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Abstract
Formation, Crystallization, and Stabilization of Mesoporous Templated Iron-Oxide

Films

by M. Sc. Katrin Kraffert

The high structural and chemical diversity of iron-oxygen phases enables widespread
applications in environment, medicine, and catalysis. Important for these high perfor-
mance applications are the controlled morphology, i.e. high surface area, of the material
as well as the defined crystal phase that should be stable for the chosen reaction con-
ditions. Thus, a fundamental understanding of the formation of specific iron-oxygen
phases as well as the improvement of their stability under certain conditions is of high
interest for further application-driven material design.

This thesis contributes to the basic understanding of the formation, crystallization,
and stabilization of iron-oxygen compounds starting from oligomer formation in solu-
tion and ending at mesoporous oxide films with high surface areas.

The formation of iron-oxygen clusters in aqueous solution belongs to the earliest
stages of iron-oxygen phase formation but is challenging to detect because of fast con-
densation reactions. In this thesis, advanced methods such as liquid-jet XPS, Raman,
and SAXS are combined to investigate the cluster formation in-situ. The combination
of these techniques allows to correlate electronic interactions to structural changes. Ac-
cordingly, at a ratio of [OH]/[Fe] = 0.25 an increased electronic interaction of iron and
oxygen is observed that is attributed the transition of monomers to oligomers.

For crystallization and transformation studies soft-templated mesoporous films
with a thickness of about 100 nm are established as model systems. These films can be
investigated by bulk but also by local analysis techniques. This allows to link informa-
tion on phase composition obtained from bulk methods with observation of changes
in morphology and phase boundaries monitored by local imaging. Employing this
approach, the mechanism and kinetics for the transformation of low crystalline ferrihy-
drite to mesoporous hematite are deduced. The understanding facilitates the controlled
synthesis of mesoporous ferrihydrite and hematite films.

The derived knowledge enables also the systematic extension of accessible soft-
templated iron oxides. Accordingly, the synthesis of soft-templated maghemite (by
calcination in nitrogen) and a partly reduced maghemite/magnetite (subsequent calci-
nation in nitrogen and hydrogen/argon) with retained mesostructure is achieved for
the first time. Magnetic measurements reveal superparamagnetic properties of the iron
oxides and characteristic saturation magnetizations for the respective phases. The re-
sulting materials combine a high surface area with tunable magnetic properties.

Sintering of mesoporous morphologies during crystallization of metal oxides is a
fundamental problem in the synthesis of soft-templated materials. Within this thesis
a new approach is presented to prevent the loss of mesoporosity by employing thin
coatings of protective layers. The concept is exemplarily demonstrated for the transi-
tion of ferrihydrite to hematite with atomic layer deposited silica and alumina coatings.
Both layers delay the transformation of ferrihydrite to hematite by 200 K. Additionally,
a silica coating prevents sintering of hematite up to 800 °C. A rationale for the different
stabilizing effects of silica and alumina is provided by the oxo-basicity concept.
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Zusammenfassung
Bildung, Kristallisation und Stabilisierung von mesoporös templatierten

Eisenoxid-Schichten

von M. Sc. Katrin Kraffert

Eisen-Sauerstoff-Verbindungen zeigen eine hohe strukturelle und chemische Vielfalt,
die sich in weitreichenden Anwendungsmöglichkeiten in Umwelt, Medizin und Kata-
lyse widerspiegelt. Für diese spezialisierten Einsatzgebiete sind oftmals eine kontrol-
lierte, hohe Oberfläche sowie eine definierte Kristallphase notwendig, die unter den
gewählten Prozessbedingungen stabil sein sollten. Um gezielt die Eigenschaften des
gewünschten Materials einzustellen, sind Einblicke in die grundlegenden Prozesse für
die Bildung und Umwandlung von Eisenoxiden notwendig.

Die vorliegende Dissertation trägt zum grundlegenden Verständnis der Bildung,
Kristallisation und Phasenstabilisierung von Eisen-Sauerstoff-Verbindungen bei. Aus-
gangspunkt dafür ist die Bildung von Oligomeren in wässriger Lösung und schluss-
endlich die Kristallisation und Umwandlung von mesoporösen Eisenoxid-Schichten.

Die Bildung von Eisen-Sauerstoff-Oligomeren ist das früheste Stadium der Eisen-
oxid-Formation, aber durch schnell ablaufende Kondensationsreaktionen anspruchs-
voll zu untersuchen. In dieser Arbeit werden sensitive Analysemethoden wie XPS, Ra-
man und SAXS kombiniert um die Oligomerbildung in Lösung in-situ zu beobachten.
Durch die Kombination der genannten Methoden können elektronische Wechselwir-
kungen mit strukturellen Veränderungen korreliert werden. So wird bei einem Verhält-
nis von [OH]/[Fe] = 0,25 eine verstärkte Wechselwirkung zwischen Sauerstoff und Ei-
sen detektiert, die dem Übergang von Monomeren zu Oligomeren zugeordnet wird.

Für weitere Kristallisations- und Umwandlungsstudien werden mesoporös templa-
tierte Schichten von etwa 100 nm Dicke als Modellsysteme etabliert. Diese Modelle kön-
nen sowohl mit Methoden untersucht werden, die Informationen über das gemittelte
Volumen geben, als auch mit ortsaufgelösten Verfahren. So können Phaseninformatio-
nen aus mittelnden Methoden mit morphologischen Veränderungen und Phasengren-
zen aus bildgebenden Verfahren verbunden werden. Mit diesem Ansatz wird der Me-
chanismus und die Kinetik der Umwandlung von Ferrihydrit zu Hämatit aufgeklärt.
Dies ermöglicht die kontrollierte Synthese von mesoporösem Ferrihydrit und Hämatit.

Das erworbene Verständnis erlaubt, systematisch weitere polymertemplatierte Ei-
senoxide zu synthetisieren. So wird von der ersten Synthese polymertemplatiertem
Maghemits (durch Kristallisation in Stickstoff) und teilweise auch Magnetits (durch
Kristallisation in Stickstoff und Wasserstoff/Argon) mit erhaltender Porenstruktur be-
richtet. Magnetische Messungen zeigen für die Eisenoxide superparamagnetisches Ver-
halten und charakteristische Sättigungsmagnetisierungen. Die Materialien kombinie-
ren hohe Oberflächen mit anpassbaren magnetischen Eigenschaften.

Das Sintern von mesoporösen Strukturen ist ein grundsätzliches Problem bei der
Kristallisation von polymertemplatierten Metalloxiden. Um den Strukturverlust zu
verhindern wird in dieser Arbeit ein alternativer Ansatz beruhend auf stabilisierenden
Beschichtungen präsentiert. Die Umwandlung von Ferrihydrit zu Hämatit wird durch
die Atomlagenabscheidung von Silizium- und Aluminiumoxid um 200 K verzögert.
Zusätzlich verhindern Siliziumoxid-Schichten das Sintern der porösen Morphologie
bis 800 °C. Das unterschiedliche Verhalten von Silizium- und Aluminiumoxid wird
durch das Oxo-Basizitätskonzept erklärt.
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1

1 Introduction

1.1 Aims and Outline of this Thesis

Iron is one of the most versatile elements on earth. It is the most abundant element in
the earth core and the fourth most common element in the earth’s crust [1]. Its abun-
dance combined with its reactivity enables substantial functions in bio- and geochem-
istry as well as in industry. Often, social development in human history has been con-
nected to the more efficient utilization of iron: the Iron Age in prehistorical ages, the
development of blast furnace for industrial iron production, or the production of steels
of various compositions.

Iron shows a complex oxidation chemistry resulting in a vast number of iron-oxygen
compounds. The high diversity of iron-oxygen phases enables wide spread applica-
tions in environment, medicine, and industry. Phases of low crystallinity such as fer-
rihydrite are used for water decontamination from heavy metal and arsenic species by
adsorption and precipitation [2–7]. Magnetic oxides, i.e. maghemite and magnetite, are
highly interesting for medical treatments like controlled hypothermia, drug delivery,
and magnetic separation [8–13]. Industrial applications cover a wide range of usage
from various color pigments in yellow and red tones depending on the crystal phase
[14, 15] to catalysis (heterogeneous [15–17] and electrochemical [18–20]) and sensors
[21–23].

Especially catalysis is an intensively investigated field due to the high abundance,
i.e. low material costs, and the non-toxicity of the resulting catalysts. The well known
Haber-Bosch process for ammonia production uses a catalyst precursor based on mag-
netite and additives [16] and also for the water-gas-shift reaction for CO oxidation iron
based catalysts are widely used [17]. More examples of heterogeneous catalysts are
listed in [15]. In electrocatalysis, topics of renewable energy research are in focus, such
as electrode materials for photoelectrochemical water splitting [19, 20] or for lithium-
ion batteries [18].

Important for these high performance applications are the controlled morphology,
i.e. high surface area [20], of the catalyst material as well as the defined crystal phase
that should be stable for the chosen reaction conditions of the catalytic process.

From this point of view a fundamental understanding of the formation of specific
iron-oxide phases as well as the improvement of their stability under certain conditions
is of high interest for application-driven material design.

This thesis contributes to the fundamental understanding of the formation, crystal-
lization, and stabilization of iron-oxygen compounds based on model systems.

The formation of iron-oxygen oligomers in aqueous environment is an essential step
towards crystallizing iron oxides. The investigation of electronic and structural changes
during the early condensation reactions are one aim of this thesis.

To study the crystallization and stabilization of solid iron oxides at catalytically and
environmentally relevant conditions, comparable model materials need to be estab-
lished. Mesoporous metal oxide films are well suited materials for this purpose. The
high internal surface area allows to detect signals resulting from interface reactions with
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increased intensity compared to bulk materials. Additionally, the versatility of the syn-
thesis approach towards various metal oxides [24] bares a high potential to synthesize
various relevant iron oxides. For the investigation of crystallization and stabilization
mechanisms, reproducible synthesis routines for relevant iron-oxygen phases such as
ferrihydrite, hematite, maghemite and magnetite need to be established, which is a
central aim of this thesis.

Understanding the crystallization mechanism allows to tune the properties of a ma-
terial. For a mesoporous material the fundamental characteristics are its crystal phase
and its porosity. A major aim of this thesis is the understanding of the crystallization of
hematite as highly relevant iron oxide and the tuning of its crystallization properties in
terms of the crystallization temperature and its stability against sintering.

To shed light on the earliest stages on the formation of iron-oxygen compounds, the
formation of iron-oxygen clusters in aqueous solution is studied. This task is highly
challenging, since the nucleation of iron-oxygen clusters appeared to be very fast com-
pared to other metal complexes [25, 26]. Advanced analytical tools are necessary to
reach sensitivities which enable in-situ observations of the cluster formation in aqueous
environments and allow to correlate between electronic and structural changes. The
results are published in Seidel, Kraffert, Kabelitz et al. [KK3].

As a next step the formation of highly crystalline iron oxides from ferrihydrite, a
material of low crystallinity, is investigated. For the transformation of ferrihydrite to
hematite a detailed kinetic and mechanistic model of the phase transition is provided.
Soft-templated mesoporous films of about 100 nm thickness are used as model sys-
tems with adaptable film properties. This enables not only the bulk investigation of
the change in the crystal phase by diffraction techniques but also the imaging of phase
boundaries and quantification of phases via electron microscopy. This is of essential
importance for mechanistic investigations to get a qualitative impression of the phase
transition process, especially for low crystalline materials that show only low diffrac-
tion intensities. The results are summarized in Schulz et al. [KK2].

Additionally to the mechanistic investigation of hematite crystallization, also the
synthesis of the cubic crystallizing oxides maghemite and maghemite/ magnetite as
ordered mesoporous films is achieved employing the soft-templating approach. The
crystallization of these oxides is difficult, since the atomic lattice needs to be changed
from a hexagonal one (ferrihydrite) to a cubic one. This was so far only published for
hard-templating approaches. Investigations of the magnetic properties reveal super-
paramagnetic behavior. This project is published in Kraffert et al. [KK4].

For application-driven material design the stability is an essential property of the
material. Often reaction conditions include high temperatures. The mesoporous model
system introduced before is used to investigate the stabilizing effect of alumina and
silica coatings on ferrihydrite during its transition to hematite. Furthermore, the sta-
bilization of the porous network against sintering is determined. The advantages of
local sample analysis at the film samples are applied to characterize the phase and pore
morphology. This study is presented in [KK5].

Questions arising from the crystallization projects on mesoporous templated films
include the possible synthesis of other iron-oxygen phases and the influence of other
species such as carbon, oxygen, and water on the crystallization. These topics are ad-
dressed separately and may also point to future research directions.

Structure of this thesis:
The introduction of this thesis (chapter 1) briefly introduces the variety of iron-oxygen
compounds and characterizes the atomic structure and properties of the oxides relevant
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for this thesis. Basics about the preparation and the state of the art of mesoporous
iron-oxide films are summarized, since they are applied as model systems for phase
transformation studies. Finally, the introduction gives an overview of methods of phase
characterization with their strengths and limitations in the context of iron oxides.

Each of the following chapters 2-5 summarize one project that is published passing
a peer-review process. The corresponding abstract is reprinted followed by a project
summary. The complete manuscripts are attached in Appendix B. Chapter 2 discusses
the formation of iron-oxygen clusters in aqueous solution by means of XPS, Raman,
SAXS, and pH measurements [KK3]. In chapter 3 the phase transformation of meso-
porous ferrihydrite films to hematite is mechanistically and kinetically investigated
[KK2]. The synthesis of superparamagnetic maghemite and maghemite/magnetite
films by soft-templating is discussed in chapter 4 [KK4]. Chapter 5 investigates the
stabilizing effect of alumina and silica coatings on mesoporous ferrihydrite and on the
porous network after transformation to hematite [KK5]. Chapter 6 addresses general
questions which arise from the synthesis of mesoporous iron oxide films.

Finally, the findings are summarized and set into context in chapter 7.

1.2 Diversity of Iron Oxides

The most common oxidation states of iron are Fe2+ and Fe3+, which enable redox chem-
ical processes being fundamental for biological (e.g. O2-transport via hemoglobin) en-
vironmental (heavy metal ion precipitation), and inorganic functions (catalysis).

Elemental iron is highly reactive towards oxygen and water and forms various iron-
oxygen compounds. Sixteen iron-oxygen phases are known, which can be separated in
iron oxides, iron oxohydroxides, and iron hydroxides [15]. Table 1.1 gives an overview
of the various forms and polymorphs. Most of the iron-oxygen phases are based on
Fe3+, only magnetite, wuestite, Fe(OH)2, and green rusts incorporate Fe2+ into their
structures.

Table 1.1: Summary and classification of iron oxides, oxohydroxides, and hydroxides [15]
(p. 2).

Oxides Oxohydroxides and hydroxides
Hematite α-Fe2O3 Goethite α-FeOOH

Maghemite γ-Fe2O3 Akaganeite β-FeOOH
Magnetite Fe3O4 Lepidocrocite γ-FeOOH
Wuestite FeO Schwertmannite Fe16O16(OH)y(SO4)z·n H2O

- β-Fe2O3 - δ-FeOOH
- ε-Fe2O3 Feroxyhyte δ’-FeOOH

High pressure FeOOH FeOOH
Ferrihydrite Fe5O8H·4 H2O

Bernalite Fe(OH)3
- Fe(OH)2

Green Rusts FeIIIx FeIIy (OH)3x+2y−z(Cl, 1
2 SO4)z

The various phases interact with each other in a complex transition system with
multiple pathways for the formation of more crystalline species. The most relevant
transformation pathways of common iron-oxygen phases are summarized in Figure 1.1,
showing the sensitivity of the iron-oxygen system towards environmental parameters.
Iron-oxygen compounds are formed by multiple mechanisms, including hydrolysis
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Figure 1.1: Schematic summary of important transition pathways of the most common
iron-oxygen compounds. Reprinted from [15] p. 346 with permission of John Wiley and

Sons.

and subsequent precipitation, oxidation, dissolution and recrystallization, and ther-
mal transformation. Hematite for example can be formed from dehydration of ferrihy-
drite, dehydroxylation of goethite, thermal conversion of maghemite and other paths
[15]. Some transitions are based on the rearrangement of atoms within the same crys-
tal lattice (cubic or hexagonal). Whereas others involve a restructuring of the lattice to
an oth er close packing (cubic to hexagonal or vice versa), which lead to more significant
changes in atomic structure and microscopic morphology.

The structure of iron-oxygen phases is generally based on iron ions centered in oxy-
gen octahedra (FeO6 or FeO3(OH)3) or, more scarcely, in tetrahedra (FeO4). These fun-
damental building blocks are linked via corners, edges, or faces (see Figure 1.2) to form
the crystal structure.

Figure 1.2: Depiction of the fundamental structure motifs of iron-oxygen compounds: a
Fe center coordinated octa- or tetrahedrally by oxygen species. Linkages are depicted

exemplarily for octahedra. Produced with [27].
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The following paragraphs summarize the knowledge about iron-oxygen nucleation
and the iron-oxygen phases that are relevant for this work. Various textbooks give
information on the general structure of iron-oxygen phases. An excellent example is
the book written by Cornell and Schwertmann [15].

Iron-Oxygen Oligomers

Motifs of the crystal structures of iron-oxygen phases are already found in aqueous
solution. In the reference book of Hollemann and Wiberg [1], a general description
of pH-dependent cluster formation has been given. In aqueous solution the hex-aqua
complex of iron [Fe(H2O)6]3+ is only stable in highly acidic solution (pH = 0). Already
at low pH (0-2) the dominating species are [Fe(H2O)5OH]2+, [Fe(H2O)4(OH)2]+, and
complexes containing the counter ions of the respective salt. With increasing pH (2-3),
the monomers condense to dimers and smaller oligomers, connected by µ-hydroxo and
µ-oxo bridges. If the pH is further increased (up to neutral pH), the oligomers grow in
size and iron hydroxide precipitates [1].

Experimental proofs for the postulated cluster formation steps are difficult to obtain
since ferric species are highly reactive. This results in fast condensation reactions, which
are difficult to stop at a selected reaction progress without additional complexing agents
[28]. Dimers have been identified regularly, but the presence of higher oligomers (3-9)
during formation of solid phases have been discussed controversially [29]. Already for
the formation of trimers no unambiguous experimental evidence could be provided
[29–33].

X-ray absorption studies performed on FeCl3 [31, 34, 35] indicated changing Fe-O-
Fe distances from which the formation of first dimers (edge sharing) and trimers (edge
and corner sharing), up to polymers was concluded. A structure-directing function was
attributed to the Cl− counter ions, influencing strongly the formation and growth of the
clusters to finally result in akaganeite structure.

Detailed studies on the formation of clusters have been performed for various iron
salts, for which the counter ion proved to have a strong impact. Collins et al. [32]
used theoretical modeling and X-ray absorption studies to observe dimer formation for
solutions of Fe(ClO4)3, Fe(NO3)3, and FeCl3. As most stable dimer configuration, two
corner sharing octahedra were identified. A trimer formation was suggested, although
an unambiguous proof was difficult to obtain. For Fe2(SO4)3 instead, neither dimers
nor trimers were found. Other theoretical modeling studies showed the influence
of Cl−. When Cl− was present during the clustering process, linear polymeric iron-
oxygen polymers are formed, whereas the absence of Cl− led to a ring-like structure
[30].

Ferrihydrite (Fe5O8H·4 H2O)

Ferrihydrite is known as iron oxohydroxide of low crystallinity and nanosized crystal-
lites [36]. Depending on the number of features in X-ray diffraction (XRD) one distin-
guishes between two-line- and six-line-ferrihydrite [29, 37]. Due to the low crystallinity
the exact structure is difficult to determine and still topic of several publications [36,
38–45]. Generally, a sum formula of Fe5O8H·4 H2O [15, 43] is accepted, but also varia-
tions in the O/OH-ratio have been published [46]. Basically, a structural similarity to
hematite was postulated [47], containing both octahedrally and tetrahedrally coordi-
nated Fe3+ [36, 38, 40, 46]. The structure as postulated by Michel et al. [36] is printed in
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Figure 1.3: Representation of the ferrihydrite structure proposed by Michel et al. [36]
as ball-and-stick model and as polyhedra representation (generated with [48]). Red
atoms symbolize O2−, black atoms/polyhedra represent tetrahedrally coordinated Fe3+

and brown atoms/polyhedra are octahedrally coordinated Fe3+.

Figure 1.3. The hexagonal unit cell contains iron-oxygen octahedra (brown) and tetra-
hedra (black).

Due to its remarkably high surface area, ferrihydrite finds applications for the ad-
sorption of heavy metals [6, 49] and arsenic compounds [2–5] from waste water or of
volatile compounds [50, 51] from air. Besides its intrinsic features, ferrihydrite is also
an important intermediate during the crystallization of hematite [29, 38].

"Mechanistic investigations on the transformation of ferrihydrite to more crystalline
phases were mainly performed on precipitated ferrihydrite in solution [28, 29, 46, 52,
53] and references therein. Ferrihydrite transforms predominantly into goethite and
hematite, depending on the pH of the solution [28]. Hematite formation is favored in
neutral pH, whereas goethite crystallization occurs in acidic and alkaline media. This
behavior is correlated with the solubility of ionic iron species in dependence of the pH.
Hematite formation takes place at the pH where a minimum concentration of dissolved
iron ions is present, whereas goethite formation is preferred when the concentration of
dissolved iron ions are maximized [28, 53]. This leads to the conclusion that the for-
mation of both phases follows different mechanisms. The formation of goethite is asso-
ciated with a reconstructive rearrangement of atoms which is provided by dissolution
and recrystallization of iron-oxygen structures [52]. Hematite instead is crystallized
by an internal dehydration and topotactic transformation of ferrihydrite, which is pre-
ferred at neutral pH and higher temperatures.

Torrent et al. [54] extended the transformation mechanism of ferrihydrite in solu-
tion to dried material exposed to different humidities at temperatures below 55 °C. The
formation of goethite was only observed at humidities ≥ 93 % RH, whereas hematite
formation was already identified at the lowest investigated humidity of 75 %. The re-
sults confirm the conclusions obtained from solution.

A study of Stanjek et al. [55] revealed that for the transformation of ferrihydrite to
hematite not only the dehydration of ferrihydrite is necessary but also an energy supply
high enough for minimal cation diffusion. Although the structures of ferrihydrite and
hematite are related to each other, the exact positions of iron atoms vary little."

(The paragraphs in quotation marks are adapted from [KK2].)

Hematite (α-Fe2O3)

In contrast to ferrihydrite, hematite possesses a well-defined crystal structure. The
atomic unit cell is based on a hexagonal close packing of the O2− lattice and the oc-
cupation of two thirds of octahedral sites by Fe3+, analog to the corundum structure.
The unit cell is depicted in Figure 1.4. It consists out of face sharing pairs of octahe-
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Figure 1.4: Representation of the hematite structure proposed by Maslen et al. [56] as
ball-and-stick model and as polyhedra representation (generated with [48]). Red atoms

symbolize O2− and brown atoms/polyhedra represent octahedrally coordinated Fe3+.

dra, which are connected over edges with further octahedra. The unit cell possesses
anisotropic dimensions of a= b= 5.03 Å and c= 13.75 Å.

The magnetic properties of hematite do not show significant impact on structural
characterization or applications. Hematite is a weak magnet with small ferro- or anti-
ferrimagnetic properties, depending on the temperature. Its saturation magnetization
is below 1 % of those of maghemite and magnetite [15]. At a temperature of 956 K the
thermal energy is high enough to overcome the magnetic order and the material be-
comes paramagnetic (Curie temperature).

In perspective of the change from conventional to renewable energies, hematite has
been extensively researched as photo anode for photocatalytic water splitting. Reasons
for the high interest are the suitable bandgap of 1.9-2.2 eV, the stability in aqueous and
alkaline electrolytes, and the abundance resulting in low costs [19, 20, 57–61]. One main
limitation of hematite as anode material is the low charge carrier transport rate [57].
Mainly nanostructured morphologies have been used to increase the surface reaction
rates [20].

Magnetite (Fe3O4)

Magnetite incorporates iron ions of the oxidation states Fe2+ and Fe3+ into its crystal
lattice. It possesses the structure of an inverse spinel with an face-centered cubic unit
cell of 32 O2−-anions (Figure 1.5). The typical spinel formula AB2O4 can be rewritten
for magnetite as Fe3+(Fe3+Fe2+)O4 with the A atoms positioned on 8 tetrahedral sites
and B atoms occupying 16 octahedral sites. The ions placed at the octahedral sites are in
close distance to each other, which enables fast charge carrier transport, i.e. a very good
electronic conductivity. The lattice parameter of the cubic unit cell is a= 8.3958 Å ac-
cording to the structure refined by Wechsler et al. [62].

Magnetite is a ferrimagnetic material. This means that the crystal structure contains
two magnetic sublattices of different strength, which are oriented antiparallel to each
other. The two sublattices are formed by the two cation positions in the spinel structure:
the tetrahedral (A) and the octahedral position (B). At a Curie temperature of 850 K
magnetite becomes paramagnetic.

The good electric conductivity and the magnetic properties of magnetite open a vast
field of applications and research [10, 63].
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Figure 1.5: Representation of the inverse spinel structure of magnetite proposed by
Wechsler et al. (space group Fd3m) [62] as ball-and-stick model (generated with [48]).
Red atoms symbolize O2−, black atoms represent tetrahedrally coordinated Fe3+ and

brown atoms are octahedrally coordinated Fe2+ and Fe3+.

Maghemite (γ-Fe2O3)

Maghemite crystallizes in a similar structure as magnetite, with a unit cell composed
of 32 O2− anions arranged in a face-centered cubic cell. In contrast to magnetite the
iron ions occur only in the oxidation state Fe3+. The charge balance between Fe3+

and O2− is obtained by vacancies (�) in the cationic lattice (Figure 1.6). The spinel
structure mentioned above is retained with Fe3+ occupying 8 tetrahedral sites. The
remaining cations and vacancies are distributed randomly on 16 octahedral sites. The
rewritten spinel sum formula is Fe3+(Fe3+1.66�0.33)O4. The vacancies are discussed to
occur ordered or unordered in the crystal lattice. This results in different classification
of space groups: Fd3m for the unordered vacancies and P4132 for ordered vacancies [15,
64]. The unit cell is found to be little smaller than for magnetite with a lattice parameter
of a= 8.3300 Å [64].

Figure 1.6: Representation of the inverse spinel structure of maghemite proposed by
Pecharroman et al. (space group P4132) [64] as ball-and-stick model (generated with
[48]). Red atoms symbolize O2−, black atoms represent tetrahedrally coordinated Fe3+

and brown atoms are octahedrally coordinated Fe3+.

Analog to magnetite, maghemite shows ferrimagnetic properties. These are in-
duced from the two sublattices, which are formed from ions on tetrahedral sites and
octahedral sites, respectively. The saturation magnetization is weaker than for mag-
netite, because some magnetic moments (the Fe-ions) are exchanged against vacancies
in the octahedral lattice of maghemite. The Curie temperature of maghemite is difficult
to access experimentally, since it transforms into hematite at elevated temperatures.
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1.3 Mesoporous Iron Oxides

Nanostructured metal oxides are of particular interest for surface reactions since the
volumetric surface area is drastically increased compared to bulk materials. This en-
ables potential applications for example in heterogeneous catalysis, as sensors, and for
drug delivery [24]. Various morphologies such as nanoparticles [65–68], aerogels [69],
porous powders [24, 51, 70–74] and porous films [24, 57, 70, 75–78] have been reported.

A desirable pore size is in the range of mesoporosity between 2 and 50 nm [79]. Con-
venient methods for the synthesis of mesoporous materials with ordered morphology
are the templating approaches with hard or soft templates [24]. The templates serve as
space holder during the synthesis and the pores are formed by their removal during
calcination.

Hard templates like the silica matrices SBA-15 and KIT-6 serve as rigid scaffold
during the formation and crystallization of mesoporous materials and are removed by
dissolution in suitable solvents (for silica e.g. NaOH). This is a convenient method to
prepare porous powders of a variety of oxides with pore sizes and shapes determined
by the choice of the template [24].

The process of soft templating and formation of ordered mesoporous structures by
evaporation induced self-assembly (EISA) was intensively studied by Brinker et al. [80,
81] on soft templated silica as model material. This approach has been expanded for
numerous other metal oxide materials [24]. It is based on micelle forming amphiphilic
block-copolymers as pore template and a metal salt dissolved in the same solution,
which serves as precursor for the formation of the respective metal oxide. In Figure 1.7
the formation of mesoporous films by dip-coating is schematically sketched for the syn-
thesis of mesoporous TiO2 films (e.g. Crepaldi et al. [82]).

Figure 1.7: Schematic representation of the soft-templating approach and the production
of films via evaporation induced self-assembly (EISA). If the concentration of polymer
monomers is increased above the critical micelle concentration (cmc) due to solvent evap-
oration, micelles form, which serve as pore template. Upon further drying a mesophase
builds up. The order of the composite can be influenced (tunable steady state - TSS). Af-
ter a thermal treatment, a fixed porous network is formed. Reprinted from [70], published

by Elsevier.
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A substrate is coated with a solution containing a block-co-polymer as pore tem-
plate, a metal salt as oxide precursor, and volatile solvents. The coating process can
be realized by dip- [81] or spin-coating [83, 84]. While the solvent evaporates, the
concentration of the polymer is increased and the critical micelle concentration (cmc) is
exceeded. Thus, the monomers rearrange and form micelles which are surrounded by
the metal precursors. During further evaporation an ordered liquid crystal is formed,
based on the micelle arrangement. It is in a tunable steady state (TSS), which is sub-
sequently stabilized by the condensation of the metal precursors. The formed metal-
polymer composite is called mesophase. A subsequent thermal treatment decomposes
the template to leave the open pore volume and transforms the metal salt into the
respective oxide. Surfactants with a high critical micelle concentration are employed
as templates but also tri-block co-polymers, which form micelles already in the initial
solution (e.g. PEO-PB-PEO [85]).

Iron oxides have been prepared in forms of hard-templated and soft-templated
powders as well as soft-templated films. Hard-templated powders of iron oxides were
achieved in form of hematite [73, 86, 87], maghemite [74], magnetite [72, 74], as well as
ferrihydrite [71]. Mesoporous iron oxides were also reported based on soft-templating
to obtain powders (ferrihydrite [50, 51]) as well as films (hematite [57, 76–78, 83],
goethite [76]). However, the synthesis of nanostructured films of hydroxides and oxo-
hydroxides proved to be rather challenging. So far, goethite [76] has remained the only
reported example of soft-templated iron-oxohydroxide films. Other approaches such
as inverse micelle templating [88] were reported to prepare maghemite and magnetite
with high surface areas [89].

The soft-templating approach via evaporation induced self-assembly offers a list of
advantages for the tunable synthesis of mesoporous structures.

• The synthesis protocols are simple and reproducible [24, 75, 81, 90].

• Soft templating can be applied to a wide range of metal oxides [24].

• Depending on the choice of preparation technique, mesoporous films, powders,
or fibers are accessible [81].

• The pore size and shape can be controlled by the choice of the template. The
periodic distance of the pores, i.e. the thickness of the pore wall, is tunable by the
template concentration [85]. These parameters influence the internal surface area.

• The thickness of the mesoporous film can be influenced by the viscosity of the
solution and, for dip-coating, by the withdrawal speed [91].

• The size of coated substrates can be upscaled [92].

• By the choice of calcination conditions, the crystallite size and crystal phase can
be influenced [76, 93, 94].

• The template removal does not require a separate preparation step but decom-
poses during thermal treatment.

The versatility of the soft-templating approach gives access to model systems, tunable
for the specific needs of the respective scientific question. For application-based inves-
tigations, the high surface area enables increased surface reaction rates and thus in-
creased conversion of reactants. For mechanistic studies, mesoporous films may serve
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as linking part between thin film models analyzed in ultra-high vacuum and powders
used for applications. Mesoporous films can be analyzed with bulk techniques such as
XRD and with local tools like electron microscopy. The fixation to a substrate allows
the observation of qualitative and quantitative changes of the materials properties.

Although soft-templating is a very versatile method for material synthesis, demand-
ing tasks are incorporated in this process.

• The control of the condensation behavior of the metal precursor is of essential
importance for the controlled synthesis of ordered mesoporous films [70]. How-
ever, not all precursors are equally suitable for the EISA process. The choice of
the anionic counter ion may change the condensation behavior as a condensation
study on iron salts dissolved in aqueous solution revealed [32]. Most of the syn-
theses of templated iron oxides relied on Fe(NO3)3 ·9 H2O [57, 71–74, 77, 78, 89,
95, 96]. Only few publications used other precursors like FeCl3 [76] or Fe(OEt)3
[87], implying that nitrates show a well controllable condensation behavior for
iron species, while others are more difficult to regulate.

On the other hand, specific iron oxides crystallize in preferred chemical environ-
ments. Ferrihydrite crystallizes preferably from nitrate salts [97], whereas aka-
ganeite forms in Cl−-rich environments [98]. With these prerequisites some iron
oxides may be more difficult to obtain by EISA processes depending on the con-
densation of the precursor salt.

• The polymer templates which define the mesoporous structure decompose at cer-
tain temperatures. If the crystallization temperature of the desired metal oxide is
higher than the template decomposition temperature, the preparation of highly
crystalline materials with retained mesostructure is difficult to access, because
sintering occurs [24].

• During phase transitions also a transition of one atomic lattice to another may
occur (e.g. maghemite-hematite transition: cubic-hexagonal transition). The tran-
sition from hexagonal close packing of the anions to cubic close packing involves
a structural rearrangement on the atomic scale, namely the shift from AB stacking
of the anions to ABC stacking. This is a possible explanation for the sintering of
the mesoporous network without a rigid scaffold [74].

Various approaches were published in literature to prevent sintering either by too fast
crystallite growth or by phase transformation. The first one used hard templates as
rigid scaffold which stabilizes the morphology during crystallization [24, 73]. In a sec-
ond approach, soft templates with elevated decomposition temperatures were applied
to act as space holder against sintering [76]. This approach was successfully applied for
the crystallization of goethite by Brezesinski et al. [76]. Finally, the formed mesoporous
material was wet-chemically coated with a scaffold before the final thermal treatment
which would otherwise induce sintering [57].

1.4 Methods of Phase Characterization for Iron Oxides

Various physico-chemical characterization techniques are applied in the projects of this
thesis. They can be classified in methods of morphological characterization (e.g. small
angle X-ray scattering - SAXS, physisorption measurements), methods to evaluate the
quantitative elemental composition (e.g. energy dispersive X-ray spectroscopy - EDX,
Auger electron spectroscopy - AES), and methods of phase characterization (e.g. X-ray
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diffraction - XRD, Raman spectroscopy). Since a reliable phase assignment of iron-
oxygen compounds is a key question within the projects of this thesis, the following
chapter will only focus on those methods, which contribute to the phase characteriza-
tion.

Reliable phase assignment is a challenging topic in the synthesis and characteriza-
tion of iron-oxygen phases due to the vast number of possible phases [15]. The assign-
ment focuses mainly on the structure determination based on imaging (high resolution
transmission electron microscopy - HR-TEM) and diffraction techniques (X-ray diffrac-
tion - XRD, selected area electron diffraction - SAED). Also vibrational spectroscopy
such as Raman spectroscopy is capable to identify specific structure motifs of various
iron-oxygen phases. X-ray photoelectron spectroscopy (XPS) allows insights into the
electronic structure of iron centers, which are influenced by their chemical environ-
ment. Furthermore, suitable physical properties can be used to contribute to the phase
assignment. One of these characteristic features is magnetism, covering in case of iron-
oxygen phases the range between no and strong magnetization properties. In this thesis
the mentioned methods are applied to different iron-oxygen compounds to characterize
their phase in some cases with sub-µm resolution.

In the case of mesoporous film materials, the measurements are often restricted
by the small sample volume. In some cases this results in a low signal-to-noise ratio.
Therefore, small differences in shape and width of signals cannot be used to unambigu-
ously identify a crystal phase only by one analytical technique, especially if the variety
of phases is as large as in case of iron-oxygen compounds. Here, phase assignments are
most reliable, if multiple methods are applied and the indications are combined for the
assignment.

The following paragraphs introduce the employed methods for phase assignment
and give a short overview of their possibilities and limitations in case of iron-oxygen
phases using examples from literature.

High Resolution Transmission Electron Microscopy (HR-TEM)

Transmission Electron Microscopy is an imaging technique using an electron beam with
high energy to image a sample with up to atomic resolution (HR-TEM). Electron mi-
croscopy follows the same principles as light microscopy [99], with the wavelength of
the employed radiation as one limiting factor for the resolution (Abbé or Rayleigh crite-
rion). Since electrons possess wave characteristics (de Broglie) with short wavelengths,
atomic resolution imaging is possible at sufficiently high acceleration voltages. The
contrast is caused by absorption and scattering processes of the electron beam in the
sample.

The high resolution imaging enables the measurement of periodic distances of lat-
tice planes (d values). These are characteristic for specific crystal orientations in the lat-
tice and correspond to the d values which can be calculated from diffraction techniques.
The imaging technique also allows a direct information about the specific crystallite
shape and the exposed facets of well crystallized nanostructures. Crystallite sizes can
be derived which can be compared to the size determined from diffraction methods.

Figure 1.8 depicts a HR-TEM study on 2-line (a) and 6-line ferrihydrite (b) pub-
lished by Janney et al. [37]. The atomic resolution is observed especially at the edge
of the material. For 2-line ferrihydrite a low atomic order was imaged, although very
small domains with lattice fringes were present (indicated by arrows). The size of the
crystallites was about 2-4 nm. For 6-line ferrihydrite, a higher degree of order was
observed. The lattice fringes expanded through crystallites of about 5-6 nm in size.
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Figure 1.8: HR-TEM study of precipitated a) 2-line and b) 6-line ferrihydrite. Lattice
fringes are resolved in both cases. In a) the regions of interest are indicated by arrows.

Reprinted from [37] with permission of Clay Minerals Society.

Generally, the particles possessed a round morphology with indications of hexagonal
shapes (see arrows).

For more crystalline iron-oxide phases, the particles are typically larger as Figure 1.9
shows for nanostructured maghemite synthesized by Jin et al. [89]. The left image
depicts particles of about 12-18 nm of irregular round shape [89]. In the high-resolution
image (right), the lattice fringes expanded through the entire particles. The distance of
the lattice fringes was easily determined and the d value was attributed to maghemite.

Figure 1.9: TEM study of nanostructured maghemite. The left picture of lower magnifica-
tion characterizes the particle shape and size. The high resolution image (right) resolve
the lattice fringes with the respective d value. Jin et al. [89] attributed the distance to the

d value for (311) planes of maghemite. Reprinted from [89] with permission of RSC.

HR-TEM is a highly local approach for sample analysis on a length scale of few
nanometers. One investigated crystallite shows only a few different lattice planes,
which can match for more than one phase. Therefore, more crystallites should be in-
vestigated, which ideally expose lattice fringes of different crystal orientations. Thus, a
comprehensive information for reliable assignment is obtained.

Only thin samples can be measured in transmission electron microscopy, since
thick sample fragments completely absorb the electron beam. This makes the sample
preparation demanding in terms of the thickness of the respective sample. The easiest
method for mesoporous films is to scratch off fragments from the substrate and to
transfer the fragments onto a TEM grid.
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Selected Area Electron Diffraction (SAED)

Electron diffraction delivers information on the ordered periodic distances in crystalline
structures. It is based on an alternative detection mode of the TEM, which detects elec-
trons diffracted on the lattice planes. This results in a characteristic diffraction pattern.

SAED probes a local sample volume. The diameter of the analyzed area can be var-
ied from several to thousands of nanometers by choice of the aperture. This enables
a relatively high spatial resolution, which is valuable for separated analysis of com-
pounds in phase mixtures. Since the intensity is concentrated on a smaller area, high
signal-to-noise ratios for nanomaterials are achieved [100]. Another advantage is the
analysis of small single crystallites, which are to small for X-ray diffraction [101]. SAED
is more sensitive for atomic order in materials with low crystallinity than XRD. Janney
et al. [37] compared the diffraction patterns of ferrihydrite in XRD and SAED, which
are reprinted in Figure 1.10. 2-line ferrihydrite powder showed only two broad reflec-
tions in XRD (a) being not very specific or intense, whereas in the corresponding SAED
(c) two distinct diffraction rings were observed as well as additional weaker features.
For 6-line ferrihydrite the six X-ray reflections resulted in a more specific signature for
the material, which was pronounced by SAED (b).

Figure 1.10: Comparison of X-ray and electron diffraction for precipitated ferrihydrite. a)
represents the XRD of 6-line (upper diffractogram) and 2-line ferrihydrite (lower diffrac-
togram) measured with Cr Kα radiation. The SAED pattern for 6-line ferrihydrite is shown
in b) and for 2-line ferrihydrite in c). In b) and c) thick lines represent rings and thin lines
shoulders with their respective d values. The arrows in b) mark a reflection probably

caused by hematite. Reprinted from [37] with permission of Clay Minerals Society.

Also for other nanocrystalline mesoporous materials a high sensitivity of SAED for
the onset of crystallization was stated, e.g. for IrO2 [93, 102].

For more crystalline samples the rather broad diffraction rings become sharpened
and eventually diffraction spots, oriented on the diffraction ring, are detected when the
sample shows a higher degree of crystallinity with randomly oriented crystallites. Fig-
ure 1.11 depicts representative examples of the sharpened rings (inset; in this case for
goethite) and a spotted diffraction pattern of a more crystalline sample (larger image; in
this case for hematite) [76]. More examples for iron oxohydroxides have been collected
in [103].

The pattern allows not only conclusions on the crystal phase and crystallinity of
the sample but also about the orientation of crystallites towards each other. A ring-
like intensity distribution indicates a high number of randomly oriented crystallites
in the investigated area, whereas localized reflection intensities may point to a single
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Figure 1.11: SAED patterns of mesoporous templated iron oxides of different crystallinity.
The larger image shows the diffraction pattern of hematite (α-Fe2O3) with randomly ori-
ented crystallites of about 7-10 nm. The inset represents the diffraction pattern of goethite

(α-FeOOH). Reprinted from [76] with permission of John Wiley and Sons.

crystal diffraction pattern or to a limited number of crystal orientations [99]. Brezesin-
ski et al. [104, 105] published interesting examples presenting aligned orientations of
crystallites in mesoporous soft-templated films over an areas of 50 nm up to 1 µm in
diameter. These iso-oriented crystallites produced only few diffraction spots, which
corresponded to a single crystal pattern of the respective phase. An example for a
Nb2O5-domain of 50 nm in diameter is shown in Figure 1.12 [104]. This phenomenon
was reproduced for several mesoporous metal oxides, which all have in common that
one dimension of the unit cell is significantly longer than the others. In contrast, metal
oxides without this structural feature did not show an alignment of crystallites. Also for
hematite the unit cell in z-direction is substantially longer than in the other directions
(see Figure 1.4; c = 13.7 Å vs. a = b = 5.0 Å [56]).

Figure 1.12: SAED analysis of a mesoporous templated Nb2O5 film. a) shows the TEM
image of the mesoporous film with straightened pore walls caused by the oriented crystal
growth (scale bar: 100 nm). b) depicts the SAED pattern of a sample size of 50 nm in
diameter of aligned crystallites (scale bar: 5 nm−1). Reprinted from [104] with permission

of John Wiley and Sons.

However, the size of the crystallites cannot be estimated. Furthermore, the highly
local analysis bares also risks, which should be kept in mind. Firstly, SAED analy-
sis should be performed on several sample fragments, to exclude misinterpretations
of unique features. Secondly, the high beam intensity may cause beam damage to the
sample. Therefore, the electron beam intensity needs to be adjusted to the sample re-
quirements. During TEM and SAED measurements performed within this thesis, the
investigated iron-oxide samples showed no indications of beam damage under the cho-
sen measurement conditions.
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X-ray Diffraction (XRD)

XRD and SAED are generally based on the same principles. In XRD, incoming X-rays of
monochromatic wavelength are diffracted on the atomic lattice and interfere with each
other. At specific angles constructive interference for a certain lattice distance occurs
and leads to a reflection in the diffraction pattern. The well-known Bragg equation
describes the relation between the distance of the lattice planes d and the angle of the
occurring diffraction reflection (2θ).

nλ = 2d sin θ (1.1)

with λ being the monochromatic wavelength and n representing the diffraction order.
Since mesoporous films have usually a thickness of few hundreds of nanometers,

they are measured in grazing incidence geometry to enhance the surface sensitivity and
decrease the contribution of the substrate.

The advantage of XRD measurements is the analysis of bulk samples, i.e. the
measurements provide averaged information about larger volumes. If phase impu-
rities occur in sufficiently high concentrations, they are detected by X-ray diffraction.
Additionally, the size of the crystallites can be estimated by evaluating the full width
at half maximum (FWHM) or by the integral of the respective reflection, depending
on the calculation method. A good estimation is given by the Scherrer equation [106],
which employs the FWHM (∆(2θ)) to estimate the crystallite size τ .

τ =
Kλ

∆(2θ) cos θ
(1.2)

with the form factor K, the wavelength of the X-rays λ, and the position of the re-
flection (2θ). Further structural parameters like the lattice parameters a, b, and c can be
estimated by advanced fitting routines like Rietveld refinement [107]. Further on, large

Figure 1.13: Comparison of diffraction patterns of ferrihydrite (Fe5O8H·4 H2O), hematite
(α-Fe2O3), maghemite (γ-Fe2O3), and magnetite (Fe3O4). The crystal structures are
either attributed to a hexagonal close packing (hcp) or a cubic close packing (ccp). The
diffraction angle is given for Cu Kα radiation. Only reflections with intensities > 10 % are

included.
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databases contain various datasets which enable phase assignment by comparison.
On the other hand, XRD is not sensitive for low crystalline materials such as fer-

rihydrite. Additionally, the evaluation of lattice parameters with high accuracy needs
high signal-to-noise ratios, which are difficult to obtain for thin mesoporous materials.
In the case of iron-oxygen compounds especially maghemite and magnetite are diffi-
cult to identify unambiguously, since their crystal structures are nearly identical (see
chapter 1.2). The positions and intensities of the investigated phases are depicted in
Figure 1.13.

Raman Spectroscopy

Together with infrared spectroscopy, Raman spectroscopy belongs to the group of vi-
brational spectroscopy. In contrast to the methods mentioned before vibrational spec-
troscopy is based on vibrational modes between the atoms [108]. Where diffraction
techniques are sensitive to long range order, vibrational spectroscopy probes the local
structure of the analyzed sample [15]. Raman spectroscopy is sensitive to vibrations
changing the polarizability, whereas IR spectroscopy shows complementary vibrations
associated with the change in dipole moment [109].

Raman has been proved to be highly sensitive to different iron oxides. Oh et al.
[110] collected data for the most important iron-oxygen phases. The vibrational ener-
gies of the oxides magnetite, maghemite and hematite were also theoretically simulated
[111]. Both studies agreed well with each other and revealed characteristic differences
between the iron oxides, especially for maghemite and magnetite, which are difficult
to distinguish in XRD. The Raman spectra measured by Jubb et al. [112] are reprinted
in Figure 1.14 to get an impression of the spectral differences. Hematite (Figure 1.14 a)

Figure 1.14: Raman spectra for the iron oxides hematite (a), maghemite (b), and mag-
netite (c). The red and the black spectra compare data for thick (200-250 nm) and thin

(40-50 nm) film samples, respectively. Reprinted from [112] with permission of ACS.

showed distinct vibrations, whereas maghemite (b) and magnetite (c) exhibited broader
bands and a completely different fingerprint region compared to hematite. The cubic
structure resulted in a comparable composition of the maghemite and magnetite spec-
tra with three bands, but the exact positions and intensity ratios varied. The most in-
tense band for both oxides was the A1g mode at 700 cm−1 for maghemite and 672 cm−1

for magnetite [112]. These Raman data have been confirmed by additional authors [113,
114].

Also ferrihydrite has been identified on basis of a characteristic pattern [114, 115]
(see Figure 1.15 a)). Further explanations on this figure are given in the next paragraphs.
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One advantage of Raman spectroscopy is the facile sample handling [108]. Thin
films and solutions can be measured without sample preparation in a Raman micro-
scope. Additionally, a Raman microscope delivers high sensitivity for limited sample
amounts due to the laser intensity focused on small sample areas.

Figure 1.15: Raman pattern of ferrihydrite after several measurements. a) shows the first
scan, b) the eleventh. After increased laser intensity and seven further scans c) evolved
and after two further scans d). Additional information are provided in [115]. Reprinted

from [115] with permission of John Wiley and Sons.

On the other hand the increased laser intensity may lead to phase transformation
as Mazzetti et al. [115] observed for ferrihydrite exposed to high intensity Raman
measurements (Figure 1.15). The incident laser power was high enough to transform
ferrihydrite (a) finally to hematite (d). Another important issue is the choice of a suit-
able substrate. Where metals such as Ti show a low specific signal, Si itself has a very
characteristic fingerprint, which may interfere with the analyzed film on top.

X-ray Photoelectron Spectroscopy (XPS)

Photoelectron spectroscopy is based on the photoelectric effect, where an electron is
excited by an incident photon of an X-ray beam. Monochromatic X-ray radiation, i.e. at
constant energy hν, is focused on a sample leading to excited or ionized species. If the
photon energy is high enough to overcome the binding energy of the electron (EB) and
the material specific work function φ at the Fermi level, an electron is emitted with the
residual kinetic energy Ekin. The emitted electron is detected by an electron analyzer.
By knowing the energy of the incident X-rays, the work function, and the resulting
kinetic energy, the binding energy of the specific electron can be calculated [116]:

EB = hν − (φ+ Ekin) (1.3)

The stronger an electron is bound, e.g. in core orbitals or in chemical bonds, the higher
is the respective binding energy. Shifts in the binding energies are crucial and sensitive
indicators for the local structure of the respective orbital and the central part of the
electron spectroscopy for chemical analysis (ESCA) [117].

The described direct photo-ionization is the idealized excitation pathway. How-
ever, the kinetic energy of an emitted electron is also influenced by inelastic scattering
and secondary decay processes like Auger decay, intermolecular Coulombic decay or
energy-transfer-mediated decay (see [118] for details). This results in an increased back-
ground signal at low binding energies and additional Auger peaks.
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Photoelectron spectroscopy with soft X-rays is a surface-sensitive method. The
photoelectrons have an escape depth of typically < 10 nm, depending on the electron-
electron scattering interactions [116, 119]. By tuning the excitation wavelength, the
surface sensitivity can be adjusted.

To detect the emitted electrons in the electron analyzer a mean free path of several
mm is necessary, which can only be achieved under vacuum conditions.Therefore, it
was long believed that solids can be readily measured, but liquids like water evaporate
too fast for any X-ray analysis. By the combination of a liquid-jet setup with vacuum
pressures of 10−5-10−4 mbar, the characterization of volatile liquids by XPS became
possible [118, 120–123]. These setups consist of a liquid jet with a diameter of about
10 µm, which is located about 0.5 mm from the entrance of the electron analyzer. The
liquid jet and the detector are separated by a skimmer to create a pressure drop from
10−5-10−4 mbar at the jet and 10−9 mbar at the electron energy analyzer [118, 122].

For the analysis of solid iron oxides via XPS, normally the excitation of core orbitals
of Fe (Fe 2p, EB ≈ 710 eV) and O (O 1s, EB ≈ 530 eV) are investigated. A lot of informa-
tion can be obtained from the Fe 2p core spectrum. Figure 1.16 shows a comparison of
the Fe 2p spectra of various iron oxides published by Grosvenor et al. [124]. Oxides
containing only Fe2+ (FeO) showed a maximum of their main peak Fe 2p3/2 at 709.5
eV, while the Fe 2p1/2 signal was found at about 722.5 eV. For oxides containing ex-
clusively Fe3+ species (α-FeOOH, γ-FeOOH, α-Fe2O3, γ-Fe2O3), the binding energies
were shifted towards higher values (710.8-711.5 eV and about 725 eV, respectively). The
mixed oxide Fe3O4 revealed two values for Fe 2p3/2 at 709.0 and 711.4 eV for Fe2+ and
Fe3+, respectively. The Fe 2p1/2 was observed at about 724 eV. Additionally, charac-

Figure 1.16: Comparison of the XPS spectra of the Fe 2p excitation for various iron ox-
ides. The photoelectrons are excited with Al Kα at pressures of 10−8-10−9 mbar. Adapted

from [124] with permission of John Wiley and Sons.
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teristic Fe 2p3/2 satellites occurred for Fe2+ and Fe3+ in the range of 715-720 eV. These
satellites are caused by charge-transfer processes between the oxygen ligands and the
metal centers. These characteristic shifts have been verified by additional studies and
can be used for the qualitative analysis of phase-pure iron oxides [125–129].

The quantitative analysis of phase mixtures or ratios of Fe2+ and Fe3+ is more chal-
lenging. Firstly, the choice of the absorption background can strongly influence the
quantitative results of different oxidation states [130]. Secondly, the spectroscopic fea-
tures of phase mixtures can overlap and each phase contribution has to be fitted with
multiple curves (i.e. five fitting curves for the Fe 2p3/2 signal) [128]. This results in
a high number of fitting parameters, which makes the quantitative analysis of oxides
mixtures complicated and results in a large uncertainty.

Dissolved iron species in liquid solution have been studied mainly by Winter and
collaborators [119, 131–135]. Liquid-jet XPS can be measured in the same way as solid
phase XPS, namely by direct ionization with a constant X-ray energy and detection of
photoelectrons (Figure 1.17 a), but a very low signal-to-noise ratio is observed caused
by the relatively low contraction of the dissolved species [133].

Another measurement procedure is the partial electron yield X-ray absorption spec-
troscopy (PEY-XAS) and detection of resonant Auger electrons by liquid-jet photo-
electron spectroscopy. Exemplary, the excitation path for the Fe 2p3d3d Auger process
is presented in Figure 1.17 b). In contrast to direct XPS, in PEY-XAS the exciting X-ray

Figure 1.17: Comparison of the direct photoionization (a) and the emission of photoelec-
trons generated after resonant X-ray absorption (b).

energy is not constant. At a resonance energy of the X-ray photon (1), an electron from
the 2p orbital is excited to the partially filled 3d orbitals (2). The resulting hole in Fe 2p
is filled by an 3d electron (3). The resulting energy is transferred to another electron
from the 3d orbitals, which is emitted with a certain kinetic energy (4). Integration
of these electron spectra leads to an partial electron yield X-ray absorption spectrum,
which comparable to those X-ray absorption spectra from the L-edge by fluorescence
or total electron yield as shown in Figure 1.18.

The advantage of this method is that not only qualitative information as in XPS can
be obtained but additional information on electronic states and molecular interactions
between iron and ligands. Furthermore, also lower concentrations of species in water
can be detected.

The liquid-jet technique has enabled the analysis of the metal-ligand interactions
in-situ [133, 134]. These interactions are mainly based on valence electrons, thus these
regions were studied in detail. Different electronic signatures for Fe2+ and Fe3+ and
their high- and low-spin configurations were clearly detected [134] as well as different
orbital interactions with the respective counter ions [135].
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Figure 1.18: Comparison of (a) a liquid-jet partial electron yield photoelectron spectrum
of FeCl3 with (b) the X-ray absorption spectrum of the iron L-edge of solid hematite. The
inset represents the measured transitions from 2p core orbitals to 3d valence orbitals.

Reprinted from [133] with permission of ACS. Data of b) are from [136].

Magnetism

The magnetic properties of a material contribute to its characteristic features. Especially,
maghemite and magnetite can be distinguished from other iron-oxygen phases due to
their unique properties.

Magnetic properties arise from the alignment of magnetic vectors on different di-
mensions of the material [137]. For an atom the electron configuration results in an
atomic magnetic moment. These align in different configurations, called types of mag-
netism. A bulk material contains typically several magnetic domains with net magnetic
moments. Their orientation with respect towards each other result in the magnetization
that is observed in magnetic measurements.

Different types of magnetism are known [137, 138]. An overview is given in Fig-
ure 1.19. In diamagnetic materials, no atomic magnetic moments are present and thus no
alignment is possible without an external field. With an applied field the magnetization
is only weak and oriented in opposite direction. If an atomic magnetic moment (i.e. un-

Figure 1.19: Orientation of the atomic magnetic moments in various types of magnetic
materials. Diamagnetic and paramagnetic materials show no net magnetic moment with-
out an applied magnetic field. Ferro-, ferri-, and antiferromagnetic materials have oriented
atomic magnetic moments in the magnetic domains. Ferro- and ferrimagnetic domains
possess net magnetic moments also without an applied external field. Reprinted from

[138] with permission of John Wiley and Sons.

paired electrons) is present various types of magnetism are possible. Paramagnetism is
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a state with unordered atomic magnetic moments, which are aligned parallel, if a mag-
netic field is applied. The measurable net magnetic moment is weak and shows a linear
dependence on the applied field. Ferromagnetic crystals have atomic magnetic moments
which are aligned in parallel, resulting in a measurable net magnetic moment already
without an applied magnetic field. In antiferromagnetic substances two equally strong
atomic magnetic lattices are present, which are oriented antiparallel to each other and
cancel out that no net magnetic moment is present. If the antiparallel magnetic lattices
do not have the same magnitude of magnetism, the type is called ferrimagnetism and a
net magnetic moment is present. If the temperature rises, the thermal vibrations of the
atomic magnetic moments increase and the ordered states described before turn into
the less ordered paramagnetic state. The transition temperature from ordered states to
paramagnetism is called Curie temperature (for ferro- and antiferromagnetism) or Nèel
temperature (for ferrimagnetism).

Due to the measurable net magnetic moments ferro- and ferrimagnetic substances
are usually referred to as magnetic materials [138].

Figure 1.20 depicts a schematic hysteresis of a magnetic material. The magnetization
M is induced by applying a magnetic field H and measured with a magnetometer. The
initial non magnetized sample shows no magnetization at H = 0, since the net magnetic
moments of the domains are randomly oriented and cancel out. If a magnetic field is
applied, first the magnetization increases and saturates for higher magnetic fields when
all net magnetic moments are aligned parallel to the field. The obtained magnetization
is called saturation magnetization Ms. While the magnetic field is decreased, a hystere-
sis loop opens with a remanent magnetization Mr at H = 0. The magnetization becomes
zero at a magnetic field Hc called coercivity. By decreasing the magnetic field further
the magnetization saturates again when all net magnetic moments are aligned in the
opposite direction.

Figure 1.20: Schematic magnetic hysteresis curve of a magnetic material. The mag-
netization M is plotted in dependence of the applied magnetic field H. Characteristic
properties of the magnetic behavior are the coercivity Hc at M = 0, the remanent mag-
netization Mr at H = 0, and the saturation magnetization Ms. Adapted from [138] with

permission of John Wiley and Sons.

Magnetism is strongly correlated with the particle size and temperature. In bulk
materials typically more than one magnetic domain are present, which net magnetic
moments are not aligned. However, when the size of the particle decreases below a
critical radius, only a single domain is present. At a certain specific size, the energy to
change the orientation of its net magnetic moment in a magnetic field is comparable to
the surrounding thermal energy. At this point, the initially ordered magnetic net mo-
ments of ferri- or ferromagnetic materials become random in orientation. This state is
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called superparamagnetism. The transition temperature from the ordered to the random
state is the so called blocking temperature TB . It is dependent on the particle radius rC ,
the material specific magnetoanisotropy Ku, and the Boltzmann constant kB [138].

TB =
rC

3Ku

6kB
(1.4)

For the prepared mesoporous magnetic oxides, crystallite sizes of around 10 nm are
expected. This is in the regime, where superparamagnetism occurs. Here, the mag-
netic properties are influenced by this phenomenon as explained in more detail in the
following section.

Superparamagnetism influences the shape of the hysteresis and shows a character-
istic temperature-dependent behavior [139]. Figure 1.21 a) shows magnetic hystereses
of superparamagnetic particles at various temperatures, where T1 and T2 are larger
than TB and T3 is smaller. For temperatures above TB , no hysteresis occurs, since the
thermal energy is high enough to randomize the magnetic orientations at H = 0. Be-
low TB , the thermal energy is too small for the randomization process and remanent
magnetization at H = 0 is measured.

The blocking temperature can be determined by temperature-dependent measure-
ments as shown in Figure 1.21 b). The graph shows superparamagnetic particles, which
are cooled down below TB with no applied magnetic field (zero field cooled - zfc) or
with an applied field (field cooled - fc). During reheating the sample, a constant mag-
netic field is applied. During cooling the respective magnetic state is frozen. For the
zfc case, random oriented net magnetic moments are present at low temperatures. If a
magnetic field is applied, the energy is not high enough to align them and a low mag-
netization is measured. If the temperature is increased, thermal energy rises and the
net magnetic moments orient themselves along the magnetic field. The magnetization
rises up to a maximum, which determines the blocking temperature. If the temperature
is further increased, the thermal energy induces thermal vibrations of the atomic mag-
netic moments, which decrease the magnetization, since they are not perfectly aligned
anymore. For the case of fc the net magnetic moments are already aligned in the frozen
state, which result in ideal magnetization already at low temperatures. At TB , zfc and
fc overlap and show an identical behavior at higher temperatures. The applied field
during heating is usually weak. The exact field strength influences TB , which has to be
taken into consideration [89].

Figure 1.21: Magnetic properties of a superparamagnetic material. a) shows the field
dependent hystereses at various temperatures with T3<TB< T2<T1. b) depicts the
temperature-dependent magnetization with field cooled and zero field cooled materials.

Reprinted from [139] p. 181/182 with permission of World Scientific Publishing.



24 Chapter 1. Introduction

In case of bulk iron oxides, magnetite and maghemite show strong ferrimagnetic be-
havior, with a saturation magnetization of 92-100 and 60-80 Am2/kg (=emu/g) at 300 K,
respectively [15]. Most of the other possible iron-oxygen compounds show only weak
magnetic responses or are antiferromagnetic, i.e. have no macroscopic magnetization
[15]. The difference between magnetite and maghemite is significant enough to con-
tribute to a reliable phase assignment, which is also shown in the following paragraph
for nanostructured maghemite and magnetite with superparamagnetic behavior.

Jin et al. [89] prepared nanostructured maghemite with blocking temperatures of
170 K at 500 Oe. Confirming the temperature-dependent measurements, no magnetic
hysteresis was measured above 200 K. The saturation magnetization was 20 emu/g at
300 K. Other publications about maghemite nanostructures reported saturation magne-
tizations of 40 emu/g [140], 60-80 emu/g [141] and 44 emu/g [69] corresponding well
with the saturation magnetization of bulk materials. For magnetite higher values were
reported in terms of blocking temperature, coercivity, and saturation magnetization. Jin
et al. [89] reported for a reduced sample blocking temperatures of about 320 K at 500 Oe,
and measurable coercivity at 300 K. The saturation magnetization at 300 K increased to
70 emu/g. Other magnetite nanostructures showed saturation magnetizations of 80-95
[142] and 50-70 emu/g [143].

Mössbauer Spectroscopy

Although Mössbauer spectroscopy was not used within the studies of this thesis, it
is shortly introduced due to its potential for iron-oxygen-compound characterization.
It is frequently used to obtain insights into the speciation of iron in various chemical
environments.

Analogously to magnetic measurements, Mössbauer spectroscopy is based on the
magnetic behavior of the iron centers in the iron oxides. However, in contrast to magne-
tometry, Mössbauer spectroscopy probes the magnetic properties of the atomic nuclei
influenced by charge and coordination of the respective Fe center [15].

The nuclear spin of the Fe center is manipulated by the absorption of γ radiation. It
is excited from a lower nuclear spin state (I = 1

2 ) to a higher state (I = 3
2 ). The suitable γ

radiation is generated by the radioactive decay of an element with the same number of
protons and neutrons as the analyzed nucleus [144]. The minimal shifts in the energy of
the spin transitions are compensated by the movement of the source, which minimally
changes the energy of the γ radiation (Doppler effect). By varying the energy of the γ
radiation, the absorption in the analyzed nuclei is scanned. The various iron oxides are
characterized by different values for the isomer shift, the quadrupole splitting, and the
hyperfine field [15].

For the analysis of iron samples, the γ radiation of the decay of 57Co is used to excite
nuclear spin transitions in 57Fe isotopes. The natural abundance of the measurable
isotope 57Fe is only about 2 % [145]. This results in limitations for little sample amounts.
For mesoporous film samples, less than 0.5 µg 57Fe are estimated for the geometric film
area of 1 cm2, which is below the measurement sensitivity. To measure mesoporous
materials with Mössbauer spectroscopy, powder samples with masses in range of mg
have to be used. Alternatively, mesoporous films need to be synthesized with 57Fe
enriched iron salts, which were not accessible during the performed studies.
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2 Formation of Iron-Oxygen
Clusters

This chapter was published in Physical Chemistry Chemical Physics with the title

"Detection of the electronic structure of iron-(III)-oxo oligomers forming in aqueous
solutions"

Robert Seidel+, Katrin Kraffert+, Anke Kabelitz+, Marvin N. Pohl, Ralph Kraehnert,
Franziska Emmerling, and Bernd Winter Phys. Chem. Chem. Phys. 2017, 19,

32226-32234. DOI: 10.1039/C7CP06945F [KK3]
+ These authors contributed equally.

It reprints the abstract of the publication and gives a summary of the results. Detailed
information can be found in the publication reprint in Appendix B.1.

2.1 Abstract

"The nature of the small iron-oxo oligomers in iron-III aqueous solutions has a deter-
mining effect on the chemical processes that govern the formation of nanoparticles in
aqueous phase. Here we report on a liquid-jet photoelectron-spectroscopy experiment
for the investigation of the electronic structure of the occurring iron-oxo oligomers in
FeCl3 aqueous solutions. The only iron species in the as-prepared 0.75 M solution are
Fe3+ monomers. Addition of NaOH initiates Fe3+ hydrolysis which is followed by the
formation of iron-oxo oligomers. At small enough NaOH concentrations, correspond-
ing to approximately [OH]/[Fe] = 0.2-0.25 ratio, the iron oligomers can be stabilized for
several hours without engaging in further aggregation. Here, we apply a combination
of non-resonant as well as iron 2p and oxygen 1s resonant photoelectron spectroscopy
from a liquid microjet to detect the electronic structure of the occurring species. Specif-
ically, the oxygen 1s partial electron yield X-ray absorption (PEY-XA) spectra are found
to exhibit a peak well below the onset of liquid water and OH− (aq) absorption. The
iron 2p absorption gives rise to signal centered between the main absorption bands typ-
ical for aqueous Fe3+. Absorption bands in both PEY-XA spectra are found to correlate
with an enhanced photoelectron peak near 20 eV binding energy, which demonstrates
the sensitivity of resonant photoelectron (RPE) spectroscopy to mixing between iron
and ligand orbitals. These various signals from the iron-oxo oligomers exhibit maxi-
mum intensity at [OH]/[Fe] = 0.25 ratio. For the same ratio, we observe changes in the
pH as well as in complementary Raman spectra, which can be assigned to the transition
from monomeric to oligomeric species. At approximately [OH]/[Fe] = 0.3 we begin to
observe particles larger than 1 nm in radius, detected by small-angle X-ray scattering."

Published in [KK3].

2.2 Project Summary

This project aims to contribute to a fundamental understanding of the formation pro-
cesses of small iron(III)-oxo oligomers as first intermediates during the formation of

http://dx.doi.org/10.1039/C7CP06945F
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iron nanoparticles and larger species in aqueous media. Compared to other trivalent
metal ions such as Cr3+, Al3+, or Rh3+, the formation of Fe3+ clusters is particularly
fast and therefore challenging to analyze [25, 26].

Experiment: To reduce the complexity of the reaction a compositionally simple aque-
ous system was investigated containing 0.75 M FeCl3 as iron source and a varying con-
centration of NaOH as base to initiate cluster formation. FeCl3 as precursor was chosen
to avoid additional oxygen species, which possibly interfere with the spectra obtained
from the formation of iron-oxo species. The preparation of the investigated solutions
is depicted in Figure 2.1. A stock solution of NaOH was mixed with water in defined
ratios and slowly added to a defined amount of an FeCl3 stock solution. The final con-
centration of Fe in the solution was 0.75 M with adjusted ratios of 0≤ [OH]/[Fe]≤ 2.5.
The obtained solutions were investigated by pH analysis, liquid-jet X-ray photoelectron
spectroscopy (XPS; non-resonant and resonant), Raman spectroscopy, and small angle
X-ray scattering (SAXS) measurements to obtain information on the first steps of cluster
formation in-situ from solution.

Figure 2.1: Schematic outline of the investigation of cluster formation. A solution was
prepared from FeCl3, NaOH and water with distinct ratios of 0≤ [OH]/[Fe]≤ 2.5. The so-
lutions were analyzed by pH measurements, liquid-jet XPS, SAXS, and Raman. Adapted

from [KK3] with permission of RSC.

Results and discussion: From Raman measurements of solutions with a ratio of
[OH]/[Fe] = 0 and [OH]/[Fe] = 2.5, it is deduced that the iron speciation changes with
an increasing amount of OH− from aqueous FeCl3 solution to finally precipitated
akaganeite (β-FeOOH). This is in line with other studies, attributing a structure-driving
function of Cl− towards akaganeite [98]. Particles larger than 1 nm in radius (SAXS)
form at ratios of [OH]/[Fe]≥ 0.3, indicating that 0≤ [OH]/[Fe]≤ 0.5 is the relevant
range of cluster formation, which is investigated in more detail in this study.

The most relevant results of this study are summarized in Figure 2.2 for ratios vary-
ing between 0≤ [OH]/[Fe]≤ 0.5. Figure 2.2 (A) shows the evolution of pH as a func-
tion of the [OH]/[Fe] ratio and time. In Figure 2.2 (B) the integrated area of resonant
valence spectra ([OH]/[Fe] = 0 was subtracted, see appendix B.1) for the O 1s and Fe 2p
are shown. Figure 2.2 (C) depicts the change of Raman peak intensities as a function of
[OH]/[Fe] and Figure 2.2 (D) shows the onset of particle formation evaluated by SAXS.

pH-measurements (Figure 2.2 (A)) reveal for 0≤ [OH]/[Fe]< 0.25 a time-indepen-
dent pH increase, which indicates that stable species are formed in this phase (named
region I). The change in electronic structure of the formed species is addressed by the
increase of the integrated area in the difference XPS spectra (Figure 2.2 (B)). This in-
crease is attributed to hybridized O and Fe orbitals and thus gives clear evidence of
formed iron-oxo species. In region I, the Raman band (Figure 2.2 (C)) indicative for
Fe-OH vibrations (395 cm−1 [110, 146]) rises and the Fe-Cl vibration (320 cm−1 [147,
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148]) decreases. This is interpreted as ligand exchange in the first solvation shell of Cl−

against OH− after adding NaOH. Indication for dinuclear clusters is given by the rise
of a band at 866 cm−1, which has been assigned to µ-oxo bridged iron complexes [148,
149]. The formed species are smaller than 1 nm in radius as SAXS scattering curves
cannot be fitted (Figure 2.2 (D)). This proves the formation of smaller oligomers.
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Figure 2.2: Summary of the results ob-
tained from (A) pH, (B) integrated signal
intensity of XPS for O 1s and Fe2p, (C)
Raman and (D) SAXS measurements. For
all methods two different regions I and II
can be assigned. Reprinted from [KK3]

with permission of RSC.

In region II the pH (Figure 2.2 (A))
reveals a time-dependent behavior for
[OH]/[Fe]≥ 0.25, i.e. OH− are consumed
over time by condensation to particles.
Analogously, SAXS (Figure 2.2 (D)) proves
the formation of cylindrical nanostruc-
tures with radii of about 1 nm. The spe-
cific electronic signature obtained from
XPS (Figure 2.2 (B)) decreases at higher
[OH]/[Fe] ratios leading to the conclu-
sion that the signature belongs to smaller
oligomers, which concentration decreases
at higher ratios. The formation of cylin-
drical structures coincide with an in-
crease of characteristic Raman vibrations
for akaganeite (Figure 2.2 (C); the rise of
550 cm−1, 720 cm−1, 320 cm−1 [110]). This
implies the formation of cylindrical aka-
ganeite nanoparticles.

Conclusion: For a FeCl3 solution with
a concentration of 0.75 M, clusters form at
a ratio [OH]/[Fe] = 0.25, corresponding to
a pH of about 1.4. The formation is de-
duced from changes in electronic struc-
ture (XPS), which is based on a hybridiza-
tion of O and Fe orbitals and from Ra-
man measurements, which reveal a for-
mation of µ-oxo bridges and later on ak-
aganeite structure motives. SAXS con-
firmed formation of analyzable particles at
[OH]/[Fe]≥ 0.3, which implies formation
of smaller clusters at lower ratios. These
smaller structures cannot be detected by
SAXS. The exact atomic structure is dif-
ficult to obtain experimentally and need
support from theory. However, calcu-
lations are challenging because the large
number of atoms involved demands a vast
amount of calculation time and a high
level of quantum theory, which was be-
yond the scope of the study.
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3 Phase Transformation of
Mesoporous Ferrihydrite into
Mesoporous Hematite

This chapter was published in Chemistry of Materials with the title

"Mechanism and Kinetics of Hematite Crystallization in Air: Linking Bulk and Surface
Models via Mesoporous Films with Defined Nanostructure"

Katrin Schulz, Roman Schmack, Hagen W. Klemm, Anke Kabelitz, Thomas Schmidt,
Franziska Emmerling, and Ralph Kraehnert Chem. Mater. 2017, 29, 1724-1734. DOI:

10.1021/acs.chemmater.6b05185 [KK2]

It reprints the abstract of the publication and gives a summary of the results. Detailed
information can be found in the publication reprint in Appendix B.2.

3.1 Abstract

"Iron can form numerous oxides, hydroxides, and oxide-hydroxides. Despite their rel-
evance, many of the transformation processes between these phases are still poorly un-
derstood. In particular the crystallization of quasi-amorphous hydroxides and oxide-
hydroxides is difficult to assess, since typical diffraction and scattering methods pro-
vide only sample-averaged information about the crystallized phases. We report a new
approach for the investigation of the crystallization of oxide-hydroxides. The approach
relies on model-type films that comprise a defined homogeneous nanostructure. The
nanostructure allows to link quantitatively information obtained by bulk-averaging
diffraction techniques (XRD, SAXS) with locally resolved information, i.e. domain sizes
(SEM, TEM, LEEM) and phase composition (SAED). Using time-resolved imaging and
diffraction we deduce mechanism and kinetics for the crystallization of ferrihydrite into
hematite. Hematite forms via nucleation of hematite domains and subsequent domain
growth that terminates only upon complete transformation. A Johnson-Mehl-Avrami-
Kolmogorov model describes the kinetics over a wide temperature range. The derived
understanding enables the first synthesis of ferrihydrite films with ordered mesoporos-
ity and quantitative control over the films hematite and ferrihydrite content."

Published in [KK2].

3.2 Project Summary

For application-driven synthesis of iron oxides, a fundamental understanding of their
formation and crystallization behavior is of essential importance. Two approaches are
commonly applied: one is the investigation of formation and transformation of highly
defined thin films on an atomic scale in ultra-high vacuum [150, 151]. The other one is
the analysis of realistic catalyst-like materials in powder form under environmental or
reaction conditions [152]. Between both systems a gap occurs, which makes it difficult

http://dx.doi.org/10.1021/acs.chemmater.6b05185
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to transfer derived knowledge from one model system to the other [152]. In this study,
mesoporous films are used as model system to bridge this gap and to contribute to
the investigation of the crystallization of iron oxides. Bulk analytical techniques such
as XRD or Raman in environmental conditions are applied as well as local resolution
methods such as electron microscopy in ultra-high vacuum.

Experiment: The outline of the study is schematically depicted in Figure 3.1. From
a solution containing Fe(NO3)3 · 9 H2O as metal precursor, the tri-block copolymer
PEO104-PB92-PEO104 as pore template and the solvents ethanol and methoxyethanol
(composition adapted from [77]) a stable mesophase was obtained by dip-coating and
drying in argon atmosphere. After calcination for 1 h at 250 °C in air, mesoporous
ferrihydrite films were obtained which were used as starting material to investigate
the transformation to mesoporous hematite. To monitor the transformation, various
calcination temperatures ranging from 250 °C to 550 °C and exposure times between
5 min and 50 h were tested.

Figure 3.1: Schematic outline of the mechanistic and kinetic investigation of hematite
crystallization from mesoporous ferrihydrite. Mesoporous ferrihydrite was prepared via
dip-coating and subsequent calcination. The crystallization to hematite was studied by
varying the thermal treatment from temperatures of 250 °C - 550 °C and times between

5 min and 50 h. Reprinted from [KK2] with permission of ACS.

Results and Discussion: The measurements on the morphology and crystallinity are
reprinted in appendix B.2. For a sample calcined at 400 °C for 10 min a homogeneous
and ordered mesoporous ferrihydrite film is obtained with fine-grained pore walls. The
pores have a diameter of about 6 nm and no sintering is observed by SAXS measure-
ments. After calcination at 400 °C for 20 h, ferrihydrite is transformed to hematite. The
hematite film is homogeneous, but the mesoscopic morphology has changed from the
fine-grained structure obtained for ferrihydrite to a grid-like structure with denser pore
walls. The sintering of thin pore walls is also indicated by SAXS measurements. The
change of phase is visible in low magnification SEM images, since the secondary elec-
tron contrast for ferrihydrite and hematite varies, being much brighter for hematite.
The difference of the pore wall structure and the change of the contrast in low mag-
nification SEM images are used to distinguish between ferrihydrite and hematite by
electron microscopy. The reliability is corroborated by phase analysis via XRD, SAED,
and Raman measurements.

Figure 3.2 a) shows low magnification SEM top-view images in dependence on cal-
cination temperature and time and Figure 3.2 b) shows the respective phase assign-
ment based on XRD, SAED, Raman, SEM, and TEM. Figure 3.2 a) clearly reproduces
the different secondary electron contrasts of ferrihydrite and hematite. Samples cal-
cined at 400 °C up to 15 min show a homogeneous dark gray contrast. Beginning at
20 min small brighter islands occur, which are assigned to hematite. The islands grow
(2 h), merge (5 h) and finally the transformation to hematite is completed (20 h) as indi-
cated by the brighter contrast. The same transformation mechanism of island growth
is also observed for other temperatures but with different transformation speeds. In
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Figure 3.2 b) the assignment of ferrihydrite and hematite is qualitatively presented in
a phase diagram. The lines indicate the boundaries between phase pure ferrihydrite,
phase mixtures, and phase pure hematite, i.e. 0 and 100 % of transformation.

Figure 3.2: Temperature and time dependence of the ferrihydrite-hematite transformation.
a) SEM images reveal different secondary electron contrasts for ferrihydrite (FH; dark)
and hematite (HEM; bright). From the SEM, a phase diagram is derived for ferrihydrite
(green squares), hematite (blue diamonds) and phase mixture (orange circles). Reprinted

from [KK2] with permission of ACS.

SEM cross-section investigations of phase mixtures reveal a nearly perpendicular
phase boundary between both phases, which enables a quantification of the two com-
ponents by measuring their fractions appearing in top-view SEM images. This quantifi-
cation allows a kinetic analysis of the transformation process. The kinetic description
of the phase transition of mesoporous ferrihydrite to hematite is summarized in Fig-
ure 3.3. Figure 3.3 a) shows the quantification of hematite from SEM top-view images
for a calcination series at 400 °C for various times. Figure 3.3 b) represents the evalua-
tion of the fraction according to the Johnson-Mehl-Avrami-Kolmogorov (JMAK) model.
In Figure 3.3 c) the formation of nuclei at 400 °C and the respective rate is visualized and
in Figure 3.3 d) the Arrhenius analysis to determine the activation energy.

The transformation of ferrihydrite to hematite follows a sigmoidal distribution (Fig-
ure 3.3 a) with a slow increase of the hematite fraction in the first 60 min of calcination,
a rapid increase up to 5 h and finally a decreasing slope. This transformation behavior
is described by the JMAK model [153–159] given in equation 3.1 (linearized in eq. 3.2):

Fβ(t) = 1− exp(−ktn) (3.1)

ln(− ln[1− Fβ(t)]) = ln k + n ln t (3.2)

with Fβ being the fraction of the formed phase β, t the time, k a time constant depend-
ing on the nucleation and growth rates and n the Avrami exponent. The Avrami ex-
ponent itself is formed by two contributions [157, 160] originating from the nucleation
process (nN ) and the dimensions of growth (nG).

n = nN + nG (3.3)

Figure 3.3 b) shows the evaluation of the hematite fraction according to the JMAK
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Figure 3.3: Quantitative investigation of the ferrihydrite-hematite transformation. a) shows
the fraction of hematite at 400 °C after various calcination times and b) evaluates this
fraction following the JMAK model with the determination of Avrami exponent as slope.
In c) the nucleation rate is estimated. In d) the Arrhenius equation is applied to the
averaged transformation rate to estimate the activation energy. Reprinted from [KK2]

with permission of ACS.

model resulting in an Avrami exponent of n≈ 3. The nucleation rate for the transforma-
tion process is constant as Figure 3.3 c) reveals, resulting in a factor nN = 1. Following
equation 3.3, nN = 2 representing a two dimensional growth. This result can be well
explained, if the film is considered as a two dimensional system, in which the transfor-
mation in the third dimension saturates fast due to the small thickness.

By estimating the extreme cases of 0 and 100 % of transformation in Figure 3.2 b)
an averaged reaction rate for various temperatures can be obtained and used to esti-
mate the activation energy by the Arrhenius equation (Figure 3.3 d)). The activation
energy for the transformation of mesoporous ferrihydrite to hematite is calculated to
EA = (108± 6) kJ/mol.

Conclusion: Mesoporous films are used as model material for the mechanistic and
kinetic investigation of phase transformations as shown exemplary for the transforma-
tion of low crystalline ferrihydrite to hematite. The application of bulk characterization
tools such as XRD, Raman spectroscopy, and SAXS in combination with local analysis
tools as SEM, TEM, and SAED enables the detailed analysis of mechanism and kinetics
of mesoscopic processes. The mesostructure is a sensitive indicator for the characteriza-
tion of different phases. Additionally, the fixation of the material to a substrate enables
the imaging of transformation borders and the quantification of separated phases by
microscopy tools. The quantification of low crystalline materials by bulk methods is
challenging, since broad and weak signals are often difficult to analyze.
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4 Synthesis of Mesoporous
Superparamagnetic Iron Oxides

This chapter was recently published in Advanced Materials Interfaces with the title

"Nanocasting of Superparamagnetic Iron Oxide Films with Ordered Mesoporosity"
Katrin Kraffert, Anke Kabelitz, Konrad Siemensmeyer, Roman Schmack, Denis

Bernsmeier, Franziska Emmerling, Ralph Kraehnert Adv. Mater. Interfaces 2018, 5,
1700960. DOI: 10.1002/admi.201700960 [KK4]

It reprints the abstract of the publication and gives a summary of the results. Detailed
information can be found in the publication reprint in Appendix B.3.

4.1 Abstract

"Maghemite and magnetite show superparamagnetic behavior when synthesized in
a nanostructured form. The material’s inducible magnetization enables applications
ranging from contrast enhancing agents for magnetic resonance imaging (MRI) to
drug delivery systems, magnetic hyperthermia and separation. Superparamagnetic
iron oxides with templated porosity have been synthesized so far only in the form of
hard-templated powders, where silicon retained from the template severely degrades
the material’s magnetic properties. We report the first synthesis of superparamag-
netic iron oxides with soft-templated mesopore structure. The synthesis of nanos-
tructured maghemite and magnetite films succeeded using micelles of amphiphilic
block-copolymers as templates. A thermal treatment of the initially formed meso-
porous ferrihydrite in nitrogen produces maghemite, which can be partly reduced to
magnetite via thermal treatment in hydrogen while retaining the templated mesopore
structure. The resulting materials feature a unique combination of high surface area,
controlled pore diameter and tunable magnetic properties."

Published in [KK4].

4.2 Project Summary

After the detailed investigation of hematite formation (α-Fe2O3) as thermodynamically
most stable iron oxide, also other iron oxides are prepared in a mesostructured form.
Two other highly interesting oxides are maghemite (γ-Fe2O3) and magnetite (Fe3O4),
both crystallizing in a cubic unit cell. Both oxides show magnetic behavior, which al-
lows applications in medical and biological fields [10].

Employing the same mesoporous precursor phase as for the hematite crystallization
(ferrihydrite, calcined at 250 °C for 1 h in air) the challenge in the synthesis lies in the
retention of the mesoporous structure during the phase transition of a low crystalline
material with a hexagonal unit cell to a cubic crystallizing material (see chapters 1.2
and 1.3). So far, mesoporous ordered, magnetic iron oxides are only achieved by hard
templating approaches [72, 74]. As this study shows, the synthesis of maghemite and

http://dx.doi.org/10.1002/admi.201700960
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maghemite/magnetite is achieved also via soft templating and evaporation induced
self-assembly by mild reduction conditions.

Experiment: The outline of the study is summarized in Figure 4.1. As mesoporous
precursor phase for maghemite and maghemite/magnetite synthesis served a fer-
rihydrite film, which was synthesized by dip-coating from a solution containing
Fe(NO3)3 · 9 H2O as iron precursor, the tri-block-copolymer PEO104-PB92-PEO104 as
pore template and ethanol and methoxyethanol as solvents. After dip-coating and
drying of the film under argon atmosphere and calcination at 250 °C for 1 h in air,
mesoporous ferrihydrite was achieved. By further calcination at (i) 350 °C in nitrogen,
cubic crystallizing maghemite was obtained with an ordered mesoporous structure.
Maghemite was partly reduced to mesostructured magnetite by calcination in hydro-
gen/argon atmosphere (ii). Interestingly, direct reduction of ferrihydrite or hematite
yielded strongly sintered and only partly cubic phases, indicating that an aggressive
reduction treatment leads to the destruction of the mesostructure.

Figure 4.1: Scheme for the preparation of superparamagnetic mesoporous iron oxides.
Ferrihydrite as precursor phase was synthesized via dip-coating and subsequent calci-
nation in air. Maghemite (i) was formed by further calcination in nitrogen. It was partly
reduced in hydrogen/argon to obtain maghemite/magnetite. Direct reduction of ferrihy-
drite or hematite led to sintered structures. Reprinted from [KK4] with permission of John

Wiley and Sons.

Results and discussion: The results obtained from electron microscopy (SEM and
TEM) are reprinted in appendix B.3. Maghemite is obtained after calcination in nitrogen
at 350 °C for 5 h (i). The film shows pore sizes of about 6 nm throughout the film volume
and SAXS revealed an intact pore structure without sintering. In case of maghemite and
magnetite various methods of phase analysis have to be performed to obtain reliable
information of the crystal phase (see chapters 1.2 and 1.4). For the phase assignment
HR-TEM, SAED, XRD in combination with Rietveld refinement, and Raman measure-
ments are combined to obtain structural information. Magnetic measurements are per-
formed to get further indications of phase specific properties. Figure 4.2 summarizes
for the nitrogen calcined sample (i) and the nitrogen and hydrogen calcined sample (ii)
the phase assignment via XRD (a, e) and Raman measurements (b, f) as well as their
magnetic properties in magnetic field (c, g) and temperature dependence (d, h).

For the sample (i) calcined in nitrogen, HR-TEM reveals distances of lattice planes
that correspond well to those of cubic iron oxides (maghemite or magnetite). Also
the SAED is unambiguously attributed to a cubically crystallizing iron oxide. Indica-
tions leading to a phase assignment of maghemite are drawn from XRD (Figure 4.2 a))
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Figure 4.2: Structural and magnetic characterization of maghemite (i; 250 °C, 1 h, air +
350 °C, 5 h, N2) and maghemite/magnetite (ii; 250 °C, 1 h, air + 400 °C, 2 h, N2 + 350 °C,
1 h, H2/Ar). X-ray diffractograms are shown in a/e. Raman spectroscopy in b/f is com-
pared with literature [112]. Magnetic hystereses at 100 K and 300 K are depicted in c/g.
Temperature dependent magnetization behavior while zfc and fc (H = 500 Oe) are shown
in d/h. The applied field during heating is 500 Oe. Reprinted from [KK4] with permission

of John Wiley and Sons.

in combination with Rietveld refinement of the diffractogram. The reflection posi-
tions correspond well to maghemite or magnetite, but the Rietveld refinement reveals
a lattice parameter of a= (8.333± 0.007) Å, which corresponds better to maghemite
(a= 8.3300 Å [64]) instead of magnetite (a= 8.3958 Å [62]). The crystallite size is calcu-
lated to (8± 1) nm. Also Raman measurements (Figure 4.2 b)) confirm the presence of
maghemite. Comparison with literature [112, 113] indicates the three typical vibrations
for maghemite of T2g/ Eg/ A1g at 357/ 501/ 701 cm−1 .

The sample calcined in nitrogen and hydrogen (ii) shows as well the retention of
the ordered mesoporous structure, but the onset of coarsening is visible from electron
microscopy. HR-TEM indicates slightly larger lattice spacings. This gives a first indica-
tion of a partial transformation to magnetite, which has a slightly larger unit cell com-
pared to maghemite. XRD (Figure 4.2 e)) in combination with Rietveld refinement re-
sults in the characteristic reflections for maghemite or magnetite with a lattice parame-
ter a= (8.351± 0.005) Å, which indicates an intermediate structure between maghemite
and magnetite. The crystallites have a size of (12± 2) nm. The structural changes are
further corroborated by Raman measurements (Figure 4.2 f)). The most intense sig-
nal A1g consists of two bands at 667 and 714 cm−1 (magnetite 672 cm−1, maghemite
700 cm−1 [112]), suggesting a partial transition to magnetite vibrations.

Maghemite and magnetite are both ferrimagnetic materials but possess different
macroscopic magnetization characteristics. A detailed description is given in chapter
1.2 and 1.4. Generally, magnetite shows stronger saturation magnetization and a higher
coercivity, i.e. it is a hard magnet, whereas maghemite shows softer magnetic prop-
erties. If the particle sizes decrease to single domain particles, superparamagnetism
can be observed. Figure 4.2 c/d and g/h present the magnetic characteristics of sam-
ple (i), calcined in nitrogen, and sample (ii), calcined in nitrogen and hydrogen. The
field dependent measurement of maghemite (i) (Figure 4.2 c)) shows hysteresis curves
for 100 K and 300 K with saturation magnetizations of Ms100 = 55 emu/gFe2O3 and
Ms300 = 50 emu/gFe2O3. For the measurement at 100 K a coercivity of Hc100 = 200 Oe
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is observed, whereas the measurement at 300 K shows superparamagnetic behavior.
The superparamagnetism is corroborated by temperature-dependent measurements
(Figure 4.2 d)). The curve measured after zero field cooling (zfc) at 500 Oe reveals
a blocking temperature of TB = 170 K as transition from ferri- to superparamagnetic
behavior. The phase mixture of maghemite/magnetite (ii) is characterized by a much
stronger magnetization behavior (Figure 4.2 g)) with saturation magnetizations of
Ms100 = 103 emu/gFe3O4 and Ms300 = 95 emu/gFe3O4. Also a significantly higher co-
ercivity of Hc100 = 700 Oe at 100 K is obtained, which turns into superparamagnetism
at 300 K. Temperature-dependent measurements under zfc conditions (Figure 4.2 h))
determine TB = 260 K at 500 Oe as transition temperature.

Consequently, the magnetic measurements further support the phase assignment of
maghemite for the sample (i) calcined in nitrogen and to a mixture of maghemite/mag-
netite for a sample (ii) calcined subsequently in nitrogen and hydrogen.

Conclusion: A synthesis approach for the controlled preparation of the mesoporous
superparamagnetic iron oxides maghemite and maghemite/magnetite is established.
By gentle calcination conditions in nitrogen and nitrogen + hydrogen ordered meso-
porous structures with pore sizes of about 6 nm are retained. This is achieved, al-
though a phase transition from hexagonal crystallizing ferrihydrite to maghemite and
maghemite/magnetite with cubic unit cells occurs. The employment of suitable meth-
ods of phase characterization enables a reliable phase assignment of the respective
materials. The magnetic properties reveal characteristic saturation magnetizations for
maghemite and magnetite as well as superparamagnetism. The obtained iron oxides
combine the high surface area of mesoporous materials with superparamagnetic prop-
erties and the advantageous characteristics of iron oxides.
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5 Stabilization of Ferrihydrite via
Alumina and Silica layers

This chapter was published in Advanced Materials Interfaces with the title

"Stabilization of Mesoporous Iron Oxide Films against Sintering and Phase
Transformations via Atomic Layer Deposition of Alumina and Silica"

Katrin Kraffert, Matthias Karg, Roman Schmack, Guylhaine Clavel, Cedric Boissiere,
Thomas Wirth, Nicola Pinna, Ralph Kraehnert Adv. Mater. Interfaces 2018, 5, 1800360.

DOI: 10.1002/admi.201800360 [KK5]

It reprints the abstract of the manuscript and gives a summary of the results. De-
tailed information can be found in the manuscript reprint in Appendix B.4.

5.1 Abstract

"The stabilization of crystal phases and nanostructured morphologies is an essential
topic in application-driven design of mesoporous materials. Many applications, e.g.
catalysis, require high temperature and humidity. Typical metal oxides transform un-
der such conditions from a metastable, low crystalline material into a thermodynam-
ically more favorable form, i.e. from ferrihydrite into hematite in the case of iron ox-
ide. The harsh conditions induce also a growth of the crystallites constituting pore
walls, which results in sintering and finally collapse of the porous network. Herein,
a new method to stabilize mesoporous templated metal oxides against sintering and
pore collapse is reported. The method employs atomic layer deposition (ALD) to coat
the internal mesopore surface with thin layers of either alumina or silica. The authors
demonstrate that silica exerts a very strong influence: It shifts hematite formation from
400 to 600 °C and sintering of hematite from 600 to 900 °C. Differences between the
stabilization via alumina and silica are rationalized by a different interaction strength
between the ALD material and the ferrihydrite film. The presented approach allows
to stabilize mesoporous thin films that require a high crystallization temperature, with
submonolayer quantity of an ALD material, and to apply mesoporous materials for
high temperature applications."

Published in [KK5].

5.2 Project Summary

Besides the synthesis of mesoporous iron oxides, also the controlled change of proper-
ties is a challenge of industrial and scientific interest for tunable material design. An
important characteristic is the phase stability and the preservation of the mesoporous
network at high temperatures.

As shown in literature, the introduction of hetero-atoms in precipitated ferrihydrite
has caused a drastic increase in the transition temperature from ferrihydrite to hematite

https://doi.org/10.1002/admi.201800360
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[161, 162]. However, the presence of additional species also has influenced other prop-
erties as well [71]. In order to minimize these effects, the deposition of lowest amounts
of hetero-atoms after ferrihydrite is formed may be an option. To investigate the sta-
bilizing effect of small amounts of alumina and silica coatings on the low crystalline
ferrihydrite phase and on the porous network, these coatings are deposited by only
one cycle of atomic layer deposition (ALD) into a mesoporous ferrihydrite film.

Experiment: The outline of this project is summarized in Figure 5.1. Briefly, meso-
porous ferrihydrite films were prepared by dip-coating in argon atmosphere. The dip-
coating solution contained Fe(NO3)3 · 9 H2O as metal precursor, the tri-block copolymer
PEO104-PB92-PEO104 as pore template dissolved in ethanol and methoxyethanol. After
drying in argon atmosphere, the films were subsequently calcined in air at 250 °C for
1 h and at 400 °C for 10 min. The resulting mesoporous films were coated by ALD with
SiO2 (reactants: (3-aminopropyl)triethoxysilane, water, ozone) or Al2O3 (reactants:
trimethylaluminium, water) with different cycle numbers to investigate the coating
behavior. Samples coated with one cycle of silica or alumina were further treated at
temperatures ranging from 400 °C to 900 °C and compared to the respective uncoated
references to determine the stabilizing effects on the crystal phase and porosity.

Figure 5.1: Schematic representation of the stabilizing effect of alumina or silica coating
on the ferrihydrite phase and the ordered porosity. Ferrihydrite as starting material was
synthesized by dip-coating and calcination. The coatings were deposited by ALD with
various cycle numbers. Further calcination at 400 °C - 900 °C of the coated samples (1
cycle) and an uncoated reference was used for the evaluation of the stabilizing effect on

ferrihydrite (FH) and the porous network of hematite (HEM). Reprinted from [KK5].

Results and discussion: The characteristics of the ALD coating process of silica and
alumina is investigated by varying the amount of deposited material. For silica the
number of cycles is varied between 1 and 20, for alumina between 1 and 10 (see ap-
pendix B.4). Both procedures result in a maximum layer thickness of 1 nm on plain sur-
faces, but due to the different growth rates per cycle different maximum cycle numbers
are required. Phase characterization by XRD and SAED reveals that the ALD coating
procedure, which was performed at 200 °C, does not influence the crystal phase of the
ferrihydrite film. The pores with about 6 nm diameter are still visible from top-view
SEM.

Poroellipsometry and SEM-EDX (energy dispersive X-ray spectroscopy) indicate
differences in the coating behavior of alumina and silica (see appendix B.4). For silica
coated samples a decrease in mesopore size along the z-direction is identified from
poroellipsometry for the first deposition cycle, indicating a homogeneous coating
within the mesoporous network. EDX measurements reveal a linear increase in the rel-
ative Si amount for cycle numbers between 1 and 20 and corroborate the homogeneous
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self-limiting deposition of silica for the first 20 deposition cycles. Auger electron spec-
troscopy in combination with depth profiling indicates a homogeneous distribution of
silica throughout the film thickness, implying a completely accessible internal surface
for silica deposition and a homogeneous coating throughout the film thickness.

For ferrihydrite films coated with one cycle alumina the pore size decreases only
marginally, although EDX reveals that alumina is present in the film. That leads to the
conclusion that alumina is less homogeneously coated than silica. Additionally, EDX
shows a strong increase of the relative Al amount for the first cycle and a saturation
behavior for higher cycle numbers, further corroborating an inhomogeneous coating,
possibly resulting from precursor condensation in micropores within the first cycle.

A reason for the different behavior of alumina and silica coating may result from
the different precursor size, with trimethylaluminium being significantly smaller than
(3-aminopropyl)triethoxysilane. This can cause an accumulation of the Al precursor in
micopores during the exposure before it condensates with water to form alumina.

Thermal stability experiments are performed with the lowest possible amount of
alumina or silica, i.e. ferrihydrite coated with only one cycle of the respective material.
Figure 5.2 compares the results for uncoated ferrihydrite (1st block), and ferrihydrite
coated with alumina (2nd block) or silica (3rd block). After a temperature treatment
between 400 °C and 900 °C the morphology is characterized by SEM and TEM and the
crystallinity by SAED.

Figure 5.2: Comparison of morphology and crystallinity of an uncoated reference sample
(1st block), alumina coated (2nd block), and silica coated ferrihydrite (3rd block) for vari-
ous temperatures. a) shows the as prepared samples, b-g the various temperatures from

400 °C to 900 °C. Reprinted from [KK5].
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The first column represents the as prepared ferrihydrite as reference and the alu-
mina and silica coated modifications. Ferrihydrite shows an ordered mesoporous struc-
ture (Figure 5.2 1a1/1a2) with the typical diffraction pattern (SAED, Figure 5.2 1a3). No
significant changes are observed for the alumina (Figure 5.2 2a1-2a3) and silica (Fig-
ure 5.2 3a1-3a3) coated samples.

After calcination at 400 °C, the morphology of the uncoated reference changed to
more crystalline walls (Figure 5.2 1b1/1b2) and the SAED shows a diffraction pat-
tern resulting from few crystal orientations of hematite (Figure 5.2 1b3). Starting from
600 °C, sintering is observed (Figure 5.2 1d1/1d2), which becomes more severe for
higher temperatures up to 900 °C (Figure 5.2 1e1-1g1/1e2-1g2). SAED (Figure 5.2 1d3-
1g3) and XRD (see appendix B.4) confirm the presence of hematite.

For alumina coated samples the onset of hematite crystallization is shifted by 200 K
to 600 °C. The mesoporous structure is well retained (Figure 5.2 2d1/2d2) and SAED
shows more distinct diffraction rings (Figure 5.2 2d3). Starting from 600 °C, XRD shows
reflections of hematite with an increasing intensity with higher calcination tempera-
tures. At increased temperatures (700 °C - 900 °C), severe sintering occurs accompanied
with a phase separation into a compact iron rich-layer on top of a mesoporous iron-
alumina layer (see appendix B.4).

For ferrihydrite coated with silica, the transformation to hematite is observed at
600 °C, resulting in a stabilization of 200 K compared to the reference. The hematite
shows a mesoporous network (Figure 5.2 3d1/3d2). In contrast to alumina coated sam-
ples, the network is also retained at higher temperatures of 700 °C and 800 °C (Figure 5.2
3e1-3f1/3e2-3f2) and sintering does not occur before 900 °C (Figure 5.2 3g1/3g2).

A possible explanation for the different stabilization characteristics is provided
by the different interaction strengths of silica and alumina with the mesoporous iron
oxide. One way to estimate this interaction is given by the oxo-basicity concept [163,
164]. This concept considers the ability of an oxide to donate or accept an O2−. The
interaction strength rises with increasing difference of the O2− affinity of the involved
reaction partners. These values are tabulated on basis of thermodynamic data in the
Smith scale [165]. For the alumina-iron oxide system the difference in the Smith scale
is 0.3, whereas the silica-iron oxide shows a larger difference of 2.6. This indicates a
stronger interaction of silica with ferrihydrite, delivering a possible explanation for the
higher stability of the mesoporous network and the prevention of phase separation.

Conclusion: In this study, the stabilizing effect of thin layers of alumina and silica
coatings on the ferrihydrite phase and the mesoporous network after transformation
to hematite is investigated. Both alumina and silica show a stabilizing effect on meso-
porous ferrihydrite by 200 K, but only a silica coating prevents sintering of the formed
hematite up to a calcination temperature of 800 °C. A possible explanation is given by
different interaction strength of the coatings with the iron oxide, which is estimated
form the oxo-basicity concept.
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6 General Discussion

The projects mentioned in the previous chapters dealt with the formation, crystalliza-
tion and transformation of iron-oxygen phases. To include them in the larger per-
spective of the complex iron-oxygen system, they are incorporated in the transforma-
tion scheme mentioned by Cornell and Schwertmann [15] (Figure 6.1). Generally, the
projects focused on systems starting exclusively from Fe3+. To reduce the complexity of
the versatile chemistry, redox processes were excluded that would be involved by the
introduction of Fe2+. The highlighted pathways in green indicate the used transition
paths and the green-framed phases the achieved iron oxides in ordered mesoporous
film morphology that were presented in context of this thesis.

Figure 6.1: Schematic summary of important transition pathways of the most common
iron-oxygen compounds. The figure is extended with the contributions of this thesis
(green). Further iron-oxygen compounds, which are attractive synthesis goals due to
their environmental relevance, are marked in red. Adapted from [15] p. 346 with permis-

sion of John Wiley and Sons. See also Figure 1.1.
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In chapter 2 the condensation of small iron-oxygen oligomers from FeCl3 solution
was investigated initiated by an increasing amount of OH−. An electronic signature for
the increased Fe-O interaction from XPS was correlated with the change in structure de-
termined by SAXS and Raman. At a high OH− concentration akaganeite precipitated.

In an ordered mesoporous film morphology, ferrihydrite was synthesized from a
Fe(NO3)3 · 9 H2O precursor. The crystallization mechanism and kinetics of the trans-
formation of ferrihydrite to hematite (chapter 3) was investigated particularly, as well
as the influence of silica and alumina layers on the stability of ferrihydrite and on
the mesoporous network (chapter 5). An environmentally unusual path from ferri-
hydrite to maghemite by calcination in nitrogen, i.e. under reduced oxygen partial
pressure was added to the scheme, and further a partial reduction to magnetite in
hydrogen/argon (chapter 4) was achieved.

The obtained results on formation, crystallization and stabilization contribute to the
systematic investigation of economically and environmentally important iron oxides
and their transitions (see Figure 6.1). Nevertheless, there are still some open questions
beyond the already addressed issues:

1. How could phase pure soft-templated magnetite be synthesized?

2. How could the synthesis of goethite and akaganeite as important intermediates
in the environmental transformation network be achieved?

3. How does the synthesis procedure influence the carbon content within the meso-
porous film?

4. Which role play oxygen and water during formation and transformation of iron
oxides?

These questions will be addressed in the following sections.

6.1 How could phase pure soft-templated magnetite be synthe-
sized?

In this thesis, a reproducible synthesis procedure for mesoporous iron oxides was estab-
lished starting from exclusively Fe3+ ions with mesoporous ferrihydrite as first inter-
mediate. This precursor was employed to directly synthesize hematite and maghemite
and also a mixture of maghemite and magnetite by an additional heat treatment. Phase
pure magnetite could not be obtained so far.

To derive suggestions for the synthesis of phase pure mesoporous magnetite based
on this well characterized precursor phase, first the challenges arising from the dif-
ferent structures and oxidation states are addressed. Further on, the calcination of
ferrihydrite in hydrogen/argon and nitrogen is characterized in detail and possible
obstacles and pathways for the magnetite synthesis from ferrihydrite are deduced.
Finally, an alternative approach for the magnetite synthesis is discussed, starting from
both Fe3+ and Fe2+ ions.

Comparing the structure of ferrihydrite and magnetite (see chapter 1.2) different
fundamental crystal lattices are obvious. Ferrihydrite is based on a hexagonal close
packing of anions, whereas magnetite possesses a cubic close packing of anions. How-
ever, both phases incorporate tetrahedrally and octahedrally coordinated Fe centers.
Ferrihydrite incorporates only Fe3+ ions into its structure, but magnetite is composed
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out of Fe3+ and Fe2+ ions with a ratio of 2:1. Thus, two fundamental changes in the
structure need to be realized for a transformation: I) the hexagonal close packed crystal
lattice of ferrihydrite needs to be rearranged to a cubic close packed lattice of magnetite
and II) a fraction of the Fe3+ ions needs to be reduced to Fe2+.

The direct reduction of ferrihydrite in hydrogen/argon compresses both of the men-
tioned challenges in one calcination step. Figure 6.2 illustrates the changes in mor-
phology and crystallinity upon reduction at 350 °C in H2/Ar for various times. After
2 h of calcination, SEM shows an intact mesoporosity and domain growth of a more
crystalline phase, which is comparable to the behavior observed for the ferrihydrite-
hematite transformation (see chapter 3 [KK2]). XRD indicates characteristic features
of hematite and a broad background signal around 35°, which was observed for ferri-
hydrite before. Additionally, characteristic reflections of maghemite or magnetite (re-
ferred to as cubic iron oxides for the rest of this section) are detected. Due to the similar-
ity of the crystal structure the phase cannot be unambiguously assigned without addi-
tional characterization methods (see chapter 4 [KK4]). Comparing the intensities of the
(012)-reflection of hematite and the (220)-reflection of the cubic phase, both iron oxides
are present in a comparable amount, if the powder intensity distribution is assumed
(indicated below the diffractograms). After 5 h the typical low crystalline ferrihydrite
morphology is not detected in SEM anymore, indicating a complete transformation to
more crystalline phases. Sintering to a grid-like structure is already observed. XRD
indicates the presence of hematite as major phase. Even after 10 h of calcination the
transformation to a purely cubic phase is not completed. However, a significant sinter-
ing is already detected by SEM. From the shown data, it cannot be identified, whether
ferrihydrite transforms to hematite and the cubic phase in two competing processes, or
if ferrihydrite crystallizes to hematite, which is subsequently transformed into a cubic
phase.

Figure 6.2: Direct reduction of ferrihydrite (250 °C, 1 h, air) in hydrogen/argon (4 %). a-c)
show morphological changes during calcination in H2/Ar at 350 °C for 2-10 h by SEM1. d)
depicts XRD1 for the respective samples. The composition of the film determined by SEM
and XRD is summarized on the right side. "Cubic" denotes the presence of maghemite

or magnetite.

1The experimental details are given in Appendix A.
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As known from chapter 4 [KK4], the calcination in nitrogen leads to the formation
of maghemite, which can be partly reduced to magnetite. Thus, the two mentioned
challenges for the ferrihydrite-magnetite transformation are separated into two steps:
the transformation of the lattice is achieved by calcination in nitrogen, the partial reduc-
tion is subsequently realized in hydrogen/argon. During the calcination in nitrogen no
hematite is detected as an intermediate in maghemite formation as Figure 6.3 indicates.
After a mild thermal treatment at 350 °C for 2 h only a cubic iron oxide is detected,
which is specified to be maghemite as described in chapter 4 ([KK4]). This is in agree-
ment with Eggleton et al. [39] who confirmed a transition of ferrihydrite to maghemite
between 300 °C and 400 °C in nitrogen atmosphere. Longer times (5 h) do not change
morphology and crystallinity significantly.

Figure 6.3: Thermal treatment of ferrihydrite (250 °C, 1 h, air) in nitrogen. a)/ b) show
morphological changes during calcination in N2 at 350 °C for 2-5 h by SEM. c) depicts
XRD for the respective samples. The composition of the film determined by XRD is
summarized on the right side. The term "cubic" denotes the presence of maghemite or

magnetite.

Keeping the absence of hematite during the crystallization of mesoporous maghemite
from ferrihydrite in mind, the presence of hematite and its transformation to cubic
phases seems to be the reason for the excessive sintering of the mesoporous structure.
This assumption leads to the conclusion that for the synthesis of mesoporous magnetite
by soft templating, hematite as an intermediate has to be avoided.

Starting from the well characterized transitions of Fe3+ precursors, the careful
reduction of maghemite, which was already applied to obtain the phase mixture of
maghemite and magnetite [KK4], seems to be the most likely way to avoid hematite
and thus sintering during the reduction process. That implies that the best option
to synthesize magnetite from ferrihydrite is to expand the already applied path over
maghemite as intermediate. Additionally, the behavior of maghemite and magnetite
mixtures as continuous solid solution, allowing a continuous transition between both
phases [15, 166] may be useful since no drastic transitions between maghemite and
magnetite occur which might induce sintering.

A second option is the introduction of Fe2+ salts in the dip-coating solution to start
from a mixture of Fe2+ and Fe3+. Following Figure 6.1 this is the shortest path for the
crystallization of magnetite. To avoid the oxidation of the Fe2+ species the synthesis
and calcination under inert atmosphere seems to be a necessary prerequisite. Brezesin-
ski et al. [76] already indicated the tendency of Fe2+ to oxidize to Fe3+ as well as the
poor sol-gel chemistry as major challenges during this approach, which render the syn-
thesis of phase pure magnetite via this route so intricately.
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6.2 How could the synthesis of goethite and akaganeite be
achieved?

The scheme in Figure 6.1 indicates goethite and akaganeite as important iron oxohy-
droxides in the common transition scheme of iron-oxygen compounds. To investigate
the environmental important transitions analogously to the ferrihydrite-hematite trans-
formation, the synthesis of both phases as mesoporous films is a goal of future interest.
The synthesis of mesoporous goethite was reported once [76], based on FeCl3 as pre-
cursor.

To identify the challenges for the synthesis of mesoporous goethite and akaganeite,
firstly, basic prerequisites derived from studies on precipitated powders are summa-
rized. Based on this analysis, suggestions are presented how the synthesis of both oxo-
hydroxides in mesoporous morphology may be achieved. The first approaches refer to
the well characterized synthesis procedure of this thesis, employing Fe(NO3)3 · 9 H2O
as iron source. The last presented suggestion illustrates the possibilities and challenges
of FeCl3 · 6 H2O as iron salt compared to Fe(NO3)3 · 9 H2O.

Generally, the formation of goethite has been postulated as dissolution-recrystalli-
zation mechanism of ferrihydrite in alkaline or acidic media [28, 52, 53]. Also synthesis
routines aiming for the direct synthesis of goethite involved the intermediate precipita-
tion of ferrihydrite from Fe(NO3)3 · 9 H2O in aqueous acidic or basic solution [97, 167–
170]. Therefore, the suggested direct synthesis from solution indicated in Figure 6.1 is
misleading and not the typical formation pathway. Akaganeite is formed in Cl− rich
environments. A structure-directing function was assigned frequently to Cl−, where
it supports the formation of the characteristic tunnel structure in the crystal lattice of
akaganeite [98].

The dissolution-recrystallization formation of goethite might be a large obstacle for
the synthesis of mesoporous goethite from ferrihydrite. Dissolution of the iron-oxygen
species involves the loss of the ordered mesoporous structure and formation of goethite
crystallites that are not located within the original network. Nevertheless, to examine
the possibilities of goethite formation via the established dip-coating procedure one
possibility is to decrease the pH of the dip-coating solution by addition of acid. Hamd
et al. [78] already used this approach for the synthesis of mesoporous hematite. Un-
fortunately, they did not report on intermediate goethite formation, but that was not in
focus of their study. Besides the acidification of the solution, another option would be
to treat ferrihydrite films in humid acidic or basic environments during further crystal-
lization. This can be realized by adding hydrochloric acid or ammonia to the gas stream
used for calcination.

For the synthesis of akaganeite, the substitution of the iron source in the dip-coating
solution from Fe(NO3)3 · 9 H2O to FeCl3 · 6 H2O seems to be unavoidable. The exchange
might not only provide success to mesoporous akaganeite synthesis but also may lead
to goethite formation as published by Brezesinki et al. [76]. Thus, for the synthesis
of both akaganeite and goethite, a reproducible synthesis procedure needs to be estab-
lished based on a FeCl3 precursor.

The precursors FeCl3 and Fe(NO3)3 are characterized by different chemical prop-
erties that might influence the condensation process necessary for the formation of an
ordered mesophase (see chapter 1.3) and its crystallization behavior.

• The counter ions Cl− and (NO3)− show different radii of (168± 19) pm and
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(200± 19) pm, respectively [171], which might influence the complexation behav-
ior of the Fe center by the anion. Indeed, Collins et al. [32] suggested a different
condensation behavior of iron nitrate and iron chloride. They reported for FeCl3
compared to Fe(NO3)3 a higher pH for the dissolved salt (1.5 and 1.25, respec-
tively) and a smaller fraction of small oligomers (dimers and trimers) before
precipitation.

• In contrast to Cl−, (NO3)− might form hydrogen bonds between the oxygen of the
anion and the hydrogen of the solvent or template polymer. This may enhance
the formation of the organic-inorganic composite phase.

• Typically hydrated salts were used, meaning that with one mole of Fe, 9 mole
of water are introduced together with the nitrate salt or 6 with the chloride salt.
This amount of water is only a minor component within the dip-coating solution
but might influence the condensation behavior of the dissolved iron species. The
condensation of iron species is very sensitive to water and oxygen that the films
prepared within this thesis are even dipped under argon atmosphere to avoid
exposure to humidity at environmental conditions (see chapter 6.4).

• Finally, during calcination (NO3)− decomposes to NO2 and oxygen, which is not
possible for Cl−. The decomposition temperature of Fe(NO3)3 is significantly
lower than that of FeCl3 (125 °C and > 200 °C, respectively [172]). This may influ-
ence the crystallization of the iron-oxygen phase and decomposition of the poly-
mer, as well as the removal of the counter ion.

These differences of the precursors make a thorough investigation of solution compo-
sition and dip-coating parameters necessary when the iron source is exchanged.

By adaption of the dip-coating solution (pH or iron precursor) or optimization of
the calcination atmosphere, the synthesis of goethite and akaganeite may be achieved.

6.3 How does the synthesis procedure influence the carbon
content within the mesoporous film?

As chapter 5 [KK5] shows, the introduction of hetero-atoms such as Si and Al as oxides
have a significant effect on the crystallization of hematite. With this in mind, the ques-
tion arises, how the presence of carbon species effects the crystallization of mesoporous
iron oxides. Schmack et al. [173] showed for the crystallization of mesoporous ZnO
films that the introduction of different amounts of carbon by organic acids effects the
crystallite size. Even though no additional C species are introduced into the mesophasic
polymer-iron composites synthesized in this thesis by addition of organic acids, the
carbon content is very high due to the polymer template and the organic solvents. Ad-
ditionally, iron oxides showed generally an affinity towards the adsorption of C species
[15, 50, 174]. Thus, the question of the presence of carbon in the mesoporous films and
its role during crystallization is essential to enlarge the understanding of iron oxide
crystallization and transformation.

To characterize the presence of carbon in the templated iron-oxide films, EDX and
physisorption measurements are combined to quantify the carbon content within the
films and to draw conclusions on its location in the material. By comparison with
non-templated films, possible sources for the carbon are determined, which also may
include the polymer template. More detailed information of the polymer decomposi-
tion and thus of its removal are obtained by thermogravimetric measurements. Finally,
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the desorption behavior of carbon is investigated by near ambient pressure XPS. With
the obtained knowledge on the origin and desorption behavior of carbon in meso-
porous iron-oxide films, suggestions are made, how its role during crystallization can
be further investigated.

To quantify the carbon content within the soft-templated film, SEM-EDX measure-
ments on iron-oxide samples were performed, which were stabilized (250 °C, 1 h, air)
and subsequently calcined at 400 °C in air for various times. The samples were iden-
tically synthesized as those used for the investigations in chapter 3 [KK2]. The EDX
spectra were evaluated by applying the ZAF correction to obtain the atomic composi-
tion. With the assumption that the Fe content is constant the atomic ratios of C and
O with respect to Fe are calculated and plotted as function of the calcination time in
Figure 6.4 a). The red and black bullets indicate the normalized atomic O and C content
as determined from EDX, respectively. At short calcination times a very high C con-
tent is measured with > 0.7 C/Fe. This high content decreases with longer calcination
times, after 50 h a ratio of C/Fe≈ 0.3 is still present. Since EDX sensitivity decreases for
light elements, the results for two samples (400 °C, 10 min and 20 h) were verified by
wavelength dispersive X-ray spectroscopy (WDX) in combination with measurements
of standard materials. The atomic ratios C/Fe and O/Fe from WDX are added in Fig-
ure 6.4 a) as saltires in the respective colors. For these two samples, a good agreement
for WDX and EDX is found, verifying the trend for the C content determined by EDX.

Figure 6.4: Quantification of the carbon content for samples calcined in air at 400 °C
(250 °C, 1 h, air + 400 °C, 5 min - 50 h, air) and correlation with the surface area. a)
shows the atomic percentages normalized to Fe determined from EDX1 measurements
for O, C, and Fe. The trends are verified by WDX1 (saltires in respective colors). b) Non-
templated film samples are characterized by analogous EDX measurements. c) depicts
the volumetric surface area of the film samples normalized to the geometric area1 d)

correlates the surface area with the C content.
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The residual C content either results from carbon compounds in the dip-coating so-
lution (solvents or template) or from adsorption of carbon species from the surrounding
atmosphere (referred to as adventitious carbon). To get first indications for the origin of
the residual carbon species, iron-oxide films were prepared analogously to the meso-
porous templated films but without addition of the pore template. These samples were
calcined at 400 °C in air for various times, i.e. 10 min, 2 h, and 50 h. The composition
with respect to C, O, and Fe was analyzed by EDX and normalized to Fe. The ratios are
shown in Figure 6.4 b) analogously to Figure 6.4 a). Interestingly, the ratio and trends
found for the C content in templated samples are reproduced very well. The ratio of
C/Fe is very high with about 0.7 at short calcination times and decreases to about 0.3
for long thermal treatments. This leads to the conclusion that the C content is not intro-
duced by the template.

To test whether the C content measured in EDX (Figure 6.4 a)) correlates with
the amount of surface area, Kr-physisorption measurements were performed (Fig-
ure 6.4 c)). For data points which show an error bar, the volumetric surface was
determined for two independently prepared samples. Generally, the surface area de-
creases with increasing calcination time. This is caused by the transformation of low
crystalline ferrihydrite to denser packed hematite. Especially, at short calcination times
(5-20 min) high deviations in the volumetric surface area are detected. This might
be the time interval, which is necessary to decompose the template if no ramping is
applied during the heat treatment as it was the case for these samples. The state of
the template decomposition might influence the exact surface area and explains the
deviations. After transition to hematite the deviation in the surface area is much lower,
e.g. after 300 min deviations of only 6 % are found for two independent samples.

Figure 6.4 d) correlates the surface area from physisorption measurements with the
C content from EDX. The C content increases with increasing surface area indicating
that the C species are located mainly on the surface. If a large fraction was implemented
in the crystal structure, the C content would be constant with variation of the surface
area. Furthermore, no iron carbide was detected in XRD or Raman measurements
(see XRD and Raman measurements in appendix B), which exclude large fractions of
carbide phases.

The comparison of the C content of polymer-templated samples to non-templated
samples in Figure 6.4 a) and b) indicates that the presence or absence of the template
does hardly influence the final C content. Accordingly, the template should decompose
and desorb at temperatures < 400 °C. "To characterize the decomposition behavior of the
employed tri-block polymer based on poly(ethylene oxide) (PEO) and polybutadiene
(PB) PEO104-PB92-PEO104 and the polymer-iron composite, thermogravimetric analysis
(TGA) in a temperature range of 30-400 °C was performed under a flow of synthetic
air. The composite was prepared by freeze-drying a dip-coating solution (PEO104-PB92-
PEO104, Fe(NO3)3 · 9 H2O, ethanol, methoxyethanol 1) and stabilizing it at 250 °C, 1 h in
air. The template polymer was dissolved in ethanol and methoxyethanol and subse-
quently freeze-dried to simulate identical conditions. Figure 6.5 compares the decom-
position of the polymer-iron composite with the pure polymer.

Figure 6.5 shows for the dissolved and dried polymer first a drift towards higher
masses. This has been attributed to the absorption of the purging gas [175]. At 150 °C
the temperature was held for one hour to equilibrate the sample. Afterwards, the sam-
ple was heated with 10 K/min to 400 °C. To determine the onset of template decompo-
sition, the temperature at a relative mass loss of 1% of the mass after equilibration at
150 °C was chosen as objective criterion for the decomposition temperature. Thus, the
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Figure 6.5: TGA-measurements1 of the decomposition of the template polymer (red) and
the polymer-iron composite (black) under synthetic air. The samples were heated with
10 K/min from 30-150 °C and held there for 1 h to allow drying. The heating was continued

to 400 °C with 10 K/min. Vertical lines denote the onset of decomposition.

decomposition of the polymer begins at temperatures of 265 °C. At 400 °C the decom-
position rate is drastically increased and after 20 h at 400 °C only less than 4 % of the
initial mass is left (not shown). The onset of decomposition agrees well with the de-
composition temperature determined for PEO213-PB184-PEO213 [94], a larger polymer
of the same structure family.

The polymer-iron composite loses mass up to 150 °C, probably due to desorption
of condensates within the pores. After equilibration at 150 °C for 1 h the mass is con-
stant. The onset of decomposition is determined analogously to that of the template.
The decomposition starts at 255 °C and correlates well with the template decomposi-
tion temperature. After reaching 400 °C the mass is constant at 86 % of the initial value.
Keeping the temperature at 400 °C for additional 20 h the mass decreases only by 1 %."
This indicates that the template is decomposed and removed at calcination tempera-
tures of 400 °C. However, also calcination temperatures above 255 °C at long enough
dwelling times should be sufficient to decompose and remove the template.

(The paragraphs in quotation marks are published in [KK5].)

Preliminary near-ambient pressure XPS experiments corroborate that the C species
are completely removed during thermal treatment and adsorb again at environmental
conditions. A ferrihydrite film (250 °C, 1 h, air) was introduced into vacuum (p = 1 mbar
in Ar) and the sample holder was heated to temperatures up to 500 °C. Since the results
are preliminary, the exact sample temperature has to be verified. For each temperature
the Fe 2p, O 1s, and C 1s spectra were measured by XPS. The intensity was normalized
to the peak area of the Fe 2p signals, since it is assumed that the Fe content does not
change during the heat treatment. The C 1s signal is depicted in Figure 6.6 a). After
the XPS procedure, the sample was characterized ex-situ to determine its morphology
(SEM, Figure 6.6 b)) and crystal phase (XRD, Figure 6.6 c)).

The C 1s signal (Figure 6.6 a)) indicates a clear decrease of C species from 25 °C to
400 °C and disappears completely at 500 °C. This proves the complete desorption of C
compounds from mesoporous ferrihydrite at elevated temperatures and reduced pres-
sure. The ex-situ characterization reveals that the treatment results in film morphologies
comparable to films calcined under ambient conditions. SEM (Figure 6.6 b)) shows a
mesoporous film with pore walls of low crystallinity and XRD (Figure 6.6 c)) does not
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indicate the presence of highly crystalline iron-oxygen phases. These data allow to con-
clude that C compounds are desorbed from the surface before transformation to a more
crystalline phase occurs under the applied conditions (p = 1 mbar in Ar). This gives rise
to the assumption that also under atmospheric conditions C species can be desorbed
completely.

Figure 6.6: Near ambient pressure XPS 1 of C 1s for ferrihydrite (250 °C, 1 h, air at various
temperatures. a) depicts the normalized C 1s spectra at temperatures between 25 and
500 °C sample holder temperature. After the treatment, the sample is characterized ex-

situ by b) SEM and c) XRD.

EDX indicates a high amount of carbon within the iron-oxide film, with C/Fe-ratios
reaching from 0.3-0.7. The correlation with volumetric surface area determined by ph-
ysisorption measurements leads to the conclusion that C species are located at the sur-
face of the respective iron-oxygen phase. The high adsorption capacity for C species
observed for the mesoporous ferrihydrite films in this study agrees with its known ad-
sorption behavior of contaminants [50, 51]. The C content results most likely from the
adsorption of adventitious carbon from the atmosphere. This hypothesis is supported
by TGA-measurements which indicate the decomposition of the template below 400 °C.
Preliminary results of near ambient pressure XPS (p = 1 mbar in Ar) further indicate the
complete desorption of C species before more crystalline iron oxides are formed.

These experiments allow the conclusion that carbon can be completely removed
during heat treatments. However, since high quantities of adventitious carbon are ad-
sorbed at atmospheric conditions especially by ferrihydrite, the role of carbon during
the crystallization process is difficult to determine by ex-situ analysis. To get infor-
mation about the participation of carbon in the crystallization process, in-situ studies
are necessary, as already started by the XPS experiments. These in-situ studies should
characterize the interface of the iron oxide with the surrounding atmosphere which is
experimentally challenging.
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6.4 Which role play oxygen and water during formation and
transformation of iron oxides?

As indicated in chapter 1.2 the iron-oxygen system is very sensitive towards oxygen
and water. For the preparation of mesoporous soft-templated iron oxides the sensitivity
towards this species influences the dip-coating procedure as well as the crystallization
processes.

In this chapter the indications of the sensitivity towards water during the dip-
coating process of soft-templated films are collected from literature and the implica-
tions on the procedure used in this thesis are summarized. Further, the impact of
oxygen and water during crystallization are deduced from experiments performed in
the context of this thesis.

In literature, syntheses of mesoporous iron-oxide films via soft templating usually
employed low relative humidities during the dip-coating process (RH < 20 %) [57, 76–
78]. This indicates that iron species may react with atmospheric water upon drying
and formation of the mesophase to form larger condensates. To establish reproducible
conditions, the films prepared in this thesis were dip-coated and dried in argon atmo-
sphere with a home-built dip-coater. The samples were transported in a closed glass
vessel in argon atmosphere to the preheated oven, which was opened therein. Once the
films were stabilized at 250 °C for 1 h in air, the films could be exposed to atmospheric
conditions.

During further calcination steps, the presence of oxygen has an impact on the forma-
tion of the resulting crystal phase. In presence of air (20 % oxygen) hematite is formed
from ferrihydrite. When nitrogen is used (< 0.05 % oxygen), maghemite is formed from
the same precursor (see chapters 3 and 4 [KK2, KK4]). In the hematite structure only oc-
tahedrally coordinated Fe centers are present, whereas in maghemite both octahedrally
and tetrahedrally coordinated Fe centers occur. Since tetrahedral and octahedral sites
are also present in the ferrihydrite structure, the thermal treatment in nitrogen seems
to preserve these tetrahedral sites.

In order to assess the impact of water during crystallization of mesoporous iron
oxides, additional calcination experiments with humid reaction atmospheres were per-
formed within the context of this thesis. Ferrihydrite was calcined at 350 °C for 20 h
in air with varying amounts of water in the gas flow. When no water was added the
H2O concentration was c(H2O) = 3 g/kg. This gas atmosphere was also used for the
studies in the chapters 3 and 5 [KK2, KK5]. The H2O concentration was increased to
c(H2O) = 273 g/kg by sparging the air flow through water of 70 °C. Figure 6.7 sum-
marizes a morphological (SEM and TEM, Figure 6.7 a1-c1 and a2-c2) and structural
characterization (SAED, Figure 6.7 a3-c3) of both heat treatments.

Calcination in as-received air (c(H2O) = 3 g/kg) hardly alters the mesoscopic mor-
phology (SEM). The pores are ordered with sizes of about 6 nm. After the heat treat-
ment, a higher degree of order on an atomic level is present with domain sizes of about
5 nm (TEM). As these small crystallites fit well into the pore walls no sintering occurs.
The SAED indicates a higher crystallinity by the more distinct reflection rings. The pat-
tern corresponds to ferrihydrite. After calcination for 20 h at 350 °C in as-received air
the crystallinity of ferrihydrite is increased and no hematite crystallites are formed.

A sample calcined with increased water concentration in air (c(H2O) = 273 g/kg),
shows a changed mesoscopic morphology. The mesoporous film incorporates a high
number of larger crystallites of about 10 nm in diameter (SEM). The crystallites fea-
ture a high atomic order resulting in lattice fringes (TEM). Correspondingly also SAED
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Figure 6.7: Influence of humidity on the crystallization of ferrihydrite to hematite. Ferrihy-
drite (250 °C, 1 h, air + 400 °C, 10 min, air) is exposed air to different absolute humidities
(3 g/kg and 273 g/kg) for 20 h at 350 °C. The morphology is investigated by SEM (a1-c1)

and TEM (a2-c2). The crystallinity is evaluated by SAED (a3-c3)1.

presents diffraction reflections, which are attributed to hematite.
These preliminary results indicate that the crystallization of hematite is accelerated

by the presence of water. In comparison to the crystallization study summarized in
chapter 3 [KK2] also the mechanism seems to be changed. The dry calcination study
in chapter 3 reveals that domain growth of hematite in the films occurs with only a
small number of nuclei. The domain sizes are in the region of hundreds of nm. The
calcination in water results in a higher number of nucleation centers, which are homo-
geneously distributed within the film on length scales below 100 nm.

This indicates a decisive role of water during the crystallization. It might react as
catalyst for the structural rearrangement from ferrihydrite to hematite by adsorption
on the surface. A detailed mechanistic study needs still to be performed.
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7 Conclusion and Outlook

This chapter summarizes the results of the chapters 2-5 in context with each other. The
questions addressed in chapter 6, are used to identify future directions of research on
mesoporous iron oxides.

Figure 7.1 delivers an overview about the connections between the individual
projects. For the formation of iron-oxygen phases starting from dissolved species, con-
densation of monomeric species to dimers and larger oligomers is necessary and was
investigated in detail [KK3]. These first intermediates are usually of low crystallinity.
The formation of more crystalline phases requires transformation and recrystalliza-
tion of a precursor state. In this thesis, various iron oxides were synthesized in a
mesoporous form starting from the same low crystalline precursor [KK2, KK4]. These
phases were ferrihydrite, hematite, maghemite, and maghemite/magnetite. For the
formation of hematite from ferrihydrite, the detailed transformation mechanism was
investigated [KK2]. The possibilities of influencing the phase stability and the meso-
porous network were elucidated by deposition of alumina and silica layers [KK5].

Figure 7.1: Summary of the results of this thesis. The condensation of iron-oxygen clus-
ters in solution was investigated as important formation step towards iron-oxygen phases.
Ferrihydrite was prepared as mesoporous precursor phase which was transformed to var-
ious more crystalline iron oxides by adapted calcination procedures. The mechanism of
the transformation of ferrihydrite to hematite was illuminated in more detail. Thin coatings
of silica and alumina deposited by ALD stabilized ferrihydrite and prevented sintering

hematite at high temperatures.
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The projects presented in this thesis contribute to a fundamental understanding of
the formation, crystallization and stabilization of iron-oxygen phases.

The cluster formation of iron-oxygen species was investigated in-situ by highly ad-
vanced techniques such as XPS, Raman and SAXS with focus on the basic structure mo-
tifs of iron oxides. Clear evidence from XPS was found that electronic changes in the
iron environment occurred with a maximum at the ratio of [OH]/[Fe] = 0.25 (pH = 1.4)
attributed to a higher overlap of iron and oxygen orbitals. By Raman an increase of
Fe-OH vibrations and the formation of µ-oxo bridges with increasing pH is indicated.
Since no particles larger than r > 1 nm were detected in SAXS, it was concluded that
small oligomers produced these changes. The combination of methods to investigate
changes in the electronic interactions of iron and oxygen (XPS) with methods to charac-
terize structural changes (Raman, SAXS) allowed to observe the condensation of iron-
based monomers to oligomers and to identify the fingerprint of this transformation in
the electronic structure.

In order to investigate phase transformations of iron oxides mesoporous model ma-
terials in various iron-oxygen phases were obtained. These include ferrihydrite, and
the iron oxides hematite, maghemite, and maghemite/magnetite. The strength of these
model materials lies in the versatility of the preparation method, enabling the synthesis
of various iron oxides from exactly the same precursor. Just by appropriate variation of
the calcination time, the calcination temperature and the gas atmosphere, the desired
phase is obtained. This opens a pathway for a variety of model materials with tunable
properties, which can be directly compared to each other. Further on, the mesostruc-
tured morphology allows a direct comparison to powders, since both morphologies are
characterized by a high internal surface area. The mesoporous films are fixed to a sur-
face, which enables the local investigation of changes. In contrast, powders give bulk
information on the crystal phase and morphology, which are more difficult to localize.

The phase transformation of ferrihydrite to the thermodynamically most stable iron
oxide hematite was investigated in detail. The phases were assigned by conventional
structure characterization methods such as XRD and Raman which could be correlated
to a mesoscopic phase appearance in electron microscopy. This appearance allowed the
quantification of both phases and the evaluation of the growth mechanism. Further on,
an approach was established to tune the crystallization kinetics by deposition of small
amounts of silica and alumina by atomic layer deposition. Both oxides showed a differ-
ent stabilization effect attributed to the different interaction strength of iron oxide with
the respective coated layer. According to the oxo-basicity concept, iron oxide shows a
higher interaction with silica than with alumina, resulting in a better stabilization.

Although detailed insights into the tunable crystallization of mesoporous iron-
oxygen phases, their transformation and stabilization were obtained, only a part of the
complex iron-oxygen chemistry could be illuminated. Some of the remaining questions
and challenges for mesoporous iron-oxygen phases have been addressed in chapter
6. It may act as an outlook for upcoming research studies. For example the influence
of carbon on phase transition needs to be further investigated. From experiments it
was concluded that carbon is desorbed before ferrihydrite is transformed, but it cannot
be ruled out that its presence shows a stabilizing effect similar to silica and alumina.
The same question arises to the role of water during crystallization. Here, preliminary
results showed an acceleration and change in mechanism for the crystallization of
hematite. The effect of water in these processes is obvious but not further investigated,
yet.
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To obtain insights into the kinetic and mechanistic processes on a molecular level in-
situ experiments such as XPS seem to be a necessary prerequisite, since ex-situ measure-
ments are overlaid with adsorbed species that may cover the relevant changes.

For future works, the expansion of mesoporous model materials is a desirable goal.
By further research on the reduction behavior of iron oxides, phase-pure magnetite
should be possible to synthesize. Also the formation of other oxohydroxides such as
goethite or akaganeite is interesting, since those are intermediates in the natural trans-
formation chains. Approaches and limitations for the synthesis of these iron-oxygen
phases were discussed in chapter 6. The synthesis procedure used in this thesis can be
modified by adjusting the dip-coating solution in pH and exchanging the iron precur-
sor, but also the variation of calcination conditions may enable the synthesis of oxohy-
droxides.

After contributing to the fundamental understanding of the formation and crystal-
lization of mesoporous iron oxides and establishing reliable synthesis procedures, the
transfer of the materials to application is a desirable step. The adsorption and sens-
ing capacity of ferrihydrite can be tested in aqueous and gaseous environments [2, 51].
In the gas phase ferrihydrite may be used as sorbent for volatile organic compounds
[51]. Under aqueous conditions, heavy metal contaminants may be efficiently removed
[2]. The stabilized hematite need to be tested in photoelectrochemical applications.
Mesostructured hematite bares large potential due to a suitable bandgap and a high
surface area. Up to now the sintering at elevated temperatures reduced the advantage
of high surface areas [57], which was circumvented in this thesis by low amounts of sta-
bilizing coatings. Finally, the magnetic iron oxides maghemite and magnetite show pos-
sible applications in drug delivery. Pharmaceuticals can be stored in the mesoporous
networks and transported to the defined application place by magnetic manipulation.
For this attempt, the film morphology needs to be transferred to powder structures for
example by spray pyrolysis [81].
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A Experimental Details to the
General Discussion (Chapter 6)

Synthesis of Mesoporous Films: Iron nitrate nonahydrate (98 %–101 %, ACS-grade)
was obtained from Alfa-Aesar. Ethanol (>99.9 %, absolute, ACS-grade) was purchased
from VWR. Methoxyethanol (>99.3 %, ACS- grade) was obtained from Alfa-Aesar.
PEO104-b-PB92-b-PEO104 was synthesized by Polymer Service GmbH Merseburg. All
chemicals were used without further purification. Prior to film deposition, substrates
(Si(100) wafers) were cleaned with ethanol and heated in air (2 h at 600 °C).

The composition of the dip-coating solution was adapted from Brezesinski et al.
[77] PEO104-b-PB92-b-PEO104 (55 mg) was dissolved in a mixture of ethanol (2.18 mL)
and methoxyethanol (0.82 mL) by stirring overnight, resulting in a colorless solution.
Fe(NO3)3 · 9 H2O (586 mg) was added and stirred for an additional hour. The solution
had an orange-red color. Non-templated films were prepared from identical solution
but without addition of the template polymer.

Films were prepared by dip-coating substrates at a withdrawal rate of 400 mm/min
in a glove box under Ar atmosphere, since the control of low humidity was of essential
importance. Thereafter, films were dried for at least 10 min and transferred under inert
atmosphere into a preheated oven for an initial heat treatment for 1 h at 250 °C in air. A
subsequent heat treatment in air, N2, or H2/Ar followed.

For calcination in humid air, the air flow was saturated with water by sparging
it through water with a temperature of 70 °C before it was led into the furnace. The
relative humidity was measured by a hygrometer and recalculated to absolute values.

SEM, EDX: SEM imaging was performed using a JEOL 7401F instrument at an accel-
eration voltage of 10 kV and a working distance of approximately 4.5 mm. EDX was
measured on the same instrument to estimate the elemental composition. The spec-
tra were recorded at a working distance of 12 mm and an excitation voltage of 10 kV.
The emitted X-rays were detected by a Bruker XFlash 4030 SDD detector. The spec-
tra were recorded for 5 min on a sample area of about 450 µm2. For quantification of
the elements, the L radiation of Fe and the K radiation for C and O were analyzed by
applying ZAF correction in Bruker QUANTAX 400 software. To compare the relative
elemental composition, the atomic abundance was normalized to Fe.

TEM, SAED: TEM was conducted on a FEI Tecnai G2 20 S-TWIN instrument that was
operated at 200 kV on films scraped off from the substrates and transferred onto copper
grids coated with lacey carbon. SAED was performed on the same instrument using an
aperture resulting in an investigated sample area with a diameter of 180 nm.

WDX: WDX was performed in a JEOL JXA-8530F field emission electron microprobe
at 10 kV. X-ray analyses of the samples were carried out using a probe diameter of 15 µm



74 Appendix A. Experimental Details to the General Discussion (Chapter 6)

and measurement time of 30 s for the peak and 15 s for the background. Five measure-
ments were averaged for each sample. For quantification of the elements, the Kα radi-
ation for C, O, and Fe were analyzed by using reference standards (C: Graphite, O and
Fe: natural hematite (Elba)) and the film analysis software Stratagem (version 4.8).

XRD: XRD was measured on a Bruker D8 Advance instrument (Cu Kα radiation,
λ= 1.5409 Å) with a grazing incident beam (1°). Reflections were assigned using PDF-
MaintEx library version 9.0.133.

Kr-physisorption: The surface area was determined by Kr-sorption measurements,
which were performed with an Autosorb-iQ instrument (Quantachrome) at 7 K. The
film samples were degassed in vacuum at 150 °C for 2 h prior to physisorption mea-
surement. The surface area was calculated using the BET method. The determined vol-
umetric surface area was normalized of the geometric film size of about 12 cm2. Since
the films were prepared by a reproducible dip-coating procedure the Fe-amount per
cm2 was assumed to be constant.

TGA: To prepare the polymer-iron composite a dip-coating solution (55 mg PEO104-
PB92-PEO104, 586 mg Fe(NO3)3 · 9 H2O, 2.18 ml ethanol, 0.82 ml methoxyethanol) was
freeze-dried and stabilized (250 °C, 1h, air). The pure polymer was dissolved in the
same solvent composition and freeze dried. The TGA-measurements were performed
in a STA8000 (Perkin Elmer) in an alumina crucible without lid. Under a flow of syn-
thetic air (60 ml/min) the samples (about 20 mg) were heated with 10 K/min from 30
to 400 °C. At 150 °C the heating ramp was paused and the temperature was held for
1 h to allow drying of the sample. After heating the temperature was hold for 20 h at
400 °C (not shown). For each measurement the empty crucible was measured before
and subtracted from the sample measurement.

Near ambient pressure XPS: The near ambient pressure XPS was performed in co-
operation with SPECS (Berlin). For measurements an Enviro ESCA (SPECS) was used
equipped with an Al Kα source (λ= 1486 eV). The pressure was set to p = 1 mbar in ar-
gon. Spectra were acquired for Fe2p, O1s, and C1s regions for temperatures at the sam-
ple holder of 25-500 °C. Heating ramps of 20 K/min were applied and each temperature
step was held for 35 min. The temperature was measured with a thermocouple welded
to the sample holder. The binding energy was calibrated to the C1s maximum intensity
at 285 eV. The C1s spectra at various temperatures were normalized to the atomic per-
centages of Fe, derived from fitted peak areas and the element specific Scofield factors.
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The nature of the small iron-oxo oligomers in iron-(III) aqueous solutions has a determining effect on

the chemical processes that govern the formation of nanoparticles in aqueous phase. Here we report on

a liquid-jet photoelectron-spectroscopy experiment for the investigation of the electronic structure of

the occurring iron-oxo oligomers in FeCl3 aqueous solutions. The only iron species in the as-prepared

0.75 M solution are Fe3+ monomers. Addition of NaOH initiates Fe3+ hydrolysis which is followed by the

formation of iron-oxo oligomers. At small enough NaOH concentrations, corresponding to approximately

[OH]/[Fe] = 0.2–0.25 ratio, the iron oligomers can be stabilized for several hours without engaging in further

aggregation. Here, we apply a combination of non-resonant as well as iron 2p and oxygen 1s resonant

photoelectron spectroscopy from a liquid microjet to detect the electronic structure of the occurring

species. Specifically, the oxygen 1s partial electron yield X-ray absorption (PEY-XA) spectra are found to

exhibit a peak well below the onset of liquid water and OH� (aq) absorption. The iron 2p absorption gives

rise to signal centered between the main absorption bands typical for aqueous Fe3+. Absorption bands in

both PEY-XA spectra are found to correlate with an enhanced photoelectron peak near 20 eV binding

energy, which demonstrates the sensitivity of resonant photoelectron (RPE) spectroscopy to mixing between

iron and ligand orbitals. These various signals from the iron-oxo oligomers exhibit maximum intensity at

[OH]/[Fe] = 0.25 ratio. For the same ratio, we observe changes in the pH as well as in complementary

Raman spectra, which can be assigned to the transition from monomeric to oligomeric species. At

approximately [OH]/[Fe] = 0.3 we begin to observe particles larger than 1 nm in radius, detected by

small-angle X-ray scattering.

1. Introduction

Iron-(III)-based oxides, oxohydroxides, and hydroxides (short
iron-(III) oxides) are among the most important environmental
metal compounds, playing a major role in biological processes
and technology. In nature, thesemetal oxides assist in controlling
the pH of surface-, ground-, and sea water, and also influence
microbiological activity or sorption of nutrients and trace
elements.1–6 Technological applications are diverse, and include

utilization in medicine,7 magnetic storage,8,9 sensing,10–12 as
well as catalysis.13,14 Given their wide impact iron oxides have
been intensively studied experimentally and theoretically, with
focus on both the transformation of atomic Fe3+ into FenOxHy

oligomers (here referred to as seeds) in aqueous solution, and on
the characterization of the solid-phase aggregates and crystals
(referred to as particles) which form upon subsequent agglo-
meration. At very low pH the dominant iron complex in FeCl3
aqueous solution is (Fe[H2O]5OH)2+, followed by (Fe[H2O]6)

3+

and other monomeric iron complexes including the anions of
the salt that is being used, mostly FeCl3 or Fe(NO3)3. Nucleation
is initiated by neutralization upon addition of OH� molecules
that bind with Fe3+ ions. The thus formed iron-hydroxyl mono-
mers diffuse, and form dimers and probably larger oligomers,
which at large enough OH� concentration aggregate into iron-
polymeric seeds.15–18 Any of these processes can be controlled by
the [OH]/[Fe] ratio (=h, following the notation in ref. 19), which
depends on the base that is used, typically NaOH or the weaker
base NaHCO3, and on the concentration of the iron salt.

The solid-phase products, forming for h4 0.5 in iron aqueous
solutions, have been exhaustively studied to explore structure, size,
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and morphology.15,16,18–25 Experimental methods applied include
titration, UV-vis spectroscopy,26,27 wide- and small-angle X-ray
scattering (WAXS and SAXS),19,28,29 X-ray absorption (XA)
spectroscopy,19,20,23,24,26,29–32 and electron microscopy.33 In
the case of FeCl3 aqueous solutions, the different experiments
find that akaganeite (b-FeOOH) forms, for h 4 0.5.1,25,34

Chloride ions were concluded to have a structure-driving effect
during formation of akaganeite,20,35–38 and yet the exact mecha-
nism remains to be resolved. One likely scenario is that the Cl�

ion is incorporated into the structure at the stage of polynuclear
complex formation, and is released when larger aggregates
form.38 Another work assigns Cl� to defined positions in the
mono- and polynuclear complexes.20,24,39 With further polymer-
ization edge- and corner-sharing clusters, stabilized by Cl�, were
proposed. Eventually, cylindrically-shaped akaganeite seeds form,
possibly stabilized by Cl� in the inner coordination spheres. At yet
further advanced aggregation more complex shapes are adopted,
with only little amount of Cl� in the very vicinity of iron. These
observations are in agreement with very recent molecular
dynamics simulations exploring counter-ion specific effects.18

Cl� is suggested to accommodate in the first solvation shell,
thereby favoring a chain-like polymeric structure during con-
densation reactions. In the absence of Cl�–iron interactions, on
the other hand, ring-like structures are favored.

Unlike the formation of particles, our understanding of the
transformation of monomeric Fe-oxohydroxy species in FeCl3
aqueous solution, occurring for h o 0.5, is surprisingly poor. In
fact, there is not even an unequivocal experimental evidence for
the existence of iron oligomers larger than the dimer, although the
occurrence of trimers has been suggested.16,18,20,31,32 The uncer-
tainty regarding the existence of the larger oligomers is due to
the different experimental conditions that have been applied to
probing the liquid solutions. Early X-ray absorption spectroscopy
measurements were conducted from freeze-dried FeCl3 aqueous
solutions, 0 o h o 2.8.20,24,39 In those studies monomeric iron
species, FeCl2(H2O)4, have been identified, and the subsequent
elimination of Cl� from the first solvation shell was observed for
increased polymerization. The authors further concluded that the
monomeric species condense into iron dimers as well as trimers.20

A very recent in situ XA spectroscopy study combined with density
functional theory (DFT) electronic structure calculations suggests
that Fe m-oxo bridged dimers form in the case of Cl� as well as for
NO3

� and ClO4
�, not though for SO4

2�, in a pH range of 1.0–2.2.31

Based on their computations the authors speculate that there
could be also a significant concentration of iron trimers during
hydrolysis, but as noted above there is no unambiguous
experimental evidence. A similar conclusion has been drawn
from a combined X-ray (again in situ), UV-vis, and Mössbauer-
spectroscopy study on the precipitation pathways for ferrihydrite
formation in acidic solution from iron nitrate.19 The authors have
shown that iron exists mainly as monomer, m-oxo aqua dimers,
and the solid ferrihydrite. Again, no larger iron-oxo oligomers
were detected, suggesting the reconfiguration of the m-oxo dimer
structure prior to further nucleation.

Up to this point we have not accounted for the lifetimes of
the iron-oxo oligomers which may be too short for these species

to be detected with the aforementioned experimental techni-
ques that probe minutes or hours after solution preparation. In
a theoretical molecular dynamics simulation of iron solutions
the reactions beyond dimer formation were indeed found to
happen in just tens of picoseconds.18 Also, experiments on
iron perchlorate solutions report fast rate constants for dimer
formation of 400 M�1 s�1 implying that the larger oligomers
form rapidly as well.1,40 Such fast kinetics will affect the
subsequent nucleation and aggregation reactions, and suggests
that small iron oligomers, dimers, trimers, tetramers, and
perhaps even larger ones, are too short-lived to be detected.
We note that unlike for other metal ions, such as Cr3+, Al3+, or
Rh3+, reactions are particularly fast for Fe3+.41,42

In the present study, we measured soft-X-ray photoelectron
(PE) spectra from a liquid microjet to determine the electronic
structure of the iron-oxo species in FeCl3 aqueous solution, for
h o 0.5. That is, unlike most previous X-ray studies, experi-
ments are conducted directly from the aqueous solution rather
than from dried phase. Furthermore, we here detect emitted
electrons rather than transmitted or scattered X-rays. This is
also the first X-ray (photoemission) study detecting signal from
iron-oxo oligomers at the oxygen 1s edge.

Measurements were performed for non-resonant and resonant
photon energies, where the latter refers to excitations at the oxygen
1s (near 530 eV photon energy) and Fe 2p (near 705 eV) edges,
respectively. This is also different from any previous works, report-
ing Fe 1s-edge transmission XA spectra, and more importantly, in
measuring photoelectron spectra also from oxygen complementary
important spectroscopic information is obtained. By integration of
the signal of the resonant photoelectron (RPE) spectra we generate
the so-called partial-electron-yield X-ray absorption (PEY-XA) spec-
tra. To first approximation these spectra are a good representation
of the actual X-ray absorption which would be accurately measured
in X-ray transmission,43 and the assumption is that the absorption
is proportional to the number of emitted Auger electrons.43 By
comparing PEY-XA spectra from the partially hydrolyzed solutions
with the spectrum from Fe3+ (aq), obtained from the FeCl3 solution
with no OH� added, we unequivocally determine the X-ray absorp-
tion of the iron-oxo oligomers. Yet, more important, from the
respective RPE spectra we directly identify the valence orbitals,
and their mixed iron–oxygen character, which are responsible for
the absorption. To support our interpretation of the PE and the
PEY-XA spectra we also conducted Raman and small-angle X-ray
scattering (SAXS) measurements from the same aqueous solutions.
Raman spectra are compared with reported spectra from well
characterized iron–oxide phases to identify and assign structure
motifs of the oligomers. SAXS, on the other hand is used to detect
particles, and most important for this study the h ratio at which
small particles begin to form can be determined.

2. Experimental
2.1. Preparation of iron aqueous solutions

Stock solutions of 1.9 M FeCl3�6H2O and 3.8 M NaOH were
prepared from FeCl3�6H2O (purity Z 99%; Sigma Aldrich)
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powder and NaOH pellets (purity Z 98%; Sigma Aldrich) with-
out further purification. Water (Millipore; 18.2 MO cm�1) was
flushed with nitrogen for 412 h before being used. The final
concentration of the FeCl3�6H2O solution studied here was
0.75 M. [OH]/[Fe] (=h) ratios, from 0–2.5, were adjusted by
addition of a defined amount of NaOH solution to water, and
this solution is then added to a constant fraction of FeCl3�6H2O
under vigorous stirring. A scheme of the preparation procedure
is shown in Fig. SI-1 (ESI†), and the mixing ratios of the
different solutions are presented in Table SI-1 (ESI†). For the
photoelectron-spectroscopy experiments 100 ml solutions were
prepared, whereas for Raman and SAXS measurements 5 ml
were sufficient.

For each aqueous solution, i.e., for each h, the pH was
measured for different (aging) times, 15 min, 1 h, and 24 h,
after preparation. We used an InLab Semi-Micro-L pH electrode
(Mettler Toledo, Gießen, Germany) which was calibrated with
buffer solutions of pH 2.00, 4.01 and 7.00.

2.2. Photoelectron spectroscopy measurements

Photoelectron spectroscopy measurements were performed at
the U49/2-PGM-1 soft-X-ray undulator beamline at the synchro-
tron radiation facility BESSY II in Berlin, Germany. The liquid
microjet with a diameter of 24 mmwas injected into the vacuum
chamber from a fused-silica nozzle. The jet velocity was approxi-
mately 40 ms�1, and the jet temperature was kept at 8 1C. Details
of the liquid microjet technique and of the experimental setup
have been described previously.44–46 The energy resolution of the
U49/2-PGM-1 beamline was better than 250 meV at 530 eV
photon energy used for the oxygen O 1s resonant valence PE
measurements, and B380 meV at 710 eV photon energy needed
for the PE measurements at the Fe 2p3/2 absorption edge. This
beamline provides a suitably small focal size of 20 � 80 mm2 at
high photon flux, assuring that the (water) gas-phase signal
contribution to the total (photo)electron signal is much smaller
than the signal from aqueous phase. The energy resolution
of the hemispherical electron analyzer, B250 meV at 30 eV
pass energy, was constant with kinetic energy (KE). Oxygen 1s
resonant spectra were calibrated with reference to the water
valence 1b1 peak, which is 11.31 eV binding energy, and Fe 2p3/2
resonant spectra were calibrated against the O 1s binding energy
of water, which is 538.1 eV.47,48

2.3 Raman spectroscopy measurements

Raman spectra were collected for aqueous solutions in the
range of 0.0 r h r 2.5. Measurements were performed with
a LabRam HR800 spectrometer (Horiba Jobin Yvon, Bensheim,
Germany), equipped with a 633 nm HeNe laser (Horiba Jobin
Yvon, Bensheim, Germany), a 300 lines per mm grating, and a
BX41 microscope (Olympus, Hamburg, Germany). The back-
scattered Raman light was collected by a liquid nitrogen-cooled
CCD detector (1024 � 256 pixels, Horiba). Using a 60� immer-
sion objective, the laser intensity at the liquid sample was 5.09�
105 W cm�2. Reported Raman spectra are averages of five sweeps,
each recorded with an acquisition time of 10 s. All measurements
were performed 1 h after solution preparation.

2.4 Small-angle X-ray scattering measurements

Scattering curves were measured for 0.05 r h r 1 using a
laboratory SAXS instrument (SAXSess, Anton Paar, Graz, Austria),
equipped with a sealed X-ray tube (Cu anode target, l = 1.5406 Å).
A flow-quartz capillary with a thickness of 1 mm was used as
sample holder. SAXS data from the hydrolyzed solutions are
presented with the spectrum measured for h = 0 subtracted and
were corrected for the slit smearing effect. Data were fitted to
scattering curves within a cylinder model and a Schulz distribu-
tion for the radius, using the SANS Analysis_v3.00 tool imple-
mented in the software package IGOR PRO.49 More information
about the fitting model can be found in the ESI.†

3. Results and discussion

We first present the evolution of pH as function of both h and
time. This is followed by a presentation and discussion of the
various photoemission spectra, i.e., on- and off-resonant valence
PE spectra, and the resulting PEY-XA spectra. We then show
results from Raman and SAXS measurements, and discuss the
complementary information one obtains on the structure of the
iron-oxo oligomers and their aggregation.

3.1 pH dependence on h and aging time

The [OH]/[Fe] = h ratios and pH are directly connected, and the
quantitative relation provides a first qualitative hint at the role
OH� plays in the nucleation and aggregation processes. Results
are shown in Fig. 1, where we present pHs for 0 o h o 2.5,
measured for different aging times, from 15 min to 24 h. For all
aging times studied pH rises steeply from 1.0 to 1.4 for a very
small initial increase of h, from 0 to 0.2, marked as region I in
the figure. Time depending aging effects set in at h4 0.2 as will
be discussed below. The solutions measured 15 min after pre-
paration exhibit a continuous steady increase of pH in the region
of 0.25 o h o 0.5; this is region II in the figure. For h 4 0.5 the

Fig. 1 Evolution of pH of 0.75M FeCl3 solutions as a function of h= [OH]/[Fe]
ratio. Regions I–III correspond to the transitions frommonomeric iron species
to iron-oxo oligomers, and finally iron-oxo solid particles. Region I: oligomers
with o1 nm diameter. Region II: cylindrical particles. Region III: cylindrical
particles and akaganeite formation.
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pH stays rather constant (near 1.5) up to h = 1.5, upon further
addition of NaOH, corresponding to h4 1.5 pH rises again. We
call this region III, explored here up to h = 2.5. The behavior
of the 60 min solutions is rather similar, but the plateau
(region II) appears to set in somewhat earlier, at h = 0.3, and
pH is slightly smaller (E1.45) than for the 15 min solution.
More prominent differences occur for the 24 hour solutions,
where the pH suddenly drops from 1.4 to approximately 1.2,
right at the border between regions I and II, and then steadily
rises through regions II–III, but the solutions stay always more
acidic than for the shorter aging times. The observed time-
independent pH increase (region I) implies that not all OH�

molecules are being consumed in the formation of iron-hydroxide
complexes, but rather neutralize protons (H3O

+ (aq)) to form
water. The time independent behavior further suggests that
stable compounds, most likely monomeric iron-(III) complexes
exist in region I. The time-dependent pHs (regions II–III), on
the other hand must be assigned to an increasing consumption
of OH� the longer the reaction proceeds, which we tentatively
attribute to the formation of iron-oxide hydroxide polynuclear
compounds (transition region I–II) and particles (region II–III).
The SAXS measurements indicate that particles begin to form
in region II. The constant and reduced pH (region III) can be
explained by an exchange of Cl� and H2O in the complexes for
OH� from solution. Alternatively, one can envision an indirect
process where added OH� are neutralized by protons stemming
from condensation reactions of iron monomers or from depro-
tonation reactions of the clusters. From our discussion of the
pH behavior we then expect to detect iron-oxo oligomers at the
transition from region I to II, i.e., in a regime where particles

are yet absent, and the concentration of the seeds being
probably largest.

3.2 Photoemission spectra from solutions

Oxygen-1s resonant PE spectra and PEY-XA spectra. Fig. 2A
presents partial electron yield X-ray absorption (PEY-XA) spectra
at the oxygen 1s edge, covering the 527–547 eV photon energy
range, from 0.75 M FeCl3 solutions for h = 0, 0.15, 0.25, 0.35, and
0.5. For comparison, PEY-XA spectra are also shown from neat
liquid water as well as from 35% NaOH aqueous solution. The
spectra are obtained by integration of the respective valence
resonant photoemission signal intensities in the 470–530 eV
kinetic-energy range; a given PEY-XA spectrum thus results from
the intensity changes among the RPE spectra.50 More precisely,
the signal due to emission of Auger electrons that overlaps
with the valence photoelectron spectrum (at resonance) is
approximately proportional to the X-ray absorption.43 But more
interesting is the fact that the intensity of photoelectron peaks
that correspond to the ionization of a given orbital can get
enhanced due to the interference of Auger electron and direct
photoelectron channels. By such a signal enhancement we can
then identify the overlap of orbitals (or electron delocalization)50,51

from the oligomers and water, and obtain valuable insight into
electronic-structure interactions.

From Fig. 2A we see that the PEY-XA spectra from the iron
aqueous solutions are very similar to the neat-water XA spec-
trum with its characteristic pre-edge at 535.0 eV, main edge
(538.0 eV), and post-edge (541.0 eV).52 The most important,
although very small spectral difference though is the intensity
growing in near 529.5 eV (referred to as peak a), which is well

Fig. 2 (A) Oxygen 1s PEY-XA spectra from FeCl3 solutions for h = 0, 0.15, 0.25, 0.35, 0.5. For comparison, spectra from neat water (in blue) and from a
35 wt% NaOH aqueous solution (in green) are also presented. The low-energy shoulder on the 535 eV pre-peak visible in all spectra is due to gas-phase
water. The inset shows an enlarged view of the spectral region of a centered at 529.5 eV photon energy. (B) Resonant valence PE spectra measured at
529.5 eV from the same 0.75 M FeCl3 aqueous solutions, 0 r h r 0.5, as in (A). Spectra were energy-calibrated with the help of the 1b1 energy of water,
and intensities are displayed such that the height of the Cl� 3p peak at 9.6 eV binding energy is the same. The reference spectrum from the h = 0 solution
(in blue at bottom) is reproduced in all traces to highlight the spectral differences as a function of h (blue-shaded areas). The sketch at left indicates the
formation of the iron-oxo oligomers with increasing h.

Paper PCCP

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 1
3 

N
ov

em
be

r 2
01

7.
 D

ow
nl

oa
de

d 
on

 1
3/

12
/2

01
7 

11
:4

4:
26

. 
 T

hi
s a

rti
cl

e 
is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

Li
ce

nc
e.

View Article Online

80 Appendix B. Publication Reprints



32230 | Phys. Chem. Chem. Phys., 2017, 19, 32226--32234 This journal is© the Owner Societies 2017

below the water XA onset; an enlarged view of this spectral
region is presented in the inset of Fig. 2A. Absorption a clearly
arises from some iron-oxide species. Spectral contribution from
OH� (aq) can be ruled out; the lowest-energy absorption for the
NaOH aqueous solution (in green) is at 532.5 eV. We also note
that the first-hydration-shell water molecules in (Fe(H2O)6)

3+

(aq) absorb at considerably larger energy than a, at 531.0 eV.53

Another important observation from the inset in Fig. 2A is that
peak a only exists in a small h window, exhibiting maximum
intensity at h = 0.25. With reference to Fig. 1, this is exactly the
ratio at which the transition from time-independent to time-
dependent behavior of pH (going from I to II) is observed. In
Section 3.1 we have argued that this is the region where the oxo-
oligomers have not yet aggregated to form particles.

Up to this point we have solely evaluated the O 1s PEY-XA
spectra without aid of the respective RPE spectra. As afore-
mentioned the PEY-XA spectra are proportional to the emitted
Auger-electron intensities at resonance, but there is an addi-
tional signal contribution which manifests in an intensity
increase of certain binding energy features in the RPE spectra.
These are fingerprints of oxygen–iron orbital mixing43 which we
will explain when presenting the RPE spectra measured at the
photon energy 529.5 eV, corresponding to absorption a. Results
are shown in Fig. 2B for the same solutions, i.e. same h ratios,
as in Fig. 2A. The bottom spectrum (in blue) is essentially the
valence PE spectrum of neat liquid water with its four valence
orbitals, 1b1 (11.31 eV binding energy), 3a1 (13.5 eV BE),
1b2 (17.5 eV BE), and 2a1 (30.5 eV BE).47,54 Contributions from
FeCl3 are small; the only noticeable signal is the Cl� 3p doublet
at 9.6 eV.55–58 The small electron signal from Fe3+ 3d ionization
is partially hidden underneath the 1b1 peak of water.59,60 When
increasing the OH� concentration to yield h = 0.15 one observes

the appearance of a broad spectral feature in the 17–27 eV BE
range. The largest intensity increase occurs at 21 eV BE, labeled
a0 in the figure. This spectral region can be assigned to O 1s
spectator Auger decay, and refers to the promotion of an O 1s
electron (at 529.5 eV excitation energy) of an iron-oxo oligomer
to an unoccupied molecular state below the vacuum level. The
O 1s core-hole is subsequently refilled by a valence electron
within the few-femtoseconds lifetime, and the released energy
is used to eject another valence electron into vacuum.61,62 To
further characterize the iron-oxide oligomers that give rise to
XA-peak a, and which are also responsible for PE peak a0 we need
to also investigate the iron resonances. Here, we are particularly
interested in a signature of a0, associated with oxygen–iron mixed
orbitals.

Iron-2p resonant PE spectra and PEY-XA spectra. Fig. 3A
presents PEY-XA spectra at the iron 2p edge (only 2p3/2 was
measured) from the same solutions for which O 1s spectra
(Fig. 2A and B) have been recorded. The spectrum from the
h = 0 solution (in blue) is reproduced in each tier so that the
spectral changes become more visible. Spectra were obtained
by signal integration of the (valence) resonant PE spectrum
measured at the respective photon energy, varied here from
706.5 to 717.0 eV. The integration range of the RPE spectra was
6–43 eV BE (equivalent to B660–700 eV KE) which covers the
region of the 2p–3d3d Auger-electron emission. All XA spectra
exhibit the double-peak structure characteristic of Fe3+, i.e.,
a smaller pre-peak near 708.9 eV and main peak at 710.7 eV
photon energy. These absorptions result from the excitation of
an Fe 2p3/2 electron into the t2g and eg valence levels, respec-
tively, of the octahedrally coordinated iron cation.50,63,64 The
intensity giving rise to the asymmetric shoulder near 712 eV
photon energy is commonly attributed to charge-transfer states

Fig. 3 (A) Partial electron yield X-ray absorption spectra at the iron 2p3/2. The h = 0 XA spectrum is reproduced in each tier for h a 0. Again, spectral
differences are highlighted in blue. The inset displays the actual differential spectrum for h = 0.25; b is the maximum of this absorption band. (B) RPE
spectrum for h = 0.25 solution, measured at 709.6 eV excitation photon energy (maximum of the main absorption band in Fig. 3A). In blue the RPE
spectrum for h = 0 is shown.
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between the iron and the ligand;50,65 for h = 0 the ligands are the
hydration water molecules. As seen in Fig. 3A, the most noticeable
spectral change as a function of h is a signal increase occurring
between 709.0 and 710.4 eV excitation energy. The difference
spectrum, h = 0.25 solution minus h = 0 solution, presented in
the inset of Fig. 3A, reveals an absorption band (labeled b) with a
maximum at 709.6 eV. Absorption b is largest for h = 0.25–0.35
which is the same range where we find the O 1s absorption, a,
suggesting that iron absorption b originates from the same species.
To demonstrate that this is indeed the case we next explore the iron
2p RPE spectra. Fig. 3B presents the 709.6 eV (absorption b0) RPE
spectra for h = 0.25 and h = 0, respectively. The important
observation is a slightly larger signal intensity near 20 eV BE for
the former solution. This feature is similarly broad and is also
located at the very similar binding energy as a0 in the O 1s RPE
spectra which not only confirms that O 1s and Fe 2p spectroscopies
probe the same iron-oxo species, it also reveals the hybridization
between iron and oxygen orbitals. Structure information is revealed
from our Raman measurements discussed next.

3.3 Raman measurements

Raman spectra, recorded for 0.75 M FeCl3 with 0o ho 2.5, are
shown in Fig. SI-2 (ESI†). Fig. SI-2A (ESI†) presents the measured
spectra from which a linear background, determined from extra-
polation of the linear slope between 1100 cm�1 and 1550 cm�1,
has been subtracted. The spectra are also displayed to yield the
same peak height at 188 cm�1; Fig. SI-2B (ESI†) shows the same
spectra but with the h = 0 reference spectrum subtracted. The
spectra of FeCl3 (aq) with no NaOH added (h = 0) in Fig. SI-2A
(ESI†) exhibit the Raman bands characteristic for ferric chloride,
at 188 cm�1, 320 cm�1, 480 cm�1, and 1650 cm�1.66 Bands below
200 cm�1 are the translational vibrations of hydrogen bonded
H2O–H2O or Cl–H2O motifs.66,67 The 320 cm�1 band is generally
assigned to Fe–Cl stretching vibrations,66,68,69 and the shoulder at
440–480 cm�1 is due to the Fe–OH2 stretch.

66 The broad band at
1650 cm�1 corresponds to the water n2 bending vibration.67,70 In
contrast, Raman spectra measured at the large ratio h = 2.5 exhibit
additional bands characteristic for akaganeite, at 395 (Fe–OH),
550 and 720 cm�1 (FeOOH).69 Furthermore, the occurrence of a
band at 866 cm�1 with maximum intensity near h = 0.25 can be
probably assigned to Fe–O–Fe motifs in dinuclear complexes.68,71

A compilation of the significant Raman bands observed here, and
their assignments are given in Table SI-2 (ESI†).

To quantify the spectral changes, we plot in Fig. SI-3 (ESI†) the
evolution of the relative intensities of the experimental Raman
shifts as a function of h. In region I (0 o h o 0.25; compare
Fig. 1) one observes a decrease of the 320 cm�1 (Fe–Cl) band,
indicative of bound Cl� being replaced by OH� from solution.
Such ligand exchange is corroborated by the rising 395 cm�1

(Fe–OH) band intensity, accompanied by an increase of the
866 cm�1 (Fe–O–Fe) band. This may be an indication of the
existence of dinuclear iron species linked by oxygen. But struc-
ture details cannot be inferred from the spectra. The 188 cm�1

(H2O–H2O, H2O–Cl vibrations) and 1650 cm�1 (H2O) solvent
band intensities are seen to stay unaffected by the iron com-
plexation which can be explained by the much larger number of

solvent molecules than iron complexes. Finally, one notices that
akaganeite-related vibrations (550 cm�1 and 720 cm�1) are not
observed in region I, exactly as expected from our conclusions
drawn in Sections 3.1 and 3.2 whereupon particles occur in region
II (0.25 o h o 0.5). Indeed the 395 cm�1 (Fe–OH) and the
866 cm�1 (Fe–O–Fe) band intensities in region II decrease, and
both the 550 cm�1 and 720 cm�1 akaganeite signals emerge. These
observations indicate the formation of larger aggregates, consis-
tent with our qualitative conclusions drawn from the pH changes
(Fig. 1). Another important observation from Fig. SI-3 (ESI†) is the
intensity increase of the 320 cm�1 (Fe–Cl) band, indicating that
the larger oligomers arrange around Cl, which is in accord with the
structure-driving nature of Cl� in the formation of akaganeite.
Finally, region III (0.5 o h o 1.5) reveals a simultaneous increase
of the 395 cm�1, 550 cm�1 and 720 cm�1 bands, which are the
signatures of akaganeite. The constant intensities of the solvent
vibrational bands (188 cm�1 and 1650 cm�1) in region III indicates
that the properties of the solvent vibrations do not change. The
Fe–Cl band (320 cm�1) is seen to decrease in region III suggest-
ing that Cl� is partially expelled in later stages of the akaganeite
formation, a conclusion that has been also drawn from ref. 38
as mentioned in the introduction.

3.4 SAXS measurements

To evaluate the onset of particle formation SAXS measurements
were performed for 0.05 o ho 1.5. Results are shown exemplary
for h = 0.25, 0.3, 0.5 and 1.0 in Fig. SI-4 (ESI†), where the scattering
intensities are presented with the h = 0 scattering intensities
subtracted. As can be seen, for h r 0.25 (region I) only noise is
being detected implying that no particles are present in the
solutions; zero signal is exactly what we expect based on the pH
changes and on the photoemission data. Scattering from particles
sets in at h = 0.3 (mid-range region II); see the red curve in Fig. SI-4
(ESI†). This is also consistent with both our photoemission
and Raman data. For larger h the scattering intensity increases.
Scattering curves for the solutions, shown by the solid lines, are
the best fits based on a cylinder model (compare Section 2.3). This
is an appropriate assumption since akaganeite tends to form by
aggregation of rod-like crystals under the present experimental
conditions.1 From the fit parameters we can determine, for
each h, the radius and length of the particles. Both quantities
are presented in Fig. SI-5A (ESI†) as a function of h. Note that
scattering intensities for h = 0.3 are too noisy to extract a
reliable length and radius. The cylindrical particles in the range
of h = 0.35–1.5 (region II and III) solutions are found to have a
length of 9.5–12.6 nm and radius of B1 nm. The increasing
scattering intensities can be attributed to an increasing relative
number of the particles rather than to further growth of the
particles. The quantitative relation between the relative number
of particles and h is shown in Fig. SI-5B (ESI†).

4. Conclusions

We have reported the very first photoelectron spectra from iron-oxo
oligomers that form upon hydrolysis in iron aqueous solutions,
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demonstrated here for FeCl3 (aq) with various amounts of NaOH
added. The main experimental advances of the present work
compared to previous X-ray studies are: (i) iron-oxo species are
directly probed in aqueous solutions, for themost relevant [OH]/[Fe]
ratios h = 0–0.5, using the liquid-microjet technique; (ii) valence
electron binding energies have been determined, both the

lowest-ionization energy of the aqueous-phase iron-oxo species,
and of deeper valence energies; (iii) from a combination of non-
resonant and resonant photoelectron spectroscopy, and by prob-
ing both the oxygen (1s) and the iron (2p) edgesmixed iron–oxygen
orbital characters are identified; (iv) X-ray absorption spectra based
on partial-electron-yield detection reveal distinct absorptions of the
iron-oxo oligomers, at 529 eV for O 1s, and at 709 eV for the Fe 2p
resonance. An important future step would be to perform theore-
tical calculations of the h = 0.25 XA spectrum for several appro-
priately guessed oligomeric structures, and find the best match
between experiment and theory. Furthermore, to narrow down the
search for structures we are preparing to apply ion mobility-mass
spectrometry in conjunction with soft-condition electrospray.72

In addition to the electronic-structure determination of the iron-
oxo oligomers we have conducted complementary Raman and SAXS
measurements. We summarize our results with Fig. 4 which pre-
sents the main and most important trends, revealed from the
different experimental methods; here we also include pH measure-
ments. Our focus stays on the [OH]/[Fe] = h = 0–0.5 which covers the
range where the iron-oxo oligomers are stabilized without engaging
in further aggregation. One can immediately see from Fig. 4 that a
given observable exhibits a discontinuous behavior at h = 0.25, which
in all cases can be attributed to the occurrence of the oligomers. The
photoelectron signal (B), of both oxygen and iron, exists only within
a small range of h, implying that at larger OH� concentrations the
oligomers are consumed by aggregation. This is fully confirmed by
the pH (A), Raman (C), and SAXS (D) data. Briefly, the linear behavior
of pH near h = 0.25 is an indication of continuous hydrolysis and
hence formation of iron-oxo oligomers. Departure from linearity is
due to OH� molecules reacting with H2O molecules, and for large
enough h pH trends can be explained by aggregation. The oligomer-
to-particle transition is nicely corroborated by the Raman spectra
which exhibit Fe–O and Fe–O–Fe bands characteristic for the small
oligomers. At h4 0.25, the intensity of these bands decreases on the
expense of bands typical for akaganeite. Furthermore, the exclusive
existence of small oligomers, i.e., the absence of particles in the
h o 0.3 solutions is confirmed by our SAXS measurements.

The present study demonstrates the large potential of liquid-
microjet photoelectron spectroscopy for detecting the electronic
structure of the initial hydrolysis products that govern subsequent
nucleation and aggregation processes. Our work lays the ground
for similar experiments to characterize the growth processes in
other solutions, for instance Al3+ (aq). Equally important, we
expect that the newly accessible experimental information initi-
ates theoretical calculations, particularly of the X-ray spectra from
small metal-oxo oligomers in water.
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Additional Information on: Preparation of iron aqueous solutions (2.1.) 

 

Figure SI-1 Scheme of the preparation procedure of the 0.75 M FeCl3 aqueous solutions, for the 
various [OH] / [Fe] = h ratios. 
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[OH]/[Fe] 
Φ(FeCl3*6H2O) 
cinit=1.875 M 

Φ(NaOH ) 
cinit=3.75 

M Φ(H2O) 

0 0.4 0 0.6 

0.05 0.4 0.01 0.59 

0.1 0.4 0.02 0.58 

0.15 0.4 0.03 0.57 

0.2 0.4 0.04 0.56 

0.25 0.4 0.05 0.55 

0.3 0.4 0.06 0.54 

0.35 0.4 0.07 0.53 

0.4 0.4 0.08 0.52 

0.45 0.4 0.09 0.51 

0.5 0.4 0.1 0.5 

0.6 0.4 0.12 0.48 

0.7 0.4 0.14 0.46 

0.8 0.4 0.16 0.44 

0.9 0.4 0.18 0.42 

1 0.4 0.2 0.4 

1.5 0.4 0.3 0.3 

2 0.4 0.4 0.2 

2.5 0.4 0.5 0.1 

 
Table SI-1 Volume fractions Φ of the different components in the final solution at different [OH]/[Fe] 
= h ratios. Final concentration of iron ions was 0.75 M with various h ratios. 
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Additional Information on: Small-angle X-ray scattering measurements (2.4) 

Evaluation of the SAXS data 

The measured small-angle X-ray scattering curves were fitted with a model function of a cylinder form 
factor which is averaged over a Schulz distribution of the radius:1-2 

𝐼(𝑞) =  
𝑘

𝑉𝑝𝑜𝑙𝑦
 ∫ 𝑓(𝑟)𝑑𝑟

𝑥

0

∫ 𝐹2(𝑞, 𝛼) sin 𝛼 𝑑𝛼

𝜋 2⁄

0

 

where, k is the scaling factor, which is correlated with the volume fraction of the particles; f(r) is the 
Schulz distribution of the radius: 

𝑓(𝑟) = (𝑧 + 1)𝑧+1𝑥𝑧
𝑒𝑥𝑝[−(𝑧 + 1)𝑥]

𝑟𝑎𝑣𝑔𝛤(𝑧 + 1)
 

where, ravg is the mean radius and x = r/ravg; z is related to the polydispersity p by z = 1/p2 -1 (p = σ/ 
ravg) and σ is the standard deviation. 𝛤 is the gamma function. 

The function I(q) is normalized by the polydisperse volume Vpoly using the 2th moment of the size 
distribution: 

𝑉𝑝𝑜𝑙𝑦 =  𝜋𝑟𝑎𝑣𝑔
2𝐿 =  𝜋𝑟2𝐿 (

𝑧 + 2

𝑧 + 1
) 

where, L is the length of the cylinder. 

F is the scattering amplitude for a monodisperse circular cylinder with uniform scattering length 
density:   

𝐹(𝑞, 𝑎) =  2 𝑉𝑐𝑦𝑙(𝜌𝑐𝑦𝑙 −  𝜌𝑠𝑜𝑙𝑣)
𝑠𝑖𝑛 (𝑞

𝐿
2 cos 𝛼)

𝑞
𝐿
2 cos 𝛼

  
𝐽1(𝑞𝑟 sin 𝛼)

(𝑞𝑟 sin 𝛼)
  

where, Vcyl = πr2L is the volume of the cylinder, 𝜌𝑐𝑦𝑙 and 𝜌𝑠𝑜𝑙 are the scattering length densities from 
the cylinder and the solvent, J1(x) is the Bessel function of the first kind. α is the angle between the 
scattering vector q and the cylinder axis. The integral over α averages the form factor over all possible 
orientations of the cylinder with the respect to q. 
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Additional Information on: Raman measurements (3.3.) 

 

Figure SI-2 Raman spectra recorded for 0.75 M FeCl3, with 0 < h < 2.5. (A) presents the measured 
spectra from which a linear background is subtracted. (B) shows the same spectra but with the h = 0 
reference spectrum subtracted from each h-spectrum. For more details see text in the main manuscript. 

 

 

 

Figure SI-3 Evolution of the relative intensities of the experimental Raman shifts as a function of h. 
For more details see text in the main manuscript. 
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Raman 
shift [cm-1] Assignment Ref. Trend with increasing 

[OH] / [Fe] = h ratio 

188 H2O – H2O a ↔ 
H2O – Cl b 

320 311-315: Fe – Cl b, c ↓ 

  314: β-FeOOH d   

395 Fe – OH e ↑ 
380: β-FeOOH d 

425 430: H2O f, g ↑ 

440-480 
440 & 485: Fe3+-
OH2 stretching 

vibrations 
b   

550 549: β-FeOOH d ↑ 

720 722: β-FeOOH d ↑ 

866 870: Fe – O – Fe c, h ↔ 

1650 
1635: H2O i 

↔ 1645: H2O a 
1641 g 

 

a Pernoll3; b Kanno4; c Solbrig5; d OH6; e Dunnwald7; f Pockrand8; g Carey9; h Shiemke10; i Mazetti11 
 

Table SI-2 Compilation of the significant Raman lines, and their assignments, observed in the 
experiment. 

 

 

Additional Information on: SAXS measurements (3.4.) 

 

Figure SI-4 Results from SAXS measurements for 0.05 < h <1.0. For more details see text in the main 
manuscript. 
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Figure SI-5 (A) Radius and length of the particles as function of h. (B) Quantitative relation between 
the relative number of particles and h. For more details see text in the main manuscript. 
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ABSTRACT: Iron can form numerous oxides, hydroxides, and
oxide−hydroxides. Despite their relevance, many of the
transformation processes between these phases are still poorly
understood. In particular the crystallization of quasi-amorphous
hydroxides and oxide−hydroxides is difficult to assess, since
typical diffraction and scattering methods provide only sample-
averaged information about the crystallized phases. We report a
new approach for the investigation of the crystallization of
oxide−hydroxides. The approach relies on model-type films
that comprise a defined homogeneous nanostructure. The
nanostructure allows quantitative linking of information
obtained by bulk-averaging diffraction techniques (XRD, SAXS) with locally resolved information, i.e., domain sizes (SEM,
TEM, LEEM) and phase composition (SAED). Using time-resolved imaging and diffraction we deduce mechanism and kinetics
for the crystallization of ferrihydrite into hematite. Hematite forms via nucleation of hematite domains and subsequent domain
growth that terminates only upon complete transformation. A Johnson−Mehl−Avrami−Kolmogorov model describes the
kinetics over a wide temperature range. The derived understanding enables the first synthesis of ferrihydrite films with ordered
mesoporosity and quantitative control over the films’ hematite and ferrihydrite content.

■ INTRODUCTION

The oxides, hydroxides, and oxide−hydroxides of iron belong
to the most abundant materials on earth. In particular, iron
oxides feature a wide range of important applications ranging
from medicine1 to magnetic storage,2,3 sensing,4−6 catalysis,7−13

and environmental sciences.14,15 The oxide’s stability and
performance depends critically on the material’s phase
composition as well as its nanostructure, which determines,
e.g., the material’s surface area and crystallite size.7,16,17

Understanding the formation, crystallization, and structural
evolution of different iron oxides thus is vital, both from a
fundamental as well as an application perspective.
The challenges in controlling the nanostructure and phase

composition of iron oxides and hydroxides result from their
vast structural diversity, ranging from oxides (e.g., hematite α-
Fe2O3, maghemite γ-Fe2O3, magnetite Fe3O4, wustite FeO), to
oxide−hydroxides (e.g., goethite α-FeOOH, akaganeite β-
FeOOH, lepidocrocite γ-FeOOH, ferrihydrite Fe5O8H·
4H2O), to hydroxides (e.g., bernalite Fe(OH)3).

18 Moreover,
these structures are characterized by a high reactivity and
complex crystallization behavior offering more than 20 different

transition paths between these phases (see, e.g., Cornell and
Schwertmann18 and references therein). These transformations
are highly sensitive to the oxidation and hydration state of the
precursor, pH value, temperature, and humidity, which renders
corresponding mechanistic and kinetic studies a tedious and
challenging task. A further complication results from the fact
that several of the structures (e.g., ferrihydrite, bernalite)
typically occur with very low crystallinity, which obstructs phase
analysis via diffraction methods.
The formation of ferrihydrite and its transformation into

hematite illustrates these challenges. Mechanistic investigations
of ferrihydrite transformations were typically conducted on
precipitated ferrihydrite in aqueous solutions, see refs 19−22
and references therein. Depending on pH, the iron oxide−
hydroxide transforms either into goethite or hematite. The
formation of hematite is favored at neutral pH, whereas
goethite is preferred in acidic and alkaline media.22 A
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mechanistic rationale is provided by the solubility of ionic iron
species: hematite forms at pH values with low concentration of
dissolved iron ions, whereas goethite is preferred at high
concentration of ionic iron species.22 The formation of goethite
has been associated with a reconstructive rearrangement of
atoms via dissolution and recrystallization of iron−oxygen
structures,19 whereas hematite formation might be related to an
internal dehydration and topotactic transformation of ferrihy-
drite.23 Hematite is also formed when ferrihydrite is heated to
55 °C in water vapor at 75% relative humidity for 180 days.24

Stanjek et al.25 concluded that the transformation requires not
only the dehydration of ferrihydrite, but also an energy supply
high enough to facilitate cation diffusion.
The uncertainty in the mechanistic interpretation of

experimental data for the transformation of ferrihydrite results
partly from limitations of the available observation tools. Most
of the studies on precipitated ferrihydrite relied on bulk
methods like X-ray diffraction (XRD) or Mössbauer spectros-
copy.22,26,27 However, these methods average over the bulk of
the precipitated solid and require a sufficient signal-to-noise-
ratio of the present phases, which complicates quantification of
the low crystalline ferrihydrite phase. Moreover, microscopy
methods (SEM, TEM) failed to provide the required
complementary mesoscale information about existence and
growth of hematite or goethite domains because precipitates
are rather inhomogeneous and show a wide range of
morphological features and agglomerate sizes. Hence, local
images do not necessarily reflect the behavior of the whole
sample.
Genuzio et al.28 solved a part of this challenge for the

magnetite−hematite system via synthesis of a thin film model
material, which consisted of a 10 nm thick layer of iron oxide
grown on either Pt(111) or Ag(111) single-crystal substrates.
By in situ low energy electron microscopy (LEEM) under
vacuum conditions (10−5−10−10 mbar), heating to 675 °C, and
exposure to O2 and Fe atoms, they could monitor the reversible
growth of hematite and magnetite domains with submicrometer
resolution via changes in electronic contrast. However,
hydroxide and oxide−hydroxide phases could not be identified.
Moreover, the phase transformations proved to be support-
dependent owing to the low thickness of the film. In addition,
the low sample amount prevented analysis by XRD. Hence, a
direct link to the experimental studies on bulk phases and
precipitates could not be established. In order to provide a
more realistic model system that is able to reproduce the
crystallization processes that occur in a bulk material, thicker
films (≫10 nm) would be required. Moreover, the film’s
crystallization should progress independently of the substrate.

A homogeneous and controlled bulk structure can be realized
in the form of iron oxides with template-controlled porosity.
The porosity is often obtained via nanocasting using, e.g., silica
with ordered mesopore structure (e.g., SBA-15) as “hard
template”. Reported hard-templated powders of iron oxides
include hematite,29−31 maghemite,32 magnetite,32,33 as well as
ferrihydrite.34 However, complete removal of the silica template
remains challenging. In contrast, templates that consist of
micelles of amphiphilic block-polymers can be removed much
more easily by heating in air. Such “soft-templating” routes
provide access to powders (ferrihydrite35,36) and films
(hematite11,37−41) with template-controlled nanostructure.
The heat treatment also facilitates further oxidation and
crystallization, making access to nanostructured hydroxide
and oxide−hydroxide films rather challenging. Many metal
oxide films with templated mesoporosity have been reported as
documented in excellent reviews,42,43 with titania being one of
the most frequently studied materials.44 However, goethite38

remains the only iron oxide−hydroxide reported so far as a soft-
templated film.
We propose mesoporous soft-templated ferrihydrite films of

about 100 nm thickness as new model system that can build a
bridge between the precipitated bulk materials and thin film
models. Such films should be thick enough not to be dominated
by support effects and provide enough bulk material to enable
analysis via XRD.45−47 Moreover, the film geometry allows
application of surface science methods that distinguish phases
and domains via electron contrast (SEM, LEEM).28,48,49

Adding the same extended homogeneous 3D nanostructure
to the whole film should result in facile access of reactants
(water, oxygen) and a similar behavior throughout the whole
film. This provides the unique opportunity to apply bulk-
analytical tools along with localized imaging methods in a
quantitative fashion to a bulk-like sample.
Using ferrihydrite films with templated mesoporosity we

studied the mechanism and kinetics of their crystallization into
hematite. Scheme 1 illustrates the film synthesis and further
crystallization. Ferrihydrite films were obtained via dip-coating
of substrates in a solution containing iron nitrate and the
structure-directing block copolymer PEOx-b-PBy-b-PEOx, fol-
lowed by calcination in air at 250 °C. To induce further
crystallization, the samples were subsequently exposed to air for
periods of time between 5 min and 50 h at temperatures
ranging from 250 to 550 °C. Diffraction methods (SAED, XRD,
SAXS) provided information on the formed phases, whereas
complementary mescoscale information on nucleation and
domain growth was derived via electron microscopy (SEM,
TEM, LEEM). On the basis of the microscopy data the
transformation kinetics were assessed by applying the

Scheme 1. Illustration of the Material Synthesis and the Crystallization Studya

aFerrihydrite films with template-controlled porosity were synthesized via dip-coating and calcination. Mechanism and kinetics of the crystallization
were studied exposing these samples to air at temperatures between 250 and 550 °C for time periods ranging from 5 min to 50 h. The subsequent
characterization of the material reveals intermediates, mechanism, and kinetics of the hematite crystallization.
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Johnson−Mehl−Avrami−Kolmogorov (JMAK) model and the
Arrhenius equation. With this derived knowledge, we were able
to synthesize the first soft-templated films of ferrihydrite, and to
control the ratio between ferrihydrite and hematite in the
nanostructured films.

■ EXPERIMENTAL SECTION
Synthesis of Mesoporous Films of Ferrihydrite and

Hematite. Iron nitrate nonahydrate (99.99%) was obtained from
Sigma-Aldrich. Ethanol (>99.9%, absolute, ACS-grade) was purchased
from VWR. Methoxyethanol (>99.3%, ACS-grade) was obtained from
Alfa Aesar. PEO104-b-PB92-b-PEO104 was synthesized by Polymer
Service GmbH Merseburg.50 All chemicals were used without further
purification.
Prior to film deposition, substrates (Si(100) wafers) were cleaned

with ethanol and heated in air (2 h at 600 °C). The composition of the
dip-coating solution was adapted from Brezesinski et al.37 PEO104-b-
PB92-b-PEO104 (55 mg) was dissolved in a mixture of ethanol (2.82
mL) and methoxyethanol (0.18 mL) by stirring overnight, resulting in
a colorless solution. Fe(NO3)3·9H2O (586 mg) was added and stirred
for an additional hour. The solution had an orange-red color.
Films were prepared by dip-coating substrates at a withdrawal rate

of 400 mm/min in a glovebox under Ar atmosphere, since the control
of low humidity was of essential importance. Thereafter, films were
dried for at least 10 min and transferred under inert atmosphere into a
preheated oven for an initial heat treatment for 1 h at 250 °C in air.
For subsequent crystallization experiments the initial samples were
exposed to air at temperatures between 250 and 550 °C and for
exposure times ranging from 5 min to 50 h. Each sample was
reproduced at least three times.
Characterization. TEM was conducted on a FEI Tecnai G2 20 S-

TWIN instrument that was operated at 200 kV on films scraped off
from the substrates and transferred onto copper grids coated with
lacey carbon. SAED was performed on the same instrument using an
aperture resulting in an investigated sample area with a diameter of
180 nm.
SEM imaging was performed using a JEOL 7401F instrument at an

acceleration voltage of 10 kV and a working distance of approximately
4.5 mm. ImageJ51 was employed to analyze the SEM images. For the
quantitative analysis of the amount of hematite in ferrihydrite, at least
three independently prepared samples were analyzed each with 10
images of low magnification (13.5 μm × 10.8 μm).
Two-dimensional SAXS patterns were recorded at the μSpot

beamline at BESSY II, the synchrotron light source of the Helmholtz-
Zentrum Berlin (HZB). The X-ray beam had a spot diameter of 100
μm and was monochromatized using a B4C/Mo multilayer

monochromator. The scattering intensity was collected by a 2D
MarMosaic CCD X-ray detector with a size of 3072 × 3072 pixels.
Patterns were recorded at a sample−detector distance of 753.7 mm
and a beam energy of 12.52 keV (λ = 0.9905 Å). The images were
processed using FIT2D52 and ImageJ.51 To enhance the contrast of
the scattered intensities, SAXS patterns are shown in logarithmic gray
scale.

XRD was measured on a Bruker D8 Advance instrument (Cu Kα
radiation, λ = 1.5409 Å) with a grazing incident beam (1°). Reflections
were assigned using PDFMaintEx library version 9.0.133. Crystallite
sizes were estimated by applying the Scherrer equation to the most
intense signal ((104)-reflection).

LEEM measurements were carried out in the SMART microscope
operating at the UE49-PGM beamline of BESSY II, the synchrotron
light source of the Helmholtz-Zentrum Berlin (HZB). This aberration
corrected and energy-filtered instrument combines microscopy
(LEEM, PEEM), diffraction (LEED), and spectroscopy (XPS,
NEXAFS) techniques for comprehensive characterization of surfa-
ces.53−55 The coupling of analysis methods to heating and gas dosing
units enables the in situ characterization of transformation processes.
The setup was used to monitor the transformation of ferrihydrite to
hematite via LEEM. The investigated sample was prepared ex situ by
dip-coating as described above, with a final calcination for 10 min at
400 °C. Prior to the experiment, the sample was degassed in the
vacuum chamber at approximately 100 °C until the pressure decreased
from 10−6 to 10−9 mbar. Then, the oxygen pressure in the chamber
was increased to 1 × 10−5 mbar to establish an oxygen atmosphere.
Subsequently, the sample was heated with a rate of 35 K/min to 375
°C by electron bombardment of the back side of the sample. The
temperature was measured by a thermocouple (W26%Re/W5%Re)
spot-welded to the sample holder. The crystallization process was
imaged with an electron energy of Ekin = 10 eV and acquisition time of
t = 1 s.

Raman spectra were acquired using a LabRam HR800 (Horiba
Jobin Yvon, Bensheim, Germany) coupled to a BX41 microscope
(Olympus, Hamburg, Germany) with a 100× objective (spot size 1
μm). The Raman scattered light was detected by a liquid-nitrogen-
cooled CCD detector (1024 × 256 pixels, Horiba). For excitation, an
internal HeNe laser (λ = 632.8 nm) was used, which was attenuated to
about 0.1 mW. A grating with 300 lines/mm was used as a
monochromator. Spectra were acquired by averaging 5 spectra
measured 20 s each. Since silicon substrates induce a strong Raman
signal, titanium substrates were employed instead.

Figure 1. In situ LEEM investigation of the formation of hematite. Images were recorded at an electron energy of Ekin = 10 eV every second during
heating of ferrihydrite at an oxygen pressure of pO2 = 1 × 10−5 mbar. The ferrihydrite film was heated with 35 K/min to 375 °C and then kept at
constant temperature.
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■ RESULTS AND DISCUSSION

The following sections report (i) evidence for domain
nucleation and growth derived from in situ LEEM analysis.
Section (ii) describes the different stages of the transformation
of ferrihydrite into hematite at 400 °C. Moreover, the phase
assignment is discussed in more detail, with SAED and Raman
providing evidence for very low crystallinity of the ferrihydrite,
and SAED, XRD, Raman, and HR-TEM indicating the growth
of domains of highly crystalline hematite with a very similar
crystal orientation of neighboring individual hematite crystal-
lites. In section (iii) the crystallization mechanism is studied as
a function of temperature and time. Moreover, a kinetic
description of the crystallization process is derived (iv). Details
on the mesoporous ferrihydrite films that served as starting
material for all crystallization experiments are provided in
section SI 1 of the Supporting Information.
i. Evidence for Nucleation and Domain Growth from

in Situ LEEM. The transformation and crystallization of
ferrihydrite was followed via in situ LEEM by heating a
ferrihydrite sample in a low pressure oxygen atmosphere (pO2 =
10−5 mbar) at 375 °C and recording images every second.
Figure 1 displays representative images recorded (a) prior to
heating and (b−f) after different times at 375 °C.
Prior to heating, the surface shows a uniform gray appearance

(Figure 1a). Upon reaching 375 °C, numerous bright spots
appear, indicating the nucleation of a new phase (Figure 1b).
During prolonged exposure at 375 °C (Figure 1c−f), bright
domains grow in number as well as in size. Additionally, darker
domains start to appear and grow in number and size as well

(Figure 1d). Note that the templated nanostructure cannot be
recognized due to the low lateral resolution at the chosen field
of view.
Assignment of the brighter and darker domains to specific

phases from LEEM alone is not straightforward. LEEM
illuminates the sample with electrons, which are elastically
reflected at the surface and finally recorded on a 2D detector.
Due to the low kinetic electron energy in the range typically
between 2 and 200 eV, the method is surface sensitive with a
probing depth of 0.5−5 nm.56 Various effects can contribute to
the image contrast, e.g., local crystal structure and surface
orientation. Weakly ordered films cause a diffuse backscattering
of the electrons and therefore appear gray in the LEEM images.
Reflectivity is strongly increased for crystalline domains and
focused along crystallographic directions due to diffraction.
Crystallites of the same phase might vary in brightness
depending on their orientation. Ex situ analysis of the sample
via XRD evidences hematite formation (section SI 2). Thus,
ferrihydrite appears to transform completely into hematite in
several minutes when exposed to oxygen at 1 × 10−5 mbar and
375 °C.

ii. Transformation of Ferrihydrite into Hematite via
Calcination in Air at 400 °C. In order to elucidate the
formation of hematite in more detail, several ferrihydrite
samples were exposed to air at 400 °C and ambient pressure
(pO2 = 200 mbar) for times ranging from 10 min to 2 h to 20 h.
Figure 2 illustrates the evolution of the materials’ morphology
and nanostructure as analyzed via SEM (a, b), cross-section
SEM (c), and TEM (d). Figure 3 presents the corresponding

Figure 2. Evolution of morphology and nanostructure during calcination at 400 °C in air (pO2 = 200 mbar). Columns 1, 2, and 3 denote different
calcination times of 10 min, 2 h, and 20 h. Rows a and b show top view SEM images on a micrometer and nanometer scale, respectively. Row c
displays cross-section SEM; row d shows TEM images at the same magnification. Gray domains (a) with fine-grained structure (b−d) correspond to
ferrihydrite, whereas bright domains (a) with coarse structure (b−d) correspond to hematite.
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SAXS patterns. Figure 4 provides complementary crystallinity
information obtained via HR-TEM (a), SAED (b), and XRD
(c).
Low magnification SEM images (Figure 2a) show a

homogeneous surface after calcination for 10 min (Figure
2a1). After 2 h, brighter islands with several hundreds of
nanometers in size become evident (Figure 2a2), which grow,
merge, and cover the complete surface after 20 h at 400 °C
(Figure 2a3). The nucleation sites and shape of domains with a
brighter contrast in SEM closely resemble the behavior
observed by in situ LEEM at a similar temperature, however,
at longer time scale (Figure 1).
SEM analysis at higher resolution (Figure 2b) reveals that

each of the two different domains, i.e., gray area and brighter
islands, feature a characteristic pore shape and nanostructure.
The initial ferrihydrite phase is characterized by a very fine-
grained appearance and circular pores of about (6 ± 1) nm
diameter (Figure 2b1). The walls have a thickness of about (6
± 1) nm. In contrast, the brighter domains that form after 2 h

feature more compact walls and a pore structure that appears to
be partly sintered (Figure 2b2) with elongated crystallites that
resemble a so-called grid-like structure.57 Borders between the
two types of domains can be clearly distinguished (Figure 2b2).
After 20 h of calcination the whole film exhibits a sintered grid-
like appearance (Figure 2b3). Hence, the morphology of
templated mesopores and the pore walls proves to be a very
sensitive indicator for the presence of the two different phases.
Analysis of the samples via cross-section SEM imaging

(Figure 2c) provides evidence that both the fine-grained initial
nanostructure (Figure 2c1) and the coarsened nanostructure
(Figure 2c3) extend throughout the whole film thickness of
about 100 nm. Moreover, also the boundaries between the
domains are clearly visible (Figure 2c2) and appear to progress
almost perpendicular to the substrate. Hence, the material
appears to display a 2D behavior, where the domains that are
visible from top view SEM imaging represent also the
underlying film material. This behavior probably relates to
the fact that the formed coarsened domains are significantly

Figure 3. Evolution of local ordering during calcination at 400 °C. Columns 1, 2, and 3 denote different calcination times, which are 10 min, 2 h, and
20 h. Row a shows SAXS measurements in reciprocal space with an angle between surface and incident beam of β = 90°, whereas row b shows SAXS
measurements with β = 10° between surface and beam.

Figure 4. Evolution of crystallinity during calcination at 400 °C. Columns 1, 2, and 3 denote different calcination times, which are 10 min, 2 h, and
20 h. Row a shows HR-TEM images with d-spacings, if determination was possible. Row b shows SAED measurements. Ferrihydrite was assigned
with Janney et al.59 as reference. Hematite was referenced to PDF 33-0664; only intensities >10% are shown. Row c shows the corresponding grazing
incident XRD patterns with hematite as reference (PDF 33-0664; radiation Cu Kα).
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larger in the in-plane dimensions parallel to the substrate
(several hundred nanometers) than the thickness of the
nanostructured films.
Further analysis by TEM (Figure 2d) confirms that the two

types of fine-grained (Figure 2d1) and coarsened (Figure 2d3)
mesoporous nanostructures can be easily distinguished also
when analyzing the iron oxide films in transmission. Moreover,
also the domain boundaries are clearly visible (Figure 2d2).
This offers the unique opportunity to analyze the structure and
crystallinity locally on the nanometer scale via HR-TEM and
SAED, while still being able to assign the obtained information
to the respective micron-sized material domains.
In contrast to microscopy, SAXS measurements deliver

volume-averaged information about both phases. The SAXS
pattern of a sample that was calcined for 10 min at 400 °C
shows a circular diffraction ring when recorded at an angle
between incident beam and surface of β = 90° (Figure 3a1),
and an elongated elliptical ring when recorded at β = 10°
(Figure 3b1), i.e., almost parallel to the substrate surface. The
diffraction patterns indicate a 3D ordered pore system that
undergoes uniaxial shrinkage of about 70% perpendicular to the
substrate during drying and calcination. The periodic distance d
in real space can be calculated from that in reciprocal space q by
d = 2π/q. This results in a periodic distance of the pores parallel
to the substrate of approximately 14 nm.
When the sample was calcined for longer times, the

diffraction ring measured at β = 90° preserves its shape and
dimensions, but develops a halo (Figure 3a2) that increases in
intensity after 20 h (Figure 3a3), which indicates a partial
modification of the ordered pore structure. The partial loss of
pore-ordering is also indicated by SAXS analysis at β = 10°. The
intensity for the part of the elliptical diffraction pattern that
corresponds to pore-ordering in the direction perpendicular to
the substrate is decreasing (Figure 3b2, b3). This loss of order
in the z-direction confirms the formation of a grid-like structure
due to sintering. This phenomenon is also observed for
mesoporous TiO2 films and extensively investigated for that
system.44,57,58

HR-TEM analysis (Figure 4a) provides evidence for the local
evolution of crystallinity. After calcination for 10 min, hardly
any lattice fringes can be detected. In some instances,
crystallites of less than 5 nm size become apparent (marked
by a circle in Figure 4a1). After 2 h, two types of materials can
be distinguished, i.e., areas of low crystallinity (Figure 4a2, left),
and areas with lattice fringes of a periodic distance of 2.2 Å
(Figure 4a2, right). The lattice plane spacing (d-spacing)
corresponds well with a [113]-orientation of hematite. After 20
h, lattice fringes can be detected throughout the material
(Figure 4a3). The periodic distance of 3.7 Å apparent from
Figure 4a3 corresponds well to a [012]-orientation of a
hematite crystallite. Hence, TEM indicates the formation of
hematite crystallites that grow with time in size and abundance.
Complementary local crystallinity information was obtained

by analysis of sample sections of about 200 nm diameter via
SAED (Figure 4b). After 10 min, SAED shows two broad
diffraction rings (Figure 4b1). A comparison with the reported
data by Janney et al.59 (reference pattern in Figure 4b1) allows
the assignment to a ferrihydrite phase of low crystallinity. After
2 h of calcination, two different diffraction patterns were
obtained, depending on the location within the sample (Figure
4b2). SAED acquired for the fine-grained regions (Figure 4b2,
left) yields the same diffraction pattern observed for
ferrihydrite, whereas in the coarsened part of the material

well-defined diffraction spots are observed (Figure 4b2, right).
The change from diffraction rings to individual spots provides
evidence for a transition from many small and randomly
oriented diffracting entities into fewer, larger, and well-defined
crystallites. The positions of the diffraction spots are consistent
with the formation of hematite (Figure 4b2, right). After 20 h
of calcination, such diffraction spots were recorded for all
probed sample locations (Figure 4b3), suggesting (within the
limits of SAED analysis) the complete transformation of the
film into hematite. A complete transformation is also indicated
by Raman analysis (see section SI 3).
X-ray diffraction provided the corresponding bulk-averaged

crystallinity information (Figure 4c). After 10 min of
calcination a very broad signal is detected around 2θ = 33°
(Figure 4c1), which is a feature typically observed for the
poorly crystalline ferrihydrite.21,59 After 2 h, a clear diffraction
pattern of hematite evolves with narrow reflection signals and a
crystallite size of ca. 22 nm (Scherrer equation). After 20 h of
calcination, hematite is the only detected crystal phase (Figure
4c3). The estimated crystallite sizes amount to about 29 nm. It
should be noted that at no stage of the transformation hematite
crystallites smaller than 20 nm were detected (see section SI 4
for details). Raman spectra recorded ex situ for similar samples
confirm the initial presence of ferrihydrite and its trans-
formation into hematite (see section SI 3).
The SAED analysis of hematite (Figure 4b3) reveals a rather

unusual diffraction pattern for a polycrystalline material, i.e.,
well-resolved individual diffraction spots instead of homoge-
neous diffraction rings. Such well-resolved spots recorded for a
rather large sample spot suggest that either only a very small
number of crystallites contributes to the diffraction pattern, or
that many crystallites contribute that are aligned to each other
and feature a very similar orientation. This observation was
analyzed by further SAED experiments (Figure SI 5.1) as well
as HR-TEM analysis of neighboring crystallites for hematite
samples (Figure SI 5.2). HR-TEM indicates that neighboring
crystallites are aligned with each other and feature a very similar
orientation. Moreover, SAED recorded for a sample spot of
about 180 nm shows an SAED pattern that indicates only
single-crystal orientation. Hence, crystals located within
domains of several 100 nm in diameter appear to grow with
almost identical orientation.
The mechanism of crystallization was further investigated by

assessing SEM images of different resolution for signs of
preferred directions of the growth of crystalline hematite
domains. Figure SI 5.3 shows SEM images recorded at four
different magnifications for the same sample, ranging from
300.000 to 10.000 times magnification. The domains are
roughly spherical and do not indicate a globally preferred
direction of domain growth. The domain boundaries appear
frayed and are mostly random in direction. In some small
sections, a local alignment between the direction of pore walls
and the direction of the domain boundary might be possible.
However, an obvious relationship between the pore wall
orientation and the growth direction of the hematite structures
is not apparent.
In sum, the applied bulk-averaging techniques XRD and

SAXS indicate that homogeneously 3D structured ferrihydrite
of low crystallinity transforms into well-crystallized hematite.
The complementary local imaging and diffraction analysis
yielded a comprehensive mechanistic picture, i.e., a delayed
nucleation of hematite domains that grow parallel to the
substrate until the conversion into a coarsened hematite phase
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is completed. During growth, the already existing hematite
crystallites appear to induce the crystallization of the
surrounding ferrihydrite while providing also the incentive for
the same orientation of the forming new crystallite.
These domains appear to be an essential part of the

crystallization mechanism. Conventional imaging and diffrac-
tion techniques applied to a powder material would not permit
a quantification of the domain number, size, and local
distribution. However, the nanostructured films provide a
clear link between the local composition on a nanometer scale
and the micrometer scale of domain sizes via imaging contrast
observed in low magnification SEM images (Figure 2a1−a3).
Such a clear link is established here for the first time for the
crystallization of hematite. Due to the fact that the domain
boundaries run almost perpendicular to the substrate (Figure

2b2), the 2D projection recorded via top view SEM can be used
to count and quantify the content of ferrihydrite and hematite
domains.

iii. Influence of Time and Temperature on Hematite
Formation. Quantitative kinetic information on the process of
hematite formation was derived from SEM images recorded on
film samples that were exposed to air for time intervals between
5 min and 50 h at temperatures ranging from 250 to 550 °C.
Figure 5 displays as a function of time and temperature (a) the
recorded top view low magnification SEM images, and (b) a
corresponding evaluation of the content of ferrihydrite and
hematite. An enlarged version of Figure 5a is displayed in
section SI 6.
Samples calcined at 400 °C appear homogeneously gray until

15 min of calcination time (Figure 5a). After 20 min, small

Figure 5. Influence of temperature and time on the transformation of ferrihydrite into hematite. (a) Top view SEM images. Dark areas correspond to
ferrihydrite, brighter domains to hematite (scale bar 1 μm). Abbreviations denote ferrihydrite (FH) and hematite (HEM). (b) Assignment of each
sample to either ferrihydrite (squares), coexisting ferrihydrite and hematite (circles), or hematite (diamonds). Arrows point to the samples analyzed
in more detail in Figures 2−4

Figure 6. Quantitative investigation of transformation of ferrihydrite to hematite. Part a shows the fraction of hematite at different calcination times.
(b) The JMAK model is applied to the sigmoid shaped curve of quantitative conversion at 400 °C (see part a) to determine the Avrami exponent n.
(c) Estimation of the rate of nucleation of hematite in ferrihydrite in the time period 15−90 min. (d) Evaluation of the activation energy of the
transformation of ferrihydrite to hematite using the limiting cases of 0% and 100% of hematite (marked as solid lines in Figure 5b). Each error bar
was obtained via at least three independent experiments conducted under identical conditions.
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domains of brighter appearance appear, indicating the
nucleation of hematite domains. The domains grow in size
and number up to 5 h of calcination. At calcination times above
10 h, the transformation is completed as indicated by the
exclusive presence of the brighter phase in SEM. The process
shows a very high reproducibility (see, e.g., sections SI 7 and SI
8).
A similar sequence of induction period, nucleation of small

hematite domains, and domain growth until complete
conversion is observed also at other temperatures (Figure
5a). Higher temperatures accelerate the process. A calcination
time of 10 min suffices to form hematite domains at 450 and
500 °C. At 550 °C, the conversion to hematite completes
within 10 min (see also section SI 9). Lower temperatures slow
the transformation down. While after 20 h a complete
conversion to hematite can be reached at 350 °C, the same
time interval produces only hematite islands at 325 °C and no
sign of hematite nucleation at 250 °C.
Figure 5b assembles the collected information into a simple

phase diagram. Two lines indicate the onset of hematite
nucleation and the completed conversion. The ferrihydrite
transformation into hematite follows the same mechanism
throughout the studied temperature range, but proceeds faster
at higher calcination temperatures. The same mechanism and
kinetics prevail independent of the materials’ pore sizes (see
sections SI 7 and SI 8).
iv. Kinetics of Hematite Formation. The samples’

hematite content (Figure 5) was quantified as a function of
time and temperature and kinetically evaluated using the JMAK
model60−63 as well as an Arrhenius expression. Figure 6 displays
(a) the hematite content as a function of time at 400 °C, (b) a
corresponding evaluation plot for the JMAK model, and (c) the
number of nuclei versus time. Figure 6d displays a
corresponding Arrhenius plot.
Hematite nucleation becomes, at 400 °C, evident after an

induction period of about 15 min (Figure 6a). The number of
nuclei increases slowly between 15 and 90 min (Figure 6c).
After 60 min, about 2% of the ferrihydrite species are
transformed (Figure 6a). Thereafter, a more rapid conversion
is observed, reaching approximately 90% after 5 h and full
conversion after 10 h (Figure 6a). Hence, the hematite content
follows a sigmoidal shape.
Sigmoidal growth kinetics can be represented well by the

JMAK model.60−66 This model was applied to the crystal-
lization kinetics of various thin films,67−69 e.g., crystallization
mesoporous TiO2 films into anatase monitored by XRD.67 The
JMAK model assumes a homogeneously distributed nucleation
and constant nucleation rate of a newly formed phase β in a
matrix phase α. After nucleation, constant radial transformation
rates are assumed for the growth of β. Hence, the volume
fraction of phase β grows with r3 per time interval as long as the
β domains do not impinge each other. The rate of formation
slows down when the interfaces of separated β domains begin
to meet. The process is described by the Avrami equation

= − −βF t kt( ) 1 exp( )n (1)

where Fβ is the fraction of the formed phase β, k is a time
constant that depends on the nucleation and growth rate, and n
is known as Avrami exponent. n can be determined as slope of
the linearized form of eq 1:

− − = +βF t k n tln( ln[1 ( )]) ln ln (2)

The value of n results from two contributions,64,68 i.e., a
nucleation process (nN) and the number of dimensions of
growth (nG)

= +n n nN G (3)

The value for nN can vary between 0 and 1, where 1
corresponds to a constant nucleation rate, while lower values
indicate a decreasing nucleation rate. The term nG is indicative
for the number of growth dimensions and varies between values
of 3 (3D growth) and 1 (1D growth) (see Christian, Jena, or
Jackson64−66 for further details).
Figure 6b displays the hematite content measured at 400 °C

in the form of the linearized Avrami eq (eq 2) along with a
linear fit to derive the slope n. The fit represents the data well,
indicating that the kinetics of hematite formation are described
well by a JMAK model with a slope n amounting to 3.2 ± 0.2.
A deconvolution of nN (nucleation) and nG (growth) is

rather challenging when the JMAK evaluation is applied to
volume-averaged experimental data. However, our thin film
model system provides independent access to the evaluation of
nucleation rates via analysis of SEM images (Figure 5a). The
observed number of nuclei increases linearly with time (Figure
6c), corresponding to a constant nucleation rate of (0.22 ±
0.01) nuclei per minute and μm2. Hence, the reaction order of
nucleation amounts to nN = 1. Applying now eq 3, the
dimensionality of domain growth can be estimated as nG = 2,
which suggests a 2D growth. The 2D growth is likely to result
from the geometry of the studied model system, where the film
thickness (ca. 100 nm) is small compared to the lateral
dimensions of the crystallized hematite domains. Hence,
growth should be constrained to the two dimensions parallel
to the substrate, which is consistent with the experimental
observation, in particular cross-section SEM images (Figure 2).
The activation energy of the process that transforms

ferrihydrite into hematite was estimated between 300 and
500 °C via an Arrhenius expression (Figure 6d) using the two
diagonal lines in Figure 5b to define the onset (cHEM = 0%) and
the completion of hematite formation (cHEM = 100%). A linear
correlation with a slope that corresponds to an activation
energy of EA = (108 ± 6) kJ/mol represents the experimental
data well.
Activation energies for the formation and transformation of

iron oxides have been reported so far mostly for precipitated
oxide−hydroxides studied in aqueous phase as well as for
natural minerals based on (in situ) XRD and thermogravimetric
analysis. The activation energies reported for the ferrihydrite−
hematite transformation in aqueous media range from about 31
kJ/mol70 (pH 8) to 69 kJ/mol71 (pH 10.8) and 73 kJ/mol27

(high pH) and appear to depend strongly on the solutions’
pH.72 Moreover, the activation energy is also influenced by the
precursor phase: akaganeite transformation into hematite
requires an EA of about 110 kJ/mol.73,74 Activation energies
well above 100 kJ/mol were observed also for transformations
of oxide−hydroxides when heated in dry air, i.e., goethite to
hematite (about 145 kJ/mol26,75). The activation energy
deduced in our study for hematite formation via dry heating
of ferrihydrite in air (108 kJ/mol) is therefore significantly
higher than values observed for the same transformation in
liquid water, but consistent with other transformations studied
in air.
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■ CONCLUSIONS
We report the synthesis and time-resolved analysis of a model
system for the investigation of the formation of crystalline
metal oxides. The film model employs a locally ordered
templated mesopore structure as an indicator that links phase
information defined on the scale of crystal lattice dimensions to
the mesoscale of domain sizes. Hence, locally obtained
structural and phase information obtained via HR-TEM,
SAED, and SEM can be correlated quantitatively to bulk-
averaged structural information obtained via SAXS and XRD.
Applying the developed methodology to iron oxides and

oxide−hydroxides, we could derive the mechanism and kinetic
characteristics of the crystallization of ferrihydrite to hematite.
The transformation proceeds by a temperature-dependent
initial induction period, followed by nucleation and growth of
hematite domains that progress until complete conversion into
hematite. The process kinetics is described well by the JMAK
model. In contrast to previously reported XRD studies, our
kinetic evaluation based on complementary SEM data allows us
to clearly distinguish the nucleation phase from the domain
growth, despite the fact that both processes occur in parallel for
a significant period of time.
The developed methodology can also be extended to other

systems. Thin films with soft-templated mesopore structure
have been reported for many different oxides of technical and
catalytic relevance,42 e.g., TiO2,

58 Al2O3,
76 IrO2,

47 MgO,77

ZnO,46 NiO,45 ZrO2,
78 and VOx.

79 The crystallization
mechanisms and kinetics of these and many other oxides
might be revealed by the quantitative analysis of the
corresponding film models. A further extension of such studies
could include the controlled exposure of the nanostructured
films to different gas atmospheres and liquids as well as reactive
environments, such as dissolution and corrosion studies. These
studies on model materials might be able to bridge the gap
between highly idealized thin films in vacuum with defined
exposed crystal facets and powder-like structures with exposure
to atmospheric reactor conditions.
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SI 1. Mesoporous films formed by calcination in air for 1h at 250 °C  

Deposited films that were calcined for 1 h at 250 °C in air served as starting material for all subsequent 

crystallization experiments. Figure SI 1 represents exemplarily the properties of such films in terms of 

morphology (SI 1a, SI 1b: SEM; SI 1c: TEM), pore ordering (SI 1d, SI 1e: SAXS) and crystallinity (SI 1f: HR-

TEM, SI 1g: SAED, SI 1h: XRD). 

Top-view SEM (SI 1a) indicates the abundant presence of ordered mesoporous with a uniform pore size of 

roughly 5 nm parallel to the substrate. The films possess a film thickness of about 150 nm as evidenced by cross-

section SEM (SI 1b). TEM images indicate that the pore structure extends throughout the whole film volume 

(SI 1c). Pore ordering is confirmed by SAXS analysis measured with (SI 1d) β = 90° and (SI 1e) β = 10° angle 

between substrate and incident beam. The periodic distance in the x-y plane amounts to 14 nm. Distortion of the 

diffraction ring into an elliptical shape when measured at 10° implies a uniaxial shrinkage of the film in z-

direction during drying and calcination. HR-TEM analysis (SI 1f) does not provide evidence for abundant lattice 

fringes, which suggest a material of low crystallinity. The low crystallinity is also reflected by the absence of clear 

diffraction patterns in XRD analysis (SI 1h), where only a very broad signal around 33° can be detected. SAED is 

more sensitive towards the analysis of low-crystallinity materials and shows two broad diffraction rings (SI 1g). 

Both, the low crystallinity and the diffraction patterns are consistent with the presence of a ferrihydrite phase as 

reported e.g. by Janney et al.1. 
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Figure SI 1: Characterization of a deposited film after calcination in air for 1 h at 250 °C, i.e. the starting point of all further 
crystallization experiments. The material morphology was studied via a) SEM, b) cross-section SEM, c) TEM. SAXS measured at 
d) β = 90° and e) β = 10° beam incident angle provides evidence for 3D pore ordering. The material’s crystallinity was studied using 
f) HR-TEM and g) SAED, where the overlaid pattern corresponds to data reported for ferrihydrite1. Analysis by h) XRD and a 
comparison with a hematite diffraction pattern (PDF 33-0664, only intensities ≥10 %) indicate a low crystallinity of the 
ferrihydrite. 
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SI 2. Analysis of the iron oxide film, which was crystallized in situ and monitored by LEEM 

The sample investigated in situ by LEEM was characterized before and after the treatment. Before the film was 

analyzed by in situ LEEM experiments, it was calcined at 400 °C for 10 min. The morphological and crystalline 

characteristics are summarized in column 1 of Figure SI 2. Microscopy in different magnifications is shown in 

SI 2a1) and SI 2b1). In high magnification (SI 2a1) the nanocrystalline material is shown with pore size around 

6 nm. Lower magnification (SI 2b1) shows a homogenous, crack-free film on a micrometer scale. The XRD 

(SI 2c1) shows the typical diffraction pattern of ferrihydrite. 

In column 2 the same film was analyzed ex situ after LEEM experiments. The microscopy at high magnification 

(SI 2a2) reveals an ordered pore structure with coarse appearance of the pore walls. Sintering starts to occur and 

the pore size amounts to 6 nm. Lower magnification (SI 2b2) shows a homogenous film. The XRD (SI 2c2) 

allows the assignment of the formed phase to hematite. 

 

Figure SI 2: Ex situ analysis of the sample treated in vacuum at 375 °C and analyzed by LEEM. Column 1 characterizes the sample 
before the LEEM experiment, where column 2 shows the same analytics afterwards. The sample was characterized by SEM in a) 
high and b) low magnification to compare morphology. To access crystallographic changes, c) grazing incidence XRD was 
performed. 
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SI 3. Phase transformation monitored by Raman spectroscopy 

Raman is known as highly sensitive tool to analyze and distinguish between different iron oxides, hydroxides and 

oxide-hydroxides 2-4. Even ferrihydrite, which is often difficult to identify, shows a specific scattering pattern2, 3. 

In order to support the phase assignment during the crystallization, additional Raman measurements were 

performed ex situ after different calcination times. Due to the fact that silicon substrates show a very high 

background signal in Raman measurements, the corresponding iron oxide films where prepared on titanium 

substrates using the same synthesis and heat-treatment procedure. Figure SI 3 presents Raman spectra recorded 

for iron oxides films that were calcined at 400 °C for different times, i.e. 5 min, 20 min, 2 h and 20 h. The Raman 

spectrum for 5 min shows a broad but clearly visible signal at 710 cm-1. The signal corresponds well to spectra 

reported in literature for ferrihydrite2, 3. Hence, Raman confirms that the presence of ferrihydrite in the initial 

sample is due to the thermal treatment, and not caused by beam damage during SAED analysis. For longer 

calcination times Raman bands corresponding to hematite evolve2, 5. However, a shoulder at 710 cm-1 is still 

visible after 20 min of treatment at 400°C. Hence, the data confirm that both phases (hematite and ferrihydrite) 

coexist in this intermediate transformation stage. With increasing calcination time the ferrihydrite signal decreases 

further (2 h at 400 °C) and completely disappears after 20 h, which indicates the complete transformation of 

ferrihydrite to hematite. No iron oxide phases other than ferrihydrite and hematite were detected by Raman. These 

results agree very well with the SAED and XRD data (main manuscript, Figure 4) and the deduced transformation 

mechanism and kinetics.  

 

Figure SI 3: Raman spectroscopy of selected films on titanium substrates. The films were calcined at 400 °C for 5 min, 20 min, 2 h 
and 20 h, respectively. The measured data are compared with literature data for ferrihydrite2, 3 and hematite2, 5. 
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SI 4. Development of crystallinity evaluated by XRD measurements 

Investigating the development of crystallinity, grazing incidence XRD was measured for samples calcined at 

400 °C at various times. The results are shown in Figure SI 4a. The XRD are color coded in green, orange and 

blue, where the colors represent films, which showed in SEM ferrihydrite (green), mixed domains of ferrihydrite 

and hematite (orange) and hematite (blue). The color code was applied analogously to Figure 5. As it becomes 

obvious from Figure 5 and Figure SI 4a, first amounts of hematite are detected earlier by SEM than by XRD. In 

XRD first indications of hematite formation are detected after 1 h, where by SEM already 2 % of hematite was 

quantified. Quantification of ferrihydrite against hematite is not possible in XRD, since the diffraction pattern of 

ferrihydrite lacks an unambiguously quantifiable reflection. 

By the Scherrer equation an estimation of the crystallite size is possible (Figure SI 4b). For samples calcined at 

400 °C for less than 2 h no crystallite sizes could be estimated, as no reflections were present. For the longer heat 

treated samples an estimation was possible for the (012)-, (104)- and (110)-reflection. One should note that the 

onset of crystallite size is around 20 nm and grows with longer calcination times to over 30 nm. The initial 

crystallite size with approx. 20 nm is comparably large, but also Jolivet and coworkers found indications of a 

minimum crystallite size of around 20 nm for hematite crystallites formed in aqueous media6. 

 

Figure SI 4: Evolution of hematite crystallinity measured by grazing incidence XRD on samples calcined at 400 °C at various times 
reaching from 5 min to 50 h. a) shows the measured diffractograms, whereas b) shows the estimated crystallite sizes by Scherrer 
equation. 
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SI 5. Domain growth and crystallite orientation 

SAED analysis of hematite samples reveals diffraction pattern that appear to be in contrast to XRD analysis at a 

first glance. SAED images recorded at roughly 0.03 µm2 of sample show for hematite very well resolved 

individual diffraction spots (Figure 4b). Such well resolved spots (instead of diffraction rings) suggest that either 

only a very small number of crystallites contributes to the diffraction pattern, or that many crystallites contribute 

that are aligned to each other and feature a very similar orientation. In contrast, XRD recorded on a film area of 

about 2.5 cm2 shows diffraction pattern that appear to result from many randomly oriented crystals and thus 

indicate a rather polycrystalline material (Figure 4c).  

In order to resolve these seemingly contradictory findings additional SAED experiments were conducted with 

varied aperture size (Figure SI 5.1) as well as HR-TEM analysis of neighboring crystallites for a pure hematite 

sample (20 h at 400 °C) (Figure SI 5.2). Moreover, SEM analysis at different magnifications was conducted for 

e.g. a sample with both phases being present (1.5 h at 400 °C) to assess indications for preferred domain growth 

directions (Figure SI 5.3). 

Figure SI 5.1a depicts a TEM image recorded on a sample section with an aperture diameter of about 940 nm 

diameter. Such a large sample area was chosen in order to approximate the XRD conditions. The corresponding 

SAED pattern (Figure SI 5.1c) indeed resembles diffraction rings that would correspond to a polycrystalline 

material composed of many random crystallite orientations.  

When a smaller aperture of 180 nm is chosen at the same sample location (Figure SI 5.1b) for SAED, the 

diffractions rings transform into very well resolved individual diffraction spots (Figure SI 5.1d), giving the 

impression of a single crystalline material. However, with a crystallite size of about 29 nm (XRD), a multitude of 

hematite crystallites must be contributing to the SAED diffraction pattern. Hence, neighboring crystallites within 

a hematite domain of about 180 nm in size appear to feature the same crystal orientation with respect to the 

electron beam.  
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Figure SI 5.1: Influence of the aperture size in TEM on the SAED pattern of hematite (exemplarily shown for a film calcined at 
400 °C for 20 h). a) shows the contour of an aperture imaging a spherical area of a diameter of 940 nm, c) shows the resulting 
SAED. In b) a smaller aperture with an imaging area of 180 nm in diameter is used. The corresponding diffraction pattern is 
shown in d). 

 

More localized information about the orientation of neighboring crystallites can be obtained from lattice fringes 

visible in HR-TEM images. Figure SI 5.2a presents HR-TEM recorded for a sample calcined at 400 °C for 20 h 

(hematite). Four different areas are marked by squares. The areas are located about 15 nm to 30 nm apart. Figure 

SI 5.2b shows for each marked area the corresponding FFT. From the FFT, the spacing and orientation of the 

lattice fringes can be deduced. All four recorded areas show lattice spacing of about d = 2.7 Å, which corresponds 

well to the [104]-plane of hematite. Even more interesting, three out of the four areas show also exactly the same 

orientation of the lattice planes (1, 2, 3), which indicate that neighboring crystallites feature indeed the same 

crystallite orientation. This suggests that during crystallization and domain growth the information of crystallite 

orientation is transferred from one crystallite to its next neighbor, and that this process can span domain sizes of at 

least 180 nm. Hence, existing hematite crystallites appear to induce the crystallization of the surrounding 

ferrihydrite while providing also the incentive for the orientation of the forming new crystallite. 

SAED

TEM with
contour of

the aperture

high magnificationlow magnification

b)

c) d)

a)
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Figure SI 5.2: Crystallite orientation is investigated in HR-TEM (exemplarily shown for a film calcined at 400 °C for 20 h). a) 
shows an HR-TEM image. In the 4 indicated areas the distance of the lattice planes is determined by FFT. The FFTs are 
summarized in b). The lattice planes show a distance of d = 2.7 Å, which corresponds to the [104]-orientation of hematite 
(referenced to PDF 33-0664). 
 

The mechanism of crystallization was further investigated by assessing SEM images of different resolution for 

signs of preferred directions of the growth of crystalline hematite domains. Figure SI 5.3 shows SEM images 

recorded at four different magnifications for the same sample, ranging from 300.000 (Figure SI 5.3a) to 10.000 

times magnification (Figure SI 5.3d). The domains are roughly spherical and do not indicate a globally preferred 

direction of domain growth. The domain boundaries appear frayed and mostly random in direction. In some small 

sections a local alignment between the direction of pore walls and the direction of the domain boundary might be 

possible. However, an obvious relation between the pore wall orientation and the growth direction of the hematite 

structures is not apparent. 
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Figure SI 5.3: Images of the domain boundary of ferrihydrite and hematite at different magnifications (exemplarily shown for a 
film calcined at 400 °C for 1.5 h). The magnification decreases from a) over b) and c) to d). 

pores 5+-2 nm
porwalls 6+-2 nm
peridic distance in FFT 14 nm
peridoc distance = pores + pore wall

b)

c) d)

a)
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SI 6. Influence of time and temperature on the crystallization of hematite 

 
 
Figure SI 6: Enlarged diagram of the time and temperature dependence of hematite formation. Ferrihydrite and hematite can be 
distinguished by electron contrast. Ferrihydrite is characterized by dark gray contrast, hematite is brighter. Abbreviations denote 
ferrihydrite (FH) and hematite (HEM). 
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SI 7. Comparison of morphological trends of hematite formation with different pore sizes 

The samples shown in the main paper were prepared with the polymer PEO104-b-PB92-b-PEO104. By using 

different templates, the negotiability to a broader sample perspective is provided. This was achieved by replacing 

the amount of 55 mg PEO104-b-PB92-b-PEO104 by either no polymer template or by 55 mg of the twice as large 

polymer PEO213-b-PB184-b-PEO213. Figure SI 7 shows the influence of the chosen templates on the evolution of 

morphology. The investigated templates were next to PEO104-b-PB92-b-PEO104 (row b), no template (row a) and 

PEO213-b-PB184-b-PEO213 (row c). The columns denote different calcination times at 400 °C, those are 10 min, 2 h 

and 20 h. For 10 min (column 1) the samples show template dependent mesopore morphology. Independent of the 

template, all samples present the typical features described for ferrihydrite, i.e. nanocrystalline structure of the 

oxide material. If no template was present (SI 7a1) no mesoscopic order is present, but the nanocrystalline 

appearance. For the smaller template PEO104-b-PB92-b-PEO104 (SI 7b1) ordered mesoporosity is introduced with 

pore sizes of around 6 nm. The larger template PEO213-b-PB184-b-PEO213 (SI 7c1) causes as well mesoporosity, 

but with larger pore sizes of around 12 nm. Comparing the FFT images (respective inset) of these samples the 

trends are proved as well for long range order with no detectable periodic distances (SI 7a1), a distance of 15 nm 

(SI 7b1) and 24 nm (SI 7c1), respectively. 

After 2 h at 400 °C (column 2) the samples show mixed domains of nanocrystalline ferrihydrite and coarsened 

crystallite morphology of hematite with a clearly visible phase boundary, independent of the template. After 20 h 

at 400 °C (column 3) the complete transformation to hematite occurred. Summarizing, films prepared with varied 

pore template show a variation in order and size of the pores, but ferrihydrite and hematite show their phase 

specific appearance. The choice of pore template does not influence the formation behavior of hematite. 
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Figure SI 7: Comparison of the morphological transformation of ferrihydrite to hematite films with different pore size. Columns 1 
to 3 denote different calcination times at 400 °C, which are 10 min, 2 h, and 20 h, respectively. Rows show the investigated template 
sizes to introduce porosity. These templates were a) no template b) the tri-block-copolymer PEO104-b-PB92-b-PEO104, which was 
applied in the study shown in the main paper and c) PEO213-b-PB184-b-PEO213, which is twice in size compared to b). 
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SI 8. Comparison of the time and temperature dependence of hematite formation with different pore sizes 

Analogous to Figure 5a (reproduced in Figure SI 8b) time and temperature dependences for the transformation of 

ferrihydrite to hematite were also generated for no introduced template (SI 8a) and the larger template PEO213-b-

PB184-b-PEO213 (SI 8c). Green symbols in each diagram denotes ferrihydrite, orange ones mixed domains and blue 

ones hematite. Generally, same trends for the three templates can be reproduced. 

 

 

Figure SI 8: Comparison of the time and temperature dependence of the transformation of ferrihydrite to hematite films with 
different pore sizes. The phase diagram is shown for samples with a) no template, b) the tri-block-copolymer PEO104-b-PB92-b-
PEO104 and c) PEO213-b-PB184-b-PEO213, which is twice in size compared to b). Green symbols denote ferrihydrite phase, orange 
ones represent mixed domains of ferrihydrite and hematite and blue ones depict hematite films. 
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SI 9. Formation of mesoporous hematite films by final calcination for 10 min at 550 °C in air 

As shown in Figure 5, hematite can also be formed by short calcination times at higher temperatures. Figure SI 9 

proves this for a film calcined at 550 °C for 10 min. Electron microscopy (SI 9a: SEM; SI 9c: TEM) shows the 

coarsened appearance which is also detected for longer calcination at lower temperature (i.e. 400 °C, 20 h). Cross-

section SEM (SI 9b) indicates that the nanostructuration penetrates the film throughout the film volume. The pore 

ordering is analyzed by SAXS measurements under angles of β = 90° (SI 9d) and β = 10° (SI 9e). The periodic 

distances in x-y-plane are measured to 15 nm. Figure SI 9e) confirms the sintering into a grid-like structure which 

was explained more in detail for the sample finally calcined at 400 °C, 20 h. Crystallinity was checked by HR-

TEM (SI 9f), SAED (SI 9g) and XRD (SI 9h). High resolution in TEM shows clearly lattice fringes with a 

distance of 3.7 Å, which represents the [012]-orientation of a hematite crystallite. SAED shows well defined 

diffraction spots which agree with the diffraction pattern of hematite. The crystal phase of hematite is additionally 

proved by grazing incidence XRD where the diffraction pattern of hematite is represented with high agreement. 

The crystallite size could by estimated be the Scherrer equation to 31 nm. 

 

Figure SI 9: Characterization of hematite films calcined at 550 °C for 10 min. The morphology is investigated by a) top view SEM 
b) cross-section SEM and c) TEM. The pore order is investigated by SAXS with d) β = 90° and e) β = 10°. The material’s 
crystallinity is studied using f) HR-TEM and g) SAED, where the overlaid pattern represents PDF 33-0664. Analysis by h) XRD 
and a comparison with a hematite diffraction pattern (PDF 33-0664) indicate presence of hematite. 
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nanoparticles or nanoporous materials, 
can enhance the material’s performance 
due to increased surface area, higher sorp-
tion capacity,[8] shorter diffusion paths,[9] 
as well as altered magnetic[10] and elec-
tronic properties.[9]

Biomedical and biological applications 
exploit in particular the magnetic proper-
ties inherent to nanoparticles of maghemite 
and magnetite, which combine favorable 
properties like nontoxicity, biocompat-
ibility, and biodegradability.[11] Whereas 
both maghemite and magnetite are fer-
rimagnetic (permanent magnets) as bulk 
materials, they become superparamagnetic 
when particle sizes decrease to below about 
30 nm.[10,12] Hence, small particles of magh-
emite and magnetite lose their permanent 
magnetization already at temperatures sig-
nificantly lower than the material’s Curie 
temperature and behave paramagnetic. 
Nanoparticles of maghemite and magnetite 

can be used as magnetic resonance imaging contrast agents,[11] 
in biomagnetic separation,[13] hyperthermia treatment,[14] as well 
as magnetic drug targeting,[15] often serving as magnetic solid 
support for immobilized enzymes, antibodies, proteins, and oli-
gonucleotides coated onto the particles’ surface.[11]

Their loading capacity and release characteristics can be vastly 
improved when particles with well-defined pore structure are 
used as support with the desired molecules being transported 
within the pores.[16] Synthesis and applications of such porous car-
rier particles have been elegantly demonstrated by, e.g., Brinker 
and co-workers for silica microspheres that featured a micelle-
templated mesopore structure[17–19] derived via evaporation-
induced self-assembly.[20] However, producing micelle-templated  
mesoporous structures also from superparamagnetic iron 
oxides, i.e., maghemite and magnetite, has failed so far.[21,22]

The synthesis of superparamagnetic iron oxides with tem-
plate-controlled mesopore structure succeeded only via hard 
templating.[8,23,24] Jiao et al.[25] impregnated porous silica tem-
plates (KIT-6) with iron nitrate solutions and calcined the mate-
rial at 600 °C, followed by NaOH leaching for template removal, 
which resulted in mesoporous hematite (α-Fe2O3). A subse-
quent reduction at 350 °C in H2/Ar transformed the structure 
into magnetite, whereas a further oxidation at 150 °C yielded 
maghemite.[23] Tuysuz et al. used SBA-15 and KIT-6 as silica 
templates and obtained mesoporous ferrihydrite when calcining 
at 200 to 250 °C.[26] A further reduction at 320 °C yielded a cubic 

Maghemite and magnetite show superparamagnetic behavior when syn-
thesized in a nanostructured form. The material’s inducible magnetization 
enables applications ranging from contrast enhancing agents for magnetic 
resonance imaging to drug delivery systems, magnetic hyperthermia, and 
separation. Superparamagnetic iron oxides with templated porosity have 
been synthesized so far only in the form of hard-templated powders, where 
silicon retained from the template severely degrades the material’s magnetic 
properties. Here, for the first time, the synthesis of superparamagnetic iron 
oxides with soft-templated mesopore structure is reported. The synthesis of 
nanostructured maghemite and magnetite films succeeds using micelles of 
amphiphilic block-copolymers as templates. A thermal treatment of the ini-
tially formed mesoporous ferrihydrite in nitrogen produces maghemite, which 
can be partly reduced to magnetite via thermal treatment in hydrogen while 
retaining the templated mesopore structure. The resulting materials feature a 
unique combination of high surface area, controlled pore diameter, and tun-
able magnetic properties.
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Magnetic Materials

1. Introduction

Iron oxides represent a class of low-cost materials with a wide 
range of important applications in heterogeneous catalysis,[1–3] 
photocatalytic water splitting,[4] electrodes in Li-ion batteries,[5] 
sensor materials,[6] as well as pigments in magnetic recording 
devices.[7] Nanostructuring of iron oxides, i.e., as colloidal 
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iron oxide assigned to magnetite.[24] However, retaining a tem-
plated mesopore structure remained challenging due to the fact 
that the transformation of either hematite or ferrihydrite into 
maghemite and magnetite requires a change from a hexagonal 
close-packed O2− anion lattice into a cubic close-packing, i.e., a 
complete rearrangement of the crystal lattice.[23] Unfortunately, 
the approach can neither produce homogeneous films nor size-
controlled microspheres. Moreover, Si stemming from the tem-
plate unavoidably incorporates into the iron oxide,[27] changes 
its phase transition behavior,[27] and degrades the resulting 
magnetization properties.[26,28]

Iron oxides with soft-templated mesopore structure have 
been reported so far only for hematite (α-Fe2O3),[4,5,29,30] goe-
thite (α-FeOOH),[31] and ferrihydrite (Fe5O8H·4H2O).[30,32] Our 
preliminary experiments indicate that a direct reductive con-
version of these Si-free iron oxides into magnetite failed for 
all tested materials. Extensive sintering of the soft-templated 
mesoporous films occurred before magnetite formation was 
completed (see Figure S1, Supporting Information, for reduc-
tive conversion; and Figures S2 and S3, Supporting Informa-
tion, for tested materials), which is different from respective 
silica-templated iron oxide powders reported in literature.[23–25]

We report the first synthesis of superparamagnetic iron 
oxides with soft-templated mesopore structure and elucidate 
their physicochemical and magnetic properties. The synthesis 
is outlined in Scheme 1 and described in detail in the experi-
mental section. It starts from a solution containing ethanol, 
methoxyethanol, iron nitrate, and a template polymer with  
poly(ethylene oxide)-polybutadiene-poly(ethylene oxide) block 
structure (PEO-PB-PEO).[33] Dip-coating under inert atmosphere 
affords a micelle-structured mesophase, which transforms into 
ferrihydrite during subsequent calcination in air at 250 °C.[30] 
These films feature a templated mesopore structure with ≈5 nm 
pore diameter and 14 nm periodic distance in the x–y plane 
parallel to the substrate, with the templated porosity extending 

throughout the complete film volume (see Figure S2, Supporting 
Information, for details). A treatment (i) under inert conditions 
(N2-flow) at 350 or 400 °C induces the phase transition into the 
cubic maghemite phase. A subsequent treatment (ii) in H2/Ar 
at 350 °C results in a reduction and partial transformation into 
magnetite while retaining the templated mesopore structure.

2. Maghemite Formation (N2, 350 °C)

Figure 1 presents for material (i) obtained via treatment of ferri-
hydrite for 5 h at 350 °C in N2-flow scanning electron microscopy 
(SEM) (Figure 1a, top-view; Figure 1b, cross-section), transmis-
sion electron microscopy (TEM) (Figure 1c), and selected area 
electron diffraction (SAED) (Figure 1d). Figure 2 displays respec-
tive X-ray diffractograms (XRD) (Figure 2a), Raman spectra 
(Figure 2b), mass-normalized magnetization curves recorded at 
100 and 300 K as a function of the magnetic field strength H 
(Figure 2c), and field cooling (“fc”, H = 500 Oe) and zero field 
cooling (“zfc”) magnetization curves recorded as a function of 
temperature (Figure 2d). Corresponding analytical data is pre-
sented in the lower row of both Figures 1 and 2 for (ii) a film 
treated for 2 h at 400 °C in N2 and subsequent reduction for 1 h 
at 350 °C in H2/Ar. Additional analytical data (small angle X-ray 
scattering (SAXS), Rietveld refinement, high resolution TEM 
(HR-TEM)) is provided in Figure S4 (Supporting Information).

Films treated (i) at 350 °C in N2 show a homogenous uni-
form mesopore structure on the films’ outer surface with 
slightly sintered appearance (Figure 1a). The pore diameter 
amounts to ≈5 ± 1 nm. The pores are locally ordered with a 
periodic distance of 14.6 nm (inset in Figure 1a, fast Fourier  
transform (FFT)). The templated pore structure extends 
throughout the film volume as indicated by cross-section SEM 
(Figure 1b) and TEM (Figure 1c) and results in a high surface 
area of 59 m g2

Fe O
1
2 3

−  (from Kr-sorption/Brunauer–Emmett–Teller 
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Scheme 1. Strategy for the synthesis of superparamagnetic iron oxide films with templated mesopore structure. Dip-coating followed by a mild calci-
nation produces a mesoporous ferrihydrite phase. The ferrihydrite can be converted directly into mesoporous hematite (>350 °C in air) or maghemite 
(>350 °C in N2). However, only reduction of the formed maghemite in H2/Ar produces magnetite-containing films with templated mesopore structure, 
whereas reductive treatments of either hematite or ferrihydrite induce sintering and loss of the templated pore structure.
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(BET)). Pore ordering is confirmed by SAXS analysis measured 
with β = 90° and β = 10° angle between substrate and incident 
beam (Figure S4a, Supporting Information). The periodic dis-
tance in the x–y plane amounts to 14 nm. The observed distor-
tion of the diffraction ring into an elliptical shape measured at 
10° results from uniaxial shrinkage of the film in z-direction 
during the initial calcination that forms the ferrihydrite starting 
material (Figure S2, Supporting Information).

SAED analysis (Figure 1d) reveals numerous diffraction 
rings that correspond well with diffraction patterns reported for 
the cubic iron oxide phases of maghemite and magnetite. XRD 
(Figure 2a) analysis indicates also five distinct signals consistent 
with the (220), (311), (400), (511), and (440) reflections of either 
maghemite or magnetite. The close similarity between both 
structures prevents a phase assignment from SAED and XRD 
alone. Hence, Rietveld refinement (Figure S4b, Supporting 

Adv. Mater. Interfaces 2018, 5, 1700960

Figure 1. Electron microscopy of mesoporous maghemite and maghemite/magnetite. The upper row shows a film (i) treated in N2 at 350 °C. The lower 
row represents a sample (ii) treated in N2 at 400 °C and subsequently in H2/Ar at 350 °C. a,e) SEM images measured in top-view (inset: FFT). b,f) Cross-
section SEM. c,g) TEM images. d,h) Experimental SAED patterns overlaid with reference patterns of cubic FeOX phases, i.e., maghemite and magnetite.

Figure 2. Structural and magnetic characterization of mesoporous maghemite and maghemite/magnetite. The upper row shows a film (i) treated in N2 
at 350 °C. The lower row represents a sample (ii) treated in N2 at 400 °C and subsequently in H2/Ar at 350 °C. a,e) Grazing incident XRD (Cu Kα radiation)  
and reference pattern of maghemite (PDF: 39-1346) and magnetite (PDF: 19-0629) references. b,f) Raman measurements with reference band  
positions from Jubb et al.[36] c,g) Field-dependent magnetization hysteresis measured at 100 and 300 K. d,h) Temperature-dependent magnetization  
behavior in zero field (zfc) and field cooled (fc) measurements with an applied field of 500 Oe during heating. c,d) An iron oxide film calcined for 2 h 
at 400 °C in air is added for comparison.
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Information) was performed yielding a lattice parameter of 
a(i) = 8.333 ± 0.007 Å and a crystallite size of 8 ± 2 nm (deter-
mined from integral breadth). The crystallite size is comparable 
to the pore wall thickness of 8 ± 1 nm measured from SEM top-
view images. A comparison with lattice parameters reported 
for maghemite aγ-Fe2O3 = 8.3300 Å[34] and magnetite aFe3O4 = 
8.3958 Å[35] evidences maghemite formation. Also HR-TEM 
analysis (Figure S4c, Supporting Information) indicates crys-
talline domains with lattice spacings of 2.09, 2.52, and 2.97 Å, 
which closely match values reported for maghemite, i.e., d400 = 
2.0886 Å, d311 = 2.5177 Å, and d220 = 2.9530 Å (PDF: 39-1346).

The Raman spectra recorded for sample (i) (Figure 2b) 
show three vibrational bands at 357/501/701 cm−1 with 
the most intense one at 701 cm−1. Also Jubb et al.[36] and 
Dar et al.[37] reported three vibrational bands for magh-
emite, i.e., T2g/Eg/A1g

[36] at 365/511/700 cm−1[36] and 
340/492/703 cm−1[37] with the most intense vibration at 700 cm−1. 
In contrast, magnetite features different band positions of, e.g., 
T1g/T1g/A1g

[36] at 310/554/672 cm−1[36] and 330/537/663 cm−1,[37] 
the vibration at 670 cm−1 being the most intense one. Hence, 
the presence of maghemite is further corroborated.

Figure 2c displays the magnetization behavior of material 
(i) as a function of the applied magnetic field and in terms of 
magnetization M normalized to the mass of idealized Fe2O3 
(Fe mass from optical emission spectroscopy (OES; see experi-
mental section)). Data normalized to the geometric area are 
summarized in Section S5 (Supporting Information). When 
measured at a temperature of 100 K, a strong saturation mag-
netization can be induced (Ms100 = 55 emu gFe O

1
2 3

−
), and a small 

hysteresis indicative of remaining ferrimagnetism is evident 
(Hc = 200 Oe). This coercivity is about twice as high as reported 
by Jin et al.[38] for aggregated maghemite nanoparticles. The 
hysteresis vanishes when measured at 300 K, which confirms 
a complete transition to superparamagnetic behavior. (Note: 
a ferrihydrite/hematite sample (calcination in air at 400 °C) 
shows no measurable magnetic response (Figure 2c).

The superparamagnetic transition is further confirmed by 
temperature-dependent measurements performed on zero field 
cooled (zfc, no applied magnetic field during cooling) and field 
cooled (fc, 500 Oe applied during cooling) materials (Figure 2d). 
During heating from 5 to 400 K, a magnetic field of 500 Oe was 
applied. The zfc curve shows a clear increase in the magnetic 
moment up to a blocking temperature of TB = 170 K, above which 
the material becomes superparamagnetic. Below the blocking 
temperature the crystallites behave as ferrimagnets as known 
from bulk materials with large crystallites. However, above TB 
the thermal energy is high enough to overcome magnetic aniso-
tropy and randomize the orientation of the magnetic domains,[10] 
inducing paramagnetism. The observed temperature dependence 
agrees well with aggregated maghemite nanoparticles of similar 
crystallite sizes[38] whereas (silica derived) hard-templated mag-
hemite shows a much higher blocking temperature of 340 K.[23]

3. Partial Transition of Maghemite into Magnetite 
(H2/Ar, 350 °C)

A reduction of mesoporous maghemite (Figure S6, Supporting 
Information) in H2/Ar retains the templated pore structure, but 

shows the onset of grain coarsening (Figure 1e, top-view SEM). 
Slightly larger crystallites are observed across the film thickness 
also via cross-section SEM (Figure 1f) and TEM (Figure 1g). 
Despite the coarsening, local order is retained across the film 
(FFT inset in Figure 1e, 14.1 nm periodic distance). Also the 
film’s specific surface area remains high (25 m2 gFe O

1
3 4

−
, from Kr-

sorption), i.e., about 40% of the value observed for material (i).
SAED analysis (Figure 1h) as well as XRD (Figure 2e) indi-

cate that a very similar cubic iron oxide phase is retained 
during the reduction. Rietveld refinement (Figure S4d, Sup-
porting Information) yields a lattice parameter of aii = 8.351 ± 
0.005 Å. The value is higher than for material (i) (a(i) = 8.333 ±  
0.007 Å), but lower than reported for magnetite in literature 
(aFe3O4 = 8.3958 Å[35]), suggesting that material (ii) contains both 
maghemite and magnetite. The crystallite size amounts to 12 ± 
2 nm (determined from integral breadth), which is comparable 
to the measured pore wall thickness of 10 ± 2 nm measured in 
SEM top-view. An expansion of the lattice is also indicated by 
HR-TEM (Figure S4e, Supporting Information) with observed 
lattice fringes distances (d400 = 2.09 Å, d311 = 2.53 Å, d220 = 2.99 Å,  
d111 = 4.85 Å) being larger than for material (i), and thus closer 
to values reported for magnetite (d400 = 2.0993 Å, d311 = 2.5320 Å,  
d220 = 2.9670 Å, d111 = 4.8520 Å; PDF: 19-0629).

Raman provides further indication for a phase mixture of 
maghemite and magnetite (Figure 2f). Sample (ii) shows for the 
A1g mode overlapping bands with maxima at 667 and 714 cm−1.  
Also the respective T2g signal comprises two bands, i.e., at 
310 and 343 cm−1. Hence, both maghemite of magnetite appear 
to be present in sample (ii).

Material (ii) shows also a much more pronounced magneti-
zation hysteresis than material (i) when measured at 100 K  
(HC = 700 Oe) (Figure 2g) and a saturation magnetization 
about twice as high (Ms100 = 103 emu gFe O

1
3 4

−
). A temperature of 

300 K induces superparamagnetic behavior, while retaining a 
very high magnetic moment (Ms300 = 95 emu gFe O

1
3 4

−
). Moreover, 

the blocking temperature TB shifts to about 260 K (Figure 2h), 
above which the material becomes superparamagnetic. This 
increase in blocking temperature is in line with reports of, e.g., 
Jin et al.,[38] who observed a similar shift from about 170 to 
about 330 K after reduction of aggregated maghemite nanopar-
ticles to magnetite.

4. Comparison with Literature

Next to the ferrimagnetic iron oxides maghemite and mag-
netite, also iron-oxygen compounds with antiferromagnetic 
properties are known, for example hematite.[39] The combina-
tion of a ferromagnetic and an antiferromagnetic material may 
cause a magnetic anisotropy, which is also called exchange bias 
effects.[40] This effect would cause a shift of the point symmetric 
magnetic hysteresis along the magnetic field axis (x-axis).[40,41] 
Since the measured hysteresis curves are highly symmetric, an 
exchange bias effect is not observed. This means as well that 
the presence of antiferromagnetic iron oxide phases like hem-
atite is not detected. This is in agreement with the XRD and 
Raman results, which show no characteristic features of hema-
tite or other iron oxides next to maghemite and maghemite/
magnetite.

Adv. Mater. Interfaces 2018, 5, 1700960
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Comparing the obtained magnetization data for materials (i) 
and (ii) to other nanostructured magnetic iron oxides, we find 
results that show lower magnetic values but also equivalent 
results.

Jin et al.[38] performed magnetic measurements on aggre-
gated nanoparticles. Comparing the field-dependent measure-
ments for maghemite, the saturation magnetization at 100 K 
is roughly a third of the samples we obtained in our experi-
ments. Also the coercivity is significantly smaller with 130 Oe 
(compared to 200 Oe). In temperature-dependent measure-
ments, the absolute values are lower, but the relative shape 
of the curves is identical and results the same blocking tem-
perature. Comparing the magnetite prepared by Jin et al.[38] 
to their maghemite sample the saturation magnetization and 
the coercivity at 100 and 300 K increased drastically as well as 
the blocking temperature. The maghemite/magnetite sample  
(ii) prepared by us shows little higher saturation magnetization 
at both temperatures, but is roughly comparable. The coercivity 
of sample (ii) at 100 K is roughly double (700 Oe compared 
to 300 Oe), but at 300 K sample (ii) is already superparamag-
netic where the magnetite of Jin et al.[38] shows a coercivity of  
100 Oe. This becomes also visible from the temperature-
dependent measurements, where the blocking temperature 
for the sample of Jin et al.[38] is over 300 K and the presented 
sample (ii) at 260 K.

Studies about maghemite nanoparticles[42–44] report satura-
tion magnetization between 40,[44] and 60–80 emu g−1[43] (meas-
ured at 300 K). The mesoporous film samples (i) studied here 
reach a saturation magnetization for maghemite of Ms300K = 
50 emu gFe O

1
2 3

−
, which agrees very well with values reported for 

maghemite nanoparticles. The blocking temperature is strongly 
dependent on the particle size[10,12,26] and is not comparable for 
different sizes. However, Long et al.[42] and Jin et al.[38] prepared 
crystallites of similar sizes (9 and 10 nm) and found blocking 
temperature of TB = 170 K, which matches exactly our results.

For magnetite saturation magnetizations of about 80–95[45] 
and 50–70 emu g−1[46] have been reported. The obtained mixed 
maghemite/magnetite oxide (ii) reached a saturation magneti-
zation of Ms300K = 95 emu gFe O

1
3 4

−  and matches very well with 
literature reports.

5. Conclusion

We report the first synthesis of soft-templated mesoporous 
maghemite and maghemite/magnetite films. Thermal treat-
ments of templated ferrihydrite films in N2 at about 350 °C 
induce a phase transition into the cubic maghemite phase. A 
subsequent hydrogen treatment results in a partial reduction 
into magnetite. Both materials feature at the same time a high 
surface area, a highly accessible pore system, and superpara-
magnetic behavior. Employing micelles of block-copolymers 
as templates enables versatile control over pore size and pore 
spacing[33] while avoiding the Si-induced degradation of the 
materials magnetic properties. The unique combination of con-
trolled porosity and superparamagnetic properties opens up a 
path toward tailored materials for biological and medical appli-
cation that rely on the transport of molecular cargo in magnetic 
carrier materials.

6. Experimental Section

Synthesis of Mesoporous Films: Iron nitrate nonahydrate (98%–101%, 
ACS-grade) was obtained from Alfa-Aesar. Ethanol (>99.9%, absolute, 
ACS-grade) was purchased from VWR. Methoxyethanol (>99.3%, ACS-
grade) was obtained from Alfa-Aesar. PEO104-b-PB92-b-PEO104 was 
synthesized by Polymer Service GmbH Merseburg.[33] All chemicals were 
used without further purification.

Prior to film deposition, substrates (Si(100) wafers) were cleaned 
with ethanol and heated in air (2 h at 600 °C). The composition of the 
dip-coating solution was adapted from Brezesinski et al.[5] PEO104-b-
PB92-b-PEO104 (55 mg) was dissolved in a mixture of ethanol (2.82 mL) 
and methoxyethanol (0.18 mL) by stirring overnight, resulting in a 
colorless solution. Fe(NO3)3·9H2O (586 mg) was added and stirred for 
an additional hour. The solution had an orange-red color.

Films were prepared by dip-coating substrates at a withdrawal rate 
of 400 mm min−1 in a glove box under Ar atmosphere, since the control 
of low humidity was of essential importance. Thereafter, films were 
dried for at least 10 min and transferred under inert atmosphere into 
a preheated oven for an initial heat treatment for 1 h at 250 °C in air. 
For subsequent crystallization, the samples where calcined (i) in N2 
at 350 °C for 5 h. A second procedure employed calcination (ii) in N2  
at 400 °C for 2 h and subsequent reduction in H2/Ar (4% H2 in 96% Ar) at 
350 °C for 1 h. Heating ramps were set to 10 K min−1.

Characterization: TEM was conducted on an FEI Tecnai G 2 20 
S-TWIN instrument that was operated at 200 kV on films scraped off 
from the substrates and transferred onto folding grids with nickel mesh 
(Plano) coated with Formvar and Carbon. SAED was performed on the 
same instrument.

SEM imaging was performed using a JEOL 7401F instrument at 
an acceleration voltage of 10 kV and a working distance of ≈4.5 mm. 
ImageJ[47] was employed to analyze the SEM images.

XRD was measured on a Bruker D8 Advance instrument (Cu Kα 
radiation, λ = 1.5406 Å) with a grazing incident beam (1°). Reflections 
were assigned using PDFMaintEx library version 9.0.133. Lattice 
parameters and crystallite sizes were estimated by applying a Rietveld 
refinement to the diffractograms implemented into the program 
TOPAS (Bruker, version 4.2). The refinement was done on the basis of 
the magnetite structure (space group Fd-3m) published by Wechsler  
et al.[35] and the maghemite structure (space group P4132) published by 
Pecharroman et al.[34]

Raman spectra were acquired using a LabRam HR800 (Horiba 
JobinYvon) coupled to a BX41 microscope (Olympus) with a 100x 
objective (spot size 1 µm). The Raman scattered light was detected by 
a liquid nitrogen-cooled CCD detector (1024 × 256 pixels, Horiba). For 
excitation, an internal HeNe laser (λ = 632.8 nm) was used, which was 
attenuated to about 0.1 mW. A grating with 300 lines mm−1 was used 
as a monochromator. Spectra were acquired by averaging five spectra 
measured 20 s each. Since silicon substrates induce a strong Raman 
signal, titanium substrates were employed instead.

The surface area was determined by Kr-sorption measurements, 
which were performed with an Autosorb-iQ instrument (Quantachrome) 
at 77 K. The film samples were degassed in vacuum at 150 °C for 2 h 
prior to physisorption measurement. The surface area was calculated 
using the BET method.

Magnetic measurements were performed on a SQUID magnetometer 
(MPMS 3; Quantum Design). Thin film samples on silicon (5 × 10 mm) 
were glued on a quartz glass sample holder using GE varnish and the 
magnetization was measured as a function of field and temperature. The 
hysteresis as a function of magnetic field was measured at 100 and 300 K  
in a field range from −30 to 30 kOe. The saturation magnetization MS 
was determined by averaging the magnetization between 25 and 30 kOe. 
For the zero field cooled temperature dependence measurements, the 
samples were cooled from 400 to 5 K with zero applied field. Then  
the magnetization was measured upon heating in a field of 500 Oe. For 
the field cooled measurement the procedure was analogous, but during 
cooling a field of 500 Oe was applied. The temperature-dependent 
measurements deliver the blocking temperature (TB) as transition from 
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ferri- to superparamagnetism. To separate the magnetic behavior of the 
sample from that of the instrument’s superconducting magnet itself 
and from that of the silicon substrate, these background signals were 
examined by measuring the paramagnetic substance TmB4

[48] and the 
silicon substrate. The results were summarized in Figure S7 (Supporting 
Information).

To determine the films’ mass for mass normalization, the iron oxide 
films were dissolved and the concentration of iron was determined by 
optical emission spectroscopy in an ICP-OES 715 ES (Varian). The films 
were dissolved in an aqueous HCl solution (HCl 37 wt%, 10 mL) while 
being stirred for 3 h at 25 °C. For normalization to oxide mass, ideal iron 
oxides masses of Fe2O3 and Fe3O4 were assumed.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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S 1. Direct reduction of ferrihydrite and hematite 

 
Figure S 1: Direct reduction (350 °C, 10 h, H2/Ar) of ferrihydrite and hematite in H2/Ar. The upper row 
shows a reduced ferrihydrite film (250 °C, 1 h, air), the lower row represents a reduced hematite sample 
(250 °C, 1 h, air + 550 °C, 10 min, air). The morphology is characterized by SEM (a/d) and SAXS (b). The 
crystallinity is examined by grazing incident XRD (c/e). 
 
Direct reduction of ferrihydrite (250 °C, 1 h, air) is performed at 350 °C, 10 h in H2/Ar (4 %). 
SEM shows strong sintering and loss of the templated pore structure (Figure S 1a). SAXS 
(Figure S 1b) shows nearly no ordered periodic distances, which supports the interpretation of 
SEM images. XRD (Figure S 1c) reveals a cubic iron oxide phase as dominant crystal 
structure, i.e. maghemite or magnetite, but also a high content of hematite is present. 
The reduction of hematite (250 °C, 1 h, air + 550 °C, 10 min, air) at 350 °C, 10 h in H2/Ar 
(4 %) results as well in a strongly sintered morphology in SEM (Figure S 1d). The XRD 
shows a complete transformation into cubic iron oxide (Figure S 1e). 
The direct reduction of ferrihydrite and hematite leads to strong sintering and loss of the 
templated mesoporosity at 350 °C in H2/Ar (4 %). 
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S 2. Characterization of the starting material (250 °C, 1 h, air) 

 
Figure S 2: Morphological and structural characterization of the initially formed ferrihydrite (250 °C, 1 h, 
air). The local morphology is analyzed by top-view SEM (a), cross-section SEM (b) and TEM (c). The 
crystallinity is characterized by SAED (d), grazing incidence XRD (e) and Raman spectroscopy (f). The 
long range order is investigated by SAXS with an angle between surface and beam of β=90° (g) and β=10° 
(h). 
 
Figure S 2 shows the characterization of stabilized ferrihydrite (250 °C, 1 h), which serves as 
precursor for further crystallization of maghemite and maghemite/ magnetite. 
The local morphology is examined by SEM (Figure S 2a and b) and TEM (c). An ordered 
mesoporous structure is apparent with fine grained pore walls. The porosity expands through 
the whole film volume. SAXS measurements shows for β=90° (Figure S 2g) a ring supporting 
the ordered porosity with periodic distances of d=14 nm. This distance is calculated from the 
reciprocal space with the equation d=2π/q. The measurement with β=10° (Figure S 2h) 
depicts an elliptical shape indicating a shrinkage of the pore system along the z-axis. The 
completeness of the ellipse can be interpreted that no sintering occurred. 
The crystallinity is determined by electron (Figure S 2d) and X-ray diffraction (Figure S 2e) 
as well as by Raman spectroscopy (Figure S 2f). Electron diffraction shows broad diffuse 
rings, which can be attributed to ferrihydrite.[1] XRD indicates no specific reflections, which 
underlines the low crystallinity of this iron material. Raman spectrum showes broad, low 
intensity vibrational bands, which are identified to belong to ferrihydrite.[2] 
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S 3. Characterization of hematite (550 °C, 10 min, air) 

 
Figure S 3: Morphological and structural characterization of hematite (250 °C, 1 h, air + 550 °C, 10 min, 
air). The local morphology is analyzed by top-view SEM (a), cross-section SEM (b) and TEM (c). The 
crystallinity is characterized by SAED (d), grazing incidence XRD (PDF: 33-0664) (e) and Raman 
spectroscopy (f). The long range order is investigated by SAXS with an angle between surface and beam of 
β=90° (g) and β=10° (h). 
 
Figure S 3 shows the characterization of hematite (250 °C, 1 h + 550 °C, 10 min, air). 
The local morphology is examined by SEM (Figure S 3a and b) and TEM (c). An ordered 
mesoporous structure is apparent with coarsened pore walls. Sintering of the material 
occurred that a grid-like structure is present as seen from the microscopy data. This 
morphology occurs through the whole film volume. SAXS measurements shows for β=90° 
(Figure S 3g) a ring supporting the ordered porosity with a periodic distance of d=14 nm. This 
distance is calculated from the reciprocal space with the equation d=2π/q. The measurement 
with β=10° (Figure S 3h) depicts only very little scattered intensity at the x-y-distances, for 
the z-distances no scattering is observed, which confirms the sintered grid-like structure. 
The crystallinity is determined by electron (Figure S 3d) and X-ray diffraction (Figure S 3e) 
as well as by Raman spectroscopy (Figure S 3f). Electron diffraction shows defined 
diffraction spots, which can be assigned to hematite. XRD as well shows the diffraction 
pattern of hematite. Raman shows defined vibrational modes for hematite as well.[2-3] 
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S 4. Further characterization of sample (i) and (ii) 

 
Figure S 4: Additional characterization of mesoporous maghemite and maghemite/ magnetite. The upper 
row shows characterization of film calcined in N2 ((i) N2 350 °C), the lower row represents a sample 
calcined in N2 and H2/Ar ((ii) N2 400 °C, H2/Ar 350 °C). a) depicts SAXS measurements with an angle 
between sample surface and beam of β=90° and β=10°. b/d) show the Rietveld analysis of the XRD 
measurements. The measured diffractogram is shown in gray, the fit (with and without background 
correction) in red and the residues in black. c/e) show high resolution TEM images with the respective 
FFT analysis to determine atomic distances. 
 
The materials (i) (N2, 350 °C) and (ii) (N2, 400 °C + H2/Ar, 350 °C) are further characterized 
in terms of morphology and crystallinity. 
The material (i) is investigated by SAXS measurements with β=90° and 10° between sample 
surface and incident beam (Figure S 4a; calcined at 350 °C, 10 h, N2). The measurement 
β=90° reveals an ordered porosity with 14 nm periodic distance. This distance is calculated 
from the reciprocal space in Figure S 4a with the equation d=2π/q. The measurement β=10° 
yields an elliptical shape, which indicates a pore shrinkage in the z-direction. The phase 
assignment of material (i) to maghemite is underlined by the Rietveld analysis of the 
measured XRD (Figure S 4b). The fit in red results in a lattice parameter of the cubic unit cell 
of a=(8.333±0.007) Å. In HR-TEM (Figure S 4c) spacings of lattice fringes can be determined 
by FFT analysis (inset). Those are d400=2.09 Å, d311=2.52 Å, and d220=2.97 Å. 
For material (ii), the Rietveld refinement results in a=(8.351±0.005) Å (Figure S 4d). The 
spacings of lattice fringes are determined from HR-TEM (Figure S 4e) by FFT. They result in 
d400=2.09 Å, d311=2.53 Å, d220=2.99 Å, and d111=4.85 Å. 
The Rietveld analysis as well as the spacings of lattice fringes show larger values for material 
(ii) compared to material (i). This indicates an expansion of the unit cell, which corresponds 
to the partly reduction to magnetite.
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S 5. Area normalized magnetic data 
 

 
Figure S 5: Normalization of the magnetic data to the geometric area of sample (i) maghemite and (ii) 
maghemite/magnetite. a/c) show the field dependent magnetization hysteresis measured at 100 K and at 
300 K. b/d) show temperature dependent magnetization behavior in zero field (zfc) and field cooled (fc) 
measurements with an applied field of 500 Oe during heating. 
 
The magnetic data can be either normalized to mass or to geometric area. The main 
manuscript shows the mass normalized data to compare to other morphologies of iron oxide. 
Here, the area normalized data are shown. 
Film thickness can be determined from Figure 1 b) and f). For sample (i) a thickness of ca 120 
nm is measured in cross-section SEM, sample (ii) shows a thickness of ca 80 nm. 
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S 6. Calcination in N2 (400 °C, 2 h, N2) 

 
Figure S 6: Morphological and structural characterization of maghemite formed as pre-phase of 
maghemite/magnetite (400°C, 2h, N2). The local morphology is analyzed by top-view SEM (a), cross-
section SEM (b) and TEM (c). The crystallinity is characterized by SAED (d), grazing incidence XRD (e) 
and Raman spectroscopy (f). The long range order is investigated by SAXS with an angle between surface 
and beam of β=90° (g) and β=10° (h). 
 
The main text shows the formation of maghemite at 350 °C in N2. Also calcination at 400 °C 
in N2 leads to maghemite as Figure S 6 presents. 
The morphology is determined by SEM (Figure S 6a and b), TEM (Figure S 6c) and SAXS 
(Figure S 6g and h). Top-view SEM shows a grid-like structure with beginning sintering 
effects. This sintering is also proved in cross-section and TEM. SAXS at β=90° (Figure S 6g) 
shows a ring with a periodic distance of d=14 nm. The measurement at β=10° (Figure S 6h) 
shows still the distances in x-, y-direction, but the intensity for the z-direction disappeared, 
supporting the sintering observed in microscopy. 
Crystal phase is determined by SAED (Figure S 6d), XRD (Figure S 6e), and Raman 
spectroscopy (Figure S 6f). The SAED pattern can be attributed to a cubic iron oxides phase, 
i. e. maghemite or magnetite. The XRD proves this as well with a lattice parameter of 
a=(8.333±0.005) Å (Rietveld refinement), indicating maghemite as crystal phase. Raman 
spectrum shows three vibrational bands, corresponding to this interpretation. 
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S 7. Determination of magnetic background signals of superconducting magnet and 
silicon substrate 

 
Figure S 7: Measurement of the instrumental magnetic background signals. a) shows the instrument 
specific field dependent magnetization of the magnetometer and b) a magnified inset. TmB4 at 300 K is a 
paramagnet. The material was used to evaluate the accuracy of the field setting of the MPMS 3 magnet in 
a magnetic field from -5 to 5 kOe at 300 K. The background signal caused by the silicon substrate is 
shown in c) for field dependent and d) for temperature dependent measurements. 
 
To measure the instrument specific background of the MPMS 3, a paramagnetic standard, 
TmB4 (TN=12 K), is measured in field dependent experiments (Figure S 7 a and b). It turned 
out that the helium cooled super conducting magnet shows an offset of the applied field and 
the reported field. This offset simulates a hysteresis, which runs inverse to that reported for 
ferri- and ferromagnetic materials. This behavior is attributed to the remanence of the super 
conducting magnet.[4] The same reference gives a more detailed description of this 
phenomenon. The MPMS3 superconducting magnet used here shows an offset of 30 Oe in 
each direction. 
To exclude substrate effects, we measure a blank silicon substrate of similar size with the 
same measurement procedure compared to the iron oxide films on silicon. The field and 
temperature dependent magnetic characteristics are shown in Figure S 7c and d.  
Figure S 7c) shows the field dependent magnetic behavior in a magnetic field range of -5 to 
5 kOe. Si shows the very weak magnetic behavior of a diamagnetic material. As expected for 
a diamagnetic material the magnetization decreases with increasing field and is thus contrary 
to the ferrimagnetic iron oxides. The absolute magnetization intensity of Si is more than a 
factor of 20 below the magnetic answer of the iron oxide film and thus effects the magnetic 
response of the oxides only marginally, and if any, the iron oxide signal is decreased. 
Figure S 7d) shows the temperature dependent magnetic response of the silicon substrate. 
Over the temperature range from 5 to 400 K no significant magnetic response is measured. 
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mesoporous metal oxide thin films by the 
evaporation-induced self-assembly (EISA) 
approach.[14–17] However, the stabilization 
of the pore network against sintering at 
high temperatures remains challenging so 
far. Reported approaches include the use 
of a block copolymer presenting a higher 
temperature stability,[17,18] complex tem-
perature treatments during the calcina-
tion,[16,19] or the wet-chemical modification 
to prevent the collapsing of the mesostruc-
ture before its crystallization.[13]

Iron oxides feature a wide range of 
practical applications. Several iron oxide 
phases have been synthesized with 
templated mesoporosity, that is, hema-
tite,[20–23] goethite,[18] maghemite,[24,25] 
magnetite,[24,26] and ferrihydrite.[6,23,27] 
Due to its very high surface area, sorp-
tion capacity, abundance, and nontoxicity 
ferrihydrite is applied, for example, as 
sorbent material for heavy metal contami-
nants[4,5,28–30] and volatile compounds.[6,7] 
However, ferrihydrite also features a 

low crystallinity[31] and nanostructured morphology,[32] which 
is closely related to the high number of accessible iron spe-
cies. Ferrihydrite has been reported with different crystallinity, 
featuring either two or six reflections in its X-ray diffraction 
(XRD) pattern, referred to as 2-line-ferrihydrite and 6-line-fer-
rihydrite.[27] However, at elevated temperature it converts into 
hematite.[23] This conversion has been so far always accom-
panied by significant crystallite growth, and thus results in 

The stabilization of crystal phases and nanostructured morphologies is an 
essential topic in application-driven design of mesoporous materials. Many 
applications, e.g. catalysis, require high temperature and humidity. Typical 
metal oxides transform under such conditions from a metastable, low crystal-
line material into a thermodynamically more favorable form, i.e. from ferrihy-
drite into hematite in the case of iron oxide. The harsh conditions induce also 
a growth of the crystallites constituting pore walls, which results in sintering 
and finally collapse of the porous network. Herein, a new method to stabi-
lize mesoporous templated metal oxides against sintering and pore collapse 
is reported. The method employs atomic layer deposition (ALD) to coat the 
internal mesopore surface with thin layers of either alumina or silica. The 
authors demonstrate that silica exerts a very strong influence: It shifts hematite 
formation from 400 to 600 °C and sintering of hematite from 600 to 900 °C. 
Differences between the stabilization via alumina and silica are rationalized by a 
different interaction strength between the ALD material and the ferrihydrite film. 
The presented approach allows to stabilize mesoporous thin films that require 
a high crystallization temperature, with submonolayer quantity of an ALD mate-
rial, and to apply mesoporous materials for high temperature applications.

Functional Coatings

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/admi.201800360.

K. Kraffert, Dr. R. Schmack, Dr. R. Kraehnert
Department of Chemistry
Technische Universität Berlin
Strasse des 17.Juni 124, D 10623 Berlin, Germany
E-mail: ralph.kraehnert@tu-berlin.de
Dr. M. Karg, Dr. G. Clavel, Prof. N. Pinna
Department of Chemistry and IRIS Adlershof
Humboldt-Universität zu Berlin
Brook-Taylor-Str. 2, D 12489 Berlin, Germany
E-mail: nicola.pinna@hu-berlin.de

Dr. C. Boissiere
Sorbonne Universités
UPMC Univ Paris 06
CNRS
Collège de France
UMR 7574
Chimie de la MatièreCondensée de Paris, F-75005 Paris, France
T. Wirth
BAM – Federal Institute for Materials Research and Testing
Unter den Eichen 44-46, D 12203 Berlin, Germany

1. Introduction

Mesoporous materials show very high surface-to-volume ratios, 
which is beneficial for applications where the surface area limits 
the reaction rate. This includes adsorption-based applications 
such as sensors[1–3] and sorbent materials[4–8] as well as hetero-
geneous catalysis and electrocatalysis.[9–13] In the past decade, 
a large number of studies have focused on the preparation of 
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significantly lower surface area and number of accessible iron 
sites.

Several studies report the stabilization of iron oxide phases 
via insertion of high amounts of Si atoms into the struc-
ture.[33,34] Campbell et al.[33] coprecipitated Si-ferrihydrite with 
molar ratios of Si/(Si+Fe) = 0.27 as starting material. The tem-
perature of the phase transition to hematite increased by 400 K. 
Chanéac et al.[34] applied Si coatings to maghemite particles 
with Si:Fe ratios of 0.6:1 and 6:1. Here, a phase transition to 
other oxides under oxidizing conditions was shifted by more 
than 300 K. The amount of the introduced heteroatoms is rel-
atively high, so not only the phase stability is influenced but 
possibly also other physicochemical properties. As an example, 
Tüysüz et al.[27] stated that the addition of Si (introduced as 
hard template for mesostructuration) decreased the magnetic 
response of ferrihydrite. In order to retain the properties of the 
original iron oxide, it is desirable to minimize the amount of Si, 
and to confine its presence to the materials surface.

Besides phase stabilization, also the preservation of the 
mesoscopic structure and high surface area are important 
for the application of nanostructured materials.[9] Due to its 
bandgap of 1.9–2.2 eV[10] transition metal doped hematite is a 
highly interesting material for photocatalysis. Mesostructura-
tion proved to be favorable, since short diffusion pathways of 
charges to the electrolyte are possible at film thicknesses of 
several hundred nm.[9,13] To obtain a hematite film exhibiting 
an acceptable electrical conductivity by activating the impurity 
ions, high annealing temperatures are required.[13] However, 
this annealing causes the sintering and collapsing of the meso-
structure. Toussaint et al.[13] demonstrated that a silica scaffold 
can prevent hematite sintering up to 850 °C. Glasauer et al.[35] 
also concluded that coprecipitation of ferrihydrite with low 
amounts of silica reduces sintering. A similar stabilizing effect 
has also been reported for, for example, alumina coatings onto 
mesoporous zirconia.[36]

Herein, we show that atomic layer deposition (ALD) can 
conformally coat the internal surface of mesoporous ferrihy-
drite films with a low amount of silica and alumina. Due to its 
self-limiting surface reactions, ALD is the technique of choice 
for the conformal coating of nanostructured and high aspect 
ratio materials such as mesoporous thin films.[37–39] Mahurin 
et al.[40] reported the modification of mesoporous silica with 
TiO2 by ALD. Also Dendooven et al.[41–43] investigated the 
ALD in mesopores and demonstrated the ability to tune the 

material’s pore morphology. For example, it was shown that the 
pore size in mesoporous TiO2 films could be precisely tuned 
by ALD of TiO2 or HfO2.[43] Poroellipsometry studies of TiO2 
ALD into a mesoporous silica film showed that the pore size 
decreases homogeneously with increasing the number of ALD 
cycles. This indicates that in many cases no condensation of the 
precursor or pore clogging occurred.[42] Such a behavior was 
also confirmed by in situ grazing incidence small angle X-ray 
scattering (SAXS) experiments, although pore clogging at the 
bottlenecks occurred after several cycles.[41] Also other mate-
rial systems such as mesoporous silica coated with aluminum 
oxide were successfully prepared by ALD.[44] The ALD modifica-
tion and stabilization of mesoporous hematite and ferrihydrite 
have not been reported before.

In this work, we coat mesoporous ferrihydrite films with 
low amounts of SiO2 and Al2O3 by ALD (from 1 to 20 ALD 
cycles) in order to stabilize both: the ferrihydrite phase and 
the mesoporous network after phase transition to hematite. 
After investigating the influence of the surface modification 
on the mesoporous ferrihydrite film in terms of morphology 
and crystallinity, we show that one SiO2 ALD cycle (less than 
a SiO2 monolayer) is enough to increase the phase transition 
temperature of ferrihydrite to hematite and to dramatically 
improve the stability of the mesoporous structure, preventing 
it from collapsing during sintering up to 800 °C. This process 
opens the way to crystallize mesoporous thin films made of 
metal oxides which require a high crystallization temperature 
and to stabilize mesoporous materials for high-temperature 
applications.

2. Results and Discussion

2.1. Characterization of the ALD Process

Scheme 1 summarizes the developed approach. Mesoporous 
soft-templated ferrihydrite films were obtained from an EISA-
based synthesis via dip-coating of a precursor solution of a 
PEO-PB-PEO triblock-co-polymer[45] and iron nitrate as iron 
source. The films were calcined in two steps, that is, stabili-
zation of the mesophase (250 °C, 1 h, air) and crystallization 
to ferrihydrite (400 °C, 10 min, air). The calcined films were 
then modified by coating the mesopore system with different 
amounts (cycle numbers) of either Al2O3 or SiO2 via ALD. 

Adv. Mater. Interfaces 2018, 5, 1800360

Scheme 1. Schematic depiction of the sample processing. Dip-coating and thermal treatment are applied to prepare a mesoporous ordered ferrihydrite 
film. This film is covered with various amounts of SiO2 or Al2O3 by atomic layer deposition. By variation of calcination temperature, the stability of 
ferrihydrite (FH) and of the mesoporous network after transition to hematite (HEM) is examined.
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Subsequent calcination tests at temperatures ranging from 
400 to 900 °C were used to assess the effect of the ALD-derived 
coating on the thermal stability of the mesoporous iron oxide 
phases.

Figure 1 reports scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM), and selected area electron 
diffraction (SAED) analysis of the ALD-modified mesoporous 
iron oxide films. Uncoated samples (column a) are compared to 
ferrihydrite exposed to one cycle of Al2O3 (column b) and one 
cycle of SiO2 (column c). Columns (d) and (e) report data for sam-
ples coated by 4 and 20 cycles of SiO2 ALD. Data on Al2O3 dep-
osition with larger number of cycles can be found in Figure S1  
(Supporting Information).

The uncoated sample shows a clear contrast between pores 
and pore walls in SEM images (Figure 1a1). The porosity is 
highly ordered, as visible from TEM and SEM (Figure 1a1,2). 
Fast Fourier transformation (FFT) of the SEM top view image 
(inset Figure 1a1) indicates a periodic distance of 14 nm. By 
SAED, information about the crystal phase is obtained. The 
diffraction pattern (Figure 1a3) clearly shows two rings and an 
additional shoulder. In comparison to the literature[23,46] this 
pattern can be assigned to the 2-line-ferrihydrite phase. The 
analysis of the thermal decomposition behavior of the template 
by thermogravimetric analysis (TGA) (Figure S2, Supporting 
Information) indicates that the template should be mostly 
decomposed after the temperature treatment of 250 °C, 1 h + 
400 °C, 10 min, which was applied to form ferrihydrite. After 
one Al2O3 ALD cycle the mesoporosity as well as the periodic 
distance determined from top-view SEM images (Figure 1b1) 
are well preserved. Also TEM images (Figure 1b2) do not show 
significant changes of morphology. SAED (Figure 1b3), which 
is very sensitive for other crystal phases,[23] does not show any 

indications of changed crystal phase or crystallinity. Similar to 
Al2O3 ALD, one SiO2 ALD cycle does not affect the morphology 
(SEM/TEM; Figure 1c1/2) and crystallinity (Figure 1c3) in a 
measurable way. Hence, the ferrihydrite phase is retained in 
both cases.

The mesoporous ferrihydrite phase and its low crystallinity 
is also preserved for repeated SiO2 ALD cycles as shown in col-
umns (d) and (e) for 4 and 20 SiO2 ALD cycles and evidenced 
by SEM/TEM (Figure 1d1/2,e1/2) and SAED (Figure 1d3,1e3). 
Repeated cycles of Al2O3 ALD (2, 5, and 10 cycles) (see 
Figure S1, Supporting Information) result in charging effects 
during SEM analysis, but there are also indications of over-
coating on top of the mesoporous film. Also the corresponding 
SAED patterns do not show significant changes in the phase 
specific reflections. Complementary to the local phase identi-
fication by SAED (diameter of measurement region 190 nm), 
also grazing-incidence XRD as bulk method indicates a phase 
of low crystallinity for the initial materials (250 °C, 1 h + 
400 °C, 10 min + optional ALD), which corresponds well with 
the assumption of low crystalline ferrihydrite (see Figure S3, 
Supporting Information).

Dosing gaseous substances into meso- and nanoporous 
materials bares the risk of condensation of these substances 
within the pores. In terms of ALD, the condensation of gas-
eous metal precursors could cause nonconformal deposition 
of metal oxides, therefore clogging the pores and leading to an 
inhomogeneous deposition throughout the film volume with 
a gradient from the outer surface to the underlying material. 
To confirm the homogeneous deposition throughout the film, 
we performed poroellipsometry and energy-dispersive X-ray 
spectroscopy (EDX) for Al2O3 and SiO2, as well as Auger elec-
tron spectroscopy (AES) for SiO2 (Figure 2).

Adv. Mater. Interfaces 2018, 5, 1800360

Figure 1. Investigation of the ALD process on morphology and crystallinity of the ferrihydrite film. The morphology is characterized by SEM (row 1) and 
TEM (row 2). The low crystallinity of ferrihydrite is measured by SAED (row 3) and compared to ferrihydrite characterized by Janney et al.[46] Column  
a) An uncoated ferrihydrite film, column b,c) Characterization of films coated with one ALD cycle of Al2O3 and SiO2, respectively. Columns  
d,e) Ferrihydrite films coated with larger number of SiO2 ALD cycles, that is, 4 and 20 cycles.
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Poroellipsometry was measured using ethanol as a sorbent 
in order to analyze pore size distributions before and after dep-
osition of one ALD cycle of Al2O3 and SiO2. Figure 2a depicts 
the obtained data. Sorption analysis indicates a pore diameter 
of 3.4 nm for the uncoated ferrihydrite films. It should be 
noted that this value corresponds to the smallest dimension of 
the templated mesopores, that is, the direction perpendicular 
to the substrate. As common for EISA-derived films, the pores 
have an elliptical shape with a larger diameter in the x–y plane 
and smaller diameter in z-direction resulting from uniaxial 
film shrinkage during calcination.[23] Although, also the larger 
dia meter parallel to the substrate could be calculated from a 
combination of previous SAXS measurements and poroellip-
sometry (see ref. [23] for SAXS and ref. [47] for calculation), we 
focus on the smallest pore dimension in order to analyze the 
changes induced by ALD. After one cycle of SiO2 the mesopores 
decrease in size and show a slightly narrower size distribution 
(Figure 2a). The decrease in mesopore size indicates a coating 
of the mesopore walls. Compared to silica, the decrease in 
mesopore size is smaller for alumina ALD. Since typical growth 
rates per cycle of Al2O3 ALD process (1.2 Å cycle−1) are about 
twice the growth rates of SiO2 ALD, alumina deposition not 
exclusively on the mesopore walls during the first cycle is likely.

The relative atomic concentrations measured by EDX with 
a SEM as a function of the number of ALD cycles support this 
interpretation (Figure 2b; see Figure S4, Supporting Informa-
tion, for additional data on O and C). For the evaluation, the 
spectra (see Figure S4, Supporting Information) were fitted 
and the relative atomic concentrations of the elements present 
were normalized to Fe. The EDX spectra were measured with 
an excitation voltage of only 3 keV in order to excite only the 
iron oxide film of a thickness of about 100 nm without exciting 
the underlying substrate. The uncoated ferrihydrite (cycle 0) 
does not contain any Al (cAl_0 = 0.0) (Figure 2b). However, small 
amounts of Si are detected due to the underlying silicon sub-
strate (cSi_0 = 0.12). The amount of detected Si increases with 
the number of SiO2 ALD cycles from cSi_1 = 0.19 (1 cycle) in an 
almost linear fashion to cSi_4 = 0.26 (4 cycles) and cSi_20 = 0.50 
(20 cycles), suggesting the desired linear and self-limiting 
growth behavior of silica within the mesopores. In contrast, 

one Al2O3 cycle induces a rather strong increase in the relative 
amount of Al to cAl_1 = 0.26. The Al amount increases further 
to cAl_5 = 0.39 and cAl_10 = 0.43 after 5 and 10 ALD cycles. The 
large increase within the first cycles corroborates the interpreta-
tion that within the first few cycles not only mesopores but also 
a significant fraction of the micropores is coated with Al2O3, 
possibly due to pore condensation.

To acquire additional information about the homogeneity of 
the coating throughout the film thickness, we performed Auger 
electron spectroscopy depth profiling on a ferrihydrite film 
coated with one cycle SiO2 (Figure 2c). Characteristic O (KLL), 
Si (LVV), and Fe (LMM) Auger transitions were detected (see 
Figure S5, Supporting Information). The energy position of the 
characteristic peaks gives not only information on the elements 
present but also about the chemical binding (see Figure S5,  
Supporting Information). The strength of this technique is the 
small information depth of only a few nanometers. Figure 2c 
shows the depth profile of a ferrihydrite film coated with one 
cycle of SiO2. The depth profile shows a constant intensity for 
Fe in an oxide environment, corresponding to the ferrihydrite 
film within the first 80 nm. Additionally, for the first 80 nm a 
constant amount of Si in SiOx is found, which can be attributed 
to the deposition of SiO2. From the constant amount of Si in 
SiOx throughout the film thickness, a homogeneous coating of 
SiO2 without any condensation of the precursor on top of the 
film can be concluded. Elemental Si is detected as noise in the 
first 80 nm since it is positioned as shoulder in the SiOx peak 
(see Figure S5, Supporting Information). Also, oxygen shows a 
constant concentration within the first 80 nm of the depth pro-
file. After 80 nm, Fe in FeOx, Si in SiOx, and O decrease to zero 
intensity, whereas the signal for elemental Si is steeply rising, 
indicating that the substrate (Si wafer) is reached.

2.2. Stabilization of the Ferrihydrite Phase and the Porous 
Framework

The changes in thermal stability of the mesoporous ferrihy-
drite induced by the ALD coating were studied by exposing 
uncoated and coated samples (1 cycle, cAl_1 = 0.26 and 

Adv. Mater. Interfaces 2018, 5, 1800360

Figure 2. Distribution and concentration of the introduced heteroatoms within the film. a) Pore size distribution as determined by poroellipsometry 
for an uncoated ferrihydrite film and ferrihydrite films coated with one ALD cycle of Al2O3 and SiO2. b) The atomic ratio of Al, Si, and Fe normalized to 
Fe for different number of cycles of Al2O3 and SiO2 ALD determined by EDX. The at% were determined by EDX (measured at 3 keV). c) An AES depth 
profile for O, Fe in FeOx, Si in SiOx, and elemental Si for a ferrihydrite film coated with one SiO2 ALD cycle.
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cSi_1 = 0.19) to a systematic series of thermal treatments in air. 
Figure 3 compares SEM, high-resolution TEM (HRTEM), and 
SAED patterns for heat treatments of uncoated ferrihydrite 
(first block), Al2O3-coated ferrihydrite (second block), and SiO2-
coated ferrihydrite (third block) after exposure to air at temper-
atures ranging from 400 to 900 °C. Column (a) characterizes 
as-prepared ferrihydrite samples (250 °C, 1 h + 400 °C, 10 min) 
without and with one cycle of respective ALD coating. Columns 
(b)–(g) show the respective samples after additional heat treat-
ments between 400 and 900 °C. The applied labels summarize 
the obtained nanostructures and phases. “mp” represents the 
unchanged mesopore structure, whereas “sint” indicates sin-
tering. The phases identified via SAED are labeled as “FH” for 
ferrihydrite and “HEM” for hematite.

The morphology of the uncoated ferrihydrite (first block), 
after calcination at 400 °C for 5 h, is mostly unchanged although 
it displays a more sintered wall structure (Figure 31b1). The 
6 nm pore openings are still visible. In HRTEM lattice fringes 

are detected, indicating a crystalline material (Figure 31b2). 
Also the SAED pattern shows well-defined reflections that 
can be assigned to hematite (Figure 31b3). XRD evidences the 
presence of hematite (Figure S6.1, Supporting Information). 
A comparable morphology is also detected after calcination at 
500 °C for 1 h (Figure 31c1–c3). With increasing calcination 
temperatures, the sintering effect becomes stronger with a 
clear increase of the particle size and a progressive loss of the 
mesoporosity (Figure 31d1–g1). In the HRTEM images, crystal-
lite sizes of several tens of nm are observed (Figure 31d2–1g2). 
Also the few reflections in the SAED pattern (e.g., 700 °C: 
Figure 31e3) indicate the presence of only few crystallites within 
the investigated area (diameter ≈ 200 nm). Crystallite size esti-
mations from XRD (Scherrer equation) (Figure S6.2, Sup-
porting Information) confirm the sintering of crystallites from 
initially 24 nm at 400 °C to 86 nm at 900 °C.

Al2O3-coated ferrihydrite samples (second block) show, 
after calcination at 400 and 500 °C, the typical morphology of 
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Figure 3. Comparison of uncoated ferrihydrite (FH), as well as Al2O3 and SiO2-coated ferrihydrite films (one cycle) denoted as FH + 1 cyc Al2O3 and  
FH + 1 cyc SiO2 after various temperature treatments from 400 to 900 °C. The morphology is characterized by SEM and TEM, the crystallinity is studied 
by SAED and compared to the diffraction pattern of ferrihydrite[46] and hematite (pdf: 00-33-0664). Column a) The initial sample, columns b–g) various 
calcination temperatures from 400 to 900 °C. “mp” represents a mesoporous morphology and “sint” a sintered structure.
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ferrihydrite (Figure 32b1/2c1). TEM images (Figure 32b2/2c2) 
and SAED patterns (Figure 32b3/2c3) are characteristic for 
a low crystalline material with a preserved ferrihydrite struc-
ture. XRD (Figure S6.1, Supporting Information) confirms 
the low crystallinity of the material. At 600 °C, the pore walls 
become more crystalline (Figure 32d1/2d2) and better-defined, 
and intense diffraction rings (Figure 32d3) corresponding to 
hematite are observed. The XRD patterns (Figure S6.1, Sup-
porting Information) display broad hematite reflections. These 
experiments prove a stabilizing effect of the Al2O3 coating on 
ferrihydrite with a shift of the transition temperature of 200 K 
compared to the uncoated sample. At higher temperatures 
(700–900 °C) sintering occurs with crystallite sizes growing 
from 31 nm (600 °C) to 47 nm (900 °C) (Figure S6.2, Sup-
porting Information), which differs strongly from that observed 
for the uncoated film. The formerly mesoporous surface is now 
transformed into a compact layer (Figure 32e1/2f1/2g1). Cross-
section SEM (Figure S7, Supporting Information) proves that a 
mesoporous region can still be found below the more compact 
surface layer. EDX under a TEM (Figure S8, Supporting Infor-
mation) shows that the surface layer contains a lower amount 
of Al compared to the porous material below. This inhomoge-
neous Al distribution is not observed for Al2O3-coated ferrihy-
drite without further thermal treatment. Possible reasons are 
discussed below when compared to the SiO2-coated samples.

The SiO2-coated samples (third block) calcined at 400 
and 500 °C show the typical ferrihydrite phase and mor-
phology with small crystallites and pores of ca. 6 nm (SEM/
TEM Figure 33b1/3b2,3c1/3c2) and low crystallinity (SAED, 
Figure 33b3,c3). The low crystallinity of the film is also con-
firmed by XRD (Figure S6.1, Supporting Information). At 
600 °C a phase transition takes place without loss of the 
mesoporous structure (SEM/TEM, Figure 33d1/ 3d2; SAED, 
Figure 33d3; XRD, Figure S6.1, Supporting Information). The 
preserved mesoporous structure also results in smaller hematite 
crystallites varying between 26 nm (600 °C) and 34 nm (900 °C) 
(Figure S6.2, Supporting Information). From these data we con-
clude that similar to Al2O3, the SiO2 coating stabilizes the fer-
rihydrite phase and the transition is shifted by 200 K. On the 
other hand, one cycle SiO2 ALD also stabilizes the mesoporous 
structure more efficiently. Indeed, the film does not sinter up to 
800 °C, sintering is observed only at 900 °C (Figure 33g1). An 
investigation of the cross section of a film calcined at 700 °C 
proves that the porosity is still preserved throughout the whole 
film (Figure S7, Supporting Information).

In summary, ALD coatings of Al2O3 and SiO2 on 
mesoporous iron oxide show a different stabilization behavior. 
Although both similarly stabilize the low crystalline ferrihydrite 
phase, only the SiO2 coating also stabilizes the mesoporous 
morphology of the newly formed hematite phase against sin-
tering. The reason for this might be due to the different inter-
action strengths of the mesoporous FeOx with the Al2O3 and 
SiO2 coatings. The cross sections of thermally treated samples 
(Figures S7 and S8, Supporting Information) indicate that the 
interaction between Al2O3 and the mesoporous FeOx is lim-
ited to the stabilization of the ferrihydrite phase, but does not 
stabilize the porous morphology after transformation. During 
crystallization to hematite, the formation of larger hematite 

crystallites is preferred and leads to a segregation between 
Al2O3 and Fe2O3, resulting in a compact layer with lower Al 
content on top of a stabilized mesoporous Fe2O3 with a higher 
Al content.

SiO2 instead shows a stronger chemical interaction, there-
fore does not segregate and stabilizes the hematite phase from 
sintering throughout the film thickness. The strength of the 
interaction between the α-Fe2O3 material and the coatings can 
be estimated by employing the oxo-basicity concept.[48,49] The 
strength of this concept lies in the universality of application, 
for example, for the explanation of catalytic activity of oxides 
in aqueous media[50–52] or the different interaction strengths 
of lattice oxygens in doped or undoped oxides.[53] Portier 
et al.[54] linked different oxide-basicity scales to the electronic 
structure.

This concept refers to the ability of an oxide to act as O2− 
donor or acceptor, analogously to the well-known Brønsted 
acid-base concept of the proton transfer between acids of dif-
ferent strength. In the case of oxo-basicity, the strength of 
chemical interaction between two metal oxides increases with 
increasing difference of the O2−-donor–acceptor properties. 
Basicity values can be estimated based on thermodynamic 
data[55] or electron negativity,[54,56] where those calculated from 
thermodynamic data should be preferred.[56] The Smith basicity 
values from thermodynamic data are aFe2O3 = −1.7, aSiO2 = 0.9, 
and aAl2O3 = −2.0 for the discussed oxides.[55] The difference 
in basicity values between Fe2O3 and SiO2 ( |∆a| = 2.6) is sig-
nificantly larger than the difference between Fe2O3 and Al2O3  
(|∆a| = 0.3). This indicates a stronger O2− donor–acceptor inter-
action between Fe2O3 and the SiO2 coating (weaker interaction 
between Fe2O3 and Al2O3) and explains the different segrega-
tion behavior upon thermal treatment.

3. Conclusion

Scheme 2 summarizes the influence of the Al2O3 and the SiO2 
ALD coating on the crystallization and stability of mesoporous 
ferrihydrite thin films. As demonstrated, both oxides exhibit 
a stabilizing effect on the phase transition from ferrihydrite 
to hematite. The transition was shifted from 400 to 600 °C 
resulting in a stabilization of the ferrihydrite phase of 200 K. 
The uncoated sample shows sintering of hematite already at 
600 °C, which increases with temperature. The Al2O3 coating 
could prevent sintering only up to 600 °C, at higher tempera-
tures phase separation occurred, forming a compact layer 
on top of mesoporous structured material. In contrast, SiO2 
prevents sintering even at 800 °C, partially also at 900 °C. A 
rationale for this behavior was discussed in terms of the oxo-
basicity concept, which points to a different interaction strength 
between the hematite mesoporous film and the coating. All in 
all, the process introduced in this work opens the way to crys-
tallize mesoporous thin films made of metal oxides requiring 
a high crystallization temperature and to stabilize mesoporous 
materials for high-temperature applications. This is achieved by 
coating the mesoporous films with only submonolayer quantity 
of materials leaving, at least partially, the underlying substrate 
available for gas phase reactions, for example.
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4. Experimental Section
Sample Preparation by Dip-Coating: Iron nitrate nonahydrate (>98%, 

ACS-grade) was obtained from Alfa-Aesar. Ethanol (>99.9%, absolute, 
ACS-grade) was purchased from VWR. Methoxyethanol (>99.3%, ACS-
grade) was obtained from Alfa Aesar. PEO104-b-PB92-b-PEO104 was 
synthesized by Polymer Service GmbH Merseburg.[45] All chemicals were 
used without further purification.

Prior to film deposition, substrates (Si(100) wafers) were cleaned 
with ethanol and heated in air (2 h at 600 °C). The composition of the 
dip-coating solution was adapted from Brezesinski et al.[20] PEO104-b-
PB92-b-PEO104 (109 mg) was dissolved in a mixture of ethanol (4.36 mL) 
and methoxyethanol (1.64 mL) by stirring overnight, resulting in a 
colorless solution. Fe(NO3)3·9H2O (1173 mg) was added and stirred for 
an additional hour. The solution had an orange-red color.

Ferrihydrite mesoporous films were prepared by dip-coating 
substrates at a withdrawal rate of 400 mm min−1 in a glove box under 
Ar atmosphere, since the control of low humidity was of essential 
importance (O2 < 1 ppm and H2O < 1 ppm). Thereafter, films were 
dried for at least 10 min and transferred under inert atmosphere into 
a preheated oven for an initial heat treatment for 1 h at 250 °C in air. 
For subsequent ALD coating experiments, the films were crystallized to 
ferrihydrite by calcination at 400 °C for 10 min in air. After ALD treatment 
the samples were calcined at temperatures ranging from 400 °C (5 h) to 
900 °C (1 h).

ALD: Atomic layer depositions were carried out on an ARRADIANCE 
GEMstar-6 system. Millipore water and ozone were used as oxygen 
sources and kept at room temperature during the ALD processes. A 
BMT803N ozone delivery system was used to generate ozone from pure 
oxygen, delivering O3 concentrations of 100–250 g (Nm)−3. Argon was 
used as carrier and purge gas for metal precursors and oxygen sources. 
The delivery lines of the precursors were heated to 115 °C to prevent 
condensation. Prior to all depositions, the films were heated to 150 °C 
for 2 h in a flow of 200 sccm Ar inside the ALD chamber (pressure: 0.5–
0.8 mbar).

Al2O3 was deposited from trimethylaluminium (TMA) and H2O at 
200 °C.[57] TMA was kept at ambient temperature and pulsed for 0.5 s, 
followed by 60 s exposure time and 120 s of Ar purge. H2O was pulsed 
for 0.5 s, followed by 120 s of exposure and 120 s of purging time.

SiO2 was deposited by a procedure adapted from Bachmann et al.[58] 
The Si precursor (3-aminopropyl)triethoxysilane (APTES) was kept at 
80 °C and the deposition was carried out at 200 °C. The ALD cycles 
consisted of a 1 s APTES pulse, 90 s exposure time, 120 s Ar purge, 
0.5 s H2O pulse, 90 s exposure time, 150 s Ar purge, 0.5 s O3 pulse, 30 s 
exposure time, and 30 s of Ar purge.

Characterization: SEM imaging was performed using a JEOL 7401F 
instrument with a working distance of ≈4.5 mm and an acceleration 

voltage of 10 kV in secondary electron imaging mode. ImageJ[59] was 
used to analyze the SEM images.

EDX on the same microscope was applied to estimate the elemental 
composition. The spectra were recorded at a working distance of 12 mm 
and an excitation voltage of 3 kV, to excite only the iron oxide film volume 
without the underlying substrate. The emitted X-rays were detected 
by a Bruker XFlash 4030 SDD detector. The spectra were recorded for 
30 min. For quantification of the elements, the L radiation of iron and 
the K radiation for C, O, and Si were analyzed by applying ZAF correction 
in Bruker QUANTAX 400 software. To compare the relative elemental 
composition, the atomic abundance was normalized to iron.

TEM was conducted on a FEI Tecnai G 2 20 S-TWIN or on a Philips 
CM200 microscope equipped with a LaB6 source and operated at 200 kV 
on films scratched off from the substrates and transferred onto copper 
grids coated with lacey carbon. SAED was performed on the same 
instruments. EDX was measured using an EDAX r-TEM SUTW detector. 
The electron beam was focused to illuminate selected areas of ≈100 nm 
in diameter.

XRD was measured on a Bruker D8 Advance instrument (Cu Kα 
radiation, λ = 1.5406 Å) with a grazing incident beam (1°). Reflections 
were assigned using PDFMaintEx library version 9.0.133. Lattice 
parameters and crystallite sizes were estimated by applying a Rietveld 
Refinement to the diffractograms implemented into the program TOPAS 
(Bruker, version 4.2).

For poroellipsometry, the refractive index and the thickness of films 
were measured, by spectroscopic ellipsometry performed on a UV–
IR (193–1690 nm) variable angle spectroscopic ellipsometer (VASE) 
M2000DI from Woollam. An incidence angle of 70° was used. Data 
analyses were performed with the CompleteEASE software. Relative 
refractive index and films thicknesses were obtained at 1000 nm by 
modeling the optical system with a layer stack made of silicon/SiO2 
(2 nm)/Cauchy model in the wavelength range 800–1690 nm. For 
porosimetry analysis, ethanol relative pressures were applied above the 
films by mixing dry air and ethanol saturated air in different proportions 
(controlled by two mass flow controllers). Adsorption–desorption 
isotherm points were collected every 20 s (ethanol relative pressure 
was increased from 0 to 100% in 20 min). Pore size distributions were 
calculated following the procedure described in ref. [47].

Scanning Auger spectroscopy (AES) was measured on a Scanning 
Auger Spectrometer PHI 700 manufactured by Ulvac-PHI, Inc. (Japan). 
The sample was mounted on a sample holder and introduced into the 
ultrahigh vacuum chamber of the Auger electron spectrometer without 
any further pretreatment. The Auger electron emission was excited by 
a primary electron beam of 5 keV@10 nA. The size of the analysed area 
for the survey spectra and depth profiles on the samples was about  
10 × 10 µm. Auger survey spectra were measured on the as-received 
surface and after 1.8 s sputter time (removal of surface contaminations) 

Adv. Mater. Interfaces 2018, 5, 1800360
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as well as after depth profiling looking for covering elements or for 
unexpected elements located below the contamination layer, respectively, 
within the substrate. Depth profiling was carried out by applying 3 keV 
Ar+ ion energy. The sputter rate was calibrated with the certified reference 
material BCR-261T (Ta2O5(100 nm)/Ta-sheet). The depth scale of depth 
profiles presented in this report was calculated applying a sputtering 
rate of 53 nm min−1 deduced from this reference sample. To be able to 
distinguish between different compound components located in the near 
surface region of the layer and at the interface layer/substrate as well as 
to be able to remove spectral noise, the data (peak shape) of depths 
profiles were treated by a linear least square fitting (LLS) procedure.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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S1: Characterization of Al2O3 ALD on mesoporous ferrihydrite 
 

 
Figure S1: Influence of the Al2O3 ALD process on morphology and crystallinity of the ferrihydrite film. The 
morphology is characterized by SEM (row 1) and TEM (row 2). The crystallinity of ferrihydrite is measured 
by SAED (row 3) and overlaid with the reference pattern of ferrihydrite by Janney et al. [1]. Columns a-c 
show films coated with different amounts of alumina (2, 5, and 10 cycles).  
 
The morphology of a film coated with two Al2O3 ALD cycles is shown in Figure S1a1. The pores are 
visible, although the secondary electron contrast is weaker compared to the uncoated film (see 
Figure 1a1), possibly due to the isolating properties of Al2O3. TEM (Figure S2a2) proves the highly 
ordered structure. The characteristic diffraction pattern of 2-line-ferrihydrite is measured in SAED 
(Figure S2a3). With larger number of cycle, i.e. 5 and 10, the secondary electron contrast becomes even 
weaker (Figure S2b1/c1). In the TEM images the ordered porosity is still observed (Figure S2b2/c2). In 
the SAED patterns, the reflections of ferrihydrite are still present (Figure S2b3/c3), indicating that the 
film material consists of ferrihydrite. 
 
 
 
 
 
 
 
 
[1] D. E. Janney, J. M. Cowley, P. R. Buseck, Clays Clay. Miner. 2000, 48, 111. 
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S2: TGA-analysis of template decomposition 

 

 
Figure S2: TGA-measurements of the decomposition of the template polymer (red) and the polymer-iron 
composite (black) under synthetic air. The samples were heated with 10 K/min from 30-150 °C and held 
there for 1 h to allow drying. The heating was continued to 400 °C with 10 K/min. Vertical lines denote the 
onset of decomposition. 
 
To characterize the decomposition behavior of the employed tri-block polymer based on poly(ethylene 
oxide) (PEO) and polybutadiene (PB) PEO104-PB92-PEO104 and the polymer-iron composite, thermo-
gravimetric analysis (TGA) in a temperature range of 30-400 °C was performed under a flow of synthetic 
air. The composite was prepared by freeze-drying a dip-coating solution (PEO104-PB92-PEO104, 
Fe(NO3)3·9 H2O, ethanol, methoxyethanol) and stabilizing it at 250 °C, 1 h in air. The template polymer 
was dissolved in ethanol and methoxyethanol and subsequently freeze-dried to simulate identical 
conditions. Figure S2 compares the decomposition of the polymer-iron composite with the pure polymer. 
Figure S2 shows for the dissolved and dried polymer first a drift towards higher masses. This has been 
attributed to the absorption of the purging gas[2]. Alternatively, the mass increase may result from 
oxidation of the polymer compounds. The possible two contributions cannot be separated from this 
measurement. At 150 °C the temperature was held for one hour to equilibrate the sample. Afterwards, the 
sample was heated with 10 K/min to 400 °C. To determine the onset of template decomposition, the 
temperature at a relative mass loss of 1% of the mass after equilibration at 150 °C was chosen as 
objective criterion for the decomposition temperature. Thus, the decomposition of the polymer begins at 
temperatures of 265 °C. At 400 °C the decomposition rate is drastically increased and after 20 h at 
400 °C only less than 4 % of the initial mass is left (not shown). The onset of decomposition agrees well 
with the decomposition temperature determined for PEO213-PB184-PEO213

[3], a larger polymer from the 
same structure family. 
The polymer-iron composite loses mass up to 150 °C, probably due to desorption of condensates within 
the pores. After equilibration at 150 °C for 1 h the mass is constant. The onset of decomposition is 
determined analogously to that of the template. The decomposition starts at 255 °C and correlates well 
with the template decomposition temperature. After reaching 400 °C the mass is constant at 86 % of the 
initial value. Keeping the temperature at 400 °C for additional 20 h the mass decreases only by 1 %. This 
indicates that the template should be decomposed after a heat treatment at 250°C, 1h + 400°C, 10 min. 
 
 
[2] DIN EN ISO 11358-1, DIN Deutsches Institut für Normung e. V. 2014. 
[3] B. Eckhardt, E. Ortel, D. Bernsmeier, J. Polte, P. Strasser, U. Vainio, F. Emmerling, R. Kraehnert, 

Chem. Mater. 2013, 25, 2749. 
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S3: XRD of the ALD coated samples 
 

 
Figure S3: Influence of the ALD process on the crystallinity of the ferrihydrite film. The panels show the GI-
XRD patterns of films coated with different amounts of a) Al2O3 (1-10 cycles) and b) SiO2 (1-20 cycles). The 
pattern of hematite (pdf: 00-33-0664) is given as reference. 
 
Figure S3 shows the diffractograms of ferrihydrite films coated with various cycles of a) Al2O3 (1-10) 
and b) SiO2 (1-20). The uncoated film shows no specific reflections (Figure S3a and b), which is 
indicative for the low crystalline iron oxide phase ferrihydrite. 
After deposition of one Al2O3 ALD cycle (Figure S3a) or one SiO2 ALD cycle (Figure S3b), no specific 
reflections are detected, indicating no crystallization during ALD process. Also with increasing cycle 
numbers, no distinct reflections occur. 

152 Appendix B. Publication Reprints



5 
 

S4: EDX spectra measured on SiO2 and Al2O3 coated samples 
 

 
Figure S4: Normalized EDX spectra and elemental analysis. a, b) EDX spectra of ferrihydrite coated with 
Al2O3 (1-10 cycles) and SiO2 (1-20 cycles), respectively. The position of the characteristic emission lines of O, 
Fe, C, and Si or Al are given as references. The elemental composition normalized to the at% of Fe for the 
present elements for Al2O3 and SiO2 coated samples is shown in c) and d). 
 
Figure S4 shows the EDX spectra of films coated with a) Al2O3 and b) SiO2. On basis of these spectra the 
atomic% of the present elements C, O, Fe, Si, and Al (only in a) are modelled by applying ZAF-
correction (atomic number, absorption, fluorescence). The spectra were measured with an acceleration 
voltage of 3 keV to excite only the iron oxide film with a thickness of ca 100 nm and not the underlying 
substrate. 
From Figure S4a the increasing amount of Al becomes obvious by the increasing intensity of the K 
emission of Al at 1.49 keV. 
The increasing trend of Si (KSi=1.79 keV) is also observed for SiO2 coated samples in Figure S4b. 
Figure S4c and d show the atomic percentages determined by applying the ZAF model normalized to Fe. 
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S5: Background information on Auger electron spectroscopy 
 

 
Figure S5: Auger electron spectra (a), 1st derivative (b), and corresponding depth profile (c) of a ferrihydrite 
film coated with 1 cycle of SiO2 ALD.  
 
To obtain an Auger electron spectroscopy depth profile, the sample is excited by bombardment with 
electrons to emit Auger electrons. These electrons refer to the uppermost approx. 5 nm of the surface and 
are detected by an electron spectrometer consisting of an energy analyzer and an electron detector 
system. The measured energies of the Auger electrons can be correlated to corresponding elements and 
their chemical environment[4]. To record elemental depth profiles of selected elements, the sample 
surface is sputtered by bombardment with Ar+ ions and analysed by AES in an alternating procedure. 
Figure S5 shows the procedure to obtain Auger electron spectroscopy depth profiles. After collecting an 
Auger electron spectrum (a), the first derivative (b) is calculated for analytical evaluation by linear least 
square fitting (LLS). From this fit the intensities of elemental peaks are determined (c). 
For the determination of the relevant species the Auger electron spectra of the untreated and cleaned 
(material loss ca 1.6 nm) surface was measured. In these spectra clearly the signature of oxidic Fe (two 
minima of the Fe4 peak in (b) instead of only one peak minimum in pure Fe), oxidic Si (peak minimum 
at 86 eV in (b) instead at 95 eV in pure Si), and O can be determined clearly[5]. Also C as surface 
contamination and Ar from the sputtering process and low amounts of S can be detected. From these 
survey spectra regions of interests were set, which were monitored with variation of depth. After the 
depth profiling, an additional Auger electron spectrum was collected, which shows mainly peaks of 
elemental Si that can be attributed to the substrate. 
 
 
 
 
 
 
 
 
 
 
[4] D. Briggs, J. T. Grant, Surface Analysis by Auger Electron and X-Ray Photoelectron Spectroscopy, 

IM Publications, Chichester 2003. 
[5] K. D. Childs, B. A. Carlson, L. A. La Vanier, J. F. Moulder, D. E. Paul, W. F. Stickle, D. G. 

Watson, C. L. Hedberg, Handbook of Auger Electron Spectroscopy, Physical Electronics Inc. , Eden 
Prairie 1995. 
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S6: XRD of the thermally treated samples 
 

 
Figure S6.1: Crystallization behavior of uncoated, SiO2 and Al2O3 coated ferrihydrite films. GI-XRD 
patterns of the samples calcined between 400 and 900 °C are shown in a-f. As reference, the diffraction 
pattern of hematite (pdf: 33-0664) is given. 
 
XRD measurements serve as further verification of the crystal phase. Additionally to SAED, which gives 
local information about crystallinity, XRD gives bulk information over a large sample volume. 
Figure S6.1 shows the diffractograms of uncoated films compared with SiO2 and Al2O3 coated samples 
after calcination at temperatures between 400 and 900 °C. The uncoated films are already crystallized 
after calcination at 400 °C for 5 h. Throughout the whole temperature range the diffraction pattern of 
hematite is observed. The Al2O3 coated sample shows the reflections of hematite only at 600°C, which 
become more intense from 700 to 900°C. The SiO2 coated samples show the broad reflections typical for 
ferrihydrite up to 500 °C. At higher temperatures, i.e. 600 to 900 °C the reflections of hematite appear. 

 
Figure S6.2: Estimation of the crystallite size by applying the Scherrer equation to the XRD patterns shown 
in Figure S6.1. The (104)-reflection at about 2θ = 33.2° was fitted for calculation. The names “FH”, “FH + 1 
cyc Al2O3” and “FH + 1 cyc SiO2” refer to the initial sample before calcination, analogously to the main 
manuscript. 
 
To estimate the crystallite size of the formed hematite phase, the Scherrer equation is applied to the most 
intense reflection of hematite at 2θ = 33.2°. In agreement with the SEM observation in Figure 3 in the 
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manuscript, hematite crystallites are detected first for the uncoated ferrihydrite samples at already 
400 °C. The crystallites grow from initially 24 nm at 400 °C to 86 nm at 900 °C, which corresponds well 
with the observed sintering. The first hematite crystallites for the alumina coated samples are detected at 
600 °C with an estimated size of 31 nm which increase to 47 nm at 900 °C. 
The silica coated samples possess the smallest hematite crystallites with 26 nm at 600 °C and 34 nm at 
900 °C. The stabilizing effect that is determined from SEM, TEM, and SAED in the manuscript in 
Figure 3 is also confirmed by XRD measurements and evaluation of the crystallite size by the Scherrer 
equation. 
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S7: Cross-section SEM 
 

 
Figure S7: Cross-section SEM images of uncoated ferrihydrite (a) and coated with 1 ALD cycle of Al2O3 (b) 
and SiO2 (c) (row 1), and after thermal treatment at 700 °C for 1 h (row 2). 
 
Figure S7 shows cross-section SEM images of ferrihydrite (a1), Al2O3 (b1) and SiO2 coated ferrihydrite 
(c1) (1 cycle) without further thermal treatment. The samples show a porous structure throughout the 
film. The coated samples (b1/c1) show charging effects and are more difficult to image. 
Cross-sections of samples additionally calcined at 700 °C for 1 h are shown in Figure S7a2/b2/c2 for the 
initial ferrihydrite and the coated counterparts. The uncoated sample shows strong sintering and a 
complete loss of the ordered mesoporous morphology. In case of a film coated with one Al2O3 ALD 
cycle the mesoporous structure is covered with a compact layer of ca 30 nm. On the other hand, the SiO2 
coated film shows a mesoporous structure throughout the film thickness without any evident sintering. 

B.4. Stabilization of Mesoporous Iron Oxide Films against Sintering and Phase
Transformations via Atomic Layer Deposition of Alumina and Silica

157



10 
 

S8: TEM-EDX of FH + 1 cycle Al2O3 
 

 
Figure S8: TEM-EDX analysis of a ferrihydrite sample coated with 1 Al2O3 ALD cycle before (a/b) and after 
thermal treatment at 700 °C (c/d). The EDX spectra in b and d were acquired in the regions highlighted in 
the TEM images a and c. The ratios of the Al-Kα and the Fe-Kα emission intensity are given for each of the 
region measured. 
 
Figure S8 shows EDX analysis under a TEM with high spatial resolution (ca. 100 nm) of ferrihydrite 
coated with Al2O3 before and after thermal treatment at 700 °C. Figure S8a shows the TEM image of the 
analyzed sample area in the coated sample indicating also the measurement regions of EDX. The sample 
fragment is not oriented perfectly perpendicular to the electron beam, therefore it appears thicker than in 
the SEM images. EDX measurements on both sides of the film (Figure S8b, EDX 1 and 2) show a 
similar Al-content of IAl-Kα/ IFe-Kα=0.42-0.45. This indicates that neither inhomogeneous deposition nor 
phase segregation occurs during the ALD process. 
In Figure S8c a TEM image is presented of an Al2O3 coated film, which was additionally calcined at 
700 °C. The image shows a fragment of a folded film with a compact layer on the outside (see Figure 
S7b2). EDX of the compact layer (EDX 1 and 3) shows a low Al-content with a ratio of IAl-Kα/ IFe-Kα=0.15 
and 0.09, respectively. The underlying mesoporous structured material shows a significantly higher Al-
content of IAl-Kα/ IFe-Kα=0.45. This indicates a segregation of Al and Fe induced by the thermal treatment. 
The segregation is expected to be the reason of the strong sintering of the topmost 30 nm of the film. 
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