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1. Abstract

In this work, multiple nanostructured materials were prepared and their properties
were investigated with respect to their potential applications. Nanostructure plays
an important role in the development of functional materials for applications in the
field of catalysis or energy storage due to enhanced surface and transport proper-
ties.
A new synthesis approach yielding nanocrystalline perovskite oxides was developed.
Based on a polymer-complex method, different acrylate molecules (methacrylic
acid, acrylic acid and acrylamide) were used both as complexing agents and monomers.
Thus, homogeneous distribution of the cations was promoted, resulting in phase
pure perovskite oxides. The use of acrylamide significantly improved the catalytic
activity of the perovskite oxides for the oxidation of carbon monoxide compared
to materials prepared via the conventional citrate route. In addition, the powders
made from acrylamide were characterized by enhanced oxygen release properties.
The high flexibility of the developed synthetic method with regard to solvent and
type of polymerization allowed the direct transfer of this approach to a spin coating
procedure for the preparation of homogeneous perovskite oxide thin films.
By expanding the synthesis, mesoporous perovskite oxides with specific surface ar-
eas of up to 90 m2g−1 were produced. Silica hybrid materials with a characteristic
ladder-like structure were used as hard templates, which could be covalently bound
to the polymer matrix due to methacrylic acid functionalities. The increase in
porosity led to an increase in oxygen release indicating increased activity in CO
oxidation.
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1. Abstract

As soon as the dimensions of a material are reduced to nanometer sizes, a clear
change in the material properties can be observed. Therefore, several processes at
nanoscale were investigated (e.g. evaporation, crystallization) in order to gain a
better understanding of the influence of the nanostructure.
The use of porous silica as support for perovskite oxides is a common method
to increase the specific surface area and thereby the catalytic activity of the ox-
ides. Ordered, porous silica systems with different pore sizes and symmetries were
impregnated with a precursor solution to better understand the formation of per-
ovskite oxides in confined spaces. The conversion of the precursors to perovskite
oxides and distribution of the perovskite crystallites in the pores of the porous ma-
trices was analysed by means of TG-MS, XRD, SAXS and electron microscopy. A
correlation between silica pore size, pore symmetry, and the solvent evaporation of
the precursor solution was found. Evaporation, in turn, had a major impact on
nucleation and crystallization. A higher curvature of the pores slowed the evapo-
ration of the solvent and promoted crystal formation.

Furthermore, a carbon/sulfur composite, which serves as a model system for the
cathode of Li-S batteries, was investigated using neutron small-angle scattering.
Deuterated solvents were utilized to match the contrast of the carbon matrix, which
enabled the determination of the distribution of sulfur within the nanoporous car-
bon matrix in dependence of the polarity of the solvents. With decreasing polarity
of the solvent, an increasing loss of the sulfur from the pores was found.
These results allow direct conclusions to be drawn about the interactions between
electrolyte and sulfur in a Li-S cell. The interaction with solvents, the polarity of
which corresponds to the polarity of typical electrolytic agents, led to the sulfur
being washed out of the mesopores, so that only the micropores remained filled.
The loss of active material severely decreases Li-S cell capacity.
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2. Zusammenfassung

In dieser Arbeit wurden mehrere nanostrukturierte Materialien hergestellt und ihre
Eigenschaften im Hinblick auf ihre möglichen Anwendungen untersucht. Die Nanos-
truktur spielt eine wichtige Rolle in der Entwicklung von funktionellen Materialien
für Anwendungen im Bereich der Katalyse oder der Energiespeicherung aufgrund
von veränderten Oberflächen- und Transporteigenschaften.
Es wurde eine neue Synthesemethode zur Herstellung nanokristalliner Perowski-
toxide entwickelt. Basierend auf einem Polymer-Komplex-Prinzip wurden unter-
schiedliche Acrylat-Moleküle (Methacrylsäure, Acrylsäure und Acrylamid) als Kom-
plexbilder und gleichzeitige Polymer-Bausteine eingesetzt. Somit wurde eine homo-
gene Verteilung der Kationen erzielt, was zur Bildung phasenreiner Perowskitoxide
führte. Durch die Verwendung von Acrylamid konnte die katalytische Aktivität der
Perowskitoxide für die Oxidation von Kohlenstoffmonoxid im Vergleich zur konven-
tionellen Citrat-Route deutlich verbessert werden. Zusätzlich zeichneten sich die
Pulver durch eine erhöhte Sauerstoffabgabe aus.
Die hohe Flexibilität der entwickelten Synthesemethode im Bezug auf Lösungsmit-
tel und Art der Polymerisation ermöglichte die direkte Anwendung dieser Methode
in einem spin coating-Verfahren zur Herstellung von homogenen Perowskitoxid-
Dünnschichten.
Durch eine Erweiterung der Synthese konnten mesoporöse Perowskitoxide mit spezi-
fischen Oberflächen von bis zu 90 m2g−1 hergestellt werden. Silica-Hybridmaterialien
mit chrakteristischer Leiterstruktur wurden als feste Template eingesetzt, die auf-
grund einer Methacrylsäure-Funktionalisierung mit in die Polymer-Matrix integri-
ert werden konnten. Die Zunahme der Porosität führte zu einer Zunahme der
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2. Zusammenfassung

Sauerstoffabgabe, was auf eine erhöhte Aktivität bei der CO-Oxidation hinweist.

Sobald die Dimensionen eines Materials auf wenige Nanometer reduziert sind, ist
eine deutliche Veränderung der Materialeigenschaften zu beobachten. Daher wur-
den verschiedene Vorgänge im Nanobereich untersucht (z. B. Verdampfung, Kristalli-
sation), um den Einfluss der Nanostruktur auf diese Prozesse besser zu verstehen.
Die Verwendung von porösem Silica als Träger für Perowskitoxide ist eine bevorzugte
Methode um die spezifische Oberfläche und dadurch die katalytische Aktivität
der Oxide zu erhöhen. Zum besseren Verständnis der Bildung der Perovskitox-
ide in beschränkten Räumen wurden geordnete, poröse Silicasysteme mit unter-
schiedlichen Porengrößen und -symmetrien mit einer Vorläuferlösung imprägniert.
Die Umsetzung der Vorläufer zu Perowskitoxiden und Verteilung der Perowskitkristal-
lite in den Poren der porösen Matrizen wurde mittels TG-MS, XRD, SAXS und
elektronenmikroskopischer Methoden verfolgt. Es konnte eine Abhängigkeit zwis-
chen der Porengröße und -symmetrie und dem Verdampfungsverhalten des Lö-
sungsmittels der Vorläuferlösung festgestellt werden. Das Verdampfen wiederum
hatte einen großen Einfluss auf die Krsitallisationsprozesse. Eine höhere Krüm-
mung der Poren führte zu einem langsameren Verdampfen des Lösungsmittels und
begünstigte die Kristallbildung.

Des Weiteren wurde ein Kohlenstoff/Schwefel-Komposit, das als Modellsystem für
die Kathode eines Li-S Akkus dient, mittels Neutronen-Kleinwinkelstreuung unter-
sucht. Durch die Verwendung einer Kontrastmittelanpassung mit Hilfe von deuteri-
eten Lösungsmitteln konnte die Verteilung des Schwefels innerhalb der nanoporösen
Kohlenstoff-Matrix in Abhängigkeit von der Polarität dieser Lösungsmittel ermit-
telt werden. Mit abnehmender Polarität des Lösungsmittels wurde ein zunehmender
Verlust des Schwefels aus den Poren festgestellt.
Diese Ergebnisse lassen direkte Rückschlüsse auf die Wechselwirkungen zwischen
Elektrolytlösung und Schwefel in einer Li-S-Zelle zu. Die Wechselwirkungen mit Lö-
sungsmitteln, deren Polarität der Polarität von typischen Elektrolytmitteln entspricht,
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2. Zusammenfassung

führte zu einem Auswaschen des Schwefels aus den Mesoporen, sodass nur nur die
Mikroporen besetzt blieben. Der Verlust an aktivem Material verringert die Li-S-
Zellkapazität deutlich.
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3. Introduction

Industrial and technological progress in recent decades has been accompanied by a
constantly increasing global energy demand. Despite significant downsides, this en-
ergy is primarily generated from fossil fuels. Diminishing resources of coal, oil and
natural gas lead to increasing market prices and new challenges in recovery and pro-
cessing of primary energy sources.[1,2] More concerning, however, is the emission of
polluting gases (CO, CO2, NOX , H2O, hydrocarbons) as a result of the combustion
of fossil fuels in the fields of energy production and transportation. According to
the Synthesis Report of the IPCC in 2014,[3] energy-related greenhouse gas (GHG)
release accounts for two-thirds of global emission. As a result, unprecedented warm-
ing of the land and the ocean, extreme weather, ocean acidification and rising sea
levels have been observed. Nevertheless, fossil fuels remain the predominant energy
source. Global GHG levels continue to rise (Figure 3.1a) and all assessed emission
scenarios indicate a sustained temperature increase.[3,4]

Thus, an immediate transition from fossil fuel consumption to clean and renewable
energy sources is inevitable. Present concentrations of polluting gases should be
reduced by means of capture or conversion. In addition, carbon-neutral solutions
for the generation of energy such as photovoltaics and wind turbines need to be
utilized extensively. By 2018, merely 4% of the world energy was generated from
renewables (Figure 3.1b). The annual growth rate of renewable energy production,
therefore, requires substantial increase. In order to achieve this goal, a substan-
tial progress in energy production, emission reduction, transportation, conversion,
storage, and distribution technologies must take place.[2,4,5]
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3. Introduction

Figure 3.1.: (a) Global anthropogenic GHG emissions by gases between 1970 and 2010.[3]

(b) Shares of global primary energy consumption by fuel.[6]

One approach to lower the concentration of harmful greenhouse gases is the trans-
formation into less harmful species or even usable compounds by means of catalytic
conversion, e.g. oxidation of carbon monoxide to carbon dioxide or methanation
of carbon dioxide. While noble metals present the most potent catalytically active
material class, their high cost and limited availability necessitate reliable alterna-
tives. Among those, the group of perovskite oxides, which combine facile synthesis,
low cost, high stability and functional variability, show great promise.[7–10]

With regard to new energy sources, renewable energies (wind turbines, solar energy)
present a viable alternative to fuel-based sources. However, those sources are often
dependent on the time of day and/or weather conditions. Therefore, development
of new or improved energy storage utilities, e.g. batteries, are necessary to provide
electricity independent of availability fluctuations. Furthermore, the topic of energy
storage is of high importance concerning electromobility. Replacing internal com-
bustion engines with zero/controlled emission vehicles, is a crucial step in reducing
GHG emission. However, for electrically powered vehicles to reach long distances
in between charging, batteries that combine high capacity and minimal weight and
volume are desired. Even though Li-ion batteries have become the preferred choice
for battery systems, the capacity limit of 300 mAh g−1 requires alternative storage

7



3. Introduction

systems.[1,11]

In principle, Lithium-sulfur batteries present an ideal candidate due to high the-
oretical specific capacity of 1675 mAh g−1 and abundance of sulfur. Its greatest
disadvantage, the insulating nature of sulfur, can be overcome by incorporating
sulfur into a conducting carbon matrix.
Both perovskite oxides for the purpose of catalysis and carbon-sulfur composites
as cathode materials for Li-S batteries need to be improved to become competitive
alternative technologies. Thus, systematic investigations into the nanostructuring
of these materials enable further tailoring of the functional properties of the respec-
tive materials with the aim to achieve the desired performance. Suitable synthesis
strategies and ensuing material properties will be presented in detail in this work.
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4. Objective of this Work

The design of high-performance materials for energy-related applications, e.g. en-
ergy storage,[11] catalytic conversion,[12] is an intricate task as it requires the op-
timization of their synthesis procedures and chemical compositions. However, in
many fields, chemical composition and synthesis parameters have been extensively
investigated and little progress with respect to functional properties is expected
any more.[12,13]

A promising approach to further improve these material properties, however, is
the modification of the structural features. Particularly, nanostructuring can be
utilized to expand those functional properties as the nanostructure corresponds di-
rectly to the functional material properties. The presence of structural features
in the nanometer range (pores, crystallites) originates enhanced surface areas and
an increased interface-to-volume ratio. As a consequence, different textural and
functional properties are observed, which include high storage capacities,[14] en-
hanced ionic and/or electronic conductivity,[14,15] increased catalytic active sites[16]

and shortened diffusion pathways.[17,18]

The aim of this work was the development of perovskite oxides with improved func-
tional properties by tuning of the nanostructure. In addition, confinement effects in
nanostructured host-guest systems were investigated. In this regard, three different
aspects were assessed separately.
Firstly, the improvement of functional properties had to be addressed by develop-
ing a suitable synthesis route to modify the nanostructure. Both nanocrystallinity
and nanoporosity were emphasized in this approach. Lanthanum-based perovskite
oxides present suitable model systems for the investigation of nanosize effects as
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4. Objective of this Work

they display decent activity for several catalytic model reactions. Moreover, the
perovskite structure can accommodate a wide variety of structural defects and com-
positional variation, e.g. cationic substitution.[8,19]

The synthesis approach was based on a polymer-complex method. A correlation
between different synthesis parameters and catalytic activity by means of CO oxi-
dation was investigated. An emphasis was placed on the assessment of surface char-
acteristics and functional properties of the nanocrystalline products. In addition,
the enhancement of the accessible surface area was addressed through integration
of hard templates into the novel preparation method.

The second aspect comprises the investigation of nanostructural phenomena. With
respect to the tailoring of functional properties of materials, precise understand-
ing of the processes taking place at the nanoscale is a necessity. Processes such
as evaporation and crystallization proceed differently under nanoconfinement.[20]

Mesoporous silica materials with varying pore geometry provide suitable pores for
the investigation of these phenomena. Reiterating the role of perovskite oxides,
their bulk mechanisms are well understood.[21] Changed crystallization behaviour
in dependence of nanosized constraints, however, can provide valuable information
for the understanding of confinement effects.
Insights into nanosized processes are also important within the context of nanocom-
posites such as C/S-composites for cathode materials in Li-S batteries. Inter-
actions between the host and guest species and a surrounding liquid electrolyte
play a pivotal role in the processes taking place in a battery cell.[11,22–24] However,
those interactions are difficult to assess by conventional characterization methods.
Transmission electron microscopy and nitrogen physisorption are not suitable as
both techniques require the presence of a high vacuum, which prohibits the use of
volatile electrolyte liquids. While small-angle X-ray scattering already presents a
well-established tool for the investigation of binary nanocomposites, the presence
of three different phases makes the reliable interpretation of the data difficult.[25]

Accordingly, the third aspect constituted the establishment of a characterization
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4. Objective of this Work

method that enabled a direct and comprehensive investigation of a three-phase
system comprising carbon, sulfur and a liquid. Ordered nanoporous carbon CMK-
8 was chosen as a model system as it comprises both micro- and well-ordered
mesopores.[26] Thus, this method translates readily to different microporous and
mesoporous carbon systems. Matching of the scattering-length density of the car-
bon matrix by incorporating deuterated solvents is exploited in the context of small-
angle neutron scattering to obtain a readily analyzed binary system.[27,28] Thus, by
using solvents, the properties such as polarity of which compared to commercially
available electrolytes, this method allowed for direct assessment of the interactions
between sulfur and electrolyte liquids within a nanoporous matrix.
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5. Scientific Background

5.1. Nanostructuring

Nanostructured materials are defined by their textural and morphological charac-
teristics at the nanometer scale. Compared to bulk materials, nanostructured solids
(e.g. thin films, superlattices, nanoparticles) display special properties.[21,29] These
properties include immense surface areas of up to several thousand square meters
per gram as observed in nanoporous carbon.[30] With respect to lithium-ion batter-
ies, nanometer-sized electrode structures enable short diffusion lengths for Li+ ions
and fast diffusion rates of the charge carriers along the many grain boundaries.[17] In
this context, nanocomposites can be also utilized to enhance electrochemical stor-
age properties.[18,31] Furthermore, a considerable melting point depression under
nanoconfinement can be observed for several solids such as ice and different organic
molecules. The melting point of nano-sized gold particles was even decreased by
several hundred degrees centigrade.[20,32]

This list of nanoscale phenomena is in no way complete. Many more examples, in
which nanostructuring alters the material properties significantly, are known. This
list is rather meant as a short overview to convey the impact of nanostructuring.
The distinct characteristics of nanostructured materials can be ascribed to nanome-
ter size effects. Enhancement of the specific surface area of a solid for example leads
to an increased surface-to-volume ratio. This can be either achieved by creating
nanosized pores inside of bulk material or by reducing the size of a solid in one or
more dimensions.[33]

Furthermore, at nanoscaled dimensions, the interfacial properties are altered due
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5. Scientific Background

to very short distances between respective interfaces and material properties are
changed. As depicted in Figure 5.1, this effect implies a change of the chemical
potential, µ, because an additional contribution from surface free energy needs to
be taken into account.[17,18] Accordingly, the chemical potential at the nanoscale is
defined as:

µnano(r) = µbulk(r =∞) + 2(��r)V (5.1)

where µnano(r) and µbulk(r = ∞) describe the chemical potential of nanosized and
bulk material, respectively, r refers to the effective grain radius, � represents the
effective surface tension, and V is the molar volume.[17]

Figure 5.1.: Schematic illustration of the chemical potential, µ, in the context of nanos-
tructured (a) and of bulk material (b). Adapted from Maier et al.[18]

Size effects can be used to selectively tailor material properties. In the following
sections, a detailed description of confinement effects, grain size effects, and bene-
fits of an enhanced specific surface area of different nanostructured materials will
be given. Additionally, an emphasis will be placed on the corresponding properties
with regard to energy-relevant applications.

5.1.1. Effects of Enhanced Surface Area

In this section, nanosize effects with respect to an increased surface-to-volume ratio
will be discussed. In the fields of catalysis and sensing, for example, the surface
represents the reaction site, i.e. the place of direct interaction between catalyst and

13



5. Scientific Background

reactant. A higher accessible surface area provides an increased amount of active
sites. Thus, the surface area significantly affects the overall functional properties
of a material.[34,35]

Different methods can be used to enhance the accessible surface area. One ap-
proach is to reduce the particle size in one or more dimensions to the nanometer
scale. Accordingly, thin films (one confined dimension), nanorods (two confined di-
mensions), or nanoparticles (three confined dimensions) can be prepared. Another
type of nanostructuring refers to the generation of nanometer sized pores inside a
rigid material. The addition of void space to a solid leads to a sizeable increase in
specific surface area.
With respect to porosity, pores within a solid matrix (e.g. carbon, silica, metal
oxide) can be categorized according to IUPAC[36] depending on their size:

• micropores describe pore widths below 2 nm

• mesopores refer to pore widths between 2 and 50 nm

• macropores comprise pore widths surpassing 50 nm

Pores below a size of 100 nm are often summarized as nanopores.
Microporous materials usually exhibit very high specific surface areas of several
thousand m2g−1. However, small pore sizes severely limit mass transport through
the porous matrix and larger reactants are prevented from reaching the reaction
site. Mesopores, in turn, combine high specific surface areas and excellent trans-
port properties. Accordingly, solids based on mesoporous materials have been of
interest for many catalytic applications.[17,37,38]

Additional benefits of highly porous solids include reduced density and high acces-
sible pore volume (i.e. high loading capacity). These characteristics make them
suitable materials for the incorporation of guest species, e.g. for energy storage
corresponding to Li-S batteries.[11] Moreover, the possibility of finely tuning the
pore properties (e.g. size, curvature) of nanoporous materials enables a distinct
investigation of host-guest systems at the nano scale.

14



5. Scientific Background

5.1.2. Pore Confinement Effects

Given the various characteristics of pores (topology, size and surface polarity), con-
finement effects can occur when incorporating guest species into nano-sized pores
as the nucleation and crystallization behaviour changes drastically depending on
the host morphology.[39,40]

Before addressing the principles of crystallization within nanometer sized con-
straints, a classical description of crystallization processes will be provided. The
crystal formation of a material depends on its surface free energy and volume free
energy. The destabilizing surface free energy, �GA, which is always positive, de-
pends on the interface between the forming nucleus and a surrounding medium.
The volume free energy, �GV , is a result of the interatomic bonding energies and
is always negative and stabilizing. When the volume free energy surpasses the sur-
face free energy at the critical radius, nucleation and subsequent crystal growth
occur (Figure 5.2a).

Figure 5.2.: (a) Illustration of the profiles of surface free energy, �GA, and volume free
energy, �GV , of a growing crystal nucleus as a function of crystal radius,
r. (b) Schematic representation of the free energy profiles of two competing
nuclei corresponding to different polymorphs.[20]

Generally, nucleation is considered a kinetically controlled process. At nanometer

15



5. Scientific Background

dimensions, however, the dimensions correspond approximately to the critical nu-
cleus size. Accordingly, kinetics and thermodynamics intersect. As a consequence,
different phases are thermodynamically stable at corresponding values of free en-
ergy (Figure 5.2b). The free energy can be adjusted accordingly by confining the
growing nuclei.[20,41]

Thus, the pore size gives direct control over the crystal growth behaviour and poly-
morph stability of a material.[40,42,43] This pore size-dependence has been demon-
strated by Ha et al.[44,45] for the crystallization of different organic molecules within
the constraints of nanoscaled pores of various size.
Aside from the pore size, the pore shape represents another crucial factor in the
crystallization processes of a material. Diao et al.[40] investigated the crystalliza-
tion behaviour of aspirin in pores of varying angularity, i.e. spherical, hexagonal
and cubic. Crystallization was favoured in hexagonally shaped pores. The hexag-
onal structure provided more angles, which acted as nucleation sites. This finding
coincides with simulation-based results of Page and Sear[46] who reported that nu-
cleation is favoured in wedges as opposed to a flat surface. In that regard, the
nucleation rate directly correlated with the angular fit of the crystal lattice into the
wedge. The ideal angle is specific for each crystal structure.
The chemical composition of the matrix has a small influence on the crystallization
behaviour as well. The surface chemistry of the pore walls plays a role as attractive
and repulsive interactions with the crystallizing species are able to direct crystal
orientation.[39,43,47]

In summary, pore properties (size, shape and surface composition) of the porous
host can be adjusted to directly control the nucleation kinetics of the crystallizing
molecule. Since the pore constraints dictate the growth of nuclei, orientational or-
der and polymorph can be tailored accordingly.[40,48]

Nanostructuring can also be used to limit diffusion within a host-guest system.
By confining a solid guest species in a narrow pore (i.e.micropore), the diffusion
of the guest species is slowed down considerably. Accordingly, confinement can be
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used as a tool to entrap the guest species inside of a porous host.[18,49–51]

This aspect of confinement also needs to be considered with regard to evaporation
of a guest species. The evaporation temperature and evaporation rate of a liquid
confined in a nanosized pore is strongly dependent on pore size or rather the size
of the pore neck. With respect to confined solutions, the crystallization kinetics
correspond to the evaporation behaviour of the solvent as supersaturation of the
solution is a determining factor.[44,52]

5.1.3. Grain Size Effect on Ionic and Charge Mobility

One of the most important features of a mixed conductor is the material surface or
interface as it represents catalytic reaction sites. However, only the external sur-
face of a material is accessible to reactants. Nevertheless, interior interfaces play an
equally important role for the development of functional properties such as oxygen
mobility.[19]

With regard to crystalline materials such as perovskite oxides, the interface of a
grain presents an area of structural deviation from the bulk. This boundary can
constitute the transition zone between two crystallites with different orientation or
form the interface between two different phases (Figure 5.3a). Either way, atomic
disorder exists at the interface, which leads to ion and electron redistribution. As a
result, a defective crystal structure is obtained in the interface region, which origi-
nates deviations from electro-neutrality and stoichiometry.[53–55]

In nanosized crystals, approximately one of ten atoms sits at the surface or inter-
face. Considering the fact that solids generally consist of agglomerated crystallites,
a change from micro- to nanosized crystallites constitutes an exponential increase
in grain boundaries (Figure 5.3b). Thus, reduced grain size directly translates to a
considerably more defective material.[14,53]

Klie et al.[56] addressed the defect chemistry of grain boundaries of various nanocrys-
talline perovskite oxides. They confirmed that crystallite interfaces exhibit domains
of atomic disorder. Correspondingly, an increased amount of oxygen vacancies was
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observed at the grain boundaries.

Figure 5.3.: (a) Atomic structure of a grain boundary between two crystallites with differ-
ent orientation.[57] (b) Two-dimensional model of a nanostructured material.
The atoms in the centers of the crystals are depicted in black, interface atoms
are displayed in white.[55]

With respect to perovskite oxides, a high density of defects such as oxygen va-
cancies is desirable in catalytic applications. Oxygen ion vacancies contribute to
the ionic charge transport through the lattice and facilitate the exchange between
atmospheric oxygen and lattice oxygen. Thus, they are essential for catalytic re-
actions and other applications relying on oxygen transport.[58–61] The aspects of
defect chemistry will be emphasized in the section ’Nanostructured Materials and
their Applications’.
Furthermore, different transport phenomena were observed that correlate to the
crystallite size. Royer et al.[15] reported a dependence between the grain size of
LaCoO3 and the diffusion of oxygen along the grain boundaries. Reduction of the
crystallite sizes lead to shorter diffusion lengths within the material. Thus, oxygen-
mobility and therefore activity at low temperatures was enhanced.[19,53,62]

In addition, the defect chemistry at the grain boundaries promotes the formation
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of a space charge layer adjacent to the interface. If the dimensions of the space
charge layers exceed the spacing of the interfaces, i.e. for small crystallite sizes, the
layers overlap. Accordingly, the material is charged throughout.[14,54] The grain-size
dependent overlap was reported for several nanocrystalline perovskite oxides[19,56,63]

and altered transport properties were observed. However, depending on the charge
of the space-charge zone, conductivity was either enhanced or impeded compared
to bulk material.[18]

Ghasdi and Alamdari[62] investigated the influence of the crystallite size on the
sensing performance of LaCoO3 for CO in air by preparing samples of different
crystallite sizes (11 nm, 20 nm, 1000 nm). The specific surface area was kept con-
stant for all samples. According to Figure 5.4, the response ratio increased as the
crystallite size decreased. The response corresponds to the mobility of oxygen in-
side the material. Correspondingly, the amount of desorbed oxygen, determined by
O2-TPD measurements, rose inversely proportional to the crystallite size, demon-
strating improved response ratios for nanocrystalline metal oxide.

Figure 5.4.: Response ratio of LaCoO3 with a crystallite size of 11 nm, 20 nm and 1000 nm
for 100 ppm CO in air as a function of temperature. Adapted from Ghasdi
et al.[62]
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5.2. Nanostructured Materials and their
Applications

In the following section, an overview over different nanostructured materials will
be given. However, compositional contributions to the material properties will be
briefly addressed as well. Perovskite oxides will be discussed with regard to both
grain size effects and enhanced surface area. In the context of ordered mesoporous
carbon and silica materials, the focus will be placed on pore confinement phenom-
ena.

5.2.1. Perovskite Oxides

The compound class of perovskites oxides comprises metal oxides of the general
formula ABO3. The A position is occupied by a large cation, usually a rare earth
or alkaline earth element, which is coordinated by twelve O2− ions. The smaller
cations, mainly transition metal elements, are usually found in the B position sur-
rounded by corner-sharing octahedrons formed of O2− ions (Figure 5.5). Various
cations can be combined as long as their combined oxidation state equals six. As a
consequence, more than 90% of metallic elements of the periodic table can form a
perovskite oxide structure.[7,9,21,64]

The compositional diversity of the perovskite oxides results in an extraordinarily
wide range of properties, i.a. mixed ion-electron conductivity[9,65], high stability
under oxidizing conditions[66] and reversible oxygen release from the structure[9]

and is the reason why they have been given the name ’inorganic chameleon’.[67]

Among the list of possible cation combinations, some specific compositions were
found to exhibit very intriguing properties, e.g. high catalytic activity of LaCoO3

for the oxidation of carbon monoxide.[7,8,68] These systems were extensively investi-
gated and comprehensive information about characteristic properties was obtained.
Thus, those perovskite oxides present ideal systems for comparison with regard
to structure-property relationships.[69] This enables a more detailed understanding
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when modifying material properties, e.g. formation of nanostructure.

Figure 5.5.: Crystal structure of the ideal perovskite oxide.[70,71]

At first glance, solids from the class of perovskite oxides do not appear to rep-
resent typical nanostructured materials. Traditional synthesis methods originate
dense ceramic materials that exhibit low specific surface areas, which rarely exceed
values of 1 m2g−1, and exhibit large grain sizes in the micrometer range.[7,67,72–75]

However, novel synthesis procedures, the details of which will be discussed in the
section ’Design of Nanostructured Oxide and Carbon Materials’, enabled the prepa-
ration of perovskite oxides with nanostructural features. Crystallite sizes in the
nanometer range and enhanced specific surface areas were obtained.
The ideal perovskite structure has a cubic unit cell, crystallizes in the space group
Pm3m and is represented by SrTiO3 at room temperature. However, considering
the multitude of cationic compositions, deviation from the ideal perovskite arrange-
ment occurs frequently while the material maintains its structural integrity. This
tolerance regarding structural variability is a significant and unique attribute of the
perovskite structure. In order to correlate the structural geometry of a composi-

21



5. Scientific Background

tion to the ionic radii of the cations, Goldschmidt proposed a tolerance factor t in
1926[76] described as

t = (rA + rO)√
2(rB + rO) (5.2)

with rA and rB being the radii of the respective cations and rO representing the
anionic radius.

Stable perovskite compounds are found in the range of 0.71 < t < 1.10. A tolerance
factor of t=1 represents the idealized cubic perovskite structure. Nevertheless, a
cubic structure is found for values between 0.9 and 1.0. For higher and lower t
values, perovskites with distorted lattice geometry are obtained. Lowering of the
symmetry by this distortion results in orthorhombic, rhombohedral, hexagonal,
tetragonal, monoclinic or triclinic systems. Within the scope of distorted phases,
variation of the cationic sizes as well as defect perovskites with cationic or oxygen
vacancies can be observed.[21,77,78]

Furthermore, the chemical and physical properties of this compound class can be
finely tuned by substitution of some or all of the A- or B-site cations with cations
of equal or different valency. A general formula of A1−xA’xB1−yB’yO3±� is therefore
better suited to account for resulting oxygen excess or deficiency.[7,9,21,68,77]

Defect Chemistry of Perovskite Oxides

One of the integral qualities of perovskite oxides is the high tolerance for structural
defects. The irregularities within the lattice are easily accommodated in the per-
ovskite structure and play an essential role in many of their applications. Within
the context of nanocrystalline perovskite oxides, an enhanced interface contribution
results in a high defect density of the overall solid.[21,55]

While intrinsic defects occur naturally in all crystals, extrinsic defects can be in-
corporated deliberately by doping. The kind and amount of those extrinsic de-
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fects can be controlled in order to improve catalytic activity and electrochemical
properties.[58,78,79]

In the perovskite oxide lattice, zero-dimensional point-defects are most relevant,
comprising electronic defects, oxygen ionic defects and cationic defects. Electronic
defects, which occur to a certain degree in any crystal, either refer to excess elec-
trons or electron holes in the lattice structure. The excess of electron defects can
be raised by donor doping, i.e. substituting cations of higher valency than the
initial cations. Thus, additional electrons are provided as majority charge carriers
resulting in n-type conductivity. The use of acceptor dopants, in turn, constitutes
a p-type conductor. Lower-valent dopant cations introduce freely moving electron
holes, which behave like electrons with a positive charge and increased effective
mass.
Electronic charge carriers are crucial to the catalytic performance of ABO3. They
enable charge-transfer during the surface reaction and are indispensable for the
distribution of oxygen vacancies through the bulk material by means of ambipolar
diffusion.[59,61,78,79]

Oxygen vacancies are often formed as a consequence of aliovalent cation substitu-
tion with acceptor dopants, i.e. replacement of a cation for a cation with lower
valency. A prominent example is the partial replacement of La3+ by Sr2+. This
substitution at the A-site is displayed in Figure 5.6. The resulting charge differ-
ence requires compensation by creating an oxygen vacancy (eq 5.3, Figure 5.6b).
Alternatively, electro-neutrality can be achieved by oxidation of the B-site cation,
which in turn improves the redox properties (eq 5.4, Figure 5.6c).[9,58,59,61,78]

2 SrO + 2LaX

La + OX

O 2 Sr′La + VO + La2O3 (5.3)

2 SrO + 2LaX

La +
1
2

O2 2 Sr′La + 2 h + La2O3 (5.4)
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Figure 5.6.: Charge compensation in a defect A3+
1−xA’2+x BO3−� structure by formation of

oxygen vacancies (b), change of the oxidation state of the B cation (c), or
simultaneous occurrence of both phenomena (d). An ideal ABO3 structure is
displayed as a comparison (a). Adapted from Zhu et al.[68]

As mentioned in Section 5.1.3, the importance of oxygen ion vacancies for oxy-
gen transport within the perovskite oxide cannot be overstated. The presence of
these anionic vacancies strongly influence the exchange rate between atmospheric
and lattice oxygen. In addition, the incorporation of atmospheric oxygen into the
vacancies results in the formation of electronic holes. Thus, the mixed conductivity
(ionic and electronic) increases corresponding to the amount of oxygen vacancies
depending on n- or p-type conductivity.[58–60]

Moreover, cationic deficiencies are known to enhance ionic transport properties.
Studies on different perovskite oxides[80–82] have shown that Schottky disorder
is energetically favoured over Frenkel defects. Accordingly, the introduction of
cationic vacancies results in additional oxygen vacancies to maintain charge neu-
trality within the lattice. A-site cation deficiencies are energetically favoured com-
pared to defects at the B-site.[78,83,84]

The location of these point-defects within the solid were investigated by Read et
al.[58] They determined that the surface defect energies were lower than the defect
energies in the bulk crystal. This implies that dopants and oxygen vacancies segre-
gate to the surfaces or interfaces. Thus, the catalytic and electrochemical activity
of the material is enhanced.
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5.2.2. Catalytic Properties of Lanthanum-based Perovskite

Oxides

Commercial usage of catalysts is almost exclusively limited to noble metals (e.g.
Pt, Pd, Ru) due to their high catalytic activity. Scarcity, high costs and suscep-
tibility to catalyst poisoning, however, increase interest in exploring alternatives.
Among those options, lanthanum-based perovskite oxides present a viable candidate
due to their low cost, earth abundance, thermal stability, excellent redox proper-
ties, oxygen mobility and their surface acid-base character. While their excellent
properties also spawn interest in other areas of applications (e.g. gas sensors,[85]

solid oxide fuel cells[86,87]), their potential in the field of heterogeneous catalysis is
promising.[12,16,88,89]

In order to compete with noble metal catalysts, however, the specific surface area,
crystallite size and crystal structure of utilized perovskite oxides require optimiza-
tion. Hence, a suitable synthesis of these materials for catalytic applications orig-
inates highly crystalline materials exhibiting large accessible surface area, i.e. en-
hanced interface contribution. Additionally, the prepared material requires high
ionic and electronic conductivity, which can be further improved, e.g. by acceptor
doping.[8,21,58,88]

The main role of lanthanum in the A-site position is to provide stability to the
perovskite structure. Its impact on catalytic properties is considered negligible.
However, different activities have been reported for different rare-earth cations as
they have an impact on spin and valence state of the B site cation.[19,90–93] Moreover,
when substituting with cations of alternate valence to introduce vacancies etc., dop-
ing of the A site can be a crucial factor in the catalytic activity (Section 5.2.1).[9,58]

A fundamental aspect of heterogeneous catalysis is Sabatier’s principle of cataly-
sis. It postulates that the catalytic reaction rate depends on the surface binding
energies between reactant and catalyst. A highly active catalyst provides ideal in-
teractions, i.e. the bond to the reactant is neither too strong nor too weak.[12]

With regard to perovskite oxides, the nature of the B site cation is considered
responsible for the catalytic activity. Shao-Horn et al.[94] reported a correlation
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between the occupancy of the eg orbital of the BO6 octahedron of surface cations
and the catalytic activity of different perovskite oxides for the oxygen evolution
reaction. A similar eg filling dependence was also found for other catalytic re-
actions, i.a. oxidation of CO.[12,69] The eg orbital occupancy corresponds to the
strength of the adsorbate interactions. With respect to the concept of Sabatier, an
occupancy value of eg close to unity presents ideal binding conditions (Figure 5.7b).

Figure 5.7.: (a) Electronic configuration of relevant metal orbitals of first-row transition
metals for a superficial BO5 configuration.[12] (b) Correlation between eg occu-
pancy and catalytic activity for CO, propene (C3H6), and isobutylene (C4H8)
oxidation of first-row transition metal perovskite oxides; B = Cr (yellow), Mn
(orange), Fe (green), Co (turquoise), Ni (white).[12] (c) Catalytic CO conver-
sion rate of LaBO3. B represents different first-row transition metals.[9,95]
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The eg occupancy of a perovskite oxide can be easily adjusted, e.g. by partial
substitution of the cationic composition[94] or by reduction of the particle size.[96]

Thus, the eg filling enables direct control over material properties.[12]

Another factor in the catalytic activity of the material is the redox stability of
the respective B site cations as it has a strong impact on the oxygen exchange
properties.[9,95] In that context, Mueller et al.[97] discovered that participation of
superficial oxygen is an integral part of the redox reaction. Thus, the B-O6 octa-
hedron should be considered a redox-active entity. High ’instability’ of that entity
facilitates change in the oxidation state. Accordingly, reversible addition and re-
moval of oxygen can easily take place during catalytic reactions.
Among the B-site cations in Figure 5.7c, Co3+ is most easily oxidized. In addition,
the eg occupancy equals unity (Figure 5.7a). Accordingly, LaCoO3 and solid solu-
tions thereof represent potent systems for different catalytic applications.[8,59]

In the following subsection, the principles of CO oxidation will be introduced.
This low-temperature catalytic process essentially takes place at the surface and
therefore demonstrates the impact of the surface chemistry. In this context, the
influence of nanocrystallinity will be detailed. Subsequently, the impact of an in-
creased surface-to-volume ratio will be demonstrated for several catalytic reactions.

CO oxidation reaction

The conversion of CO, emitted with automotive exhaust gases, into less harmful
CO2 with the assistance of a catalyst is an indispensable prerequisite for the reduc-
tion of hazardous gases.[8,12]

At low temperatures, the oxidation of CO favours a suprafacial mechanism accord-
ing to Tascon et al.[98] The catalyst provides surficial adsorption sites of adequate
symmetry and electronic properties to facilitate bonding of the reactant molecules.
Lattice oxygen is not involved in this process.[8,98]

O2(g) O2(ads) 2O(ads) (5.5)
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CO(g) CO(ads) (5.6)

CO(ads) + 2O(ads) CO3(ads) (5.7)

CO3(ads) CO2(ads) + O(ads) (5.8)

CO2(ads) CO2(g) (5.9)

Molecular oxygen is adsorbed on the metal surface (denoted as ads for adsorbed),
followed by dissociation into the reactive oxygen species. The adsorption of CO at
surficial O2− sites generates a labile species that further reacts with adsorbed oxy-
gen to form a bidentate carbonate. Transformation into a less stable monodentate
leads to decomposition into CO2(ads) and O(ads) before desorption of CO2 occurs.
The final step, the decomposition of carbonate to gaseous CO2, is considered the
rate-determining step.[7,8,98]

This process combines an Eley-Rideal (ER) and a Langmuir-Hinshelwood (LH)
mechanism. According to the ER mechanism, only one reactant is adsorbed on the
local surface before the reaction takes place (Figure 5.8). In contrast, during the
process described by LH, both reactants are adsorbed on the surface before they
react.[99] The coexistence of the ER and the LH mechanism was proven by Zhang-
Steenwinkel et al.[100] by utilizing step response analysis with the use of labelled
and unlabelled oxygen.
Accordingly, several authors described a strong correlation between catalytic activ-
ity and surface properties. An increase in surface area is accompanied by improved
catalytic activity up to a certain value.[101–103] Enhancement of the catalytic perfor-
mance can be further achieved by decrease of the crystal size,[104] improved surface
crystallinity,[105,106] suitable morphology[107] and synthesis method.[7,108]

Another approach to improve the catalytic performance of a perovskite oxide is the
introduction of dopants. It was observed that A-site acceptor doping significantly
facilitates the cobalt reducibility. Nakamura and co-workers[109,110] confirmed by
means of oxygen isotopic exchange that the lability of both surface oxygen and bulk
oxygen was increased following the substitution of A-site cations. Other substitu-
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tions can also provide an increase in catalytic activity if the lattice oxygen mobility
is improved.[8,111–113] These observations indicate that at higher temperatures, lat-
tice oxygen contributes to the oxidation reaction. Correspondingly, transition to an
intrafacial mechanism according to Mars-van-Krevelen takes place (Figure 5.8c).[114]

Thus, oxygen from the bulk is consumed during the oxidation reaction. Regener-
ation of the catalyst then occurs through adsorption-dissociation-incorporation of
oxygen from the gas phase.[7,115] Hueso et al.[116] discovered a complete shift from
supra- to intrafacial reaction around 320 °C.
The complexity of the reaction and dependence on the material composition and
morphology complicate the precise description of the processes taking place. There-
fore, different mechanisms are proposed that can only contribute to a complete
comprehension.[7]

Figure 5.8.: Surface processes according to Eley-Rideal (a), Langmuir-Hinshelwood (b)
and Mars-van-Krevelen (c). Adapted from Misono et al.[117]

Among La-based perovskite oxides, compounds in which Co is located at the B
position are most suitable as catalyst for the CO oxidation reaction (Figure 5.7c).
The Lewis acidity of Co3+ allows for the adsorption of carbon monoxide, whereas
oxygen in the form of molecular O−2 favours adsorption on Co2+ sites. The high
redox activity of cobalt results in the coexistence of Co3+ and Co2+ and provides
the necessary active sites for the CO oxidation.[9,68,118]
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Grain Size Effect on Catalytic Activity

The influence of the grain size on the catalytic activity for the oxidation of CO to
CO2 will be presented in this subsection. Seyfi et al.[88] reported 50% conversion
over LaCoO3 at 280 °C. The perovskite oxide material was synthesized via a citrate
method. The resulting solids exhibited a specific surface area of 5.3 m2g−1 and crys-
tallite sizes around 100 nm. Taguchi et al.,[105] in turn, achieved 50% conversion
as low as 124 °C. A similar synthesis approach compared to the work of Seyfi et
al. based on the citrate method was used for the synthesis of the LaCoO3 catalyst.
However, lower calcination temperature and shorter calcination time originated a
material with different textural properties. The nanostructured solid exhibited a
BET surface area of 13.0 m2g−1 and crystallite sizes around 20 nm. A comparison
of the results of Seyfi and Taguchi demonstrates the impact of the nanostructure
with regard to the catalytic performance. While differences in synthesis and surface
area affect the activity of LaCoO3, the increased interface contribution distinctly
promotes the CO oxidation reaction.
This aspect is even further emphasized in the work of Taguchi and co-workers.[105]

Minimal variation of synthesis parameters reportedly lead to perovskite oxide ma-
terials with slightly different crystallite sizes in the nanometer range. A clear corre-
lation between the grain size and the catalytic conversion of carbon monoxide over
LaCoO3 was observed (Figure 5.9). The lowest half-conversion temperature (T50)
was realized by the nanostructured perovskite oxide which exhibited the smallest
crystallite size. As the crystallite size increased, T50 increased accordingly. Textu-
ral properties such as specific surface areas and average particle sizes also varied
corresponding to the synthesis conditions. However, a clear relationship between
those properties and the catalytic performance was not detectable. Therefore, this
study further exemplifies the correlation between nanometer size effects due to an
increased interface contribution and functional properties of perovskite oxide ma-
terials.
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Figure 5.9.: Catalytic conversion of CO to CO2 over nanocrystalline LaCoO3. Adapted
from Taguchi et al.[105]

Effect of Enhanced Surface Area on Catalytic Activity

In the previous paragraph, the influence of the grain size of nanostrucutred mate-
rials on the catalytic activity of perovskite oxides was presented. A strong contri-
bution of the crystallite interfaces was shown. In this subsection, the focus will be
placed on the impact of the exterior surface, i.e. the site of heterogeneous catal-
ysis. The presence of nanosized pores inside the material leads to a considerably
enhanced accessible surface area. Accordingly, the reaction site is enlarged, which
promotes catalytic activity.[9] With respect to the pore size, mesopores are favoured
as opposed to micropores. The bigger mesopores allow sufficient transport rates for
the reactants.
The suitability of perovskite oxides for catalytic processes is not limited to CO
oxidation. Especially cobaltites, manganites and ferrites can be utilized as catalyst
in the oxidation of volatile organic compounds such as methane, reduction of NO
and total oxidation of methanol.[9]

Wang et al.[119] were able to demonstrate the influence of the surface area for

31



5. Scientific Background

the complete oxidation of methane over mesoporous LaCoO3. Materials with a
high specific surface area of 96.7 m2g−1 were prepared via a nanocasting method,
employing vinyl silica KIT-6 as exotemplate. Comparison of the temperature-
dependant methane combustion between nanocast LCO and bulk LCO (8.3 m2g−1)
revealed significantly improved light-off and half-conversion temperatures in favour
of the mesoporous compound (Figure 5.10). Repeated catalytic runs led to a de-
crease in catalytic conversion as a consequence of diminished specific surface area
(69.5 m2g−1) due to particle sintering. However, this fact further supports the im-
pact of the surface area on the catalytic activity.

Figure 5.10.: Catalytic conversion of methane over mesoporous LCO (a), silica-LCO com-
posite (b), bulk LCO (c) and mesoporous silica after a repeated catalytic
run (d).[9,119]

Nair et al.[120] investigated the impact of the BET surface area of LaMnO3 for the
total oxidation of methanol. By means of the nanocasting technique, the reactive
grinding process and the citrate method, solids with specific surface areas of 155,
40 and 15 m2g−1 were obtained, respectively. The catalytic activity corresponded
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very well to the accessible surface area. Full conversion of methanol was achieved
at 150 °C in the case of highly porous LaMnO3. The employment of LaMnO3 ob-
tained via reactive grinding and in a citrate process resulted in full conversion at
185 °C and 220 °C, repsectively.
Similar surface area-dependencies were also reported by de Lima and co-workers
for the reduction of NO to N2 in the presence of CO utilizing nanocast LaFeO3

with increased specific surface area as catalyst.[121] The improved performance of
the nanocast materials display the benefits of an increased surface-to volume ra-
tio, hence, demonstrating once more the impact of nanostructuring with respect to
material properties.

5.2.3. Silica

As the transition is made from mixed metal oxides to a single metal oxide, crys-
talline aspects can be neglected due to the amorphous nature of silica. In general,
silica is obtained through a sol-gel process, which starts from molecular precursors,
usually in the form of silicon alkoxides (e.g. tetraethyl orthosilicate (TEOS)). The
sol-gel process consists of several steps that are controlled by hydrolysis and con-
densation of the reactants. First, a stable suspension of colloidal solid particles in a
liquid, a sol, is formed (Figure 5.11). Progressive polycondesation reactions of the
particles lead to gelation during which a network is generated. The sol-gel transition
is then followed by aging. Further condensation reactions of neighbouring silanol
groups and mass transfer from thermodynamically unfavourable to favourable re-
gions can occur during aging. This step is often accompanied by expulsion of pore
liquid and the spontaneous shrinkage of the gel (syneresis). Finally, the remaining
liquid is removed from the gel. Conventional drying of the gel often leads to a
collapse of the network originating a densified xerogel. Upon supercritical drying,
the network structure is maintained and an aerogel is obtained.[67,122–124]
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Figure 5.11.: Schematic illustration of the sol-gel process. Supercritical instead of con-
ventional drying results in an aerogel instead of a xerogel. Adapted from
Schubert et al.[122,125]

The sol-gel approach offers a facile method of preparing hybrid materials, which
enables the combination of beneficial properties from inorganic and organic com-
pounds. Substitution of an alkoxy group of the precursors for an organic group
that is covalently attached through a Si-C bond leads to the creation of networks
containing both functionalities. The inorganic silica framework provides chemical
resistance and thermal stability to the network. The organic functional groups
provides versatile functional sites.[126] Substituted alkoxides are also used for the
formation of various cage-like polyhedral oligomeric silsesquioxanes (POSS)[127–129]

and ladder-like polysilsesquioxanes (LLPSSO).[130–133] The chracteristic structures
are displayed in Figure 5.12. Photocurable moieties as organic functionality, e.g.
methacryl groups, enable the integration of polysilsesquioxanes into an acrylate
polymer. Simultaneous UV curing of acrylate monomers and methacrylate-function-
alized polysilsesquioxanes results in the formation of a nanocomposite.[130]

Variation of length, rigidity, geometry of substitution and functionality of the or-
ganic side group can impact the bulk properties of the material significantly, e.g.
flexibility, hydrophobicity, diffusion, stability, and make for new and improved func-
tional materials.[122,134,135]
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Figure 5.12.: Characteristic silsesquioxane structures of POSS (a) and LLPSSO (b). R
refers to organic functionality.[130]

Nanoporous silica is prepared by an endotemplating technique. The resulting
materials display well-ordered pores of unanimous size and high specific surface
areas. Depending on the syntheses conditions, different porous systems can be ob-
tained. Some relevant representatives of ordered mesoporous silica include SBA-15,
KIT-6 and FDU-12.[136]

SBA-15 was first reported by Stucky et al.[137,138] and has a two-dimensional channel-
like pore system. The cylindrical pores are hexagonally-packed exhibiting p6mm
symmetry (Figure 5.13a). Pore sizes between 4.6 and 30 nm can be readily ob-
tained. Additional micropores, which connect the main channels, can be observed.
KIT-6 was introduced by Ryoo and co-workers.[139] It is composed of a three-
dimensional cubic pore system in the Ia3d space group. The pore system can
be described by a pair of interpenetrating bicontinuous networks of channels (Fig-
ure 5.13b). Similar to SBA-15, the channels are connected through micropores.
The pore size can be controlled, varying from 4 to 12 nm.
FDU-12 was developed by Zhao et al.[140] and displays a pure face-centered cubic
mesophase with Fm3m symmetry. The materials present a cage-like pore structure.
Large pore cavities are connected by pore entries of smaller size, which are referred
to as windows (Figure 5.13c). Pore sizes can be tuned in a range from 12 to 60 nm.
The window sizes can be accordingly adjusted from 4 to 35 nm.
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Figure 5.13.: Schematic illustration of the pore system of SBA-15 (a),[136] KIT-6 (b),[136]

and FDU-12 (c),[140] respectively.

In addition, mesoporous silica is widely used as a hard template for the fabri-
cation of other porous materials (e.g. porous carbon). It can be utilized as an
exotemplate for a nanocasting procedure. Thus, it plays a crucial part in the de-
velopment of several nanoporous materials.[136] The synthesis details of different
templating methods will be described in the section ’Design of Nanostructured Ox-
ide and Carbon Materials’.

5.2.4. Mesoporous Silica as Support for Perovskite Oxides

Before addressing the role of mesoporous silica as support, some aspects regarding
the guest species (perovskite oxides) need to be reiterated. As mentioned before,
nanoparticles or nanocrystals of perovskite oxides are beneficial for applications
such as catalysis. They exhibit an increased surface-to-volume ratio compared to
bulk materials and accordingly show improved catalytic activity. However, high
calcination temperatures promote the growth of perovskite oxide particles.[141,142]

One approach to limit the growth relies on the use of porous hosts such as ordered
mesoporous silica as support. Particles or clusters can form inside of the pores. The
confines of the pore space, in turn, limit the growth of perovskite oxide particles and
impede agglomeration of these particles during thermal treatment. Particle sizes
that correspond to the sizes of the pores can be obtained. Accordingly, these small
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crystallites exhibit high specific surface areas for enhanced catalytic activity.[143–145]

Yi et al.[146] prepared LaCoO3 by conventional citrate-method inside the pores of
silica SBA-15 and compared it to bulk LCO. Exploiting the confinement effects of
the pore constraints, highly crystalline LCO particles ranging from 5 to 8.5 nm
were obtained within the host matrix. The bulk material constituted crystallites of
15.6 nm. As a consequence, the smaller LCO particles exhibited enhanced specific
surface areas. Moreover, the functional properties of the materials were assessed
according to their catalytic performance in the complete oxidation of methane. The
normalized activity (with respect to the specific surface area) of bulk LCO was re-
ported to be superior to the activity of supported LCO. Thus, the lower activity
of the supported perovskite oxide material can be ascribed to differences in the
structure or composition.
Nguyen and co-workers[147] investigated the role of LaCoO3 inside of a mesoporous
silica host with regard to the catalytic oxidation of methane. While they could
demonstrate an improved catalytic performance of the LCO/SiO2 composite com-
pared to bulk LCO, a perovskite oxide phase was only formed if the precursor
loading in the silica host exceeded 30 wt%. Additional perovskite oxides crystal-
lites formed on the exterior of the silica matrix.
Accordingly, confinement effects need to be considered with regard to this approach.
Conversion and crystallization of the perovskite oxide precursors proceed differently
in nanosized confined spaces compared to bulk processes. Complete understanding
of the processes at the nanoscale is required to fully exploit this promising approach.
Mesoporous silica represents a very suitable material for the investigation of con-
finement effects. It is well-investigated and the pore properties can be easily
and precisely tuned through an endotemplating method. Accordingly, pore size,
pore curvature and symmetry, surface modification and pore accessibility can be
controlled.[143,148] Thus, it makes them ideal model systems for the investigation of
nanoconfinement effects.
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5.2.5. Carbon

Before introducing nanostructured carbon materials, some general information about
carbon will be provided since carbon exhibits specific properties which are also es-
sential for certain applications of nanostructured carbon.
Carbon is considered a remarkable element due to its variety of allotropic crys-
tal modifications. In diamond, each carbon atom is tetrahedrally surrounded by
four different carbon atoms, connected by overlap of sp3 hybrid orbitals. The
high binding energy of the C-C bond renders it the hardest naturally occurring
substance. Due to the absence of ⇡-bonds, diamond crystals exhibit excellent elec-
tronic insulation.[149,150]

Another modification constitutes graphite, which is characterized by a layer struc-
ture. Sp2 hybridized carbon atoms form �-bonds to three neighbouring carbon
atoms in a plane (Figure 5.14a). The excess valence electrons are delocalized in-
side of ⇡-orbitals and can move freely throughout the plane. Accordingly, graphite
exhibits significant conductivity parallel to the sheets.[149]

Figure 5.14.: Display of selective carbon allotropes: crystal structure of ↵-graphite (a),
C60 molecule of a Buckminster fullerene (b), and zig-zag configuration of a
carbon nanotube (c).[150]

A single layer of graphite is referred to as graphene. The graphene sheets are
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held together by weak van der Waals forces and ⇡-interactions. Thus, graphite can
be easily split or shifted parallel to the plane.[149,150]

Other allotropes comprise fullerenes (Figure 5.14b) and nanotubes (Figure 5.14c),
both of which are derived from a distorted graphite structure. Fullerenes present
spherical cage-like molecules consisting of condensed C5 and C6 rings. In contrast
to graphite, ⇡-electrons are localized and therefore, fullerenes are less thermody-
namically stable.[149,150] Carbon nanotubes can be considered rolled up graphene
sheets. Due to nanosize effects, they display special properties, e.g. high mechani-
cal stability[150] and enhanced electronic conductivity.[151]

Aside from allotropic modifications of carbon, various graphite materials can be
prepared from a wide range of carbon-containing precursors (e.g. hard woods, fruit
stones, coals, phenolic resins). Graphite materials refer to substances that are at
least partially composed of graphite such as synthetic graphite, pyrolytic graphite,
and activated carbon.[150,152]

The nature of the starting material plays a crucial role with regard to the develop-
ment of the graphite structure. According to Franklin,[153] those starting materials
can be divided into graphitizing carbons and non-graphitizing carbons (also de-
noted as chars). Graphitizing carbon can be fully converted to graphite through
pyrolysis at temperatures above 2000 °C. In contrast, complete graphitization is not
possible in the case of non-graphitizing carbon, even at high temperatures. During
pyrolysis of graphitizing carbons, planar cross-links are formed between graphite
stacks of 2 to 4 graphite-like layers (Figure 5.15a). This pre-arrangement of the
carbon structure facilitates the conversion of graphitizing carbon into the charac-
teristic graphite layer structure at elevated temperatures. The formation of a dense
graphite structure impedes the formation of pores.[153–155]
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Figure 5.15.: Schematic illustration of the structure of graphitizing carbon (a) and non-
graphitizing carbon (b).[153]

With respect to non-graphitizing carbon, high oxygen content is exhibited in the
starting materials. The increased presence of oxygen is assumed to promote cur-
vature in the carbon structure, which leads to the formation of distorted graphene
sheets during pyrolysis. These distorted graphene sheets form thermally stable
cross-links between randomly oriented graphite-like domains as displayed in Fig-
ure 5.15b. Thus, the cross-links prevent a long-range ordering. The distances
between the domains directly translate to the presence of micropores.[150,152–154]

The nanostructure and correspondingly the properties of the final material (e.g.
electric conductivity, hardness, microporosity) are strongly affected by the car-
bonization temperature. McDonald-Wharry and co-workers[154] reported a tem-
perature-dependence for the development of the carbon structure (Figure 5.16). At
carbonization temperatures below 500 °C, the majority of the mass is composed
of amorphous carbon. Accordingly, the material exhibits poor electric conductiv-
ity. At increased temperatures, the amorphous carbon is gradually converted into
graphitic carbon. Depending on the oxygen-content, randomly oriented domains of
regular and distorted graphene are formed and cross-linked. At high temperature
treatment, the graphitic character is further emphasized. Accordingly, the products
display a more pronounced nanostructure and strongly enhanced conductivity.[156]
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Figure 5.16.: Schematic illustration of the nanostructure of non-graphitizing carbon at
different carbonization temperatures.[154]

Porous carbon materials possess electric and thermal conductivity, chemical sta-
bility, low density, high storage capacity, and are widely available. Thus, they
combine attributes of allotropic carbons and benefits of nanostructural properties,
which makes them attractive for many advanced electrochemical applications.[26,157,158]

In many applications, the porous carbon usually acts as host for an active mate-
rial, e.g. sulfur. Ordered, nanoporous carbons like CMK-8 present ideal model
systems for the understanding of the processes taking place in such host-guest sys-
tems. They are usually prepared by a template-assisted synthesis method, which
is emphasized in the section ’Design of Nanostructured Oxide and Carbon Mate-
rials’. The resulting carbons comprise both micro- and mesopores, which enables
the simultaneous investigation of different pore ranges. Moreover, they exhibit ex-
tremely high specific surface areas and pore volumes compared to other mesoporous
materials such as silica.[26,157]

The role of these nanoporous carbons in the investigation of electrochemical pro-
cesses is described in the following paragraph.
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5.2.6. Nanoporous Carbon as Li-S Battery Cathode Material

Applications for nanoporous carbons include electrode materials for batteries,[11,159]

fuel cells[160,161] and supercapacitors,[162,163] sorbent for gas storage[164,165] and sep-
aration processes[166,167] and catalyst support.[168,169] Due to its relevance to this
work, the focus will be the use of nanoporous carbon as cathode materials for Li-S
batteries.
The Li-S cell relies on a simple principle, introduced by Herbert and Ulam in
1962.[170] The anode is made of Li metal, while sulfur is used at the cathode site. On
discharge, dissolved lithium ions are transported through an electrolyte to the cath-
ode, where sulfur is gradually reduced to form various polysulfides (Figure 5.17).
The reversible redox reaction is described as follows:

S8 + 16Li+ + 16 e– 8Li2S (5.10)

Considering the high theoretical values for specific capacity (1675 mAh/g) and en-
ergy density (ca. 2600 Wh/kg) in addition to low cost, abundant resources and high
safety, Li-S batteries deem superior options for energy storage compared to Li-ion
technology.[11,171,172] However, some major challenges prevent the Li-S cells from
reaching their full potential. One of the main issues is the capacity fading due to
the polysulfide shuttle. During charge and discharge processes, soluble long-chain
polysulfide intermediates Li2Sn (3 ≤n≤ 6) are formed and migrate to the lithium
anode to be further reduced. There, either insoluble Li2S and Li2S2 are formed
and deposit on the anode or the intermediates are transported back to the cathode
followed by reoxidation and repeated diffusion to the anode. This shuttle effect
therefore leads to a progressive loss of active mass and reduces the coulombic ef-
ficiency in the charging process. Another drawback is the insulating character of
sulfur and its solid discharge products. As a consequence, poor electrical connec-
tivity within the sulfur cathode is observed resulting in an inefficient use of active
material.[11,23,160,172]
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Figure 5.17.: Schematic illustration of the Li-S cell and the polysulfide shuttle.

One approach to remedy the aforementioned issues is the design of a composite
cathode consisting of ordered nanoporous carbon filled with sulfur. The carbona-
ceous nature provides electronic conductivity, the high specific pore volume accom-
modates high sulfur loading and the narrow pore sizes are intended for entrapment
of sulfur and its polysulfide intermediates to prevent loss of active material.[11,171,172]

Nazar et al.[159] first employed CMK-3/sulfur composites as cathode material re-
sulting in reversible capacities up to 1320 mAh/g. The ordered nanoporous carbon
materials are usually obtained through exotemplating of 3DOM silica. CMK-3 is
a negative replica of SBA-15, whereas KIT-6 is used as scaffold in the synthesis
of CMK-8. The combination of both meso- and microporosity benefits high sulfur
loadings and allows for sufficient space for lithium ion diffusion (mesopores), while
polysulfides are confined within the micropore space.[173]

However, considerable loss of active material is still observed and, by modification
of the carbon host, the shuttle effect could only been limited. Thus, further re-
search is required to improve understanding of the processes in Li-S batteries, also
with regard to the interactions between the electrolyte and sulfur.[159,171,174]
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5.3. Design of Nanostructured Oxide and Carbon
Materials

In the first section, several nanostructure phenomena were introduced, whereas the
second section comprises different nanostructured materials and their applications.
In this paragraph, different methods will be presented to design these nanostruc-
tured materials. Considering the importance of nanoporous materials for a wide
array of applications (Section 5.2), various preparation techniques have been estab-
lished or are being modified to improve the material properties.[20,175]

5.3.1. Design of Nanocrystalline Oxide Materials

In the context of this work, nanocrystalline materials refer to perovskite oxides.
Accordingly, this paragraph outlines methods and design principles to prepare
nanocrystalline perovskite oxides.
Conventional synthesis methods (i.e. solid-state synthesis) for perovskite oxides
require high reaction temperatures exceeding 1000 °C to ensure high diffusion rates
between solid precursors. Insufficient diffusion originates an inhomogeneous prod-
uct phase and the presence of undesirable phases in the final material. However,
high reaction temperatures increase grain growth of the crystallites. According to
the principles of crystallization (5.1.2), a more thermodynamically stable form is
preferred at elevated temperatures. This is achieved by reducing the interface en-
ergy, i.e. decreasing the radius of curvature of the grain boundaries by increasing
the size of the grain. Thus, the contribution of unfavourable surface free energy is
minimized and the contribution of stabilizing volume free energy is raised.[20,55,176]

As stated in Section 5.1.3, however, an increased grain size is detrimental to the
functional properties of a perovskite oxide. Correspondingly, a suitable approach
for the synthesis of nanocrystalline solids at low reaction temperatures is required.
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Polymer Complex Route

Soft chemistry methods like liquid phase syntheses fulfil the requirement of low
reaction temperatures. Due to homogeneous mixing of the reactants at the atomic
level, products with high purity and nanocrystalline structure can be obtained at
low temperatures. Several authors correspondingly reported the formation of single
phase perovskite oxide structures as low as 500 to 600 °C.[177–180]

A very prominent representative of this synthesis type is the Pechini method,[181]

in which soluble precursors are added to a mixture of a carboxylic acid such as
citric acid, and a polyol, e.g. ethylene glycol. The citric acid acts both as monomer
and chelating agent to form complexes with the metal cations, giving this reaction
type the name ’polymer complex route’. Polyesterification of the citric acid and
the polyol, which acts as solvent and as bridging agent in the polymerization, re-
sults in the formation of an organic-inorganic gel (Figure 5.18). The fixation of the
homogeneously distributed cations within a polymeric matrix ensures short diffu-
sion pathways and prevents phase seperation during the subsequent heat treatment.

Figure 5.18.: Schematic illustration of the processes of the Pechini method.[72]

In the final combustion step, the organic content is decomposed at elevated tem-
peratures. As the organic compounds are thereby removed, the metal precursors
transition into crystalline intermediates - carbonates are favored for A-site cations
while B-site cations usually form a spinel structure as reported by Caro et al.[182]

Upon further heating of the mixture, a solid state reaction at the nanoscopic scale
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takes place resulting in the degradation of carbonates and formation of the desired
perovskite oxide material.[67,72,183–185]

Based on this reaction principle, various modifications of the synthesis have been
developed, e.g. substitution of citric acid with other mono- and di-carboxylic
acids,[186–188] addition of additives to optimize the complexing behaviour between
cations and chelating agent,[189–191] water[184] or ethanol[73] as a replacement for the
polyol. Taguchi et al.[192] presented a variation of the polymer-complex route for
the preparation of LaMnO3, in which poly(acrylic acid) was used as complexing
agent instead of citric acid. Additionally, the polymer was prepared before adding
it to an aqueous metal precursor solution.
Modifications of the synthesis conditions and processes directly translate to the
textural properties of the resulting product. Therefore, synthesis can become a
tool to tailor the functional properties of perovskite oxides.
Taguchi et al.[106] also investigated the relationship between amount of citric acid,
calcination temperature and resulting nanostructure of LaCoO3. The amount of
citric acid was varied in the range of 4 - 12 mmol. The samples were exposed to
calcination temperatures between 400 and 700 °C. As displayed in Figure 5.19a, a
single perovskite phase was obtained as low as 600 °C by using 5 to 11 mmol of
citric acid. A citric acid content between 6 and 8 mmol also promoted crystalliza-
tion at 500 °C. However, the presence of intermediate phases (La2O3, Co3O4) was
observed.
Despite variation of the amount of citric acid, similar grain sizes of approximately
12.5 nm were obtained at 600 °C. In contrast, variation of the calcination tem-
perature constituted significant changes to the crystallite sizes. Increase of the
temperatures lead to a gradual increase of the grain sizes up to 21.0 nm at 900 °C.
A corresponding assessment of the functional properties by means of catalytic ac-
tivity showed an enhanced conversion of CO for LaCoO3 calcined at 600 °C.
With respect to the use of polymeric precursors such as citric acid, high organic
content in the initial reaction mixture promotes the formation of carbonate phases
during thermal conversion to oxides. In these cases, prolonged calcination times
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at elevated temperatures or an additional acetic acid treatment are necessary to
remove or reduce the presence of carbonates.[193] The presence of these impurities in
the final material can become problematic when considering (electro)catalytic ap-
plications since carrier transport in the material and oxygen exchange on the surface
are hindered.[194–197] However, the treatment can be detrimental to the functional
properties of the material, i.e. grain growth due to extended high temperature
treatments or alteration of the crystallinity of the perovskite oxide due to chemical
instability.[21,198] Therefore, minimal addition of organic contents limits the intro-
duction of impurities.

Figure 5.19.: (a) Relationship between the the crystal structure of LaCoO3 and synthetic
conditions (amount of citric acid and calcination temperature). ● refers to
the formation of a single perovskite oxide phase; ▲ represents a mixture of
LaCoO3, La2O3, and Co3O4; × constitutes an amorphous product.[106] (b)
XRD patterns of LaCoO3 calcined at 500, 550, and 600 °C, respectively. †
refers to the product prepared by spray-freezing/freeze-drying, ∗ refers to
the product prepared by evaporation drying. Reflections denoted as P can
be ascribed to the perovskite oxide structure; � refers to La2O3; ● represent
Co3O4 phases; Si was used as a standard. Adapted from Lee et al.[177]

While Taguchi and co-workers emphasized the effect of reactant compositions
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and calcination temperatures, Lee et al.[108,177] rather focussed on the processing of
the reactant mixture. They were able to demonstrate the impact of the precursor-
drying procedure on the (nano)structural formation of LaCoO3. The synthesis
approach was based on a citrate method and included either an evaporation-drying
or a spray-freeze/freeze-drying step before calcination. The drying step strongly
influenced the crystallization process. After spray-freeze/freeze-drying, a single
perovskite phase was obtained as low as 500 °C. In contrast, evaporation-drying
and subsequent calcination originated a pure LaCoO3 phase only at 600 °C (Fig-
ure 5.19b). Accordingly, the solid calcined at 500 °C exhibited a higher degree
of nanostructuring. Crystallite sizes of approximately 20 nm were obtained after
spray-freeze/freeze-drying and calcination at 500 °C compared to grain sizes close
to 100 nm after evaporation-drying and thermal treatment at 600 °C. The improved
nanocrystalline properties of LaCoO3 calcined at lower temperatures corresponded
to an enhanced catalytic activity for the oxidation reaction of CO. Thus, functional
properties were successfully increased.

5.3.2. Design of Nanoporous Oxide and Carbon Materials

As opposed to the synthesis of nanocrystallite materials, this section deals with the
design of nanoporous perovskite oxide, silica, and carbon materials. Introduction of
porosity and correspondingly, a high specific surface area, can be realized in many
different ways (e.g. nonaqueous solvothermal synthesis route,[75] self-propagating
high-temperature synthesis,[35] flame-spray pyrolysis[199]) but often depends on the
type of material. One approach to prepare porous solids is a template-assisted
synthesis procedure. The template acts as a space holder during the formation of
the surrounding phase. After removal of the template, the desired porous prod-
uct is obtained. This enables the preparation of materials with specific structural
properties.[200,201]

Two templating methods can be distinguished: endo- and exotemplating. Endotem-
plating refers to the inclusion of (supra)molecular structures in the growing solid.
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This method is mostly used for the synthesis of ordered mesoporous silica,[17,202,203]

various other metal oxides[204–206] and zeolites.[207,208] An exotemplate, in turn,
presents a porous entity whose pore space is filled with target precursors. Upon
conversion of the precursors into the desired material and removal of the template,
a replica of the exotemplate is obtained. Ordered mesoporous carbons[22,209–211] and
mesoporous metal oxides[212–215] are obtained via this method.[30,200,216]

Additionally, templates can also be characterized according to their chemical na-
ture as hard- or soft-templates.[216]

Nanoporous Silica

Nanoporous silica materials are primarily obtained through an endotemplating ap-
proach by using soft templates. Soft endotemplates comprise self-assembled ag-
glomerates of surfactants such as long-chain alkyltriemthylammonium halides or
organic block copolymers like Pluronic P123. In a liquid medium, they form
ordered, mesoscaled structures, i.e. micelles, and function as structure-directing
agents (SDA) for the inorganic phase.[217] This method was first presented in 1992,
when researchers from Mobil Oil Corporation developed MCM-41,[202] a mesoporous
silica material formed with the assistance of surfactant molecules.
In most conditions, the reaction mechanism follows a cooperative assembly, i.e. mi-
cellar surfactant structures and the inorganic phase form simultaneously resulting
in the final composite. However, if the surfactant concentration of the medium sur-
passes the critical micelle concentration (CMC) prior to the addition of the silica
precursor species, liquid crystals can develop (Figure 5.20).[200]

Interactions (hydrogen or electrostatic bonds) between the organic and inorganic
part are necessary to avoid macroscale phase separation. In addition, those forces
facilitate the condensation of the silicon precursors around the SDA. Alkoxysilanes
with the ability to undergo polycondensation reactions, such as TEOS, are usually
employed as precursors.
Once a stable macromolecular network is formed around the micelles, the incorpo-
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rated SDA is removed by means of extraction or heat treatment. As a result, a
porous material is obtained.[217,218]

Figure 5.20.: Schematic illustration of the liquid-crystal template mechanism and the co-
operative assembly mechanism.

The employment of soft matter as endotemplates gives precise control over the
size of the pores while a narrow pore-size distribution is maintained. Pore sizes
between 20 and 300 Å can be easily obtained. Additionally, the pore shape and
symmetry can be adjusted according to the hydrophobic domains in the lyotrophic
phase resulting in lamellar, hexagonal or cubic structures. Both pore parameters,
size and shape, depend on the concentration and properties of the SDA, the length
of the hydrophobic chain/polymer blocks, the potential presence of cosurfactants,
the temperature, and the pH value of the solution. This makes the mesostructure
formation very sensitive to the applied reaction conditions. Moreover, this method
is mostly limited to the synthesis of porous light metal oxides that are formed by
means of sol/gel processes, e.g. SiO2, TiO2 and Al2O3.[203,216,217,219]
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Nanoporous Perovskite Oxides

The preparation of nanoporous perovskite oxides is not compatible with a soft-
templating approach due to the low thermal stability of SDAs. Decomposition of
the organic part often occurs prior to the formation of a stable inorganic phase and
is accompanied by loss of structure.[217–219] So far, only macroporous perovskite ox-
ides could be obtained with the use of PMMA microspheres by Zhao et al.[220]

Therefore, an exotemplating approach, also referred to as nanocasting, is often used
for the synthesis of nanoporous perovskite oxides. The general procedure can be de-
scribed as follows: A rigid, porous host matrix, e.g. mesoporous silica, is infiltrated
with metal precursors - commonly by wet impregnation methods. After conversion
of the precursors into the target material at high temperatures, the exotemplate
is removed by alkaline etching. As a result, a negative replica of the porous silica
matrix composed of perovskite oxide is obtained (Figure 5.21).

Figure 5.21.: Schematic illustration of the exotemplate approach.

Mesoporous LaFeO3 with a specific surface area of 83.2 m2g−1 was prepared by
Zhao et al.[221] by using a SBA-15 silica matrix as a cast. Nair et al.[120] employed
KIT-6 as a template resulting in different La-based perovskite oxides with surface
areas up to 155 m2g−1. However, some issues representative of the general exotem-
plating approach were shown in their works. The silica templates were only partially
replicated. Due to incomplete filling of the porous nanocast, a rather discontinu-
ous or disordered mesoporous solid was obtained.[221–223] Moreover, considerable
amounts up to 10% of siliceous species (e.g. rare-earth silicates) were observed in
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the final solid. This poses a problem as these contaminations are detrimental to
possible applications in sensing or catalysis.[120,222,224]

Endotemplating can also be performed by inclusion of hard matter, e.g. silica tem-
plates. This can be achieved by cooperative-assembly, as reported by Kayaalp et
al.[179] Highly porous SrTiO3 was prepared by addition of pre-hydrolyzed alkoxysi-
lane to a mixture of polymerizable chelating agent and metal precursors, subsequent
conversion and removal of the siliceous phase. However, the simultaneous formation
of both the silica phase and the perovskite oxide phase can lead to the presence of
metal silicate phases in the final material.
As an alternative, a pre-existing silica compound can be added as an endotemplate
to the initial reaction mixture to produce a nanocomposite. So far in literature,
this approach has only been employed for the preparation of soft porous matter.
Mesoporous organic polymers were prepared by adding nanosized silica templates
to a solution of the respective monomer species.[225,226] Due to the nature of the
polymer-complex route (Section 5.3.1), in which metal cations are incorporated
into an organic polymer, this approach is in theory also transferable to the prepa-
ration of mesoporous metal oxides.[227]

Nevertheless, the addition of hard endotemplates to a reaction solution is accompa-
nied by some challenges. Silica particles agglomerate easily, which, in turn, can lead
to phase segregation from the forming polymer. Therefore, surface modifications or
introduction of functional groups that interact with the emerging polymer are essen-
tial to ensure homogeneous distribution of the template. Moreover, the removal of
the inorganic template requires harsh conditions due to its chemical stability. This
can damage or even destroy the structure of the target material while complete re-
moval of the siliceous species is not always attainable. Silica contaminations often
remain in the final product and interfere with catalytic applications.[227,228] Thus,
an ideal synthesis approach to prepare pure, nanoporous perovskite oxide materials
with high specific surface areas in a reproducible manner has not yet been reported.
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Nanoporous Carbon

In the case of nanoporous carbon, the different pore regions (i.e. micro- and meso-
pores) can be adjusted seperately.
With regard to microporosity, the carbonization temperature and the nature of the
precursors determine the nanostructure of the carbon material as displayed in Sec-
tion 5.2.5. However, the pore properties can be additionally tailored by activation
of the carbon. Carbon activation can be best described as a process to widen exist-
ing pores and adding considerable amounts of new micropores, while also modifying
the carbon surface. The activation can be initiated by removal of carbon atoms
by exposure to gases (O2, CO2). Alternatively, activating agents (e.g. KOH, zinc
chloride, phosphoric acid) can be added to the starting mixture to prevent sintering
of carbon during the carbonization.[150,229,230]

Mesoporous carbons with monodisperse pore-size distribution and well-defined pore
shape have only been successfully prepared by template-assisted approaches so far.
Templates for carbons are classified according to hard or soft matter. Development
of both areas has benefited from progress made in the template-based synthesis
of ordered mesoporous silica (Section 5.3.2). While the general approach of endo-
and exotemplating is equally applicable to carbon, some characteristics of those
methods specific to carbon material will be introduced.[26,209]

The use of soft templates for porous carbons proves to be slightly more limited com-
pared to silica materials. Common alkyl-chain-based soft templates such as CTAB
are not suited for the preparation of porous carbon as charcoal residue stemming
from pyrolysis of the alkyl chain fills the space designated for the mesopores.[26,231]

A more favourable soft-templating approach relies on the employment of selected
block copolymers, i.e. PS-P4VP, P123, F127. Self-assembly of the carbon pre-
cursors and formation of a mesophase requires the presence of hydrogen bonding
between precursors and templates. Appropriate precursor compounds are phenolic
resin monomers such as phenol and resorcinol that are converted into a respective
precursor by polymerization with formaldehyde. The pore morphology of the final
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carbon material can be controlled through the volume ratio of hydrophilic to hy-
drophobic block of the triblock copolymer, the mixing ratio of carbon precursor to
surfactant and by the carbonization conditions.[26,230]

A different approach relies on the use of hard templates, usually ordered mesoporous
silica, as a mold for carbon. Ryoo et al.[232] were the first to employ MCM-48 silica
hard templates to obtain ordered mesoporous carbon in a nanocasting procedure.
Repeated impregnation with sucrose combined with sulfuric acid, followed by car-
bonization under vacuum and finalized by NaOH treatment resulted in the so-called
CMK-1. However, the interpenetrating pore network was difficult to replicate.[233]

The drawbacks of MCM-48 replica lead to focussing on silica templates with dif-
ferent pore systems. SBA-15 was the first structure that could be completely repli-
cated by carbon.[158] The presence of additional micropores that connected the
mesopores enabled the successful production of a hexagonally ordered mesoporous
carbon replica, referred to as CMK-3 (Figure 5.22a).

Figure 5.22.: Illustration of the nanocasting technique for the synthesis of CMK-3 (a) and
CMK-8 (b) from SBA-15 and KIT-6, respectively.[234]
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Another carbon system, denoted as CMK-8, was similarly prepared by replica-
tion of KIT-6.[139] This carbon structure with cubic Ia3d symmetry demonstrates
high accessibility and a highly connected open porous network (Figure 5.22b). By
tailoring of the pore characteristics of the silica template, the carbonaceous pore
morphology can be controlled.
Contrary to many other ordered mesoporous solids, ordered mesoporous carbons
prepared by a templating approach contain considerable amounts of micropores
due to the carbonization of non-graphitizing carbon precursors, e.g. sucrose, sugar,
furfuryl alcohol. Therefore, they exhibit extremely high specific surface areas and
pore volumes compared to other mesoporous materials (e.g. silica), which makes
them attractive for advanced electrochemical applications.[26,157]

5.4. Characterization of Nanostructured Carbon
Materials by means of Small-Angle Scattering

The detailed assessment of processes at the nanoscale requires potent characteriza-
tion methods. Nitrogen physisorption is limited to the investigation of accessible
pore space, whereas TEM only provides information regarding a limited sample
area and relies on a potentially detrimental sample preparation and high vacuum,
excluding samples containing most solvents.[67]

A suitable tool for the characterization of nanostructured materials is small-angle
scattering (SAS). It provides detailed information on structural features between
1 and 100 nm in a direct and comprehensive manner without compromising the
structural and chemical integrity of the sample. Obtainable parameters comprise
arrangement, size, and shape of particles or pores. In contrast to many other ex-
perimental techniques, SAS provides representative data on a large sample volume
and not onla a small section thereof.[235,236] While SAS can be utilized for the in-
vestigation of various ordered and disordered materials, this section focusses on the
analysis of carbon materials and composites thereof.
SAS refers to both small-angle X-ray scattering (SAXS) and small-angle neutron
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scattering (SANS). The principle of SAXS is based on elastic scattering of X-rays
at the electron shell. Interactions between X-rays and electrons depend purely
on the electron density. In the case of SANS, neutrons are scattered elastically
at the nuclei. The scattering intensity of this process depends on the scattering
length density, which varies according to the atomic number and isotopes present.
Correspondingly, different interaction cross sections are exhibited, which enables
complementary use of SAXS and SANS techniques.[28,235,237,238]

The scattering process in both cases is characterized by a reciprocity law. Thus,
an inverse relationship between particle size and scattering angle is given. The
scattering vector, q, is defined as

q = 2⇡

d
= 4⇡

�
sin(✓) = [nm−1] (5.11)

with the interplanar distance d, the wavelength of the neutrons/electrons �, and
the scattering angle 2✓.[239]

The structure of a nanomaterial such as 3DOM carbon can be described as a binary
system, i.e. two phases with different scattering densities ⇢1 and ⇢2 (Figure 5.23).
Both phases display a sharp distinction in scattering density at the interface, while
the average scattering density of each phase is assumed to be constant. Within the
context of a mesoporous carbon material, pores can be considered particles, which
exhibit zero scattering density, embedded in a carbon matrix. The scattering inten-
sity of this two-phase system, I(q), is proportional to the square of the scattering
density difference between both phases:[236,237]

I(q)∝ (⇢1 − ⇢2)2 (5.12)

Accordingly, an increased scattering density difference, i.e. higher contrast, origi-
nates enhanced intensity.
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Figure 5.23.: (a) Schematic illustration of a binary system exhibiting high contrast in
density. (b) Scattering density along the cross-section (dashed black line)
through a binary material.[237,239]

5.4.1. Intrinsic Contrast-Matching

Oftentimes, an ideal binary system is not provided. During the investigation of
nanocomposites such as C/S host-guest systems by means of small-angle scattering,
for example, three different phases need to be accounted for: the carbon matrix,
impregnated sulfur and void pore space.[25] The assessment of three- and more-
phase systems, however, is less accurate since the scattering contribution of each
phase cannot be distinguished precisely. Thus, structural parameters for respective
phases are difficult to determine.[237]

In the case of SAXS, the benefits of intrinsic contrast-matching can be exploited.
Carbon and sulfur exhibit similar scattering densities. Hence, the contrast between
these two phases is matched and they can be considered one single phase. This
serves as a useful tool in the characterization of C-S nanocomposites as reported
by Ji et al.[159] They were able to demonstrate complete filling of a CMK-3 carbon
matrix with sulfur through melt impregnation. Upon filling of the pore space, the
characteristic features of CMK-3 in the SAXS pattern disappeared and the overall
scattering intensity decreased due to the loss of contrast between the carbon and
sulfur phase (Figure 5.24a).
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Figure 5.24.: (a) Small-angle XRD patterns of a void CMK-3 (i) and a CMK-3 C-S
nanocomposite (ii).[159] (b) Scattering curves of CMK-8 with 0, 20, 40 and
50 wt% sulfur loading. The data are normalized to the filling density and
shifted upwards by a factor of 10 for clarity, except for the data referring to
50 wt% filling. The inset shows the non-shifted data magnified around the
Bragg peaks.[25]

Petzold et al.[25] expanded on this concept by employing SAXS to follow the grad-
ual filling of an ordered nanoporous carbon matrix (CMK-8) with sulfur. Account-
ing for the intrinsic contrast-matching between carbon and sulfur, a binary system
was essentially maintained throughout the whole impregnation process. This en-
abled the comprehensive assessment of the impregnation behaviour of sulfur with
respect to the textural properties (i.e. pore size) of the host matrix. As displayed
in Figure 5.24b, at low sulfur loadings, homogeneous filling of the micropores oc-
curs. The mesopores, in turn, are partially filled only at increased sulfur loadings
as indicated by the decrease of the Bragg peaks.
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5.4.2. Extrinsic Contrast-Matching Technique

The investigation of C-S nanocomposites by means of small-angle neutron scattering
is a more challenging task since three phases of varying scattering length density
are present. The carbon matrix, which exhibits a high scattering length density
(SLD), constitutes the first phase. Sulfur, which is incorporated into nanosized
pores within the carbon matrix, represents the second phase, exhibiting a lower
SLD. Void pore space presents the third phase, the SLD of which is considered to
be virtually zero. A schematic illustration of the cross section, x, of a three-phase
material as a function of the SLD is displayed in Figure 5.25a.[174]

The scattering contribution, I(q), of each phase to the total scattering intensity of
the material, Itotal(q), can be described as follows:

Itotal(q) = Ipore(q) + Isulfur(q) (5.13)

where Ipore(q) represents the scattering at the interface between carbon and void
pores, and Isulfur(q) accounts for the scattering contribution of impregnated sulfur.
The extrinsic contrast-matching technique presents a solution to the three-phase
system. A liquid, which exhibits a scattering density similar to one of the solid
phases, is added to fill the void pore space. As a result, the scattering contribution
of the void pore space is masked and a quasi two-phase system is obtained (Fig-
ure 5.25b).
During SANS measurements, deuterated solvents, e.g. D2O, d8-THF, d8-toluene,
are commonly used as contrast-matching fluids. H-D substitution results in an in-
creased scattering density that matches the density of carbon.[27,240] Accordingly,
the scattering between carbon and solvent-filled pore space, Ipore(q), can be consid-
ered non-existent:

Ipore(q) = 0 (5.14)

As a result, the scattering intensity of a contrast-matched C-S nanocomposite can
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be described by the following equation:

Itotal(q) = Isulfur(q) (5.15)

The presence of a binary system enables a direct measurement of sulfur distribution
within the carbon matrix. Thus, precious insights can be obtained regarding the
distribution and loading of sulfur and interactions between the host and the guest
species.

Figure 5.25.: Schematic illustration of the extrinsic contrast-matching technique. A three-
phase system (a) is transformed into a quasi two-phase system (b) by filling
void pore space with a contrast-matching fluid.

Risse and coworkers[238] made use of the contrast-matching technique in the con-
text of operando SANS characterization of a Li/S battery. A mixture of deuterated
THF and deuterated dimethoxyethane was employed as electrolyte. The use of
these contrast-matching fluids facilitated a precise analysis of the formation and
dissolution process of nanoscopic Li2S particles on the exterior surface of a micro-
porous carbon matrix. Furthermore, the contrast-matching solvents were used to
assess the wettability of the microporous carbon electrode.
The contrast-matching technique can be further utilized to account for the presence
of colloidal-sized inhomogeneities within a single phase, i.e. graphitic domains in a
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porous carbon material. The structural inhomogeneities (Section 5.2.5) cause fluc-
tuations in scattering length density. Thus, an unwanted scattering contribution is
observed during SANS measurements[28,241]

Itotal(q) = Ipore(q) + Ifluc(q) (5.16)

where Ipore(q) represents the scattering at the interface between carbon and void
pores, and Ifluc(q) describes scattering caused by density fluctuations within the
carbon phase.

Filling of the pores with a contrast-matching fluid results in an extinction of the
scattering contribution of Ipore(q). Accordingly, the scattering contribution of car-
bon fluctuations can be isolated. This allows for the subtraction of Ifluc(q) from
either the void carbon matrix or the C-S nanocomposite in order to remove the
scattering caused by inhomogeneities of the carbon phase.

61



6. Synopsis

6.1. Severe Loss of Confined Sulfur in Nanoporous
Carbon for Li-S Batteries under Wetting
Conditions

Jonas Scholz, Bugra Kayaalp, Anika C. Juhl, Daniel Clemens, Michael Fröba, and
Simone Mascotto

Reproduced with permission from ACS Energy Lett. 2018, 3, 2, 387–392. Copy-
right © 2018 American Chemical Society. To access the final edited and published
work see:
https://doi.org/10.1021/acsenergylett.7b01238

In this study, small-angle neutron scattering (SANS) measurements were performed
on carbon CMK-8 at different stages of sulfur loading (i.e. void, 20 wt.% and
50 wt.%) under wetting conditions, i.e. the nanocomposite was infiltrated by D2O,
d -THF and d -toluene, respectively. The scattering length density (SLD) of the
utilized liquids matched the SLD of carbon but deviated from the SLD of sulfur.
Accordingly, upon filling of the void pore space with the respective fluid, a two-
phase system was obtained.
This prerequisite enabled a precise assessment of the sulfur distribution within the
nanoporous matrix of the potential Li-S battery cathode material. When addition-
ally considering the properties of the different liquids, the retention of sulfur was
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determined as a function of solvent polarity.
Firstly, it was confirmed that the gradual filling of the porous carbon with sulfur
proceeds from the micropores to the mesopores until complete filling of CMK-8 was
achieved at 50 wt.% of sulfur.
The impact of the solvent polarity was addressed seperately. Lack of interaction
between polar D2O and host resulted in complete retention of sulfur inside the car-
bon matrix. However, as the polar character of the liquid decreased (i.e. d -THF),
the interactions between sulfur and fluid increased and extensive removal of sulfur
from the porous structure was observed. Only micropore filling was preserved. Ac-
cordingly, wetting with non-polar d -toluene lead to a complete leaching of sulfur
from the pores.
This finding was especially concerning with regard to the possible exposure to
electrolytes in the application as cathode material since common electrolyte fluids
either exhibit solvent properties similar to THF or even contain THF or toluene as
co-solvent.

A detrimental effect of less polar solvents on the adhesion forces of sulfur and
carbon was discovered. Consequential leaching is expected to contribute a signif-
icant loss of sulfur from the cathode of Li-S batteries and to seriously affect the
cell performance. To this effect, only micropores present suitable cavities for the
retention of sulfur.
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Severe Loss of Confined Sulfur in Nanoporous
Carbon for Li−S Batteries under Wetting
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ABSTRACT: One key aspect in the cathode chemistry of lithium−sulfur (Li−
S) batteries is the firm contact between elemental sulfur and the conducting
carbon host to ensure the occurrence of the reduction reaction. In this respect,
we study the retention of sulfur in the model cathode material CMK-8 carbon
loaded by 20 and 50 wt % in the presence of solvents of different nature (D2O,
d-THF, d-toluene) using small-angle neutron scattering. Exploiting the
contrast matching between carbon and these liquids, the scattering of the
sulfur phase is isolated and the amount and distribution of sulfur in the pores is
determined in precise and direct fashion. The chord-length distribution (CLD)
analysis shows that sulfur is preserved in both meso- and micropores if D2O is
used. In the case of d-THF, sulfur is found in the micropores only, whereas
complete removal from the pore network occurs for wetting with d-toluene.
This severe loss in the presence of solvents similar to those used in Li−S
batteries (e.g., dioxolane, diglyme) is ascribed to their superior adhesion on
the carbon surface and, more importantly, indicates that only a little amount of loaded sulfur is available for the
electrochemical reactions.

The technological progress and the urge to reduce
dependency from fossil fuels push the development of
devices based on renewable energy sources, in

particular, for transportation and portable applications. After
more than 20 years, Li-ion batteries are slowly reaching the
maximum of their performance, and novel rechargeable systems
beyond Li-ion intercalation are strongly investigated as
alternatives. Among these technologies, lithium−sulfur (Li−S)
batteries attracted widespread interest due to their high specific
capacity and low cost.1 However, before commercialization,
major problems, concerning mostly the physicochemical
processes at the carbon−sulfur cathode side, still need to be
solved. One of the key issues is the shuttling effect associated
with soluble polysulfide species, resulting in charging
inefficiency due to parasitic energy losses.2,3 Among different
approaches, the use of nanoporous carbon (e.g., CMK-8, CMK-
3) as a sulfur host revealed to be an efficient way to trap these
compounds.4−6

Considering the insulating properties of sulfur, the formation
of polysulfides during the reduction reaction can only occur at
the carbon−sulfur interface, where the electronic contact is
assured. It is therefore extremely important for the battery
performance that sulfur particles do not interact with the

electrolyte and maintain contact with the carbon host during
cycling.
Surprisingly, despite these fundamental aspects, almost no

attention is paid by the scientific community to the
physicochemical processes affecting the elemental sulfur phase
in the cell. One possible explanation is attributed to the very
low solubility of sulfur in organic solvents,7,8 which would
preclude the occurrence of significant interactions.
Yang’s group developed an HPLC/UV analytical method for

the precise determination of elemental sulfur dissolved in Li−S
battery electrolytes.9 They showed that the solubility increases
with decreasing solvent polarity and drops remarkably if
additives like Li-salts are present in the solution. In a very
recent work, Mulder and co-workers showed that sulfur
dissolves immediately during the battery assembly and thus is
always present in the electrolyte, even if in low amount (<5 wt
%).10 Using custom-made cells, the authors proved that
dissolved sulfur species diffuse to the carbon electrode surface
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and get reduced there, thus playing an active role in the whole
electrochemical mechanism.
Dissolution is not the only process that can strongly

influence the carbon−sulfur interface in the presence of a
liquid electrolyte. Surface adhesion and wetting phenomena can
also play a significant role on the properties of composite
cathode materials, especially considering that sulfur is only
physically impregnated onto the carbon host. In a study
addressing the use of carbon−sulfur nanocomposites as
adsorbents for mercury removal from natural gas, it was
shown that a remarkable amount of the impregnated sulfur was
removed from the host during operation.11 The reason for this
phenomenon was attributed to condensation of the gaseous
hydrocarbons in the carbon nanopores, although no clear
evidence was given.
Hence, detachment of particles of sulfur from the carbon

matrix could reasonably concur with its dissolution, once wet
by the liquid electrolyte. The withdrawn amount would
limitedly participate in the reduction reaction of the cathode,
seriously compromising the charge capacity of the Li−S cell,
similarly to what has been observed in the case of polysulfide
shuttling.
Precise assessment of sulfur disjoining from the nanoporous

carbon surface in the presence of a liquid is a challenging task.
For the characterization of material interfaces and two-phase
systems at the nanoscale, small-angle scattering is considered
the method of choice because it addresses structural
information (e.g., surface area, domain size) in comprehensive
and direct fashion.12 We showed that small-angle scattering can
be used in combination with the contrast matching technique
to unravel the nanostructure of carbon−sulfur nanocomposites
and porous carbon.13,14

Small-angle X-ray scattering (SAXS) was previously used to
investigate the sulfur distribution in carbon.13 Thanks to the
almost complete match between the electron density of sulfur
and carbon, the porous nanocomposites presented in essence a
two-phase system and the filling of the host material could be
precisely followed by this method. In a similar way, we used
small-angle neutron scattering (SANS) in combination with gas
physisorption to characterize the porous structure of a
disordered micromesoporous nongraphitic carbon.14 Deuter-
ated p-xylene was used as a contrast matching fluid and
progressively adsorbed in situ on the carbon surface. One main
point of this analysis was the proper subtraction from the
overall scattering curve of the contribution originating from the
turbostratic structure of the carbonaceous material.
Herein, we use SANS to investigate the loading and

distribution of sulfur in porous CMK-8 carbon, a model Li−S
battery cathode material,4 under wetting conditions. The
remaining porosity of CMK-8 loaded with 20 and 50 wt % of
sulfur was filled with deuterated liquids of different polarity
(D2O, d-THF and d-toluene). Having these fluids with almost
the same scattering length density (SLD) as carbon but
different from that of sulfur, a two-phase system was obtained
and the location of the sulfur phase in the pores could be
directly investigated.
In general, the evaluation of SANS curves proceeds with the

assumption of scattering bodies (e.g., pores) distributed in a
homogeneous matrix. Nongraphitic carbon possesses graphitic-
like lamellar stacks statistically distributed in the material,
generating an inhomogeneous mass density profile.15 Hence,
for a straightforward analysis of the pore structure of such

systems, the scattering contribution arising from the graphitic-
like domains must be opportunely removed.
As reported previously,14,16 in porous carbonaceous materi-

als, the total scattering intensity is the result of

= +I q I q I q( ) ( ) ( )TOT pore fl (1)

where Ifl(q) is the contribution originating from the density
fluctuations of the carbon texture, whereas Ipore(q) represents
the scattering between the pores and the carbon matrix.
Performing contrast matching experiments with SANS, the
Ifl(q) contribution is isolated. In particular, by filling the porous
network with a fluid, which has the same SLD as carbon, the
contribution of the open pores will disappear and only the
scattering given by the density fluctuations will remain.
Therefore, by subtracting the matched curve (Ifl(q)) from the
initial SANS pattern (ITOT(q)), the signal that originated from
the pores (Ipore(q)) is the only scattering measured.
In case of porous nanocomposites systems with sulfur,

ITOT(q) will be given by

= + +I q I q I q I q( ) ( ) ( ) ( )TOT pore S fl (2)

where IS(q) is the scattering of sulfur embedded in the pore
matrix. This contribution is considered as resulting from a
homogeneous phase, owing to the amorphous nature of
impregnated sulfur.13 Thus, if Ipore(q) and Ifl(q) contributions
are opportunely removed, the scattering of sulfur can be
isolated and analyzed. By completely filling the pores of the
material via imbibition with a fluid that has the same SLD as
carbon, Ipore(q) will cancel out and only the scattering given by
sulfur and the density fluctuations will remain. Subtraction of
the density fluctuation contribution (Ifl(q)) as previously
assessed will result in the scattering originating solely from
sulfur IS(q) dispersed in a homogeneous carbon matrix.
For a system of pores (or sulfur) embedded in a

homogeneous material, the chord-length distribution
(CLD)17,18 is the proper method for analysis of the scattering
curve. This approach provides comprehensive structural
information (average domain size, correlation length, surface
area) of the system without any assumption on the form of the
scattering objects. The CLD delivers a statistical description of
the distances connecting phase boundaries in a pure two-phase
system with sharp interface. Therefore, at large q, the curves
must exhibit Porod behavior, i.e., q−4 dependence (see the
Supporting Information for further details).
In comparison to our previous work,13 in which several

CMK-8−sulfur compositions (20, 40, and 50 wt %) were
investigated, here we focus on sulfur loadings of 20 and 50 wt
%. These quantities represent precisely two different structural
configurations of the nanocomposite, in which only micropores
(20 wt %) and micropores plus mesopores (50 wt %) of the
host are filled (Scheme 1). As the samples are from the same
batch as those studied in ref 13 for microstructural and porosity

Scheme 1. Representation of the Sulfur Distribution for
Loadings of 20 and 50 wt % in CMK-8 under Dry
Conditions, As Discussed in Reference 13

ACS Energy Letters Letter
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characterization, the reader is referred to that publication. The
analysis of the sulfur concentration in the CMK-8 framework is
additionally reported in the Supporting Information.
With respect to X-rays, the SLD of carbon (SLD = 6 × 10−6

Å−2) differs significantly from that of sulfur (SLD = 1.07 × 10−6

Å−2) for neutron radiation. Thus, the coexistence of a three-
phase system made of carbon, sulfur, and a void makes the
structural analysis via SANS a challenging task (Figure S1). As
mentioned above, this hurdle can be overcome by filling the
remaining porosity with liquids that present almost the same
SLD as carbon (e.g., D2O, d-THF, d-toluene). More
importantly, if solvents with different properties are chosen,
this condition offers the unique opportunity to study fluid−
solid interactions at the nanoscale in direct and detailed fashion.
In Figure 1a, the scattering curves of CMK-8 and its sulfur

composites matched with D2O are displayed. When the pure
carbon material is filled with the contrast fluid, the scattering
contrast disappears. The small signal corresponding to the main
peak of CMK-8 is attributed to a slight SLD mismatch.19 This
result shows that the porous structure of CMK-8 gets infiltrated
completely by D2O, which is quite surprising considering the
hydrophobic nature of carbon. The reason is attributed to the
strong capillary forces typically occurring in micropores and
small mesopores, which overcome the surface repulsion.20 For
the nanocomposite systems, an identical but less intense
scattering pattern to the one of CMK-8 is observed. As
previously shown,13 sulfur infiltrates the pore network
homogeneously without formation of closed porosity. D2O
can therefore penetrate throughout the remaining voids and
match the carbon phase. As a result, only the scattering that
originated from sulfur is visible. This contribution displays the
negative replica of the CMK-8 pore network due to the
widespread penetration of sulfur into the micromesoporous
matrix. The higher intensity of the 50 wt % curve is the result of
the higher sulfur loading in the porous material.
If d-toluene is used as the matching fluid, a completely

different scenario is observed (Figure 1b). Here, matching was
achieved not only for the pure carbon matrix but also for the
nanocomposites. The small signal corresponding to the CMK-8
Bragg peak is ascribed to SLD mismatch again. The absence of
any sulfur scattering for both systems (20 and 50 wt %) is thus
a result of a strong interaction between solvent and solid, which
causes complete removal of sulfur from both the micropores

and mesopores (Scheme 1). As sulfur is soluble in toluene to an
amount of approximately 5% at room temperature,8 only 0.01
wt % of the impregnated sulfur will be dissolved at the applied
experimental conditions (see Supporting Information). There-
fore, the remaining sulfur has been detached from the surface of
the electrode material and formed most probably a colloidal
suspension in the solvent. Besides these two cases, determined
by liquids with opposite characteristics, it is worth considering
an intermediate situation that also approaches the conditions at
the cathode material of the Li−S cell. Standard battery solvents
cannot be used as contrast fluids either for their poor
availability in the deuterated form or the nonmatching SLD.
In comparison, d-THF is a well-suited matching fluid for
carbon. What is even more important, THF has properties (e.g.,
polarity) very close to those of solvents commonly used for Li−
S battery electrolyte solutions, such as diglyme or dioxolane,
and is also employed as a co-solvent.21−27 In Figure 1b, the
SANS patterns of void CMK-8 and CMK-8 loaded with 50 wt
% of sulfur under d-THF matching conditions are displayed.
Here, the intensity of the scattering arising from the sulfur
phase is between the ones observed with D2O and d-toluene
matching, meaning that only a fraction of the impregnated
sulfur is retained in the pores while the rest is dissolved and
leached. This is a plausible scenario considering that the
polarity and ability to dissolve sulfur of d-THF are intermediate
compared to those of the other two solvents.9

A mechanism to clarify these different solid−fluid
interactions is proposed that accounts for the different surface
adhesions between sulfur, the solvents, and carbon (Scheme 2).
The discussion is based on the surface properties of the
hydrogenated liquids due to the considerable literature data

Figure 1. Small-angle neutron scattering (SANS) curves of void CMK-8 and of its sulfur nanocomposites under matching with D2O (a) and d-
toluene and d-THF (b). The scattering signal visible in the nanocomposite systems represents the sulfur confined in the carbon pores. SANS
patterns were acquired with neutron wavelength (λ) 2.1 < λ < 7.1 Å.

Scheme 2. Representation of the Interactions between Sulfur
and D2O, d-THF, and d-toluene in the CMK-8 Host, with
θCS and θCL Contact Angles of the Carbon−Sulfur and
Carbon−Liquid Interface, Respectively

ACS Energy Letters Letter

DOI: 10.1021/acsenergylett.7b01238
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about these and the negligible differences with deuterated
counterparts. According to wettability investigations, liquid
sulfur deposits on both graphitic and nongraphitic carbon
surfaces with a contact angle θ of approximately 50°,28 whereas
water shows lower affinity (θ > 70°).29−31 Hence, the adhesion
of sulfur is stronger, thus explaining the remarkable retention in
the pores.
A different scenario is obtained if organic solvents are used as

matching fluids. THF and toluene possess very favorable
wetting on carbon than sulfur itself, showing contact angles of
1229 and 0°,32 respectively. Detachment from the host can thus
easily occur, especially when it is considered that sulfur is only
physically impregnated.28 As predicted by the surface proper-
ties, we observed that withdrawal is less prominent in the case
of d-THF and only the sulfur better anchored to the pore
surface remains in the carbon structure.
Precise assessment of the sulfur location and quantification

under wetting conditions are therefore of utmost importance to
determine the impact of detachment. The information is gained
by analysis of the scattering of pure sulfur IS(q), which is in turn
obtained by further subtraction of Ifl(q) from the matched
curves (see eq 2). Obviously, this evaluation is valid only in the
case of D2O and d-THF matching, for which a scattering
contribution of the sulfur phase is visible. In Figure 2a, the
sulfur scattering is presented for different nanocomposite
systems along with the pore scattering (Ipore(q)) of void CMK-
8 (obtained via eq 1 using D2O as the matching fluid). All of
the curves at high scattering vectors show the typical Porod
decay as q−4 of pure two-phase systems.
At this stage, precise morphological description of the sulfur

in the pores is realized by applying the CLD approach. The
CLD plots of the sulfur curves, and by comparison of the void
carbon host, are displayed in Figure 2b. Positive values of g(0)
are directly related to the roughness of the scattering interface.
For the void system, this point is associated with the presence
of micropores, whereas in the curves of the samples loaded with
sulfur, it describes the sulfur in these cavities. Owing to the
lower scattering contrast of the carbon−sulfur system
compared to that of the carbon−void, the CLD plots cannot
be fully compared. Yet, it might be reasonable to consider the
void host being more angular and rougher than its sulfur
replica, thus explaining the higher value of g(0). The two
shoulders of the CMK-8 plot at ca. 3 and 5 nm represent,
respectively, the pore size and the pore walls, in very good

agreement with previous analyses.13 In the sulfur CLDs, these
features cannot be discerned due to a lower resolution of the
scattering curves, and only a shoulder, superposition of both
features, is visible.
Despite this approximation, the intensity increase observed

from the 20 wt % to the 50 wt % curve under D2O matching
conditions clearly shows the filling of the mesopores at this
higher loading. This result is further confirmed by the
considerably larger lp value (Table 1), i.e., the average length

scale of the sulfur domains. This distribution of sulfur is in full
agreement with that obtained with SAXS for the dry
nanocomposites13 and summarized in Scheme 1. More
importantly, this further corroborate the lack of interactions
among D2O and the infiltrated sulfur, which maintains its
original place in the pores, despite the intimate fluid−solid
contact.
The evident effect of strong sulfur−solvent interactions is

visible in the CLD plot of the sample with 50 wt % sulfur
matched with d-THF. The course of the graph follows the one
of 20 wt %@D2O, indicating that mainly micropores are filled
with sulfur, as also confirmed by the very similar lp. Hence,
sulfur gets easily leached from the mesopores but is retained in
micropores, where the confinement and the interactions with
the carbon matrix are stronger.
Besides spatial location, quantification of the amount of

sulfur in the carbon under matching conditions is provided by
the invariant Q, i.e., the integral over q2IS(q), which is
proportional to the interface area produced by the confined
sulfur (Table 1). For the systems in contact with D2O, the
invariant increases with the amount of impregnated sulfur as
expected. However, if the high loaded sample is wetted by d-
THF, the interface generated by sulfur is more than five times
lower than that in the case of D2O, indicating that the majority
of infiltrated sulfur is removed from the carbon host. Evidently,

Figure 2. Pore scattering (Ipore(q)) and sulfur scattering (IS(q)) (a) with the corresponding CLD plots (b) of void CMK-8 and of its sulfur
nanocomposites using different matching fluids. The bold lines in (a) represent the fittings of the CLD analysis.

Table 1. Average Porod Length lp and Porod Invariant Q of
the Analyzed CMK-8 Systems, Calculated in the Range of 0.3
≤ q ≤ 3 nm−1

parameter void 20S + D2O 50S + D2O 50S + d-THF

Q [107 nm−4] 4.74 0.22 1.52 0.27
lp [nm] 1.02 1.54 1.85 1.62
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in the case of d-toluene, the absence of sulfur scattering
corresponds to an interface area of zero.
With these results, a plot showing the sulfur retention as a

function of liquid polarity is generated, assuming that matching
with heavy water represents an ideal situation in which sulfur
stays unperturbed because of lacking fluid−solid interactions
(Figure 3). The progressive decrease of the guest phase follows

the reduction of solvent polarity in a linear way. This
dependency is thus exploited to envision the detachment
potential of common battery solvents, e.g., diglyme, dioxolane,
and dimethyl carbonate. A similar behavior for these liquids is
reasonably expected as their polarity is very close to the one of
THF.22 Hence, in standard battery configuration, the sulfur will
be concentrated mainly in the micropores of the nanoporous
carbon material where the confinement is at its most. These
findings show that most of the sulfur originally impregnated is
not located in proximity to the interface of the carbon
electrode. Even though the reduction reaction at the cathode
will still occur due to presence of dissolved sulfur species,10 the
much longer diffusion pathways might severely affect the
reaction kinetics. Such sulfur loss, so far unknown, can thus
have detrimental consequences for the potential development
of Li−S batteries and requires further clarification.
This phenomenon has strong similarity with the more

renowned polysulfide shuttling because for both processes
significant loss of active material occurs. This could also be the
reason why many of the solutions proposed to solve the
shuttling issue might be equally appropriate to hinder sulfur
detachment. The most prominent example is given by the
design of carbon cathode materials with enhanced microporous
fraction to act as a polysulfide reservoir.33−35 In light of our
results, sulfur not only penetrates easily into such pores but is
also strongly retained in there, when it is in contact with the
electrolyte solution. This explains the minimal capacity losses
for these materials.36 Further ways to improve the sulfur
adhesion involve the strengthening of its bonding with the
carbon matrix. As reported elsewhere,37 doping of the carbon
host with nitrogen showed high loading of sulfur and very
limited capacity fading.
In summary, we assessed the interactions between solvents

and sulfur confined in ordered CMK-8 nanoporous carbon

using SANS. Exploiting the contrast matching between carbon
and these fluids, the scattering of the sulfur phase could be
isolated and the amount and distribution of sulfur in the pores
under wetting conditions determined. We showed that polarity
and adhesion of the solvents on the carbon surface play a major
role in the retention of the guest phase in the nanoporous
network. In particular, the lack of interactions between D2O
and the nanocomposite led to a complete preservation of the
sulfur in both micro- and mesopores. In the case of d-THF,
sulfur was found only in the micropores due to stronger
interactions with the host. For d-toluene, complete removal
from the pore network occurred. As the sulfur content was too
high (50 wt % with respect to the carbon mass) that only
dissolution was taking place, sulfur detachment is the most
accredited explanation, especially when the increasing adhesion
of the solvent on the carbon surface and the weak carbon−
sulfur bonding are considered. More importantly, this so far
unknown phenomenon is likely to proceed also in the cathode
material of Li−S cells because THF has not only similar
properties to standard battery solvents (e.g., dioxolane,
diglyme) but together with toluene is also used as an additive
or co-solvent in these devices. This work sheds new light on the
role of surface adhesion forces on the chemistry of Li−S
batteries and attributes to the electrolyte wetting being one of
the major causes for the sulfur loss from the cathode material.
In the future, detachment of sulfur needs therefore to be better
understood to disclose to what extent it contributes to the
performance of Li−S cells, especially in comparison to
polysulfide shuttling.
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6.2. Pore geometry effect on the synthesis of silica
supported perovskite oxides

Jonas Scholz, Martin Etter, Diana Haas, Andreas Meyer, Andreas Kornowski, Uta
Sazama, and Simone Mascotto

Reproduced with permission from J. Colloid Interface Sci. 2017, 504, 346-355.
To access the final edited and published work see:
https://doi.org/10.1016/j.jcis.2017.05.107

The aforementioned publication addressed the distribution of an impregnated ma-
terial (sulfur) within a nanoporous carbon matrix and emphasized how sulfur can
be retained, depending on the pore size. In a similar fashion, the present work
concerns itself with the synthesis procedure of a different nanocomposite, correlat-
ing pore properties of different nanoporous silica matrices with the impregnation
behaviour of perovskite precursor solutions.
A systematical study was conducted on silica-supported perovskite oxides to shed
light on the intricacies of the infiltration and conversion processes. Understand-
ing of those processes is crucial for the successful formation of silica-supported
metal oxide nanoparticles with the aim of improving the functional properties of
the oxide by enhancing its specific surface area. In this regard, the degradation
and evaporation behaviour of different perovskite precursor solutions (LCO, LFO,
PFO) depending on the pore geometry of different mesoporous silicas were assessed.
The influence of the pore curvature was investigated by comparing KIT-6 (Ia3d),
SBA-15 (p6mm) and KIT-5 (Fm3m) while maintaing a fixed pore size of 7.5 nm.
Conversely, a constant symmetry (Fm3m) was kept to determine the impact of the
pore size. Accordingly FDU-5, FDU-12 and L-FDU-12 with pore sizes of 7.5, 12
and 17 nm were prepared, respectively.
A clear correlation between pore properties, conversion behaviour and correspond-
ing location and microstructure of the impregnated perovskites showed. TEM-
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images and X-ray diffractograms indicated that a high pore curvature, i.e. spherical
KIT-5, promotes the crystallization process of the perovskite oxide. Nanocompos-
ites of gyroidal structure KIT-6, in contrast, did not exhibit the presence of a
crystal phase. This occurrence is in accordance with TG-MS analyses of the con-
version step. The pore accessibility and pore curvature of KIT-6 facilitated fast
degradation and evaporation of the precursors. As a result, isolated nanoparticles
were rapidly formed, preventing nucleation and particle growth. Thus, generation
of quasi-amorphous particles was observed.
Even though a filling of the pores was achieved during the impregnation step, the
subsequent calcination resulted in a release of perovskite precursors from the pores
to form crystallites on the outside of the silica matrices. Nevertheless, partial filling
of the host was achieved.
Moreover, by means of TG-MS, confinement effects were confirmed for the degrada-
tion of the precursors. Conversion took place much faster and at lower temperatures
for nanocomposite materials compared to bulk environment.

New information was provided regarding the influence of the pore constraints on
the crystallization behaviour of different perovskite oxides. Strongly depending on
the pore size and curvature of the silica matrix, the degradation behaviour of the
respective precursors played a crucial role in distribution and crystallinity of the
mixed metal oxides.
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a b s t r a c t

The formation of perovskite oxide nanoparticles supported on ordered mesoporous silica with different
pore geometry is here presented. Systematic study was performed varying both pore shape (gyroidal,
cylindrical, spherical) and size (7.5, 12, 17 nm) of the hosts. LaFeO3, PrFeO3 and LaCoO3 were chosen as
target guest structures. The distribution of the oxide nanoparticles on silica was comprehensively
assessed using a multi-technique approach. It could be shown that the pore geometry plays a determin-
ing role in the conversion of the infiltrated metal nitrates to metal oxide. In particular, slow degradation
kinetic was observed in highly curved pores, which fostered nucleation and crystallization of the guest
species. In spherical pore systems the enhancement of pore size caused a remarkable delay of the decom-
position of the metal salts, but at the same time improved the homogeneous distribution of the oxide par-
ticles in the matrix.

! 2017 Elsevier Inc. All rights reserved.

1. Introduction

Infiltration of mesoporous solids has been progressively used in
the last years as emerging strategy for the synthesis of novel func-

tional materials [1]. The manifold combinations between type of
host, guest and process parameters create a huge toolbox for the
design of nanostructured systems with numerous technological
applications in hydrogen storage [2,3], lithium batteries [4,5], sens-
ing [6,7], heterogeneous catalysis [8–10] and biomedicine [11,12].

Historically, ordered mesoporous silica have been extensively
used as matrices for hosting nanostructured metal oxides. The
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systems which can be obtained are either supported metal oxide
nanoparticles or mesoporous metal oxides, obtained by replication
of the host via the nanocasting process [13]. In both cases, the syn-
thesis procedure is characterized by the numerous steps involved,
among which the most decisive is the conversion of the metal
oxide precursors inside the silica pore network. Various process
parameters have shown to regulate this transition, which strongly
influences the structure and morphology of the final materials. The
decomposition rate of the nitrate salts and its effect on the proper-
ties of the supported metal oxides particles was investigated by de
Jong and coworkers depending on the drying and calcination
treatment [10,14]. The use of inert gases (Ar) and nitric oxide-
containing atmospheres lowered the evolution of water and nitro-
gen oxide with respect to the treatments in air, leading to more
homogeneous distribution and growth of the supported metal
oxide particles. Stucky et al. investigated the role of the container
in the nanocasting synthesis of mesoporous metal oxides [15]. Nar-
row quasi-sealed vessels lowered the escape rate of the gaseous
byproducts, enabling a homogeneous wetting of the porous net-
work. Thus, large liquid-like precursor domains could be formed
and efficiently crystallize inside the pore space. Conversely, in large
open dishes amorphous isolated nanoparticles originated owing to
the rapid gas evolution. Hence, if the geometry of the macroscopic
container has such a remarkable effect, it can be postulated that
size and shape of the nanoscopic container, namely the porous sil-
ica host, might also affect the formation of supported metal oxide
nanoparticles.

The active role of porous matrices on the phase change behavior
of confined species is largely known in the literature. Among
others, the Ward group profusely investigated crystallization of
organic molecules in nanoporous matrices ranging from controlled
pore glass [16], polymer monoliths [17] and anodic alumina [18].
The close relationship between crystal growth and the morphology
of the hosts increased the understanding of nucleation, size-
dependent polymorphism and thermotropic behavior of nanoscale
crystals [19,20].

However, the occurrence of an active role of the pore geometry
during a chemical reaction such as the conversion of metal nitrates
to metal oxides still needs to be demonstrated. So far the host-
guest relations were considered to be of minor significance, and
the focus laid more on the functional properties of the final mate-
rial itself [21]. Moreover, the silica host systems chosen were either
topologically too similar [22] or too different [23] to draw solid
conclusions on any pore morphology effect.

Herein, we present a first study on the formation of perovskite
oxide nanoparticles in ordered mesoporous silica depending on the
pore geometry. Two series of hosts were prepared using self-
assembly strategies [24]: the first with fixed pore size (7.5 nm)
and increasing pore curvature (gyroidal? cylindrical? spherical)
[25]; the second with spherical pore shape and increasing pore size
(from 7.5 nm to 17 nm). Because of the growing interest in the use
of perovskite oxides as non-platinum group metal (non-PGM) cat-
alytic materials [26,27], LaFeO3 (LFO), PrFeO3 (PFO) and LaCoO3

(LCO) were chosen as target guest systems. We could show that
the pore curvature controls the escape rate of water and other gas-
eous byproducts (e.g. CO, NO) during the calcination process. In
particular, early and slow water evolution, observed in curved cav-
ities, allowed the formation of large liquid-like precursor domains,
which could later nucleate and crystallize. Metal oxide nanoparti-
cles grew both inside and outside the pore space. The pore size dif-
ference in spherical ink-bottle pore systems affected significantly
both degradation and mass transport of the impregnated precur-
sors. In particular, analyses of the particle distribution revealed,
that the connecting pores get preferentially filled over the larger
cages, hindering homogeneous impregnation of the host matrices.
Finally, for given host matrices, different crystallization behavior

was observed for the three supported perovskites, originated by
the different conversion rates of the infiltrated nitrate precursors.

2. Experimental

Chemicals: Lanthanum nitrate hexahydrate (99.9 %, Alfa Aesar),
iron nitrate nonahydrate (99 %, Merck), cobalt nitrate hexahydrate
(97.7 %, Alfa Aesar), praseodymium nitrate hexahydrate (99.9 %,
Strem Chemicals), Tetraethoxyorthosilicate (TEOS, 98%, Alfa Aesar),
ethylene glycol (99 %, Alfa Aesar), potassium chloride (98.5 %, Acros
Organics), hydrochloric acid (37 %, VWR), methanol (99.8%, Acros),
Pluronic F127 (Sigma Aldrich), Pluronic P123 (Sigma Aldrich),
mesitylene (98%, Merck) and butanol (100 %, Merck) were used
as received without further purifications.

Synthesis of the porous silica hosts
SBA-15: According to Ref. [28], Pluronic P123 (12.00 g) was

dissolved in a mixture of H2O (360 g) and 37% HCl (42.9 g). After
dissolution of the polymer TEOS (24.0 g) was added. The reaction
mixture was stirred for 24 h at 35 "C and subsequently kept again
for 24 h at 80 "C under static conditions. After filtration, the
powder was calcined in air at 550 "C for 5 h in order to remove
the organic template.

KIT-6: According to Ref. [29], Pluronic P123 (12.00 g) was
dissolved in a mixture of H2O (434 g) and 37% HCl (23.6 g). The
solution was stirred for 1 h at 35 "C before and after the addition
of butanol (12.0 g). Subsequently TEOS (25.8 g) was added. The
reaction mixture was stirred for 24 h at 35 "C and then kept at
80 "C for other 24 h under static conditions. After filtration, the
powder was calcined in air at 550 "C for 5 h in order to remove
the organic template.

KIT-5: Following the approach of Kleitz et al. [30] Pluronic F127
(5.00 g) was dissolved in a mixture of H2O (240 g) and 37% HCl
(10.5 g). After the addition of TEOS (24.0 g) the solution was heated
to 45 "C and stirred for 24 h. Subsequently, the reaction mixture
was kept at 100 "C again for 24 h under static conditions. Following
the filtration of the resulting powder, the product was calcined in
air at 550 "C for 5 h in order to remove the template.

FDU-12: According to Ref. [31] the triblock copolymer Pluronic
F127 (3.0 g) and KCl (7.5 g) were dissolved in 2 M HCl (180 mL).
After the addition of mesitylene (6.6 g), the reaction mixture was
stirred for 24 h at room temperature. Subsequently, TEOS (12.3 g)
was added and the solution was stirred another 24 h at room tem-
perature. Afterwards, the reaction mixture was kept at 100 "C for
one day under static conditions. Following the filtration of the
resulting powder, the product was calcined in air at 550 "C for
5 h in order to remove the template.

L-FDU-12: The material was prepared following the approach of
Yu et al. [32]. Pluronic F127 (3.0 g) and KCl (7.5 g) were dissolved
in 2 M HCl (180 mL). Following the addition of mesitylene (6.6 g),
the solution was stirred at room temperature for 24 h in a capped
container. Subsequently, TEOS (12.3 g) was added and the reaction
mixture stirred at room temperature for one day. Finally, after
hydrothermal treatment in an autoclave at 100 "C for 72 h the pro-
duct was filtered and calcined in air at 550 "C for 5 h.

Synthesis of bulk perovskite oxides: According to Ref. [33]
1.25 mmol of the metal nitrate salts were dissolved in in ethylene
glycol (1.5 mL) and stirred for 30 min at 60 "C. After cooling down
to room temperature, methanol (1.0 mL) was added to decrease
the viscosity followed by stirring for 60 min. After calcination at
650 "C for 5 h at a heating rate of 1 "C/min the corresponding
perovskite oxide could be obtained.

Synthesis of the perovskite-silica nanocomposites: The por-
ous silica hosts were infiltrated through the incipient wetness
method [34] in a large open vessel as indicated in Ref. [15]. Prior
to the impregnation procedure, the silica hosts were dried at
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90 "C for 48 h to remove potential water residue. Subsequently, the
silica powder was soaked one time with an amount of precursor
solution corresponding to the total pore volume of the matrix. In
order to ensure uniform distribution of the salts in the pores, to
the starting solution 10% vol. of methanol was added. The mixture
was stirred for 24 h at room temperature before being dried at
90 "C for 24 h. Afterwards, the infiltrated powder was calcined
under air at 650 "C for 5 h to promote the conversion of the precur-
sors to oxides.

X-ray diffraction: Laboratory X-ray diffraction measurements
were carried out with an X’Pert Pro diffractometer (PANalytical
Corp.) with 0.15406 nm Ni-filtered Cu-Ka radiation in Bragg-
Brentano geometry, operating at 45 kV and 40 mA, step size
0.0130", step time 74 s per step. Synchrotron X-ray diffraction
measurements were performed at beamline P07 at the DESY/
PETRAIII synchrotron at a wavelength of k = 0.01746 nm in trans-
mission mode. Powder diffraction patterns were collected using a
Perkin Elmer XRD 1621 area detector. The collected two-
dimensional images were integrated to-one-dimensional powder
diffraction patterns using pyFAI [35]. Rietveld refinements of the
perovskite phases were done with the Bruker TOPAS v4.2 software.
The volume-weighted mean crystallite size of a phase was deter-
mined from the Scherrer equation using an internal macro of
TOPAS. The mean crystallite size was subsequently calculated from
the volume-weighted mean crystallite size using an empirical
equation [36].

Nitrogen physisorption: The nitrogen sorption isotherms were
obtained at 77 K using a Quadrasorb SI-MP by Quantachrome. Out-
gassing was performed with a Masterprep Degasser (Quan-
tachrome Corp.) at 120 "C for 10 h. Specific surface areas were
determined with the Brunauer–Emmett–Teller (BET) method [37]
at p/p0 = 0.07–0.3. Pore size distribution was determined with
the NLDFT method [38] applying the cylindrical or spherical pore
models from the adsorption branch depending on the host
considered.

Electron microscopy: Transmission electron microscopy (TEM)
and scanning transmission electron microscopy (STEM) measure-
ments were carried out on a JEOL JEM 2200 FS at 200 kV equipped
with two CEOS Cs correctors (CETCOR, CESCOR), EDS system JED-
2300 T, a Gatan 4 K UltraScan 1000 camera and a HAADF (high
angle annular dark field) detector. The sample was crushed into a
fine powder, which was suspended in toluene and dropped on a
carbon coated 400 mesh TEM grid. The excess of solvent was
removed with a filter paper and by drying the grid under air.

Small-angle X-ray scattering: The SAXS measurements were
conducted with an IncoatecTM X-ray source ImS with Quazar Montel
optics. The focal spot size diameter at sample was 700 at a wave-
length of 0.154 nm. Evacuated flight tube with variable distance
between sample and detector 0.1 (WAXS) - 1.6 m (SAXS). Maxi-
mum resolution (d-spacing) = 120 nm. A CCD-Detector RayonixTM

SX165 was employed for detection. The regular measurement time
per sample accounted for 20 min. SPEC (ver. 5.32) by Certified Sci-
entific Software, Cambridge, MA, USA was employed as control
software. The analysis and fitting of the SAXS data was performed
by using Scatter (ver. 2.5) [39,40] by Stephan Förster, University of
Bayreuth and Lian Apostol, ESRF, Grenoble.

Thermogravimetric analysis: Thermal characterization was
carried out using a NETZSCH STA 449F3 coupled over a capillary
with Aeolos QMS403C (TG–MS) setting a 10 "C min!1 heating rate
in an Ar/O2 stream (volume ratio 80/20).

29Si-NMR spectroscopy: 29Si cross polarization magic angle
spinning nuclear magnetic resonance (CPMAS NMR) experiments
were performed at an operating frequency of 79.52 MHz on a
Bruker AvanceII 400 spectrometer equipped with a 4 mm double
resonance probe. 1H 90" pulse length of 4.4 ms, contact time of
2 ms, and recycle delay of 5 s were used. All the measurements

were performed at room temperature and with the MAS frequency
of 5 kHz. Continuous wave decoupling was used during the acqui-
sition. 16 000 transients were acquired for all the samples and the
spectra were plotted in a calibrated intensity scale, taking into
account the analyzed sample mass.

3. Result and discussion

3.1. Porous silica hosts

The metal oxide formation in mesoporous silica was investi-
gated as a function of the geometry of the pore surface via variation
of pore shape and size. Two series of hosts were prepared using
well-known block copolymer templating strategies [24]: the first
one with fixed pore size (7.5 nm) and pore shape with increasing
curvature (gyroidal? cylindrical? spherical) [25] i.e. KIT-6,
SBA-15, KIT-5 materials. The second series had fixed pore shape
(spherical with Fm!3m structure) but increasing pore size (from
7.5 to 17 nm), i.e. KIT-5, FDU-12 and L-FDU-12 hosts. The synthesis
of mesoporous silica with defined and highly controlled pore prop-
erties is an essential prerequisite for this study. The topology char-
acterization of the materials was performed combining nitrogen
physisorption, small-angle X-ray scattering (SAXS) and transmis-
sion electron microscopy (TEM). All the methods are in very well
agreement and prove the synthesis of highly ordered materials
comparable to the literature standards (Table 1, Fig. S1–S3). Partic-
ular care was given to the assessment of the pore size because it is
the most critical parameter, which affects pore ordering. Thus,
despite the use of NLDFT models of gas physisorption and TEM
micrographs, SAXS analysis was carried out, adopting well-
known evaluation approaches [39,41]. In Fig. 1 the pore size distri-
butions obtained by gas physisorption are displayed. The systems
with different pore shape present narrow distributions centered
at 7.5 ± 0.5 nm, whereas in the materials with spherical pore the
size increases from 7.5 to 12 to 17 nm. These latter three silica pos-
sess a second mesopore population of ca. 3 nm, which represents
the pores connecting the larger spherical ones. These have
worm-like shape and are generated by the templating action of
the large PEO-block of the F127 template [31,32]. For L-FDU-12
the wider size of the small mesopores is ascribed to the longer
hydrothermal step during the synthesis. Aside from the morphol-
ogy of the constraining medium, also the chemistry of the pore sur-
face can play a relevant role on the process of metal oxide
formation in mesopores. In the case of silica hosts, the amount of
free silanol groups has shown to have a prominent effect on the
crystallization of metal oxides [42]. With this respect, we investi-
gated the chemical environment of the Si atoms via solid state
29Si CP-MAS NMR (Fig. S4). The intensity of the geminal silanol
(Q2), single silanol (Q3) and fully condensed silica (Q4) signals were
found constant in all the hosts, thus excluding any particular influ-
ence of the surface chemistry on the metal oxide formation
process.

3.2. Perovskite-silica nanocomposites

Perovskite-silica nanocomposites were obtained via conversion
of the infiltrated metal salt precursor solution. The microstructural
differences of the synthesized materials were firstly studied via
X-ray diffraction (XRD). In Fig. 2a it can be clearly seen that for
all three oxide systems pure perovskite phases could be obtained
as bulk.

As soon as the metal salts were converted under confinement,
different situations are observed depending on the host type. Let
us first consider the case of matrices with same pore size but
heterogeneous shape (Fig. 2b–d). In the gyroidal cavities of KIT-6
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the amorphous contribution of the silica matrix superpose with the
broad reflections of the perovskite lattice indicating the presence
of guest structures with partial long-range order. In SBA-15 the
crystallinity depends strongly by the kind of impregnated oxide.
The remarkable difference between the two homologue crystal
structures PFO and LFO may suggest that this effect is more related
to the degradation of the single nitrate precursors than determined
by the crystal structure. Such differences disappear in the ink-
bottle pore host KIT-5, where all the oxides have the same low
degree of crystallinity. The increase of the spherical pores size up
to 12 nm (FDU-12) enhances significantly the microstructural
order of the guests (Fig. 2e). However, further pore enlargement
(L-FDU-12, Fig. 2f) leads back to materials with only partial long-
range order. Unlike SBA-15, within the single ink-bottle pore sys-
tems all the perovskites showed the same structural properties.
Hence, the crystallinity changes observed in the face-centered
cubic pore structure are strongly determined by the pore size.

Deeper understanding of the microstructural differences in the
highly crystalline materials was achieved by Rietveld refinement
analyses (Table S1). All the investigated systems have identical lat-
tice parameters, meaning that the structure of the oxides is not dis-
torted or under strain. However, the smaller grain size in the
nanocomposites than in the bulk shows that crystal growth might
have occurred also in the pore space

3.3. Distribution of the perovskite species in the silica hosts

Unlike XRD, morphological analysis techniques such as gas
physisorption, small-angle X-ray scattering, TEM and STEM,

enabled to precisely assess the spatial distribution of the metal
oxide species on the siliceous matrices, thanks to their high com-
plementary character (Scheme 1).

The location of the particles within the pore space can be indi-
rectly determined by the accessibility of gas molecules using nitro-
gen physisorption. As indicated by the lower adsorbed gas volume
of the nanocomposite materials (Fig. S2), all metal oxides could
penetrate in the porous hosts. The decrease in adsorption capacity
with respect to the void hosts is quite remarkable. This phe-
nomenon can be explained both by the weight increase of the
materials and by the heterogeneous distribution of the nanoparti-
cles in the pore network, which generates significant amount of
close porosity, inaccessible to the nitrogen flow. In KIT-6 systems
the lower relative pressure of the hysteresis closure point shows
lowering of the mean pore size (Fig. S2a and PSD Fig. S5), as a result
of the accumulation of oxide species on the pore surface. Moreover,
the analysis of the desorption branch in SBA-15 isotherms can tell
in what extent the pores are filled with metal oxide species
(Fig. 3a) [43]. PFO and LCO nanocomposites empty via cavitation,
whereas LFO shows a mixed voiding behavior. In agreement with
literature reports [44,45], it may be suggested that LFO distributes
in small isolated domains, whereas PFO and LCO form larger
nanoparticles, which massively block the pore space, forcing the
gas to exit from very small apertures. These findings correlate very
well with XRD results of Fig. 2. Further agreement is noted in the
isotherms of FDU-12 systems and LCO@L-FDU-12 (Fig 3b,
Fig. S2e). Here, the steep increase in the final part of the adsorption
step is typical of interparticle space, most probably formed by
aggregation of crystalline domains grown outer the pores. In the
case of the ink-bottle pore systems, the size of the connecting
pores controls the outcomes of gas physisorption analysis. For
KIT-5 and FDU-12 the small pore openings (Fig. 1) are significantly
blocked by the metal oxide species and the observed isotherms
mostly refer to the not infiltrated regions, completely accessible
to the gas flow. Clear evidence of this effect is given by the pore
size distribution plots of the nanocomposites (Fig. 3c, Fig. S5).
The dimension of the spherical cavities remains unchanged, while
the volume of the small mesopores is sensibly reduced. The larger
size (4.5 nm) of the connecting pores in L-FDU-12 hosts favors the
gas accessibility, thus enabling the inspection of the cage-like cav-
ities. Lower pore widths are observed, especially for the LCO sam-
ple, evidencing the successful impregnation of the spherical pores
and the formation of nanoparticles inside the voids (Fig. 3c). For
the sake of completeness it should be pointed out that in all hosts
also micropores are present, as usual in block copolymer templated
silica. According to the literature, partial filling of these voids is
likely to occur [46,47]. However, this contribution can be consid-
ered almost constant in all hosts and does not depend by pore
geometry, thus playing a minor role in the interpretation of the
data.

Electron microscopy offers a valuable opportunity to get clear
evidence of the microstructure and topological properties of the
silica based nanocomposites [48,49]. With respect to the ink-
bottle pore systems, all materials present filling of the connecting

Fig. 1. Normalized pore size distribution in semilogarithmic scale of the host
materials from the nitrogen physisorption isotherms calculated using the NLDFT
method from the adsorption branch of the isotherm assuming either cylindrical
(KIT-6 and SBA-15) or spherical (KIT-5, FDU-12 and L-FDU-12) pore morphology.

Table 1
Porous parameters of the void silica hosts: Surface area (SBET), total pore volume (VP), lattice parameter (a), mesopore size obtained by SAXS (USAXS), nitrogen physisorption
(Uphys) and TEM (UTEM) and pore wall thickenss (uwall) calculated from uwall = a – USAXS for SBA-15, from uwall = a/2 – Uphys for KIT-6 and from uwall = a/sqrt(2) – USAXS for ink-
bottle pore systems. The pore size via SAXS could not be determined for KIT-6 due to lack of physical models which simulate the gyroidal form factor of the pores. The values in
brackets represent the average size of the intrawall pores of the ink-bottle pore systems.

Sample SBET [m2/g] VP [cm3/g] a [nm] uwall [nm] USAXS [nm] Uphys [nm] UTEM [nm]

KIT-6 829.0 1.09 22.0 3.7 – 7.2 ± 0.9 7.3
SBA-15 863.7 1.09 10.7 3.3 7.42 ± 0.11 7.6 ± 1.1 7.4
KIT-5 820.4 0.58 18.5 3.8 9.32 ± 0.17 8.0 ± 1.1 (2.5 nm) 8.7
FDU-12 532.0 0.51 24.9 3.4 14.2 ± 0.12 12.4 ± 1.0 (2.5 nm) 12.4
L-FDU-12 740.8 0.80 30.0 4.2 17.0 ± 0.13 16.7 ± 1.4 (3.5 nm) 16.6
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pores as shown by the brighter regions and dots at the pore walls
of the HAADF S-TEM scans (Fig. 4). In FDU-12 systems it is clearly
shown, that nanoparticles grew inside the pore space (brighter
dots in Fig. 4a,b). In cylindrical pore systems large PFO domains
can be observed in the channels of SBA-15 (Fig. 4c), confirming
the findings of the physisorption analysis. All systems with crys-
talline perovskite phase (Fig. 2) evidence remarkable formation
of crystalline nanoparticles outside the pore space (Fig. 4d), the
size of which is in quite good agreement with the Rietveld analyses
results (see Table S1). As EDX spectroscopy analyses showed
(Fig. S6), the hosts were all homogeneously infiltrated with the
guest species, with filling grade of ca. 5% (Table S2) [46]. Hence,

particle formation on the silica grain might be due to release of
perovskite precursor from the pores during the calcination process
(see below).

Small-angle X-ray scattering is a further suitable method for the
characterization of the metal oxide nanoparticles distribution,
because it addresses quantitative morphological and structural
information on nanoporous systems (e.g., surface area, pore size,
and pore structure) in comprehensive and direct fashion [50,51].
In the case of metal oxide nanocomposites the electron density
of the guest nanoparticles is usually higher than the porous silica
matrix. The analysis of such three phase systems (silica, particles
and voids) is still possible using physical models and several

Fig. 2. XRD patterns of the bulk (a) and supported (b–f) LaCoO3 (LCO, black), LaFeO3 (LFO, red) and PrFeO3 (PFO, blue). The broad patterns in b–f, originated by the
superposition of silica and perovskite microstructure, indicate the low crystallinity of the materials. In FDU-12 along with PrFeO3 also the Pr3Fe5O12 phase was found via
Rietveld analysis. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Scheme 1. Representation of PrFeO3 distribution in the different host matrices. Depending on the pore geometry conditions either small isolated (KIT-6, KIT-5) or large
particles (SBA-15, FDU-12) can be found. Crystalline material, observed mostly outside the pores, was formed only in presence of large confined oxide domains. For the sake of
clarity the micropores are not depicted. The illustrations show an idealized scenario with higher pore filling than observed.
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structural assumptions, but is highly demanding [49]. Hence, we
limit here to a qualitative study of the scattering curves, since
detailed analysis goes beyond the scope of this work.

In the SAXS curves of the nanocomposites, the perovskite oxide
scattering superposes the mesopores contribution. As a result,
higher total intensities are observed especially at low scattering
vectors (Fig. 5 and Fig. S7). The difference is less pronounced in
the final part of the curve, owing to the partial pore filling. Addi-
tional proof of the successful impregnation is the shift of the host
Bragg peaks toward higher q-vectors. According to the literature
this effect is to be ascribed to contraction of the mesoporous
network during the drying process of the metal oxide precursor

solution in the pores [45,52]. The deformation is more prominent
in KIT-6 (Fig. S7a) and SBA-15 (Fig. 5a) hosts, because the Laplace
pressure responsible of the strain [53] affects more such open
channel-like structures than ink-bottle pore geometries. The
effective impregnation of these bimodal structures is better appre-
ciated by the clear appearance of the Fm !3 m lattice peaks (200),
(310), (420) and (440), which indicate the filling of the small
connecting mesopores (Fig. 5b). As we demonstrated in previous
reports, the higher density of the filled pore walls enhances the
scattering contrast between the solid matrix and the spherical
voids highlighting the signals of the cubic arrangement of the pores
[41,54].

Fig. 4. (a) HAADF-STEM images of small PFO particles in FDU-12 (left-side) and void FDU-12 (right-side) for comparison; (b) HAADF-STEM image of LFO particles (brighter
dots) in FDU-12 at higher magnification. (c) The covering of the pore channels in SBA-15 with PFO is presented in HAADF-STEM image (left-side) and for comparison the non-
impregnated SBA-15 (right-side). (d) TEM overview of host structure FDU-12 with crystalline LFO particles (inset) outside of the porous structure (d).

Fig. 3. Physisorption isotherms of the SBA-15 (a) and FDU-12 nanocomposites (b). Pore size distribution of the LaCoO3-supported silica with ink-bottle pore geometry (c).
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As interface analysis technique, SAXS is very sensitive to uni-
form and defined bodies, thus providing insights into the location
of the perovskite nanoparticles. All the systems with highly crys-
talline phase denote a prominent shoulder in the first part of the
SAXS curve, which represents very well the particles growing out-
side the pore space as shown by TEM. Further, in PFO@SBA-15 and
LFO@FDU-12 patterns fewer, broader reflexes are present, which
indicate that the scattering originated from the pores superpose
with other contribution of the same length scale. This finding can
be correlated with the remarkable growth of the metal oxide
nanoparticles inside the pore space of these hosts, as already found
out by nitrogen physisorption and TEM.

3.4. Formation mechanism of the supported perovskite oxides

Careful analysis of the distribution of the metal oxide species in
the porous host is of prime importance for further use of the mate-
rials, but does not explain the origin of microstructural differences.
As previously shown by XRD, the diverse pore geometries and
oxide compositions play a fundamental role on the crystallization
mechanism of the perovskite phase. Here, we want to understand
such influences by following the degradation behavior of the metal
nitrate precursors via thermogravimetric analyses coupled with
mass spectroscopy (TG-MS). The conversion of LCO-based materi-
als could not be investigated due to the violent exothermic degra-
dation, which led to material loss from the thermobalance crucible,
thus invalidating the analysis. Hence, only LFO-based and PFO-
based systems are compared. Owing to the different nature of
the perovskite A-site cation, the thermograms present very differ-
ent profiles (Fig. S8). All LFO materials show a sharp mass loss
between 150 "C and 170 "C, whereas for PFO the degradation
occurs more smoothly and at higher temperatures, i.e. 200 "C
upward. Accurate analysis of the precursor decomposition in bulk
and nanocomposite materials was provided by mass spectroscopy
investigations, following the evolution of several gaseous byprod-
ucts such as NO, NO2, H2O, CH3, CO and CO2 (Fig. 6 and Fig. S9).
The conversion in the nanocomposites occurred at much lower
temperatures and in many cases more suddenly than in bulk mate-
rials, evidencing a clear effect of nanoconfinement. Fundamental
information for the understanding of the crystallization mecha-
nism of the oxides are given by the analysis of NO, CO and H2O
release (Fig 6) [10,14]. In KIT-6, the low pore curvature and the
highly open pore framework favors the escape of the byproducts
in both oxide systems, indicated by an abrupt gas evolution. As also
shown by Sun et al. [15] such rapid gas development causes solid-
ification of isolated nanoparticles in the pore channels. Hence,
being mass transport inhibited, nucleation and particle growth

cannot occur properly, and quasi-amorphous materials result
(Fig. 2b).

The same behavior is observed in LFO on SBA-15, but not in the
PFO system (Scheme 2). Here, the degradation of praseodymium
nitrate with respect to lanthanum nitrate is much more affected
by the higher pore curvature and less open pore structure of the
SBA-15 host. The byproducts constantly evolve for a much longer
temperature range (ca. 200 "C), especially water. The slow evapo-
ration kinetic enables to keep the metal species in liquid form, fos-
tering mass transport in the pore channels and the formation of
large domains (Scheme 2B, Fig. 4a,c) [19]. These can later migrate
out of the pore space where can better crystallize (Scheme 2C,
Fig. 4d). The same water evolution profile can be noticed also in
the cage-like pore system KIT-5 (Fig. 6c,f), confirming the direct
and strong dependency of pore curvature with degradation kinet-
ics. However, only a hint of crystallization can be here observed.
The reason of this finding can be explained as follows. In SBA-15
two conditions are realized to get crystalline nanoparticles in the
pores: slow evaporation kinetics and mass transport to ensure
large particles formation. Owning to the bimodal pore structure
of KIT-5, the precursors are confined both in spherical and connect-
ing pores. The thick pore walls and the ink-bottle geometry
(Table 1, Fig. 1) hinder the transport between the larger cavities.
Hence, the isolated particles are too small to grow, showing a sim-
ilar situation as in KIT-6. As soon as the size of the cage pore is
widened, i.e. in FDU-12, a different scenario is presented. The three
times higher cage volume (536 nm3 and 1808 nm3 for KIT-5 and
FDU-12, respectively) combined with the slow water evaporation,
fosters the growth of larger particles inside the cage, thus enabling
the formation of highly crystalline systems (Fig. 2e). The unusual
LFO nanoparticle concentration in the pores of FDU-12 observed
by SAXS and correlated with the highly inaccessible pore network
(see isotherm Fig. 3b), can be better understood with closer look on
the evolution of nitric oxide and carbon monoxide. The rapid
release (significantly earlier than in other structures) boosts the
formation of aqueous precursor phase, which can later crystallize
more efficiently [15]. Finally, in L-FDU-12 systems the develop-
ment of water occurs smoothly, as for the other ink-bottle pore
systems KIT-5 and FDU-12. However, the mass spectra in Fig. 6c,
e,f clearly evidence that the degradation of the metal oxide precur-
sors takes place at much higher temperatures than in the other
hosts. As shown elsewhere [55], higher decomposition tempera-
tures of the precursors affect the crystallization in perovskite
oxides systems. Additionally, in these nanocomposites the pore
size is just few nanometers smaller than in the pristine host
(Fig. S5e), indicating the presence of small guest particles in the
voids. Based on these findings we suggest that, the combination

Fig. 5. SAXS patterns of the void and impregnated SBA-15 (a) and FDU-12 (b) hosts.
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of higher degradation temperature along with the widespread dis-
tribution of the precursors in the large cavities of l-FDU-12 inhibit
the crystallization process.

In conclusion, we can say that both ideal pore structure and
favorable precursor degradation are the conditions to be fulfilled
to form crystalline particles confined in porous hosts. For the metal
salts conversion the key step is the water evolution which needs to
take place smoothly and at sufficient low temperatures (ca. 100 "C)
to build large domains of dense liquid. However the mass migra-
tion necessary at this stage is hindered if the pores are too small
or badly connected. If such prerequisites are not met, isolated
oxide particles are obtained, being too small to crystallize properly.

4. Conclusion

The role of the pore geometry on the synthesis of confined per-
ovskite oxides was investigated addressing both particle distribu-
tion and their crystallization conditions. Systematic study was
performed as function of pore shape (gyroidal, cylindrical, spheri-
cal) and size (7.5, 12, 17 nm). In order to perform a consistent

analysis of the pore geometry effect, the formation of three differ-
ent oxide systems (LaFeO3, PrFeO3 and LaCoO3) was analyzed.

We could show that the combination of pore size, connectivity
and shape of the host has remarkable effect on the distribution and
microstructural properties of the guest systems. In particular, the
enhancement of pore curvature improves the crystallinity of the
supported perovskite oxides. Mass spectroscopy investigations evi-
denced that the pore shape has an active role on the degradation
kinetics of the impregnated precursors, especially on the evolution
of water. The slow evaporation observed in curved porous systems
with sufficient pore size (e.g. SBA-15 and FDU-12) induced the for-
mation of liquid-like domains, which could later nucleate and crys-
tallize. This mechanism was initially proposed by Stucky and Zhao
[15], in describing the role of the glass container geometry for the
preparation of mesoporous oxides via nanocasting. In our work we
could demonstrate that the same process can be applied to the
nanoscale, in which the porous silicas act as nanoreactor, directing
morphology and microstructure of the guest materials. Hence, this
nano-container effect can be in the future exploited to open up to a
completely new approach for the synthesis of nanostructured
host-guest systems using impregnation procedure.

Fig. 6. Mass spectra of NO, CO and H2O during the conversion of the precursors to LaFeO3 (a–c) and PrFeO3 (d–f) in the different host matrices.

Scheme 2. Sketch of the PrFeO3 formation in SBA-15 chosen to illustrate the synthesis mechanism of the perovskite nanoparticles in porous hosts. Impregnation of the host
with metal salts precursors (A), conversion to large liquid-like domains (B) and migration out of the pore followed by crystallization (C). The illustrations show an idealized
scenario with higher pore filling than observed.
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6.3. Functional Nanostructured Perovskite Oxides
from Radical Polymer Precursors

Jonas Scholz, Alberto Garbujo, Bugra Kayaalp, Kurt Klauke, Antonella Glisenti,
and Simone Mascotto

Reproduced with permission from Inorg. Chem. 2019, 58, 23, 15942–15952. Copy-
right © 2019 American Chemical Society. To access the final edited and published
work see:
https://doi.org/10.1021/acs.inorgchem.9b02460

This work constitutes a new approach for the low-temperature synthesis of per-
ovskite oxides based on a polymer complex route. This publication does not di-
rectly refer to porous systems, however, the nanostructure of the present materials,
i.a. the crystallite sizes, and the surface morphology were thoroughly analyzed in
order to impact the ensuing functional properties.
Different acrylic molecules (acrylamide, acrylic acid, methacrylic acid) were uti-
lized both as monomers in a radical polymerization and as chelating agents for the
complexation of precursor cations. The suitability of this method was confirmed
for various La-based perovskite systems (LCO, LNO, LFO) as well as SrTiO3 and
solid-solutions thereof. Nanocrystalline oxides exhibiting minimal amounts of im-
purity phases were obtained at calcination temperatures as low as 600 °C.
In addition, the materials prepared by this method showed significantly improved
functional properties compared to oxides prepared by a conventional citrate method.
In the catalytic oxidation of CO over LaCoO3 , T50 was achieved 30 °C lower by
the acrylamide- and acrylic acid-derived oxide than by the conventionally prepared
LCO. The acrylamide sample also displayed significantly improved oxygen exchange
properties compared to conventional LCO, due to a combination of nanosized crys-
tallites and few carbonate impurities.
While the initial choice of radical starter for the polymerization did not have any
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influence on material properties, the use of an UV-initiator, i.e. a gentle polymer-
ization process, did allow for a direct adaption of this method for a spin coating
procedure. Highly homogeneous, nanocrystalline LaCoO3 thin films were obtained
from acrylamide monomers.

In conclusion, the use of bifunctional acrylic molecules provides perovskite oxides
with improved functional properties. The synthesis can also be easily adjusted to
prepare different forms of solids.
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ABSTRACT: In the present work, nanostructured perovskite oxides with
improved reactivity, tunable morphology, and different forms (powder, thin
films) were prepared using acrylic molecules such as acrylamide, acrylic acid,
and methacrylic acid as novel chelating agents in a straightforward fashion.
The approach, developed for LaCoO3, was also applied to oxides of the type
LaMO3 (M = Fe, Ni), SrTiO3, and solid solutions thereof. The polymer-to-
oxide evolution followed by XRD and IR showed merely a minimal amount of
carbonate residuals even at temperatures as low as 600 °C. The different
cross-linking degree of the polymeric compounds influenced the material
crystallization leading to oxides with different grain sizes at the same
calcination temperature. Among the prepared perovskites, acrylamide-derived
LaCoO3 exhibited the highest oxygen surface reactivity as demonstrated by
XPS and TPD measurements. As a result, the materials showed enhanced
catalytic performance, leading to complete oxidation of CO at approximately
200 °C, which was almost 100 °C lower than for citric-acid-based samples. Finally, by exploiting the UV photopolymerization of
the acrylic group, homogeneous, crystalline perovskite thin films of optical quality were successfully prepared through a
straightforward spin-coating approach. The findings of this work demonstrate that this novel synthesis route is a better
alternative to state-of-the-art citrate-based methods for the preparation of prospective catalysis, sensing, and energy conversion
materials of high purity, activity, and tunable form.

■ INTRODUCTION
Ternary oxides of the perovskite family are an outstanding class
of materials due to their enhanced structural flexibility and
ability to accommodate nonstoichiometry, which enables their
use in sensing,1 energy,2 data storage,3 and in various catalytic
applications.4−6 In order to benefit from this wide application
potential, it is necessary to develop synthesis strategies which
generate materials with high chemical purity, surface activity,
tunable textural properties (e.g., crystallinity, porosity), and
different forms (e.g., powders, thin films).7,8

With respect to solid state strategies, the liquid phase
synthesis based on the polymer complex method9 is the most
suitable procedure for this purpose because it relies on a sol−
gel-like chemistry.10 This approach is based on the use of
bifunctional organic molecules, which act both as chelating
agents for the metal cations and as monomers, thus evolving
into an organic−inorganic polymeric material when heated.
Subsequent to thermal degradation of the macromolecule, the
oxide phase is obtained. Citric acid (CA), well-known for the
Pechini11 and citrate methods,12 is the most widespread
chelating agent because of its three carboxylic groups, which
act both as complexing and polymerizing units via poly-
condensation. In order to ensure proper ion complexation, CA
is used in molar excess and often with ligands of higher

denticity such as EDTA.13 As a consequence of the high
organic content in the reaction mixture, spontaneous
formation of carbonate phases occurs during the thermal
conversion to oxides. The group of Caro investigated in great
detail the degradation process of the CA/EDTA-based
polymer to obtain complex perovskite solid solutions (e.g.,
Ba0.5Sr0.5Co0.8Fe0.2O3‑δ) by TEM and related spectroscopic
techniques.14 They found that the perovskite structure starts to
form at 600−650 °C due to the decomposition of carbonate
and spinel intermediates. Whereas spinel compounds readily
decomposed at temperatures below 500 °C, alkaline-earth
carbonates completely disappeared only at 750 °C after 10 h of
annealing. Similar findings were confirmed by Najjar and
Batis,15 who were able to demonstrate a reduction but not the
complete elimination of La-based carbonate impurities in
LaMnO3 even after 24 h at 700 °C using IR spectroscopy.15

These species have serious detrimental effects especially on the
(electro)catalytic properties of the perovskite as they block the
oxygen surface exchange and hinder the charge carrier
transport in the material.16−18 Such prolonged high temper-
ature treatments required to achieve phase purity lead to an
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inevitable collapse of the porous structure and thereby
shrinkage of specific surface area.
Therefore, strategies should be developed to effectively

reduce carbonate impurities at lower temperatures. One
possibility is to limit the molar carbon content of the
polymeric matrix by choosing chelating molecules with lower
molecular weight than CA. In the present work, we show how
methacrylic acid (MA), acrylic acid (AA), and acrylamide
(AAm) are used as bifunctional networking and complexing
agents to prepare highly pure perovskite oxides, with better
oxygen surface exchange and catalytic activity than CA-based
counterparts. In his comprehensive review work, Kakihana19

mentioned the use of acrylic monomers as possible complexing
agents to be used in the polymer complex synthesis. In
addition to the lower carbon content with respect to CA, the
carboxylic/amidic functionalities are exclusively devoted to ion
complexation as the polymerization proceeds through
modification of the acrylic functionality.
Despite these attractive characteristics, the employment of

acrylic monomers for the production of multimetal oxide
systems is almost negligible in the literature. The main reason,
most probably, lies in their assumed poor complexing
capability, which would affect the phase purity of the oxide.
This explains why, when used, they have been considered
merely as networking agents and therefore were always
combined with strong complexing molecules like EDTA or
CA.20−22

Herein, we follow accurately the acrylate-based synthesis
mechanism of LaCoO3 (LCO), chosen as a model compound,
and thoroughly investigate its improved surface reactivity.
In contrast to CA-based polyesters, the thermal conversion

of the radically formed polymers led to the formation of
carbonate-poor perovskite structures at temperatures as low as
550−600 °C. Under such mild conditions, the materials
exhibited not only moderate specific surface areas of
approximately 20 m2/g but also very active surface chemistry.
In particular, AAm-derived LCO showed much stronger
release of oxygen up to 600 °C than all the other materials.
As a result, functional assessment via catalytic CO oxidation
demonstrated the enhanced conversion over acrylate-derived
LCO with respect to the citrate-based counterpart.
Another advantage offered by the radical polymerization is

its activation by UV light. In the context of today’s
environmental concerns, photopolymerization reactions have
significant relevance as green technology procedures as they
are characterized by low electrical power input, low temper-
ature operation, and the absence of any volatile organic
compound release. While powder materials prepared in this
fashion exhibited very similar structural properties to the
thermally polymerized counterparts, the UV photopolymeriza-
tion showed great potential for directing the material form. In
this way, crystalline, homogeneous thin films of LCO of optical
quality could be prepared by spin coating in a facile and
straightforward fashion.
Due to their low carbon content and flexible synthesis

parameters, radical polymer complexes thus present a better
alternative to standard citrate-based materials, leading to highly
pure oxides with tunable morphology and enhanced catalytic
activity. On the basis of these appealing material properties,
this synthesis approach is therefore highly suitable for the
preparation of highly performing heterogeneous catalysts and
energy conversion materials.

■ EXPERIMENTAL PART
Chemicals. Acrylamide (98.5%, Acros Organics), acrylic acid

(98.0%, Acros Organics), ammonia (25.0%, VWR Chemicals),
benzoyl peroxide (97.0%, Alfa Aesar), cobalt nitrate hexahydrate
(97.7%, Alfa Aesar), citric acid (99.6%, Acros Organics), dichloro-
methane (99.0%, BCD), dimethylformamide (99.5%, VWR Chem-
icals), ethanol (100%, VWR Chemicals), ethylene glycol (99.7%,
VWR Chemicals), glycerol (99.0%, Alfa Aesar), hydrogen peroxide
(30.0%, VWR Chemicals), 1-hydroxycyclohexyl phenyl ketone
(98.0%, Alfa Aesar), iron nitrate nonahydrate (99.0%, Merck),
lanthanum nitrate hexahydrate (99.9%, Alfa Aesar), methanol
(100%, VWR Chemicals), methacrylic acid (99.5%, Acros Organics),
nickel nitrate hexahydrate (97.0%, Sigma-Aldrich), poly(vinyl
alcohol) (78.0%, Acros Organics), strontium nitrate (99.0%, Acros
Organics), tetrahydrofuran (99.5%, VWR Chemicals), and titanium-
(IV) isopropoxide (97.0%, Alfa Aesar) were used as received without
further purifications.

Acrylate-Based Synthesis of La-Based Perovskites. Perov-
skite oxides were prepared using a molar ratio of acrylate polymer to
metal cations of 4:1. Equimolar amounts of lanthanum nitrate
hexahydrate (433 mg) and either cobalt nitrate hexahydrate (298
mg), iron nitrate nonahydrate (408 mg), or nickel nitrate hexahydrate
(300 mg) were dissolved in a mixture of solvent (1.0 mL) and a
respective complexing agentacrylamide (569 mg), acrylic acid (577
mg), or methacrylic acid (689 mg) within 10 min under stirring at
room temperature. Various solvents could be applied for the reaction
route including water (with the exception of methacrylic acid), DMF,
THF, dichloromethane, methanol, and ethanol. In the case of thermal
polymerization, benzoyl peroxide (10 mg) was added; the reaction
mixture was stirred for 5 min at room temperature and then heated up
to 80 °C for MA and AA solutions and 60 °C in the case of AAm-
based solutions under stirring for 5 min to initiate the polymerization.
With respect to the UV-light induced polymerization, 1-hydrox-
ycyclohexyl phenyl ketone (10 mg) was added as radical initiator, and
the solution was stirred for 5 min at room temperature. Subsequently,
the reaction mixture, cast into a Petri dish, was exposed to UV
radiation from a high-pressure mercury vapor lamp (Philips HPK-125
W) for 15 min at room temperature. The resulting polymer was then
calcined in air using a heating rate of 2 °C/min at 400 °C for 2 h and
subsequently at 600 °C for 2 h to guarantee complete removal of the
organic content and the formation of the perovskite structure,
respectively.

For reasons of simplicity, throughout the whole work, LaCoO3 is
referred to as LCOX with X representing the complexing agent.
Following the same principle, LaFeO3, SrTiO3, and LaNiO3 are
abbreviated as LFOX, STOX, and LNOX, respectively.

Acrylate-Based Synthesis of SrTiO3-Based Perovskites. In a
typical MA-based chelating synthesis of SrTiO3, methacrylic acid
(9.72 g) and titanium(IV) isopropoxide (1.47 g) were respectively
added to ethanol (7.0 mL) under continuous stirring. A second
mixture was prepared by dissolving strontium nitrate (1.06 g) in
ammonia solution (25 wt %, 3.3 mL) due to its insufficient solubility
in ethanol. After stirring for 30 min, the ammonia-based solution was
added dropwise to the first solution, and the resulting mixture was
further stirred for 45 min. Finally, either benzoyl peroxide (40 mg) or
1-hydroxycyclohexyl phenyl ketone (50 mg) was added to the mixture
as a thermal and photoinduced initiator, respectively. Thermal
polymerization was undergone by heating the mixture to 90 °C
under continuous stirring for 1 h. For UV-initiated polymerization,
the solution was poured into a Petri dish, which was then irradiated
with a high-pressure mercury vapor lamp (Philips HPK-125W) and
kept at 50 °C simultaneously for solvent evaporation for 1 h. After
drying overnight at ∼60 °C, the polymers were ground and obtained
powders were calcined under air employing a 2 °C/min heating ramp
with a 2 h hold time at an intermediate temperature of 400 °C and a
final temperature of 650 °C, respectively.

Citrate Method. For reasons of comparability, in this case the
molar ratio of citric acid to metal cations was equally chosen as 4:1.
Lanthanum nitrate hexahydrate (1.175 g), cobalt nitrate hexahydrate
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(0.790 g), and citric acid (3.912 g) were dissolved in water (4.00 g)
and then stirred at 70 °C for 90 min. Polycondensation of citric acid
was promoted by heating up to 130 °C for 2 h. Subsequently, the gel
was converted into the corresponding perovskite oxide by calcination
in air at 600 °C for 2 h at a heating rate of 2 °C/min with an
intermediate step of 2 h at 400 °C to ensure complete removal of the
polymer.
Formation of LCO Thin Films. The synthesis of LCO thin films

follows the acrylate-based synthesis of La-based perovskites with some
slight modifications to adjust it to the spin coating process. Cobalt
nitrate hexahydrate (433 mg), lanthanum nitrate hexahydrate (298
mg), and acrylamide (284 mg) were dissolved in methanol (0.67 mL)
under stirring at room temperature within 5 min. Methanol as a
solvent as well as an acrylamide to metal cation ratio of 2:1 were
chosen to decrease the viscosity of the solution and enhance the
wetting of the silicon substrate. 1-Hydroxycyclohexyl phenyl ketone
(10 mg) was added as radical initiator, and the solution was stirred for
another 5 min. In order to exclude possible impurities or residues, the
solution was filtered using a PTFE syringe filter with a pore size of
0.45 μm. The silicon wafer was cleaned in a three-step process. First
the wafer was placed in a solution of ammonia (25 wt %)/hydrogen
peroxide (30 vol %)/demineralized water (ratios 1/1/5) for 15 min.
Then, the wafer was put in an acetone bath for 15 min under
ultrasonic stirring. Finally, this step was repeated using demineralized
water as a solvent. Remaining water was removed using pressurized
air.
Subsequently, the solution was spin coated onto a silicon wafer

employing a SPIN150i infinite by Polos. For a wafer of the size 11 ×
11 mm, 50 μL of solution was dispensed dynamically while spinning
at 8000 rpm for 30 s. The coated wafer was then irradiated by UV
light with a high-pressure mercury vapor lamp (Philips HPK-125 W)
for 15 min to guarantee complete polymerization. Finally, the coated
wafer was calcined under air employing a 2 °C/min heating ramp with
a 1 h hold time at 300 °C before maintaining 600 °C for 1 h to obtain
the perovskite thin-film.
Characterization Methods. X-ray diffraction measurements were

carried out with an X’Pert Pro diffractometer (PANalytical Corp.)
with 0.15406 nm Ni-filtered Cu Kα radiation in Bragg−Brentano
geometry, operating at 45 kV and 40 mA, a step size 0.0130, and a
step time 74 s per step. The crystallite size was determined using the
Scherrer equation from the full width at half-maximum (fwhm) of the
most intense reflection (110). The data analysis was performed using
X’Pert HighScore Plus by PANalytical and the ICDD database for
peak identification.
TG-DSC measurements were carried out using an STA 449 F3

Jupiter by Netzsch. The temperature profile followed the actual
synthesis conditions, i.e., from RT to 400 °C with a heating rate of 2
°C/min, 2 h at 400 °C, another increase up to 600 °C with a heating
rate of 2 °C/min, and a final step at 600 °C for 2 h. The measurement
was performed under an oxygen/argon atmosphere (20/80) with a
flow rate of 40 mL/min.
SEM images were obtained on a LEO1550 with a spatial resolution

of ∼1 nm. The powder was fixed on a standard carbon conductive tab
and was investigated without further conductive coating. Energy
dispersive X-ray (EDX) mapping was implemented on several analysis
points on the sample, and average atomic ratios were calculated for
each cation of LaCoO3.

1H NMR spectra were obtained with a Bruker Avance I 500 MHz
spectrometer with a 5 mm BBI sample holder with ATM and z-
gradient. Before the measurement, the chemicals had been dissolved
in D2O.
The nitrogen sorption isotherms were obtained at 77 K using a

Quadrasorb SI-MP by Quantachrome. Outgassing was performed
with a Masterprep Degasser (Quantachrome Corp.) at 120 °C for 12
h. Specific surface areas were determined using the Brunauer−
Emmett−Teller (BET) method23 at p/p0 = 0.07−0.3.
IR spectroscopy was performed employing the KBr pellet

technique; the mid-IR spectra from 4000 to 400 cm−1 were acquired
with a Bruker Tensor 27. Correction of the baseline was achieved
using the software OPUS 7.2 by Bruker.

X-ray photoelectron spectroscopy was carried out by means of a
ParkinElmer PHI 5600ci Multi Technique System, using Al Kα
radiation (1486.6 eV) working at 250 W. The spectrometer was
calibrated by assuming the binding energy (BE) of the Au 4f7/2 line
to be 84.0 eV with respect to the Fermi level. Both extended spectra
(survey −187.85 eV pass energy, 0.5 eV step−1, 0.05 s step−1) and
detailed spectra (for La 3d, Co 2p, O 1s, and C 1s, −23.5 eV pass
energy, 0.1 eV step−1, 0.1 s step−1) were collected. The standard
deviation in the BE values of the XPS line is 0.10 eV. The atomic
percentage, after a Shirley-type background subtraction,24 was
evaluated by using the PHI sensitivity factors.25 The peak positions
were corrected for the charging effects by considering the C 1s peak at
285.0 eV and evaluating the BE differences.26 The fitting procedure
was carried out after the Shirley-type background subtraction. The
selected peak shape is a Voight function in which the Lorentian
amount and the fwhm are kept constant. These parameters have been
selected taking into consideration the values obtained with the same
instrument on corresponding simple oxides (lanthanum oxide, cobalt
oxide).

Impedance spectroscopy was performed using a Novocontrol
Alpha A impedance analyzer, a NORECs Probostat sample chamber,
and a Novocontrol-HT temperature controller. Measurements were
recorded in the range between 10−2 Hz and 107 Hz with an amplitude
of 50 mVrms. Equivalent circuit fitting was performed using a
Novocontrol WinFIT with an inductance representing the electrical
leads and a resistor representing the sample connected in series. A
flow of 20 sccm dry air and a dwelling time of 3 h at each temperature
were employed. The as-prepared powders were first mixed with 3 wt
% PVA as a binder and subsequently pressed into disks of 13 mm
diameter and ca. 1 mm thickness at 222 MPa. Silver conductive paste
(Plano GmbH) was applied to the flat sides, and the samples were
subsequently heated to 600 °C for 12 h before the measurements
were performed.

TG/MS and O2-TPD measurements were performed using a QMS
403 Aeölos Quadro quadrupole mass spectrometer by Netzsch
coupled with a thermal analyzer NETZSCH STA 449 F3 Jupiter.
Each sample underwent two temperature cycles of heating up from
room temperature to 600 °C using a heating ramp of 10 °C/min and
then were maintained at 600 °C for 1 h before cooling down to room
temperature at 10 °C/min. During the first cycle, an oxygen/argon
atmosphere (50:50) with a flow rate of 500 mL/min was employed.
During the second cycle, the measurement was performed under a
pure argon atmosphere setting a flow rate of 240 mL/min.

The H2-TPR measurements were carried out with a Chembet-3000
by Quantachrome equipped with a TCD detector. A 50 mg sample in
a quartz reactor was heated from RT to 800 and 1000 °C using a
heating rate of 10 °C/min under a constant flow (20 mL/min) of H2
(5% in Ar). TPR samples were previously outgassed with Ar (20 mL/
min) for 2 h at 200 °C.

The catalytic activity was determined by loading 50 mg of
respective sample in a quartz reactor (6 mm i.d.). The temperature
was monitored by a thermocouple inserted right upstream of the fixed
bed. The conversion of CO and O2 to CO2 was studied using
stoichiometric amounts of reactants (4% of CO and 2% of O2) in a
He atmosphere at a flow rate of 100 mL/min at atmospheric
pressures. The flows were controlled by thermal mass flowmeters
(Vögtlin Instruments). The temperature of the bed was raised from
room temperature to 400 °C at a heating rate of 1 °C/min. The data
was collected every 9 min using an Agilent 7890A gas chromatograph
equipped with a TCD detector.

■ RESULTS AND DISCUSSION
In order to demonstrate that acrylic monomers do not solely
serve networking purposes, as shown in the literature so far,20

but can also be suitable complexing agents for metal ions,
NMR analyses were performed. 1H NMR spectra of an
aqueous solution containing La3+/Co2+ cations and acrylic acid
or acrylamide were compared to those of the acrylic monomers
in water. As evidenced by Figure 1, the addition of cations
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promotes an upfield shift of 0.11 and 0.07 ppm for acrylic acid
and acrylamide, respectively, indicating the formation of an

M−O bond (where M = La3+, Co2+) between metal and a
complexing agent.27,28

Figure 1. 1H NMR spectra of acrylic acid dissolved in water (black) and acrylic acid and La3+/Co2+ cations dissolved in water (red, a) and of
acrylamide dissolved in water (black) and acrylamide and La3+/Co2+ cations dissolved in water (red, b). Polyacrylic acid containing La and Ni
cations obtained via UV initiated (c) and thermal polymerization (d) prior to calcination. Thermogravimetric analyses (e) and coupled DSC
measurements (f) of LCOMA (black), LCOAA (red), LCOAAm, (blue) and LCOCA (green) under synthesis conditions. The dashed gray line refers to
the annealing program, whereas the associated temperature is displayed at the right y-axis.

Figure 2. X-ray diffractograms of AAm-derived LCO based on UV-initiated polymerization (a) and thermal polymerization (b) as well as of
LCOCA (c) and the corresponding IR spectra (d, e, f). The reference diffractograms of LCO,33 La2O2CO3,

34 and Co3O4
35 are depicted in red, blue,

and green, respectively.
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Thermal- and UV-activated radical polymerization of the
monomers led to hybrid polymers, i.e. metal-ion-containing
polymers, with different morphologies. Owing to the gentle
photopolymerization reaction at room temperature, homoge-
neous, semitransparent membranes could be obtained (Figure
1c). On the contrary, thermal-activated reactions were very
exothermic and accompanied by significant evolution of
nitrous gases, thus promoting the formation of a lumpy
polymer (Figure 1d), similar to the one obtained by the citrate
route.
Significant understanding of the thermal evolution mecha-

nism of the hybrid polymer was achieved by thermal analyses.
In order to compare CA- and acrylate-based polymers, this
study was limited to macromolecules obtained by thermal
polymerization originating from LCO as a final inorganic
product. The TG and DSC analyses in Figure 1 and Figure S1
follow the temperature program usually adopted for the
production of perovskites via the citrate method. The
decomposition of the polymeric material is triggered by the
degradation of nitrates below 200 °C,29 whereas the strong
exothermic mass loss at higher temperatures corresponds to
the oxidation of the organic matrix. After 2 h of dwell-time at
400 °C, needed to ensure the complete removal of the organic
phase, an endothermic process most likely ascribed to the
formation of an inorganic crystalline structure is observed. All
the systems present very similar decomposition trends with the
exception of MA for which the extent of the exothermic
process is much lower.
Comparable thermal analyses are observed for LaFeO3

(Figure S2), indicating that the inorganic species do not
significantly influence the decomposition of the polymer.
The evolution of the amorphous precursors toward a

crystalline LCO phase through heat treatment at 500−600
°C for 2 h was characterized by combining IR spectroscopy
and XRD. The final products with identical nominal
stoichiometry were compared on the basis of their precursors,
i.e., acrylamide-based polymers (obtained by thermal and UV
activation) and the standard CA-based systems (Figure 2). As
reported by the group of Caro,14 the degradation of the
carbonate phases is a decisive step toward the formation of the
perovskite structure. To detect it, IR spectroscopy is a very
suitable method complementary to XRD. The presence of
carbonates is evidenced by the strong bands at 1476 and 1383
cm−1. The signals at 1060 and 840 cm−1 represent the
stretching vibration of the carbonate and the vibration of the
carbon atom out of the plane of the group, respectively.15,30

Carbonate phases are thus detected in all materials at 500 °C
as also confirmed by the strong amorphous broad signal at 30°
in the XRD pattern of Figure 2. In addition, small reflections
ascribable to LaCoO3 (00-048-0123) and Co3O4 (00-001-
1152) are detected. Therefore, as already predicted for CA/
EDTA-derived ceramics,14 the evolution of the perovskite
phase in the case of acrylic polymers proceeds similarly by
transformation of the metastable spinel and carbonate
structures. Even though these signals vanish in the diffracto-
grams at higher temperatures, a considerable amount of
carbonates is still present in the CA-derived perovskite even at
600 °C as shown by IR. On the contrary, acrylate-derived
materials exhibit a very low carbonate concentration at this
temperature independent of the choice of monomer and
polymerization method (Figures 2, S3, S4). This finding is
most likely ascribed to the reduced carbon content (carbon

content ratio CA/MA/AA/AAm set at 1:0.67:0.5:0.5) of the
acrylate matrices with respect to the CA-polyester.
The use of different polymeric precursors, however, results

in significant microstructural differences. The thermal
evolution of the average crystallite size obtained by the
Scherrer formula (Figure 3a) displays how AA- and MA-

derived LCO possess significantly larger crystallites than AAm-
and CA-derived materials. In order to account for the effect of
strain on the peak broadening, which might affect the
calculation of the crystallite size using the Scherrer method,
we also determined the average crystallite size using the
Williamson−Hall approach31 (Table 1 and Figure S5). With
the MA-derived sample being the only exception, the strain
component does not influence the mean grain size, which is in
good agreement with the results obtained by the Scherrer
method. This significant microstructural difference using

Figure 3. Crystallite sizes of LCO dependent on the calcination
temperature. (a) LCO based on thermal polymerization of MA
(black), AA (red), AAm (blue). and CA is displayed as bullet points.
LCO based on UV initiated polymerization of MA (black), AA (red).
and AAm (blue) is displayed as void bullet points. X-ray diffracto-
grams of perovskite oxides STOMA (orange), LNOMA (dark red),
LFOMA (dark blue). and LCOMA (gray) based on thermally initiated
polymerization (b).
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diverse polymers can be likely explained by the polymerization
behavior of the monomers (Figure 4a). In general, AA and MA
form polymers with a linear structure.32 During the annealing
step, this might lead to the formation of large amorphous
domains, thus easing the grain growth. In the case of AAm and
CA, the polymerization is highly cross-linked.10 Due to this
entangled structure, multiple nucleation centers are formed,
leading to a limited crystal growth.
In order to compare the citrate method with this novel

synthesis approach, the same molar excess of complexing agent
to metal cations was chosen, i.e., 4:1. The concentration limit
of acrylic monomers in the synthesis of perovskites was tested
additionally. A pure LCO phase could also be obtained at
reduced acrylic concentrations at a 2:1 molar ratio (Figure S6).
The general applicability of the use of acrylates for the

synthesis of manifold perovskite oxides is shown in Figure 3b.
Along with LaFeO3 (LFO) and LaNiO3 (LNO), the
preparation of SrTiO3 (STO) using both thermal- and UV-
activated polymerization was carried out. The high phase
purity and the poor concentration of carbonates typical for this
synthesis protocol are also demonstrated for the aforemen-
tioned compositions (Figures S7, S8). Moreover, we showed
that the acrylate approach is highly suitable for the preparation
of doped (e.g., La0.1Sr0.9TiO3) and highly substituted perov-

skites (e.g., LaCo0.2Fe0.8O3 and La0.8Sr0.2Co0.2Fe0.8O3) within a
very broad compositional range (Figure S7a).
The morphology of the LCO materials was investigated by

means of electron microscopy (Figure 4b). Macroscopic
aggregates of different shapes could be obtained based on
the chelating agent employed in the initial reactions. With
respect to the very large agglomerates of the CA-derived oxide,
AA and AAm result in porous lamellar-like structures of
approximately 2 μm. In the case of MA, three-dimensional
aggregates of slightly smaller size are formed. No particular
differences are detected in the materials prepared via UV-
polymerization (Figure S9, S10). However, the nanoscopic
textures of the materials are almost identical, consisting of
interconnected perovskite grains with interparticle porosity. As
a consequence of the very low calcination temperatures, gas
physisorption analyses showed specific surface areas between
10 and 20 m2/g (Table 1 and Table S2). In particular, MA
derived material possesses the lowest surface area, whereas CA-
based LCO exhibits the highest values. Surface area values do
not follow the trend in crystal size. This could be correlated
with different levels of particle agglomeration of the materials.
Composition analysis performed by SEM/EDX spectroscopy
pointed out the highly stoichiometric character of the LCO
materials (Table 1).
Profound investigation of the surface chemistry of the

materials was carried out by XPS analyses. The peak positions
of La are in accordance with those of La3+ found in perovskite
oxides.12 The spin−orbits La 3d3/2 and La 3d5/2 are separated
by 16.8 eV for all samples (Figure S11b), as usually reported
for La3+.36 Strong La3+ enrichment was observed for all the
studied materials (Table 1), and it is correlated with the typical
A-site migration phenomenon observed after high temperature
treatments.16−18 The state of the oxygen species as well as of
the cobalt ions is of particular interest for the functional
assessment of the perovskites, especially in case of catalytic
applications. The values of spin−orbit splitting of the Co 2p
peaks varied in a narrow range from 15.0 eV (LCOMA) to 15.2
eV (LCOAA, LCOAAm) also agreeing well with values reported
for Co3+ (Figure 5a).37,38 The asymmetry of Co 2p 3/2, as
underlined by deconvolution is likely explained by a certain
degree of hydroxylation of Co3+. The presence of Co2+ and of
possible Co3O4 surface impurities can be excluded, as the
typical shakeup satellite peaks at approximately 787 and 804
eV of this species are missing.39−42 Bulk traces of Co2+, not

Table 1. Textural Properties of LCO: Average Crystallite
Size Calculated by the Scherrer Equation (ΦS), Average
Crystallite Size Calculated by the Williamson−Hall Method
(ΦWH), Strain Component of the Peak Broadening from the
Williamson−Hall Method (CεWH), Specific Surface Area
Obtained by the BET Method (SBET), Surface Ratio of the
Ions Determined by EDX and XPS, and T50 Values of the
Catalytic Conversion of CO

polymer
precursor

ΦS
[nm]

ΦWH
[nm]

CεWH
[×

10−2]

SBET
[m2/
g]

La/
Co
EDX

O/(La
+Co)
XPS

La/
Co
XPS

T50
[°C]

MA 30 39 1.02 11 0.99 1.98 1.88 239
MAUV 36 32 0.44 16 1.16 239
AA 42 36 0.33 18 0.93 1.77 1.80 210
AAUV 39 36 0.42 22 1.00 195
AAm 24 20 0.19 17 0.99 2.42 1.98 192
AAmUV 26 20 0.16 19 0.96 189
CA 25 22 0.22 23 1.04 2.27 1.76 225

Figure 4. Proposed explanation for microstructure oxide evolution as a function of polymer structure (a). SEM images of LCOMA, LCOAA, LCOAAm
and LCOCA showing the different morphologies of the polymer-derived perovskites (b).
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detected with the methods at our disposal, could be addressed
using SQUID magnetometry.
All the LaCoO3 materials present similar profiles of the O 1s

spectrum (Figure 5b). The peak at around 529 eV is ascribed
to lattice oxygen, O2−. A second peak at 531 eV originates from
hydroxyl oxygen (OH), whereas a third contribution at
approximately 532 eV is assigned to chemisorbed oxygen
(O2). Loosely bonded oxygen species such as water or organic
rests are identified by a fourth peak at 533.7 eV.17,43,44 The
presence of such latter species is also confirmed by the signal at
290 eV in the C 1s spectrum (Figure S11a). Interestingly, it
can be noted that, both in O 1s and C 1s spectra, AA- and MA-
derived materials exhibit the lowest concentration of organic
rests. This is a sign of less defective surfaces, in agreement with
their larger crystallite size. Moreover, due to the comparable
surface carbon amount of AAm and CA-derived oxides, it can
be postulated that the higher carbonate concentration detected
by IR for the CA-derived systems represents rather a bulk than
a surface condition. To properly disclose this status,
quantitative characterization of the carbonate species (e.g.,
using the carbonate acid titration method45) could be
performed.
As it can be seen from Figure 5b and in Table S3, the

concentration of the physically adsorbed oxygen species is
significantly higher in LCOCA and particularly in LCOAAm
samples, most probably as a result of the smaller crystallite size
and therefore higher concentration of surface defects. More
specific insights into the surface oxygen characteristics of the
materials are given by the study of oxygen desorption via TG-
MS (Figure 5c). After the removal of surface contaminations
(e.g., water, carbonates) during a first oxidative cycle, pure

oxygen desorption was determined. It is evident that the AAm-
derived sample exhibits much larger oxygen loss compared to
the other materials. From the shape of the curve, a low
temperature (T < 400 °C) and high temperature (T > 400 °C)
oxygen desorption is inferred, which likely corresponds to the
release of α- and β-oxygen species, respectively.5,46 Similar
oxygen release behavior of the materials was registered in the
case of TPD-MS measurements (Figure S12a). Hence, even if
XPS spectra of LCOAAm and LCOCA suggest very similar
surface oxygen chemistry, only LCOAAm displays significant
oxygen exchange activity, indicating that the significant
carbonate contaminations in LCOCA (Figure 2f) might play
a role. To complete the study of the materials’ surface
reactivity, TPR measurements were carried out. The surface
reduction profiles of the acrylate-derived LaCoO3 are much
more detailed than for the citrate-derived oxide (Figure 5d,
Table S4). All the materials show a first signal around 400 °C,
ascribed to the reduction of Co3+ to Co2+, in very good
agreement with the temperature necessary for the oxygen
desorption (Figure 5c). Interestingly, only the acrylate-derived
systems present a satellite peak, which is also usually observed
in LaCoO3.

46,47 The signal at higher temperature identifies the
transition of Co2+ to Co.43,48 Notably, this reduction occurs
approximately 200 °C later for LCOCA. Considering that
materials were treated up to 600 °C, this delayed conversion
might be related to the transformation of the residual
carbonate species in the material, which occur at T > 700
°C. The decomposition of the LaCoO3 structure and the
consequent formation of Co and La2O3 after the reduction
process was confirmed by XRD (Figure S12b).

Figure 5. Co 2p (a) and O 1s (b) XPS spectra of LaCoO3 synthesized from methacrylic acid, acrylic acid, acrylamide, and citric acid, respectively.
The Co 2p spectra could each be deconvoluted into two contributions due to the coexistence of Co3+ lattice (red) and Co3+ bound to hydroxylated
species (green). The O 1s spectra could be each deconvoluted into four contributionslattice oxygen (blue), hydroxide (red), chemisorbed
oxygen (green), and organic rests and water (yellow). TG analyses (c) and H2-TPR profiles (d) of LCO produced from MA (black), AA (red)
AAm (blue), and CA (green), respectively. Arrhenius plots of the conductivity of thermally polymerized LCO samples (e). Conversion rate of
carbon monoxide dependent on the temperature in the presence of. LaCoO3 as a catalyst (f). LaCoO3 based on thermal polymerization produced
from MA (black), AA (red), and AAm (blue) and based on citric acid using CA (green).
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Electrochemical impedance spectroscopy was employed to
investigate the electrical properties of the LCO materials
(Figure 5e). All materials display semiconducting behavior
(increasing conductivity with increasing temperature) between
100 and 300 °C, whereas metallic behavior (decreasing
conductivity with increasing temperature) is observed above
300 °C. This phenomenon is well-known for LCO and has
been explained in terms of band-structure changes due to the
transition of the Co3+ ions from low-spin to high-spin
configuration.49,50 The specific conductivities were found to
be roughly one order of magnitude below those determined by
Petrov et al.49 The deviation can be possibly ascribed to the
poor relative density of the samples (∼50%) and the
significantly smaller grain size due to the low temperature
consolidation at 600 °C. The most interesting part of the
Arrhenius plot is the one below 300 °C. The significantly lower
conductivity of the AA-derived material is probably ascribed to
its larger crystallite size. The activation energies for charge
migration have been found in the range of 0.27−0.34 eV
between 100−200 °C for all systems, which is in line with the
typical semiconducting behavior of the LaCoO3.
Considering the high purity and significant surface reactivity,

acrylate-based LaCoO3 materials could be employed as
promising catalytic converters. To test the catalytic activity
of the materials, we therefore performed CO oxidation and
compared it to the performance of citrate-derived perovskite.
In Figure 5f, the light-off curves of the CO conversion are
displayed. Aside from LCOMA, the other acrylate-derived
perovskites show better performance than the standard system
prepared via the citrate route. In particular, LCOAAm exhibited
a T50 value 30 °C lower than LCOCA, whereas the full
conversion could be already reached at T100 = 210 °C (Table
1), which is almost 100 °C lower than for the CA-derived
material. This enhanced performance is likely ascribed to the
superior surface oxygen chemistry of this system, as evidenced
by the TG-MS and XPS results and consistent with the Mars
and van Krevelen mechanism for CO oxidation. Even if
LCOCA is structurally more similar to LCOAAm, i.e., the same
crystallite size and a similar surface O/(La+Co) ratio and
conductivity, its catalytic performance is much lower than that
of the AAm-derived material. This finding can be explained by

the negligible surface oxygen release, leading to poor oxygen
vacancy concentration and thus to a less reactive surface
(Figure 5c). The better catalytic properties of LCOAA with
respect to LCOCA can be likely ascribed to its low surficial
carbonate concentration, as both materials present comparable
oxygen release. Catalytic tests on the perovskite oxides derived
from photopolymerized polymers resemble those of thermally
polymerized samples (Figure S13), indicating that the
activation type of the polymerization has negligible influence
on the functional properties of the materials. Also in this case,
LCOAAm‑UV displays better performance than LCOAA‑UV, while
LCOMA‑UV shows the lowest conversion.
An interesting aspect in performing the polymerization

reaction via UV-curing is given by the possibility of tuning the
material form by preparing thin film oxides.51−54 This was
explored by synthesizing thin films of LCO via spin coating
using an AAm-based precursor solution. In order to evaluate
the effect of UV polymerization, we compared the materials
with those obtained by thermal polymerization of AAm- and
CA-based solutions.
In Figure 6, SEM micrographs of the AAm- and CA-based

LCO films polymerized via UV irradiation and thermal
treatment are shown. The acrylate-derived material displays a
homogeneous and uniform oxide layer of about 180 nm
thickness across the whole silicon substrate. This homogeneity
is also verified by the optical quality of the thin film (Figure
S15). A closer look reveals that the structure resembles the one
of the powder material, which is characterized by a porous
matrix of interconnected grains. In the case of thin films
prepared using the citrate route, instead of homogeneous
coatings, isolated plaques of approximately 50 μm width and 1
μm thickness were obtained. This phenomenon was similarly
observed for the AAm-derived LCO thin films prepared by
thermal polymerization (Figures S16, S17).
In order to address the microstructural properties of the thin

films, a selected area electron diffraction (SAED) from TEM
was performed (Figures 6, S17). The diffraction patterns of
both materials obtained by UV curing of AAm solutions and by
thermal polymerization of CA point out the typical
rhombohedral distorted structure of LaCoO3, demonstrating

Figure 6. SEM images of LCO thin-films prepared from UV-polymerized AAm (a) and thermally polymerized CA (b) and the resulting electron
diffractogram (c) of LCOAAm (black) and LCOCA (red).
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the successful crystallization during the polymer-to-oxide
transformation.

■ CONCLUSIONS
In this report, we demonstrated how acrylic monomers (i.e.,
acrylamide AAm, acrylic acid AA) are better performing than
the used standard citric acid for the synthesis of LaCoO3 for
catalytic applications. As pointed out by a combination of XRD
and IR spectroscopy, the lower carbon content of acrylate-
based polymer complexes enabled the complete transformation
of the carbonate intermediates to oxides, thus leading to
perovskite materials with much higher purity than citric-acid-
based counterparts at temperatures as low as 600 °C. The
applicability of this approach was verified not only for LaCoO3
but also for a large pool of perovskite structures (e.g., LaFeO3,
LaNiO3, SrTiO3) and their corresponding solid solutions.
Depending on the type of monomer chosen, materials with
different crystallinity were obtained without changing the
synthesis conditions. Acrylate-based LaCoO3 powders are
characterized by improved surface activity and oxygen
exchange properties. As a result, their enhanced performance
in comparison to the standard citrate-based material were
demonstrated via catalytic CO oxidation. In particular,
acrylamide-derived LCO exhibited a T50 30 °C lower than
the citrate-based material, whereas the full conversion could be
already reached at T100 = 210 °C. In addition, aside from the
preparation of powder materials, polymerization via UV
activation of the radical group was highly suitable for the
synthesis of perovskite thin films using a facile spin coating
approach. With respect to thermally polymerized AAm and CA
systems, the UV curing originated highly homogeneous,
nanocrystalline LaCoO3 films of optical quality.
In conclusion, we could demonstrate that acrylic monomers

are suitable precursors for the preparation of nanostructured
perovskite materials with high purity, tailorable form, and more
importantly improved catalytic activity. Therefore, these
characteristics make this synthesis route highly attractive for
the preparation of prospective energy conversion materials and
a better alternative to state-of-the-art citrate-based methods.
Considering the significant oxygen release at temperatures
higher than 400 °C, acrylate-based perovskite oxides are
specifically promising materials for high-temperature (electro)-
catalysis applications such as fuel cells and electrolyzers.
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7. Unpublished Work

7.1. Porous Perovskite Oxides

In the previous section, a new synthesis approach for the preparation of nanocrys-
talline perovskite oxides was presented. The employment of acrylamide as com-
plexing agent resulted in improved surface properties and consequently lead to an
increased catalytic activity. Accordingly, further enhancement of the attainable
surface area is desired for a high performance perovskite oxide catalyst.
One approach towards that aim is to establish a nanoporous architecture. How-
ever, the inadequacies of the nanocasting procedure and the employment of soft
templates have been detailed in previous chapters. A suitable alternative is re-
quired.
Hereby, a multistep method based on the use of solid silica endotemplates is pre-
sented. A laddder-like polysilsesquioxane (LLPSSO) with methacryl functionality
acts as template. The general concept of the perovskite oxide synthesis, which was
introduced in the previous chapter, relies on the formation of a polyacrylamide ma-
trix, which contains respective metal precursors.[242] Addition of the functionalized
template to the initial reaction mixture enables co-polymerization of acrylamide
monomers and methacrylic acid moieties. Thus, direct incorporation of the silica
structures into the polymer matrix can be achieved. The perovskite oxide phase
then forms around the silica material during heat treatment, in which the organic
polymer is burned out. The silica phase is removed in a subsequent etching step
(Figure 7.1). The resulting perovskite oxide material then should incorporate pores
the size of the removed LLPSSO.
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Figure 7.1.: Schematic illustration of the formation of nanoporous perovskite oxide by
using LLPSSO as a solid template (blue - polyacrylamide matrix; grey - metal
ion; red - LLPSSO).

In the following section, the suitability of this approach will be presented. Ac-
cordingly, features of ladder-like polysilsesquioxane, the formation of a perovskite
oxide/LLPSSO composite, and the removal of the template will be emphasized.

7.1.1. Characterization of Ladder-like Polysilsesquioxane

Templates

The ladder-like polysilsesquioxanes were prepared according to Choi et al.[130] Dif-
ferent combinations of functionality were introduced (Figure 7.2). On the one hand,
an acrylic component from the methacryloxypropyl moieties was provided to allow
for radical polymerization with the acrylamide monomers used in the synthesis
approach. This should guarantee homogeneous distribution of the silica over the
material and reaction with the monomors leading to a strong incorporation into the
polymer network. On the other hand, phenyl functionalities were added in order
to form repulsive interactions between separate ’ladders’ to prevent agglomeration.
In this work, ratios of acrylic functionality to phenyl functionality of 100:0, 80:20,
70:30 and 10:90 were employed. The respective ratio of the employed LLPSSO will
be denoted in the index throughout the following work.
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Figure 7.2.: Characteristic ladder-like structure of polysilsesquioxanes. R refers to differ-
ent organic functionalities (methacryl or phenyl).[130]

The successful completion of the syntheses was confirmed using 1H-NMR, 29Si-
NMR and IR spectroscopy. 1H-NMR spectra are displayed in Figure 7.3. Two
peaks between 6 and 5.5 ppm can be distinguished that belong to the C=C bond of
methacrylic groups (marked as ’e’). The remaining peaks of the methacryloxypropyl
group (’b-f’) were also observed at peak values that concur with literature.[130] As
the intensity of the methacryloxypropyl signals decreases upon variation of the
functional group ratio, the intensity of the broad peak at 7.4 ppm increases. Ac-
cordingly, this peak (denoted as ’a’) can be attributed to the phenyl moieties.
The IR spectra in Figure 7.4 all exhibit two broad absorption bands at 1107 and
1018 cm−1, respectively, that are characteristic of the stretching vibration of the
Si-O-Si bond in the horizontal and vertical direction of ladder-like structures.[243]

Additionally, features that are specific to the respective functional groups can be
observed depending on the ratio of methacryloxypropyl to phenyl moieties. Strong
absorption bands at 1714 and 1637 cm−1 can be ascribed to the stretching vibra-
tion of C=O and the deformation of the C=C bond of the methacrylate group.
Moreover, the characteristic stretching vibration of the ester group is exhibited at
1295 cm−1 with a shoulder at 1320 cm−1. Above 1400 cm−1, =CH deformation and
rocking vibrations can be observed.[130,244]
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Figure 7.3.: 1H-NMR spectra of ladder-like polysilsesquioxanes with different ratios of
methacryloxypropyl to phenyl functional groups.

As the phenyl content increases in LLPSSO, the intensity of the IR signals of the
methacryloxypropyl moiety decreases. In turn, strong absorption bands at 693 and
729 cm−1 due to deformation of the C-H vibrations of the monosubstituted aromatic
ring become more visible. Additionally, the aromatic C=C stretching vibrations at
1594 cm−1 can be observed.[244]

Thus, ladder-like polysilsesquioxane structures were successfully prepared and can
function as endotemplates in the tempate-assisted synthesis of nanoporous per-
ovskite oxide materials.
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Figure 7.4.: IR spectra of ladder-like polysilsesquioxanes with different ratios of methacryl-
oxypropyl to phenyl functional groups.

7.1.2. Preparation of Nanoporous LaCo0.8Ti0.2O3 using

Ladder-like Polysilsesquioxanes

The preparation of a nanoporous material through a hard template-assisted proce-
dure is divided into two steps. Firstly, a composite material is formed composed
of the LLPSSO template and perovskite oxide. Then, the template is removed in
an etching procedure to obtain a porous perovskite oxide. LaCoO3 has shown in-
sufficient structural stability during the etching procedure. Partial degradation of
the structure was observed due to the reduction of cobalt cations (see Appendix).
Thus, reinforcement of the perovskite structure is required to stabilize the mate-
rial while allowing for intensified etching conditions. The partial substitution of
the cationic composition by titanium in place of cobalt presents a viable solution.
Thus, the addition 20 % of titanium to the structure increases the stability while
maintaining the characteristic properties of LaCoO3.[245,246]
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The LCTO/LLPSSO composite material and the nanoporous product after etching
were thoroughly studied by means of XRD, IR spectroscopy, nitrogen physisorp-
tion and electron micrscopy. Functional properties were assessed through oxygen
desorption measurements using TG-MS.
With regard to the optimization of this templating approach, the ratio of the func-
tionalities of LLPSSO, the template loading of the nanocomposite, and temperature
and time of the alkaline etching procedure were varied. A general overview over
these results is given in the Appendix. In the following section, the optimized
synthesis approach is presented. Accordingly, LLPSSO exhibiting a methacryl to
phenyl ratio of 70:30 was used as template as it accommodates high amounts of
methacryl functionality, which promotes integration of the template into the poly-
mer matrix of the starting material, and phenyl functionality to prevent agglomer-
ation of the ladder-like structures. A template loading of 20 % with respect to the
overall composite mass was favoured.

LCTO/LLPSSO Composite

The successful synthesis of the composite depends primarily on two aspects - the
formation of the perovskite oxide phase and the suitable distribution of the ladder-
like silica templates within the perovskite matrix. The formation of the substituted
perovskite oxide was confirmed by XRD (Figure 7.5a). A distinct perovskite phase
with rhombohedral structure was formed. In addition, broadening of the reflections
compared to the diffractogram of pristine LCO (see Appendix) was observed, which
most likely indicates the formation of smaller-sized crystallites. Accordingly Scher-
rer crystallite sizes of 12.3 nm were determined for the LCTO/LLPSSO composite
(Table 7.1).
Moreover, a broad shoulder in the X-ray diffractogram around 28 °2✓, ascribed to
amorphous silica, was observed in the composite material. The presence of silica
was further proven by a strong absorption band at 1083 nm−1 in the IR spectrum
(Figure 7.5b). This band results from stretching vibrations of the Si-O-Si bond.
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Also, a shoulder at 997 nm−1 is visible, indicative of silanol groups. Contrary to
the IR spectrum of pure LLPSSO (Figure 7.4), organic functionalities are not de-
tectable. The residual molecules were completely removed during the calcination
step of the composite material. This thermal treatment also resulted in curing of
the siliceous ladder structure. Thus, the characteristic absorption bands of the lad-
der structure are replaced by the vibrational modes of silica materials.[247]

Additionally, the composite displays a strong presence of carbonates indicated by
absorption bands at 1481 and 1384 nm−1. Carbonate phases mostly form during
calcination of carbonaceous complexing molecules.

Figure 7.5.: XRD patterns (a) and IR spectra (b) of an as-synthesized LCTO/LLPSSO
composite (20 wt.% of LLPSSO) (black), subsequent to a 3M NaOH etching
at 80 °C for 3 h (red) and after acetic acid treatment at room temperature
for 1 h (blue).

The chemical composition of the material was determined by EDX measurements,
which confirms the presence of silica (Table 7.1). In addition, slight deviation from
stoichiometry of the perovskite oxide is observed, which can be ascribed to the
presence of carbonates, which was shown in the IR spectrum. The addition of silica
and local fluctuations can also contribute to the occurrence of non-stoichiometry.
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Table 7.1.: Textural properties of an LCTO/LLPSSO composite throughout different
etching procedures and corresponding atomic compositions determined by
EDX.

Crystallite Size SBET Atomic Composition [%]
[nm] [m2/g] La Co Ti O Si

as synthesized 12.3 34.0 20.2 13.8 2.19 57.6 6.30
NaOH 12.4 62.2 20.0 13.6 4.90 60.1 1.35
AcOH 12.8 91.9 21.5 17.1 4.27 56.1 1.12

The morphological structure of the composite was investigated by electron mi-
croscopy. In Figure 7.6a, the disordered arrangement of the silica template in the
perovskite oxide matrix is displayed.

Figure 7.6.: TEM micrographs of an LCTO/LLPSSO composite (20 wt.% of LLPSSO) at
different magnifications (a) and elemental mapping of the composite (b).
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Several individual ’ladders’ are spread over the solid. The width of these struc-
tures covers a few nanometers. However, a significant amount of the siliceous
structures formed agglomerates, which partially exceed a width of 100 nm. This is
further supported by elemental mapping of the the silica species in Figure 7.6b. A
significant presence of siliceous species is detectable only in selected regions of the
perovskite oxide matrix. Accordingly, high local fluctuations of the atomic compo-
sition were deduced from EDX (7.1).
The inhomogeneous distribution of the ladder-like structures is detrimental to the
templating-effect. The accumulation of LLPSSO can be considered as loss of tem-
plate since their removal does not considerably contribute to a surface enhancement.
Partial templating, however, was achieved.
Furthermore, the micrographs show the nanocrystalline structure of the perovskite
oxide phase. The grain sizes vary between 10 and 20 nm, slightly deviating from
the values calculated from XRD. Due to the interconnection of the crystallites, in-
terparticle porosity can be observed.

Figure 7.7.: N2-physisorption isotherms of LCTO/Si composite as-synthesized (black), af-
ter NaOH etching (red) and after AcOH etching (blue).
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The presence of interparticle porosity is also confirmed by nitrogen physisorp-
tion since the isotherm displays a typical increase at high relative pressures (Fig-
ure 7.7).[248] Correspondingly, the isotherm exhibits a hysteresis, which is charac-
teristic of micro-/mesoporous systems.[249] The perovskite/silica composite has a
specific surface area of 34.0 m2g−1.

Etching Procedure

Enhancement of the surface area necessitates the removal of the silica template
through etching. The etching process comprises two distinct steps. At first, a
sodium hydroxide treatment takes place in which the template is removed. Op-
timal conditions were defined as 80 °C for 3 h using a 3M NaOH solution (see
Appendix). The presence of carbonate impurities necessitates an ensuing acetic
acid treatment. Upon acidic etching in aqueous solution for 1 h at room tempera-
ture, contaminations detrimental to electrochemical properties of the material are
removed. The compositional differences with an emphasis on the presence of car-
bonates as well as the change of porosity were determined throughout the process.
The diffractograms in Figure 7.5a display the distinct phase of perovskite oxides,
respectively. Moreover, no significant changes in the crystallite sizes were observed.
A small reflection at 37 °2✓, which can be ascribed to the [3 1 1] reflection of
Co3O4,[250] appeared in the diffractogram following the sodium hydroxide etching.
This phase could almost completely be removed in the subsequent acidic etching
step. Correspondingly, the composition of the perovskite oxide is slightly changed
(Table 7.1).
The shoulder around 28 °2✓, which was also observed in the composite material
is weakened in the XRD pattern of the sample after alkaline etching. The silica
phase was no longer detectable following the acetic acid treatment indicating a pure
perovskite oxide phase.
While the conservation of structure is a key element for successful etching, the fo-
cus lies on the removal of the template. A qualitative assessment is provided by
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IR spectroscopy. Upon alkaline etching, the majority of the template was removed
as the siloxane signal in the spectrum vanishes almost completely (Figure 7.5b).
However, a broad band at 997 nm−1 is visible, indicative of silanol groups still
present in the material.[247] When subsequently treated with acetic acid, the silanol
contribution disappeared and only a minimum of silica maintained in the sample.
Furthermore, acetic acid etching results in a strong reduction of carbonates as the
intensity of the IR bands decreases considerably.

Figure 7.8.: TEM micrographs of an LCTO/LLPSSO composite (20 wt.% of LLPSSO)
at different magnifications after alkaline etching (a) and subsequent to an
additional acidic treatment (c) and the corresponding elemental mappings
(b,d).
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The assessment of the IR spectrum is corroborated by electron microscopy and
EDX. While template agglomerates and distinct ’ladders’ were removed, traces of
silica were still detectable in the perovskite oxide matrix (Figure 7.8). However,
after acetic acid treatment, the cationic composition is in good agreement with the
stoichiometry of LaCo0.8Ti0.2O3 (Table 7.1).
In addition, the removal of silica in a first etching step and both carbonates and
remaining template material in the ensuing acidic etching step constituted a grad-
ual increase in porosity as indicated by the nitrogen physisorption isotherms in
Figure 7.7. Moreover, the SBET values (Table 7.1) emphasize a significant increase
in specific surface area. Alkaline etching resulted in an surface area increase by a
factor of two. The subsequent acidic treatment further enhanced the surface area.
As a result, LaCo0.8Ti0.2O3 exhibiting a specific surface area of 91.9 m2g−1 was ob-
tained.

Functional Properties of Nanoporous LaCo0.8Ti0.2O3

In order to assess functional properties of prepared nanocomposites and the re-
sulting porous materials to assess the impact of the increased surface area, oxygen
release characteristics were investigated by means of oxygen desorption via thermo-
gravimetric analysis coupled with mass spectrometry. The oxygen release properties
correlate to the reactivity of the surface, which directly impacts the catalytic per-
formance of a material.[251]

In an initial oxidative cycle, surface contaminations (e.g., water, carbonates) were
eliminated. Subsequently, temperature-programmed desorption of oxygen was in-
vestigated up to 600 °C under argon atmosphere.
Similar to measurements performed on AAm-derived LaCoO3,[242] the desorption
curves in Figure 7.9 exhibit two regions, which are hard to distinguish, indicating
low temperature (T < 500 °C) and high temperature (T > 500 °C) oxygen desorp-
tion. Below 500 °C, ↵-oxygen is released, which refers to weakly bound oxygen
species (OH, O− and/or O−2) at the surface. At higher temperatures, lattice oxygen
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(O2−) is removed, denoted as �-oxygen.[252]

Figure 7.9.: Temperature-programmed desorption of oxygen of an LCTO nanocomposite
(black), the composite after alkaline treatment (red) and after an additional
AcOH etching (blue) by means of TG-MS measurements.

The thermogravimetric analysis enables a quantification of the total amount of
oxygen released from a sample. The mass loss of the LCTO/LLPSSO composite
material accounts for 0.16 %. The sample after alkaline treatment exhibits a mass
loss of 0.18 %. The highest mass loss was observed for the material subsequent
to acetic acid treatment (0.20 %). Additionally, the high-surface perovskite oxide
exhibits higher oxygen release rates.
Accordingly, a correlation between the oxygen release activity and the specific sur-
face area is observed. However, additional factors such as the presence of detrimen-
tal components (carbonates, silica) should also be taken into consideration.
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Conclusion

In this section, a novel endotemplating approach for the preparation of nanoporous
perovskite oxides was presented. Functionalized ladder-like polysilsesquioxanes
were used as templates, the employment of which presented some challenges. On
the one hand, formation of silica agglomerates prevented homogeneous distribution
of the template. Accordingly, only partial templating was achieved. On the other
hand, traces of silica were still present in the sample after alkaline and acidic treat-
ment, similar to other silica-based templating methods.
Nevertheless, perovskite oxides with high surface areas above 90 m2g−1 were after
removal of the template. These results compare well to nanostructured solids pre-
pared through nanocasting.[119] Accordingly, an alternative templating approach for
the preparation of high surface area perovskite oxides was developed.
Moreover, the increased surface area resulted in enhanced oxygen release properties
compared to pristine perovskite oxides, which were prepared through the acrylate
route.[242]
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The focal points of this work were the investigation of confinement effects of nanocom-
posite materials and the design of nanostructured perovskite oxides with improved
functional properties for energy-related applications. In both cases, a clear con-
tribution of the nanostructure to the characteristic properties of the respective
materials was observed. Thus, in this section, the different results will be discussed
in relation to the nanostructural characteristics.
With respect to the confinement effects, two different host-guest systems were inves-
tigated. In a first study, the confinement of sulfur within an ordered nanoporous
carbon matrix in dependence of sulfur-fluid interactions was investigated. The
focus was placed on the characterization of this composite material in the nano
range in order to gain a better understanding of carbon-sulfur nanocomposite as
Li-S battery cathode material. The employment of SANS in combination with a
contrast-matching technique allowed for direct investigation of the processes taking
place.
While complete filling of the pore space with sulfur was achieved, addition of a
solvent with similar properties to common electrolyte fluids lead to leaching of sul-
fur from the pores. The interactions between sulfur and hydrophobic solvents (e.g.
THF, toluene) were stronger than the adhesion forces between sulfur and carbon,
and the guest species was easily removed from the host matrix. Since sulfur consti-
tutes the active material, its loss is detrimental to the performance of the battery
and presents a main issue of the capacity fading of Li-S batteries. Corresponding
results have not been reported previously due to the limited availability of suitable
analysis methods. Thus, sulfur-solvent interactions in the nano range have been
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disregarded and loss of active material has been primarily ascribed to the well-
investigated shuttle effect.[11,23,51]

When using THF, which is used as a co-solvent in common electrolytes, sulfur
maintained confined in the micropores. Thus, further design of cathode materi-
als for Li-S batteries must take sulfur-solvent interactions into consideration by
addressing both the hydrophobic character of the electrolyte and the pore prop-
erties of the carbon host. SANS in combination with contrast-matching presents
a suitable characterization method for the investigation of such nanoscale processes.

The second part related to confinement effects, dealt with the impregnation be-
haviour and crystal formation of perovskite oxides in nanoporous silica matrices.
The use of silica as a support is a promising approach to increase the surface area
of perovskite oxides and correspondingly improve catalytic activity of the material.
However, the perovskite formation in these nanoporous matrices does not follow
the classic model, nanoconfinement effects occur. Problems such as the formation
of perovskite crystals outside the pores and the lack of crystallinity of the incorpo-
rated perovskite species cannot be directly explained.[143–145,253]

By using nanoporous silica host systems with different pore geometries, a better
understanding of these processes could be obtained. A clear correlation between
crystal formation and distribution of the perovskite oxides, and the nanostructure
of the silica matrix was established. In this context, the decomposition of the pre-
cursor solution played a major role, which was examined by mass spectrometry.
Clear differences in the decomposition kinetics of the precursors and evaporation
of the solvent could be attributed to changes in the pore size and pore curvature
of the respective silica matrices. The formation of perovskite crystals within the
pores was particularly preferred due to a high pore curvature.
Accordingly, this study was able to provide new information on the influence of pore
geometry on the crystallization processes of confined perovskite oxides. Complete
understanding of the processes forms the basis for the preparation of silica supports
with a suitable nanostructure.
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The second main objective of this work referred to the preparation of nanostruc-
tured perovskite oxides. Both nanocrystallinity and enhancement of the specific
surface area and the corresponding functional properties were addressed through a
novel synthesis method based on a polymer-complex approach. The preparation of
many different perovskite oxides (e.g. LCO, STO, LNO) and solid solutions thereof
was achieved.
Bifunctional acrylate molecules (methacrylic acid, acrylic acid, acrylamide) were
used as chelating agent and monomers. The crystallinity of the perovskite oxide
correlated directly with the choice of acrylic agent. Thus, by selecting different
acrylates, the grain size, i.e. the nanostructure, could be readily controlled.
Moreover, perovskite oxides with considerably higher purity were obtained by this
approach compared to common citrate methods. As a consequence, the perovskite
oxide powders prepared from acrylates exhibited improved functional properties as
determined by O2-TPD measurements and catalytic conversion of CO.
In order to further improve the material properties, the specific surface area was in-
creased through the incorporation of a functionalized ladder-like polysilsesquioxane
endotemplate. Even though the template approach had some shortcomings, e.g.
agglomeration of the siliceous species, which resulted in inhomogeneous distribu-
tion of the template, and traces of silica due to incomplete removal of the template,
the specific surface area of the perovskite oxide could be drastically increased. The
nanocrystalline features of the materials were maintained. Correspondingly, oxygen
exchange properties were enhanced.
The development of this synthetic method has demonstrated the big impact of the
nanostructure of perovskite oxides on their functional properties. As a result, the
synthesis method enables direct control over the nanostructure of the perovskite
oxide and can be used to specifically improve the material properties.

In summary, a comprehensive overview over the impact of nanostructuring is pre-
sented in this work that addressed both suitable characterization methods and
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functional properties of nanostructured materials. While the presence of structural
features in the nanometer range necessitates special characterization methods, ma-
terial properties are significantly affected by nanosize effects. Accordingly, it is
shown that an improved understanding of the processes involved and the devel-
opment of suitable design strategies are indispensable for the preparation of high-
performance materials.
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9.1. Chemicals

Acetic acid (99.8%, VWR Chemicals), acrylamide (98.5%, Acros Organics), am-
monia (25.0%, VWR Chemicals), cobalt nitrate hexahydrate (97.7%, Alfa Aesar),
dichloromethane (99.0%, BCD), 1-hydroxycyclohexyl phenyl ketone (98.0%, Alfa
Aesar), lanthanum nitrate hexahydrate (99.9%, Alfa Aesar), magnesium sulfate
(99.0%, Grüssing GmbH), 3-methacryloxypropyltrimethoxysilane (97.0%, Alfa Ae-
sar), phenyltrimethoxysilane (97.0%, Alfa Aesar), potassium carbonate (99.0%,
Alfa Aesar), sodium hydroxide (98.5%, Acros Organics), strontium nitrate (99.0%,
Acros Organics), tetrahydrofuran (99.5%, VWR Chemicals), and titanium-(IV) iso-
propoxide (97.0%, Alfa Aesar) were used as received without further purifications.

9.2. Synthesis of ladder-like Polysilsesquioxane

The formation of ladder-like polysilsesquioxanes was carried out according to Choi
et al.[130]

Prior to the synthesis, potassium carbonate was dried at 80 °C over night. THF
was dried over 3 Å molecular sieves for . Potassium carbonate (K2CO3, 20.0 mg,
0.145 mmol) was dissolved in water (2.40 g, 0.133 mol) and stirred for 10 min.
THF (4.00 g, 56.0 mmol) was added and the solution was stirred for 30 min under
N2-atmosphere. Subsequently, a mixture of MOPTMS and PTMS (40.0 mmol)
was prepared and added dropwise. Employed mixture compositions and the cor-
responding amounts of respective compound are listed in Table 9.1. After 96 h of
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continuous stirring, two phases were formed. The colourless phase was decanted,
followed by dissolution of the cloudy, viscous product phase in DCM (30 mL) and
trifold washing with water (20 mL, each). The organic phase was dried over mag-
nesium sulfate (MgSO4) over night, filtered and the solvent was removed in vacuo.
Vacuum drying at 40 °C resulted in a colourless, viscous product.

Table 9.1.: Employed compositions of MOPTMS and PTMS

Ratio MOPTMS:PTMS Amount of MOPTMS Amount of PTMS
100:0 9.84 g (40.0 mmol) -
90:10 8.86 g (36.0 mmol) 0.79 g (4.0 mmol)
80:20 7.87 g (32.0 mmol) 1.58 g (8.0 mmol)
70:30 6.89 g (28.0 mmol) 2.38 g (12.0 mmol)
10:90 0.98 g (4.0 mmol) 7.13 g (36.0 mmol)

9.3. Synthesis of LaCo0.8Ti0.2O3-LLPSSO
Composites

LCO/LLPSSO composite materials were prepared by modifying the radical poly-
merization approach introduced by Scholz et al.[242]

The molar ratio of acrylate polymer to metal cations equaled 4:1. First, previ-
ously synthesized LLPSSO (122.8 mg, 20 wt.%)) was dissolved in THF (2 mL)
under rigorous stirring at room temperature. The percentage values refer to the
share of LLPSSO in the final composite. Lanthanum nitrate hexahydrate (866 mg,
2.0 mmol) and cobalt nitrate hexahydrate (477 mg, 1.6 mmol) were added to the
solution, which was stirred until the precursor salts were dissolved. Then, the
complexing agent acrylamide (1138 mg, 8 mmol) was dissolved and titanium(IV)-
isopropoxide (114 mg, 0.4 mmol) was added to the solution under stirring.
1-Hydroxycyclohexyl phenyl ketone (10 mg) as radical initiator was added. After
5 min of stirring, the solution was transferred into a petri dish and exposed to
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UV radiation from a high-pressure mercury vapor lamp (Philips HPK-125 W) for
15 min at room temperature. The resulting polymer was then calcined in air at
600 °C for 2 h following 2 h at 400 °C using a heating rate of 2 °C/min for each
step to obtain the perovskite oxide/LLPSSO composite.

9.4. Sodium Hydroxide Etching

The silica template was removed by sodium hydroxide etching. The perovskite
oxide/LLPSSO composite (80 mg) was added to an aqueous NaOH solution (3M,
20 mL). The mixture was stirred for 3 h at 80 °C. Finally, the powder was filtrated
and extensively washed with demineralized water. After drying over night at 80 °C,
porous perovskite oxide was obtained.

9.5. Acetic Acid Etching

In order to remove carbonate impurities from the metal oxides, acetic acid etching
was used. Glacial acetic acid was diluted with demineralized water to yield a 5 %
acetic acid solution. Perovskite oxide (80 mg) was added to 25 mL of the acetic
acid solution and stirred for 1 h at room temperature. The perovskite oxide was
filtrated and then extensively washed with demineralized water. Lastly, the powder
was dried at 80 °C over night.

9.6. Characterization Methods

X-ray diffraction measurements were carried out with an X’Pert Pro diffractome-
ter (PANalytical Corp.) with 0.15406 nm Ni-filtered Cu K↵ radiation in Bragg-
Brentano geometry, operating at 45 kV and 40 mA, a step size of 0.0130, and a
step time of 74 s per step. The crystallite size was determined using the Scherrer
equation from the full width at half-maximum (fwhm) of the most intense reflection
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(110). The data analysis was performed using X’Pert HighScore Plus by PANalyt-
ical and the ICDD database for peak identifcation.
IR spectroscopy was performed employing the KBr pellet technique; the mid-IR
spectra from 4000 to 400 cm−1 were acquired with a Bruker Tensor 27. Correction
of the baseline was achieved using the software OPUS 7.2 by Bruker.
The nitrogen sorption isotherms were obtained at 77 K using a Quadrasorb SI-MP
by Quantachrome. Outgassing was performed with a Masterprep Degasser (Quan-
tachrome Corp.) at 120 °C for 12 h. Specific surface areas were determined using
the Brunauer-Emmett-Teller (BET) method[254] at p/p0= 0.07-0.3. Pore-size dis-
tributions were calculated using an NLDFT equilibrium model for cylindrical silica
pores.
TG-DSC measurements were carried out using an STA 449 F3 Jupiter by Netzsch.
The temperature profile followed the actual synthesis conditions, i.e., from RT to
400 °C with a heating rate of 2 °C/min, 2 h at 400 °C, another increase up to
600 °C with a heating rate of 2 °C/min, and a final step at 600 °C for 2 h. The
measurement was performed under an oxygen/argon atmosphere (20/80) with a
flow rate of 40 mL/min.
SEM images were obtained on a LEO1550 with a spatial resolution of 1̃ nm. The
powder was fixed on a standard carbon conductive tab and was investigated without
further conductive coating. Energy dispersive X-ray (EDX) mapping was imple-
mented on several analysis points on the sample, and average atomic ratios were
calculated for each cation of LaCoO3.
Transmission electron microscopy (TEM) and energy-dispersive X-ray spectroscopy
(EDX) measurements were carried out on a JEOL JEM 2200 FS at 200 kV equipped
with two CEOS Cs correctors (CETCOR, CESCOR), EDS system JED-2300 T, a
Gatan 4 K UltraScan 1000 camera and a HAADF (high angle annular dark field)
detector. The sample was crushed into a fine powder, which was suspended in
toluene and dropped on a carbon coated 400 mesh TEM grid. The excess of sol-
vent was removed with a filter paper and by drying the grid under air.
1H NMR spectra were obtained with a Bruker FourierHD 300 MHz spectrometer
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with a 5 mm dual sample holder with z-gradient. Before the measurement, the
chemicals had been dissolved in CDCl3.
29Si NMR spectra were obtained with a Bruker Avance III HD 400 MHz spec-
trometer with a 5 mm BBI sample holder with ATM and z-gradient. Before the
measurement, the chemicals had been dissolved in CDCl3.
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Experimental part 

Chemicals 

Toluene-d8 (99.5 atom% D, C7D8) was purchased from Deutero GmbH. Tetrahydrofuran-d8 

(99.5 atom% D, C4D8O) was purchased from ABCR. Deuterium oxide (99.8 atom% D, D2O) was 

purchased from Ega-Chemie. All chemicals were used as received without further purification.   

 

Materials 

The ordered nanoporous carbon matrices were obtained via nanocasting. KIT-6 silica was used as 

the exotemplate and prepared via block copolymer templating according to ref. 1. Mesoporous 

carbon CMK-8 was synthesized by impregnation of the KIT-6 silica with a resol precursor, which 

was prepared from phenol and formaldehyde.2 An excess of resol solution in ethanol (20 wt %) 

was added to KIT-6 powder and centrifuged into the pores for 20 min at 4000 rpm. After 

decantation, the powder was dried at room temperature. The procedure was repeated 3 times. 

Subsequently, polymerization of resol was carried out at 120 °C for 24 h. The silica−polymer 

composite was carbonized in an argon atmosphere at 350 °C for 5 h (ramp of 1 °C/min) and, in a 

second step, at 900 °C for 2 h (ramp of 5 °C/min). Etching of silica with hydrofluoric acid (10 vol 

%) yielded the porous carbon. The carbon-sulfur nanocomposites were prepared via sulfur 

impregnation following the approach described by Ji et al.3 To a fixed amount of CMK-8, 

specific quantities of sulfur were added and homogeneously mixed. The samples were heated in 

closed vessels at 155 °C for 12 h.  

 

SANS experiments 

The SANS experiments were performed at the small-angle scattering instrument V16, which is 

placed in the cold neutron guide of the Helmholtz-Zentrum Berlin. Using Au-foil activation 
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measurements, an average neutron flux of (3.6 ± 0.1) · 108 cm-2s-1 was determined with deacti- 

vated choppers at the entrance of the collimation section. Measuring at two sample-detector 

distances, i.e. 1.7 m and 6 m, the scattering intensity was acquired in the range of 0.1 nm-1 < q < 

7 nm-1. The scattering vector q is defined as q = (4π/λ)(sinθ) with λ being the wavelength and 2θ 

the scattering angle. As the instrument was operated in time-of-flight (TOF) mode, at 1.7 m the 

choppers were run at 3000 r min-1 with opening apertures φ1 =0°, φ2 = -5°, φ3 = -100°. This 

configuration corresponds to a neutron wavelength of 2.1 Å < λ < 3.4 Å. At 6 m the configuration 

was: 1200 r min-1, φ1 =0°, φ2 = -5°, φ3 = -65°, resulting in 2.7 Å < λ < 7.1 Å. The software 

MANTID has been used to reduce the data. Further information on beamline description and data 

acquisition can be found in ref.4.  

Coin shaped sample holders were completely filled with 0.35 cm3 of material, corresponding to 

50 mg for the void CMK-8, 60 mg and 90 mg for the nanocomposites impregnated with 20wt.% 

and 50wt.% of sulfur, respectively. Each contrast matching fluid was added dropwise using an 

Eppendorf pipette until the materials were completely soaked but without forming a suspension 

of the solid in the solvent. By increasing sulfur loading the fluid amount decreased from 0.2 mL 

for the void system to 0.15 mL and 0.11 mL. Sealing of the cells was achieved via Viton O-rings 

and backing rings over stainless steel endcaps.  

 

Evaluation of the SANS data 

The efficacy of the presented analysis method is related to the goodness of the matching between 

the SLD of carbon and the fluid considered. In this work, assuming an average mass density of 

1.8 g/cm3 for the non-graphitic material (SLD = 6·10-6 Å-2), a matching of about 95% is obtained 

using D2O (SLD = 6.39·10-6 Å-2), deuterated toluene (SLD = 5.66·10-6 Å-2) and deuterated THF 

(SLD = 6.35·10-6 Å-2) as contrast liquids.  
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Chord-length distribution 

The CLD is defined as the second derivative of the scattering intensity autocorrelation function 

γ(r): 

!"#$ = 	 '()′′"#$ 

where lp is the Porod length, the average chord length of the system and, in turn, the first 

momentum of g(r): 

'( = + #!"#$,#
-

.
 

The chord-length distribution delivers a statistical description of the distances connecting phase 

boundaries in a pure two-phase system with sharp interface. Therefore, at large q the curves must 

exhibit a Porod behavior, i.e. q-4 dependence: 

/"0$1→- = 24∆678
09: = ;

24<'(09
 

where ∆ρ denotes the scattering contrast between two phases and Q is the Porod invariant, which 

is related to the interface area (S/V) of the system: 

; = 1
24	+ 07/"0$,0

-

.
 

The CLD analysis was carried out here using a parametrization method.5 This approach, 

comprehensively devised in ref. 5, does not smooth the data and leads to a more precise 

assessment of the morphological parameters of the carbon porous network. The CLD function 

g(r) in this form is calculated using the software GNUPLOT and OCTAVE. 
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Additional SANS experiments 

 

   
 

Fig. S1: Scattering curves of void CMK-8 (black) and CMK-8 filled with 20 wt.% (red) and 50 wt.% of 

sulfur (blue) (a). Scattering curves of void CMK-8 (black), void CMK-8 matched with D2O (light blue) 

and bulk D2O (dark blue) (b). Scattering curves of void CMK-8 (black), void CMK-8 matched with d-

THF (red) and bulk d-THF (light blue) (c). Scattering curves of void CMK-8 (black), void CMK-8 

matched with d-toluene (green) and bulk d-toluene (dark blue) (d). 

 

The SANS curves of the analyzed materials at the dry state are depicted in Fig. S1a. In the case of 

the nanocomposites, when the carbon host is not completely filled with sulfur, the scattering 

pattern can be described as a three-phase system consisting of carbon, voids and sulfur (see Eq. 2 

of the manuscript). The filling of the carbon matrix can be perceived by the slight and continuous 

a)           b) 

c)           d) 
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intensity decrease, although no precise analysis of the sulfur distribution can be performed in 

such conditions.  

In Fig. S1b-d the matching of the CMK-8 matrix along with the scattering of the contrast 

matching fluids is shown.  The higher intensity for the matched curves at q < 1 nm-1 is attributed 

at the slight mismatch between the scattering length density of carbon and solvent.  

 

Analysis of sulfur content in the CMK-8 framework 

The thermogravimetry analyses (Fig. S2 and Table S1) of the investigated materials, taken from 

our previous work6, shows the amount of sulfur loaded in the nanoporous carbon matrix.  

 

 

Fig. S2: Thermograms of void CMK-8 (black), CMK-8 filled with 20 wt.% (red) and 50 wt.% (blue) 

of sulfur, and bulk sulfur (green). 
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Table S1: Onset temperatures of decomposition and sulfur content of void CMK-8, CMK-8 filled 

with 20 wt.% and 50 wt.% of sulfur, and bulk sulfur.  

Sample Tonset sulfur 
decomposition  [°C] 

Tonset carbon 
decomposition  [°C] 

Sulfur content 
[% wt.] 

void - 539 - 

20S 220 545 20 

50S 270 561 49 

sulfur 282 - 100 
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Fitting of SAXS data of the void hosts 

 

  

                             

        
 

Figure S1: SAXS patterns of void KIT-6 (a), SBA-15 (b), KIT-5 (c), FDU-12 (d) and 

L-FDU-12 (e) with the respective fits (red curves) obtained using the software Scatter.  

a)            b)  

    

c)            d)  

    

e)              
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The SAXS curves of the host systems indicate highly mesostructural order of the pores. The curves 

could be fitted with suitable form and structure factor models using the software Scatter to 

calculate structural properties such as size of pore, pore-walls and lattice parameter.  

The only exception was given by the KIT-6 system, for which no suitable expression of the 

gyroidal form and structure factor could be provided.  

 

Nitrogen Physisorption   

 

  

  

a)            b)  

    

c)            d)  
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Figure S2: Nitrogen Physisorption isotherms of KIT-6 (a), SBA-15 (b), KIT-5 (c), FDU-12 (d) 

and L-FDU-12 (e) filled with LaCoO3 (black), LaFeO3 (red) and PrFeO3 (blue), respectively. The 

isotherms of void silica are represented in green. 

 

TEM Analyses of the hosts 

 

 

e)              
  

a)           b)  

    

c)               d)  
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Figure S3: TEM images of the void KIT-6 (a), SBA-15 (b), KIT-5 (c), FDU-12 (d) and L-FDU-

12 (e). 

 
29Si-NMR spectroscopy 

 

Figure S4: 29Si CP-MAS solid-state NMR spectra of the void silica hosts 

 

Analysis of the chemical environment of the silica matrices indicates a homogeneous surface 

chemistry in all the hosts. The materials present a majority of mono-silanol groups (Q3), whereas 

e)              
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fully condensed silica (Q4 signals at -110 ppm) and germinal silanols (Q2 band at -90 ppm) are 

equally distributed in the systems. 

 

Rietveld refinement Analysis 

Host GOF 
Cry. size 

[nm] 

Cry. size 

error [nm] 
Strain 

Lattice parameters 

a [Å]         b [Å]          c [Å] 

Radius of 

mean cry. 

size[nm] 

LFO 

Bulk 4.879 30.619 0.644 0.16847 +/- 
0.00297 

5.56201 7.85006 5.56093 11.813 

FDU-12 2.586 26.820 0.457 0.15461 +/- 
0.00259 

5.56115 7.84674 5.55759 10.347 

PFO 

Bulk 7.372 27.409 1.604 0.15151 +/- 
0.00631 

5.55382 7.78006 5.47774 10.575 

SBA-15 1.952 26.850 78.193 0.17636 +/- 
0.00695 

5.55601 7.78105 5.48354 10.359 

FDU-12 1.216 22.074 31.428 0.18900 +/- 
0.01023 

5.54886 7.78569 5.48055 8.516 

LCO 

Bulk 4.432 30.670 0.740 0.13665 +/ 
- 0.00302 

5.43576  13.12058 11.832 

KIT-5 1.618 17.470 7.066 0.19140 +/- 
344.12464 

5.43608  13.19121 6.740 

SBA-15 2.175 16.693 4.881 0.12393 +/- 
4.49938 5.43566  13.13217  6.440 

FDU-12 2.739 30.648 1.995 0.12180 +/- 
0.00815 

5.43773  13.12003 11.824 

L-FDU-12 1.540 23.245 67.790 0.32107 +/- 
3.62941 5.44797   13.18319 8.968 
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Table S1: Microstructural parameter of the perovskite crystal structures obtained by the Rietveld 

refinement of the XRD measurements: Goodness of fit (GOF), volume-weighted mean crystallite 

size and corresponding estimated standard deviation (Cry. size, Cry. size error), empirical micro-

strain of the unit cell (Strain), lattice parameters of the unit cells (a, b, c), radial mean crystallite 

size obtained by an empirical formula of ref. 33 assuming a log-normal distribution for the 

distribution of crystallite sizes (Radius of mean cry. size).   

 

Rietveld analysis of the XRD data could provide structural information of the bulk perovskite and 

of the crystalline nanocomposite systems. In table S1 the main features resulting from the 

refinements are shown. Although the GOF for the bulk systems is much higher than for the 

composite systems, the difference curve is flat. In contrast to that, the GOF for the composite 

systems is unusually low, which is due to a high expected residual value, which originates from a 

high background originating from the host matrix. The volume-weighted mean size of the 

crystallites is ca. 30 nm for all three oxide systems. The crystallite size of the impregnated oxides 

is always lower than for the bulk systems, probably because these guests are also grown inside the 

pore space.  A trend can be clearly observed, however more precise assessment of the particle size 

cannot be done, owing to the insufficient quality of the diffraction data.  
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Pore size distribution of the nanocomposites 

 

   
 

   
 

 
Figure S5: Pore size distribution (PSD) in semilogarithmic scale of KIT-6 (a), SBA-15 (b), KIT-

5 (c), FDU-12 (d) and L-FDU-12 (e) filled with LaCoO3 (LCO black), LaFeO3 (LFO, red) and 

a)      b)  

    

c)      d)  

    

e)              
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PrFeO3 (PFO, blue), respectively. The void silica structures are represented in green. For FDU-12 

impregnated with LFO, the PSD was not determined since nitrogen isotherm could not be 

measured.  

 

 

 

 

TEM and EDX analyses of the nanocomposites 

 

 
 

a)          b)  

    

c)          d)  
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Figure S6: TEM images of LaFeO3@ FDU-12 (a, c), LaCoO3@L-FDU-12 (e), PrFeO3@KIT-5 

(g) and the corresponding EDX analysis (b, d, f, h) acquired in the selected areas.  

 

Figure S6a displays LaFeO3 crystallites formed on the outside of the pores of the silica host. 

Accordingly, the EDX spectrum indicates a high amount of La and Fe in equimolar proportion 

compared to the low Si content (b). In Fig S6c,e,g  different silica host structures are depicted, 

with apparently no traces of perovskite oxide. However, the corresponding cations are detected in 

the EDX spectra (Fig. S6d,f,h) indicating the homogeneous impregnation and the oxide formation 

e)          f)  

    

g)          h)  
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inside the pores of silica. From these composition analyses the filling grade (FG) of the hosts 

(Table S2) can be additionally determined. 

This value was obtained by the ratio: 

FG = 	 ϕ&'
ϕ()*+

 

Assuming that the volume fraction of the transition metal (ϕ&') is comparable to its atomic 

concentration (%-.): 

ϕ&' ≈ 	%-.%01 ϕ2345 = 		
%-.
%01 61 − ϕ()*+9 

 

Considered the well reproducibility of the data for the hosts with spherical pores, fillings between 

5% and 7% are expected also for KIT-6 and SBA-15 silica matrices.  

 

Host VP 

[cm3/g] 
ϕpore Si 

[% at.] 
Fe 

[% at.] 
Co 

[% at.] 
La 

[% at.] 
Pr 

[% at.] 
a) ϕTM FG 

FDU-12 0.51 0.53 b) 20.6 b) 1.3 - b) 1.2 - 0.029 0.056 

KIT-5 0.58 0.56 22.9 2.03 - - 1.6 0.039 0.07 

LFDU-12 0.80 0.64 20.5 - 2.0 1.7 - 0.035 0.054 

  

Table S2: Porosity and composition of nanocomposites in three different ink-bottle pore hosts. VP, 

pore volume of the void hosts; ϕpore, volume fraction of the pores in the void host, obtained by 

ϕpore= VP/(VP + VSiO2), where VSiO2 = ρSiO2-1= (2.2 g/cm3)-1 = 0.454 cm3/g ; Si, Fe, Co, La, Pr, atomic 

abundance of  the elements obtained from the EDX spectra; ϕTM volume fraction of the transition 

metals; FG, filling grade of the silica matrix. a) The obtained values of ϕTM are referred to the most 

abundant cation. b) The values refer to the EDX spectrum in Fig. S6d.  
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SAXS of the nanocomposites 

 

 

  
     

Figure S7: SAXS patterns of KIT-6 (a), SBA-15 (b), KIT-5 (c), FDU-12 (d) and L-FDU-12 (e), 

void (green) and filled with LaCoO3 (black), LaFeO3 (red) and PrFeO3 (blue), respectively. 

a)            b)  

    

c)            d)  

    

e)                
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Thermogravimetric Measurements 

   

Figure S8: Thermograms of bulk and silica-impregnated LaFeO3 (a) and PrFeO3 (b) materials  

 

In Fig. S8 the thermogravimetric analysis of LaFeO3 and PrFeO3 systems are depicted. The diverse 

pore volume of the silica matrices allows the incorporation of various amounts of perovskite 

precursors, resulting in different final rest masses.  

 

 

TG-MS measurements 

 

 

a)             b)  

    

a)             b)  
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Figure S9: Temperature dependent mass spectra of LaFeO3-impregnated KIT-6, SBA-15, KIT-5, 

FDU-12 and L-FDU-12 silica hosts and bulk LaFeO3 for  C (a), CH3 (b), CO2 (c) and NO2 (d); 

c)             d)  

    

e)             f)  

    

g)             h)  
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Temperature dependent mass spectra of PrFeO3-impregnated KIT-6, SBA-15, KIT-5, FDU-12 and 

L-FDU-12 silica hosts and bulk LaFeO3 for  C (e), CH3 (f), CO2 (g) and NO2 (h). 
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S2

Fig. S1: Thermogravimetric analyses and coupled DSC measurements of LCOMA (a), LCOAA (b) LCOAAm (c) and 

LCOCA (d) during the thermal annealing used for the materials synthesis.

Fig. S2: Thermogravimetric analyses (a) and coupled DSC measurements (b) of LFOMA (black), LFOAA (red), 

LFOAAm (blue) and LFOCA (green) during the thermal annealing used for the materials synthesis.
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S3

Fig. S3: X-Ray diffractograms (a) and IR spectra (b) of LaCoO3 calcined at 600 °C derived from thermally 

polymerized MA (black), AA (red), AAm (blue) and CA (green). The reference diffractogram of LCO1 is depicted 

in dark blue.
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Fig. S4: X-ray diffractograms of LCOMA (a) LCOAA (c) and LCOAA-UV (e) and IR spectra of LCOMA (b), LCOAA 

(d) and LCOAA-UV (f) calcined in air for 2 h at different temperatures. The reference diffractograms of LCO1, 

La2O2CO3
2 and CoCo2O4

3
 are depicted in red, blue and green, respectively.
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Williamson-Hall plot 

A contribution of the microstrain in the peak broadening cannot be excluded. We calculated the 

Williamson-Hall (WH) plot4 for the determination of the strain and crystallite sizes from the 

XRD data of LCO prepared with MA, AA, AAm, CA, MAUV, AAUV and AAmUV.

This approach associates the total broadening of the peak (βTOT) with a mixed contribution of 

strain (βe) and crystallite size (βL) through the equation:

𝛽𝑇𝑂𝑇 =  𝛽𝑒 +  𝛽𝐿 =  𝐶𝜀 𝑡
��+  
��

𝐿 ����  

Which can be rewritten as:

𝛽𝑇𝑂𝑇����= 𝐶𝜀 ����+
��
𝐿

The slope of the curve represents the strain (βe), whereas the intercept gives the values of the 

crystallite sizes (βL). The plots for the single materials are displayed in Fig S5 and the associated 

values are listed in Table S1. 

Fig. S5: Williamson-Hall plot for the LCO materials prepared under thermal (a) and UV polymerization (b)
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Table S1: Williamson-Hall parameters and average crystallite size (L) of the LCO materials 

prepared in this work. The parameters K and λ were accounted for 0.9 and 1.5406 nm, 

respectively

Sample �� ��
� L [nm]

MA 0.0102 0.0036 39

MA-UV 0.0036 0.0044 32

AA 0.0033 0.0039 36

AA-UV 0.0042 0.0039 36

AAm 0.0019 0.0071 20

AAm-UV 0.0016 0.0071 20

CA 0.0022 0.0063 22

Fig. S6: LCOAAm prepared from different molar ratios of metal precursor to acrylamide, calcined at 600 °C.
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Fig. S7: X-Ray diffractograms of Fe- and Sr-doped LaCoO3 species based on a thermal polymerization of MA (a). 

X-Ray diffractograms of LaCoO3 (black), LaFeO3 (blue), SrTiO3 (orange, MA only) and LaNiO3 (red) based on a 

thermal polymerization (B) or UV initiated polymerization of MA (b), AA (C) and AAm (d). 

In the radical polymerization route for SrTiO3, the methacrylic acid to SrTiO3 product ratio 

(MA : STO) was set at 11.3 : 1, whereas in a typical Pechini synthesis the organics (glycerol, 

citric acid) to SrTiO3 product ratio (Gly + CA : STO) was defined at 17 : 1.

In accordance with the La-based perovskite oxides, the X-ray diffractograms of the as-prepared 

SrTiO3 and La0.1Sr0.9TiO3+δ aggregates prepared with MA show substantially high crystallinity 

and phase-purity without the presence of any carbonate phases (Fig. S8a).
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Fig. S8: X-ray diffractograms of STOMA (dark blue), STOMA-UV (light blue) and LSTOMA (purple). A reference 

diffractogram of STO5 is displayed in black (a). IR spectra of STO prepared applying the Pechini method with 

ethylene glycol (red), with glycerine (green), STO based on MA obtained via UV-polymerization (light blue) and 

thermal polymerization (dark blue) and LSTO obtained in a thermal polymerization process of MA (violett) (b).

These results are further supported by the IR spectra shown in Fig. S8b. The infrared spectra of 

the perovskite oxides prepared by the radical polymerization route also indicate superior purity 

in comparison to SrTiO3 prepared by the standard polymer complex (Pechini) synthesis as 

significant amounts of carbonate impurities are present.

 Elemental ratios of the cations in the prepared samples determined by EDX spectroscopy were 

in good agreement with the nominal values, whereas SEM images displayed uniformly bulk 

aggregates of several micrometers with only textural porosity for all investigated samples 

independent of the polymerization route and composition (Fig. S9). It can be observed that the 

pores formed in the UV-based SrTiO3 are larger than those present in the SrTiO3 sample 

prepared through thermal polymerization. In accordance with the textural features observed by 

SEM, specific surface areas were determined by N2 physisorption analysis to be between 13 and 

19 m2/g.
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Fig. S9: SEM images of investigated samples prepared by MA radical polymerization route: Thermally prepared 

STO (a-b), thermally prepared LSTO (c) and UV based STO (d).

Table S2: Textural properties of La0.1Sr0.9TiO3, i.e. crystallite size, SBET and surface ratio of 

cations determined by EDX.

Perovskite Polymer used
Crystallite Size 

[nm]

SBET

[m2/g]

Sr/Ti

EDX
La/Ti

EDX

SrTiO3 MA 51 13 0.88 -

MAUV 37 16 0.82 -

La0.1Sr0.9TiO3 MA 43 19 0.93 0.11
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Fig. S10: SEM images of LCOMA-UV (a) LCOAA-UV (b) and LCOAAm-UV (c).

Fig. S10 displays the SEM analysis of the LCO materials prepared by MA, AA and AAm using 

photopolymerization. As for the thermally polymerized systems shown in the manuscript, AA 

and AAm derived ceramics present porous, voluminous aggregates with the tendency to form 

lamellar structures. Similarly, the MA derived LCO obtained via UV polymerization has the 

same globular morphology as the one prepared by thermal polymerization. On the nanometric 

scale, all the investigated systems present aggregated nanoparticles with interparticle porosity. 

No significant differences among these systems were noted. 

 

Fig. S11: C 1s (a) La 3d (b) and survey (c) XPS spectra of LaCoO3 synthesized from methacrylic acid, acrylic 

acid, acrylamide and citric acid.
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Table S3: Peak positions and relative concentrations of different oxygen species of LaCoO3 

obtained from the relative subpeak area of the O 1s XPS spectra.

Polymer 

used
O2- OH

chemisorbed

O2

physisorbed

H2O

MA 528.8 eV 43.1% 530.9 eV 42.8 % 532.2 eV 11.4% 533.7 eV 2.7%

AA 528.9 eV 58.5% 531.0 eV 25.2% 532.0 eV 16.3% - -

AAm 528.9 eV 37.8% 531.0 eV 38.6% 532.2 eV 16.6% 533.6 eV 7.0%

CA 528.9 eV 42.7% 531.3 eV 35.6% 533.2 eV 14.0% 533.8 eV 7.7%

Fig. S12: TPD-MS spectra of LCOMA (black), LCOAA (red), LCOAAm (blue) and LCOCA (green) (a) and X-ray 

diffractograms of LaCoO3 samples obtained from acrylic acid (red) and citric acid (green) after reduction during 

the H2-TPR measurement (b).
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Table S4: Reduction steps and respective temperatures of H2-TPR measurements on LaCoO3.

Polymer used Co3+ to Co2+  [°C] Co“3“+ to Co2+ [°C] Co2+ to Co0  [°C]

MA 409 453 615

AA 407 438 623

AAm 413 449 638

CA 404 - 780

Fig. S13: Light-off curves of CO oxidation over different LaCoO3 derived from UV-initiated polymerization. 
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Fig. S14: Nitrogen adsorption isotherms of LCOMA (black bullet points), LCOMA-UV (black empty bullet points), 

LCOAA (red bullet points), LCOAA-UV (red empty bullet points), LCOAAm (blue bullet points), LCOAAm-UV (blue 

empty bullet points) and LCOCA (green bullet points), up to relative pressure p/p0 of 0.3 to determine the BET 

surface area.

Fig. S15: Photographic images of LCO thin-films prepared from UV-polymerized AAm (a), thermally 

polymerized AAm (b) and thermally polymerized CA (c).
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Fig. S16: SEM images of LCO thin-films prepared from thermally polymerized AAm.

Fig. S17: TEM images of LCOAAm (a) and LCOCA (c) after removing the calcined perovskite oxide thin film from 

the silicon wafer. Electron diffraction pattern of the respective powders (b,d).
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11.4. Preparation of Nanoporous LaCoO3 using
Ladder-like Polysilsesquioxanes

In this section, the template-assisted synthesis of nanoporous LaCoO3 utilizing
LLPSSO as template is demonstrated. The following description does not repre-
sent an optimized method with regard to synthesis parameters (functionality com-
position of LLPSSO, template loading of the composite, etching conditions). It is
rather meant to convey the concept and the challenges of this approach.
With regard to the composition of the ladder-like polysilsesquioxane, a methacryl-
to-phenyl ratio of 80:20 was used as it accommodates high amounts of methacryl
functionality, which promotes integration of the template into the polymer matrix
of the starting material, and phenyl functionality to prevent agglomeration of the
ladder-structures. A relatively low template loading of 15 wt% was chosen to fur-
ther impede agglomeration of LLPSSO.
The composite was composed of LCO and LLPSSO. The formation of perovskite
oxide was confirmed by X-ray diffractometry. The characteristic rhombohedral
structure of LaCoO3 is displayed in Figure 11.1a. Determination of the crystallite
size by Scherrer equation[255] resulted in an average grain size of 30 nm (Table 11.2),
which is in good agreement with the values of pristine LCO..[242] These values also
concur with the display of the morphology in Figure 11.2a. TEM micrographs show
agglomerates of interconnected crystalline grains.
The IR spectrum reveals the presence of silica in the composite material (Fig-
ure 11.1b). A strong absorption band at around 1050 cm−1 refers to the asymmetric
stretching vibrations of the Si-O-Si bond.[244]
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Figure 11.1.: XRD patterns (a) and IR spectra (b) of a LCO/LLPSSO composite following
a 3M NaOH etching at 50 °C after 1 h (red), 3 h (blue) and 5 h (orange). The
data from the initial composite is added in black. A reference diffractogram
of LaCoO3

[256] is depicted in dark blue.

A more discerned assessment of the template distribution in the composite was
provided by electron microscopy. TEM images in Figure 11.2a show the distinct
silica ’ladders’. However, only few regions are pervaded by the template. Mostly,
silica agglomerates were formed. This is further supported by elemental mapping
of the the silica species in Figure 11.2b. A significant intensity is detectable only in
selected regions of the perovskite oxide matrix. Accordingly, high local fluctuations
of the atomic composition were deduced from EDX (??). The inhomogeneous
distribution of the ladder-like structures is detrimental to the templating-effect.
Thus, only partial templating was achieved.
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Figure 11.2.: TEM micrographs of an LCO/LLPSSO composite (15 wt.% of LLPSSO)
at different magnifications (a). Corresponding element mappings of oxygen
(blue), cobalt (red), lanthanum (yellow) and silicon (green) (b).

Table 11.1.: Atomic composition of an LCTO/LLPSSO composite determined by EDX.

Atomic Composition [%]
La Co O Si
19.5 16.4 62.2 2.0
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Etching of the composite material presents the second step of the synthesis pro-
cedure. Complete removal of the silica network is necessary to form porosity and
eliminate ’inactive’ silica species, while maintaining structural integrity and stabil-
ity of the perovskite phase. Sodium hydroxide solution constitutes a typical etching
medium to eliminate the silica structures. XRD was employed to monitor struc-
tural changes of the perovskite structure, whereas IR spectroscopy could provide
information about the amount and type of silicon species remaining in the material.
Porosity was determined by means of N2-physisorption.
The composite was treated to 3M aqueous alkaline solution for 1 h, 3 h and 5 h
at 50 °C, respectively. Variation of the etching time was performed to determine
suitable conditions with regard to both the removal of silica template and the sta-
bility of the perovskite oxide. The IR spectra displayed in Figure 11.1b indicate a
correlation between etching time and silica content. Extended exposure to alkaline
solution resulted in the gradual decrease of siliceous content as evidenced by the
decrease of the absorption band at 1050 cm−1. After 5 h of alkaline treatment,
almost complete removal of silica was achieved.
Additionally, the etching procedure was accompanied by an accumulation of carbon-
ate species in the material, the amount of which increased gradually with etching
time. The carbonate content is demonstrated by two overlapping bands at 1489
and 1396 nm−1. The occurrence of carbonates is commonly observed in literature
and can be remedied by a subsequent acetic acid treatment.[179]

The structural modifications subsequent to NaOH exposure are additionally de-
scribed by determination of the specific surface area (SBET ). As listed in Table 11.2,
a steady increase in etching time constitutes a gradually enhanced surface area by
removal of silica. After 5 h of NaOH treatment, LCO with a specific surface area
of 46.5 m2/g was obtained.
The overall moderate enhancement of the porosity (Figure 11.3)can be ascribed to
the formation of template agglomerates, the removal of which does not contribute
to a significantly increased surface area.
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Figure 11.3.: Nitrogen physisorption isotherms of a LCO/LLPSSO composite following a
3M NaOH etching at 50 °C after 1 h (red), 3 h (blue) and 5 h (orange).

With respect to the perovskite oxide phase, compositional changes were observed.
The X-ray diffractograms in Figure 11.1a indicate the formation of a secondary
phase. As etching time is extended, a reflection at 37 °2✓ is increasingly observed,
which can be ascribed to the [3 1 1] reflection of Co3O4.[250] Thus, partial degrada-
tion of the perovskite oxide takes place.
However, the crystallite size calculated by the Scherrer equation, remains constant
within a small margin of error (11.2).

Table 11.2.: Textural properties of an LCO/LLPSSO composite as a function of time for
NaOH etching at 50 °C.

Time Crystallite Size SBET[h] [nm] [m2/g]
1 30.1 26.8
3 30.9 39.0
5 31.2 46.5
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Further increase of the etching temperature and/or time promoted deterioration
of the perovskite structure due to reduction of the cobalt cations. Consequently,
stabilization of the LCO structure was necessary as the perovskite structure did
not maintain integrity throughout the alkaline treatment.

11.5. Preparation of Nanoporous LaCo0.8Ti0.2O3

using Ladder-like Polysilsesquioxanes

In the following section, some representative sets of data are shown with respect to
the optimization of the template-assisted preparation of nanoporous LaCo0.8Ti0.2O3.
Emphasized parameters for the optimization comprise the compositional variation
of LLPSSO functionalities, amount of template loading, and temperature of alka-
line etching.
In order to optimize the porous structure of LCTO, the amount of template load-
ing was varied. To that effect, LaCo0.8Ti0.2O3 composites with 15 wt%, 20 wt%,
25 wt%, and 30 wt% of LLPSSO were prepared. The compositional methacryl-
to-phenyl ratio of the LLPSSO template was varied, ratios of 70:30 and 100:0 are
presented in this work. The nanocomposites were etched with alkaline solution for
3 h at 60, 80 and 90 °C, respectively. Subsequently, each solid was exposed to
aqueous acetic acid solution (5 %) for 1 h at room temperature. The respective
diffractograms, IR spectra and N2-isotherms are not provided in this section as they
correspond to the patterns shown in the Chapter ’Unpublished Work’. In order to
prevent redundancy, the essence of these results is given in Table 11.3. Some gen-
eral conclusions and some particular results are highlighted in the follwing section.
X-ray diffractograms of LCTO-LLPSSO composites were measured at each step
of the synthesis to assess the formation and stability of the perovskite structure.
Generally, highly crystalline materials were obtained without impurities were ob-
served. Crystallite sizes were calculated by applying the Scherrer equation. The
sizes of different nanocomposites range from 12.2 to 15.5 nm showing no distinct
template-loading dependence. A structural change, however, was observed, after
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alkaline etching at 90 °C. The corresponding diffractograms indicated the presence
of cobalt spinel phases due to the disintegration of the perovskite oxide structure.

Table 11.3.: Textural properties of LCTO-LLPSSO nanocomposites in dependence of tem-
plate composition, template loadings, and subsequent etching conditions.

Ratio Template TNaOHetching Synthesis Crystallite SBET

LLPSSO Loading Step Size [nm] [m2/g]

70:30

15 wt%

- composite 13.8 90.6
60 °C NaOH 15.1 88.5

AcOH 14.1 68.9
80 °C NaOH 15.0 53.0

AcOH 15.5 71.8

20 wt%

- composite 12.3 34.0
60 °C NaOH 10.7 49.7

AcOH 12.7 61.4
80 °C NaOH 12.4 62.2

AcOH 12.8 91.9
90 °C NaOH 14.7* 92.3

25 wt%
- composite 12.2 34.7

80 °C NaOH 13.5 54.2
AcOH 12.2 62.8

30 wt%
- composite 13.6 32.0

80 °C NaOH 13.1 58.3
AcOH 13.2 61.6

100:0
20 wt% - composite 15.4 34.0

90 °C NaOH 16.7* 68.8

* Broadening of the reflections due to formation of secondary phases, which cor-
responds to the degradation of the structure. Accordingly, not subsequent acidic
treatment was performed.
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IR spectra of different composites all exhibit the characteristic silanol contribution
in addition to the vibrational mode of siloxane groups. Only differences in inten-
sity can be observed, which can be ascribed to the amount of template added to
the initial reaction mixture. Upon alkaline etching, removal of the silica can be
confirmed as the silica absorption band disappears almost completely as the silica
agglomerates are mostly eliminated. Only small amounts of silanol compounds re-
main in the material. Comparable intensities indicate similar amounts of template
residue independent of template loading or etching temperature.
Moreover, all composite materials exhibit a considerable carbonate absorption band.
The enhanced presence of carbonates compared to the synthesis of non-templated
perovskite oxide materials using the acrylate-supported complex route[242] can be
ascribed to an increased content of organic moieties in the initial hybrid polymer.
This extent of organic molecules stems from the organic moities of the LLPSSO
templates.
In the context of porosity, nitrogen physisorption measurements were performed to
determine the evolution of the porous properties of the different composite mate-
rials. Similar isotherms, which exhibit hysteresis and the presence of interparticle
porosity, were observed for all etched samples. However, small deviations in porosity
and BET surface area were determined. Considering the formation of agglomerates,
partial templating is favoured under certain conditions. Accordingly, a LLPSSO70∶30
loading of 20 wt% and an alkaline treatment of 80 °C was most beneficial for the
enhancement of the specific surface area.
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11.6. List of Chemicals and corresponding Safety
Information

Compound
GHS hazard
pictograms

H-statements P-statements

Acetic acid,
glacial

226, 314
301+330+331,
305+351+338

Acrylamide*

301, 312+332,
315, 317, 319,
340, 350, 361f,

372

302+352

Acrylic acid
226,

302+312+332,
314, 335, 400

301, 330+331,
302+350,

305+351+338

Ammonia 314, 335, 410
273, 280i,

301+330+331,
305+351+338

Benzoyl peroxide 242, 317, 319, 410 302+352

1-Butanol
226, 302, 315,
318, 335, 336

210, 280,
301+312+330,

302+352,
305+351+338+310
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Citric acid 319 305+351+338

Cobalt nitrate
hexahydrate*

272, 302+332,
317, 318, 334,

341, 350i, 360F,
410

221,
301+330+331,

302+352,
305+351+338,
371+380+375

Deuterium oxide - - -

Dimethyl-
formamide*

226, 312+332,
319, 360D

201, 280,
305+351+338,

308+313

Dichloromethane 315, 319, 336, 351 302+352

Ethanol 225, 319
210, 280,

305+351+338

Ethylene glycol 302, 373 301+312+330,
314

Glycerol - - -

Hydrochloric acid 290, 314, 335

261, 280,
301+330+331,
303+361+353,
304+340+310,

305+351+338+310
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Hydrogen
peroxide

302, 318, 412

264, 270, 273,
280,

305+351+338,
310, 501

1-Hydroxycyclo-
hexyl phenyl

ketone
- - -

Iron(III) nitrate
nonahydrate

272, 315, 319
302+352,

305+351+338

Lanthanum
nitrate

hexahydrate
272, 315, 319, 335

302+352,
305+351+338

Magnesium
sulfate

- - -

Mesitylene
226, 304, 315,
332, 335, 411

210, 273,
301+310+331,

302+352,
304+340+312

Methacrylic acid
227, 302+332,
311, 314, 335

301+330+331,
305+351+338

3-Methacryl-
oxypropyl-

trimethoxysilane
- - -
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Methanol
225,

301+311+331,
370

210, 280,
301+310+330,
302+352+312,
304+340+311

Nickel(II) nitrate
hexahydrate*

272, 302+332,
315, 317, 318,
334, 341, 350i,
360D, 372, 410

201, 273, 281, 405

Phenyl-
trimethoxysilane

226, 302, 373c
260, 264b,

301+330+331

Pluronic F127 - - -

Pluronic P123 - - -

Poly(vinyl
alcohol)

- - -

Potassium
carbonate

315, 319, 335 305+351+338

Potassium
chloride

- - -

Praseodymium(III)
nitrate

hexahydrate
272, 315, 319, 335

221, 302+352,
371+380+375

Sodium hydroxide 314
301+330+331,
305+351+338
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Strontium nitrate 272, 318
221,

305+351+338,
371+380+375

Sulfur 228, 315 210, 302+352

Tetraethyl
orthosilicate

226, 319, 332, 335 305+351+338

Tetrahydrofuran
225, 302, 319,

335, 351

201, 210,
301+312+330,
305+351+338,

308+313

Tetrahydrofuran-
d8

225, 315, 319, 351
210, 281,

305+351+338

Titanium(IV)
isopropoxide

226, 319, 331, 336 305+351+338

Toluene-d8

225, 304, 315,
336, 361d, 373b,

412

201, 210,
301+310+331,

302+352,
308+313

* refers to a CMR substance (cat. GHS 1A or 1B)
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