADI-P equipped with four
MYTHEN2 R 1K detectors and Ag Ka (2 = 0.5594075 A) in
0.5 mm glass capillaries.” The méssbaucrite diffraction pattern
for the refinement was sampled with synchrotron radiation in
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Figure 1. PXRD patterns of (a) carbonate-interlayered GR indexed according to Drissi et al.’® and the resulting (b) carbonate-interlayered

mossbauerite after forced oxidation with H,0,.

transmission mode (beamline ID-31 at the ESRF, Grenoble,
with an X-ray energy of 70 keV, 2 = 0.1771 A) using a Pilatus
X CdTe 2M detector and NIST CeO, for distance calibration.
The IR spectra of the powder samples were recorded using a
JASCO FTIR 6100 spectrometer (400—4000 cm ' range; 4
cm ! resolution).

3. RESULTS AND DISCUSSION

GR [FejFel'(OH),]{CO;-3H,0} is a member of the
fougerite group minerals and is unique among LDHs because
the divalent and trivalent cations are of the same element (Fe).
It is known to be present in the form of naturally occurring GR
phases. Some rare natural samples of GR are ordered
sufficiently well to determine unequivocally the layer stacking
as typically 3R, polytype and to refine the structure.” GR
synthesized in the laboratory is not turbostratically disordered
as well, showing strong hkl reflections in addition to the Q0f
series (Figure la). The basal distance is uniform leading to a
so-called rational 00/-series. When calculating the basal spacing
from individual 00! reflections, the coeflicient of variation is
small, indicating that the basal spacing represents the distance
in the real structure.

Recently, mossbauerite [Fef'O,(OH);]{CO;3H,0} syn-
thesized by the chemical oxidation of GR by H,0O, has been
shown to be a promising all-iron efficient oxygen evolution
reaction (OER) cata]yst.3 Unlike most other LDH materials,
mossbauerite is found to be a purely semiconducting material
with no localized d — d-transitions, as observed in the UV—vis
diffuse reflectance spectrum.” This photo-electronic property
might be related to the catalytic performance. It is, however,
unknown which structural feature is related to the important
change in the electronic structure. The diffraction pattern of
mossbauerite is rather featureless with very few, rather broad,
and asymmetrical peaks (Figure 1b). The first peak observed at
7.0 A has been related to the basal spacing.5 A 00] series is,
however, missing. Moreover, this apparent basal spacing is
considerably lower than that of the parent GR (7.5 A)* and all
other carbonate LDHs." Upon oxidation of GR, the
morphology is preserved, suggesting that the transformation
is topotactic. The features of the diffraction pattern point
toward turbostratic disorder combined with random inter-
stratification of different layer separations. Clearly, structural
details would be needed for a knowledge-based optimization of
the OER performance, but with these diffraction data in hand,
such details are not accessible.

25159

Given this situation, computational studies of both GR and
mossbauerite will be of great assistance, and at the same time,
they will provide an understanding of the electronic properties.
Both nongrafted (for the interlayer carbonate) and grafted
layers are considered in this study. Results of the periodic DFT
models are critically evaluated in the light of published and
newly acquired experimental data. The presented computa-
tional and experimental results address the following questions:
the structures of nongrafted and grafted GR and mossbauerite,
energetics and mechanism of grafting, grafting of mossbauerite
driven by hydrogen peroxide, and the stability of bidentate
carbonates,

3.1. Green Rust. For geometry optimization, the published
structure for GR*' was modified by saturating all surface

oxygen atoms with hydrogens (Figure 2). A V3 x 23

Figure 2. Side and top views of the most stable optimized structures
of GR without grafting (GRNG_1) (a,c) and with carbonate grafting
(GRG_1) (b,d). L'op views show only species in the interlayer gallery.
Lron is gold, carbon is brown, oxygen is red, interlayer water hydrogen
is blue, and hydrogen on the displaced hydroxyl (d) is white.

supercell of [FeFe)'(OH),,]{CO;-3H,0} was chosen as the
model that is consistent with the model of mdssbauerite
discussed below. Because of the larger number of geometrical
and conformational degrees of freedom of molecules in the
interlayer space, several low-lying energy minima were
obtained via the two-phase—AIMD and local optimization
procedure described in Section 2.1. The located low-energy
structures are depicted in the Supporting Information (Figure
S1). The top and side views of the most stable optimized GR
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structures for nongrafted (GRNG_1, Figure 2a,c) and grafted
(GRG_1, Figure 2b,d) are given in Figure 2. In GRNG_1, the
carbonate anion lies parallel to the layers, and it is surrounded
by water molecules, which form a two-dimensional hydrogen-
bonding network. In GRG_1, the carbonate ion substitutes an
OH™ group upon grafting and lies perpendicular to the layer.
The replaced hydroxyl group lies in the interlayer space
(Figure 2d) and interacts with the interlayer water molecules
and a hydrogen atom in the lower layer. The relative energies
(with respect to the most stable configuration obtained) and
the unit cell parameters of the five lowest energy structures are
summarized in Table 1. We found that the grafted structures

Table 1. Relative Energies (E,, in k] mol ™) and a and ¢*
(dgg;) Parameters (in A) of Optimized GR Structures

nongrafted grafted
structure Eg afc* structure Eqy afc*
GRNG_1 0 3.20/743 GRG_I 19 3.21/7.19
GRNG_2 1 3.20/743 GRG 2 20 3.21/7.11
GRNG 3 1 3.20/7.44 GRG_3 28 3.20/7.12
GRNG_4 2 3.20/742 GRG_4 48 3.20/7.14
GRNG_S 3 3.20/743 GRG_$ 54 3.23/7.19

are higher in energy than the corresponding nongrafted
structures. This indicates that grafting for GR is unlikely to
take place spontaneously (Table 1). In addition, grafting leads
to a sizable decrease of the lattice parameter ¢, while the a
parameter is not changed significantly.

3.2. Méssbauerite. The starting model for médssbauerite
[Fef'0,(OH)s]{CO;:3H,0} was derived from the optimized
GR structure. The presence of four surface O*~ (per UC)
introduces additional complexity of the interlayer space
(compared to GR) because various OH distributions must
be considered: (i) (6OH /20H™) with the fully protonated
top surface and only two OH™ groups on the bottom surface,
(ii) (SOH/30H") with five and three OH™ groups on the
top and bottom surfaces, respectively, and (iii) (4OH/
40H") with an equal number of OH™ groups on both surfaces.
For each of these top/bottom distributions, different lateral
distribution patterns exist. In addition, protons can also be

exchanged with carbonate (HCO,") and water (H;0") in the
interlayer space. This range of configurations was captured by
the combination of AIMD and local geometry optimization.
For the proton exchange between the surface and the
interlayer, multiple transitions were found to occur within
the duration of the simulation, implying low barriers. Grafting/
ungrafting events and the transfer of protons between lateral
positions was not observed, as these constitute rare events.
Hence, each such configuration was generated and simulated
with AIMD to ensure all important configurations were
considered.

The scatter in energy among the various nongrafted
configurations of mossbauerite is as large as 89 kJ mol™’
(MNG_8), which emphasizes the crucial influence of the
distribution of protons within the structure (Table 2). The
four lowest energy structures for each of three OH
distributions are shown in Figure S2. Among these, the most
stable (SOH/30H )-MNG_1 configuration is found to be
37 kJ mol™ and 32 k] mol™ more stable than the most stable
(60H/20H7)-MNG 5 and (4OH/40H )-MNG 9 con-
figurations, respectively. Based on these results, the energy
hypersurface of grafted structures for mossbauerite was
explored for the (SOH/30H™) distribution, and the results
for the four lowest energy grafted structures (MG_1 to
MG _4) are reported in Table 2 (the corresponding structures
are shown in Figure $3). While the energy difference between
grafted and nongrafted structures is slightly lower for
mossbauerite than that for GR; nevertheless, the higher
energies of grafted structures suggest that the carbonate
grafting cannot proceed spontaneously.

Figure 3 shows the most stable nongrafted (SOH™/30H")-
MNG 1 and grafted (SOH /20H )-MG_1 structures of
méssbauerite (see Supporting Information for cif files S$ and
$6). It is interesting to note that the lower symmetry of the
hydrogen distribution between layers leads to a lower
symmetry interlayer water network, with water molecules
rotated away from the perfect planarity as observed in
fougerite. In the grafted mossbauerite structure (Figure
3b,d), the CO;*~ grafted on the bottom of the trioctahedral
sheet surface is protonated to a bicarbonate by the proton
formerly residing on the adjacent trioctahedral sheet, and

Table 2. Relative Energies (E,, in k] mol™') and a and ¢*

(dgg,) Parameters (in A) of Méssbauerite Layers with Different

Numbers of Hydroxide Groups on Upper and Lower Surfaces of Trioctahedral Sheets

nongrafted minima grafted minima
Structure Eg afc* structure Eq a/c*
(SOH/30H") (SOH/20H")
MNG 1 0 3.14/7.17 MG_1 16 3.15/6.90
MNG 2 17 3.15/7.11 MG 2 17 3.15/6.85
MNG _3 29 3.12/7.03 MG_3 27 3.13/6.84
MNG 4 45 3.09/7.08 MG_4 27 3.15/6.83
(60H™/20H")
MNG_S 37 3.08/7.16
MNG_6 40 3.09/7.11
MNG_7 48 3.07/7.17
MNG_8 89 3.06/7.21
(40H™/40H")
MNG 9 32 3.09/6.98
MNG_10 33 3.08/7.03
MNG_11 57 3.06/7.03
MNG_12 63 3.12/7.28
25160 DOI: 10.1021/acs.jpcc.9b06061
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Figure 3. Side and top views of optimized mossbauerite structure
without grafting (SOH™/30H™)-MNG_1 (ac) and with grafting
(SOH /20H )-MG_1 of the carbonate (b,d). Top views show only
species in the interlayer gallery. Iron is gold, carbon is brown, oxygen
is red, and interlayer water hydrogen is blue.

therefore, this structure is no longer denoted as (SOH™/
30H7) but as (SOH/20H7). Similar to GR, the c*
parameter of the grafted mossbaucrite is found to be
significantly smaller than that of the nongrafted structure,
while the a value remains unchanged. While the basal spacing
(doo1) obtained for the optimized nongrafted structure of
mdssbauerite (7.17 A) is longer than the experimental value of
7.0 A, the basal spacing obtained for the grafted structure (6.90
A) is shorter. These results indicate that the experimental
sample could be a mixture of grafted and nongrafted surfaces.

3.3. Monodentate Versus Bidentate Carbonates.
According to previous theoretical studies of the thermal
decomposition of the Mg—Al LDH, the energy barrier for
interconversion between monodentate and bidentate carbo-
nate grafted structures is as high as 175 kJ mol™, and the
reaction energy is above 150 kJ mol™."* Both the high barrier
and reaction energy values render this process unlikely to
proceed under mild conditions, and hence, the phase-change in
the Mg—Al LDH appears between 180 and 200 °C.

In the case of mdssbauerite, the reaction energy for the
transformation of the monodentate to the bidentate structure
(Figure 4) is 149 kJ mol ™. Such a high reaction energy inhibits
this reaction under the experimental conditions (ug) to ~50
°C) and agrees well with previous theoretical work."> Hence,
bidentate carbonate grafting is much less likely than
monodentate grafting, and only a monodentate grafting is
discussed in the following sections.

(a) (b)

Figure 4. Interlayer structures of (a) monodentate (SOH /20H )-
MG_1 and (b) bidentate carbonate-grafted mdssbauerite. 7 and c* of
the bidentate structure are $.42 and 6.95 A, respectively.

+149 k) mol?!

X el |

3.4. Mechanism of Carbonate Grafting. In order to
determine the kinetic feasibility of the grafting process, we have
calculated the energy profiles for grafting. These are shown in
Figure Sab for GR (from GRNG_1 to GRG_1) and
mossbauerite (from (SOH™/30H7)-MNG_1 to (SOH™/
20H7)-MG_1), respectively. The energies of the reactants,
transition states, and products are depicted in Figure Sa,b. The
structures of stationary points are shown in Figure Sc.

We first describe the mechanism of grafting for GR. The
transition-state structure (2 in Figure Sa) is reached when the
carbonate anion abstracts a hydrogen ion from the
trioctahedral sheet and forms a HCO;™ anion. The grafted
carbonate is formed along with the hydroxyl group (OH™) in
the interlayer space (3 in Figure Sa). The barrier for this
transformation from GRNG_1 to GRG_1 in GR is as high as
190 kJ mol™", and the whole processes is endothermic by 19 kJ
mol™, which suggests that grafting process in GR is both
thermodynamically and kinetically unfavorable, and thus,
unlikely to occur under the experimental conditions (up to
~50 °C).

The grafting reaction path from nongrafted (SOH™/30H")-
MNG_1 to the grafted (SOH™/20H7)-MG_1 structure is
quite different in the case of mossbauerite (Figure Sb). As
mentioned above, the carbonate anion (CO,7) exists in a
protonated form, as HCO;™. From the most stable nongrafted
mossbauerite structure (1’ in Figure Sb), the OH group on
HCO,™ rotates via transition state 2’ to the local minimum 3’
at +20 kJ/mol. The whole carbonate molecule undergoes a
rotation about the plane parallel to the layers, to align the OH
group with a surface hydrogen, leading to the intermediate
product §’, which is 20 kJ/mol higher in energy than the initial
state. The formed OH™ group subsequently attacks a surface
H , leading to the transition state 6'. The intermediate product
formed is the grafted carbonate and one H,0 molecule (7’ in
Figure Sb). A range of energetically facile rotations of the
formed water molecule are possible. One such pathway moves
through the low energy transition state 8’ to form the final
product 9”. The overall barrier for the entire process is 94 kJ
mol™’, which while being significantly lower than that in GR, is
still too high for the reaction to take place under the
experimental conditions. Although this reaction is also slightly
less endothermic (17 kJ mol ™) than that of GR (19 kJ mol™?),
there is still no clear driving force for the formation of
carbonate-grafted mossbauerite.

3.5. Effect of H,0,. H,0, is used for the oxidation of all
Fe’ in GR to Fe* and to transform GR to méssbauerite. In
doing so, four H,O molecules are formed from two H,0,

[FejEey (OT1),,] {CO,#IL,0) (green rust) + 211,0,
— [Feg'0,(OH) | {CO,-nH, 0} (méssbauerite)

+ 4H,0 1)

It is difficult to explore the entire reaction paths from GR to
mdssbauerite; however, the calculation of the reaction energy
is straightforward (Figure 6). Assuming the stoichiometry of
the above proposed process, the reaction proceeds exother-
mally with a reaction energy of —154 kJ mol ™", which is likely
to be the driving force for carbonate grafting in mossbauerite.
In the absence of H,Q,, there is no kinetic nor thermodynamic
driving force for the grafting reaction in GR or mossbauerite.
However, in the transformation of ungrafted GR to grafted
mossbauerite, there is sufficient energy to overcome the
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Figure 5. Potential energy profiles of the carbonate grafting process for (a) GR from GRNG_1 to GRG_1 and (b) mdssbauerite from (SOH /
30H )-MNG_1 to (SOH /20H )-MG_1. Structures for the transitions of GR (c) and mossbauerite (d).
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Figure 6. Transformation of (a) GR (GRNG_1) to (b) carbonate-
grafted méssbauerite [(SOH/20H™)-MG_1].

moderate energetic penalty of grafting, despite the overall
preference of ungrafted mossbauerite. It is valuable to note that
if the grafting (driven by H,0,) takes place, the resulting
structure is protected by relatively high barriers against
returning to nongrafted structures (Figure 5). Hence, it is
reasonable to assume that once the grafted surface is obtained,
it is kinetically stable, despite being energetically metastable.
3.6. Refining the Real Structure and the Disordered
Model of Méssbauerite. By comparing the experimentally
observed diffraction pattern (Figure 1b) with the diffraction
patterns calculated for the various 3-dimensionally ordered
computationally optimized mdssbauerite structures (Figure
$4), it becomes obvious that real mdssbauerite is crystallo-
graphically heavily disordered and lacks 3-dimensional trans-
lational symmetry. Based on the computational results, it
appears likely that mossbauerite suffers from both a
turbostratic stacking disorder and a statistical interstratification
of nongrafted and grafted trioctahedral sheets with randomly
varying separation of the adjacent layers (dg.pea = 6.90 A;
Goon-guatied = 7-17 A). TOPASS offers a routine based on the
DIFFaX code by M. M. J. Tracey that allows refinement of

such non-Bragg diffuse scattering patterns. Given the poor
ratio of allowed variables to observables, the precision of such a
refinement is of course far worse than can be expected for an
ordinary Rietveld refinement. Nevertheless, a valuable insight
into the disorder model that is effective for mossbauerite can
be obtained. If the refinement confirms the coexistence of
nongrafted and grafted trioctahedral sheets, it would even
support the computational findings. For reasons of a better
signal to the background ratio, synchrotron data have been
used for the refinement of the mdssbauerite structure.

Applying the computational geometry optimized structures
for nongrafted and grafted mossbauerites [(SOH™/30H)-
MNG_1 and (SOH™/20H™)-MG_1 in Table 2 and cif files in
S5 and $6], a supercell was created using Materials Studio in
order to obtain symmetry-related coordinates with average cell
parameters. For the refinement, this supercell was converted
back to sheets of grafted and nongrafted mossbauerite layers. A
random stack of 400 trioctahedral sheets with either grafted or
nongrafted carbonate was created with stacking probabilities of
Pyuaticd = 0.7 and proqrica = 0.3. This value was chosen to
match the position of the 001 peak and was found not to vary
during refinement. To introduce turbostratic disorder in the
stack, random shifts in a and b directions were applied between
adjacent trioctahedral sheets in the stack. The refinement of
the experimental diffraction traces of mdssbauerite (Figure 7)
yielded a reasonable R, of 5.9 for such a heavily disordered
structure. The refined cell parameters remain close to the
starting values (Table 3). The deviation from the DFT
calculated values results mainly from the fact that DFT
calculations do not consider thermal expansion or thermally
induced flexibility of the lattice.

25162 DOI: 10.1021/acs jpcc.9b06061
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Figure 7. Fit to Rietveld-generated pattern comprises stacks of grafted
and nongrafted mossbauerite with a stacking probability of 0.7 for
grafted and 0.3 for nongrafted layers.

Table 3. Refined Cell Parameters along with DFT
Calculated Distances (A) and Angles (deg)

cell parameter ~ DFT-grafted ~ DFT-nongrafted refinement
A 5.450(6) 5.446(4) 5.525(8)
B 10.863(5)} 10.872(4) 10.733(2)
(o} 7.156(9) 7.227 7.203(2)/7.800
a 87.78(9) 86.59(5) 87.32(3)
B 104.23(8) 102.81(9) 108.16(9)
¥ 120.62(9) 120.45(9) 123.26(7)

The calculated pattern takes the turbostratic disorder into
account by shifting the stacks in a and b directions by A # 1/3.
This results in a broadening of the hkO Bragg reflections into
asymmetric, A-shaped fik-bands. The first prominent reflection
at 26 = 1.45° corresponds to the averaged trioctahedral sheet
separation 7.0 A, which, however, is not found in the real
structure. The difference plot suggests that the interstratifica-
tion cannot be mimicked perfectly by using random sequences
of just two types of trioctahedral sheet separations. A potential
explanation is that within a single layer domain of the
interstratified phase, both grafted and nongrafted regions are
found with smooth transitions between their different
thicknesses. Additionally, the second peak centered at 20 =
3.99° cannot be indexed unequivocally because of the number
of superimposed reflections from both grafted and nongrafted
structural motifs. The most intense reflections in this region
can be assigned to the hk = 12 band according to the
relinement. The reflex centered at 20 = 6.83° can be assigned
mainly to hk = 30 and hk = 06 bands. In summary, the
refinement of the disorder model strongly supports the
computational results, which suggests that for mdssbauerite,
a grafted structure is energetically feasible, and it indeed
coexists in a randomly interstratified manner with nongrafted
layers.

Further experimental evidence for the grafting of interlayer
carbonate anions to the trioctahedral sheet comes from a
comparison of IR spectra (Figure 8) of GR and mdssbauerite.
Usually, three frequency domains are considered in the IR
spectrum of a typical LDH: (i) 400—800 cm™ for lattice
vibrations, (i) 800—1500 cm™" for vibrations of adsorbed or
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Figure 8. FTIR spectra of GR and mdssbauerite. The inset shows the
regional characteristic for the carbonate. The splitting of the v; band
with an energy difference of ~120 cm™ indicates the monodentate
carbonate in mossbauerite, whereas the v absorption band in the IR
spectrum of GR shows a little to no splitting indicating no grafted
carbonate.

intercalated species, and (iii) the third region up to 4000 cm™'

for characteristic adsorbed or structural water molecules.

The insets are zoomed-in images of the spectral region that
is characteristic for the carbonate. Mossbauerite shows three
absorption bands, while GR shows only two bands in this
region. The absorption maximum at 1630 cm™ in both spectra
can be assigned to structural water. The remaining absorption
maxima originate from the v; band of the carbonate. A single v,
band at 1350 cm™ in the spectrum of GR indicates the
presence of the nongrafted carbonate. The v; band splits into
two distinct bands at 1350 and 1470 cm™ in mdssbauerite.
The splitting by 120 cm™ seen in the spectrum of
méssbauerite indicates the lowering of carbonate symmetry
from Dy, to C,, due to formation of monodentate rather than
that of bidentate carbonate species (grafting),7 in agreement
with the calculations in Section 3.3. This, however, does not
exclude the presence of the nongrafted carbonate as suggested
by the refinement.

4. CONCLUSIONS

The results of the first systematic, combined computational
and experimental investigations of GR (GR) and méssbauerite
LDHs are presented. DFT models in combination with
periodic models of iron-containing LDHs allow us to identify
various structural details at the atomistic level. A critical
synopsis of these computational results with experimental data
leads us to the following conclusions:

(1) The calculated relative cnergies of grafted and non-
grafted structures of GR and mdssbauerite suggest that
carbonate grafting is unlikely in both phases.

DOI: 10.1021/acs jpcc. 9b06061
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(2) The carbonate grafting process in GR is endothermic
(19 kJ mol™), and it exhibits a high barrier (190 kJ
mol ).

(3) The carbonate grafting process in mossbauerite is also
endothermic (16 kJ mol™), and the corresponding
barrier is 94 k] mol™".

(4) Considering the involvement of H,0,, which is utilized

experimentally for the GR to mossbauerite conversion,

the grafting along with iron oxidation becomes strongly
exothermic (—154 kJ mol ™). This is proposed to be the
driving force for carbonate grafting in mossbauerite.

Grafting is also supported by the features of the

carbonate band in the IR spectrum.

Grafting leads to the formation of monodentate

carbonates, while the formation of bidentate carbonates

is unlikely.

(6) The computational findings allow for the establishment
of a disordered model which, in addition to turbostratic
stacking, includes random interstratification. This model
provides a satisfactory fit for the observed diffraction
pattern.
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Figure S1: The side views of optimized lowest energy structures for green rust with carbonate (a) non-
grafted (GRNG_1 to GRNG_5) and (b) grafted (GRG_1 to GRG_5).
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Figure S2: The side views of optimized lowest energy structures for méssbauerite with carbonate non-
grafted for {a) {50H/3CH) configuration from MNG_1 to MNG_4, {b) {60H/20H") configuration from
MNG_5 to MNG_8, and {¢) {40H/4CHY) configuration from MNG_9 to MNG_12.

MG_2 MG_4
Figure S3: The side views of optimized lowest energy structures for méssbauerite with carbonate grafted
for {5OH/20H) configuration from MG_1 to MG_4.
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Figure S4: Simulated PXRD patterns for méssbauerite structure {a) without grafting (5OH/30H)-MNG_1
and (b) with grafting (50H/20H")-MG_1 of carbonate.

S5: Cif file for computational geometry optimized structure for non-grafted méssbauerite [(SOH/30H)-
MNG_1in Tab. 2].

#.

# CRYSTAL DATA

I

data_VESTA_phase_1
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_chemical_name_common 'Generated by cif2cell 1.2.10. : Fail'
_cell_length_a 5.44225

_cell_length_b 10.88133

_cell_length_c 7.31172

_cell_angle_alpha 85.43613

_cell_angle_beta 101.41692

_cell_angle_gamma 120.28811
_space_group_name_H-M_alt 'P1'

_space_group_IT_number 1

loop_

_space_group_symop_operation_xyz

%, Y,2'

loop_
_atom_site_label
_atom_site_occupancy
_atom_site_fract_x
_atom_site_fract_y
_atom_site_fract_z
_atom_site_adp_type
_atom_site_B_iso_or_equiv
_atom_site_type_symbol

H1 1.0 0.730363 0.162553 0.232388 Biso 1.000000 H
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H2

H3

H4

H5

H6

H7

H8

H9

H10

H11l

H12

H13

H14

C1

Fel

Fe2

Fe3

Fed

Fe5

Feb

o1

02

03

04

05

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

0.096309

0.398005

0.067453

0.759312

0.168896

0.191558

0.501039

0.410140

0.709403

0.882710

0.879192

0.746975

0.252447

0.502999

0.328378

0.643711

0.319307

0.987650

0.982060

0.651311

0.616888

0.278220

0.624336

0.728709

0.531996

0.015381

0.330540

0.492149

0.669644

0.486289

0.617101

0.837720

0.828974

0.752129

0.679442

0.154353

0.402633

0.008374

0.194490

0.163654

0.492242

0.664454

0.333479

0.816508

0.981748

0.319804

0.488026

0.827624

0.184409

0.326964

0.231847

0.219460

0.229366

0.230117

0.570996

0.448976

0.556074

0.322929

0.439122

0.549279

0.662042

0.440690

0.655860

0.452868

0.933099

0.916927

0.931346

0.933036

0.935824

0.955177

0.812904

0.798853

0.811054

0.462495

0.427474

Biso 1.000000 H

Biso 1.000000 H

Biso 1.000000 H

Biso 1.000000 H

Biso 1.000000 H

Biso 1.000000 H

Biso 1.000000 H

Biso 1.000000 H

Biso 1.000000 H

Biso 1.000000 H

Biso 1.000000 H

Biso 1.000000 H

Biso 1.000000 H

Biso 1.000000 C

Biso 1.000000 Fe

Biso 1.000000 Fe

Biso 1.000000 Fe

Biso 1.000000 Fe

Biso 1.000000 Fe

Biso 1.000000 Fe

Biso 1.000000 O

Biso 1.000000 O

Biso 1.000000 O

Biso 1.000000 O

Biso 1.000000 O
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06 1.0 0.248454 0.092587 0.455963 Biso 1.000000 O
o7 1.0 0.943408 0.152541 0.801279 Biso 1.000000 O
08 1.0 0.943498 0.653193 0.796880 Biso 1.000000 O
09 1.0 0.281829 0.993826 0.795082 Biso 1.000000 O
010 1.0 0.693863 0.156298 0.092771 Biso 1.000000 O
O11 1.0 0.347012 0.325464 0.078874 Biso 1.000000 O
012 1.0 0.697483 0.656538 0.085644 Biso 1.000000 O
013 1.0 0.353301 0.832186 0.080676 Biso 1.000000 O
014 1.0 0.032354 0.494594 0.088458 Biso 1.000000 O
015 1.0 0.039714 0.000715 0.093217 Biso 1.000000 O
016 1.0 0.080602 0.509866 0.448318 Biso 1.000000 O
017 1.0 0.450059 0.783357 0.439825 Biso 1.000000 O

018 1.0 0.854047 0.722976 0.428389 Biso 1.000000 O

S6: Cif file for computational geometry optimized structures for grafted méssbauerite [(SOH/30H)-
MG_1in Tab. 2].

#

# CRYSTAL DATA

data VESTA phase 1
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_chemical name common 'Generated by cif2cell 1.2.10. : Fail'
_cell length a 5.45062

_cell_length b 10.86357

_cell_length ¢ 7.15695

_cell angle alpha 87.78951

_cell angle beta 104.23888

_cell angle gamma 120.62983

_space_group name H-M alt PI

_space_group IT number 1

loop

_space group symop operation Xyz

X, ¥, 2

loop

_atom_site label

_atom_site_occupancy

_atom_site fract x

_atom_site fract y

_atom_site fract z

_atom_site adp_type

_atom _site B iso _or equiv
_atom_site type symbol

H1 1.0 0.789732  0.155229  0.320827

H2 1.0 0.130171  0.054305  0.257964

S8

Biso 1.000000 H

Biso 1.000000 H

99




Results

H3

H4

H5

Heé

H7

H8

H9

H10

H11

H12

H13

H14

Cl1

Fel

Fe2

Fe3

Fed

Fe5

Fe6

01

02

03

04

05

06

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

0.429100

0.041774

0.805791

0.140621

0.261912

0.556283

0.478289

0.784578

0.919484

0.890892

0.562698

0.247628

0.437617

0.344741

0.637655

0.312840

0.000440

0.979270

0.653090

0.737647

0.249892

0.612590

0.555534

0.315054

0.461523

0.359636

0.500473

0.694503

0.488357

0.635344

0.835128

0.848947

0.778656

0.680718

0.140111

0.109669

0.026011

0.273629

0.167278

0.503949

0.669021

0.333187

0.822154

0.995626

0.105728

0.481288

0.831837

0.308092

0.140033

0.373706

0.239025

0.218581

0.239660

0.532152

0.434834

0.579885

0.340714

0.440261

0.516854

0.652684

0.444969

0.664348

0.559968

0.970052

0.904384

0.927805

0.936022

0.933036

0.958015

0.437493

0.787754

0.810713

0.758471

0.498166

0.459645

S9

Biso

Biso

Biso

Biso

Biso

Biso

Biso

Biso

Biso

Biso

Biso

Biso

Biso

Biso

Biso

Biso

Biso

Biso

Biso

Biso

Biso

Biso

Biso

Biso

Biso

1.000000 H

1.000000 H

1.000000 H

1.000000 H

1.000000 H

1.000000 H

1.000000 H

1.000000 H

1.000000 H

1.000000 H

1.000000 H

1.000000 H

1.000000 C

1.000000 Fe

1.000000 Fe

1.000000 Fe

1.000000 Fe

1.000000 Fe

1.000000 Fe

1.000000 O

1.000000 O

1.000000 O

1.000000 O

1.000000 O

1.000000 O
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o7

08

09

010

Ol11

012

013

014

015

016

017

018

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

0.945653

0.925338

0.261265

0.724944

0.386406

0.703047

0.366910

0.013893

0.063257

0.089419

0.528772

0.930119

0.154476

0.654923

0.006117

0.186425

0.345464

0.669283

0.845274

0.497739

0.023818

0.533560

0.797002

0.750387

0.801690

0.783681

0.798801

0.081392

0.090230

0.079425

0.082284

0.065753

0.115970

0.417953

0.445774

0.421432

S10

Biso 1.000000 O
Biso 1.000000 O
Biso 1.000000 O
Biso 1.000000 O
Biso 1.000000 O
Biso 1.000000 O
Biso 1.000000 O
Biso 1.000000 O
Biso 1.000000 O
Biso 1.000000 O
Biso 1.000000 O

Biso 1.000000 O
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