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Abstract

Multiscale nanoparticle processing is essential for the integration of colloidal nanomaterials into
macroscopic, functional devices. In this regard, aerogels are especially promising as they preserve
the nanoscopic characteristic of colloidal nanomaterials in a highly porous, macroscopic solid.
However, the restricted range of molds in the gel casting process prevents sophisticated aerogel
geometries that are tailor-made for their application. In this thesis we explore 3D printing as
a fabrication method for functional, hierarchically structured nanoparticle-based aerogels with
full control of the nano-, micro-, and macroscopic length scales.

We develop a 3D printing scheme for TiO2 nanoparticle-based aerogels by introducing the con-
cept of gelled nanoinks as a new design scheme for aerogel inks. Here, additive-free inks are
formulated by destabilizing a liquid nanoparticle dispersion into a volume-filling colloidal gel.
The print is performed in a alkaline liquid bath to solidify the soft ink after extrusion and to
enable subsequent processing into aerogels via supercritical drying. The 3D printing method
sustains key structural characteristics of conventionally casted aerogels such as a large specific
surface area of up to 539 m2 g−1 and pore sizes of 20 nm while offering an unparalleled des-
ignability on the micrometer scale. In general, various nanomaterials can be processed into inks
and 3D-printed giving access to multifunctional aerogels. To exemplify, we load the TiO2 inks
with plasmonic, photothermal Au nanorods prior to gelation. Here, 3D printing enables the
fabrication of 3D microstructures with a spatially controlled heating characteristic.

Moreover, we combine the aerogel 3D printing method with digital design tools such as compu-
tational fluid dynamics and Monte Carlo light transport simulations to create a 3D geometry
optimized for photocatalysis in the gas phase. To this end, we introduce a unit cell based mi-
crostructuring approach and identify the face-centered cubic (fcc) structure as an ideal photocat-
alyst architecture since it lowers the resistance to gas flow by five orders of magnitude compared
to an unstructured aerogel without compromising the light utilization efficiency. To evaluate
the photocatalytic performance of the fcc microstructure, we take the hydrogen evolution from
a water/methanol saturated gas stream as an example. We show that the fcc structured TiO2
aerogel raises the mass normalized hydrogen evolution rate by a factor of five relative to the
commonly utilized TiO2 powder. Moreover, we indicate that the benefits of fcc microstructuring
are not limited to TiO2 and that similar improvements of the mass normalized production rate
can be achieved for Au/TiO2 aerogels.
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Zusammenfassung

Die Prozessierung von Nanopartikeln auf mehreren Längenskalen ist für ihre Integration in
ein makroskopisches, funktionales Material unerlässlich. In diesem Zusammenhang sind Aero-
gele besonders vielversprechend, da sie die nanoskopischen Eigenschaften von kolloidalen Nano-
materialien in einem hochporösen makroskopischen Festkörper beibehalten. Hierbei verhindert
jedoch die Auswahl an Formen im notwendigen Gelgießverfahren die Anfertigung anspruchsvoller,
für die Anwendung maßgeschneiderte Aerogel-Geometrien. In dieser Arbeit untersuchen wir
den 3D-Druck als Herstellungsmethode für funktionale, hierarchisch strukturierte Aerogele auf
Nanopartikelbasis mit voller Kontrolle über die nano-, mikro- und makroskopischen Größenord-
nung.

Wir entwickeln eine 3D-Druckmethode zur Herstellung von Aerogelen auf Basis von TiO2 Nano-
partikeln, indem wir das Konzept der „gelierten Nanotinten“ als ein neues Verfahren zur For-
mulierung von Aerogeltinten einführen. Hierzu werden additivfreie Tinten formuliert, indem
eine flüssige Nanopartikeldispersion durch Destabilisierung in ein volumenfüllenden kolloidales
Gel überführt wird. Der 3D-Druck erfolgt in einem alkalischen Flüssigkeitsbad, um die wei-
che Tinte nach der Extrusion zu verfestigen und die anschließende Verarbeitung zu Aerogelen
durch superkritische Trocknung zu ermöglichen. Das Druckverfahren behält wichtige strukturelle
Merkmale herkömmlich gegossener Aerogele bei, wie etwa eine große spezifische Oberfläche von
bis zu 539 m2 g−1 und eine Porengröße von 20 nm, und bietet zusätzlich eine unvergleichliche ge-
ometrische Kontrolle im Mikrometermaßstab. Generell können verschiedene Nanomaterialien zu
Tinten verarbeitet und 3D-gedruckt werden, welches die Herstellung multifunktionaler Aerogele
ermöglicht. Auf dieser Grundlage beladen wir die TiO2-Tinten vor der Gelierung mit plasmo-
nischen, photothermischen Au-Nanostäbchen. Wir veranschaulichen, dass der 3D-Druck eine
3D Mikrostrukturierung mit einer räumlich kontrollierten Heizcharakteristik ermöglicht.

Darüber hinaus kombinieren wir die digitale Herstellungsmethode des 3D-Drucks mit comput-
ergestützten Methoden wie der numerischen Strömungsmechanik und der Simulation des Licht-
transports über die Monte Carlo Methode, um eine optimale 3D-Geometrie für die Photokatalyse
in der Gasphase zu entwerfen. Zu diesem Zweck führen wir eine Mikrostrukturierung basierend
auf Einheitszellen ein und leiten her, dass eine flächenzentrierte (fcc) Struktur ideal für die Pho-
tokatalyse ist, da diese einen um fünf Größenordnungen geringeren Widerstand für den Gas-
fluss im Vergleich zu einem unstrukturierten Aerogel aufweist ohne die Lichtnutzungseffizienz
zu beeinträchtigen. Wir bewerten die photokatalytische Leistung der fcc Mikrostruktur am
Beispiel der Wasserstoffentwicklung in einem mit Wasser/Methanol gesättigten Gasstrom. Wir
zeigen, dass das fcc-strukturierte TiO2-Aerogel die massennormierte Wasserstoffproduktionsrate
im Vergleich zur typischen TiO2-Pulverform um den Faktor fünf erhöht. Außerdem deuten wir
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Zusammenfassung

an, dass die Vorteile der fcc-Mikrostrukturierung nicht auf TiO2 beschränkt sind, da eine ähn-
liche Steigerung in der massennormalisierten Produktionsrate auch für Au/TiO2-Aerogele erzielt
werden kann.
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1 Introduction

Material processing is a fundamental human endeavor to improve the overall quality of life and
closely linked to human history. In retrospect, we even named entire eras after the most domi-
nant material such as the stone age, the iron age, and beyond. While in the past human beings
reshaped natural resources into a product, we nowadays established sophisticated technologies
to produce artificial materials that are engineered for a specific application. This enormous
material revolution has enabled and defined our present technological era and material science
expanded from traditional use cases such as tools, weapons, or jewelry to new areas such as
electronics, biomedical implants, energy storage or conversion. [1] Besides expanding applica-
tions, material science nowadays takes on a greater responsibility for the future of our planet
by facing unprecedented, existential challenges such as the finite amount of resources, or the
anthropogenic climate change. [2] At the same time, we also have greater access than ever before
to highly developed processing tools, and to high-performance materials to set up a sustainable
production and energy system. Two of the recent advances in material science are the use of
3D printing, which precisely fabricates objects in a layer-by-layer fashion with less generation
of waste than already established subtractive manufacturing methods, [3] and the synthesis of
nanomaterials, which allows to manipulate material properties on an atomic level and enables
more effective renewable energy applications. [4] Combining both aspects enables the hierarchical
design of functional materials using nanoscale building blocks and might define the next material
era. [5–7]

We refer to materials as nano when they feature length scales in a range of 1 to 100 nm on at
least one dimension. The resulting high surface to volume ratio of nanomaterials leads to many
unusual material properties in comparison to their bulk counterpart. Whether it is the red color
of spherical gold nanoparticles, [8] the size-tunable band gap of semiconductor quantum dots, [9]

or the melting point depression by hundreds of degrees: [10] controlling the size and shape on
the nanometer scale opened another dimension to tailor material properties. Considering the
variety of nanomaterials that can be synthesized with different sizes, shapes, and compositions,
it becomes apparent that such a toolbox opens many fascinating options to combine nanomate-
rials into macroscopic functional objects with distinct properties. Therefore, research attention
has now shifted from the synthesis of nanomaterials to the construction of functional materials
based on nanoscale building blocks. [11] So far, nano building blocks are either arranged in well-
defined ordered superstructures in the form of 2D monolayers and 3D supercrystals, [12] or in
complex, disordered assemblies such as colloidal gels and aerogels. While order and symmetry
are aesthetically more pleasing than disordered colloidal gels, a high order within nanoparti-
cle assemblies is often not required for the later application. [13] In fact, disorder can even be
beneficial for catalytic applications due to improved mass transport in the percolating 3D pore
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network. [14] Independent on the type of arrangement, property and function of the final ma-
terial are not only defined through the choice of nanoscopic building blocks, but also through
the 3D architecture on the nano, micro and macroscopic length scales. [15] While the nanoarchi-
tecture is well controlled via rational shape-engineering and compositional modulation during
synthesis, [16] a simultaneous geometric control of the micro- and macroarchitecture via direct
patterning of nanomaterials still remains a scientific challenge and hinders facile integration of
nanoscale building blocks in advanced functional devices. [7,17]

Promising functional materials that might play a key role in establishing a sustainable energy
system are photocatalysts. These materials convert the energy of light into chemical energy and
can be used to produce solar fuels such as hydrogen, which is a key component of the 21st cen-
tury energy transition. [2] In this regard, nanoparticle-based aerogels have a huge potential since
they combine the intrinsic catalytic activity of the employed nanoparticles with the nanoscale
3D structure of the aerogel featuring a large surface area and open porosity. However, not only
the development of an efficient nanomaterial is still ongoing, but recent efforts have also shown
that a geometric shape control along all length scales is needed to unlock the full potential of
aerogel photocatalysts. [18]

In this Ph.D. thesis, we aim at the processing of hierarchically structured aerogels via 3D print-
ing to fabricate a tailor-made photocatalyst architecture. Since TiO2 is one of the most studied
photoactive materials and considered as a benchmark catalyst, [19] we employ TiO2 nanoparticles
as the primary aerogel building block. The use of 3D printing overcomes the geometric limita-
tions of traditional shaping methods and enables a rational, data-driven design when coupled
with computational methods.

Chapter 2 introduces the class of aerogels and discusses the general preparation routes. In the
course of this chapter, we present universal strategies to induce the gelation of a liquid nanoma-
terial dispersion and challenges in the subsequent transformation of the wet gel into an aerogel.
We end the chapter with a state-of-the-art literature overview of accessible aerogel materials.

Chapter 3 covers the geometrical length scales during aerogel processing. We discuss the limi-
tations of traditional shaping techniques such as gel casting or wet spinning and highlight the
potential benefits of novel methods such as 3D printing. We identify potential 3D printing
techniques applicable to aerogels and discuss the drawbacks of already reported aerogel printing
methods. Based on that, we derive guidelines for the development of a new class of aerogel inks,
so-called gelled nanoinks.

Chapter 4 summarizes the main experimental and computational methods established in part of
this thesis. These include the 3D printing and photocatalysis setup, a rheometer, computational
fluid dynamics, and the Monte Carlo method for the modeling of photon transport. Combining
the unprecedented geometric freedom of 3D printing with computational tools allows to optimize
the 3D architecture of the aerogel for the application as a photocatalyst.

Chapter 5 presents a 3D printing methodology for the fabrication of hierarchically structured
TiO2 nanoparticle-based aerogels by formulating additive-free gelled nanoinks. This approach
provides a modular platform for multicomponent, functional inks via the cogelation of TiO2
with other nanomaterials such as photothermal Au-nanorods. The content of this chapter was
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published in Advanced Functional Materials (Adv. Funct. Mater. 2022, 32, 2112914).

In chapter 6, we use the same printing technology but focus on the photocatalytic activity of
the TiO2 aerogel backbone. We combine the Monte Carlo method and computational fluid
dynamics to derive an ideal 3D geometry with efficient illumination, facile mass transport and
highest photocatalytic production rates. As an example of a photocatalytic reaction, we use the
hydrogen evolution from a water/methanol saturated gas stream. The content of the chapter
was submitted in August 2022.

Chapter 7 summarizes preliminary results of ongoing research projects. These include modifica-
tion on the 3D printing process, the alignment of anisotropic nanomaterials during ink extrusion,
and the photocatalytic reduction of CO2.

Chapter 8 presents the conclusion of the Ph.D. thesis and an outlook for potential future re-
search directions.

Chapter 9 is not directly related to nanoparticle-based aerogels. We review how organic and in-
organic nanoscale building blocks can be combined into a hybrid material to improve the affinity
to CO2 in the context of sensing, separation, and conversion. The presented strategies can be
applied to formulate inks incorporating functional additives and might control the selectivity of
the photocatalytic CO2 reduction process in the future. The chapter was published in Nanoscale
Horizon (Nanoscale Horiz. 2020, 5, 431-453).

Comment on the use of the term we throughout this thesis: In chapters 5, 6 and 9, the term we
means all authors of the respective work. In all other chapters, we refers to the reader and the
author of the thesis and is used to guide the reader through the text.
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2 From Individual Building Blocks to
Nanostructured Bulk Aerogels

This chapter introduces the fundamental steps to process colloidal nanomaterials into bulk,
nanostructured aerogels, and reviews state-of-the-art materials from literature.

2.1 Introduction to Aerogels

The term aerogel describes a macroscopic solid derived from a gel with a three-dimensional,
interconnected pore network in which the dispersed phase is a gas. Aerogels are neither limited
to any type of material nor to any synthesis procedure and mostly consists of pores in the 1 to
100 nm range, which results in unique macroscopic properties such as extremely low thermal
conductivity, ultralow refractive index, a large specific surface area and a high porosity. [1–7] The
scientific story of aerogels started in 1931 with an experiment by Samuel Stephens Kistler who
demonstrated that the liquid in silica gel can be replaced by air with little or no shrinkage. [8]

Since then many preparation routes for a variety of aerogels were developed. While aerogels
are traditionally formed by the so-called molecular route, nanoparticle-based aerogels became
a viable alternative to widen the accessible range of functional materials. Figure 2.1 illustrates
the key difference between both approaches. The molecular approach is a continuous process
based on aqueous sol-gel chemistry and is mainly used to prepare metal oxide aerogels, in
which the ongoing hydrolysis and condensation of a molecular metal alkoxide precursor leads
to the formation of an amorphous sol and eventually to a wet gel. For the nanoparticle-based
approach, sol and gel formation are separated to enable the preparation of functional, often
crystalline building blocks with atomically defined properties. First, the nanoscopic building
blocks are synthesized, washed, and processed into a highly concentrated dispersion, which is
followed by the transformation into a gel as a second step. For both processing schemes, a
three-dimensional sponge-like network is formed where the solid network is completely soaked
with the initial solvent. [6] By dedicated drying techniques, the solvent is replaced with air while
retaining the three-dimensional nanoscopic structure in a macroscopic aerogel. In this thesis,
we focus on nanoparticle-based aerogels. In section 2.2 we discuss the fundamental principle
to transform a liquid nanoparticle dispersion into a wet gel. In section 2.3 we briefly present
commonly applied procedures to remove the solvent from the pores via supercritical drying and
freeze-drying, respectively. We end this chapter with an overview of reported nanoparticle-based
aerogels to illustrate the versatility of this processing scheme.
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2 From Individual Building Blocks to Nanostructured Bulk Aerogels

Figure 2.1: General scheme of aerogel processing. a) The molecular approach involves the
formulation of a sol and a subsequent gelation from a molecular precursor via hydrolysis and
condensation reactions. b) The nanoparticle-based approach separates formulation of a disper-
sion and gelation. The dispersion is prepared via wet colloidal chemistry. Both approaches
require subsequent solvent extraction to transform the wet gel into aerogel.

2.2 Gelation - General Guidelines for Colloidal Nanomaterials

Surface chemistry plays a decisive role to prevent an uncontrolled agglomeration of colloidal
nanomaterials and the loss of their nanospecific properties. [9–12] Thus, formulating stable dis-
persions with a well-defined surface chemistry is essential to process nanomaterials into gels
with is essential to process nanomaterials into gels with features than can be designed based on
the characteristics of the nanoscopic building blocks. [6,13,14] We first explain the fundamental
principles of stabilizing nanomaterials in polar and nonpolar solvents, followed by a discussion
of gelation strategies which require an alteration of the repulsive, stabilizing forces.

In polar solvents nanomaterials can be charge-stabilized. The most common stabilizers are
organic acids which can be deprotonated to create a negative charge on the nanoparticle’s surface.
For metal nanoparticles typical examples are sodium citrate or mercaptopropionic acid. [6] For
quantum dots inorganic ligands such as halogen ions, or transition metal complexes can be
employed. [15] For metal oxides electrostatic stabilization can be achieved by protonating or
deprotonating OH groups on the ligand-free surface. Independent of nanomaterial type, charges
lead to the attraction of oppositely charged ions and the formation of an electric double layer.
The surrounding counter-ions shield the nanoparticle surface and creates a strong electrostatic
repulsion once the ion clouds of two particles overlap. [16] The electrostatic interaction potential
can be written for two spherical particles in a simplified form as:

Velec ≈ 2πϵϵ0 · r · Ψ2
0 · exp

(
− d

λD

)
(2.1)

with particle radius r, surface potential Ψ0, interparticle distance d and Debye length λD, which
depends on temperature, ionic strength, and dielectric constant ϵ of the solvent and counteracts
the attractive Van-der-Waals potential. The different distance-scaling behavior of the oppos-
ing force fields results in a a secondary energetic minimum emerges which defines the average
interparticle distance in the dispersion, as illustrated in Figure 2.2a-c.

In nonpolar solvents, nanoparticles are sterically stabilized. Here long-chained organic ligands
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2.2 Gelation - General Guidelines for Colloidal Nanomaterials

are anchored on the particle surface and form a protective, hydrophobic shell that prevents
touching of inorganic surfaces and an accompanied agglomeration of particles, as depicted in
Figure 2.2d. The repulsive force is short-ranged and is generally caused by osmotic and elastic
interaction of the ligand shell. [16] Some prominent steric stabilizers involved in nanoparticle
synthesis are trioctylphospine, oleic acid, oleylamine or polymers such as polyvinyl alcohol or
polyvinylpyrrolidone. [6]

Figure 2.2: Schematic energy diagram for a-c) electrostatically and d) sterically stabilized
spherical particles as a function of the interparticle distance d. a) The electrostatic repulsion
and b) van-der-Waals attraction add up to c) a total interaction profile featuring two minima
and an energy barrier. The barrier caused by the electrostatic repulsion defines the stability
of the dispersion and prevents particle agglomeration. d) The elastic and osmotic repulsive
ligand interaction of two sterically stabilized particles overcome the attractive Van-der-Waals
attraction at short interparticle distances and prevents agglomeration. Adapted with permission
from reference [16].

To induce gelation, the interparticle distances must be shortened. Depending on the stabilizer of
the nanoparticles, different strategies can be employed. For electrostatically stabilized particles,
the long-ranged electrostatic repulsion must be reduced by the addition of destabilizers so that
individual particles overcome the repulsive energetic barrier and stick to one another upon
collision, as depicted in Figure 2.3a. From equation 2.1 it becomes apparent that the electrostatic
interaction potential Velec can be altered by changing the surface potential Ψ0, the dielectric
constant ϵ or the Debye length λD. The surface potential can be altered by changing the pH of the
dispersion, by the addition of salts or by replacing charged with neutral ligands. [16,17] However,
tuning the surface charge via pH is challenging since small changes in pH close to the isoelectric
point result in drastic changes of the surface charge. [18] A better control on destabilization can be
achieved by first creating a stable dispersion at high or low pH, followed by a precise reduction
of the electrostatic repulsion via the addition of a cosolvent with smaller dielectric constant
ϵ. [19] This can be combined with gentle heating of the destabilized nanoparticle dispersion to
accelerate the kinetics by thermally overcoming the energetic barrier of the total interaction
profile Vtot (Figure 2.2a). [16]

For sterically stabilized particles, the removal of ligands via the addition of a destabilizer leads
to a successive destabilization and gelation of particles, as depicted in Figure 2.3b. Ligands
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2 From Individual Building Blocks to Nanostructured Bulk Aerogels

are typically removed by washing, dialysis or oxidative ligand removal. [6,20] By selective ligand
removal from certain crystallographic facets an orientated attachment of nanoparticles can be
achieved. [21] Besides controlled destabilization, enhancement of interparticle attraction is also
a viable approach to induce nanoparticle gelation which can be achieved by the addition of
secondary compounds that act as bridging molecules between individual nanoparticles, as illus-
trated in Figure 2.3c. The type of molecule is selected in consideration of the material-specific
surface chemistry. For metal oxide nanoparticles, macromolecules based on polyethylene gly-
col are commonly used. [22,23] However, depending on concentration the same macromolecule
can induce different phase behaviors where the bridging gel might become fluid when exceed-
ing a certain concentration threshold (Figure 2.3c). [13] Instead of bridging particles by the aid
of macromolecules, gelation can also be induced by the addition of linkers such as metal ions
that form coordinated bonds between ligands of neighboring nanoparticles (Figure 2.3d). This
approach can be applied to a broad material library as long as the organic ligands are termi-
nated with a complexing group. Examples include CdSe, PbS, PbSe, ZnO nanospheres, CdSe
nanoplatelets, and ZnO nanorods covered with different inorganic ligands such S2–, I–, Cl–, F–,
Ga/I, and In/Cl complexes or CdS and CdSe quantum dots functionalized with carboxylate-
terminated ligands. Here gelation was induced by adding optimal amounts of Cd2+, Pb2+, Zn2+,
Ni2+, Co2+, Ag+ ions. [24,25] An intrinsic benefit of coordinated bonding as a gelation strategy
is the formed metal coordination complex which can induce further functionality in the gel
compared to the individual nanoscopic building blocks. [13]

Figure 2.3: Schematic overview of potential nanoparticle gelation strategies including a) elec-
trostatic destabilization, b) steric destabilization, c) direct bridging, and d) coordinated bonding.
b-d) adapted with permission from reference [13]. a) Own creation following similar format.

Generally, multiple strategies for the gelation of colloidal nanomaterials emerged that preserve
the inherent nanoscale properties in macroscopic objects. However, if not well controlled, the
destabilization will lead to the irreversible precipitation of nanoparticle aggregates which goes
along with a loss of properties of the original nanoscopic building blocks. [13] Moreover, each
approach has its own strengths and weaknesses that have to be evaluated for the application
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of the final material. For example, controlled destabilization always leads to a direct linkage
of nanoparticles, which prevents the realization of aerogels that preserve the excitation of plas-
monic resonances in individual building blocks. Here, attractive gelation approaches such as
direct bridging or coordinated bonding are a better option and even allow to control the optical
properties by controlling the spacer distance. [22] In contrast, nanoparticle linkage via electro-
static or steric destabilization is beneficial for photocatalytic application. Here, photoexcited
charge carriers can diffuse over micrometer-scale distances along the nanoparticle chains which
leads to improved electron hole separation. [26] Moreover, the high-surface area architecture will
not be covered by less organic material than for attractive gelation which enables a good in-
teraction of the reactant with the nanomaterial. Besides, gels formed via direct bridging or
coordinated bonding can be reversible. For example, it was demonstrated that the gel charac-
ter of terpyridine-terminated indium tin oxide nanocrystals gelled with Co2+ ions is lost upon
heating. [27] Other linking chemistries could be responsive to alternative stimuli, such as light,
magnetic field or pH changes, which needs to be considered when designing an aerogel processing
scheme that relies on direct bridging or coordinated bonding.
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2.3 Solvent Extraction – Conversion of Wet Gels to Aerogels

The final step in the aerogel processing scheme is the extraction of solvent from the wet gel.
To avoid a collapse of the 3D nanoporous network and the formation of a dense xerogel due to
high capillary tension at the liquid-gas interface, special drying techniques such as freeze and
supercritical drying instead of simple evaporation are commonly applied with phase changes be-
ing liquid-solid-gas and liquid-supercritical fluid-gas, respectively (Figure 2.4). [28] Supercritical
drying involves the heating of the wet gel in a closed vessel so that the pressure and tempera-
ture exceed the critical point of the liquid. By releasing the pressure at constant temperature,
a transition from the supercritical to the gas phase can be performed. Due to the relatively low
supercritical temperature of 31 ◦C and supercritical pressure of 7.37 MPa, the solvent of the wet
gel is typically replaced with liquid carbon dioxide for supercritical drying. [2] In freeze drying
water is commonly the solvent of choice. Here, the freezing of the wet gel below the triple
point is followed by a sublimation at reduced pressure to perform a transition from the solid
to the gas phase. Nevertheless, the use of freeze-drying remains limited because the volume
expansion of the solvent during freezing results in cracking. [29] However, in recent years freeze
drying gained usage for the preparation of aerogels from 2D nanomaterials such as graphene,
which can endure the expansion of ice during freezing due to the high flexibility of the atomically
thin 2D building blocks. [30] Since supercritical drying does not have this limitation to a certain
type of nanomaterial, it is still the more versatile technique for the production of high-quality
aerogels. [31]

Figure 2.4: General phase diagram of the solvent in a wet gel and the pressure-temperature
changes during supercritical, ambient and freeze drying. Strong capillary forces during the
transition from the liquid to the gas phase results in drastic shrinkage and the formation of an
xerogel. In contrast, supercritical and freeze drying preserve the high porosity of the wet gel
with minimum shrinkage in form of an aerogel by avoiding a direct transition from the liquid to
the gas phase.
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2.4 Literature Review – State of the Art Nanoparticle-Based
Aerogels

Following the principles of gelation and solvent extraction, a broad variety of nanomaterials
can be processed into aerogels. Examples of typical aerogels are shown in Figure 2.5. These
include metals, metal oxides, metal nitrides, metal phosphide, transition metal chalcogenides,
carbon materials as well as combinations thereof. However, what stands out when looking at
the different aerogels is their cylindrical shape. This is because gelation either results in volume-
filling gels, which adapt the geometry of the surrounding mold, or in loosely packed, voluminous
precipitate, that flocculate as gel fragments from solution. However, to apply these materials
for different kinds of applications the properties of the nanoscale building blocks not only need
to be preserved in a macroscopic body, but more importantly the shape needs to be tailored for
the target application to extract the maximum performance from the nanoporous material. We
will discuss potential aerogel shaping methods in chapter 3.

Figure 2.5: Examples of nanoparticle-based aerogels. By gelation of nanoparticle disper-
sion and subsequent solvent extraction, a large variety of different nanomaterials can be
processed into macroscopic aerogels, including metals, metal oxides, nitrides, phosphides,
chalcogenides, and carbon materials. Adapted with permission from reference [14]. Figures
reprinted with permission from reference SnO2:Sb, [32] Y2O3:Eu, [33] BaTiO3, [34] SrTiO3:Cr, [35]

Y3Al5O12:Ce, [19] CdS, [20] CdSe-ZnS, [20] TiO2, [16] TiO2-Au, [5] TiO2-Au-WO3
[36], TiO2-Fe3O4, [37]

Cu3N, [38] Ni2P, [39] Pd, Ag, Pt and Au, [40] graphene, [41].
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3 Geometric Control during Aerogel Processing

This chapter presents the geometrical length scales covered in traditional and novel aerogel
shaping methods. We review potential 3D printing techniques, introduce fundamental ink design
principles, and discuss drawbacks of already reported aerogel printing methods. Based on that,
we derive guidelines for the formulation of a new class of so-called gelled nanoinks, which lay
the foundation for the 3D printing process developed in this Ph.D. thesis.

3.1 Traditional Shaping Methods

Aerogels are often brittle materials, thus shape control via subtractive approaches such as
drilling, milling, or sawing are difficult to achieve. To circumvent this problem, the aerogel
geometry is defined by shaping the still liquid or slightly gelled dispersion before gelation is fully
completed. This approach was successfully demonstrated for a range of traditional shaping meth-
ods including spin coating, [1] wet spinning, [2–6] emulsion techniques, [7–9] spraying processes, [10,11]

and gel casting, [12,13] to prepare thin films, thin fibers, microsphere, and macroscopic objects,
as illustrated in Figure 3.1a. However, if we compare the covered geometrical length scale of
each technique in Figure 3.1.b, we see that each traditional shaping method is limited to a nar-
row length scale interval. For example, microspheres or fibers maintain nanoscopic properties
on a micrometer length scale, but are present as a loose accumulation with no discrete macro-
scopic shape. Similarly, gel casting maintains nanoscopic properties in macroscopic 3D objects,
but preclude a well-defined microstructure in between. Although some microstructuring can be
achieved by incorporating scaffolds, [14] the range of geometries is still limited due to difficulties
of subsequent mold removal. To overcome this obstacle, another way of aerogel processing is
needed that enables the fabrication of very complex architectures which cover multiple length
scales at once. Here 3D printing can make a huge impact since this technology already demon-
strated the creation of intricate geometries with widespread feature sizes - from nanometric
metamaterials to meter sized buildings. [15,16] To translate the class of nanoparticle-based aero-
gels to 3D printing, we first need to understand the underlying principle of the novel fabrication
technique. We cover the most common 3D printing technologies in the following section and
discuss the advantages, limitations, and opportunities of each technique. Based on that we eval-
uate the eligibility of each method for the 3D printing of aerogels and review state-of-the-art
aerogel printing approaches from literature.
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3 Geometric Control during Aerogel Processing

Figure 3.1: Length scale control during aerogel processing. a) Scheme of traditional shaping
methods including gel casting, spin coating, wet spinning, and micro-emulsion. b) Traditional
shaping methods preserve the nanoscopic feature sizes of aerogels while controlling the geometry
in a narrow length scale window. 3D Printing is a novel shaping method and enables geometric
control from sub-micrometer to macroscopic length scales.

3.2 3D Printing – A Novel Shaping Method

3D printing is an additive, bottom-up fabrication process that creates physical objects from dig-
ital models in a layer-by-layer fashion and several approaches have been invented since the late
1970s. [17] We summarize the most common methods in Figure 3.2. They are generally classified
into resin-based, powder-based, and extrusion-based printing approaches.
Extrusion-based techniques are subdivided in fused-deposition modeling (FDM, Figure 3.2a)
and direct ink writing (DIW, Figure 3.2.b). FDM creates objects by extruding a molten plastic
filament through a heated nozzle which is followed by material solidification upon cooling. The
printing approach relies on thermoplastics and nanomaterials can only be printed by formulat-
ing polymer based composites. [18] Here, the main challenge is particle agglomeration that leads
to clogging at high particle loadings and prevents use of fine nozzles for high printing resolu-
tion. [19] In contrast, DIW is not limited to thermoplastics, but uses materials that are already
soft at ambient conditions and extruded through thin nozzles from a cartridge. Patented in
1997, DIW was initially developed to 3D print ceramic pastes. [20,21] Since then, the material
library extended to process practically any soft material, as long as the ink maintains its shape
after extrusion. Examples include cellular gels, polymers, cement, glass, metals or even choco-
late. [22] The minimum printable feature size is defined by the nozzle diameter and sizes as low
as 600 nm were reported. [23–25] As for FDM, DIW can combine multiple printheads into single
print. Moreover, DIW allows the use of inline mixers to create material gradients for regional
differences in material composition and functionality. [26,27] The extrusion driving force for DIW
is either based on pneumatic pressure, a syringe pump, or a screw extruder (Figure 3.2b).
For optical printing methods the material to be printed is spread on a build plate in form of a
precursor which is converted into the final material by the use of light. Stereolithography (SLA)
and digital light processing (DLP) selectively polymerize a liquid resin with UV light either
by scanning a laser over the resin surface (Figure 3.2c) or by projecting an entire 2D slice
(Figure 3.2d). Here, the resolution is constrained to the dimension of the laser, pixels, or mi-
cromirrors and is typically below 50 µm. Two-photon lithography is a related printed technique
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than can achieve much finer resolutions down to hundreds of nanometers, but with a throughput
to slow for practical applications. [28] For optical printing the resins are typically a mixture of
epoxides, acrylates, and a photoinitiator. Inorganic materials such as ceramics or glass can be
3D printed by suspending particles in the photoresin. [29,30] However, incorporating concentrated
suspensions can be a challenge because of increased light scattering and an accompanied loss in
resolution. Also, thermal post-processing are required to obtain pure inorganic materials which
goes along with shrinkage and the formation of a densified object. [31]

Powder-based methods selectively fuse particles in a thin layer of powder spread across the build
plate area. Here, particle fusion can be achieved by raster scanning a high-power laser beam
on the surface (Selective Laser Sintering (SLS), Figure 3.2e) or by depositing a liquid binder
with an inkjet printhead (binder jetting, Figure 3.2f). In both processes, the removal of un-
fused powder is a challenge. Also, thermal post-processing is needed to remove the binder and
to complete sintering. The typical resolution for SLS and binder jetting is around 20 µm and
100 µm, respectively. [31]

Figure 3.2: Scheme of common 3D printing methods including a) fused deposition modeling
FDM, b) direct ink writing DIW, c) stereolithography (SLA), d) digital light processing (DLP),
e) selective laser sintering (SLS), and f) binder jetting. a-e) adapted with permission from
reference [32]. d) Own creation following similar format.

19



3 Geometric Control during Aerogel Processing

Independent of the 3D printing method, all approaches enable a unique pathway for geometric
complexity and structuring from the micro- to macroscopic length scale. Combined with the
ongoing introduction of new materials, 3D printing currently transforms from rapid prototyping
to manufacturing of functional materials including lightweight bionic aircraft parts, [33] wearable
electronics, [34] batteries, [28] or catalytic systems. [35] In terms of functionality, nanoparticle-based
aerogels are a highly promising material class for 3D printing, since their intriguing macroscopic
properties are a result of the atomically defined nanobuilding blocks, as discussed in chap-
ter 2.

3.3 3D Printed Aerogels

The FDM, SLS and binder jetting method either rely on thermoplastic materials or sintering
of a micropowder into a densified object and are thus not suited for the 3D printing of highly
porous, nanoparticle-based aerogels. DIW and optical resin-based techniques such as SLA are
more promising due to a higher flexibility in ink composition. However, aerogels are a relatively
new class of material in the context of 3D printing and reported procedures still cannot process
nanoparticle-aerogels of comparable quality and material variety as for the traditional shaping
methods presented in chapter 2. Therefore, development of new ink compositions and 3D print-
ing routines are still needed and an ongoing process. The first 3D printed aerogels date back to
2015 when graphene and a silica-polymer composite aerogel were fabricated by DIW and SLA,
respectively. [36,37] Even though both approaches could demonstrate 3D printing of aerogels in
the same year, DIW nowadays evolved into the method of choice. [22,38] One fundamental limi-
tation for light-based processes such as SLA is light scattering at the dispersed nanomaterials,
which typically has a adversely effect on the curing and either reduces resolution or prevents so-
lidification. [39] Moreover, SLA relies on acrylate resins and photoinitiators that remain trapped
in the final aerogel post-printing which results in much lower specific surface areas and porosity
than aerogels prepared by traditional shaping methods such as gel casting. Furthermore, when
materials like silica-polymer composites are heat treated to burn off the organic, fused silica glass
instead of an silica aerogel is obtained. [30] Inks for DIW do not rely on certain ingredients, but
should meet specific rheologic requirements to be printable. [40] The following sections will dis-
cuss a general ink formulation guideline and review typical ingredients for aerogel inks. We shall
learn that established inks recipes compromise the quality of the aerogel to achieve printability
and that material composition differ drastically from gelation procedures of nanoparticle-based
aerogels discussed in chapter 2. Based on that we will define targets that a newly developed
ink should fulfill to 3D print nanoparticle-based aerogels of comparable quality than traditional
shaping methods.
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3.3.1 Ink Formulation Guidelines

An ink for DIW is considered printable if it can be extruded through a nozzle in form of a
continuous filament and if the printed object accurately represents a predefined digital model.
For this, we can identify the following ink requirements: [41]

1. The ink should flow smoothly through the fine orifice of the deposition nozzle without
forming any agglomerates to avoid clogging.

2. The flow of the ink should be initiated by a moderate pressure to enable extrusion through
thin micronozzles for highest printing resolution.

3. After deposition, the ink must rapidly transition from a fluid-like to a solid-like substance
to retain the shape of the extruded filament.

4. The ink needs to possess a high enough mechanical strength to support the weight of the
printed structure.

Above ink requirements are typically fulfilled by tuning the ink composition for a shear-thinning,
viscoelastic characteristic and often involves the addition of rheologic additives. Here, the ink
formulation is guided by the use of a rheometer, which mimics the shear stress present during
3D printing. We will cover the key principles of rheology in chapter 4.

3.3.2 State of the Art Aerogel Inks

Ink formulation for DIW of nanomaterials historically evolved from ceramic processing. In fact,
DIW was originally developed for the fabrication of complex ceramic structures and significant
effort has been devoted to the study of ceramic inks in the past. [42,43] Here, inks were formulated
by electrostatically stabilizing ceramic particles with polyelectrolytes such as polyacrylic acid or
polyethylenimine, followed by a change of pH or addition of salts to induce gelation, [25,44,45] or
by utilizing a weak hydrogel such as Pluronic F127 as a ink matrix which was loaded with ce-
ramic powder. [41,46] Since ceramics were meant to result in densified objects without any further
functionality, organics could easily be burned off post printing. Today, inks for the preparation
of aerogels are still formulated following similar design principles – just with nanoscopic sized
building blocks instead of microscopic ceramic particles – although highly porous and functional
materials instead of densified ceramics are desired. Table 3.1 summarizes the main raw materi-
als for molecular and nanoparticle-based aerogel inks. We see that nanoparticle-based inks are
limited to anisotropic building blocks where graphene oxide plays a major role in most reported
recipes and that aerogels with a 0D particle backbone are only accessible following the less
attractive molecular gelation route.
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Table 3.1: Examples of molecular and nanoparticle-based inks for DIW of aerogels.
aerogel type particle main raw materials drying ref.
SiO2
(molecular based)

0D Dynasylan 40,
SiO2 aerogel microparticle,
poly(propylene glycol),
bis(2-aminopropyl ether),
1-pentanol

supercritical
drying

[47]

SiO2-silk fibronin
(molecular based)

0D Silkworm cocoons,
tetramethylorthosilcate,
trimethoxysilane

supercritical
drying

[48]

carbon
(molecular based)

0D resorcinol, formaldehyde,
hydroxypropyl methyl-
cellulose, fumed SiO2

supercritical
drying

[49]

silver
(nanomaterial-based)

1D Ag nanowire,
graphene oxide

freeze
drying

[50]

graphene
(nanomaterial-based)

2D Graphene oxide
poly(methacrylic acid)-
polyethylene glycol co-
polymer, glucono-δ-lactone

freeze
drying

[37]

graphene
(nanomaterial-based)

2D Graphene oxide, fumed SiO2,
resorcinol, formaldehyde

freeze
drying

[51,52]

graphene/
Ni0.33Co0.66(OH)2
(nanomaterial-based)

2D Graphene oxide,
Ni0.33Co0.66(OH)2
sodium alginate

freeze
drying

[53]

graphene
(nanomaterial-based)

2D Graphene oxide, Pluronic F127
polypyrrole

freeze
drying

[54]

graphene
(nanomaterial-based)

2D Graphene oxide, CaCl2 freeze
drying

[55]

g-C3N4
sodium alginate
(nanomaterial-based)

2D g-C3N4, Pluronic F127
sodium alginate

supercritical
drying

[56]

The reason for the more frequent use of 2D materials in 3D printing is the more convenient
processing. For instance, the anisotropic shape enables drastically lower volumetric loadings for
the formation of a percolation network than 0D nanomaterials. [57] Therefore, pore sizes are typi-
cally two orders of magnitude larger which substantially reduces capillary pressure during solvent
evaporation and makes the aerogels network less prone to collapse. [58] Moreover, graphene oxide
features plenty functional groups that can induce gelation by electrostatic interaction. Thus,
it was only a matter of time until 3D printing of a graphene aerogel was reported in 2015 by
mixing graphene oxide with an polyelectrolyte as additive (Figure 3.3a-d). [37] Based on that,
multiple recipes for 3D printing of graphene aerogels were reported, that mostly continued to
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use similar ink additives as for ceramic processing. However, in terms of applications addi-
tives are inactive species and limit the performance of the final device – for example in energy
storage for graphene aerogels. [43] Thus, additives must be removed at high temperatures, in-
creasing the complexity and cost of the manufacturing process, [43] and altering the properties of
the incorporated nanomaterial due to change in morphology, crystal phase transition or drastic
shrinkage of the printed object. To overcome this limitation, additive-free graphene oxide inks
were formulated by concentrating a dispersion. Although graphene oxide is known to gel at
mass loadings as low as 2.5 mg mL−1, [59] much higher concentrations of up to 100 mg mL−1 were
needed which compromises the porosity of the aerogel. [60] To formulate a 3D printable ink at
moderate GO concentration of 20 mg mL−1 and without the need of any polymeric additives, an
electrostatic crosslinking via CaCl2 was employed. [55] Besides defining a dedicated class of inks,
2D nanomaterials are instrumental in enabling 3D printed aerogels based on 1D nanomateri-
als. So far, aerogels of such a nanoparticle backbone were only reported for 1D Ag nanowires
where graphene oxide is needed to formulate printable inks by stabilizing the intersecting Ag
nanowires, as illustrated in Figure 3.3e-g.

Figure 3.3: Examples of nanoparticle-based inks for DIW of aerogels. a) Schematic of a
single graphene oxide sheet covered with a polyelectrolyte which enables the formulation of a
3D printable ink via electrostatic interaction. b) Photograph of the 3D printing process. c-d)
Scanning electron microscopy images of the final aerogel reveal a pore size on the micrometer
range and show that the aerogel is composed of stacked nanosheets. e) Ink formulation principle
for 1D nanowires. A highly concentrated nanowire dispersion is crosslinked by the addition of
graphene oxide sheets. f-g) Photographs of 3D printed Ag nanowire-based gels. Adapted with
permission from reference [37] and [50].
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Aerogels with a 0D particle backbone are only accessible via the less attractive molecular gela-
tion route. Especially, metal oxide aerogels were believed to be unprintable due to a combi-
nation of solvent evaporation and poor rheological properties. [61] Therefore, traditional recipes
for molecular-derived metal oxide aerogels were vastly modified to achieve printability. Water
and alcohol were replaced with high-boiling point solvents to limit evaporation while printing.
However, a change in solvent composition also required a change in the gelation chemistry and
inks could no longer be formulated according to classical hydrolysis and condensation reactions
of metal-alkoxides. Instead commercial silica aerogel microparticles, polyethoxysiloxane and
homogenizing, polymeric additives were dispersed in the high-boiling point solvent (Figure 3.4a-
b). [47] By loading the ink with other materials such as MnO2, composite aerogels can be printed.
Even though the black color of the MnO2 loaded aerogel appears homogenous on a macroscopic
scale (Figure 3.4c), X-ray tomography measurements revealed an inhomogeneous distribution of
MnO2 on a microscopic level (Figure 3.4d). Further analysis of the unloaded SiO2 aerogel via
scanning electron microscopy indicates that the inhomogeneous distribution of MnO2 is caused
by the silica aerogel microparticles that are necessary to formulate a printable ink in the first
place (Figure 3.4e-g). [47] To avoid such microscopic grain boundaries and to enable nanoparticle-
based aerogels based on a 1D nanoparticle backbone, we introduce gelled nanoinks as a new ink
formulation concept in chapter 3.3.3.

Figure 3.4: Examples of molecular-based inks for DIW of aerogels. a) The ink is formulated
by dispersing SiO2 aerogel microparticles, polymer additives, and SiO2 colloids in a high-boiling
point solvent. Optionally MnO2 microparticles are added. b-c) Photograph of a pure SiO2 and
a MnO2/SiO2 aerogel, respectively. d) Tomographic 3D rendering of a MnO2/SiO2 composite
aerogel. The rendering on the right side only displays the phase formed by SiO2 aerogel mi-
croparticles. The rendering on the left shows the SiO2 aerogel microparticles and a surrounding
composite aerogel matrix which is formed from SiO2 colloids loaded with MnO2 microparticles.
e) Scanning electron microscopy image of a single SiO2 aerogel filament. f) Magnification of
the orange boxed area in e) shows interlocked aerogel microspheres (darker grey) embedded in
a silica aerogel matrix formed from SiO2 colloids (lighter grey). g) Magnification of the grain
interface. Adapted with permission from reference [47].
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3.3.3 The Next Generation - Gelled Nanoinks

Looking back at the large nanomaterial library that could be processed via gel casting (Fig-
ure 2.5), we see that graphene oxide is the only nanomaterial building block that made the
transition from traditional to novel shaping methods. Therefore, 3D printed nanomaterial-based
aerogels can only take advantage of the high electrical conductivity of graphene and many other
nanospecific properties like photoluminescence of quantum dots, plasmonic excitation in metal-
lic nanostructures, or catalytic activity of metal oxides are not accessible so far. To overcome
this problem, we set the goal to expand the aerogel ink library to other types of nanomate-
rials. Since additives were already shown to be detrimental for the performance of graphene
aerogels in energy storage, [43] we focus on designing an additive-free ink from scratch. To this
end, we need to rethink the ink formulation principles that are currently omnipresent in the
DIW community and leave the historic roots of ceramic processing behind. Instead, we need to
transfer the principles of nanoparticle gelation discussed in chapter 2 to 3D printing. From the
variety of nanoparticle gelation approaches (Figure 2.3) we identify controlled destabilization
as the most promising route to formulate an additive-free ink. Moreover, we aim to eventually
apply the 3D printed aerogels as a photocatalyst. Since TiO2 is one of the most studied pho-
toactive materials and is hence considered as a benchmark in photocatalysis, [62] we select TiO2
nanoparticles as our primary ink building block. From the previous discussion we learned that
solvent evaporation is one of the major problems for 3D printing molecular-based metal oxide
aerogels. Especially for printing of fine details, solvent evaporation can be extremely fast due
to the large surface-to-volume ratio of the extruded filaments. [61] Although high boiling point
solvents relieve this problem, they are generally hydrophobic and lead to phase separation when
combined with metal oxides in absence of additives. [61] Therefore, a different approach is needed
to avoid an evaporation induced damage of the gel network. Besides, formulating a viscoelastic
ink with sufficient mechanical stability is another obstacle that needs to be solved to translate
the principles of nanoparticle gelation to 3D printing. We shall learn in chapter 5 that we over-
come both aspects by performing the print in a liquid bath charged with ammonia. Here, the
liquid bath prevents solvent evaporation and the presence of ammonia increases the mechanical
strength of the extruded ink by inducing further crosslinking in the gelled TiO2 nanoparticle
network. Our approach is a first step to translate the nanoparticle-based gelation scheme to-
wards 3D printing and establishes a perspective to process other nanomaterials according to a
similar protocol.
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4 Experimental Methods and Computational
Modeling Tools

This chapter presents the main experimental methods and modeling tools that were established
during this Ph.D. project. These include a 3D printing and photocatalysis setup, the basics of
rheology, computational fluid dynamics, and the Monte Carlo Method for modeling of photon
transport.

4.1 3D Printing Setup

The 3D printing method is based on DIW and uses an Engine HR 3D printer from Hyrel 3D. The
printer utilizes a Cartesian motion system that moves the build plate in x-y and the printhead
in z-direction, as indicated in Figure 4.1a. The motion on all axis is performed with ball screws
and linear bearing systems that feature a positional resolution and repeatability of 1.25 µm
and 12 µm, respectively. The 3D printer offers slots for up to five print heads which can be
combined for a single, multi-material print. The front and side views of a print head are shown
in Figure 4.1b-c. Here, the rotation of a stepper motor is translated into a linear displacement of
a piston, which enables ink extrusion from a syringe. The 3D printer control software calculates
the required movement of the stepper motor to adapt the flow rate of the extrusion process to
the traveling speed of the motion system. The width of the extruded filament is defined via
the diameter of the nozzle which is either a straight metal or a tapered plastic tip with inner
diameters in the range of 0.1 to 1.6 mm and attached to the syringe via a Luer-Lock fitting.
Although both types of nozzles were successfully utilized in this thesis, the tapered nozzles are
preferred for smaller inner diameters because they enable extrusion at a lower pressure compared
to the straight nozzle geometry. The printing path is controlled via G-code which stores the
x, y, z coordinates of the motion system, as well as the speed of the printing and non-printing
moves.
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Figure 4.1: a) Photograph of the 3D printer and b-c) closeup views of the print head loaded
with a syringe and nozzle.

4.2 Basics of Rheology

In chapter 3.3.1 we defined general guidelines to formulate a printable ink and we learned that
ink compositions are tuned for a shear-thinning, viscoelastic characteristics by studying the rhe-
ology. Shear-thinning describes a decrease in viscosity with increasing shear rate and assures
extrudability of the ink through fine nozzles at low extrusion pressures. [1] Viscoelasticity is a
mechanical property of materials that exhibit both viscous and elastic behavior upon deforma-
tion. To quantify the rheologic features of inks during 3D printing, a rheometer mimics the
shear stress present during extrusion through a nozzle. The instrument consists of a steady
and a moveable plate, with the ink placed in between, as illustrated in Figure 4.2a. Rheology
test can be rotational to evaluate the degree of shear thinning as a function of applied shear
rate (Figure 4.2b), or oscillatory to deduce elastic G′ and viscous G′′ moduli of the viscoelastic
material as a function of the applied shear stress (Figure 4.2c). The moduli G′ and G′′ provide
insights into the mechanical behavior of the ink during printing: 1) The relation of G′ and G′′

describes whether the material is predominantly elastic (G′ < G′′) or viscous (G′ < G′′) at a
given stress, 2) the onset of fall in the value of G′ indicates irreversible deformation of the ink
and defines the yield stress τy, and 3) the crossover of G′ and G′′ describes the transition from
a solid-like to a liquid-like ink and defines the flow stress τf.
Another oscillatory test is the three-interval thixotropy test which allows to study the recov-
ery behavior of an ink by changing the oscillation amplitude during an oscillatory rheologic
measurement (Figure 4.2d). [2,3] Here, the ink is first sheared at low oscillation amplitude to
allow the microstructure to stabilize and to derive initial values of G′ and G′′. A high-stress
interval follows, which destroys the microstructure of the ink, mimicking the flow inside the
nozzle. Finally, during the last interval, a low shear stress is applied, and the recovery kinetics
of G′ and G′′ are measured. [4] The rheologic responses of a strong, intermediate and weak ink
are illustrated in Figure 4.2d. Typically, recovery times shorten with increasing ink strength.
During DIW, a high strength and a short recovery time avoid slumping of the printed object
and enable architectures with unsupported, freestanding features.
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All rheology measurements in this Ph.D. thesis were performed on a MCR 502 rheometer from
Anton Paar located in the group of Prof. Volker Abetz at the Department of Physical Chemistry,
University of Hamburg.

Figure 4.2: Standard rheological performance test for DIW inks. a) The ink is sandwiched
between a steady and moveable plate of a rheometer. b) Rotational shear ramps study the
dependence of viscosity on the applied shear rate. Inks for DIW should have a shear-thinning
characteristic to enable a smooth flow through the fine nozzle. c) Oscillatory tests with increasing
oscillation amplitude measure the elastic G′ and viscous G′′ moduli of the ink as a function of
the applied shear stress. The yield stress τy indicates irreversible deformation of the ink and
the flow stress τf describes the transition from a solid-like to liquid-like ink characteristic. τy
and τf are defined at the onset of fall in the value of G′ and at the intersection of G′ and
G′′, respectively. d) Three-interval thixotropy test evaluate the recovery behavior of an ink by
applying a sequence of low, high, and low oscillation amplitude. Here, the first interval at low
shear measures the initial viscoelastic ink characteristics and the transition from the subsequent
high to low shear interval monitors the reformation of a solid-like ink behavior after extrusion.
Typically, recovery times shorten with increasing ink strength.
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4.3 Photocatalysis Setup

The photocatalytic activity of aerogels and powdered samples was tested in a custom-made
photoreactor setup in the gas phase. The four main components of the setup are a gas supply, a
flow-through reactor, two types of light sources, and a gas analysis system. The setup is designed
in a modular fashion to enable illumination with different light sources and to study different
kinds of photocatalytic reactions in the future. In this thesis the setup was used to investigate
the hydrogen evolution from a water/methanol saturated gas stream.

Gas supply, Reactor, and Light Sources

The gas supply system provides a steady gas stream through the reactor and to the gas analysis
system. The flow rate is regulated with Mass Flow Controllers (MFCs) from Bronkhorst in
a range of 0 to 20 mL min−1 and the gas is either dry synthetic air to clean the sample with
UV light or helium enriched with water/methanol to perform the photocatalytic experiment.
The flow schemes of both layouts and photographs of the corresponding setup are shown in
Figure 4.3. Different light sources are utilized for UV cleaning and photocatalytic experiments.
For UV cleaning, a 200 W Hg/Xe arc lamp from Newport Corporation is mounted. The arc
lamp emits intense UV light down to 200 nm and enables ozone generation in proximity to
the photocatalyst for efficient removal of organic impurities. [5,6] Besides UV, the arc lamp also
emits in the visible and near-infrared range. To remove the infrared radiation from the spectrum
and to prevent uncontrolled sample heating, a water-based filter is installed in the beam path.
The light beam is directed to the reactor with a mirror and illuminates the sample through a
viewport. For photocatalytic experiments, a UV LED is mounted on top of the viewport and
centered with a 3D printed adapter. The UV LED emits at 375 nm and provides a more stable,
reproducible light intensity than the arc lamp. Stable lighting conditions are a key requirement
to study and compare the photocatalytic activity of various samples. The LED intensity is
controlled with an Arduino Nano and calibrated using a power sensor from Thorlabs Inc..

The reactor cell is designed according to the following requirements to fulfill the high demands
on chemical inertness, sample integration, and air tightness:

1. The reactor must be chemically stable under UV illumination to avoid a misleading inter-
pretation of the catalytic activity.

2. The reactor should enable an easy sample exchange to minimize the downtime in between
measurements.

3. The reactor should provide a reliable alignment of the sample to achieve comparable re-
action conditions.

4. The illumination and gas flow should enforce a steady interaction with the sample to
achieve highest photocatalytic production rates.

5. The reactor must be airtight at ambient pressure to guarantee that all evolving products
are directed to the gas chromatograph for quantitative analysis.

34



4.3 Photocatalysis Setup

Figure 4.3: Flow schemes and photographs of the setup configured for a-b) UV cleaning with
a Hg/Xe arc lamp in a dry synthetic air stream and c-d) photocatalysis with a UV LED in a
helium gas stream saturated with water/methanol.

Having identified the above requirements, we continue by discussing each component of the
reactor. The reactor and tubing are machined from stainless steel which is usually used for
ultra-high vacuum and purity applications. Besides, all gas connections are realized by Swagelok
fittings to achieve air tightness. The reactor is equipped with a fused silica viewport at the top
(Figure 4.4a), an insert to mount the sample in the center (Figure 4.4b), and gas inlet and outlet
at the side and bottom of the reactor, respectively. The location of the light source and gas
connections enforces that light and reactants permeate the sample and takes full advantage of
the high surface area of the flat 3D printed aerogels. The insert features a quadratic sample tray
and a through-hole which can be fabricated with different dimensions to fit samples of various
sizes. Also, the sample tray guarantees that the photoactive sample is always centered in the
reactor to maintain an identical location relative to the light source for comparable illumination
across multiple sample changes. The insert has an O-ring to avoid any bypass of gas when
mounted in the reactor (Figure 4.4c) and consists of a UV-resistant fluoroelastomer. Moreover,
the reactor provides holes in the stainless-steal body for heating cartridges and thermocouples
to study catalytic activity at elevated temperatures.
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Figure 4.4: Photographs of the custom-made flow-through reactor in a) side and b) top-view.
c) Closeup view of the insert which is used to mount the sample in the reactor in a centralized
position.

Gas Chromatography

Analysis of the gas stream exiting the reactor is performed with a gas chromatograph manufac-
tured by Agilent and customized by Joint Analytical Systems GmbH according to the specific
requirements of the setup. The gas chromatograph consists of three main components: gas
injection, gas separation, and gas detection. Gas injection from the gas stream of the reactor
is automatically performed every 29 min with a sample loop. The principle is illustrated in
Figure 4.5a-b. In the initial state, the gas exiting the reactor permanently purges the sample
loop and eventually flows to the ventilation system. The sample loop is part of a 6-port valve
and by adjusting the position of the valve, the gas phase inside the loop is injected into the
gas separation system of the gas chromatograph (Figure 4.5b). The injection takes 0.5 min and
after that the 6-port valve goes back to the initial state.
For photocatalytic hydrogen formation from a water/methanol mixture, the injected gas phase
can include hydrogen, oxygen, water, methanol, and carbon dioxide. To separate these com-
pounds, the gas chromatograph uses two columns, a polymer-coated capillary column (Plot U)
and a molecular-sieve-coated capillary column (Molsieve 5Å). The Plot U column separates
compounds by the difference in their adsorption affinity and is used for the separation of water,
methanol, and carbon dioxide. Hydrogen and oxygen do not interact with the column and just
pass through. These compounds are separated by the subsequent Molsieve 5Å column. How-
ever, water is not allowed to interact with the Molsieve 5Å. Therefore, a dean switch is placed
after the Plot U column which bypasses the gas stream containing water, methanol, and carbon
dioxide, as depicted in Figure 4.5c.
After passing through the columns, all compounds are spatially separated due to their character-
istic elution times. The compounds are detected with three detectors: A helium pulsed discharge
ionization detector (HID), a flame ionization detector (FID), and a thermal conductivity detec-
tor (TCD). The HID is most sensitive, followed by FID and TCD. Usage of multiple detectors
offers higher flexibility for future photocatalytic experiments since each detector is sensitive for
different compounds. The HID utilizes a low power, DC discharge to excite a helium gas stream.
Upon returning to the ground state, the ions emit photons with an energy of 17.7 eV and ionize
any compound in the gas stream with lower ionization energy. The electrons generated by the
ionization process are collected by an electrode and eventually detected as a current. The de-
tector is essentially non-destructive and highly sensitive with minimum detectable quantities in
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the low parts per billion range. [7]

The FID detects ions formed during the combustion process of analytes in a hydrogen flame.
The ions are directed to a collector electrode and the resulting current is measured. Since the
ion formation relies on a combustion process, fully oxidized species such as carbon dioxide will
give no response. [8]

The TCD measures the difference in thermal conductivity and specific heat between a reference
carrier gas flow and the eluting carrier gas plus analyte. Since every compound possesses some
thermal conductivity, the TCD is generally a universal detector. However, the thermal conduc-
tivity of the analyte must be very different from the thermal conductivity of the carrier gas to
achieve high sensitivity down to 10 parts per million. For example, hydrogen and helium have
similar thermal conductivities, but carbon dioxide or water have only about one tenth of the
thermal conductivity of helium. [8] Since the gas chromatograph relies on helium as the carrier
gas for the operation of the HID, the TCD is not suited for hydrogen detection, but carbon
dioxide and water can be readily detected.

Figure 4.5: Flow scheme of the gas chromatograph. a) The gas stream exiting the reactor
purges a sample loop which is part of a 6-way valve. b) By changing the position of the valve,
helium carrier gas injects the content of the filled sample loop into the column. c) The gas
coming from the 6-port valve is spatially separated with Plot U and Molsieve 5Å columns and
quantified using various detectors. A dean switch is used to direct carbon dioxide (CO2), water
(H2O) and methanol (MeOH) to the TCD and FID. The amount of hydrogen (H2) and oxygen
(O2) are measured on the HID. A list of events for all valve positions are given in Table 4.1
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In this thesis, gas chromatography is utilized for the quantitative analysis of hydrogen during
photoreforming of a water/methanol mixture. The area of the hydrogen peak AH2 in the recorded
chromatogram is converted into a volumetric concentration using a calibration factor CH2 which
is obtained by injecting known quantities of hydrogen gas. Next, a molar hydrogen evolution
rate r1 or mass normalized production rate r2 are calculated following equation 4.1 and 4.1,
respectively. [9,10]

r1 = Q · AH2

VM,H2 · CH2

(4.1)

r2 = Q · AH2

VM,H2 · mcat · CH2

(4.2)

Here, Q is the volumetric flow rate of the gas stream passing the reactor, VM,H2 is the molar
volume of hydrogen and mcat is the catalyst mass.

Table 4.1: List of events during a single run of the gas chromatograph. Position 1 and 2 of
6-port valve are illustrated in Figure 4.5a-b, respectively. Position a and b of the dean switch
are indicated in Figure 4.5c.
time action
initial state 6-port valve in position 1, dean switch in position a, column temperature

at 60 ◦C
0.0 min set 6-port valve to position 2
0.5 min set 6-port valve to position 1
3.3 min set dean switch to position b
4 min set column temperature to 190 ◦C with a ramp of 15 ◦C min−1

25.7 min set all values to the initial state
29 min initial state reached; gas chromatograph ready for next injection
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4.4 Computational Fluid Dynamics

This section covers the underlying physics of computational fluid dynamics simulations which we
utilize in chapter 6 to evaluate the mass transfer characteristics of a 3D structured aerogel during
photocatalysis. The mass transport in 3D aerogels takes places at multiple length scales ranging
from the macroscopic dimensions of the sample on the centimeter scale, a 3D structuring on the
micrometer scale, and the nanoporous structure of the aerogel. Here, the governing equations
are the Navier-Stokes and Brinkman equations and are coupled in COMSOL’s ’Free and Porous
Media Flow’ module. The Navier-Stokes equation describes the flow in free space and is given
as

ρ
du

dt
= −∇p + µ∇2u + F (4.3)

where u is the fluid velocity, ρ is the fluid density, t is the time, p is the pressure, µ is the fluid
viscosity, and F is an external body force acting on the fluid such as gravity.
The Brinkman equation describes the fluid flow through the porous media and is defined as

∇p = −µ

k
u + µ∇2u. (4.4)

Here, the first term is Darcy’s law which states that the Darcy velocity ū is directly proportional
to the pressure gradient ∇p, the gas viscosity µ and the permeability of the medium k, which is
defined by the pore size of the medium. The Darcy velocity ū is related to the fluid velocity u

through the porosity ϕ as ū = ϕ ·u. The second term is a boundary shear stress and is employed
to obtain a shear stress continuity at the interface of the porous and free flow medium. [11] The
’Free and Porous Media Flow’ interface of COMSOL couples the physics of the Navier-Stokes
and the Brinkmann equations so that continuity is enforced between the fluid velocity in the
free flow domain and the Darcy velocity in the porous medium. [12] To solve the above equations
for the pressure and velocity fields, physical and geometrical boundary conditions are applied,
which result from the flow rate, the pressure at the outlet of the geometry, and the shape of the
3D aerogel.
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4.5 Monte Carlo Method

This section outlines the fundamental concept of Monte Carlo light transport simulations. We
utilize this method in chapter 6 to derive a 3D aerogel architecture that enables an effective
illumination of the photocatalyst. Light propagation in macroscopic, microstructured aerogels
is defined by light-matter interaction within the nanoscopic particle network. Here, absorption
leads to a decrease of light intensity and scattering cause a redirection of the photon path. If
photons are scattered randomly in any direction, the scattering is isotropic. The light propaga-
tion in differently structured aerogel geometries is calculated utilizing an open-source mesh-based
Monte Carlo Method called MMCLAB. [13] The big benefit of the mesh-based method in contrast
to layered approaches is that arbitrarily shaped geometries can be studied. [14] The calculation
uses absorption and scattering coefficients of the aerogel derived by solving the inverse problem
of the Radiative Transfer Equation (RTE). The solution of the RTE is presented in chapter 6.
The Monte Carlo method simulates light transport by tracing the random walk steps of a single
photon package within the mesh of the geometry. To achieve this, the method follows the sim-
plified decision scheme shown in Figure 4.6. First, a photon is launched at the position of the
source along an incident direction vector with an initial weight of 1. Based on the scattering
coefficient of the current mesh cell, a scattering length is computed. The photon propagates
along the scattering trajectory to the next mesh element and based on the local absorption co-
efficient the photon weight is attenuated using the propagation distance and the Beer-Lambert
law. The weight loss of the photons is assigned to the nodes of the participating mesh element.
The procedure is repeated until the photon has traveled the total computed scattering length.
From there, a new random scattering direction vector is calculated, and the above procedure is
repeated until the time gate is exceeded or the photon weight falls below a pre-defined thresh-
old. Once a pre-set number of photons are launched, the cumulative distribution of all photon
paths provides the light distribution in the sample. A detailed description of the algorithm
implementation in MMCLAB is given elsewhere. [14]
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4.5 Monte Carlo Method

Figure 4.6: Simplified decision scheme for Monte Carlo photon transport simulations in ab-
sorbing and scattering media.
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5 Additive-Free, Gelled Nanoinks: A 3D
Printing Toolbox for Hierarchically
Structured Bulk Aerogels

The content of this chapter, which presents an 3D printing strategy for TiO2 nanoparticle-based
aerogels, was published in Advanced Functional Materials. The manuscript was co-authored
by Malte Trommler, Irina Lokteva, Samanehalsadat Ehteram, Andreas Schropp, Sandra König,
and Michael Fröba with Dorota Koziej as corresponding author.
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5.1 Abstract

Aerogels are highly porous solids that maintain the properties of individual nanomaterials at a
macroscopic scale. However, the inability to fabricate hierarchical architectures limits techno-
logical implementation in energy storage, gas-sorption, or catalysis. A 3D-printing methodology
for additive-free TiO2 nanoparticle-based aerogels is presented with full control of the nano-,
micro-, and macroscopic length-scales. To compensate for ink’s low solid loading of 4.0 vol. %
and to enable subsequent processing into aerogels via supercritical drying, the printing is done
in a liquid bath of alkaline pH. The 3D-printing protocol retains a high specific surface area
of 539 m2 g−1 and a mesopore diameter of 20 nm of conventionally casted aerogels while of-
fering an unparalleled designability on the micrometer scale. To illustrate the new geometric
freedom of 3D-printed aerogels, the microstructure of a strongly light-absorbing, photothermal
Au-nanorod/TiO2 aerogel is defined. To date, photothermal nanomaterials are mainly applied
in the form of unstructured films where scalability is limited by light attenuation. Microstruc-
tures in 3D enhance light penetration by a factor of four and facilitate spatially defined heating
on a macroscopic scale. The process can be generalized for a broad material library and al-
lows to design inks with specific functionality, thus making aerogels adaptable for their target
application.
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5.2 Introduction

Nowadays, colloidal nanochemistry can provide well-defined nanomaterials of various sizes,
shapes, compositions, and surface chemistry with remarkable properties on a large scale. [1–4]

However, the high-volume manufacturing of macroscopic, nanomaterial-based devices is still
challenging. The main difficulty of nanomaterial processing is the preservation of nanoscopic
properties across multiple length scales. [5] An attractive approach to bridge the nanoscopic and
macroscopic world is to process nanomaterials into aerogels via gel casting. [6–10] This method
translates the intrinsic properties of nanoparticle dispersions into highly porous bulk solids with
immense surface area. However, the restricted range of mold geometries and aerogel’s poor
subtractive processing abilities limit shape tunability and prevent complex microstructured ge-
ometries. A promising technology that could enable free-form fabrication of nanoparticle-based
aerogels is the use of direct ink writing (DIW), a subcategory of extrusion-based 3D printing.
DIW evolved from ceramic processing which similarly to nanoparticle-based aerogels fabricate
materials and devices from preformed particles. [5,11] Nevertheless, ceramics and nanoparticle-
based aerogels have fundamentally distinct properties defined by large differences in the particle
size of the primary building blocks and the porosity of the final product. Nanoparticle-based
aerogels feature porosities of up to 99.8 % and preserve the outstanding properties of the in-
dividual, nanometer-sized particles in a nanostructured macroscopic solid. [6–9,12,13] In contrast,
ceramics are dense solids, where size-specific properties of the individual particles are lost upon
sintering. Thus, to enable optimal processing into dense, mechanically stable solids, particles are
typically larger than 100 nm. [5,14] The low porosity of ceramics implies that highly concentrated
inks can be printed to obtain objects that marginally shrink upon drying in air. [15–18] In contrast,
solvent evaporation is still a major challenge for DIW of highly porous aerogel materials. [19] To
compensate, recent studies formulated inks based on high boiling point solvents. [20,21] However,
these inks rely on high volumetric loadings of preformed aerogel microparticles which are bound
by polymers to ensure their printability. These recipes drastically differ from gelation protocols
of conventionally casted nanoparticle-based aerogels which don’t require any rheological addi-
tives or preformed aerogels microparticles. [9] While organic residues degrade the performance
as a catalyst or thermal insulator by blocking active sites or compromising aerogel’s exceptional
low thermal conductivity, [21,22] the use of 10 µm aerogel particles results in grain boundaries and
impedes a true bottom-up fabrication with full control of the nano-, micro- and macroscopic
length scales. [20] Thus, to fully exploit intrinsic or even synergistic properties of nanomaterials
in a 3D printed aerogel, additive-free inks similar to conventionally casted aerogels need to be
formulated.
In this study, we close the gap and report a 3D printing process for the fabrication of TiO2-
based aerogels. We formulate additive-free inks of gelled TiO2 nanoparticles with a volumetric
loading of 4 vol. %. Instead of using rheologic additives, we compensate for the low particle
concentration by printing in a liquid bath of alkaline pH. This allows us to maintain the ink’s
nanoscopic characteristic and to fabricate macroscopic translucent aerogel geometries. More-
over, we demonstrate that multicomponent inks can be easily processed by mixing TiO2 with
additional nanoparticle dispersions such as spherical Au nanoparticles (AuNPs) or Au nanorods
(AuNRs) prior gelation.
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To demonstrate the design flexibility of our method, we print various geometries with high shape
fidelity and precision, including void-free cubes, 3D grids, boats with large overhangs, and vari-
ous multi-material geometries. The 3D printed aerogels inherently feature a randomly organized
interconnected mesoporous network with pore sizes in the range of 20 nm, a large specific sur-
face area of up to 539 m2 g−1, and a low density of 0.2 g cm−3 – typical values for conventionally
casted metal oxide aerogels.
To give a first glimpse of the new design freedom for 3D printed nanoparticle aerogels, we
combine the superior thermal insulating capabilities of metal-oxide aerogels with photothermal
properties of plasmonic AuNRs. Here, the 3D printing process defines not only the dimension
of the printed material but also the material composition and photothermal properties at any
desired spot. Finally, we engineer the microstructure of the photothermal aerogel for improved
light penetration and more homogeneous heating in 3D. This enables a new generation of pho-
tothermal devices for solar steam generation or thermochemical heat storage.

5.3 Results and Discussion

Figure 5.1a provides an overview of the 3D printing process developed in this work which consists
of three steps: (i) ink formulation by nanoparticle gelation, (ii) 3D printing in a liquid bath,
and (iii) post-processing via supercritical drying. Key challenges are formulating a printable,
additive-free ink of low solid loading and designing a process that maintains the nanoscopic
characteristics of gelled nanoparticles in a macroscopic, 3D printed aerogel. Having solved
these problems, geometries of various complexity and material composition can be fabricated as
indicated in Figure 5.1b-g.

Ink Formulation

We have synthesized ligand-free 4 nm anatase TiO2 nanoparticles by adopting a synthesis de-
scribed elsewhere. [23] For ink formulation we transformed the liquid dispersion into a volume-
filling nanoparticle gel, as illustrated in Figure 5.1a. To this end, we destabilize the TiO2
dispersion in a controlled manner and crosslink the nanoparticles by a subsequent thermal
treatment. Unlike previous reports, where selective ligand removal has been used for destabi-
lization, [7,13,24,25] we modify the force balance of electrostatically stabilized TiO2 nanoparticles.
The range of electrostatic forces can be described by the Debye length where high values increase
colloidal stability. [9] The addition of solvents with lower dielectric constants such as acetonitrile
(ACN) reduce the Debye length and cause an overall net attraction between particles. For opti-
mal results we dilute the aqueous dispersion to one-third with ACN. ACN contents of 50 vol. %
or higher cause precipitation, whereas the absence of ACN prohibits gelation, as illustrated in
Figure 5.8.
Previous inks for 3D printing of aerogels were gelled by increasing the attractive hydrogen bond-
ing via the addition of additives. [21,26] We would like to point out that such inks are special recipes
to enable 3D printing of aerogels and feature a different chemical composition than recipes for
conventionally casted aerogel materials. In our approach, we stick to the well-established con-
cept for casted nanoparticle-aerogels which consists of the two steps: 1) Preparation of stable
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Figure 5.1: Modular 3D printing approach of TiO2 nanoparticle-based aerogels. a) Schematic
showing the three steps of our 3D printing process: (i) Inks, either neat TiO2 or loaded with
AuNPs or AuNRs, are formulated by gelation of respective nanoparticle dispersions. (ii) As
prepared inks are 3D printed by mechanical extrusion of the nanoparticle gel within a liquid
bath. (iii) The resulting macroscopic, microstructured solvogels are processed to aerogels by CO2
supercritical drying. b-d) Photographs of 3D prints and e-g) corresponding models highlight the
accessible range of geometrical complexity.

nanoparticle dispersions and 2) gelation via controlled destabilization. [6,8,9] Thus, all intriguing
properties of casted nanoparticle-aerogels will remain in a 3D printable ink.
Ultimately, 3D printing relies on extrusion of microscopic filaments; high particle loadings facil-
itate filament extrusion, but reduce the porosity of the final aerogel. To estimate the minimum
concentration for 3D printing, we gelled inks with TiO2 loadings of 0.2 vol. %, 1.2 vol. % and
4.0 vol. % and checked the optical appearance upon extrusion through a 410 µm nozzle in Fig-
ure 5.2a-c. Figure 5.2c demonstrates successful filament formation for a 4.0 vol. % ink, but
further rheological criteria need to be fulfilled for good printability. Suitable inks must possess
high viscosity and paste or gel-like characteristic at rest, but also feature a low viscosity and
fluid-like character while passing through thin deposition nozzles. [27,28] Besides, the ink must
rapidly transform from a fluid-like into a solid-like material after leaving the nozzle to preserve
the shape of the extruded filament - especially when spanning gaps in the underneath layer. [29]

We assess the rheological fingerprint of each ink by shear rheology. To replicate the flow charac-
teristic of each ink at rest and while printing, we investigate the apparent viscosity as a function
of shear rate in Figure 5.2d. We demonstrate a profound shear-thinning behavior. Thus, during
extrusion the flow resistance is drastically reduced for typical shear rates of 10 to 150 s−1, [30]

whereas at rest the ink has a low tendency to spread. Further, we clarify the microstructure of
gelled inks via oscillatory frequency sweeps shown in Figure 5.2e. Here, the elastic modulus G′

and viscous modulus G′′ are plotted as a function of time for a frequency range of 1 to 50 Hz.
G′ and G′′ are nearly frequency-independent for a particle concentration of 4.0 vol. %. Thus, we
conclude that an elastic, solid-like network has formed. [31] The mechanical stability of the ink is
defined via the interaction of particles within the gelled network. As soon as the applied shear
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stress exceeds the yield stress τy, the connection between individual particles or larger clusters
starts to break apart. [32] When the shear stress overcomes the flow stress τf, a sufficient number
of bonds in the particle network are disrupted and the ink eventually flows with a shear-thinning
behavior. We estimate τy and τf based on oscillatory amplitude sweeps shown in Figure 5.2f,
which is a plot of G′ and G′′ versus the stress amplitude. Here, τy is taken as the stress required
for a 90 % decrease of the initial elastic modulus G′

0 and τf is defined as the crossover between
G′ and G′′. [30,33] At low stresses the ink shows characteristics of an elastic solid since G′ is larger
than G′′. At higher stresses G′ slowly decreases until it sharply drops and eventually approaches
values lower than G′′; thus representing a viscous fluid. For a particle concentration of 4.0 vol. %
we determine τy and τf as 104 Pa and 210 Pa, respectively.
After leaving the nozzle, the flowing ink needs to rapidly regain a gel-like attribute to preserve
its shape. To track this recovery, we performed an oscillatory recovery test shown in Figure 5.2g.
Here, the 4.0 vol. % sample instantly recovers a solid-like characteristic (G′ > G′′) as soon as
the oscillation amplitude changes from a high to a low value mimicking the transition from high
to low shear stress once the ink exits the nozzle during 3D printing.
In summary, the ink with a particle concentration of 4.0 vol. % is not only best suited for 3D
printing based on the ability to reliably form filaments, but also due to a distinct shear-thinning
behavior, a pronounced gel-character at rest and an immediate gel recovery after extrusion.
These properties are simply achieved by careful control of solvent composition and particle con-
centration without the need of any rheologic additives. In comparison, inks with lower particle
loadings display strong frequency dependency of G′ and G′′ and feature lower τy and τf as shown
in Figure 5.2e and f, respectively. Thus, these inks represent characteristics of a viscoelastic fluid
that tends to form droplets instead of filaments during extrusion. Moreover, multicomponent
inks can directly be obtained by performing TiO2 gelation in the presence of other nanomaterials
such as AuNPs or AuNRs, as long as the rheologic properties of neat TiO2 are preserved, as
shown in Figure 5.9 for Au loadings of up to 0.49 wt. %. We expect that rheological properties
of inks will change more drastically when much higher loadings of AuNPs or AuNRs are present.
Thus, the rheological properties of the ink would have to be adjusted by tuning the tempera-
ture and duration of the thermal treatment or by adjusting the volumetric ratio of water and
ACN.

3D Printing of Stable Complex Structures - A Force Balance Approach

We use optimized inks with TiO2 loading of 4.0 vol. % to design a 3D printing scheme that
enables processing into aerogels. This step requires well-controlled drying of the wet gel to pre-
serve the three-dimensional nanoparticle framework. When dried in air, capillary forces at the
liquid/gas interfaces lead to drastic shrinkage and the nanoporous network eventually collapses.
The most common drying method for casted aerogels is supercritical drying where a liquid/gas
interface no longer exists, and stress is minimized. [12] However, 3D printing is typically per-
formed in air and extruded filaments quickly dry based on their high surface-to-volume ratio.
Thus, a filament of the gelled ink turns opaque within seconds of extrusion in air, as shown in
Figure 5.3a, and eventually collapses. We overcome evaporation-induced gel damage by per-
forming the 3D print in a liquid bath. [18,30,34] Buoyancy force necessitates that the density of
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Figure 5.2: Rheological properties of inks with TiO2 loadings of 0.2 vol. %, 1.2 vol. % and
4.0 vol. %. a-c) Optical images of inks after extrusion through a nozzle with an inner diameter of
410 µm. Increase of TiO2 loading from 0.2 to 4.0 vol. % enables extrusion of gel filaments instead
of liquid droplets. d) Rotational sweep measurements demonstrate a decrease of viscosity with
increasing shear rate for all TiO2 loadings. e) Oscillatory frequency sweeps in a range of 1 to
50 Hz reveal a more pronounced frequency independence of the storage G′ and loss G′′ moduli
with increasing TiO2 loading. f) Oscillatory amplitude sweeps demonstrate an increase of elastic
G′ and viscous G′′ moduli with TiO2 loading. g) Oscillatory recovery curves of G′ and G′′ at
large and low oscillation amplitude mimic the shear transition of the ink while exiting the nozzle
during 3D printing. Solid line indicates initial storage modulus G′

0 before applying high strain
amplitudes to the sample.

the bath is significantly lower than the density of the ink. Moreover, ink adhesion demands
that the substrate is preferentially wetted by the ink and not by the bath. Alkanes such as
n-heptane fulfill both requirements. Figure 5.3 shows an optical micrograph time series of a grid
geometry printed in n-heptane. While printing in n-heptane is possible, severe post printing
deformation take place on a time scale of 24 hours. Printing in a liquid bath suppresses sol-
vent evaporation, however the ink remains soft and is still able to deform. Based on the shape
evolution of the printed geometry in Figure 5.3b-d we identify gravity and capillary pressure
as primary external forces acting on the print. To compensate adjustments on the 3D printing
process need to be made. To this end, we identify the main driving force of deformation and
estimate the contribution of each component. For sagging, the weight of the entire geometry
needs to surpass the yield stress τy of the lowest layer. As illustrated in Figure 5.3e each layer
of the grid geometry consists of an array of filaments of diameter d and spacing h. Due to a
periodicity of h, the filament in the lower layer (colored in red) only needs to carry a small
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section of filament in the layer above (colored in blue). The gravitational pull of this section
is defined via the weight mink, volume Vink and density ρink as minkg = (ρink(πd2h)/4)g. The
gravitational pull of this filament segment is partly compensated by the buoyancy forces of
the liquid bath. The resulting net force is distributed over the filament’s interfacial area d2

and causes a gravitational pressure of pg = gπh(ρbath − ρink)/4. Multiplying the gravitational
pressure of a single layer pg with the number of layers yields the total gravitational pressure
pg,total onto the first layer. Consequently, the weight of the geometry shown in Figure 5.3b
imposes a gravitational pressure pg,total of 32 Pa and gravity is therefore excluded as the main
driving force of deformation (pg,total < τy). However, according to the Young-Laplace equation
(∆p = 2γ/r) a capillary pressure of 320 Pa can be approximated by taking the filament radius of
r = d/2 = 125 µm and interfacial tension of γ = 20.0 mN m−1 (Figure 5.10) into account. There-
fore, even a single pending filament with negligible gravitational pressure tries to reduce its total
curvature and interfacial energy by forming a droplet at the tip as shown in Figure 5.10. Hence,
capillary pressure can be defined as the main driving force of print deformation (∆p > τy). In
principle, capillary pressure driven deformation can be lowered by either employing surfactants
for a reduced bath-ink interfacial tension or by increasing TiO2 concentration for a higher yield
stress. In practice, both turned out to be insufficient as discussed in the supporting information
(chapter 5.6). Instead, we have developed a condensation process, which significantly increases
the yield stress of the ink after extrusion. Although TiO2 particles are pre-gelled during ink
formulation, the gel network is not fully developed and TiO2 particles are still able to crosslink
via condensation reactions. The condensation rate can be precisely controlled via pH. While an
acidic pH induces a slow condensation, which is ideal to formulate a pre-gelled ink with suitable
rheologic properties, alkaline conditions significantly accelerate condensation. [35–37] We exploit
the change of condensation reaction rates to strengthen the particle network after extrusion.
For this purpose, we additionally load the heptane bath with NH3. As soon as the NH3 diffuses
into the aqueous ink, NH3 deprotonates a small fraction of the water to yield ammonium and
hydroxide ions. As a result, the pH of the ink rises and the printed microgrid, which eventu-
ally formed a droplet in a heptane bath within 24 hours, fully remained its 3D architecture in
heptane/NH3 (Figure 5.3f-h). Here, the pH assisted condensation is verified by a color change
of the loaded pH indicator from red to yellow. Similarly, a pendant TiO2 filament shows no
apparent deformation as illustrated in Figure 5.10. Thus, the role of our heptane/NH3 bath is
twofold and goes beyond other liquid bath approaches where the liquid is only used to prevent
solvent evaporation during 3D printing. [18,30,34] In our approach, the liquid is charged with NH3
to solidify the ink via pH-induced condensation reactions which counters the deformation by
external forces. In other approaches, deformation by external forces was balanced by perform-
ing the print in soft supporting materials such as Polydimethylsiloxan (PDMS), Laponite, or
Carbopol. [38–40] However, prints either remain embedded in the viscoelastic PDMS matrix or
cannot be removed as easily as for the liquid heptane/NH3 bath used within this work.

After condensation, the solvent within the gel is still a H2O/ACN mixture as defined dur-
ing ink formulation. To enable processing into aerogels via solvent exchange and supercritical
CO2 drying, the printed geometries need to be removed from the heptane/NH3 bath. For this
purpose, prints are performed on polymer coated silicon substrates. The polymer coating is
needed for a reliable removal of the print from the silicon substrate and consists of a polyvinyl-
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Figure 5.3: Experimental obstacles for DIW of TiO2 nanoparticle-based aerogels. a) Optical
micrograph timeseries of a pending TiO2 gel filament after extrusion through a nozzle with
inner diameter of 410 µm in air. Optical micrograph timeseries of a microgrids 0 h, 12 h and 24 h
after printing in b-d) heptane and f-h) heptane charged with NH3, respectively. e) Schematic
representation of a microgrid printed with a nozzle of diameter d = 2r and filament center-to-
center distance of h. All inks except the one shown in a) are loaded with a pH indicator to
illustrate the pH induced condensation of the TiO2 gel. The microgrids in b+f) were printed
with a 250 µm nozzle and consist of 23 layers where each layer is an array of parallel filaments
with a center-to-center distance h of 500 µm. Consecutive layers are normally oriented to each
other.

pyrrolidone (PVP)/poly(methyl methacrylate) (PMMA) bilayer. PVP is soluble in water. Thus,
it easily dissolves when transferring the substrate from the heptane/NH3 bath to a water/ACN
mixture. In this step the PMMA layer and printed gel detach from the silicon substrate, as
illustrated in Figure 5.11c. Moreover, heptane residues which are still attached to the gel auto-
matically rise to the surface due to its lower density. The PMMA layer is dissolved during the
subsequent solvent exchange to ACN which in any case is necessary to enable solvent removal
via CO2 supercritical drying.
External forces affect the gelled ink not only after but also during extrusion. Figure 5.4a il-
lustrates that a two-zone flow pattern arises when the ink passes through a nozzle. Based on
the radially varying shear stress τ(r) profile, plug flow of a gel core occurs at lower shear stress
in the inner part of the nozzle, whereas laminar flow of a fluid shell develops at stresses larger
than τf. [30,41] In the supporting information (chapter 5.6) we estimate a fluid-like characteristic
for about 76 % of the filament’s cross-sectional area. After leaving the nozzle, the fluid shell
regains a gel characteristic within a fraction of a second (Figure 5.2g). We take advantage of
the intermediate fluid shell to affect the internal structure of printed parts. When printed in
a microstructured geometry, the ink easily fuses with the layer underneath for excellent layer
adhesion as shown in Figure 5.4b. When printed in an unstructured geometry, filaments fuse
into a compact, void free object as verified by X-ray microtomography and cross-sectional scan-
ning electron microscopy (SEM) images in Figure 5.4c-d, respectively. For both geometries, the
ink needs to fulfil two contradictory requirements. The microstructured architecture demands
an ink with high mechanical stability that bridges gaps in the layer underneath and does not
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spread after extrusion, whereas the compact, void-free geometry requires a soft ink that easily
flows to merge into continuous layers. In our approach, we satisfy both criteria with a single ink
by combining shear forces during extrusion with a subsequent stabilization of the soft ink in an
alkaline liquid bath. Further mechanical characterization in Figure 5.12 and 5.13 indicate that
the 3D printed samples remain stable even when loaded with the 645-fold of the own weight or
when trying to peel of layers with adhesive tape, respectively.

Figure 5.4: Illustration of the shear-induced fluid-shell formation and the impact on filament’s
interface in a microstructured and an unstructured geometry. a) Based on the radial dependence
of shear stress within the nozzle, a two-zone flow pattern evolves where a gel core is surrounded
by a fluid shell. b) Schematic representation of a microstructured geometry and SEM close-up
of a 3D printed sample. Due to fluid-shell, filaments easily fuse with the layer underneath.
c) Illustration of the expected internal structure for an unstructured geometry in absence and
presence of a fluid-shell. d) X-ray microtomography and e) SEM cross-sectional images reveal
that no voids are present underlying the fluid-shell character of our ink.

Combining inks of gelled nanoparticles with a macroscopic fabrication technique bridges multi-
ple length scales at once. For illustration, we printed a grid architecture with lateral dimension
of 1.3 cm and highlight the macro-, micro- and nanoscopic length scales in Figure 5.5. Here, the
microscopic features are defined by the nozzle diameter. The print in Figure 5.5 was performed
with a 250 µm nozzle, but nozzle sizes in a range of 150 to 1540 µm were successfully tested
throughout this study. Due to the nanoscopic particle size of our ink’s components, we expect
that even finer nozzles diameters can be used without causing any clogging. Optical and SEM
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images in Figure 5.5a-c demonstrate that the macroscopic geometry consists of individual fila-
ments with a diameter of about 200 µm, which indicates shrinkage to about 80 % of the initial
nozzle diameter. We observed similar values for casted aerogels. Shrinkage mainly occurred
during solvent exchange, partly during CO2 supercritical drying and could be minimized by
extending the gel aging periods. [42] A SEM image of the filament surface in Figure 5.5d shows a
homogeneous porous network over the whole area displayed. A closer look via high magnification
SEM and transmission electron microscopy (TEM) images in Figure 5.5e-f reveals a delicate,
continuous 3D pore network consisting of individually crosslinked TiO2 nanoparticles with an
original particle size of about 4 nm.
For further quantification of the pore network we performed nitrogen physisorption measure-
ments. Nitrogen isotherms and pore size distributions in Figure 5.14 reveal that a 3D printed
and casted aerogels feature a mean pore size of 20 nm and specific surface areas of 539 m2 g−1

and 489 m2 g−1, respectively. Besides, a total porosity of 95 % can be approximated for both
samples by taking the bulk density of anatase (3.9 g cm−3) and the density of the aerogel samples
(0.20 g cm−3) into account. We conclude that the mesoporous structure of the aerogel is fully
preserved and not affected by the 3D printing process.

Figure 5.5: Hierarchical architecture of a 3D printed TiO2 aerogel. Optical micrographs of a
centimeter scale 3D printed TiO2 aerogel in a) side and b) top view. SEM images of c) multiple
freestanding filaments, and the filament surface at d) low and e) high magnification highlight
that the microstructured TiO2 aerogel consists of a delicate nanoporous network. The object
was printed with a conical 250 µm nozzle. f) TEM image of an aerogel fragment indicates that
the individual branches of the TiO2 aerogel consist of crosslinked TiO2 nanoparticles.
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Photothermal Properties in 3D

The use of two print heads loaded with different nanomaterials expands our 3D printing ap-
proach to multimaterial geometries. As an example, we formulate inks with distinct optical
properties. The TiO2 ink only absorbs UV radiation and appears translucent, whereas an TiO2
ink loaded with AuNRs features strong extinction in the visible- and near-infrared range due to
plasmonic excitations. We join both inks and print letters with the AuNR loaded ink on top of
pure TiO2 plates. Figures 5.6a-b demonstrate that TiO2 preserves a translucent character upon
supercritical drying, whereas the AuNR/ TiO2 gel changes color from reddish to green. UV-vis
spectra in Figure 5.6c confirm that both plasmonic peaks of AuNRs remain during the drying
process, but that the longitudinal peak blue shifts by 144 nm. Since AuNRs are homogeneously
dispersed in the TiO2 aerogel matrix, as verified by high-angle annular dark field scanning trans-
mission electron microscopy images in Figure 5.15, we attribute this color change to a change of
the AuNR’s dielectric environment upon removal of the solvent from the wet gel. [43] We utilize
AuNR’s strong light extinction coefficient and free-form fabrication capabilities of 3D printing
to locally define photothermal properties. As illustrated in Figure 5.6d-g, structured aerogels
are selectively heat up to 47 ◦C upon illumination with a 300 W Xe light source.

Furthermore, with three selected examples we demonstrate how 3D structuring improves
light-matter interaction. As a benchmark we printed an unstructured AuNR/TiO2 block of
7 mm × 7 mm × 4 mm that can also be fabricated via conventional gel casting techniques. We
measure the temperature increase ∆T with an IR camera upon illumination with a 300 W Xe
light source as illustrated in Figure 5.7a. We observe a rapid temperature increase of up to 62 ◦C
(absolute 89 ◦C) for the light facing surface, as displayed in Figure 5.7b. Moreover, after illumi-
nation is stopped the temperature drops sharply and continues into a longer tail until all thermal
energy is dissipated, similar to previously reported plasmonic nanoheaters. [43–49] Besides, neat
TiO2 aerogel does not show significant heat generation under same experimental conditions due
to the absence of AuNR as verified in Figure 5.16.
The nanoporous TiO2 framework not only aids as structural support for AuNR, but also provides
an excellent heat insulating environment with thermal conductivities similar to air. [12,43] While
this enables rapid heat generation upon illumination, high temperatures are limited to the light
facing surface and drop strongly with increasing sample thickness, as illustrated in Figure 5.7a.
To expand photothermal heating from a thin layer to a 3D object, we improve light penetration
by designing two microstructured grid geometries as shown in Figure 5.7c. For both grids, each
layer consists of an array of parallel filaments and alternating layers are orientated 90◦ to each
other. Consecutive layers of same orientation are aligned without any shift or shifted by half of
the filament separation distance. We call these geometries ’aligned’ and ’shifted’, respectively.
For an unstructured block, light intensity drops exponentially as determined by the material’s
extinction coefficient. For microstructured geometries, light extinction is lower because of an
increase in porosity. Moreover, for similar porosity, maximum light penetration is expected for
the ’shifted’ geometry due to the absence of a direct line of sight.
Figure 5.7d compares the temperature distribution as a function of sample thickness for all ge-
ometries. We observe that temperature decays strongest for the unstructured geometry and less
for the microstructured geometries. For a penetration depth of about 7 mm, we measure a six
times higher temperature increase ∆T of 18 ◦C and 3 ◦C for the shifted and unstructured geome-
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Figure 5.6: Multimaterial prints of neat TiO2 and AuNR/TiO2 hybrid inks. The AuNR loaded
ink appears a) reddish in form of a hydrogel and b) green in form of an aerogel. c) UV-vis
absorbance spectroscopy reveals that the color change is caused by a blue shift of the longitu-
dinal plasmon resonance peak while changing the dielectric environment from liquid to air by
supercritical drying. d-e) Thermal IR camera images of the structured aerogel while illumination
with a 300 W Xe light source is switched off and on, respectively. f-g) Schematic illustration of
photothermal heating for a TiO2 and AuNR/TiO2 aerogel upon visible light illumination. The
pure TiO2 aerogel remains cold, whereas the AuNR loaded aerogel heats up due to strong light
absorption of plasmonic AuNRs.

try, respectively. To further quantify the light penetration improvement for the microstructured
geometries, we first derive an attenuation coefficient for the AuNR/TiO2 aerogel by fitting the
temperature profile of the unstructured block with an exponential function. In a next step, we
relate the coefficient to the temperature distribution of both grid geometries. For the aligned
geometry, the temperature decay is well described with about half of the block’s value 1/2 σblock

– corresponding well with light absorption in every second layer of a freestanding filament. The
temperature decay of the shifted geometry drops half as much as for the aligned grid and thus
follows a quarter of block’s attenuation coefficient 1/4 σblock. Consequently, microstructuring
in 3D enables spatially tunable light harvesting on a macroscopic scale as reflected by a more
homogeneous temperature distribution within the sample.
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Figure 5.7: Effect of microstructuring on temperature and light distribution in 3D printed
AuNR/TiO2 aerogels. a) Schematic depiction of a typical photothermal measurement. Samples
are illuminated from one side while an IR camera records the temperature either at the front
or at one of the side surfaces. Exemplary temperature data for the bulk geometry are shown
as an overlay on the cubic unstructured sample. b) Temperature time trace of the bulk surface
temperature under repeated illumination. Insets show IR camera images at t1, t2, t3 as indicated
in the time trace plot. c) Schematic representation of light penetration into the three types of
microstructure (unstructured block, aligned and shifted). From left to right the 3D model,
the cross-section and the expected light absorption of each geometry are shown. For clarity,
neighboring layers of the geometry are colorized. d) Measured thickness dependency of the
temperature distribution for the three types of microstructuring. Bulk temperature distribution
is fitted with exponential function to extract bulk extinction coefficient σblock. Temperature
distribution of aligned and shifted geometries follow an exponential trend but with 1/2 or 1/4 of
the bulk decay constant σblock, respectively.
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5.4 Conclusion

We demonstrate a strategy for additive manufacturing of TiO2 nanoparticle-based aerogels. Un-
like typical 3D printing protocols, we do not incorporate any rheologic modifiers or non-volatile
solvents to compensate for the low solid loading of gelled inks. Instead, we print in an alkaline
liquid bath that prevents premature solvent evaporation and increases mechanical stability of
the additive-free ink during 3D printing. Thus, the beauty of our approach lies in the fact
that inks of low solid loadings can be made printable without affecting the nanoscopic proper-
ties of conventionally casted aerogels. As a result, we are able to structure aerogels on seven
orders of magnitude in single or multimaterial architectures of arbitrary complexity. Our strat-
egy of printing in a liquid bath charged with a gelation agent can be applied to other colloidal
chemistries than TiO2. The as reported approach of pH assisted condensation in a heptane/NH3
bath should be easily applied to other metal oxides aerogels such as SiO2, Al2O3 or ZrO2 due to
their similar surface chemistry. Moreover, the strategy should also be universally applicable to
other material classes such as noble metal aerogels by replacing the NH3 with a corresponding
gelation agent.
To illustrate the new fabrication freedom of 3D printed nanoparticle-based aerogels, we spatially
control the photothermal functionality of plasmonic AuNRs. In the past, photothermal heating
of plasmonic nanoparticles was already exploited in several prototypes for clean water regenera-
tion, triboelectric energy generation or photothermal catalysis. [43,43,45,46,48–51] However, due to
the inability to structure nanoscopic properties on a three-dimensional macroscopic scale, postu-
lated devices mainly consist of thin films where heating is limited to the surface and scalability
needs to be improved. We show for three selected geometries that 3D structuring improves light
penetration by a factor of four – thus enabling a more homogeneous heat generation in a macro-
scopic object. Moreover, we demonstrate that 3D printing of inks with different photothermal
activity allows to restrict heating to locally defined spots.
Ultimately, our 3D printing approach offers a completely new approach to engineer large scale
3D structured architectures with a significantly lower areal footprint than already reported thin-
films. As applications of nanoparticle-based aerogels go well beyond photothermal devices, this
work presents a versatile method for fabricating macroscopic aerogels of determined geometry
and functionality.
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5.5 Experimental Section

Materials: Acetonitrile (ACN, 99.95 %), diethyl ether (≥99.9 %), ethanol (EtOH, anhydrous,
≥99.97 %) were purchased from VWR. Ammonium hydroxide solution (28.0-30.0 % NH3 basis),
benzyl alcohol (anhydrous, 99.8 %), gold(III) chloride trihydrate
(>99.9 %), L-ascorbic acid (99.5 %), methyl orange, poly(methyl methacrylate) (PMMA, aver-
age Mw = 120000), poly(vinylpyrrolidone) (PVP, average Mw = 40000), silver nitrate (AgNO3,
≥99.0 %), sodium borohydride (NaBH4, 99 %), sodium citrate tribasic dihydrate (≥99.0 %), ti-
tanium(IV) tetrachloride (TiCl4, 99.9 % trace metal basis) were purchased from Sigma Aldrich.
Cetyltrimethylammonium bromide (CTAB, >98.0 %) and sodium oleate (NaOL, >97.0 %) were
purchased from TCI Deutschland GmbH. HCl (37 wt. % in water) was purchased from Carl
Roth. n-heptane (95 %) was purchased from Alfa Aesar. Liquid CO2 was purchased from West-
falen. All chemicals were used as received without further purification.

TiO2 synthesis: TiO2 nanoparticle synthesis was adopted from a previously published proto-
col. [23] While stirring, 1 mL of TiCl4 was dropwise added to a 50 mL round bottom flask contain-
ing 5 mL of Ethanol (EtOH) resulting in a transparent yellow solution. Next, 20 mL of benzyl
alcohol were added and the solution was continuously stirred and heated to 80 degreeCelsius while
keeping the flask open. After 24 h the flask was immersed into a water bath at room temperature
to quench the reaction. Next, the suspension was washed with diethyl ether (≈4.7 mL per mL
suspension) by three dispersion-centrifugation cycles (3500 rpm, 5 min, room temperature). Af-
terwards, the supernatant was removed by decantation and the vial was loosely covered with its
cap for slow evaporation of the remaining solvent. Finally, the dried precipitate was mortared to
yield approximately 550 mg of a white powder. TiO2 nanoparticle characterization by dynamic
light scattering (DLS), X-ray diffraction and IR spectroscopy is shown in Figure 5.17-5.18.

AuNP synthesis: AuNP synthesis was adopted from a previously published protocol. [52] For this
37 mg sodium citrate tribasic dihydrate was added to a 250 mL round bottom flask containing
150 mL of water. Next, the flask was immersed into an oil bath which temperature was set to
120 ◦C. As soon as the solution started boiling, 375 µL of a 0.1 M HAuCl4 solution was added
and the solution turned from colorless to purple and red within a couple of minutes. After
refluxing for 24 h at 120 ◦C, the dispersion was cooled down to room temperature and stored in
a fridge for further use. AuNP characterization by TEM and UV-vis absorbance spectroscopy
is shown in Figure 5.19a-c.

AuNR synthesis: AuNR synthesis was adopted from a previously published seeded growth pro-
tocol. [53] The seed solution was prepared as follows: 5 mL of 0.5 mM HAuCl4 was mixed with
5 mL of 0.2 M CTAB in a 30 mL scintillation vial. Next, 0.6 mL of fresh 0.01 M NaBH4 was
diluted to 1 mL with water and then injected into the HAuCl4-CTAB solution under vigorous
stirring (≥1200 rpm). The stirring was stopped after 2 min. The yellow-brownish seed solution
was aged at room temperature for 7 to 8 min before use.
To prepare the growth solution, 7.0 g of CTAB and 1.234 g of NaOL were dissolved in 250 mL
of water in a 1 L Erlenmeyer flask heated to 50 ◦C in a water bath. Next, the solution was
cooled down to 30 ◦C and 18 mL of 4 mM AgNO3 solution was added. The mixture remained
undisturbed at 30 ◦C for 15 min, after which 250 mL of 1 mM HAuCl4 solution was added. The
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solution became colorless after 90 min of stirring at 700 rpm and, after that, 2.1 mL of HCl was
added. After another 15 min of slow stirring at 400 rpm, 1.25 mL of 64 mM ascorbic acid was
added and the solution was vigorously stirred at ≥1200 rpm for 30 s.
Finally, 0.8 mL of seed solution was injected into the growth solution under vigorous stirring
(1200 to 1500 rpm). The resultant mixture was stirred for 30 s and the stirring was turned off.
The solution remained undisturbed at 30 ◦C for at least 12 h for the AuNR growth. The final
product was isolated by centrifugation at 7000 rpm for 30 min followed by removal of the super-
natant. Subsequently, AuNRs were redispersed in 10 mL of water. AuNR characterization by
TEM and UV-vis absorbance spectroscopy is shown in Figure 5.19d-f.

Ink Formulation: Inks for 3D printing were formulated by dispersing a dry TiO2 powder in a
water/ACN mixture (2 : 1 vol. ratio) yielding a mass loading of 15 wt. % which corresponds to a
volumetric concentration of 4.0 vol. %. The use of dry TiO2 powder is necessary for reliably ink
formulation with similar particle concentrations and rheologic properties across multiple particle
batches. The dispersing procedure consisted of a repetitive cycle of stepwise addition of TiO2
nanoparticles, 1 min vortex mixing, followed by 1 min ultrasonication in an ice bath. An ice bath
was used to impede temperature induced gelation due to frictional heating during vortex mixing.
Multimaterial inks were formulated by replacing the corresponding volume fraction of water with
an aqueous dispersion of AuNPs or AuNRs. For pH tests the neat TiO2 ink was charged with
0.05 wt. % methyl orange. Eventually, inks were stored in a refrigerator prior gelation. Before
gelation, inks were homogenized two times for 5 min at 2000 rpm with a single degassing step of
5 min at 2500 rpm in between using an ARE-250 planetary speed mixer (Thinky Corporation,
Japan). Gelation was performed in 5 cm3 syringes in a preheated oven (60 ◦C) for 16.5 min
while the open tip of the syringe was pointing upwards. After gelation, the tip of the syringe
was sealed with an airtight cap and the ink was typically used within 2 days.

3D Printing: Prints were performed in a liquid bath with an Engine HR 3D printer (Hyrel 3D,
USA) equipped with multiple SDS-5 syringe displacement printheads. Syringes charged with
the nanoparticle gel were loaded into the print head and equipped with Luer-Lock needles to
define the filament diameter (150 to 1540 um). Throughout this study either burr-free polished
passivated stainless-steel nozzles from Nordson EFD or conical polyethylene nozzles from Go-
nano Dosiertechnik GmbH were used. For the former nozzle type the printed filaments appear
smooth, whereas for the latter the surface is more uneven, as indicated in Figure 5.4b and 5.5c,
respectively. Depending on needle diameter, prime and unprime values of the printhead were
adjusted to achieve reliable start and stop of ink flow without oozing. Volumetric flowrate is
calculated by the 3D printer’s software depending on needle diameter d, layer height (0.9d) and
printing speed (typical 2 to 6 mm s−1). Before each print the distance of the nozzle and printbed
is calibrated via an optical microscope camera (Dino-lite, USA). Printing paths were generated
via custom-made Python-scripts.
The print itself is performed on silicon substrates coated with a PVP/PMMA bilayer. For this,
silicon substrates (2.5 cm×2.5 cm) were cleaned with acetone, isopropanol, and Milli-Q water in
an ultrasonic bath and treated with air plasma for 5 min at 100 W (Femto, Diener Elektronik,
Germany). For polymer deposition, the substrates were placed onto a spin-coater and fully
covered with the polymer solution (First layer: 5 wt. % PVP in EtOH. Second layer: 20 wt. %
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PMMA in acetone) before starting the spinning process (PVP: 5 s at 500 RPM followed by 60 s
at 1000 RPM, PMMA: 30 s at 3000 RPM). After each deposition cycle substrates were baked
on a hotplate for 2 min at 50 ◦C.
Before the print, parts of the polymer bilayer along the edge of the substrate were removed to
make the PVP layer more accessible for the lift off process after the print. As prepared substrate
was fixed with two screws in a custom-made printing container which contained a liquid bath
(Figure 5.11a-b). The bath was obtained by vigorously shaking a mixture of 10 mL of n-heptane
and 4 mL of an aqueous NH3 solution in a flask. Next, the NH3-enriched heptane phase was
transferred to the printing container. During printing a fraction of the liquid bath was trans-
ferred back to the flask containing the NH3 solution and the process of NH3 enrichment was
repeated every 5 min. After the print, the liquid bath was refreshed a final time and the printing
container was covered with a glass slide for 90 min. Subsequent, the substrate was immersed
into a water/ACN mixture (2 : 1 vol. ratio) for lift off (Figure 5.11c). Finally, a stepwise solvent
exchange to ACN and CO2 supercritical drying in a Quorum E3100 was performed.

Photothermal Measurements: Aerogels were placed on a Teflon plate and illuminated with a
300 W Xe lamp equipped with a H2O filter to remove IR light from the light source. For each
measurement the distance of sample and light source was kept constant at 30 cm to illuminate all
samples with similar light intensities. Temperature evolution was recorded with a high-resolution
IR camera (SC7000, FLIR, USA).

Characterization: Scanning electron microscopy images were taken with a Regulus 8220 (Hitachi
High Technologies Corp., Japan). Transmission electron microscopy images were taken with a
JEM 1011 (JEOL Ltd., Japan). N2-Physisorption measurements were performed at 77 K with
a Quantachrome Autosorb 6-MP (Anton Paar QuantaTec Inc., USA). The specific surface area
and pore size were determined via the Brunauer-Emmet-Teller (BET) method and Density
Functional Theory (DFT) analysis, respectively. For DFT analysis a Non Local DFT (NLDFT)
calculation model for nitrogen at 77 K using the equilibrium branch was applied and cylindrical
pores in silica were assumed. Prior to measurement, samples were degassed at 100 ◦C for 24 h.
The density of the aerogel was calculated from the mass and dimensions of a rectangular aerogel
plate. We used the mass of an aerogel dried in a vacuum oven at 100 ◦C and <2 mbar for
24 hours, because the initial aerogels contain significant amounts of physisorbed water which
results in an artificially high density. The amount of gold was determined after digestion in
aqua regia using graphite furnace atomic absorption spectroscopy (Analytik Jena contrAA 700).
Powder X-ray diffraction measurements were performed on a Bruker D8 Discovery using Cu-
Kα X-ray radiation. UV-vis-NIR absorbance spectra of nanoparticle dispersions and aerogel
plates were recorded using an Agilent Cary 5000 spectrophotometer. Fourier transform infrared
spectra were recorded on a Bruker Alpha II spectrometer equipped with an attenuated total
reflection module. Rheologic measurements were performed on MCR 502 rheometer (Anton
Paar, Germany) in cone plate geometry (20 mm, 1◦ slope) at 20 ◦C. After loading the sample, a
rotational pre-conditioning at 1 s−1 for 1 min followed by 1 min rest was applied to homogenize
the sample. Shear tests were performed using shear rate controlled flow ramps in range from
0.001 to 1000 s−1. Strain-controlled oscillatory amplitude sweeps were performed at constant
frequency of 1 Hz. Oscillatory frequency sweeps were performed in a range of 1 to 50 Hz at 0.5 %
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strain. Structural recovery tests were performed at fixed frequency of 1 Hz and consisted of 3
steps. Step 1 at low amplitude of 0.5 % determines the initial structure and stability over time,
step 2 at high amplitude of 150 % disintegrates initial gel structure and ensures that the ink is
in the fluid-like regime, and step 3 at low amplitude of 0.5 % monitors the structural recovery
from a fluid-like to gel-like sample characteristic. Interfacial tension was determined by pendant
drop tensiometry with n-heptane as surrounding phase (DSA100, Krüss, Germany). DLS was
performed with a Zetasizer Nano ZS instrument (Malvern Instrument Ltd., UK) equipped with
a HeNe laser operating at 632.8 nm in backscatter detection mode. X-ray microtomography
imaging was performed on a custom-built setup as described elsewhere. [54] The X-ray microtube
was operated at 60 keV and 50 µA. The sample was placed 111.2 mm from the source and
42.4 mm from the detector. For each scan 1440 projections were collected over 360◦ with an
exposure time of 10 s. Projections were acquired at a magnification of 1.38 with an Andor Zyla
sCMOS HF camera (Oxford Instruments, 2160 x 2560 pixels, 6.5 µm pixel size, 4x binning),
resulting in an effective pixel size of 4 · 6.5 µm/1.38 ≈ 19 µm. The data was corrected by a
series of dark- and flat-field images and tomographically reconstructed in cone-beam geometry
using a custom-made Python-script based on the ASTRA toolbox. [55,56] Reconstructed data was
visualized and analyzed in Avizo software version 2020.2.
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5.6 Supporting Information

Figure 5.8: Ink stability for increasing ACN contents and different nanomaterial compositions.
Photographs of TiO2 dispersion in (i) pure H2O, H2O:ACN mixture with volumetric ratios of (ii)
2:1, and (iii) 1:1 a) prior and b) after thermal treatment at 60 ◦C indicate a destabilizing effect
of ACN on aqueous TiO2 dispersions. Particles precipitate for a 1:1 ratio and did not gel during
the thermal treatment in absence of ACN. Therefore, inks for 3D printing are formulated
at a volumetric ratio of 2:1 and photographs of gelled inks of neat TiO2, AuNP/TiO2, and
AuNR/TiO2 are shown in c-e), respectively.

Table 5.1: Yield stress τy and flow stress τf derived from oscillatory amplitude sweeps for
TiO2 inks with particle concentrations of 15 and 20 wt. %, which corresponds to a volumetric
concentration of 4.0 and 5.6 vol. %, respectively. τy and τf are defined as required stress at which
G′ falls below 90 % of its initial value and stress at which G′ = G′′, respectively.
concentration (wt. %) yield stress τy (Pa) flow stress τf (Pa)
15 104 210
20 165 307
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Figure 5.9: a) Rotational sweep and b) oscillatory amplitude sweep measurements of TiO2,
AuNP/TiO2 and AuNR/TiO2 inks. The AuNP/TiO2 and AuNR/TiO2 inks contain 0.045 wt. %
and 0.49 wt. % Au relative to TiO2, respectively. c) Oscillatory amplitude sweep of TiO2 inks
with particle concentrations of 15 wt. % and 20 wt. %, which corresponds to a volumetric con-
centration of 4.0 vol. % and 5.6 vol. %, respectively. The yield stress τy and flow stress τf for
TiO2 inks of 15 wt. % and 20 wt. % are listed in Table 5.1.
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Stress Estimation

Upon printing the gel is exposed to gravitational and capillary forces that cause deformation of
the soft material as long as the yield stress is exceeded by these forces, as exemplified for a 3D
printed grid geometry in Figure 5.10a. [30,57,58] Estimating the contribution of each component
helps to define the driving force of the deformation. A typical grid geometry consists of an
array of filaments of diameter d and spacing h, where neighboring layers are orientated 90◦ to
each other (Figure 5.10a). Due to a periodicity of h, the filament in the lower layer colored in
red effectively only needs to carry a small filament section colored in blue. The gravitational
pull of this filament segment (equation 5.1) is partly compensated by buoyancy forces of the
liquid bath (equation 5.2). The net force of the filament section Feffective = Fgravity + Fbuoyancy

is distributed over the filament’s interfacial area d2 and causes a pressure ptotal,1 on the layer
below (equation 5.3). Multiplying the gravitational pressure of a single layer with the number
of total layers yields the total gravitational pressure onto the lowest layer owing to the overall
weight of the printed grid architecture.

Fgravity = −minkg = −ρinkVinkg ≈ −ρink

(
πd2

4 h

)
g (5.1)

Fbuoyancy = mbathgbath ≈ ρbath

(
πd2

4 h

)
g (5.2)

ptotal,1 ≈ Feffective
d2

= Fgravity + Fbuoyancy
d2

=
g
(

πd2

4 h
)

(ρbath − ρink)
d2 pgravity

= gπh (ρbath − ρink)
4

(5.3)

Besides gravity, the existence of interfacial tension has profound consequences for the equilibrium
shape of gels due to the presence of a pressure difference ∆P between the gel-liquid interface.
∆P is generally described by the Young-Laplace equation in equation 5.4. Here, the pressure
difference across the interface is equal to the product of the interfacial tension γ and the mean
curvature κ. For spherical shapes the curvature can be expressed via its radius r:

∆P = 2 · γ · κ = 2 · γ

r
(5.4)

The shape of the gel-liquid interface of a printed grid geometry is complex and features different
kinds of curvatures. Due to its circular cross-section individual filaments of the print can be
idealized as a spherocylinder with hemispherical end caps of curvature 1/r. It was reported that
filaments of any aspect ratio are stable as long as interfacial tension and filament radius result

66



5.6 Supporting Information

in a capillary pressure (equation 5.4) smaller than its yield stress τy. [59,60] Besides, drastically
higher curvatures are present at filament intersections, as indicated in Figure 5.10a. To minimize
the influence of the latter and of gravitational pressure, pending filaments were complementary
investigated where the tip can be initially approximated as a sphere of radius r = d/2, as shown
in Figure 5.10b.
We summarize the geometrical parameters for two exemplary grid geometries of different filament
diameter, gravitational pressure on the lowest layer, and capillary pressure of a single filament
in Table 5.2 and show optical micrographs of the printed grid geometries in Figure 5.10d-g. The
geometries were printed with a nozzle diameter of 250 µm and 1540 µm, respectively. We observe
that the grid geometry printed with a 250 µm nozzle completely loses its initial shape and forms
a droplet within 24 hours, whereas the grid geometry printed with a 1540 µm features less de-
formation and the outline of individual filaments remains visible. For both nozzle diameters d,
the spacing h and the number of layer N were adapted to achieve similar gravitational pressure
on the first layer. We calculate a gravitational pressure pg of about 30 Pa for both filament
diameters which is too low to cause any yielding (τy = 104 Pa). Besides, we estimate a capillary
pressure of 320 Pa and 59 Pa for the 250 µm and 1540 µm diameter, respectively.
Since the capillary pressure for diameter of 250 µm already exceeds the yield stress by a factor
of three, we deduce the energetic unfavorable ink/n-heptane interface as main driving force of
deformation. As a result, the grid geometry minimizes its interfacial area by forming a droplet
as shown in Figure 5.10e. For the thicker filament diameter of 1540 µm, the capillary pressure
and even the sum of gravitational and capillary pressure of 81 Pa are slightly lower than the
yield stress of 104 Pa. Nevertheless, we still observe a slight deformation of the grid geometry in
Figure 5.10g. This behavior may be explained by the presence of higher curvatures at filament
intersections in the grid geometry as indicated in Figure 5.10a, which lead to higher capillary
pressures than initially assumed.
To eliminate the influence of higher curvatures at filament intersections, we investigated the de-
formation of pending gel filaments. We extruded pending gel filaments of 250 µm and 1540 µm
into a heptane bath and show an optical micrograph time series in Figure 5.10h-i and j-k, respec-
tively. With increasing the nozzle diameter d from 250 to 1540 µm we observe a less pronounced
filament deformation which is in line with a reduced capillary pressure and observations for
printed grid geometries. However, slight deformation took still place although the capillary
pressure of 52 Pa is lower than the yield stress of 104 Pa. This can be justified by the fact that
the tip of the pending filament does not represent the idealized shape of a sphere with radius
r = d/2 and consequently features a higher capillary pressure than assumed.
To proof that capillary pressure is the main driving force of deformation, we charged the heptane
bath with Triton X-100 – a nonionic surfactant. We show in Figure 5.10l-m that the filament
maintains its shape in presence of Triton X-100 and assign this to a drastically reduced interfa-
cial tension. Since deformation reduces with increasing filament diameter and even vanishes in
presence of surfactants such as Triton X-100, we identify capillary pressure as the main driving
force of deformation. Moreover, we expect that no distortion should be present for nozzle diam-
eters much larger than 1540 µm.
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Figure 5.10: a-b) Stress estimation for a 3D printed grid geometry and a pending gel filament,
respectively. a) Ink weight: Due to a periodicity of h, the filament in the lower layer colored in
red effectively only needs to carry a small filament section colored in blue. Capillary pressure:
Capillary pressure is inversely proportional to the effective radius of the interface. Printing with
a nozzle diameter of d = 2r0 results in objects featuring curvatures of 1/r0 at the outer edges
and undefined higher curvatures at filament intersections. b) The tip of a pending filament can
be represented by a sphere of radius r0 = d/2 which changes its shape to an equilibrium radius
of req if the resultant capillary pressure is higher than the yield stress. c) Interfacial tension γ
time trace of TiO2 ink in n-heptane and H2O in air as surrounding phase after equilibrium was
reached. TiO2 ink was not gelled before measurement so that the shape of the drop is not affected
by its yield stress. For the ink/n-heptane interface the data of two consecutive measurements are
shown. The H2O/air measurements matches literature value of 72.8 mN m−1 and validates the
measurement procedure. [61] d-o) Deformation studies of 3D printed grid geometries and pending
filaments. Optical micrograph time series show d-g) grid geometries 3D printed in a heptane
bath and pending gel filaments in h-k) a heptane bath, l-m) a heptane bath charged with Triton
X-100 and n-o) a heptane bath charged with ammonia, respectively. The grid geometries in
d-e) and f-g) were printed with a 250 µm and 1540 µm nozzle, respectively. Pending filaments
in h-i, l-o) and j-k) were extruded through a 250 µm and 1540 µm nozzle, respectively. For each
experiment, the TiO2 ink was loaded with a pH indicator.
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Table 5.2: Physical description of the grid geometries shown in Figure 5.10d+f by center-to-
center distance h, number of layers N , filament diameter d, radius r = d/2, interfacial tension
γ. Besides, capillary pressure ∆P and gravitational pressure pg on the first layer of the grid
geometry are listed as calculated by equation 5.3 and 5.4, respectively.

d (µm) N h (µm) r (µm) γ (mN m-1) ∆P (Pa) pg (Pa)
250 22 500 125 20.0 320 32
1540 4 3080 770 20.0 52 29
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In the main section of this publication we report an NH3 assisted condensation process to
overcome capillary pressure driven deformations by an increase of the ink’s yield stress during 3D
printing. Other procedures to reduce capillary pressure driven deformation during 3D printing
might be achieved by either employing surfactants such as Triton X-100 for a reduced ink/bath
interfacial tension or by increasing TiO2 concentration for a higher yield stress. Although Triton
X-100 successfully eliminates distortions for a pending TiO2 filament as shown in Figure 5.10l-
m, 3D printing in a Triton X-100 loaded heptane bath was not practical due to insufficient
layer adhesion. In our liquid bath approach, we utilize the fact that the ink and substrate are
both hydrophilic, whereas the liquid bath is hydrophobic. In this case the ink has significant
higher preference to stick to the substrate than the surrounding liquid, which enables good layer
adhesion. Employing surfactants such as Triton X-100 render the hydrophilic surface of the ink
hydrophobic. Therefore, the ink and liquid bath have similar wetting abilities that prevent a
reliable adhesion of the ink to the substrate.
Another approach to reduce capillary pressure-driven deformation is to rise the ink’s yield stress
to values much larger than its capillary pressure of 320 Pa. Since an increase of the TiO2 loading
from 15 to 20 wt. % only leads to a growth of the yield stress from 104 to 165 Pa (Figure 5.9c,
Table 5.1), significantly higher TiO2 loadings are required to achieve yield stress high enough for
compensation of the capillary pressure of 320 Pa. However, this goes along with a loss of the ink’s
exceptional structural aerogel properties such as low density, high porosity, and specific surface
area that gives this class of material great prospects in many applications. Moreover, since
capillary pressure scales with 1/r, even higher yield stresses are needed to achieve deposition
through thinner nozzles.
Thus, the beauty of our NH3 assisted condensation process lies in the fact that inks of low solid
loadings can be made printable without affecting the wettability of the substrate or compromising
aerogel characteristic. Moreover, based on the nanoscopic size of the ink’s building blocks much
thinner nozzle diameters than 250 µm should be achievable without causing any clogging.
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Figure 5.11: Photograph of a) the 3D printing setup, b) a close-up of the printing container,
and a schematic of the c) lift-off procedure for reliable removal of the print from the substrate.
a-b) The setup consists of a 3D printer equipped with a mechanical syringe pump, a custom-
made printing container, and a digital microscope. The container is designed to enable visual
inspection through the glass cylinder while printing in a liquid bath. The substrate is fixed
with two stainless-steel screws. c) The silicon substrate is coated with a PVP/PMMA bilayer.
The PVP layer easily dissolves when transferring the substrate from the heptane/NH3 bath to
a water/ACN mixture. As a results, the PMMA layer and printed gel detach from the silicon
substrate. The PMMA layer is dissolved during the subsequent solvent exchange to ACN which
is in any case necessary to enable solvent removal via CO2 supercritical drying.
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Liquid Shell Estimation

The ink flowing through a cylindrical nozzle may adopt a two-zone flow pattern where plug flow
of an unyielded gel core occurs in the inner part of the nozzle featuring lower shear stresses and
laminar flow of a yielded shell arises at the higher stresses closer to the nozzle. The type of flow
depends on the yield stress of the ink and the shear stress profile across the nozzle radius. The
shear stress τ along the radius of a cylindrical nozzle can be calculated as follows: [30,41]

τ = ∆P

2L
r (5.5)

where L is the nozzle length, r is the radial position from the nozzle center and ∆P is the applied
pressure difference to initiate flow. Based on this equation, maximum shear stress τmax occurs
at the wall (r = d/2) and decreases linearly towards the center of the nozzle. The radial position
at which the transition from laminar to plug flow occurs is defined as rgel and corresponds to
the radius at which the applied shear stress equalizes the flow stress τf of the ink. Following
equation 5.5 rgel can be calculated as:

rgel = 2Lτf
∆P

(5.6)

We use equation 5.6 to estimate rgel for the two typical nozzle sizes used during this study. The
physical dimensions of the nozzles, the estimated rgel, and the share on the total cross-sectional
area for a 15 wt. % ink are listed in Table 5.3. We calculate that the ink adopts a two-zone
pattern that consists to 76 % of a fluid shell, due to the low flow stress of 206 Pa. Oscillatory
recovery measurements indicate that the fluid shell recovers to a gel within one second after
extrusion (Figure 5.2d). We assume that the fluid shell enables the ink to easily bond to
neighboring filament for good intralayer adhesion and to form continuous objects without any
voids as shown in Figure 5.4b and 5.4c-e, respectively.

Table 5.3: Fluid-shell estimation for two nozzles of diameter d and length L. The pressure drop
∆P corresponds to the required pressure for a steady extrusion of filaments via a pneumatic
print head (Ultimus V, Nordson) at a deposition speed of 4 mm s−1. rgel is calculated following
equation 5.6. The gel and fluid fraction define the areal contribution of the respective flow type
to the total cross-sectional area of the nozzle.

d (µm) r = d/2 (µm) L (mm) ∆P (bar) rgel (µm) gel (%) fluid (%)
410 205 12.7 1.1 50 24 76
250 125 12.7 1.8 30 24 76
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Figure 5.12: Mechanical compression test of an unstructured and 3D structured AuNR/TiO2
aerogel. a) and b) shows a schematic of the experiment. c-i) and d-j) show unstructured und
3D structured aerogels loaded with 0 g, 5 g, 10 g and 20 g, respectively. The loadings relative
to the aerogel’s weight is given in each subfigure. For example, a loading of 20 g corresponds
to 185-times and 645-times of the own weight for the unstructured and 3D structured aerogel,
respectively.

Figure 5.13: Exfoliation test of an unstructured AuNR/TiO2 aerogel. Schematic and repre-
sentative snapshots of the experiment are shown in a) and b-e), respectively. The bottom side
of the 3D printed sample was fixed on a glass slide with double-sided adhesive tape. Another
tape was detached from the top side of the aerogel and no exfoliation of the printed layers was
observed.

73



5 Gelled Nanoinks: A 3D Printing Toolbox for Hierarchically Structured Aerogels

Aerogel Characterization

Figure 5.14: Structural characterization of 3D printed and conventionally casted aerogel sam-
ples. a) Nitrogen gas sorption isotherm and b) corresponding pore size distribution of a 3D
printed and casted TiO2 samples. c) Nitrogen gas sorption isotherm and d) corresponding pore
size distribution of casted TiO2, AuNP/TiO2, and AuNR/TiO2 aerogels. All samples show
a type IVa isotherm with an H1-hysteresis loop attributed to an interconnected mesoporous
material. [62] Mean pore size and specific surface area are listed in Table 5.4, respectively.

Table 5.4: Specific surface area and mean pore size of TiO2, AuNP/TiO2, AuNR/TiO2 aerogels.
Values were obtained by multi-point BET and DFT analysis, respectively. The corresponding
isotherms are displayed in Figure 5.14.

sample specific surface area (m2 g-1) pore size (nm)
TiO2 (3D printed) 539 19.9
TiO2 (casted) 489 19.9
AuNP/TiO2 (casted) 505 19.2
AuNR/TiO2 (casted) 508 19.9
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Figure 5.15: a) TEM image of a single AuNR embedded in a mesoporous TiO2 aerogel matrix.
b) HAADF-STEM image of AuNR/TiO2 aerogel and corresponding elemental distribution map
of c) Ti and d) Au obtained by energy-dispersive X-ray spectroscopy.
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Photothermal Heating of Aerogels

Figure 5.16: Photothermal heating ability of TiO2 and AuNR/TiO2 aeorgels 3D printed in a
bulk geometry. Inset shows respective IR camera snapshots of both samples upon illumination
with a 300 W Xe light source from the left side. For neat TiO2 only marginal heating can be
observed in contrast to the AuNR loaded sample.
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TiO2 Nanoparticles Characterization

Figure 5.17: a) DLS and b) XRD data of TiO2 nanoparticles that are used as the main building
block for ink formulation. The number-weighted size distribution of the DLS data and Scherrer
analysis of the (101) reflex suggest single-crystalline anatase particles of about 4 nm.

Figure 5.18: Attenuated total reflection infrared spectra of dried TiO2 particles after synthesis
and redispersion in water/ACN, respectively. For as-synthesized particles, benzyl groups can be
identified from peaks at 3059 and 3028 cm−1 (two forms of =C-H stretching), 1495 cm−1 (benzyl
ring breathing), and ethoxide groups can be recognized from peaks 1453 cm−1 (asymmetric CH3
bending) and 1361 cm−1 (symmetric CH3 bending). In both spectra, water is easily recognizable
by the broad OH stretching band from 2500 to 3600 cm−1 and OH bending at 1600 cm−1. After
redispersion in water/ACN and drying only the water bands remain.
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Secondary Building Block Characterization

Figure 5.19: Structural and optical characterization of AuNPs and AuNRs that are used as
secondary building blocks in TiO2-composite inks. Figures a-c) and d-f) show a representative
TEM image, size histogram and UV-vis absorbance spectra of AuNPs and AuNRs, respectively.
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5.8 Appendix

Corrigendum (Figure 7)

In the version of this article originally published, the temperature scale on 58 Figure 5.7b was
incorrect, the maximal changes of the temperature on 58 Figure 5.7b should have read ’72 °C’.
On the same page Figure Figure 5.7c, the orientation of the sample was incorrectly plotted along
the stacking direction of the sample, although the sample was illuminated perpendicular to the
stacking direction. We updated the illustration; the conclusion remains the same, the deepest
light penetration is expected for the ’shifted’ geometry.
In Figure 5.7d we showed the temperature distribution as a function of sample thickness for a
block, aligned, and shifted AuNR/TiO2 geometry. We learned that the shifted geometry was
slightly misaligned in respect to the illumination direction, which allowed light to hit the sample
from the side. For the perfectly aligned samples, we still observe a more homogeneous heating
for the shifted geometry than for aligned or block, but the temperature decays differently with
about 3/4 σblock and 1/2 σblock instead of 1/2 σblock and 1/4 σblock for the aligned and shifted
geometry, respectively. The overall conclusion that 3D microstructuring enables a macroscopic
spatial tunable light absorption and temperature distribution is unchanged. Figure 5.20 shows
a corrected version of Figure 5.7. These changes do not affect the results of the Article.
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Figure 5.20: Effect of microstructuring on temperature and light distribution in 3D printed
AuNR/TiO2 aerogels. a) Schematic depiction of a typical photothermal measurement. Samples
are illuminated from one side while an IR camera records the temperature either at the front
or at one of the side surfaces. Exemplary temperature data for the bulk geometry are shown
as an overlay on the cubic unstructured sample. b) Temperature time trace of the bulk surface
temperature under repeated illumination. Insets show IR camera images at t1, t2, t3 as indicated
in the time trace plot. c) Schematic representation of light penetration into the three types of
microstructure (unstructured block, aligned and shifted). From left to right the 3D model,
the cross-section and the expected light absorption of each geometry are shown. For clarity,
neighboring layers of the geometry are colorized. d) Measured thickness dependency of the
temperature distribution for the three types of microstructuring. Bulk temperature distribution
is fitted with exponential function to extract bulk extinction coefficient σblock. Temperature
distribution of aligned and shifted geometries follow an exponential trend but with 1/2 or 1/4 of
the bulk decay constant σblock, respectively.
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Addendum (Table SI2)

In the Supporting Information on page 72 we estimated a fluid shell for about 76 % of the ink’s
cross-section based on the shear stress profile for the given nozzle geometry. Further experiments
revealed that the required pressure ∆P depends on the age of the ink and the type of piston,
which might be explained by time-dependent rheologic properties and a different break-loose
and glide force during extrusion, respectively. Therefore, the fluid shell also varies for aged
and fresh samples respectively. Table 5.5 shows the updated version of the initially provided
Table 5.3.

Table 5.5: Fluid-shell estimation for two nozzles of diameter d and length L. The pressure drop
∆P corresponds to the required pressure for a steady extrusion of filaments via a pneumatic
print head (Ultimus V, Nordson) at a deposition speed of about 4 mm s−1. rgel is calculated
following equation 5.6. The gel and fluid fraction define the areal contribution of the respective
flow type to the total cross-sectional area of the nozzle.

d (µm) r = d/2 (µm) L (mm) ∆P (bar) rgel (µm) gel (%) fluid (%)
410 205 12.7 0.65-1.1 81-50 39-24 60-76
250 125 12.7 0.95-1.8 55-30 44-24 56-76

Additional Data Not Included in Publication

In chapter 5.6 we discussed that gravitational and capillary forces cause a deformation of the soft
gel when the yield stress of the material is exceeded. Moreover, we observed the deformation of a
pending filament with a diameter of 1540 µm although the yield stress of the material was higher
than the estimated capillary pressure. We addressed this discrepancy to the observation that
the tip of the filament was formed by a bended section and did not fully represent a simplified,
straight fiber with a spherical end cap which was used to calculate the capillary pressure (Figure
5.10b). In a follow-up experiment we tried to create a better representation of a straight filament
section. However, from these observation it seems that the end cap of a pending 1540 µm filament
is better described by a rectangle with rounded corners where the edges have a higher curvature
than the nozzle radius (Figure 5.21a-b). From the optical micrograph we approximate the
radius of the corners as 0.2 mm which results in an capillary pressure of about 200 Pa according
to equation 5.4 and exceeds the yield stress of 104 Pa. We assume that the rounded corners
caused the deformation of the rectangularly shaped gel segment within 24 hours of extrusion
(Figure 5.21c) in order to minimize the overall surface energy. This observation is still consistent
with the hypothesis that capillary pressure is the main driving force of deformation. Regardless
of which mechanism ultimately leads to a deformation, it should be noted that the ammonia
assisted condensation process, which is the key component of the presented 3D printing method,
prevents such drastic distortions by solidifying the gel before any shape changes can take place
(Figure 5.21d-e).

Besides, we noticed that the visibility of the pending 250 µm filament in the heptane bath
charged with Triton X-100 (Figure 5.10l-m) is worse in comparison to the other micrographs.
Therefore, we present another dataset in Figure 5.22 with improved visibility. As for the previous
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Figure 5.21: Deformation study of a straight, pending TiO2 filament extruded through a nozzle
with an inner diameter of 1540 µm. a) The shape of the extruded filament can be approximated
by a rectangle featuring rounded corners with a radius r0. The rounded corners locally cause
a higher capillary pressure than expected for a filament with a spherical end cap and drives
the deformation of the material. Optical micrographs of a pending TiO2 filament 0 hours and
24 hours after extrusion from a nozzle with inner diameter of 1540 µm into b-c) a heptane bath
d-e) an ammonia charged heptane bath, respectively. The filament is loaded with a pH indicator.

dataset, no droplet formed at the tip of the fiber which indicates that the surfactant reduces the
interfacial tension. Moreover, we also observed the formation of an intermittent fibrous coating
on the surface of the gel filament that started to form after about 1 hour, reached a maximum
thickness after approximately 8 hours (Figure 5.22b), and subsequently started to disappear
(Figure 5.22c-d). After 24 hours the fibrous coating only remained close to the exit of the nozzle
(Figure 5.22e) and vanished after 89 hours (Figure 5.22f). The formation and dissolution of the
fibrous coating remains unclear but seems to be related to the presence of Triton X-100 since
no coating was observed for surfactant-free liquid baths.

Figure 5.22: Optical micrographs of a pending TiO2 filament a) 0 hours, b) 8 hours, c) 11 hours,
d) 14 hours, e) 24 hours, and 89 hours after extrusion through a nozzle with an inner diameter
of 250 µm into a heptane bath charged with Triton X-100.

In chapter 5.3 we derived a porosity of 95 % based on an apparent density of 0.20 g cm−3 for the
TiO2 aerogel and the density of 3.9 g cm−3 for bulk TiO2. In chapter 6.6 we followed the same
protocol for the preparation of the aerogel, but calculated an apparent density of 0.25 g cm−3

which corresponds to a porosity of 94 %. We believe that the difference in porosity and density
is caused by two effects. First, the processing route requires multiple steps from nanoparticle
synthesis, ink formulation, 3D printing, solvent exchange and supercritical drying which are
prone to human influence. Especially the extent by which the wet gel is cured in the ammonia
charged liquid bath defines the shrinkage of the gel in the subsequent solvent exchange and
supercritical drying. Since the amount of ammonia is controlled by manually exchanging the
liquid bath during 3D printing, as described in chapter 5.5, the curing conditions potentially
varied for both samples and resulted in aerogels of slightly different density. To avoid such an
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effect in the future, a system which monitors and automatically adjusts the concentration of
ammonia in the printing container is needed. Second, for the calculation of the apparent density
the volume of the aerogel needed to be approximated. To this end, we measured the dimensions
of the aerogel with a caliper in chapter 5.3. During the data collection for chapter 6.6 we learned
that the measurements with a caliper depend on the user. Moreover, we noticed that the caliper
is prone to overestimate the dimension of the aerogel because the sample cannot be tightly
clamped with the measuring tips due to the brittle characteristic of the material. To obtain a
better approximation of the aerogel dimension, we decided to define the outer dimension of the
aerogel in chapter 6.6 from optical micrographs. If we assume that the caliper overestimated
the dimension of the millimeter-sized aerogel in chapter 5.3 in each direction by 100 µm, which
is less than the diameter of an individual filament in the printed object, we obtain a density
and porosity of 0.23 g cm−3 and 94 %, respectively. Independent of the measurement procedure,
the porosity is still in line with other metal oxide aerogels, which typically feature values of 80
to 99.8 %, [12] and the main conclusion concerning the 3D printing method are not affected. To
minimize the error for the determination of the apparent density, larger aerogel samples might
be investigated in the future.
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www.afm-journal.de
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adfm202270109_IFC_eonly.indd   3 11/04/22   11:16 AMFigure 5.23: Inside front cover of Adv. Funct. Mater. 2022, 32, 19. The cover shows TiO2
nanoparticle-based gels as additive-free inks for 3D printing of structured aerogels. The TiO2
gels are loaded with plasmonic AuNRs to facilitate photothermal heating of the aerogel. In
general, diverse colloidal nanomaterials can be processed into inks and 3D printed, thus giving
access to multifunctional aerogels with full control of the nano-, micro-, and macroscopic length
scales.

85





Bibliography

[1] Z. Wu, S. Yang and W. Wu, Nanoscale, 2016, 8, 1237–1259.
[2] A. R. Tao, S. Habas and P. Yang, Small, 2008, 4, 310–325.
[3] J. Chang and E. R. Waclawik, RSC Adv., 2014, 4, 23505–23527.
[4] M. A. Boles, M. Engel and D. V. Talapin, Chem. Rev., 2016, 116, 11220–11289.
[5] M. Niederberger, Adv. Funct. Mater., 2017, 27, 1703647.
[6] C. Ziegler, A. Wolf, W. Liu, A.-K. Herrmann, N. Gaponik and A. Eychmüller, Angew.

Chem. Int. Ed., 2017, 56, 13200–13221.
[7] F. J. Heiligtag, W. Cheng, V. R. de Mendonça, M. J. Süess, K. Hametner, D. Günther,

C. Ribeiro and M. Niederberger, Chem. Mater., 2014, 26, 5576–5584.
[8] P. Rusch, D. Zámbó and N. C. Bigall, Acc. Chem. Res., 2020, 53, 2414–2424.
[9] F. Matter, A. L. Luna and M. Niederberger, Nano Today, 2020, 30, 100827.

[10] M. Schreck, N. Kleger, F. Matter, J. Kwon, E. Tervoort, K. Masania, A. R. Studart and
M. Niederberger, Small, 2021, 17, 2104089.

[11] G. V. Franks, C. Tallon, A. R. Studart, M. L. Sesso and S. Leo, J. Am. Ceram. Soc., 2017,
100, 458–490.

[12] N. Hüsing and U. Schubert, Angew. Chem. Int. Ed., 1998, 37, 22–45.
[13] F. Rechberger and M. Niederberger, Nanoscale Horiz., 2017, 2, 6–30.
[14] A. Krell, P. Blank, H. Ma, T. Hutzler and M. Nebelung, J. Am. Ceram. Soc., 2003, 86,

546–53.
[15] J. Cesarano, MRS Proc., 1998, 542, 133.
[16] E. Duoss, M. Twardowski and J. Lewis, Adv. Mater., 2007, 19, 3485–3489.
[17] Q. Li and J. Lewis, Adv. Mater., 2003, 15, 1639–1643.
[18] J. Smay, G. Gratson, R. Shepherd, J. Cesarano III and J. Lewis, Adv. Mater., 2002, 14,

1279–1283.
[19] M. F. Bertino, J. Sol-Gel Sci. Technol., 2018, 86, 239–254.
[20] S. Zhao, G. Siqueira, S. Drdova, D. Norris, C. Ubert, A. Bonnin, S. Galmarini, M. Ganobjak,

Z. Pan, S. Brunner, G. Nyström, J. Wang, M. M. Koebel and W. J. Malfait, Nature, 2020,
584, 387–392.

[21] L. Wang, J. Feng, Y. Luo, Z. Zhou, Y. Jiang, X. Luo, L. Xu, L. Li and J. Feng, ACS Appl.
Mater. Interfaces, 2021, 13, 40964–40975.

[22] H. Maleki, S. Montes, N. Hayati-Roodbari, F. Putz and N. Huesing, ACS Appl. Mater.
Interfaces, 2018, 10, 22718–22730.

87



Bibliography

[23] T. Kotsokechagia, F. Cellesi, A. Thomas, M. Niederberger and N. Tirelli, Langmuir, 2008,
24, 6988–6997.

[24] F. J. Heiligtag, M. D. Rossell, M. J. Süess and M. Niederberger, J. Mater. Chem., 2011,
21, 16893–16899.

[25] A. L. Luna, F. Matter, M. Schreck, J. Wohlwend, E. Tervoort, C. Colbeau-Justin and
M. Niederberger, Appl. Catal., B, 2020, 267, 118660.

[26] X. Tang, H. Zhou, Z. Cai, D. Cheng, P. He, P. Xie, D. Zhang and T. Fan, ACS Nano, 2018,
12, 3502–3511.

[27] S. S. Nadkarni and J. E. Smay, J. Am. Ceram. Soc., 2006, 89, 96–103.
[28] S. Tagliaferri, A. Panagiotopoulos and C. Mattevi, Materials Advances, 2021, 2, 540–563.
[29] J. Lewis, Adv. Funct. Mater., 2006, 16, 2193–2204.
[30] J. E. Smay, J. Cesarano and J. A. Lewis, Langmuir, 2002, 18, 5429–5437.
[31] N. Willenbacher and K. Georgieva, in Rheology of Disperse Systems, John Wiley & Sons,

Ltd, 2013, book section 1, pp. 7–49.
[32] J. C. Conrad, S. R. Ferreira, J. Yoshikawa, R. F. Shepherd, B. Y. Ahn and J. A. Lewis,

Current Opinion in Colloid & Interface Science, 2011, 16, 71–79.
[33] A. Corker, H. C. H. Ng, R. J. Poole and E. García-Tuñón, Soft Matter, 2019, 15, 1444–1456.
[34] C. Zhu, T. Y.-J. Han, E. B. Duoss, A. M. Golobic, J. D. Kuntz, C. M. Spadaccini and

M. A. Worsley, Nat. Commun., 2015, 6, 6962.
[35] U. Schubert, in Chemistry and Fundamentals of the Sol–Gel Process, John Wiley & Sons,

Ltd, 2015, book section 1, pp. 1–28.
[36] J. Cihlář, Colloids Surf., A, 1993, 70, 239–251.
[37] K. D. Keefer, MRS Online Proc. Libr., 2011, 32, 15.
[38] A. K. Grosskopf, R. L. Truby, H. Kim, A. Perazzo, J. A. Lewis and H. A. Stone, ACS Appl.

Mater. Interfaces, 2018, 10, 23353–23361.
[39] Y. Jin, A. Compaan, W. Chai and Y. Huang, ACS Appl. Mater. Interfaces, 2017, 9, 20057–

20066.
[40] T. J. Hinton, A. Hudson, K. Pusch, A. Lee and A. W. Feinberg, ACS Biomater. Sci. Eng.,

2016, 2, 1781–1786.
[41] M. K. Hausmann, P. A. Rühs, G. Siqueira, J. Läuger, R. Libanori, T. Zimmermann and

A. R. Studart, ACS Nano, 2018, 12, 6926–6937.
[42] S. Hæreid, J. Anderson, M. A. Einarsrud, D. W. Hua and D. M. Smith, J. Non-Cryst.

Solids, 1995, 185, 221–226.
[43] B. Klemmed, L. V. Besteiro, A. Benad, M. Georgi, Z. Wang, A. Govorov and A. Eychmüller,

Angew. Chem. Int. Ed., 2020, 59, 1696–1702.
[44] O. Neumann, A. S. Urban, J. Day, S. Lal, P. Nordlander and N. J. Halas, ACS Nano, 2013,

7, 42–49.
[45] M. Gao, C. K. Peh, H. T. Phan, L. Zhu and G. W. Ho, Adv. Energy Mater., 2018, 8,

1800711.
[46] Z. Wang, Y. Liu, P. Tao, Q. Shen, N. Yi, F. Zhang, Q. Liu, C. Song, D. Zhang, W. Shang

88



Bibliography

and T. Deng, Small, 2014, 10, 3234–3239.
[47] M. Chen, Y. Wu, W. Song, Y. Mo, X. Lin, Q. He and B. Guo, Nanoscale, 2018, 10,

6186–6193.
[48] M. Zhu, Y. Li, F. Chen, X. Zhu, J. Dai, Y. Li, Z. Yang, X. Yan, J. Song, Y. Wang, E. Hitz,

W. Luo, M. Lu, B. Yang and L. Hu, Adv. Energy Mater., 2018, 8, 1701028.
[49] Y. Liu, S. Yu, R. Feng, A. Bernard, Y. Liu, Y. Zhang, H. Duan, W. Shang, P. Tao, C. Song

and T. Deng, Adv. Mater., 2015, 27, 2768–2774.
[50] T. Kong, C. Zhang, J. Lu, B. Kang, Z. Fu, J. Li, L. Yan, Z. Zhang, H. Zheng and H. Xu,

Nanoscale, 2021, 13, 4585–4591.
[51] M. Gao, P. K. N. Connor and G. W. Ho, Energy Environ. Sci., 2016, 9, 3151–3160.
[52] J. Kimling, M. Maier, B. Okenve, V. Kotaidis, H. Ballot and A. Plech, J. Phys. Chem. B,

2006, 110, 15700–15707.
[53] X. Ye, C. Zheng, J. Chen, Y. Gao and C. B. Murray, Nano Lett., 2013, 13, 765–771.
[54] J. M. Feldkamp, C. G. Schroer, J. Patommel, B. Lengeler, T. F. Günzler, M. Schweitzer,

C. Stenzel, M. Dieckmann and W. H. Schroeder, Rev. Sci. Instrum., 2007, 78, 073702.
[55] W. van Aarle, W. J. Palenstijn, J. De Beenhouwer, T. Altantzis, S. Bals, K. J. Batenburg

and J. Sijbers, Ultramicroscopy, 2015, 157, 35–47.
[56] W. van Aarle, W. J. Palenstijn, J. Cant, E. Janssens, F. Bleichrodt, A. Dabravolski,

J. De Beenhouwer, K. Joost Batenburg and J. Sijbers, Opt. Express, 2016, 24, 25129–
25147.

[57] D. Kokkinis, M. Schaffner and A. R. Studart, Nat. Commun., 2015, 6, 8643.
[58] A. M’Barki, L. Bocquet and A. Stevenson, Sci. Rep., 2017, 7, 6017.
[59] M. Caggioni, A. V. Bayles, J. Lenis, E. M. Furst and P. T. Spicer, Soft Matter, 2014, 10,

7647–7652.
[60] M. Caggioni, J. Lenis, A. V. Bayles, E. M. Furst and P. T. Spicer, Langmuir, 2015, 31,

8558–8565.
[61] P. Nikitas and A. Pappa-Louisi, J. Phys. Chem., 1990, 94, 361–370.
[62] M. Thommes, K. Kaneko, A. V. Neimark, J. P. Olivier, F. Rodriguez-Reinoso, J. Rouquerol

and K. S. Sing, Pure Appl. Chem., 2015, 87, 1051–1069.

89





6 Nature-inspired 3D structuring of TiO2 and
Au/TiO2 aerogels enables scalable
photocatalytic hydrogen production

The content of this chapter provides a proof of concept for the rational design of a hierar-
chical, nature-inspired 3D aerogel photocatalyst geometry that reaches a fivefold improvement
in the hydrogen production rate relative to the commonly utilized nanoparticle powder. The
manuscript is co-authored by Hendrik Sannemüller, Michael Jaruszewski, Daniela Pfannkuche,
and Atsushi Urakawa with Dorota Koziej as corresponding author. Paper submitted.
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6 Form Follows Function: A 3D Printed, Nature-Inspired Aerogel Photocatalyst

6.1 Abstract

Efficient mass transfer and light harvesting are essential for high photocatalytic production rates.
Here, we present a hierarchical 3D printed aerogel photoreactor that unites both aspects by tak-
ing inspiration from the light scattering in clouds during photochemical processes and from mass
transfer in leaves during photosynthesis. We combine the design-freedom of additive manufac-
turing with computational fluid dynamics and Monte Carlo simulations to guide the fabrication
of a self-supported aerogel geometry. Here, periodic 3D microstructuring enhances the intrinsi-
cally low gas permeability of a monolithic aerogel by five orders of magnitude, while maintaining
the high light harvesting efficiency of the nanoporous material. We match the macroscopic thick-
ness with the UV light penetration depth and show that the 3D aerogel of 1.1 mm thickness
improves photocatalytic hydrogen production rates relative to the powder counterpart by a fac-
tor of five from 1.3 to 6.6 µmol g−1 h−1 for TiO2 and from 30.0 to 142 µmol g−1 h−1 for Au/TiO2,
respectively. Thus, the relative photocatalytic improvement is not dependent on the materials
composition, but foremost on the design of the mass- and light transport in the 3D structure.
Ultimately, 3D printing guided by simulations enables the fabrication of upscaled photoreactors
and provides a general tool to boost the photocalytic performance of nanomaterials.

6.2 Introduction

Catalytic nanomaterials – especially for the photocatalytic conversion of solar energy into chem-
ical fuels via CO2 reduction or H2 evolution – are considered as essential building blocks in the
creation of a sustainable energy system. [1–3] While big progress on the material side was achieved
by doping, [4,5] exposing reactive crystal facets, [6,7] loading cocatalysts, [4,6,8] or tuning selectivity
in organic-inorganic hybrids, [9] technological implementation of photocatalytic nanomaterials is
still pending. [10] One reason is that for an efficient photocatalyst the nanoscopic material prop-
erties not only need to be optimized but also be well integrated into a macroscopic photoreactor
where chemical and geometrical control at multiple length scales is of great importance. [11–13]

In this regard, nature provides a blueprint for the synergy of elaborated structures and func-
tional components to accelerate the solar energy conversion during photochemical processes. [14]

Particularly light-harvesting via multiple-scattering and efficient mass transfer in hierarchical
architectures are two main characteristics commonly found in nature. [15–19] Although catalyst
designs advanced by replicating natural photocatalysts, [14,20–22] most efforts only focused on
the functional imitation of a single characteristic by tuning geometrical aspects of the photoac-
tive material either at the nano- and microscopic length scale in controlled aggregates, [23–26]

and biotemplated films, [14] or at the macroscale by processing nanomaterials into monolithic
aerogels. [27] Especially nanoparticle-based aerogels have huge potential as photocatalyst in the
gas-phase because they fully maintain the photocatalytic properties of the nanoscale building
blocks in a macroscopic body composed of an interconnected nanoporous network and a translu-
cent, light harvesting characteristic. [28,29]

Even tough aerogels provide a high number of catalytic active sites based on their large specific
surface area, bulk nanoporous materials generally suffer from a poor gas permeability. [30–33]

Thus, to unlock the full potential of an aerogel photocatalyst the integration in a light and
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mass transport optimized 3D geometry with deterministic control of the nano-, micro-, and
macroscopic length scales is essential. [12] A promising approach is the use of 3D printing which
successfully boosted mass transfer rates in heterogeneous catalysis and energy storage, but so far
has limited application for the production of solar fuels due to the opaque appearance of most
photoactive inks which prevents a simultaneous interaction of light, reactant, and catalyst on
the macroscopic scale of a 3D printed object. [11,34–36] We overcome this limitation by 3D printing
translucent TiO2 nanoparticle-based aerogels, which combine a nature-inspired hierarchical mass
transfer and light trapping characteristic in a single photocatalyst. We utilize computational
fluid dynamics and the Monte Carlo method to derive an ideal photocatalyst geometry by mod-
eling gas and photon transport in macroscopic simple-cubic (sc) and face-center cubic (fcc) 3D
lattice structures. Based on our previously reported 3D printing procedure, [37] we fabricate an
ideal 3D aerogel geometry that maintains the light harvesting capabilities of a monolithic aerogel
while offering a five orders of magnitude lower resistance to gas flow. We validate our approach
by measuring the photocatalytic hydrogen evolution from a water/methanol mixture and show
that 3D-structuring does not compromise the gas infiltration and photocatalytic performance,
despite changing from a pressure-driven to a diffusion-driven mass transport regime. Moreover,
by adjusting the thickness to the light penetration depth, we eliminate the poorly illuminated
sections of the photocatalyst and demonstrate that 3D-structured TiO2 and Au/TiO2 aerogels
outperform the powder counterpart by a factor of 5.2 and 4.7, respectively. Thus, our derived
3D aerogel geometry is not only an universal quantity to boost the photocatalytic performance
independent of material composition, but more importantly achieves an effortless utilzation of
the nanoporous photocatalyst on a scalable 3D printing platform.

6.3 Results and Discussion

We create nature-inspried aerogels by 3D printing gelled TiO2 and Au/TiO2 nanoparticles ac-
cording to the procedure we reported elsewhere. [37] Here, the 3D printing process replicates the
microscopic mass transfer highways in hierarchically architectured leaves during photosynthe-
sis, [19] whereas the gelled nanoparticles act as scattering centers and trap UV light similar to
water droplets in clouds during atmospherical photochemical processes for enhanced absorption
efficiencies, [17] as illustrated in Figures 6.1a-b. Figures 6.1c-e show an optical photograph and
scanning electon microscopy images of a well-defined 3D printed TiO2 aerogel that spans seven
orders of magnitude, from the nanometer to centimeter length scale. The 3D printed aerogel
appears cloudy but translucent and features lateral dimensions of 1.5 cm and a thickness of
2 mm. The filaments have diameter of about 200 µm and each consists of a nanoporous, finely
branched network of nanoparticles that formed during the ink gelation process. Although a
cloudy appearance and a hierarchical structuring can readily be imitated with our 3D printing
process, we need to go one step further and engineer the macro- and microscopic geometry
towards highest photocatalytic activity. We utilize a microstructuring approach based on sc
and fcc unit cells to find a sweet spot between sufficient mass transport and maximum light
utilization in a macroscopic aerogel.
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6 Form Follows Function: A 3D Printed, Nature-Inspired Aerogel Photocatalyst

Figure 6.1: Nature-inspired photocatalyst for efficient light and mass transport. a) Schematic
illustration of the natural photochemical design principles such as light trapping via scattering
at cloud water droplets or facilitated mass transport via hierarchical architectures in leaves. b)
Both natural design principles can be recreated in an artificial photocatalyst via 3D printing
of gelled TiO2 nanoinks. c) Optical micrograph of the translucent, cloudy 3D-printed TiO2
aerogel with lateral dimensions of 1.5 cm. d-e) Scanning electron microscopy images reveal that
the macroscopic aerogel consists of an array of nanoporous filaments with diameters of about
200 µm.
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Figures 6.2a-b show 3D renderings of a sc-structured and fcc-structured aerogel, respectively. For
both geometries, each layer consists of an array of parallel filaments where the center-to-center
spacing is twice the filament diameter and alternating layers are orientated 90◦ to each other.
Depending on the type of structuring, consecutive layers of same orientation are either aligned
to yield a sc-geometry or shifted by one filament diameter for a fcc-geometry. Upon illumination
several light-matter interactions such as refraction, specular reflection, scattering and absorption
can occur. Refraction and specular reflection are neglected due to the low refractive index of
the aerogel, as calculated in the Supporting Information. Thus, the light transport is purely
defined by scattering and absorption processes in the 3D aerogel. We extract the scattering and
absorption coefficients of the TiO2 aerogel from experimental UV-vis data by solving the inverse
problem of the radiative transfer equation (RTE) as described in section 6.6.1 of the Supporting
Information. [38] We identify Rayleigh scattering (Figure 6.2c) and electron excitation from the
valance to the conduction band (Figure 6.2d) as the main light redirection and absorption
mechanism in the TiO2 aerogel, respectively. We use the derived optical coefficients and the
Monte Carlo method to calculate the number of absorbed photons for unstructured, sc-, and
fcc-structured aerogels with thicknesses in the range of 0 to 3.5 mm, as shown in Figure 6.2e.
We see that the unstructured and fcc-structured aerogel reach similar absorption values with
increasing sample thickness, whereas the maximum absorption for the sc unit cell is about 26 %
lower. We address the lower light utilization of the sc structure to the direct line of sight which
is a result of the filament stacking sequence and allows light to pass the aerogel without being
absorbed. For the fcc structure we prevent a direct line of sight by shifting consecutive layers
of same orientation by one filament diameter which results in similar levels of light utilization
as for the unstructured sample.
With the microstructure in place, the macroscopic light propagation is purely defined by the
nanoscopic optical characteristic of the ink. To reveal the impact of the Rayleigh scattering
process on the light distribution, we performed time-resolved Monte Carlo simulations for a
Rayleigh scattering and non-scattering sample shown in Figures 6.2f-g and 6.2h-i, respectively.
In absence of any scattering, the infinitely thin pencil beam, which is launched at the top of
the fcc-structured aerogel, just passes through the sample without any redirection of the photon
path (Figures 6.2h-i). In contrast, Rayleigh scattering drastically spreads the incoming light
and enables a more uniform light distribution on a macroscopic scale (Figures 6.2f-g). Moreover,
when comparing the photon flux distribution after 1 ns in Figures 6.2g-i, a longer residence time
of the photons becomes apparent in presence of scattering. Thus, the light is trapped in the
aerogel in a similar fashion as in clouds during natural photochemical processes which enhances
the probability of absorption.
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Figure 6.2: Light transport through a 3D printed TiO2 aerogel is defined by light-matter
interaction from the macro to the nanoscale. Schematic illustration of the macroscopic 3D
printed aerogel where the microscopic filaments are arranged in a) a simple-cubic (sc) or b)
a face-centered cubic (fcc) unit cell. Within the nanoporous TiO2 network c) light scattering
and d) light absorption processes take place. e) Calculated absorption for an unstructured, a
fcc-structured, and a sc-structured TiO2 aerogel microlattice with thicknesses in a range of 0
to 3.5 mm according to 3D mesh-based Monte Carlo simulations. Simulated photon flux in a
fcc-structured aerogel 0 and 1 ns after launching a collimated, infinetely-thin pencil beam with a
wavelength of 375 nm at the top of the geometry in f-g) presence and h-i) absence of scattering,
respectively.
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Photocatalytic processes not only require effective utilization of the incident light, but also
efficient mass transport to the illuminated catalyst surface. To this end we take advantage of
a leaf-type hierarchical architecture in sc- and fcc-structured aerogels, where the gas enters the
macroscopic object through microchannels and then distributes into the nanoporous filaments
to perform photocatalytic reactions. Computational fluid dynamics simulations in Figures 6.3a-
b reveal that such a hierarchical flow characteristic can only be achieved by surrounding the
microstructured aerogel geometry with continous walls which can be easily added during the
3D printing process. Moreover, only with surrounding walls a pronounced interaction with
the stronger illuminated section at the top of the photocatalyst becomes feasible. Besides,
the multiscale hierarchical geometry of the sc- or fcc-structured aerogel facilitates the pressure
driven mass tranport compared to its unstructured counterpart. We evaluate the gas transport
properties in a custom flow-through reactor by measuring the pressure drop of nitrogen gas across
a fcc-structured sample in the flow range of 25 to 225 mL min−1, as illustrated in Figure 6.4c.
In Figure 6.4d we show that the fcc-structured aerogel exhibits a pressure drop of less than
1 Pa mm−1 which agrees well with the predicted pressure drop obtained by computational fluid
dynamics simulations. Calculations of an sc-structured aerogel forecast a similar pressure drop
as for the fcc-pattern due to similar channel dimensions. In contrast, an unstructured sample,
which represents the geometry of a conventionally casted aerogel, exceeds the upper pressure
limit of 125 Pa for the used pressure sensor and calculations following Darcy’s law predict a
pressure drop of more than 1 · 105 Pa mm−1. The reason for the five orders of magnitude higher
pressure drop for the unstructured aerogel relies on the mean free path of the nitrogen gas
molecule of about 59 nm which is higher than the aerogel’s average pore size of 20 nm. [39]

Thus, the transport is dominated by molecule-wall interactions and high pressure differences
are needed to squeeze the gas through the nanoporous network. In contrast, the sc- and fcc-
structured sample offers 400 channels per cm2 with dimensions of about 0.2 mm, which allows
the gas molecules to flow freely and laminar through the 3D geometry, as derived in Section 6.6.3
of the Supporting Information. Nevertheless, squeezing the gas through the nanoporous network
of an unstructured aerogel has the advantage that the reactants readily permeate the catalyst.
However, this is only the case if the high pressure drop and resulting mechanical load do not lead
to any cracking and gas channeling. [12] For the 3D structured aerogel, reactants are no longer
forced through the nanoporous network but need to diffuse from the channels into the aerogel
to be converted during the photocatalytic process. Here, internal mass transfer limitations can
occur if the reaction is much faster than the diffusion to the center of the filament. In section 6.6.2
of the Supporting Information we derive an estimation for the internal mass transfer and conclude
that for a filament diameter of 200 µm no internal mass transfer limitations are present and that
the whole catalyst participates in the reaction. Therefore, 3D printing not only allows us to
adapt the gas flow to the reactor geometry, but also enables a reliable mass transfer, minimized
energy consumption and a safer operation due to a lower pressure drop without compromising
the gas permeation. We learned that the type of structuring is not as relevant for the pressure
driven mass transport as for the light utilization and that a drastically lower flow resistance can
be achieved as long as some type of structuring is present.
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Figure 6.3: Effect of 3D-structuring on the mass transport characteristic of TiO2 nanoparticle-
based aerogels. Simulated velocity profiles of a sc-structured aerogel a) without and b) with
a surrounding wall indicate that the geometry needs to be enclosed for a good interaction of
the gas stream with the catalyst. c) Schematic drawing of a custom flow-through reactor that
was utilized to evaluate the pressure drop of an unstructured and structured aerogel. For an
unstructured and 3D-structured aerogel mass transport is dominated by Knudsen flow through
the nanoporous medium and free, continuum flow through the microscopic channels of the 3D
architecture, respectively. d) Measured and calculated pressure drops of unstructured and 3D-
structured aerogels for flow rates in a range of 25 to 225 mL min−1.
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Combining the insights from the photon and mass transport simulation reveals that the fcc
structure is most promising for a photocatalytic application, since we achieve similar levels of
light utilization as an unstructured aerogel with a five order of magnitude lower resistance to gas
flow. With a photon and mass transport optimized microstructure in place, we can now compare
the performance of a fcc-structured, unstructured and powdery photocatalysts for the hydrogen
formation from a helium gas stream saturated with a water/methanol mixture, as shown in Fig-
ure 6.4a. The reactor reflects the aspect ratio of the 3D printed aerogels and is designed in a way
that the gas stream and photons penetrate the sample from the top. The evolved hydrogen is
detected via gas chromatography every 29 min. Although the synthesis of TiO2 nanoparticles is
considered as ligand-free, [40] solvents are involved during the processing of the 3D printed aero-
gels that remain attached to the surface of the nanoparticles after supercritical drying. These
organic species may interfere with the photocatalytic hydrogen production process, where their
decomposition during UV illumination result in misleading amounts of detected hydrogen or
block catalytic active sites. [41] We apply a UV pretreatment in air prior each measurement dur-
ing which an online analysis via gas chromatography reveals that organic species decompose
within 15 hours of illumination (Figure 6.5). Moreover, performing the catalytic reaction in
absence of water and methanol subsequent to UV cleaning fails to produce any hydrogen. Thus,
we conclude that the UV cleaning process effectively removes organic residues from the catalyst
surface and that the hydrogen formation stems from the photocatalytic conversion of methanol
and water on the TiO2 aerogel. In presence of water/methanol we observe a strong formation
of hydrogen, which declines within a couple of hours, before reaching a steady-state value (Fig-
ure 6.4b). This transient activity is a common effect for TiO2 photocatalysts in the gas-phase
and is generally attributed to the formation of intermediate surface species which are partly
occupying the active sites. [42–47] The transient activity recovers after performing a second UV
cleaning process, as shown in Figure 6.6. We take the average of the steady-state values to eval-
uate the absolute amount of evolved hydrogen for fcc-structured TiO2 aerogels with thicknesses
in the range of 0.7 to 3.0 mm. In the inset of Figure 6.4b we see that the steady-state hydrogen
evolution of the fcc-structured TiO2 aerogel reaches 30 ppm for a thickness of 3.0 mm and follows
a similar thickness dependence as the calculated light absorption from 3D mesh-based Monte
Carlo simulations. Compared to an unstructured aerogel for a similar light absorption of 88 %,
the absolute amount of evolved hydrogen is almost identical (Figure 6.7), which indicates that
the gas infilitration and photocatalytic performance is not compromised despite changing from a
pressure to a diffusion driven process which no longer squeezes the gas through the nanoporous
aerogel.
Even though a thicker aerogel results in a higher absolute amount of evolved hydrogen (Fig-
ure 6.4b), the increase diminishes due to the exponential decrease of light intensity. Therefore,
tripling the thickness of a fcc-structured TiO2 aerogel from 1 to 3 mm, only rises the absolute
amount of hydrogen by a factor of about 1.8. To enhance the utilization of the photocatalyst,
an adjustment of the thickness for the most effective illumination is needed. We describe the
effective use of the photocatalyst by calculating a mass-normalized hydrogen production rate
for fcc-structured and unstructured aerogels, and a nanoparticle powder which is still one of the
most employed approaches to benchmark a photocatalyst. [12] We present the mass-normalized
hydrogen production rates in Figure 6.4c. For identical outer dimensions and a thickness of
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2.1 mm, the fcc-structured TiO2 sample has a 25 % higher rate than the unstructured coun-
terpart. We address this increase to the added porosity of the 3D printed microchannels which
leads to an improved illumination along the catalyst thickness. Further, by varying the number
of printed layers, we can optimally match the thickness of the fcc-structured aerogel to the light
intensity distribution. In this way, decreasing the thickness from 2.1 to 1.1 mm enhances the
hydrogen production rate by 41 % and we achieve a total improvement by a factor of 2.3 relative
to the unstructured TiO2 aerogel. Compared to same amount of TiO2 nanoparticle powder the
hydrogen production rate of the 1.1 mm thick fcc-structured aerogel is 5.2 times higher which
highlights the benefits of 3D structuring and results from combining an efficient light utilization
and a facile gas infiltration with the high surface area of a nanoporous solid.
Due to the modular ink design principle, pristine TiO2 gels can also be loaded with other nano-
materials such as Au nanoparticles via cogelation. We show the hydrogen production rate of a
fcc-structured Au/TiO2 aerogel of 1.1 mm thickness and Au/TiO2 powder in Figure 6.4d. Gen-
erally, we observe that the hydrogen production rates of Au decorated TiO2 feature no transient
activity and are about 20-times higher than pure TiO2 due to less electron hole recombinations
and a reduced activation barrier for hydrogen formation. [8,48,49] Apart from the material-specific
improvement, the mass normalized hydrogen production rate of the fcc-structured Au/TiO2
aerogel again rises nearly fivefold by a factor of 4.7. We adress the slightly lower enhancement
relative to the factor of 5.2 for pure TiO2 to the reduced light penetration depth owing to the
additional light absorption of Au nanoparticles. The similarity of both values indicates that our
microstructuring approach is a universal, geometric tool and that comparable improvements can
be expected for other photocatalytic materials than TiO2 or Au/TiO2 when processed in the
form of a fcc-structured aerogel. Such an optimized geometry can eventually be used for lateral
upscaling of the photoreactor which maintains the mass-normalized production rates despite
higher catalysts loadings. Nevertheless, for other materials with drastically different optical
properties an adjustment of the 3D aerogel thickness is needed to compensate for the varying
light penetration depths.
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Figure 6.4: Effect of 3D-structuring on photocatalytic hydrogen evolution in the gas-phase.
a) Schematic representation of the custom-made continuous-gas-flow reactor. Before each pho-
tocatalytic measurement, the samples are illuminated with UV light in a steady air stream to
remove any organic residue from the catalyst surface. For the photocatalytic measurement, a he-
lium gas stream is regulated with a mass flow controller and saturated with water and methanol
vapor. The gas stream enters the reactor at the top and passes through the sample while being
illuminated with a UV LED. Following that, the gas stream containing reactants and products
of the photocatalytic reaction are directed to a gas chromatograph for the quantification of
evolved hydrogen. b) Absolute hydrogen evolution versus time for fcc-structured TiO2 aerogels
with thicknesses in the range of 0.7 to 3.0 mm. The photocatalyst features a transient activity
which declines within a couple of hours into a steady-state value. The inset shows the average
and standard deviation of the steady-state region, and the calculated light absorption form 3D
mesh-based Monte Carlo simulations plotted versus the sample thickness. c) Mass-normalized
hydrogen production rate versus time for TiO2 powder, an unstructured TiO2 aerogel of 2.1 mm
thickness, and fcc-structured TiO2 aerogels of 2.1 and 1.1 mm thickness, respectively. The inset
shows the hydrogen production rate relative to TiO2 powder. d) Mass-normalized hydrogen pro-
duction rate versus time for a fcc-structured Au/TiO2 aerogel of 1.1 mm thickness and Au/TiO2
powder. All samples feature lateral dimensions of about 1.5 cm to obtain a similarly illuminated
surface area.
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6.4 Conclusion

We demonstrate a versatile platform of 3D printing and computer-aided device engineering to
design a TiO2 nanoparticle-based aerogel photocatalyst with deterministic control along the
nano-, micro-, and macroscopic length scales. We show that the nature-inspired light trap-
ping and mass transfer characterisitc of the 3D printed aerogels are effective tools to uniformly
distribute photons and reactants throughout the macroscopic, microstructured sample. By com-
putational fluid dynamics and Monte Carlo simulations we identify a fcc unit cell as the ideal
photocatalyst microstructure since it maintains similar levels of light utilization as an unstruc-
tured aerogel combined with a five order of magnitude lower resistance to gas flow. We take
the hydrogen evolution from a water/methanol saturated gas stream as an example and demon-
strate that 3D printing permits a most effective use of the catalyst by tuning the macroscopic
thickness for the light penetration depth. In this way, the mass normalized hydrogen evolution
rate for the 3D TiO2 aerogel raises by a factor of 5.2 in respect to TiO2 powder. We indi-
cate that the 3D printing approach is not limited to pure titania and that a similar five-folded
improvement can be achieved by 3D structuring a Au/TiO2 aerogel. Thus, we recognize the
fcc aerogel architecture as an universal parameter which combines an effortless gas permeation
and light harvesting with the high surface area of a nanoporous solid to boost the performance
of any photocatalyst independent of material composition. Ultimately, the combination of a
digital fabrication technique with a computer-aided design scheme creates a perspective for ad-
vanced aerogel photocatalysts architectures. We believe that such an interdisciplinary approach
is essential and provides a great platform for engineers and scientists to design, optimize, and
implement innovative aerogel photocatalysts for a variety of photochemical processes.

6.5 Experimental Section

Materials: Acetonitrile (99.95 %), diethyl ether (≥99.9 %), ethanol (EtOH, anhydrous,
≥99.97 %) were purchased from VWR. Ammonium hydroxide solution (28.0–30.0 % NH3 ba-
sis), benzyl alcohol (anhydrous, 99.8 %), gold(III) chloride trihydrate (>99.9 %), poly(methyl
methacrylate) (PMMA, average Mw = 120000), poly(vinylpyrrolidone) (PVP, average
Mw = 40000), sodium borohydride (NaBH4, 99 %), titanium(IV) tetrachloride (TiCl4, 99.9 %
trace metal basis) were purchased from Sigma Aldrich. n-heptane (95 %) was purchased from
Alfa Aesar. Liquid CO2, helium (purity 5.0) were purchased from Westfalen. Hydrogen (purity
5.0) was purchased from Linde. Nitrogen (purity 6.0) and synthetic air (hydrocarbon free) were
purchased from SOL Deutschland GmbH. Calibration gases for quantification of hydrogen were
purchased from Air Liquide Deutschland GmbH. All chemicals were used as received without
further purification.

TiO2 Synthesis: TiO2 nanoparticle synthesis was adapted from a previously published proto-
col. [40] In a argon-filled glovebox, 40 mL of benzyl alcohol were added to a 100 mL round bottom
flask. Next, the flask was closed with a stopper, removed from the glovebox, and transferred
to an oil bath set to 80 ◦C while stirring and keeping the flask closed. In the meantime, 2 mL
of TiCl4 was dropwise added to a 50 mL round bottom flask containing 10 mL of EtOH while
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stirring. After heating the benzyl alcohol for 10 min, the transparent yellow TiCl4/EtOH solu-
tion was swiftly added. The obtained solution was heated for 24 h while keeping the flask open.
After that, the flask was immersed into an ambient water bath to quench the reaction. Next,
the suspension was washed with diethyl ether (≈4.7 mL per mL dispersion) by three dispersion-
centrifugation cycles (1160 RCF, 5 min, room temperature, Universal 320 centrifuge, Andreas
Hettich GmbH & Co. KG). Afterwards, the supernatant was removed by decantation and the
vial was loosely covered with its cap for slow evaporation of the remaining solvent. Finally, the
dried precipitate was mortared to yield 1 g of a white powder.

Ink Formulation: Inks for 3D printing were formulated according to a previously reported pro-
cedure, but additionally filtered with a 0.2 µm nylon syringe filter (KC92.1, Carl Roth) prior
gelation. [37] TiO2 inks were loaded with Au by adapting a previously published protocol. [50]

HAuCl4 (16 mM) and NaBH4 (132 mM) stock solution were prepared by dissolving the salts in
acetonitrile which was degassed beforehand by purging with nitrogen gas for 15 min. Next, 1 mL
of an aqueous, degassed TiO2 dispersion (241 mg mL−1) and 384 µL of the HAuCl4 stock solution
were added to a vial. After 1 min, 116 µL of freshly prepared NaBH4 stock solution was quickly
injected to the vigorously stirred solution. After 30 min of stirring at room temperature, the
inks were stored in a refrigerator prior gelation. For gelation we applied the same procedure as
described above for neat TiO2 inks. We determined a Au loading of 0.9 wt. % for the Au/TiO2
aerogel by inductively coupled plasma mass spectrometry (ICP-MS, Agilent 7700 series).

3D Printing: For 3D printing tapered dispensing tips with an inner diameter of 250 µm from
Vieweg GmbH were used. The 3D printing process is described in more detail in a previously
published protocol. [37]

Photocatalysis: The photocatalytic hydrogen evolution from aerogels and powders was analyzed
using a custom-made continuous gas flow reactor at room temperature and atmospheric pressure
as shown in Figure 6.2a and Figure 6.8. The weights, absolute amounts of hydrogen, and the
mass normalized hydrogen production rates of the catalysts are listed in Table 6.1. The self-
supporting aerogels were fixed inside the reactor with grease to avoid bypass of the gas-stream.
The loose powder was spread on a filter paper which was sealed in the same way as the aerogel.
The powder was obtained by precipitating and drying a nanoparticle dispersion before inducing
gelation. The viewport was sealed with a FPM75 O-ring. All connections were made with
stainless steel tubing. Gas flows were adjusted using mass flow controllers (Bronkhorst). The
outlet of the reactor was connected to a gas chromatograph (Agilent 8860) equipped with a
deans-switch which directs the eluent from the PoraPLOT U (25 m x 0.32 mm x 10 µm) column
either to a series of thermal conductivity and flame ionization detector or to a series of a HP-
Plot 5A (30 m x 0.32 mm x 25 µm) column and a helium ionization detector. The hydrogen
signal was calibrated with calibration gases containing defined amounts of hydrogen. The gas
chromatograph enables sample acquisition every 29 min. Before each measurement, the samples
were UV cleaned in the reactor for 24 h at room temperature in a continuous flow of synthetic air
at a flow rate of 5 mL min−1 and UV illumination with a 200 W Hg/Xe arc lamp (66984-200HX-
r1, Newport) equipped with a water filter (61945, Newport) to remove Infrared (IR) light from
the light source. Gas chromatograph measurements were performed to monitor the cleaning
process. Next, helium was bubbled through a custom-made stainless-steel saturator filled with
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water and methanol (1:1 v/v) to saturate the gas-stream with water and methanol vapor. Before
light illumination, the flow rate was set to 20 mL min−1 to remove oxygen residues in the tubing
and reactor. Next the flow rate was decreased to 5 mL min−1 and the sample was illuminated
with a high-power LED (M375L4, Thorlabs) with an emission peak at 375 nm. The output of
the LED was collimated with an aspheric condenser lens (ACL2520U-DG6-A, Thorlabs) and
illuminated the whole sample area. The output power was measured with a photodiode power
sensor (S120VC, Thorlabs). For this, the same distance between the light source and sensor as
between the light source and sample was used. For the photocatalytic experiments the power
of the LED was set to 116 mW cm−2 and was controlled via a custom-made electronic circuit
consisting of a power supply, an LED driver (LDD-1500H, Mean Well), and an Arduino Nano.
Each sample was measured twice for at least 24 hours to obtain statistically representative data.
Control experiments were carried out with an empty reactor in a water/methanol saturated
helium gas stream, and with an TiO2 aerogel sample inside the reactor in a dry helium gas
stream and no hydrogen evolution was observed.

Computational Modeling: For photon transport in 3D structured geometries tetrahedral meshes
were generated using the MATLAB based program Iso2mesh. [51] For computing reasons the
mesh represents a small section of the periodic geometry. In detail, the number of filaments per
layer were reduced from 39 to 8 for the structured samples. Moreover, the dimensions of the
unstructured geometry were scaled to achieve a similar optical thickness in lateral direction than
for the structured geometries. The generated meshes were used to perform 3D Monte Carlo light
transport simulations with MMCLAB. [52] The optical parameters were extracted from solving
the inverse problem of the RTE and UV-vis integrating sphere measurements, as described in
section 6.6.1 of the Supporting Information. The light source was either a pencil beam or a
circular disk source with a diameter of twice the filament diameter. For each calculation at
least 50000 photons were used. We verified mesh independence by calculating the absorption of
a 3.5 mm thick fcc-structured aerogel for three different mesh sizes of 5.1, 8.7, and 14 million
elements. The calculated absorption varied by less than 0.1 % and the mesh featured a mean
Joe-Liu mesh quality metric of 0.8. [53] Computational fluid dynamics simulations were performed
with the ’Free and Porous Media Flow’ Interface of COMSOL Multiphysics software (COMSOL
5.4). Computations were performed on a computing cluster (4xAMD EPYC 7302 processors,
available RAM: 2060.17 GB). Mesh convergence was verified for three different mesh sizes with
2.1, 2.4, and 5.2 million elements, respectively. The pressure drop calculations for the three
meshes varied by less than 1.3 %. For a more detailed description of the simulations, we refer to
section 6.6.3 of the Supporting Information.

Characterization: The dimensions of the sample were determined from optical micrographs, and
the mass was measured using a microbalance (LA 254i, VWR). The density of the samples was
calculated from the measured mass and dimensions. Scanning electron microscopy images were
taken with a Regulus 8220 (Hitachi High Technologies Corp., Japan). N2-Physisorption mea-
surements are shown in Figure 6.10 and were performed at 77 K with a Quantachrome Autosorb
6-MP (Anton Paar QuantaTec Inc.). The specific surface area and pore size were determined
via the Brunauer–Emmet–Teller (BET) method and density functional theory (DFT) analysis,
respectively. For DFT analysis a Non Local DFT (NLDFT) calculation model for nitrogen at
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77 K using the equilibrium branch was applied and cylindrical pores in silica were assumed.
Prior to measurement, samples were degassed at 100 ◦C for 24 h. Powder X-ray diffraction mea-
surements are shown in Figure 6.8 and were performed on a Bruker D8 Discovery using Cu-Kα

X-ray radiation. UV–vis spectra were recorded using an Agilent Cary 5000 spectrophotometer
equipped with a 150 mm integrating sphere. Pressure drop experiments were performed in a
custom-designed flow cell, as shown in Figure 6.4a. The pressure drop was measured with a
differential pressure sensor (SDP810-125Pa, Sensirion) with a detection range of 0 to 125 Pa.
The edges of the 3D printed aerogel sample were sealed with grease, and flow rates between 0
to 200 mL min−1 of nitrogen gas were used.
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6.6 Supporting Information

Figure 6.5: Peak areas at retention times of 12.1 and 14.4 min measured with the flame
ionization detector of the gas chromatograph during UV cleaning. Since retention times are
close to 14.2 min of pure ethanol, which is used as a solvent during sample preparation, we
believe that detected compounds are some chemically related species that formed during the
oxidative UV cleaning process.
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Figure 6.6: Hydrogen evolution over time during two photocatalytic cycles for an exemplary fcc-
structured TiO2 aerogel. Before each cycle, a UV cleaning procedure is applied by illuminating
the sample with UV light in a continuous stream of synthetic air. We observe that the transient
activity recovers after UV-cleaning. This underlines that the transient is caused by some surface
species, which formed during the catalytic process and are removed during UV cleaning, and
not by some irreversible structural degradation of the catalyst. This is further supported by
the fact that the specific surface area and pore size distribution remain nearly unaffected by the
catalytic process, as shown in Figure 6.10 and Table 6.2.
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Figure 6.7: Absolute amount of evolving hydrogen over time for a fcc-structured and an un-
structured TiO2 aerogel of 3.0 and 2.1 mm thickness, respectively. The data of each sample
show the average of two consecutive measurements. The samples feature different thicknesses
to achieve a similar level of light absorption of 86 and 87 % for the fcc and unstructured TiO2
aerogel, respectively (Figure 6.2e). We observe that the fcc and unstructured sample feature
a similar hydrogen evolution of 30.0 ± 2.1 ppm and 30.0 ± 6.5 ppm, respectively. b) Simulated
fluid velocity profile of an unstructured TiO2 aerogel placed in the inlet of the reactor. The fluid
tends to take the lowest path of resistance and because of the low permeability partly bypasses
the better illuminated section of the unstructured aerogel at the top by flowing through the gap
between the aerogel and the wall of the inlet and entering the aerogel at the side. This effect
might lead to a slightly lower utilization of the catalyst for the unstructured TiO2 aerogel, since
no bypass of gas occurs for an fcc-structured aerogel (Figure 6.3b).
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Table 6.1: Weight, absolute amount of evolved hydrogen, and calculated hydrogen production
rate of various TiO2 and Au/TiO2 photocatalysts. The data for the hydrogen evolution and
production rate of the TiO2 powder were filtered as described in Figure 6.9.

sample weight
(mg)

hydrogen evolution
(ppm)

hydrogen rate
(µmol g-1 h-1)

TiO2 powder 32.5 3.4 ± 0.2 1.30 ± 0.08
TiO2 fcc-structured aerogel
(thickness: 0.7 mm)

23.8 14.0 ± 1.5 7.3 ± 0.8

TiO2 fcc-structured aerogel
(thickness: 1.1 mm)

32.5 17.0 ± 1.1 6.6 ± 0.4

TiO2 fcc-structured aerogel
(thickness: 1.6 mm)

52.9 20.0 ± 2.0 4.8 ± 0.5

TiO2 fcc-structured aerogel
(thickness: 2.1 mm)

63.9 24.0 ± 0.8 4.7 ± 0.1

TiO2 fcc-structured aerogel
(thickness: 2.5 mm)

83.1 27.0 ± 2.7 4.0 ± 0.2

TiO2 fcc-structured aerogel
(thickness: 3.0 mm)

98.8 30.0 ± 2.1 3.8 ± 0.3

TiO2 unstructured aerogel
(thickness: 2.1 mm)

103.9 30.0 ± 6.5 3.6 ± 0.8

Au/TiO2 powder 31.8 77.0 ± 8.7 30.0 ± 3.4
Au/TiO2 fcc-structured aerogel
(thickness: 1.1 mm)

31.8 362 ± 26 142 ± 10

Table 6.2: Average specific surface area and pore size of three TiO2 aerogels derived from
N2-Physisorption measurements before and after catalytic experiments. Exemplary nitrogen
isotherms are shown in Figure 6.10.
sample specific surface area (m2 g-1) pore size (nm)
before catalysis 478 ± 45 21.6 ± 1.1
after catalysis 494 ± 22 17.0 ± 2.7
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Figure 6.8: Custom-made gas flow photoreactor. a) Technical drawing of the photoreactor
and b) photograph from the top showing a 3D printed aerogel mounted in the sample holder
of the reactor. Exemplary time traces of c) the hydrogen evolution, d) the irradiance of the
LED, and e) the detected amounts of water (H2O) and methanol (MeOH). Since the quantities
in d) and e) are nearly constant, the decrease of evolved hydrogen within the first five hours of
illumination is not related to a potential change of light intensity or educt concentration in the
gas stream. We address the transient hydrogen activity to the formation of some intermediate
organic species on the TiO2 surface, as discussed in chapter 6.3.
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Figure 6.9: Hydrogen production rate versus time for 32.5 and 66.7 mg of TiO2 nanoparticle
powder and the calculation of a relative hydrogen production rate of an fcc-structured TiO2
aerogel with respect to TiO2 powder. a) shows the time trace for 3 measurements and the average
which was measured for 32.5 mg of TiO2 powder. Here, the data is superimposed with randomly
appearing spikes. We believe that these artefacts are caused by the low absolute amounts of
evolved hydrogen which is close to the detection limit of the gas chromatograph. Therefore,
small fluctuations in the baseline signal of the detector cause an unreliable peak identification
in the recorded chromatograph. In accordance with the analysis of the fcc-structured aerogels
in Figure 6.4, we derive an average and standard deviation for the data from 9 hours onwards
to rule out any contribution from a potential transient activity. For the raw data we calculate a
rate of 1.4±0.4 µmol g−1 h−1. b) shows the time traces after manually removing the spikes from
the dataset and we obtain a rate of 1.30 ± 0.08 µmol g−1 h−1 for the filtered data. c) shows the
time traces of 2 measurements and the average for 66.7 mg of TiO2 nanoparticle powder. Here,
the absolute amounts of hydrogen are well above the detection limit of the gas chromatograph
due to the higher amount of catalyst and no spikes appear because of a more reliable peak
identification. We derive a rate of 1.30 ± 0.05 µmol g−1 h−1. Since the rate matches well with
the filtered data in b), we believe that the rate of 1.3 µmol g−1 h−1 describes the actual rate of
the TiO2 nanoparticle powder. d) shows the relative rate of an fcc-structured TiO2 aerogel with
respect to the rates derived for TiO2 powder in a-c). We observe a fivefold improvement for all
the TiO2 powder rates.
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Figure 6.10: a) Exemplary nitrogen isotherm and b) derived pore size distribution for an TiO2
aerogel before and after the catalytic experiment.The average specific surface area and pore size
of three samples are listed in Table 6.2.

Figure 6.11: XRD measurement reveals that the 3D printed aerogels consist of crystalline
anatase TiO2 nanoparticles. For phase identification, a reference of TiO2 anatase is shown
(ICSD-9852). The average crystallite size of the TiO2 nanoparticles is about 4 nm, calculated
from the full width at half maximum of the (101) reflex using the Scherrer equation.
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Apparent Quantum Efficiency

We calculate the apparent quantum efficiency (AQE) according to the following equation:

AQE [%] = 2 · nH2

nλ
· 100 (6.1)

where nH2 and nλ specify the rate of evolved hydrogen molecules and rate of incident photons per
second, respectively. The rate of incident photons was calculated from the measured irradiance
I (J s−1 cm−2), the cross-sectional sample area A (cm2), and the energy of a single photon Eλ

(J) at 375 nm as:
nλ = I · A

Eλ
(6.2)

The photon energy Eλ was obtained from the Planck-Einstein relation:

Eλ = hc

λ
(6.3)

where h is Planck’s constant, c is the speed of light in vacuum, and λ is the wavelength of the
LED (375 nm).

Table 6.3: Rate of evolved hydrogen molecules nH2 and AQE for TiO2 powder, and TiO2 and
Au/TiO2 aerogels. All samples were illuminated with a rate of 4.93 · 1016 photons s−1.
sample nH2 (s-1) AQE (%)
TiO2 powder 1.44 · 1013 0.0586
TiO2 unstructured 6.32 · 1013 0.257
TiO2 fcc-structured 6.32 · 1013 0.257
Au/TiO2 fcc-structured 1.12 · 1015 4.54
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6.6.1 Optical Characterization

We calculate the absorption and scattering coefficient of 3D printed TiO2 aerogels by solving the
inverse problem of the 1D RTE, as described previously. [38] To this end, we first measure the UV-
vis transmittance and reflectance spectra of an unstructured TiO2 aerogel using an integrating
sphere. In a second step, we extract the absorption and scattering coefficients by comparing the
experimental spectra with calculated total transmittance and diffuse reflectance data predicted
by the RTE. Figure 6.12 shows the measured total transmittance and diffuse reflectance spectra
of a TiO2 aerogel. The sample was illuminated with a collimated light beam.

Figure 6.12: Measured total transmittance and reflectance spectra of a TiO2 aerogel. The inset
illustrates the experimental setup. For reflectance measurements the aerogel was mounted on a
photon trap within the sphere.

We adapt the sample geometry of the experimental measurements for the RTE calculation, as
illustrated in Figure 6.13. A collimated light beam hits the plane-parallel aerogel layer at z = 0
in normal direction (θ = 0◦). As the light propagates through the aerogel, scattering and
absorption processes can take place. Here, scattering changes the light propagation direction,
whereas absorption diminishes its intensity. The light intensity I within the aerogel sample can
be described by the 1D azimuthal RTE

µ
∂I(τ, µ)

∂τ
= −I (τ, µ) + ω

2

∫ 1

−1
I (τ, µ′) dµ′ (6.4)

where µ = cos (θ) is the cosine of the polar angle θ, τ is the optical coordinate, and ω is the
scattering albedo. The optical coordinate τ is defined via the extinction coefficient σext as
τ=σextz. The scattering albedo ω is defined via the absorption σabs and scattering coefficient
σscat as

ω = σscat
σext

= σscat
σscat + σabs

. (6.5)

114



6.6 Supporting Information

We assumed isotropic scattering because TiO2 particles within the aerogel are much smaller than
the incident wavelength. [54] Due to the high porosity of the aerogel, the refractive index is close
to 1 and specular reflection at the air/aerogel interfaces can be neglected (equation 6.12-6.14).
We solved equation 6.4 for the light intensity using the discrete ordinate method implemented
in the DISORT algorithm. [55] We calculate the total transmittance and diffuse reflectance by
normalizing the directional sum of the light intensity at z = L from 0 ≤ µ ≤ 1 and at z = 0 from
−1 ≤ µ ≤ 0 by the incident flux, respectively. In this way, the total transmittance and diffuse
reflectance represents all light intensity that is leaving the sample at z = L in the downward
and at z = 0 in the upward direction, respectively.

Figure 6.13: Schematic of the light propagation in a translucent aerogel of thickness L. We
assume a plane-parallel geometry for the RTE model and approximate the incident radiation as a
collimated light beam propagating in normal direction (θ = 0◦). The light intensity distribution
within the sample can be described with a z-coordinate and the polar angle θ.

We show the calculated transmittance and reflectance for scattering albedo of 0 ≤ ω ≤ 1
and optical thickness of 0 ≤ τ ≤ 5 in Figure 6.14. For a non-scattering sample (ω = 0) the
transmittance follows an exponential decrease with thickness according to Beer-Lambert law
and diffuse reflectance is zero because of the absence of backscattering photons. For a purely
scattering sample (ω = 1) and high optical thickness, the sum of transmittance and reflectance
is lower than 100 % due to light trapping within the sample.
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Figure 6.14: Calculated transmittance and reflectance as a function of the optical thickness τ
and scattering albedo ω.

Combining the calculated transmittance and reflectance data in Figure 6.14 with the measured
spectra in Figure 6.12 gives a unique solution for the scattering albedo ω and optical thickness τ

for each wavelength. We illustrate this for a wavelength of 375 nm in Figure 6.15a-c. Figure 6.15a
and b show the calculated transmittance and reflectance data including a contour of the measured
transmittance and reflectance value, respectively. The intersect of both contours defines the
scattering albedo ω and optical thickness τ that describes the measured transmittance and
reflectance data (Figure 6.15c). Dividing τ by the physical thickness L yields the extinction
coefficient of the sample σext:

σext = τ

L
. (6.6)

Multiplying σext with the scattering albedo ω yields the scattering coefficient σscat.

σext ω = (σabs + σscat)
(

σscat
σabs + σscat

)
= σscat. (6.7)

We obtain the absorption coefficient σabs by subtracting the scattering coefficient from the
extinction coefficient:

σext − σscat = σabs (6.8)

For a wavelength of 375 nm, we derive an absorption and scattering coefficient of 2.2 and
1.4 mm−1, respectively. Applying this procedure to all wavelengths covered in the experiment
yields a dataset of absorption and scattering coefficients as a function of wavelength, as shown
in Figure 6.15d. The data in Figure 6.15d shows that the aerogel has an absorption onset
at a wavelength slightly larger than the theoretical bandgap of 387 nm, which indicates the
presence of oxygen vacancies in the TiO2 aerogel. To verify whether Rayleigh scattering is the
dominant mechanism in the UV range, we use the derived scattering coefficient to estimate an
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Figure 6.15: Illustration of the data processing routine. The white contour in a-b) shows the
potential scattering albedo and optical thickness values for experimentally derived transmission
and reflectance of 3.0 % and 8.3 % at a wavelength of 375 nm, respectively. c) The intercept of
both contours yields a unique combination of ω = 0.384 and τ = 3.92 that describes the measured
transmission and reflectance value at 375 nm. Combining these values with the physical thickness
of 1.1 mm yields an absorption and scattering coefficient of 2.2 and 1.4 mm−1, respectively, as
derived in equations 6.6-6.8. d) Shows the absorption and scattering coefficients that were
obtained following the ascribed procedure for a wavelength range of 372 to 800 nm.
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effective scattering diameter. The Rayleigh scattering coefficient for spherical particles is defined
as: [38]

σscat = 4π4 ρag
ρTiO2

d3
scat
λ4

(
n2 − 1
n2 + 2

)2

(6.9)

where ρag is the apparent density of the TiO2 aerogel sample (0.25 g cm−3), ρTiO2 is the density of
bulk TiO2 (3.9 g cm−3), dscat is the mean diameter of the scattering center, λ is the wavelength
of light, and n is the relative refractive index of bulk TiO2 to air (2.5). [56] For a wavelength
of 375 nm we calculate a scattering diameter of 14 nm, which is in line with the dimension
of the percolating network of nanoparticles and the pore size in the TiO2 aerogel sample, as
indicated by the TEM image in Figure 6.16a. Moreover, Rayleigh scattering is consistent with
the scattering mechanism in SiO2 aerogels of a similar nanoporous structure. [38]

Based on equation 6.9 we expect a λ−4 dependence for the scattering coefficient. However,
Figure 6.16b shows that a power law fit of the data reveals a λ−2.2 relation, which rather indi-
cates Mie instead of Rayleigh scattering. [57–59] Moreover, we see that the fit does not represent
the data well and especially fails to describe the scattering coefficients for wavelengths below
400 nm. We believe that the discrepancy is caused by two experimental limitations. First, for
reflectance measurements the aerogel needed to be placed on a photon trap which features a
finite reflectance of about 2 %. Therefore, photons that were reflected at the photon trap with-
out being absorbed in the aerogel caused an overvalued reflectance. Second, the RTE assumes
an aerogel with infinite side length, whereas the sample has a finite dimension of about 16 mm.
Thus, diffusely scattered light may exit the aerogel at the side, as illustrated in Figure 6.16c,
which leads to an overvalued reflectance during the integrating sphere measurement and an over-
estimated scattering coefficient in the subsequent data analysis. We believe that both artefacts
are pronounced in the visible part of the spectrum because of strong light absorption in the
UV range, which prevents that reflected or diffusely scattered UV light reaches the edge of the
aerogel (Figure 6.16d). To verify, we estimate the optical thickness for a photon of 375 nm when
traveling from the photon trap along the aerogel thickness or from the edge of the beam to the
edge of the aerogel by taking the sample thickness of 1.1 mm, the spot size of 7 mm, the lateral
sample dimension of 16 mm, and the extinction coefficient of 3.6 mm−1 into account. Based on
the path length of 1.1 mm and the distance between the edge of the spot and the sample of
(16 mm–7 mm)/2 = 4.5 mm, we estimate an optical thickness of 1.1 mm · 3.6 mm−1 = 4.0 and
4.5 mm · 3.6 mm−1 = 16 which corresponds to 10−4 = 10−2 % and 10−16 = 10−12 % of the
initial light intensity, respectively. Thus, the measured reflectance at 375 nm is not overvalued
and the strong decay of the Rayleigh scattering coefficient only becomes apparent in the UV
range as indicated by a slight kink in the data at about 390 nm (Figure 6.16b). To account
for the escaped photons at the aerogel edges in the visible part of the spectrum, we correct the
reflectance data by the absorption profile of the aerogel (Figure 6.16e) according to the following
equation:

Rcorrected = R − S · 100 − Abs

100 . (6.10)

118



6.6 Supporting Information

Here, R and Abs are the recorded reflectance and absorption spectra, respectively, and S is a
geometric scaling factor which depends on the aspect ratio of the sample. We use the corrected
reflectance data as an input for the data processing routine shown in Figure 6.15 and present
the corrected scattering coefficients and a power law fit in Figure 6.16f. We observe that the
power law fit of the corrected data follows a λ−4.1 dependence, which matches well with Rayleigh
scattering. However, we would like to point out, that the applied data correction does not enable
a quantitative description of the scattering coefficient in the visible range since the scaling factor
of S = 7.75 was chosen for a best fit of the power law. Nevertheless, it indicates that the
uncorrected data overestimates scattering in the visible part of the spectrum, and that Rayleigh
scattering seems to be the actual scattering mechanism present in the sample, as expected from
the structural characteristic of the aerogel discussed above. For a qualitative determination of
the scattering coefficients in the visible range, a photon trap with a lower reflectance and samples
with larger lateral dimensions are needed to avoid that light escapes at the edges of the aerogel.
To estimate the required lateral dimension, we calculate a path length Lp to reduce the light
intensity I to 1 % of the initial value I0 according to Beer-Lambert law:

Lp = −
ln
(

I
I0

)
σext

≈ − ln 0.01
σscat

(6.11)

Following equation 6.11, we obtain a path length of 98 mm for a scattering coefficient of
0.047 mm−1 at a wavelength of 800 nm. Thus, for a spot size of about 7 mm the sample
should feature lateral dimensions of at least 203 mm (spot size + 2 · Lp) to eliminate excessive
light loss for photons that are traveling from the edge of the beam to the edge of sample. The
derived length greatly exceeds the maximum lateral dimension achievable with our current 3D
printing setup.
Please note that the correction of the reflectance was only performed to illustrate the influence
of an overvalued reflectance in the visible range. Since we investigated the light transport at
375 nm, which does not seem to be influenced by an overvalued reflectance as discussed above,
we used the uncorrected raw data for all remaining optical simulations.
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Figure 6.16: a) TEM image of a TiO2 aerogel showing particle chains and pores with feature
sizes in a range of 4 to 20 nm, which match well with the mean Rayleigh scattering center size
of 14 nm according to equation 6.9. b) Scattering coefficient σscat plotted versus wavelength
λ. Fitting the data with a power law yields a wavelength dependence of λ−2.2 which rather
indicates Mie than Rayleigh scattering. Besides, we see that the fit best describes the data in
the visible range. We address the discrepancy with the expected λ−4 dependence to the 2 %
reflectance of the photon trap, which is needed to mount the aerogel in the integrating sphere,
and to the finite dimension of the sample, which allows light to exit the sample at the edges
and leads to an overvalued reflectance. We believe that this artefact is pronounced in the visible
part of the spectrum because of strong light absorption in the UV range, as indicated in c-d). e)
Absorption spectrum of the TiO2 aerogel. f) After correcting the reflectance by the absorption
spectrum according to equation 6.10, the scattering coefficient shows a better agreement with a
power law fit than the uncorrected data, and the λ−4.1 relation indicates presence of Rayleigh
scattering.
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Refractive Index Approximation and Specular Reflectance

The aerogel’s refractive index naero is approximated according to the Maxwell Garnett effective
medium theory as

naero = nTiO2

(
1 + 3cvol

nair − nTiO2

nair + 2nTiO2 − cvol (nair − nTiO2)

)
(6.12)

where the effective medium consists of air as a matrix medium with refractive index nair = 1.0
and TiO2 nanoparticles as inclusions with refractive index nTiO2 in the range of 2.4 and 3.49
and a volume fraction of cvol = 0.05. [60,61] We derived the volume fraction cvol from gravimetric
density measurements. From these considerations and using the Maxwell Garnett mixing rule,
we obtain an effective refractive index of naero = 1.05 to 1.07.
The specular reflectance due to a change in refractive index can be described by Fresnel equa-
tions. The reflectance for s-polarized light is

Rs =

∣∣∣∣∣∣∣∣
naero cos θi − nair

√
1 −

(
naero
nair

sin θi
)2

naero cos θi + nair

√
1 −

(
naero
nair

sin θi
)2

∣∣∣∣∣∣∣∣
2

(6.13)

and the reflectance for p-polarized light is

Rp =

∣∣∣∣∣∣∣∣
−nair cos θi + naero

√
1 −

(
naero
nair

sin θi
)2

nair cos θi + naero

√
1 −

(
naero
nair

sin θi
)2

∣∣∣∣∣∣∣∣
2

(6.14)

where θi is the incident angle of light. Assuming an equal amount of power in the s and p
polarizations, the effective reflectivity of the material is the average of both polarized reflectance
Reff = 1

2 (Rs + Rp). For normal incident θi = 0◦ there is no distinction between polarization
and the reflectance simplifies to R =

∣∣∣naero−nair
naero+nair

∣∣∣2. With an effective refractive index in the
range of 1.05 to 1.07 we derive a negligible specular reflectance of 0.059 % to 0.1 %, which we
approximate as 0 % in all optical calculations.
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6.6.2 Mass Transport Considerations

Aerogels are macroscopic, nanoporous objects with large specific surface areas that offer a huge
number of catalytic active sites. In chapter 6.3 we showed that 3D structuring reduces the
pressure drop by five orders of magnitude compared to an unstructured aerogel. Moreover,
we discussed that the gas flow no longer penetrates the nanoporous aerogel, but rather flows
around the filaments of the 3D microstructure. As a result, the gas needs to diffuse from the
microscopic channels into the aerogel to interact with the catalyst. In the following section, we
estimate whether the photocatalytic reaction within the aerogel is diffusion-limited and whether
the full surface area of the aerogel still participates in the catalytic process.

Effective Use of Catalyst – Balance of Diffusion and Reaction Rate

Depending on reaction kinetics, reactants might not be able to reach the extensive number of
catalytic active sites within the highly porous aerogel. If the chemical reactions proceed very
rapidly, the concentration of reactants already diminishes close to the boundary layer and most
of the internal catalyst surface area is unused. For slow kinetics, the concentration of reactants
is high throughout the whole pore volume and the entire catalyst participates at the reaction
with the same rate. The effective use of the catalytic active sites is described by the effectiveness
factor η ranging from 0 to 1 and is defined as:

η = actual rate of process
rate of process if diffusion were infinitively fast . (6.15)

The effectiveness factor η of a catalyst is generally measured by the Thiele modulus ϕ which
accounts for the competition of chemical reactions at the surface of the nanoparticle and diffusive
mass transport of the reactant through the porous catalyst. The exact mathematical expression
of the Thiele modulus depends on the geometry of the catalyst but is typically computed by the
ratio between the reaction and diffusion time scales. [54] The equation for a cylindrical catalyst,
which approximates the shape of an individual filament in our 3D printed aerogel, is given
as: [62]

ϕ = d

4

√
kr

Deff
(6.16)

where d is the diameter of the cylinder, kr is the 1st order reaction rate constant, and Deff is
the effective diffusion coefficient. The effectiveness factor η can be expressed as a function of
the Thiele modulus ϕ, as shown in Figure 6.17.

In the following sections we derive an effective diffusion coefficient and estimate a 1st order
reaction constant. Both quantities allow us to approximate the Thiele modulus according to
equation 6.16 for a filament diameter of 200 µm. Comparing this value with the data in Fig-
ure 6.17 allows us to estimate the effectiveness of the 3D printed aerogel.
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Figure 6.17: Effectiveness factor η as a function of Thiele modulus ϕ (η = tanh (ϕ)/ϕ). For
a Thiele modulus ϕ >> 1, the effectiveness factor decreases and only a small fraction of the
catalyst is effectively used during the reaction. For a Thiele modulus ϕ << 1, the effectiveness
factor approaches 1, which indicates a full use of the catalyst.

Diffusion Coefficient

The type of diffusion is controlled via the pore size and can be estimated by the Knudsen number
Kn which is given as:

Kn = ℓ

dp
(6.17)

where ℓ is the mean free path of the gas molecule and dp is the pore diameter.
For Kn >> 1 molecule-solid collisions occur much more frequently than molecule-molecule
collisions. Thus, the diffusivity can be described by Knudsen diffusivity Dk,0 where gas molecules
are confined within a straight cylindrical pore of diameter dp:

Dk,0 = 1
3 ūtdp. (6.18)

Here, ūt =
√

8RT
πM is the mean thermal velocity at temperature T , R is the gas constant and M

is the molar mass of the gas molecule. For Kn << 1 molecule-molecule collisions dominate and
the diffusivity can be described by the molecular diffusivity in an unconstrained gas volume Dg,0.
For 1 ≤ Kn ≤ 10 both processes contribute to the diffusion process and the overall diffusivity
D0 can be approximated using the Bosanquet-formula: [63]

1
D0

= 1
Dk,0

+ 1
Dg,0

. (6.19)
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To correct for the increased molecular trajectories in the highly porous aerogel structure and for
the fact that the geometric area normal to the direction of flux is partly occupied by nanopar-
ticles, an effective diffusivity Deff can be approximated by taking the tortuosity τ and porosity
ϵp of the aerogel into account: [64–66]

Deff = ϵp
τ

D0. (6.20)

For the TiO2 aerogel with a mean pore diameter of 20 nm we estimate Kn following equation 6.17
as Kn = 3.4 which validates the use of equation 6.19 for the calculation of D0. We calculate Deff

according to equation 6.20 as 1.8·10−6 m2 s−1. We list all relevant parameters in Table 6.4.

Table 6.4: Used parameters for the estimation of H2O vapor diffusion at 25 ◦C.
parameter value
effective diffusivity Deff 1.8 · 10−6 m2 s−1

reference diffusivity D0 3.8 · 10−6 m2 s−1

reference Knudsen diffusivity Dk,0 3.9 · 10−6 m2 s−1

reference gas diffusivity Dg,0
[67] 8.4 · 10−5 m2 s−1

tortuosity τ 2
porosity ϵp 0.95
pore diameter dp 20 nm
mean free path of H2O vapor ℓ 67 nm
temperature T 298 K
molar mass of H2O MH2O 18 g mol−1

Estimating the Effective Catalyst Use

To estimate the Thiele modulus in equation 6.16, we use the calculated diffusion coefficient
of 1.8 · 10−6 m2 s−1 and reaction constants reported in literature and listed in Table 6.5. The
kinetics of heterogenous photocatalysis are generally considered slow. [34] Since photocatalytic
activities are mainly reported as amount of detected hydrogen and apparent quantum efficiency,
references for experimentally defined reaction constants on TiO2 are scarce. [68] As a result,
we also use reaction constants for photocatalytic dissociation of individual methanol or water
molecules on TiO2 obtained by scanning tunneling microscopy, and reaction rates for hydrogen
evolution from metal-loaded TiO2 nanoparticles and for dye degradation to estimate the Thiele
modulus of the TiO2 aerogel. Since dye degradation has a thermodynamically much larger
driving force and smaller kinetic barrier than hydrogen evolution reactions, [69] they feature a
good benchmark to estimate potential diffusion limitations due to the higher intrinsic reaction
rate. Nevertheless, even for the highest reported constant of 2.0 · 10−2 s−1, we estimate a Thiele
Modulus of 6.6 · 10−3 for a filament diameter of 200 µm. Figure 6.17 illustrates that for such a
Thiele Modulus an effectiveness of 1 is expected. Thus, we assume that the whole catalyst is
utilized during the reaction and no internal diffusion limitations take place. We estimate that a
drastically higher reaction constant of about 4.3 · 104 s−1 is needed to reach the diffusion-limited
region in Figure 6.17. The estimation is in line with experimental observation where an fcc-
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structured and unstructured TiO2 aerogel of similar light absorption show comparable catalytic
activity (Figure 6.7).

Table 6.5: Overview of reaction constant kr reported in literature for water and methanol pho-
todissociation, dye degradation on TiO2 nanoparticles and H2 evolution on Pt/TiO2, Pd/TiO2,
and Rh/TiO2 nanoparticles.
surface coverage θ reaction constant kr (s-1) note
0.35 5 · 10−6 Water photodissociation on TiO2

(110) surface at 80 K
in ultrahigh vacuum [70,71]

0.11 to 0.01 6 · 10−3 to 2.0 · 10−2 Methanol photodissociation on
TiO2 (110) surface at 80 K
in ultrahigh vacuum [71]

not specified 2 · 10−5 to 3 · 10−3 Photocatalytic H2 evolution in
aqueous solutions containing
amines as sacrificial agents
on Pt/TiO2 nanoparticles [72]

not specified 6.4 · 10−5 to 14 · 10−5 Photocatalytic H2 evolution in
gas phase on NaOH-coated
Pt/TiO2

[73]

not specified 8.9 · 10−5 to 50 · 10−5 Photocatalytic H2 evolution in
gas phase on NaOH-coated
Pd/TiO2

[73]

not specified 5.6 · 10−5 to 8.3 · 10−5 Photocatalytic H2 evolution in
gas phase on NaOH-coated
Rh/TiO2

[73]

not specified 2.4 · 10−4 Methyl orange dye degradation on
TiO2 nanoparticles in solution [74]

not specified 1.4 · 10−4 Methyl blue dye degradation on
TiO2 nanoparticles in solution [75]
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6.6.3 Computational Fluid Dynamics

The flow through a nanoporous medium can either be laminar or turbulent. The type of flow
can be estimated by Reynold’s number

Renp = dpρv

η
= dpρQ

ηϵpA
(6.21)

where dp is the pore diameter, ρ is the fluid density, v is the fluid velocity, η is the dynamic
fluid viscosity, Q is the volumetric flow rate, ϵp is the porosity, and A is the cross-sectional area
of the sample. Since Renp << 1 for all flow rates studied, the flow is laminar. [76] As a result,
the pressure drop ∆P through a nanoporous medium can be described by Darcy’s law and the
simplest form for laminar flow is given as

∆P

t
= η

v

k
= η

Q

kA
(6.22)

where t and k are the thickness and permeability of the sample, respectively. We estimate the
permeability k from a universal law for aerogels

k = 1.32 · 10−13d1.41
p (6.23)

where dp is the mean pore diameter in nm and k is given in cm2. [31] All variables for the
calculation of the pressure drop according to equation 6.22 are listed in Table 6.6.
For the 3D structured aerogel, the fluid exclusively flows through the microchannels of width w

due to the large pressure drop through the nanoporous medium. We derive a Reynolds numbers
Rech = ρv/η << 2000 for the flow rates studied in our experiment. Thus, the flow in the
microchannels is purely laminar. We use the ’Free and Porous Media’ interface in COMSOL
to solve the laminar, incompressible, fluid flow in a small section of the structured aerogel. For
computing reasons, we reduce the geometry from 1444 to 49 and 81 channels for the fcc- and
sc-structured aerogel, respectively. The calculations were performed for volumetric flow rates of
2, 4, 6, and 8 mL min−1 to match with the flow rate per channel in the experimental conditions.
We applied a zero-pressure boundary at the outlet and no-slip conditions at the walls. The
pressure drop was determined by taking the average pressure in planes orthogonal to the flow
direction at the inlet and outlet of the sample. Computations were performed for three different
meshes with 2.1, 2.4, and 5.2 million elements, respectively. The pressure drop calculations on
the three meshes varied by less than 1.3 %, which verifies mesh-independence of the computed
solution. The experimental pressure drop of the fcc-structured aerogel can be best described
with a sample of 240 µm channel width. This is in good agreement with the median channel
width of 210 µm obtained from an optical microscope image shown in Figure 6.18, considering
that the simulated structure is an idealized, simplified geometry of the actual sample.
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Figure 6.18: a) Optical micrograph and b) derived channel widths of the sample that was used
to perform pressure drop measurements.

Table 6.6: List of variables used for the calculation of the Reynolds number Renp, the pressure
drop ∆P/t, and the permeability k according to equations 6.21-6.23.
variable quantity
pore diameter dp 20 nm
fluid density ρ 1.25 kg m−3

dynamic fluid viscosity η 1.74 · 10−5 Pa s−1

volumetric flow rate Q 20 to 200 mL min−1

porosity ϵp 0.95
cross-sectional area A 225 mm2

sample thickness t 1 mm
permeability k 9 · 1012 cm2
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7 Further Prospects of 3D Printed Aerogels

This chapter summarizes preliminary results of the 3D printing in a supportive gel, the alignment
of AuNRs during extrusion, and the photocatalytic CO2 reduction, and indicates their relevance
for future applications.

7.1 3D Printing in a Supportive Gel

Even though complex geometries can be fabricated by 3D printing gelled nanoinks in a liquid
bath charged with ammonia as presented in chapter 5, gravity still limits the extent of overhangs
in the self-supporting printed structure. To increase the degree of complexity even further, the
print can be physically supported by a strong, supportive gel matrix which allows the ink to be
printed with the nozzle following a 3D trajectory, instead of being deposited in a layer-by-layer
stacking sequence. The matrix material is based on Laponite, which is a layered lithium sodium
magnesium silicate (Na0.7Si8Mg5.5Li0.3O20(OH)4) with a layer thickness of approximately 1 nm
and a particle diameter of 25 nm. In aqueous solutions, the disk-like Laponite particles gel by
forming a stable house of card structure. [1] The Laponite is dispersed in a water/acetonitrile
(ACN) mixture of a 2 : 1 volumetric ratio to match the solvent composition of the ink and
the pH value is adjusted to 11 to solidify the ink in a similar way as the ammonia charged
liquid bath. Since the printed geometry is no longer limited to a layer-by-layer stacking, a direct
contact to the build plate is no longer required and the printed TiO2 gel floats in the Laponite
matrix after extrusion (Figure 7.1a). The challenge of the embedded 3D printing approach is
the removal of Laponite after the print has finished. After solidifying the TiO2 gel at high pH,
Laponite was dissolved by lowering the pH to a value of 2. Following solvent exchange and
supercritical drying, we obtain a 3D printed TiO2 aerogel as shown in Figure 7.1b, but the
aerogel appears rather opaque and is not as translucent as an aerogel printed with the liquid
bath approach. Further analysis with scanning electron microscopy reveals that the aerogel is
coated with a rough, flake-like material (Figure 7.1.c) which we address to residues of Laponite
due to the presence of magnesium and silicon lines at 1.25 and 1.74 keV in the energy dispersive
X-ray spectrum, respectively (Figure 7.1.d). These residues persist despite extensive washing
at low pH during the Laponite removal process. If the reduced transparency and the presence
of Laponite residues on the aerogel are not detrimental for its application, highly sophisticated
geometries could be fabricated following the embedded 3D printing approach. However, since
aerogels are applied as a photocatalyst, a translucent characteristic and a clean aerogel surface
are fundamental. As a result, the embedded printing approach was not further investigated in
this thesis, but could still enable other applications besides sophisticated geometries such as
the realization of a printing-then-solidification scheme, or the fabrication of flexible aerogels as
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described below.

Printing-then-soldification: In a supportive gel matrix, solidification of the ink can take place
much later than the actual printing process. Therefore, the yield stress of the ink does not need
to fulfill a self-supporting characteristic and aerogel inks with much lower particle concentration
and higher porosity could be formulated. Besides, external magnetic, electric, or acoustic fields
could be applied to manipulate the position and orientation of nanomaterials incorporated in
low-viscosity TiO2 inks. [2] With a subsequent solidification, which might be induced by a change
of pH or temperature, 3D aerogels with structured nanomaterials and anisotropic properties
could be obtained.

Flexible aerogels: For embedded 3D printing extrusion through thin nozzles becomes easier com-
pared to layer-by-layer printing in a liquid bath, because a calibration with a build plate is no
longer needed. Besides higher printing resolution, thin nozzles might enable the fabrication
of flexible aerogels. Flexibility is an atypical mechanical property for metal oxide aerogels,
since they exhibit high strength-to-weight ratios and a brittle characteristic with a low fracture
toughness similar as glass. Although no flexibility was achieved for aerogel fiber diameters as low
as 150 µm, flexibility might be induced and tuned by using nozzle sizes in the low micrometer or
nanometer range. [3] Thus, printing with different nozzle sizes could be used to program flexibility
and rigidity in 3D to create aerogels with anisotropic mechanical properties. Moreover, elasticity
of thin aerogel fibers could lead to aerogel 4D printing where the printed object deforms post-
printing due to the exposure to an external stimulus. [4]
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7.1 3D Printing in a Supportive Gel

Figure 7.1: Embedded 3D printing of a TiO2 nanoparticle-based aerogel. a) Photograph of the
3D printing process. The cylindrical container is charged with a Laponite gel, which was pre-
pared by dispersing Laponite powder in a water/ACN mixture (2:1 volumetric ratio, pH=11). b)
Photograph of the TiO2 aerogel after removing Laponite in a HCl(aq)/ACN mixture (2:1 volumet-
ric ratio, pH=2) and supercritical drying. c) Scanning electron microscopy image of the aerogel
showing that the filaments are coated with a rough, flake like material. d) Energy-dispersive X-
ray spectroscopy identifies oxygen, titanium, carbon, silicon, and magnesium as main elements in
the aerogel sample. We assign silicon and magnesium to Laponite (Na0.7Si8Mg5.5Li0.3O20(OH)4)
residues on the aerogel surface.
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7.2 Alignment of Au Nanorods

In chapter 5, we harnessed the plasmonic optical characteristic of Au nanorods (AuNRs) to
enable photothermal heating in AuNR/TiO2 aerogels. The anisotropy of AuNRs causes two
dominant plasmon resonances along the longitudinal and transverse direction which can be
selectively excited with polarized light. [5] By orientating the AuNRs within the TiO2 aerogel
matrix during the 3D printing process, photothermal heating could be structured depending on
the polarization of the incident light. Alignment by shear or extensional flow is a particularly
interesting approach since it is intrinsically present in extrusion-based 3D printing. Depending
on the nozzle geometry, different stress profiles arise. For a straight nozzle, the shear stress
is maximal at the wall and decreases linearly towards the center. For a conical nozzle, an
additional velocity gradient in longitudinal direction exists due to a change in the nozzle cross-
section. In both cases, flow induced alignment is only possible if the applied stress surpasses
the flow stress of the ink. [6] We tested AuNR alignment by measuring the transmission of
light with polarization along and perpendicular to the printing direction of AuNR/TiO2 aerogel
plates that were printed with a straight and conical nozzle, respectively (Figure 7.2a-b). Since
plasmonic excitation of AuNRs is polarization dependent, a reduced extinction of the misaligned
plasmonic peak is expected. If we compare the polarization dependent UV-vis transmission
spectra of AuNR/TiO2 aerogels for a straight and conical nozzle in Figure 7.2c-d, we see that
the extinction at the longitudinal plasmonic peak is nearly polarization independent for a straight
nozzle, but decreases by about 18 % for the conical nozzle geometry. This indicates that with the
conical nozzle, where shear and extensional flow are present, a partial alignment of the AuNRs
is possible. However, it remains unclear whether the stress profile in the nozzle is insufficient
to enable a full alignment of the AuNRs, or whether the alignment of the AuNRs in the nozzle
is more complete but relaxes after extrusion and during curing of the AuNR/TiO2 gel in the
heptane/ammonia liquid bath. For clarification, in situ UV-vis spectroscopy in a glass capillary
with a geometry comparable to the nozzle or in situ polarization rheology are relevant methods
to study the alignment and relaxation of AuNRs as a function of the applied shear stress. [6]

Further analysis via X-ray photon correlation spectroscopy and small angle X-ray scattering
could provide a more detailed picture of the dynamics within the surrounding TiO2 gel network
during 3D printing. [7–9] Particularly, such measurement might disclose the breakdown behaviour
of the colloidal gel structure upon flow and reveal whether the AuNRs remain embedded in
nano- to microscopic TiO2 gel fragments which hinder a shear-induced alignment of the AuNRs
(Figure 7.2e), or whether the shear stress is sufficient to cause a complete disintegration of
the gel (Figure 7.2f) in which the individual particles are susceptible for shear alignment. A
thorough understanding of the extrusion process is fundamental to eventually gain control of the
AuNR alignment by designing the 3D printing process and the nozzle geometry. Ultimately, this
enables the realization of plasmonic metamaterials with a tunable extinction of the longitudinal
plasmonic peak to facilitate more advanced heating applications, or optoelectronic devices such
as polarization filters and optical orientation sensors.
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7.2 Alignment of Au Nanorods

Figure 7.2: Alignment of AuNRs during 3D printing of a AuNR/TiO2 gel. a) Illustration of
the 3D printing process for the fabrication of AuNR/TiO2 aerogel plates. The AuNR/TiO2 ink
is either extruded through a straight or conical nozzle and the printed plate consists of an array
of parallel cylinders. The straight nozzle features a velocity gradient in radial direction, whereas
the conical nozzle exhibits a gradient in radial direction and along the nozzle axis due to the
changing nozzle cross-section. b) Schematic of the UV-vis experiment. A polarizer is used to
change the polarization angle of the incident light θ relative to the printing direction of the
AuNR/TiO2 plate. c-d) Recorded UV-vis spectra with incident polarization along (θ = 0◦) and
perpendicular (θ = 90◦) to the printing direction of a AuNR/TiO2 aerogel plate printed with a
straight 410 µm and conical 200 µm nozzle, respectively. The nano- and microscopic structural
evolution of the AuNRs/TiO2 gel at increasing level of shear stress might either result in e)
a fragmentation of the network into smaller gel clusters in which the embedded AuNRs are
hindered to change their orientation or f) a complete disintegration of the particle network in
which the AuNRs align with the flow.
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7.3 Photocatalytic CO2 Reduction

In chapter 6, we used the photocatalytic activity of TiO2 and Au/TiO2 to produce hydrogen
from a water/methanol saturated gas stream. Another appealing photocatalytic process is the
reduction of CO2 in a humidified gas stream, which can lead to a multitude of products de-
pending on the number of transferred electrons and available hydrogen atoms. To evaluate the
activity of a Au/TiO2 photocatalyst for CO2 reduction, we performed preliminary experiments
on Au/TiO2 powder in the group of Prof. Atsushi Urakawa situated in the Chemical Engineering
Department of TU Delft. A flow scheme and photograph of the setup are shown in Figure 7.3a-
b, respectively. Here, CO2 is humidified by bubbling the gas stream through a water-filled
saturator. Next, the gas passes over a photocatalyst spread on the bottom of a reactor and
the composition of the exiting gas stream is analyzed with a mass spectrometer (MS). Upon
illumination with a mercury (Hg) lamp, we observe a strong, transient formation of hydrogen
and methane which declines into a steady value over time, as shown in Figure 7.3c. Since the
MS was not calibrated, only an unbalanced reaction scheme can be proposed, as illustrated in
Figure 7.3d. It is generally believed that a single methane molecule stems from the reduction
of a single CO2 molecule via the transfer of eight electrons where oxygen is the only byproduct
and water acts as a source of hydrogen. Therefore, the detected hydrogen presumably results
from water splitting which is a competing reaction of methane formation from CO2 reduction,
and requires only two instead of eight electrons to be transferred. However, further investigation
comprising isotope labeling of 13CO2 and D2O are needed to clarify the origin of the catalytic
reaction products.
Improvements of photocatalytic production rates due to 3D structuring as discussed in chapter 6
should directly translate to CO2 photoreduction. However, to avoid the competing hydrogen
evolution, the material composition needs to be tuned for higher methane selectivity. In chap-
ter 9, we will discuss that organic-inorganic hybrids are effective materials to tune selectivity
of the CO2 reduction process – not only for methane but also to a multitude of products such
as methanol, formic acid or carbon monoxide. Following that approach, various hybrid inks
which are highly selective for a single compound can be formulated. Combined with 3D print-
ing, modular and interchangeable photocatalytic reactors can be fabricated that are mounted
on the gas stream depending on the desired product of the CO2 photoreduction process. Alter-
natively, different photoreactors could be connected in series, where each reactor is responsible
for a different CO2 reduction pathway. Ultimately, inks that are highly selective for a single
redox reaction could be formulated to separate the CO2 reduction process into a CO2 to CO and
a dedicated CO to hydrocarbon step, as this circumvents the kinetically suppressed transfer of
multiple electrons.
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7.3 Photocatalytic CO2 Reduction

Figure 7.3: Photocatalytic CO2 reduction on Au/TiO2 powder. a) Scheme and b) photograph
of the gas flow photoreactor in the catalysis engineering group of Prof. Atsushi Urakawa at TU
Delft. A humidified CO2 gas stream flows in a reactor, passes over a catalyst powder, and enters
a mass spectrometer for product analysis. c) Time-trace profile of the raw signal of the mass
spectrometer for methane (CH4) and hydrogen (H2) during the photocatalytic test. d) Schematic
of an unbalanced reaction scheme for the conversion of a humidified CO2 gas stream based on
the detected products. UV light illumination creates an electron and a hole in the conduction
and valance bands, respectively. The formation of CH4 and H2 are competing reactions during
the reduction of the CO2 from a humidified gas stream.
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8 Conclusion and Outlook

The excessive nanomaterial library permits a nearly unbound design space to realize atomically-
defined, macroscopic, functional materials in a bottom-up approach. In this thesis, we intro-
duced the concept of gelled nanoinks to enable 3D printing of colloidal nanomaterials in the
form of hierarchically structured, macroscopic aerogels. We discussed that the scientific commu-
nity working on aerogels developed a robust concept of controlled destabilization to induce the
gelation for a broad range of nanomaterials. However, the tunability of the geometry of aerogels
remained limited to a small size range that comes with traditional shaping methods such as gel
casting. Although recent efforts demonstrated the feasibility of 3D printed aerogels, inks were
either restricted to 2D nanomaterials such as graphene oxide, or required significant changes
to the underlying gelation principles to enable printability which compromised the quality of
the final aerogel. In contrast, we demonstrated that the well-established concepts of controlled
destabilization can be translated to 3D printing by performing the print of TiO2 nanoparticle
based inks in a liquid bath charged with ammonia, which not only prevents solvent evaporation
induced damage to the nanoporous gel network, but also solidified the weak gel to achieve a
high shape fidelity. As a result, we maintained the structural nanoscopic characteristics of tradi-
tionally casted aerogels and added control of the micro- and macroscopic architecture by the 3D
printing process. Moreover, we showed that the concepts of gelled nanoinks provides a modular
platform to incorporate functional nanomaterials into the fabrication process. To illustrate the
functional characteristic, we introduced a photothermal heating ability to the aerogel by coge-
lation of plasmonic Au nanorods and TiO2 nanoparticles. We demonstrated that depending on
the 3D microstructure a localized or homogeneous heat distribution can be achieved.

Next, we focused on the photocatalytic activity of the TiO2 aerogel backbone. Here, we com-
bined the geometric design freedom of 3D printing with computing methods to derive an ideal mi-
crostructure for photocatalytic hydrogen production in a water/methanol saturated gas stream.
Bulk aerogels generally suffer from a low gas permeability and require high pressure differences
to enforce a gas flow through the nanoporous medium. We showed that a 3D printed, mi-
crostructured aerogel decreased the flow resistance by five orders of magnitude compared to an
unstructured aerogel, without compromising the gas infiltration and photocatalytic performance.
Besides, we eliminated poorly illuminated sections of the photocatalyst by adjusting the thick-
ness to the light penetration depth which lead to a fivefold improvement of the mass normalized
hydrogen production rate relative to the respective catalyst powder counterpart. Combining an
optimized 3D aerogel photocatalyst geometry with an energy efficient mass transport indicates
great potential for technological upscaling.

The results on photothermal heating and the application as a tailor-made photocatalyst just rep-
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resent the tip of the iceberg for the 3D printing of gelled nanoinks. Besides TiO2 and Au/TiO2,
many more nanoparticle-based inks need to be formulated to induce new functional properties
for novel applications and to improve the intrinsic efficiency of the presented 3D aerogel photo-
catalyst. Even though TiO2 is by far the most studied photocatalyst, hydrogen production is still
performed in the presence of hole scavengers with hydrogen evolution rates in the range of a few
µmol h−1. A promising alternative to TiO2 are Ga2O3 based materials, which combine suitable
energetic positions of the conduction and valance band for water splitting with a high charge
carrier mobility. [1–3] Photocatalytic activities of Ga2O3 exceed TiO2 by multiple order of mag-
nitudes and hydrogen evolution rates of several mmol h−1 were reported – even in the absence
of sacrificial organic compounds. [4] Thus, inks based on Ga2O3 nanoparticles could combine the
advantages of 3D structuring with the high material-specific catalytic activity to enable photo-
catalytic hydrogen production from direct splitting of pure water. Moreover, such inks could
be joined with photothermal nanomaterials presented in chapter 5, where plasmonic excitation
harvest the broad solar spectrum and accelerate the catalytic process via heating.

Nevertheless, even for TiO2 based nanoinks many intriguing applications are yet to be explored
which include the fabrication of flexible aerogels enabled by an embedded 3D printing method
(chapter 7.1), the alignment of anisotropic nanomaterials during ink extrusion (chapter 7.2), and
photocatalytic processes such as CO2 reduction (chapter 7.3). In the future other researchers
might take advantage of the developed 3D printing process and follow their journey of innovation
and discovery to formulate new ink compositions for more advanced 3D aerogel devices.
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9 Organic–Inorganic Hybrids for CO2 Sensing,
Separation, and Conversion

The content of this chapter envisions the creation of an artificial carbon cycle by combining in-
dividual building to organic-inorganic hybrid materials and was published in Nanoscale Hori-
zons. The manuscript is co-authored by Christoph Willa, who contributed equally to this work,
and Dorota Koziej as corresponding author.
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9 Organic–Inorganic Hybrids for CO2 Sensing, Separation, and Conversion

9.1 Abstract

Motivated by the global air pollution that skyrocketed in numerous regions around the world,
great effort was placed on discovering new classes of materials that separate, sense or convert
CO2 in order to minimize impact on human health. However, separation, sensing and conver-
sion are not only closely intertwined due to the ultimate goal of improving human’s well-being,
but also because of similarities in material prerequisites – e.g. affinity to CO2. Partly inspired
by the unrivaled performance of complex natural materials, manifold inorganic-organic hybrids
were developed. One of the most important characteristics of hybrids is their design flexibility,
which results from the combination of individual constituents with specific functionality. In this
review, we discuss commonly used organic, inorganic, and inherently hybrid building blocks for
applications in separation, sensing and catalytic conversion and highlight inevitable benefits like
durability, activity and low-cost and large scale fabrication. Moreover, we address obstacles and
potential future developments of hybrid materials. This review should inspire young researchers
in chemistry, physics and engineering to identify and overcome interdisciplinary research chal-
lenges by performing academic research but also – based on the ever-stricter emission regulations
like carbon taxes – through exchanges between industry and science.

9.2 Introduction

The steadily rising level of CO2 in the atmosphere and subsequent ocean acidification are en-
vironmental and health issues concerning everyone. Following the industrial revolution, human
activities have significantly altered the global carbon cycle. Since the late 19th century, atmo-
spheric CO2 concentrations have increased from 275 ppm to more than 400 ppm with a record
increase of 3.3 ppm between 2015 and 2016. There are both natural and anthropogenic sources
of CO2. Natural sources include animal and plant respiration or decomposition of organic mat-
ter, whereas anthropogenic sources include for example the combustion of fossil fuels, cement
production, or power generation. Natural CO2 sinks on the other hand include ocean- and
terrestrial-based regions. In fact, oceans absorb roughly 40 % of atmospheric CO2. [1] To de-
crease atmospheric CO2 levels and to mitigate the adverse effects related to it, CO2 needs to be
efficiently separated and captured at its source, e.g. power plants or chemical factories, using for
example amine scrubbers or gas separation membranes. CO2 can then be recycled, e.g. in modi-
fied atmosphere packaging, [2] as a supercritical solvent and heat transfer fluid, [3,4] or in enhanced
oil recovery. Alternatively, CO2 can be converted to various reaction precursors or fuels such
as carbon monoxide, methanol, ethanol, ethylene, formic acid, or formaldehyde. Indeed, solar
irradiation can be utilized as an inexhaustible energy source to power electrocatalytic devices or
to directly convert CO2 in a photocatalytic approach. Importantly, separation and conversion
processes need to be monitored accurately, thus requiring precise CO2 sensors. Consequently,
there is an ever-increasing need for functional materials that display application-specific inter-
action with CO2. In this context, the use of organic-inorganic hybrids is a viable option because
they combine typical properties related to organic materials (gas diffusivity, mass transport,
flexibility, or chemical reactivity) and inorganic materials (surface area, mechanical stability,
conductivity, or magnetic and optical properties), thus yielding new or enhanced properties
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such as internal surface area, functionality, light harvesting, or mass transport. Additionally,
the solution-processability of hybrids is a major advantage because it allows low-cost printing
or roll-to-roll fabrication of flexible materials at industrial scales. Typical application areas in-
clude environmental gas sensors, [5] solar cells, [6] separation membranes, [7] catalysts, [8] proton
conducting membranes, [9] and supercapacitors. [10] Various aspects of history, preparation, and
design of hybrids have been covered previously. [11–13] Here, we explicitly focus on current trends
and novel ideas of how to take an advantage of synergistic interaction between organic and
inorganic materials used for sensing, separation, and catalytic conversion of CO2. To this end,
we first briefly introduce the most frequently utilized components of hybrid structures and their
properties that make them suitable for CO2-based applications, as shown in Figure 9.1. We
discuss specific figures of merit and highlight the most exciting examples of hybrid structures
utilized in sensing (section 9.4), separation (section 9.5), and catalytic conversion (section 9.6)
of CO2, respectively. However, in these sections we refrain from comparing performance metrics
because these highly depend on the experimental setup and are difficult to compare without
effective benchmarking. Instead, we highlight common synergistic benefits of organic-inorganic
hybrid materials across multiple material classes and identify experimental obstacles that limit
their performance comparison. Finally, we give an outlook on future trends in the development
of CO2-active hybrid materials.

Figure 9.1: Most common building blocks used to design hybrid materials for CO2 related
applications. Reproduced from reference [14] with permission from the Royal Society of Chem-
istry.

9.3 Individual Organic and Inorganic Building Blocks

Functional groups. Here, we discuss the chemical background behind the interaction of CO2
with commonly used functional groups that can be bonded onto or incorporated into solid materi-
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als in order to tune the chemical properties of otherwise unreactive surfaces. For example, amines
interact with CO2 based on the hard soft acid base (HSAB) concept and dipole-quadrupole inter-
actions. [15] Indeed, CO2 (hard Lewis acid) has a strong affinity towards primary and secondary
amines (hard Lewis base) under the formation of alkylammonium carbamate complexes:

CO2 + 2 RNH2 RNHCOO– + RNH +
3 (9.1)

CO2 + 2 R2NH R2NCOO– + R2NH +
2 (9.2)

CO2 + R2NH + RNH2 R2NCOO– + RNH +
3 (9.3)

CO2 + R2NH + RNH2 RNHCOO– + R2NH +
2 (9.4)

The anhydrous carbamation reaction (equation 9.1-9.4) cannot occur for tertiary amines. In-
stead, in the presence of humidity hydrogen carbonate forms:

CO2 + RNH2 + H2O RNH +
3 + HCO –

3 (9.5)
CO2 + R2NH + H2O R2NH +

2 + HCO –
3 (9.6)

CO2 + R3N + H2O HCO –
3 + R3NH+ (9.7)

Note that primary amines (Equation 9.1) are typically more reactive than secondary amines
(Equation 9.2). Compared to primary and secondary amines, tertiary amines (Equation 9.7)
are not as reactive, but can be regenerated at moderate temperatures. [16] Further, CO2 loading
is limited to 0.5 mol of CO2 per mol of primary or secondary amines, compared to 1 mol of CO2
per mol of tertiary amines.
At room temperature, the equilibrium of these reactions is typically on the right side of the
reaction formula, while elevated temperatures promote desorption and evaporation of CO2, thus
pushing it to the left side. Examples of chemicals with high primary and secondary amine loading
include diethylenetriamine (DETA), triethylenetetramine (TETA), and tetraethylenepentamine
(TEPA). Alternatively, CO2 also interacts with water (Equation 9.8-9.9).

CO2 + H2O H2CO3 HCO –
3 + H+ (9.8)

HCO –
3 + H+ + H2O HCO –

3 + H3O+ (9.9)

The formation of protons and hydronium ions is utilized for instance in colorimetric CO2 sensors
based on pH indicators [17,18] or tunable ion conductors. [19]

However, the presence of amines and/or water may lead to corrosion which not only triggers
catalytic degradation of amine functional groups but also causes degradation of equipment. [20,21]

Therefore, corrosion inhibitors or alternatives to amines like ionic liquids are of major interest.
Ionic liquids (ILs) are salts that have melting points below 100 ◦C. In particular, room tem-
perature ILs (RTILs) are liquid at room temperature. Besides their negligible vapor pressure,
ILs display good chemical and thermal stability. Generally, ILs are composed of organic cations
such as imidazolium, pyridinium or ammonium ions and of anions ranging from halides, to
polyatomic inorganic anions such as tetrafluoroborate [BF4]– and hexafluorophospate [PF6]– or
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to large organic anions like bistriflimide [Tf2N]–. Owing to the large variety of ions available,
physicochemical properties and affinity towards CO2 can be readily adjusted. [22–24] For example,
ILs with high CO2 solubility were synthesized by using ammonium, imidazolium, or pyridinium
cations. [22,25–31] Besides minor interactions with the cation, CO2 (hard Lewis acid) primarily
interact with [BF4]–, [PF6]–, or [Tf2N]– anions (hard Lewis base) by accepting partial electric
charges from the electronegative fluorine atoms. [22,32] Although the affinity of CO2 towards the
respective cations seems to be marginal, the side chain length of a cation can control free volume
to accommodate CO2. [22]

Polymers. The affinity of solid substrates towards CO2 can be increased through function-
alization with amines or ionic liquids. However, as prepared materials are typically limited to
silicas due to presence of surface hydroxyl groups and suffer from relatively low number of func-
tional groups and insufficient efficiency. [33] Therefore, polymers that directly interact with CO2
are interesting for uses requiring functional films with good gas selectivity and permeability,
e.g. in gas sensing, separation or conversion. Many polymers show high amine loading and are
used to selectively absorb CO2. Examples include amidine and guanidine-based polymers, [34,35]

poly(ether imide), [36] or poly(ethylene-imine). [37] Alternatively, by polymerizing ILs, so-called
polymerized ionic liquids or poly(ionic liquid)s (PILs) are obtained. Unlike their IL precursor,
PILs are usually solid at room temperature. Several PILs have been shown to selectively and
reversibly absorb CO2. [27,38,39] The use of PILs in capture and separation was recently reviewed
elsewhere. [40]

Also, the polymer nanostructure, i.e. nanopores or segregated microphases can affect the dif-
fusion of gases or reactants, thus proving useful in gas separation and catalysis. For example,
polymers such as polystyrene (PS), polysulfone (PSf), or poly(ether-b-amide-6) (PEBA) are
used owing to their controllable porosity as well as their good CO2 permeability and selectiv-
ity. [41] PEBA is a block-copolymer composed of amorphous and permeable polyethylene oxide
(PEO) units interacting with CO2 via dipole-quadrupole interaction [42] as well as crystalline
polyamide (PA) segments giving mechanical stability. [23] Alternatively, porous organic polymers
synthesized from individual multidentate organic building blocks can be used for nanostruc-
turing. Depending on polymerization conditions, cross-linking of polymer can be influenced to
obtain micro (<2nm), meso (2-50 nm), and macroporous (>50 nm) materials. [43] Due to high
surface area, large pore volume and wide range of building blocks, porous organic polymers
display a huge potential as CO2 adsorbent and as a catalytic platform. Diverse synthetic routes
and challenges related to the pore size distribution have been covered previously. [44,45] Through
thermal decomposition of polymeric structures with a well-defined porous structure, microp-
orous carbon materials with precisely tuned structure can be obtained. Indeed, the pyrolysis
of nitrogen-containing polymers, such as polypyrrole, [46] melamine formaldehyde resin, [47] poly-
acrylonitrile [48] and polyaniline [49] results in N-doped porous carbon materials, thus improving
CO2 adsorption capabilities when compared to pure carbon frameworks. It is however still under
debate whether the increased CO2 adsorption by N-doping is a result of facilitated CO2 adsorp-
tion by acid-base interaction, improved hydrogen-bonding capability or by residual ions. [50,51]

Owing to their low cost, high thermal and chemical stability, controllable pore structure, high
surface area and abundant nitrogen surface atoms, N-doped carbon materials are gaining signif-

151



9 Organic–Inorganic Hybrids for CO2 Sensing, Separation, and Conversion

icant attention for CO2 capture and separation. [52,53]

Moreover, by incorporating inorganic building blocks within the polymer matrix inherent prop-
erties of inorganic nanomaterials or additional features of the formed polymer-nanoparticle-
interface can be observed while maintaining flexibility and processability of polymeric materi-
als. [54] However, weak interfacial bonding is still an obstacle for obtaining uniform dispersions
of nanomaterials in polymer matrices. For instance, functional groups that interact with the
surface of particles can be integrated for steric stabilization of inorganic building blocks to avoid
loss of functionality as a result of agglomeration – which is currently one of the major challenges
for practical application. [55]

Dyes. Even though dyes usually do not interact directly with CO2, their pH-sensitivity can be
used to detect and respond to proton concentration changes occurring upon the interaction of
CO2 with water or humidity (see Equation 9.7-9.8). This effect is utilized in various optical CO2
sensors. pH-sensitive dyes include thymol blue (TB), [56–58] bromothymol blue (BTB), [57] phenol
red (PSP), [56,58] methyl red, [58] cresol red, [56] or luminescent 1-hydroxypyrene-3,6,8-trisulfonate
(HPTS). [59] Finally, porphyrine-based dyes can be used to promote the absorption of visible
light in photocatalytic conversion of CO2. [60]

Carbon materials. Graphene exhibits exceptional mechanical, optical, thermal, and electri-
cal properties while having a low density and it has become a real game changer in material
science. [61] It is a zero band gap semiconductor with symmetric band structure showing high elec-
tron mobility. [62,63] Moreover, graphene displays a 2-dimensional nanosheet morphology resulting
in high specific surface area and its π-conjugated structure supports the interaction with π-bonds
in CO2. [64] Therefore, graphene and its derivatives such as graphene oxide (GO) or reduced
graphene oxide (rGO) are now utilized in sensing, separation, and catalytic conversion. [65–68]

Graphene oxide (GO) can be synthesized by chemical oxidation and exfoliation of graphite using
strongly oxidizing agents. In contrast to graphene, the surface of GO is heavily decorated with
electron-rich, oxygen-containing, and highly reactive polar groups such as hydroxyls, epoxides,
or carboxyls, thus exhibiting oxygen contents of up to 40 at %. [69] The electron-donating nature
of these moieties leads to preferential adsorption of CO2 through dipole-quadrupole interac-
tion. [70] Furthermore, the interlayer spacing of GO can be adjusted, thus making it interesting
for membrane applications. [70–75] Moreover, exfoliated GO nanosheets are hydrophilic and thus
stable in water. Therefore, organic solvents are not necessary and the environmental friendli-
ness of industrial scale production and processing is enhanced. By reducing GO, it is possible to
partially restore the properties of graphene. [76] The reduced graphene oxide (rGO) shows good
electrical conductivity, dominated by positively charged carriers (holes). [77] Consequently, when
CO2 interacts with functional groups at the rGO surface by transferring an electron to rGO, the
hole concentration decreases and the resistance increases. This effect is a chemical foundation
for CO2 sensing. [78,79]

Graphitic carbon nitride (g C3N4) is closely related to graphene, GO, and rGO. It is a 2-
dimensional, semiconducting material with a band gap of about 2.7 eV and is composed of
tri-s-triazine units that are interconnected by planar tertiary amino groups. It can be prepared

152



9.3 Individual Organic and Inorganic Building Blocks

from low-cost nitrogen- and carbon-rich precursors such as cyanamide, dicyandiamide, melamine,
and urea. [80–82] By altering the precursor and through chemical functionalization following the
synthesis, the electronic band structure of the material and its light absorption properties can
be tuned, [83] thus making it attractive for various catalytic applications. [84]

Metal-organic frameworks. Metal organic frameworks (MOF) are an emerging class of crys-
talline hybrid materials consisting of metal containing nodes, also called secondary building units
(SBU), that are interconnected by organic linkers forming a 1-, 2-, or 3-dimensional porous net-
work. MOF crystals typically display large internal cavities that are interconnected by small
channels. [85] Owing to their highly ordered nanoporosity of up to 90 %, MOFs provide cor-
respondingly large internal surface area. [19,86] Moreover, the molecular building blocks can be
varied systematically, which is a major reason for the exceptionally high chemical and functional
versatility as well as adjustable internal surface properties. Consequently, and in contrast to
other porous materials such as zeolites or aerogels, MOFs show precisely tunable pore size in a
typical range of 2 100 Å. [87–91] For example it is possible to fit the size of molecular guests, thus
even enabling H2/D2 isotope separation by quantum sieving. [91] Furthermore, enzyme-like se-
lectivity was demonstrated after postsynthetic modification with molecular recognition groups.
Additionally, the incorporation of MOFs as fillers in polymeric matrices is facilitated by their
partially organic nature that yields good compatibility. Therefore, MOFs are interesting for
numerous applications including molecular sieving, [92,93] CO2 separation, [94,95] catalysis, [96] se-
questration, [97,98] and chemical sensing. [93,99–102] Owing to their tunability, it is possible to design
MOFs specifically interacting with CO2. [89,103,104] For example, zeolithic imidazole frameworks
(ZIF) (Zn/Co SBUs, imidazole-based linkers) are interesting because of their good CO2 cap-
ture and sieving properties. For instance, ZIF-8 displays large cages (11.6 Å) and narrow pore
apertures (3.4 Å), [105,106] which can be tuned such that the large cages contain CO2 absorbing
ILs while the narrow pores allow molecular sieving of CO2. [107,108] Similarly, MFU-4 (Zn5Cl4
SBUs, benzobistriazolate linkers) displays alternating small (3.88 Å) and large cages (11.94 Å)
connected by narrow apertures (2.52 Å). [109] Alternatively, MIL-101 (Cr SBUs, terephthalic
acid linkers) can easily be functionalized with CO2 sensitive molecules owing to numerous un-
saturated chromium sites within the structure. Also, CuBDC (Cu SBUs, 2-hydroxyterephthalic
acid linkers) and MIL-53 (Al SBUs, terephthalic acid linkers) display good CO2/CH4 selectiv-
ity. [36,110,111] Moreover, by incorporating catalytic centers and photosensitizers in MIL-125 (Ti
SBUs, 2-aminoterephthalate linkers), it was possible to combine the photocatalytic CO2 reduc-
tion activity with large surface area and open porosity of MOFs for improved mass transport. [112]

This list is by far not exhaustive, but it hints at the versatility of MOFs for application in CO2
separation and conversion. Nevertheless, certain MOFs are water sensitive, thus limiting stabil-
ity in process environments. Water adsorption concepts, water stability of several MOFs and
experimental characterization procedures have been discussed previously. [113]

Inorganic nanomaterials. Depending on the application, inorganic materials are generally
selected based on their morphology or their surface and bulk properties. For instance, in appli-
cations that require high specific surface area or short charge carrier diffusion lengths, nano-sized
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building blocks are employed. Regarding the morphology, structures with various dimensional-
ity such as spherical nanoparticles, nanowires or -chains, nanosheets, and nanocubes that show
dimension- and shape-dependent optical and electrical properties can be distinguished. [114,115]

Moreover, given that different morphologies exhibit different crystallographic surfaces and sur-
face energies, they also display different affinities to CO2. For example, nanoparticles of various
shapes show varying activities and selectivities for identical catalytic reactions due to the expo-
sure of different crystal facets. [116,117] In addition, catalytic activity also depends on chemical
composition. For electrocatalytic reduction of CO2, copper and noble metals like gold, silver
and palladium showed to be most effective. However, based on varying ability to stabilize reac-
tion intermediates, copper is uniquely active for reduction of CO2 to hydrocarbons, while gold,
silver and palladium form CO as major product. [118] For photocatalytic reduction, metal oxides
like TiO2, Cu2O, WO3 and Bi2WO6 or metal sulfides as CdS, ZnS were intensively investigated
due to their suitable band gap. [119] Among these various semiconductor photocatalysts capable
of driving CO2 reduction, perovskite oxides (ABO3) emerged as a promising class of materials
because band structure, charge transfer and adsorption of CO2 can easily be manipulated and
optimized by varying A- and B-site cation composition. [120] Besides, more advanced synthesis
protocols allow precise fabrication of colloidal semiconductor quantum dots or lead-halide per-
ovskites that can be utilized for CO2 reduction due to the size-dependent band structure. [121]

These inorganic building blocks can be assembled to macroscopic objects e.g. by formation of
aerogels which increases the dwell time of CO2 molecules in the confined space and enables
interparticle charge transfer such that lifetime of photoexcited charge carriers is extended. [122]

Additionally, aerogels can be functionalized with organic groups, thus providing high reactive
site densities. Moreover, by tuning the pore size in mesoporous silica materials, good sieving
properties can be obtained.

9.4 Organic-Inorganic Hybrids for Sensing of CO2

In the past years, the evolution of the internet of things (IoT) has yielded a steadily growing
interest for different types of sensors and actuators. [123] In particular, CO2 sensors that are
technologically relevant in exhaust gas analysis, in breath analysis for medical diagnosis, or in
indoor air quality monitoring for intelligent ventilation systems are attracting a lot of atten-
tion. Gaseous and dissolved CO2 is commonly detected and quantified using the non-dispersive
infrared (NDIR) and the potentiometric Severinghaus techniques, [124] respectively. The NDIR
method is based on the Beer-Lambert law of absorption of infrared radiation by CO2 molecules
and shows high selectivity, sensitivity, and cyclability in a large concentration range. In con-
trast, Severinghaus sensors measure the pH-change of a bicarbonate buffer solution induced by
the CO2/H2O interaction. However, both sensor types have limited miniaturization potential,
which impedes their use in portable devices. Consequently, considerable efforts were made to
develop innovative CO2 sensors based on the resistive and capacitive read-out. The main ad-
vantage of this technology lies within its applicability in flexible and printed electronics as well
as in battery-driven devices. For example, polymeric materials with tuned functionality were
developed and have shown improved gas-sensing performance. [125] However, despite many efforts
in material design and morphology control, problems of long-term stability, moisture sensitivity
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and conductivity remain unsolved. Alternatively, inorganic metal-oxide semiconductors show
pronounced CO2 sensitivity at operating temperatures of 250-350°C. [126–128] However, because
of the high energy demand related to the elevated operating temperatures they are unsuited for
applications in battery-driven devices. Moreover, heated sensors could act as ignition sources
under flammable condition. Nevertheless, the issues related to organic and inorganic materials
can be overcome by utilizing hybrids thereof. [5,129,130] We discuss the main figures of merit used
to characterize CO2 sensors and present a selection of hybrid CO2 sensors pooled by their respec-
tive transducing technology including electrical, optical, and acoustic sensors. Figure 9.2 gives
an overview of different sensors discussed herein. We finally summarize the main limitations of
these sensors and how they can be tackled.

Figures of Merit

Depending on sensor type, different properties of the active material such as resistance, ca-
pacitance (electrical sensors), absorption, transmission, wavelength shift, luminescence (optical
sensors), or resonance frequency (resonant sensors) are monitored as a function of CO2 concen-
tration. The extent of the measured signal change determines the sensitivity that is typically
given as an absolute or relative change with respect to the baseline signal. Sensor kinetics are
commonly characterized by the response and recovery times of sensors. For instance, t90 is the
time needed to reach 90 % of the absolute change measured at equilibrium condition. Slower
sensors are sometimes defined by their t50 value. The sensor kinetics strongly depend on CO2
adsorption and desorption rates of the active layer. Moreover, desorption substantially influences
the cyclability of a sensor, which is a crucial property for industrial applications. Furthermore,
the limit of detection as well as the dynamic range determine the lower and upper bound of
the concentration range in which the sensor can be operated, respectively. It is worth mention-
ing that the necessitated dynamic range depends on the field of application and has therefore
to be adjusted accordingly. For example, when controlling air quality, CO2 concentrations be-
low 0.5 % have to be detected whereas in food packaging, CO2 concentrations above 80 % are
usual. [131] Finally, the cross-sensitivity of a CO2 sensor towards humidity and other gases as
well as environmental effects including temperature and pressure is a key characteristic. For
the sensors discussed next, some of these parameters are given in Table 9.1. We refrain from
listing response and recovery times because these values strongly depend on gas flow and sample
chamber volume, which are not directly comparable from one study to another.

Resistive and Capacitive Sensors

A resistive or capacitive CO2 sensor monitors changes of resistance or capacitance of a trans-
ducing material as a function of CO2 concentration as depicted in Figure 9.2a. Most organic-
inorganic hybrid gas sensors combine the chemical activity of a low-conducting organic material
with the transducing functionality of a conductive inorganic constituent. The chemical interac-
tion of CO2 with the organic material has a direct impact on charge carrier density or mobility
in the transducer or causes relative permittivity variations in the dielectric layer, thus yield-
ing resistance or capacitance changes. Unsurprisingly, carbon-based materials turn out to be
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Figure 9.2: Schematics of operating principles for different sensors with examples from liter-
ature. a) Resistive or capacitive-type sensor, b) IR-type sensor with enhanced CO2 absorption
layer, [143] c) optical sensor utilizing upconverting particles, [41] d) optical fibre cladded with CO2
sensitive MOF layer, [137] e) optical sensor based on Fabry-Pérot interferometer, [138] f) colorimet-
ric sensor utilizing pH-sensitive dye, [57] g) unidirectional CO2 indicator, [142] h-i) CMUT [35] and
SAW [141] sensors measuring resonance frequency changes upon CO2 absorption. Reproduced
from reference [14] with permission from the Royal Society of Chemistry.

ideal transducers. [78,132,133,140] For example, PEI-modified carbon nanotube field-effect transis-
tors (NTFETs) were designed for CO2 sensing. [132] The selective interaction of CO2 with the
primary and secondary amines of PEI leads to the formation of carbamates, which in turn lowers
the pH of the polymer layer and reduces the electron-donating effect of PEI to the carbon nan-
otube channel. In addition, starch was used to improve the PEI/carbon nanotube interaction
and because of its hygroscopic nature, permits higher CO2 absorption and results in a stronger
protonation of the amino groups of PEI. Similarly, single-walled carbon nanotubes (SWCNT) can
be functionalized with percolating networks of ammonium-based P[VBTMA][BF4]. [140] Owing to
the strong interaction of P[VBTMA][BF4] with SWCNT through cation-π and π-π interactions,
the polymer chains wrap around the SWCNTs while agglomeration of particles is prevented by
repulsive forces among imidazolium cations. As CO2 interacts with [BF4]–, charge transfer from
[BF4]– to CO2 will diminish electron donating-effect of [BF4]– to SWCNT, thus increasing the
hole concentration and eventually lowering the electrical resistance. An important drawback is
that the recovery has to be triggered by an UV illumination step, which decreases the CO2 des-
orption energy barrier. Others chemically modify 3-dimensional reduced graphene oxide (rGO)
with hydroquinone, thus introducing doping and defect sites on the surface of rGO. [133] In fact,
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charge transfer from CO2 to rGO leads to enriched hole concentration in rGO and lower resis-
tance.
In our own research, we disperse inorganic filler particles in polymeric films to increase gas
permeability. Even though it might seem counter-intuitive, the addition of nanoparticles leads
to increased voids by hindering crystallization of polymers. We synthesize P[VBTMA][PF6]/
La2O2CO3

[134] as well as P[VBTMA][PF6]/Al2O3
[135] hybrids for CO2 sensing. In the first study,

La2O2CO3, which is inherently sensitive towards CO2 at elevated temperatures, [126,144] was com-
bined with P[VBTMA][PF6] that is able to reversibly absorb large amounts of CO2, eventually
acting as a preconcentrator. In the follow-up study, the same principle was demonstrated, but
we replace La2O2CO3 by Al2O3 particles because of recyclability, environmental, and ecological
reasons and because of their inertness to other gases. We find that the role of particles mainly
consists in increasing gas permeability and allowing fast and reversible sensing, while CO2 in-
fluences the electric and ionic conductivities of the polymer measured via DC resistance and
AC impedance. Impedance studies highlight the importance of protons during CO2 sensing,
supported by the fact that a minimum relative humidity around 40 % RH is needed so that its
interaction with CO2 yields protons and hydrogen carbonate (Equation 9.8). A similar behavior
was observed in highly porous, γ-cyclodextrin-based CDMOF-2. [19] The noncovalent bonding of
CO2 with readily available free hydroxyl groups forms alkyl carbonic acid, which leads to a de-
crease of proton conductivity. CDMOF-2 is highly sensitive in the low CO2 concentration regime
and displays good reproducibility over several cycles. Besides measuring electrical resistance or
ionic conductivity changes upon exposure to CO2, it is also possible to track the capacitance of
a sensor as a function of time. For instance, silica nanoparticles that are combined with PEI by
wet-impregnation display linear capacitance changes as a function of CO2 and humidity. [136,145]

The measurements show good reproducibility even after ageing for several weeks at ambient
conditions.
Because sensors based on the electrical principle transduce a chemical signal that is induced by
a certain number of adsorption sites into an electrical signal, the sensor operability is usually
limited to low CO2 concentrations (<10 %), while it saturates at higher concentrations. This
is one of the reasons driving the search for alternative detection principles such as via optical
read-out, which enables measurements also at high concentration (10-100 %).

Optical Sensors

Optical gas sensors typically measure either the infrared radiation absorption or colorimetric and
fluorescence intensity changes of a sensing layer as illustrated in Figure 9.2b-g. [146] The main
benefits of optical sensors are their large dynamic range, their high selectivity, and their usability
for remote or electrically isolated sensing. Furthermore, they are applicable for the detection of
dissolved CO2, which is needed for CO2 monitoring in blood or seawater and which makes them
serious competitors to current Severinghaus detectors. Many efforts are made to find smaller
alternatives to conventional NDIR sensors. Some studies focus on improving NDIR sensors
e.g. by using enhanced thermal IR emitters [147] or by using amine-functionalized structures to
increase IR absorption, eventually reducing the light path length needed to reach a given sensi-
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tivity. [143,148] For example, porous Al2O3 substrates were functionalized with a glutaraldehyde-
interlinked PEI film that acts as an enrichment layer. [148] Likewise, metal-organic frameworks
can be combined with plasmonic gold nanopatch arrays, thus increasing the absorption path of
on-chip sensors. [143]

Alternatively, CO2 sensors monitoring the color or the fluorescence of the sensing layer take
advantage of the pH changes induced by the CO2/H2O interaction. Through adding a dye that
changes its color upon protonation, the color is indicative of CO2 content. Additionally, the sen-
sitivity can be adjusted by tuning the pKa value of the pH indicator, thus allowing precise CO2
measurement in a well-defined concentration range. As an example, the usability of silicone-
encapsulated room temperature ILs was demonstrated. [57] As CO2 dissolves in the buffer and
reacts with [BMIM][TOS], the pH increases leading to a colorimetric change of the dye. The
fluorescence intensity decreases exponentially with CO2 concentration and the sensitivity can
be tuned by the choice of the room temperature ionic liquid (RTIL) counteranion. However,
photobleaching in the presence of oxygen is a possible reason for fluorescence intensity decrease
over time.
The use of optical fibers is attractive owing to their mechanical flexibility and in situ/in vivo
operability. [149,150] For example, the cladding can be removed by etching to enable subsequent
surface functionalization with a sensitive coating. Since CO2 alters the refractive index of the
sensing layer, the evanescent waves propagating into the layer as well as the transmission through
the fiber will be affected. [151] For instance, porous ZIF-8 films can be deposited on the surface of
an optical fibre. [137] CO2 molecules selectively interact with the MOF material, influencing pore
filling and refractive index. As the refractive index of the MOF-film draws closer to the refrac-
tive index of the fiber, a larger portion of light propagates into the film causing a linear decrease
of transmittance, which is in direct correlation with CO2 concentration. The challenge of this
method lies in the detection of extremely small variations in refractive index induced by CO2.
Others have used hybrids containing thymol blue (TB) dye and found logarithmic dependence
of sensor signal with CO2 concentration. [18] Alternatively, the sensitive layer can be deposited
onto the fiber tip, giving rise to a Fabry-Pérot interferometer (FPI) [152] for example by direct
µ-printing of poly(allyl-3-vinylimidazolium bromide) (PAVB) on the fiber tip. [138] Indeed, the
reversible CO2 absorption of PAVB induces refractive index changes measurable by a shift of
the interference peak. Interestingly, because a multi-cored optical fiber can be employed, it is
possible to simultaneously measure temperature using SU-8 epoxy control sample. This points
towards the possibility to detect and monitor multiple parameters in parallel which is important
for signal calibration in electronic noses.
Another interesting approach consists in mixing NaYF4:Yb,Er upconverting nanoparticles to-
gether with longwave absorbing and pH-sensitive BTB dye in a PS matrix. [41] Upconversion
takes advantage of a nonlinear optical process involving the absorption of two or more low-
energy photons in long-living energy states with subsequent emission of a single higher-energy
photon. The composite film is excited using a NIR-laser, and the dye-induced luminescence can
be recorded as a measure of CO2 concentration.
In most applications, reversibility of CO2 sensors is highly desired. However, unidirectional
optical CO2 indicators that switch color upon onetime exposure are conceivable, e.g. as an
alert sign similar to mechanical shock indicators. For instance, gold NPs were functionalized
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with CO2-responsive poly(N-(3-amidino)-aniline) (PNAAN). [142,153] Because the amidine groups
from PNAAN capture protons generated by the CO2/H2O interaction, the polymer becomes hy-
drophilic, swells and detaches from the gold surface. The subsequent irreversible aggregation of
gold NPs leads to a unidirectional color change from red to blue.

Resonant Sensors

The resonant gas sensors take advantage of the mass-loading mechanism (see Figure 9.2h-i). This
effect exploits the fact that whenever a resonant oscillator absorbs CO2, its mass increases, thus
leading to a decrease of resonance frequency. For this method to work, high mass sensitivity has
to be achieved. This is possible with surface acoustic wave (SAW), [154] quartz crystal microbal-
ance (QCM), or capacitive micromachined ultrasound transducers (CMUT). [35,155] A major ad-
vantage of these transducers lies within their good CMOS compatibility making them interesting,
cost-effective candidates for miniaturized gas sensors. For example, an APTES-functionalized
mesoporous silica and guanidine-based polymer layer was deposited onto a CMUT substrate. [35]

The device is operated at its mechanical resonance frequency and shows linear dependence of
frequency shift with CO2 concentration without saturating. Alternatively, SAW-based acoustic
transducers monitor the propagation of SAWs in terms of amplitude, phase, and wave velocity.
Any mass, conductivity, or stiffness change of the sensitive layer will affect these parameters. [156]

SAW-based sensors have already been utilized for the detection of humidity and organic ana-
lytes. [157,158] More recently, porous MFU-4 films were directly grown from solution onto SAW
substrates for the adsorption and detection of CO2. [141] However, because CO2 interacts with
MOFs solely by physisorption, the differentiation between CO2 and other adsorbates remains a
major issue. Nevertheless, owing to the fast response time and picogram accuracy, it is possi-
ble to differentiate absorbed gases by their uptake rate. Furthermore, temperature-dependent
measurements allow the evaluation of the activation energy of CO2 uptake and show that at low
temperatures, the phase shift increases due to a higher mass loading. In another study, ZIF-8 is
deposited onto SAW and QCM transducers and used as the CO2 sensitive material with SAW
sensors outperforming QCM devices. [139]

Common Limitations of Sensors

A notable issue of many sensors is the cross-sensitivity towards interfering gases. Therefore, it is
necessary to design sensors depending on their application field. Conceivable approaches include
the use of coordinated sensor arrays that enable calibration procedures or sensor filters and
coatings for the encapsulation of the sensing material. Alternatively, environmental effects can
be compensated by specially designed circuitry, e.g. Wheatstone bridges. In addition, sensors
should ideally be reversible and recover rapidly under mild conditions. Sensors that display high
selectivity typically interact chemically with the analyte resulting in high activation energy for
CO2 desorption. As a consequence, pulsed or continuous heating as well as UV illumination are
still required for many sensors. [133] Possible solutions include the optimization of sensing layer
morphology as well as the use of physisorbing materials showing enhanced reversibility but with
the drawback of lower selectivity. Regarding the response and recovery times of sensors, direct
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comparison of these characteristics from different studies is difficult because they are strongly
dependent on gas flow as well as the volume of the respective flow chambers. Apart from
this, an interesting approach using magnetic nanostirrers for enhanced response in gas sensors
has been demonstrated recently. [159] Cyclability and long-term stability are usually tested on
a small number of pulses within a relatively short time scale, i.e. hours and days. However,
it is necessary to test the sensors in a longer time scale to prove their usability in real-life
applications. This is particularly important for sensors working in aggressive environments
that are detrimental to the service life of the sensing layer. An alternative approach consists
in protecting the sensor layers by employing coatings with selective gas permeability. Finally,
because of the temperature and pressure-dependence of sensitivity, particularly for absorption-
based sensors, it is necessary to calibrate both temperature and pressure using reference sensors.
Moreover, there is a traditional trade-off between slow desorption at low temperatures and low
sensitivity at high temperatures.
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Table 9.1: Sensor characteristics of hybrid CO2 sensors and indicators discussed within this
section.
material carrier dynamic range temperature/humidity reference

PEI
Starch@CNT

Air 500 ppm - 10 % RT/80 % RH [132]

Hydroquinone
@3D-rGO

Syn. air 100 - 1000 ppm RT-80 ◦C/- [133]

La2O2CO3+
P[VBTMA][PF6]

Syn. air 150 - 2400 ppm RT/50 % RH [134]

Al2O3+
P[VBTMA][PF6]

Syn. air 600 - 3200 ppm RT/30-70 % RH [135]

PEI+SiO2

Syn. air 400 - 3000 ppm RT/24-78 % RH [136]

[BMIM][TOS]+
Silicone

N2 0 - 100 % 10-50 ◦C/100 % RH [57]

ZIF-8@
SAW

N2 0 - 100 % RT/- [137]

PAVB@
Optical fiber

N2 0 - 75 % RT-50 ◦C/- [138]

CDMOF-2
N2 0 - 100 % RT/- [19]

APTES@+
Mesoporous layer

N2 0 - 2 % RT, regeneration at
120 ◦C/0-80 % RH

[35]

ZIF-8@SAW
N2 5 - 100 % RT/- [139]

PIL@SWCNT
N2 500 ppt - 50 ppm RT/42 % RH [140]

MFU-4@SAW
N2/He 1 ppm - 100 % -63-28 ◦C/- [141]

NaYF4:Yb:Er+
BTB+PS

Ar 1 - 3 % RT/100 % RH [41]

PNAAN@AuNP
- - RT/- [142]
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9.5 Organic-Inorganic Hybrids for Separation of CO2

The efficient separation of CO2 from gas mixtures is important e.g. in flue gas treatment
(CO2/N2), natural gas sweetening (CO2/CH4), or syngas cleaning (CO2/H2). [160–164] Conven-
tional separation processes include amine scrubbing by aqueous alkanolamine solutions, pressure
swing absorption, or cryogenic distillation. [165–167] However, these processes are costly and/or
energy intensive during regeneration, thus lowering plant efficiency and impeding the use in large-
scale industrial applications. Furthermore, amine-based processes suffer from the volatility and
corrosivity of amine solutions. A promising alternative is the use of solid separation membranes,
which are characterized by simple operation, low energy consumption, and environmental friend-
liness. [113,168–170] For instance, dense polymeric membranes show reasonable selectivity but an
inherent permeability-selectivity trade off limits their use. [171–173] Alternatively, inorganic mem-
branes show enhanced permeability-selectivity, [92] but these membranes are difficult to fabricate,
expensive, and brittle. In fact, the low mechanical strength makes them particularly vulnerable
to the high transmembrane pressure drop that is required for efficient separation. Recently,
mixed matrix membranes (MMM), which are fabricated by incorporating filler particles such
as zeolites, MOFs, carbon-based materials, or mesoporous silica into polymeric matrices, have
been demonstrated to overcome permeability and stability issues. [162,174,175]

Here, we present the key parameters used to characterize gas separation membranes and describe
recent advances in the development of hybrid materials for CO2 separation. Finally, we discuss
common limitations and solutions thereto.

Figures of Merit

Permeability and selectivity are the most important parameters utilized to characterize gas
separation membranes:

Permeabilityi = Diffusivityi · Solubilityi (9.10)
Selectivityij = Permeabilityi / Permeabilityj (9.11)

While selectivity is unitless, permeability is measured in barrer with 1 barrer =10−10 cm3 (STP)
cm cm−2 s−1 cm Hg which is related to the flow rate (cm3 (STP) s−1), membrane thickness (cm)
and area (cm3), as well as pressure difference across the membrane (cmHg). Note that one cm3

(STP) is not a volume but the amount of gas in one cm3 at standard temperature and pres-
sure (STP). Importantly, there is a traditional permeability-selectivity trade-off exemplified by
Robeson’s upper bound [176,177] restricting gas separation performance (see Figure 9.3). Because
the permeability of a gas through a membrane is determined by its diffusivity as well as its
solubility (see Equation 9.9), membranes based on size exclusion and solution-diffusion can be
utilized taking advantage of physical and chemical differences between the gases, respectively.
This is schematically shown in Figure 9.4. Moreover, because permeation is a thermally acti-
vated process following the Arrhenius equation, the temperature during the separation process
needs to be controlled. Table 9.2 shows key properties of hybrid separation membranes.
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Figure 9.3: Selectivity versus permeability for the separation of CO2 from CH4 and N2. It ap-
pears that MMMs (black squares, green triangles pointing up) generally perform better than the
respective neat polymeric matrices (red circles, blue triangles pointing down). The straight line
corresponds to Robeson’s upper bound, which shows the experimentally defined permeability-
selectivity limit. Note that both permeability and selectivity are plotted on a logarithmic axis.
Reproduced from reference [14] with permission from the Royal Society of Chemistry.

Size Exclusion Mechanism

The size exclusion mechanism is based on the size-dependence of permeability. In fact, when
CO2 is separated using molecular sieves, a smart balance of pore size has to be found such
that pores are small enough to efficiently separate the different gases and large enough to allow
reasonable gas flow. Pore sizes of 5-10 Å were found to be suitable for separation of CO2 whose
kinetic diameter is smaller than many light gases, CO2 (330 pm) < N2 (364 pm) < CO (376
pm) < CH4 (380 pm). [188]

In particular, MOFs play an important role in molecular sieving and they are often used as filler
material in hybrid membranes owing to their precisely tunable pore size. It is also possible to
incorporate ILs into MOFs to fine-tune the effective aperture size. For instance [bmim][Tf2N]
was incorporated into ZIF-8 particles via in situ ionothermal synthesis. [185] The [bmim]+ cation
is used because of its size, which enables efficient cavity occupancy, whereas the [Tf2N]– an-
ion promotes CO2 absorption. Because 1-2 IL molecules are confined in each sodalite cage of
ZIF-8, they lead to a strong decrease of surface area of the MOF host. By incorporating as
prepared IL-modified ZIF-8 particles into a PSf matrix, CO2 permeability as well as CO2/CH4
and CO2/N2 selectivities was remarkably increased. This example shows that it is possible to
achieve a target-oriented alteration of MOF cut-off size through choosing ILs with proper chain
length and by controlling the confinement ratios.
Alternatively, dual-channel pore engineering, i.e. the utilization of two different pore sizes in a
single composite material, is an attractive method that combines precise separation with high
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Figure 9.4: a) Schematic drawing of the gas separation process. On the top, a CO2 rich
gas reaches the membrane surface while on the bottom, the CO2 that permeated through the
membrane is removed using a sweep gas. The permeation is enhanced for small membrane
thickness t and high transmembrane pressure drop ∆P . b) Separation via size exclusion. In
contrast to gas molecules with a small kinetic diameter (blue circles), gas molecules with a
large kinetic diameter (pink circles) do not permeate through the membrane. c) Separation via
solution-diffusion. The membrane preferentially absorbs a particular gas (blue circles). The
resulting concentration gradient with respect to the permeate side leads to higher permeability.
Reproduced from reference [14] with permission from the Royal Society of Chemistry.

permeability. For example, particles composed of a UiO-66-NH2 core with large pores sur-
rounded by a ZIF-8 shell with small pores were fabricated and embedded in a PSf matrix as
shown in Figure 9.5a. [178] The advantage of such core/shell particles is that the large pores
of the MOF provide facilitated transport pathways whereas the smaller pores of the ZIF as
well as incommensurately overlapping pores at the MOF/ZIF interface act as the sieving layer.
Furthermore, it is possible to optimize permeability and selectivity by adjusting the shell thick-
ness. Similar observations were made utilizing porous liquids as dual-channel molecular sieves
where hollow silica spheres coated with a microporous shell were used for gas separation. [179]

As obtained core/shell particles can further be functionalized with organosilane moieties that
react with hydroxy groups on the shell surface. Eventually, a poly(ethylene glycol)-tailed sulfone
canopy is added. Such organic-inorganic particles, which remain liquid even under vacuum con-
dition, can be embedded in a polymeric matrix to obtain solid membranes. In these materials,
two effects are actively taking part in the separation process: the acid/base interaction of CO2
with ether groups in the canopy and the diffusion process through the cavities of the porous
liquid that provide free volume.
A useful strategy to increase membrane selectivity involves the decrease of permeability of larger
gas molecules by homogeneously incorporating exfoliated nanosheets or layered materials into
the gas separation layer. Moreover, the layered structure forces the CO2 molecules to diffuse
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along 2-dimensional voids, thus free diffusion pathways are efficiently eliminated. For instance,
MoS2, montmorillonite, Mg-Al hydrotalcite, or CuBDC MOF were dispersed in various polymers
such as PSf or PI. [114,162,180] Note that a main disadvantage of this approach is the strong filler
orientation-dependence of overall gas permeability.
Finally, many efforts are made targeting at the enhancement of CO2 permeability by tuning the
geometry of membranes, especially by reducing the membrane thickness. This leads to less tortu-
osity for the diffusing species and diminution of gas diffusion resistance. For example, ultrathin
asymmetric MMM layers have been created. [36] Alternatively, it has been shown that capillary-
based structures can be chemically modified in a way that only a small fraction of the capillary
is filled by the gas separation medium, yielding µm thin membranes (see Figure 9.5b). [189]

Figure 9.5: a) Dual channel pore engineering. The gases are separated according to their kinetic
size using ZIF/MOF core-shell structures embedded in a polymeric matrix. From reference [178].
b) Approach to decrease layer thickness, tortuosity, and thus increase permeability. Reproduced
from reference [14] with permission from the Royal Society of Chemistry.

Solution-Diffusion Mechanism

Separation via solution-diffusion utilizes the high and selective CO2 solubility of the organic ma-
trices in hybrids that is often related to the comparably high quadrupolar moment of CO2 with
respect to other light gases such as N2 or CH4. For example, CO2/N2 selectivity can be adjusted
by focusing on CO2-philicity or N2-phobicity of the membrane material. It is important to note
that in membranes based on the solution-diffusion mechanism, the permeance is not necessarily
following the kinetic diameter of gases. Many ILs have inherent CO2/N2 permeability-selectivity
and can be inserted into polymeric network membranes for separation applications. [22,190] How-
ever, a common issue with such supported ionic liquid membranes (SILM) is the leakage of ILs
and blow-out effect occurring at high transmembrane pressure drops. Consequently, membranes
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with chemically bound functional groups are considered more durable than their counterparts
with mobile carriers. A possible approach is the fabrication of ion gel membranes combining
RTIL and a 3D network of inorganic nanoparticles in a stabilizing polymeric matrix, thus form-
ing so-called double network gels where inorganic nanoparticles lead to toughening of the mem-
branes. [191–194] For instance, [C2mim][Tf2N] [182] and [C2mim][B(CN)4] [181] ILs were combined
with silica and incorporated into a polymeric matrix. It turns out that the ionic liquid promotes
CO2 solubility and enhances the adhesion between the silica particles and the polymeric matrix.
Concurrently, the fragile inorganic network can easily be ruptured, thus dissipating the energy
loaded upon the ion gel, which in turn leads to increased toughness. Furthermore, as prepared
membranes show good compression stress behavior and are able to withstand high pressure dif-
ference over several days, suggesting good IL holding property. The observed effects are in strong
contrast with standard SILMs, thus underlining the utility of double network gels. Common
issues observed when filler particles are dispersed in an organic matrix include the aggregation
and poor particle dispersion as well as voids between the filler and the matrix material. All of
these effects are detrimental to efficient separation. Nevertheless, these issues can be tackled by
chemically modifying the filler particles. For instance, MIL-53 particles were functionalized with
aminosilanes and blended into poly(ether imide). [184] MIL-53 increases the permeance while the
aminosilanes act as interfacial bridges to the polymer and enhance adhesion. This prevents
nonselective transport through defects in the skin layer at the MOF/matrix interface. On the
other hand, the poly(ether imide) provides mechanical, thermal, and chemical stability together
with high selectivity. Furthermore, CO2 accumulates at adsorption sites and thus leads to a
crowding out effect by the formation of a large concentration gradient that accelerates the diffu-
sion of CO2. Alternatively, MOF structures can be decorated with IL moieties and incorporated
into polymeric matrices. In the case of [bmim][Tf2N]/ZIF-8/PEBA composites, the addition of
ZIF-8 particles results in both a stiffening of the PEBA matrix as well as an increase of CO2
permeability by the formation of narrow voids. [183] Furthermore, the addition of IL improves the
compatibility of ZIF-8 with the polymeric matrix, thus lowering the crystallinity and yielding
higher free volume that in turn is beneficial for gas diffusion. Moreover, by employing [BF4]–

and [DCA]– anions, the importance of the anion choice is demonstrated. Indeed, the use of
[Tf2N]– yields highest permeability, whereas [BF4]– yields best CO2/CH4 selectivity and [DCA]–

yields best CO2/N2 selectivity. Interestingly, the composites show relative diffusivities CO2 >
N2 > CH4 which is in accordance with their kinetic diameter. Also, GO can be utilized to tune
the CO2 selectivity, solubility, and permeability. For example, [emim][BF4]/GO/PEBA thin film
membranes are suitable for CO2/N2 and CO2/CH4 separation. [186] Indeed, CO2 binds to oxygen-
containing functional groups on the GO surface whereas diffusion of other gases is impeded by
increased tortuosity as a result of the insertion of GO nanosheets. With increasing humidity
and temperature, the overall permeance increases, but at a higher rate for N2 than CO2, thus
decreasing the selectivity of the hybrid. Regarding long-term operability, it is noteworthy to
mention that even though the permeance decreases over time, the selectivity is retained for at
least half a year. Furthermore, it is believed that the use of a PDMS matrix is a possible solution
to avoid increased transport resistance after ageing. Similarly, separation membranes made from
GO embedded in PEO-PBT copolymer were tested. [187] However, it appears that if the content
of GO is too high, the nanosheets begin to stack, eventually hindering the efficient diffusion of
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CO2.

Common Limitations of Sorbents and Separation Membranes

Humidity has a strong influence on separation performance and many membranes need the CO2-
carrying gas stream to be humidified in order to avoid drying-out. Furthermore, because high
pressure drops across the membrane are required for efficient separation, mechanical strength
of membranes is important. Due to the trade-off between mechanical strength and diffusivity,
practical solutions such as the use of strong polymer networks and dual-network structures need
to be utilized. In addition, the performance stability over time is a major issue in hybrid sepa-
ration membranes. This is particularly important for membranes based on ILs. Furthermore, it
will be necessary to develop new regeneration methods in order to optimize long-term stability.
Also, the large majority of hybrid membranes are being used for CO2/N2 separation. However,
gas purification processes usually contain gas mixtures and impurities as SO2, H2S, CO, H2.
Therefore, it will be important to study selectivity of CO2 compared to diverse gas components
and to focus on other separation processes such as CO2/CO, CO2/CH4 or CO2/H2 as well. Fi-
nally, an enormous potential lies within the utilization of computational methods to predict the
CO2 separation characteristics of potential MMMs. [195]
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Table 9.2: Key characteristics of different hybrid materials used for CO2 separation.

material carrier gas/
selectivity

CO2
permeability ∆P reference

ZIF-8 @ UiO-66-NH2
in Psf

N2/39 45.2 barrer - [178]

PEG+organosilane
@ SiO2

N2/10 158 barrer - [179]

MoS2 + PEBA+
PDMS in PSf

N2/93 64 barrer - [180]

poly(PEA-Montmoril-
lonite-TMC) in PSf

N2/37 16 barrer 1 bar [114]

poly(PEA-Hydro-
talcite-TMC) in PSf

N2/40 15 barrer 1 bar [114]

[C2mim][B(CN)4] +
SiO2 in PDMAAm

N2/38 2600 barrer 6 bar [181]

[C2mim][Tf2N] +
SiO2 in PIL

N2/24 500 barrer 6 bar [182]

[bmim][Tf2N] +
ZIF-8 in PEBA

N2/42 231 barrer 1 bar [183]

MIL-53 + Amino-
silane in poly(ether imide)

N2/41 24 GPU 6 bar [184]

CuBDC + polyimide CH4/85 3-6 barrer 7.5 bar [162]

[bmim][Tf2N]
@ZIF-8 in PSf

N2/152
CH4/66

310 barrer 10 bar
20 bar

[185]

[emim][BF4] +
GO in PEBA

N2/44
CH4/11

981 GPU - [186]

GO in PEO-PBT N2/73
CH4/21
H2/12

143 GPU - [187]
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9.6 Organic-Inorganic Hybrids for Catalytic Conversion of CO2

Nature has established a dynamic equilibrium between generation and recovery of carbon diox-
ide. Indeed, CO2 is emitted e.g. by decomposition of organic matter or by respiration [196] while
plants and algae capture gaseous or dissolved CO2 and photosynthetically convert it back to
carbohydrates. However, there is a man-made imbalance between emission and recovery that
should be reverted by considering CO2 as a renewable carbon feedstock. In fact, by combin-
ing CO2 capture and storage technology with CO2 conversion on industrial scale, an artificial,
carbon-neutral life cycle can be mimicked. Chemical fuels obtained from the conversion of CO2
are attractive in terms of energy storage owing to their 10 to 100-fold higher energy density as
compared to batteries. [197,198]

After the first attempts to catalytically reduce CO2 in 1870, [199] it took nearly one century
until research in this field intensified between the 1970s and 1980s where photo- and electrocat-
alytic reduction of CO2 to methane, [200,201] ethylene, [200] formic acid, [201,202] methanol, [201,202]

and formaldehyde [201,202] were demonstrated. Among various photocatalytically active semi-
conductor materials, TiO2 has been investigated most extensively owing to its high availability,
low cost, and high chemical stability. [203] However, photocatalytic efficiency for CO2 conver-
sion is often limited by high electron-hole recombination rates and low visible light absorption
that is related to the wide-bandgap of TiO2. Consequently, several strategies were developed
to enhance visible light absorption including doping, deposition of metal co-catalysts that act
as electron sinks and suppress electron-hole recombination, or formation of heterostructures
where two semiconductor materials are coupled to promote charge carrier separation. [119,204–210]

Furthermore, the role of surface reactions, [205,211] morphology and crystal phase of semicon-
ductors, [206] inorganic-inorganic hybrid materials, [212] metal oxides, [119,207] or size dependency
of metal catalysts [209] were studied. Alternatively, organic-inorganic hybrid materials can be
utilized because the organic part allows introduction of functional groups like amines or ionic
liquids, which act as mediators for the electro- and photochemical reduction of CO2. Recently,
imidazolium-based ionic liquids were used as additives in electrolytes to enhance electrocatalytic
reduction of CO2 due to increased solubility of CO2 and significantly lower energy barrier for
electron-transfer processes. [209,213,214] Additionally, amine functionalization of titania nanopar-
ticles, [215] zinc oxide, [216] or titanate nanosheets [217] substantially improved CO2 adsorption -
thus enhancing photocatalytic activity. [215]

In this section, we briefly present the theoretical background of CO2 conversion by electro-
and photocatalytic processes and discuss different hybrids based on MOFs, g C3N4, carbon
materials and organically doped metals. We then present and discuss future perspectives of
organic-inorganic hybrid materials for CO2 reduction.

Thermodynamics and Kinetics of CO2 Conversion

CO2 is a product of the combustion (oxidation) process of organic matter and its carbon atom
displays an oxidation state of +IV. Because the bonding energy of a C=O double bond is
750 kJ mol−1, which is considerably larger than C-C (336 kJ mol−1), C-O (327 kJ mol−1) or C-H
bonds (411 kJ mol−1), the photo- or electrocatalytic reduction of CO2 (see Figure 9.6) is challeng-
ing from a thermodynamic point of view. Typical products of the CO2 reduction process display
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oxidation states of carbon ranging from +II (CO) to -IV (CH4) and can be formed by different
pathways involving the transfer of multiple electrons. One-electron reduction is complicated by
big structural differences between the linear CO2 and the bent CO2-molecule (Equation 11) in
Table 9.3). [218] On the contrary, proton-assisted multi-electron transfer processes exhibit signifi-
cantly lower redox potentials and yield manifold reaction products like CO, HCOOH (Equation
12), MeOH (Eq. 16), or CH4 (Eq. 17). The redox potential limits the products that are obtained
since reactions with more positive redox potential are more likely to happen. On the other hand,
the number of electrons dictates the reduction kinetics. For example, the reduction of CO2 to
CH4 is thermodynamically favoured but kinetically suppressed because eight electrons need to
be transferred simultaneously. Consequently, it is hard to achieve high selectivity in electro- or
photocatalytic reduction of CO2. [219] Because CO2 is inert under UV-vis and at RT, semiconduc-

Figure 9.6: Schematic representation of a) the photo- and b) the electrocatalytic reduction
of CO2. During photocatalytic reduction, a photon is absorbed by a semiconductor under the
formation of an electron-hole pair. While the electron in the conduction band (CB) can be
utilized to reduce CO2, the hole in the valence band (VB) commonly drives the oxidation of
water. Similar reactions take place during the electrocatalytic reduction of CO2. However,
in this case, electrons and holes are provided by an external power supply and the cathodic
reduction and anodic oxidation processes are spatially separated by a membrane. Reproduced
from reference [14] with permission from the Royal Society of Chemistry.

tor catalysts are required for its photocatalytic reduction. The bandgap of the catalyst affects
the portion of the absorbed solar spectrum, and the respective positions of the valence band
(VB) and conduction band (CB) determine the photocatalytic performance. Consequently, band
structure engineering enables the enhancement of photon efficiency. For instance, if the CB is at
more negative potential than the redox potential of the corresponding CO2 reduction reaction,
the transfer of photogenerated electrons to surface-adsorbed CO2 molecules is facilitated. On
the other hand, if the VB is at more positive potential than the H2O oxidation reaction (Eq.
18), the consumption of photogenerated holes is enabled. Although H2O seems well suited for
the neutralization of photogenerated holes (Eq. 18) and for providing protons for the reduction
reactions, protons also compete with electrons in the CB for the generation of hydrogen (Eq.
15). [220] This dual behaviour of H2O is one of the major challenges in electrocatalytic reduction
of CO2. While the extent of the photocatalytic reduction is determined by the position of the
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CB, it additionally depends on the applied bias in the case of the electrocatalytic reduction.
Consequently, the selectivity of the reduction reaction can be influenced by the applied poten-
tial [221] and in order to increase electrocatalytic conversion efficiency the inherent charge carrier
mobility has to be optimized. Both approaches require facile transfer of multiple electrons from
the catalyst to the CO2 molecule. Furthermore, the surface of the catalyst should facilitate ad-
sorption of reactants, while efficient desorption of reaction products avoids catalyst poisoning.
Moreover, the nature of the products and their purity are determined by the chemical proper-
ties of the catalyst material like CO2 binding affinity and redox behaviour. However, combining
selectivity, activity, and efficiency into a single catalyst material is very challenging.
Nevertheless, organic-inorganic hybrids were shown to enhance the electro- and photocatalytic
activity by optimizing light harvesting, charge separation as well as mass transport and CO2
affinity.

Table 9.3: Redox potentials of CO2 reduction and side reactions ordered by their redox poten-
tial. Redox potentials are tabulated versus normal hydrogen electrode (NHE) under standard
conditions in aqueous solution (pH 7, 25 ◦C, 1 atm). [222]

reaction redox potential
vs. NHE, pH 7.0 equation

CO2 + e– CO –
2 E=−1.90 V (8.12)

CO2 + 2 e– + 2 H+ HCOOH E=−0.61 V (8.13)

CO2 + 2 e– + 2 H+ CO + H2O E=−0.53 V (8.14)

CO2 + 4 e– + 4 H+ HCHO + H2O E=−0.48 V (8.15)

2 H+ + 2 e– H2 E=−0.41 V (8.16)

CO2 + 6 e– + 6 H+ CH3OH + H2O E=−0.38 V (8.17)

CO2 + 8 e– + 8 H+ CH4 + 2 H2O E=−0.24 V (8.18)

2 H2O + 4 h+ O2 + 4H+ E=0.82 V (8.19)

Figures of Merit

The photo- or electrocatalytic reduction of CO2 is a complicated, multi-step process in which
different aspects as light absorption, charge carrier separation and movement to surface reaction
sites or adsorption and desorption of molecules determine the overall efficiency. Besides these
multi-step processes, also sample geometry and experimental parameters such as temperature,
illumination, gas flow and composition play a decisive role. [211,223–225] However, currently there
is no single quantity which considers this complexity and allows distinct comparison of several
catalyst materials. Instead, there are measures which relate the performance to either amount of
catalyst, illumination power or amount of catalytic active sites. For electrocatalytic reduction,
turnover frequency (TOF) and faradaic efficiency are commonly used as performance metrics to
evaluate CO2 reduction electrocatalysts. TOF is defined as rate of electrochemical conversions
per number of catalytic active sites and illustrates it’s activity. In order to reflect selectivity of
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electrocatalysts, the faradaic efficiency of a certain product is defined as the ratio of transferred
charges to obtain the product relative to the number of total charges. The faradaic efficiency is
often restricted by H2 formation. Therefore, faradaic efficiencies >80 % are considered for good
CO2 reduction electrocatalysts. [226]

For photocatalytic reduction, the most often used quantity is the rate-per-weight of a prod-
uct that is usually given in mol of product per hour of illumination and per gram of catalysts
(mol h−1 g−1). However, the rate-per-weight data is specific for the material and experimental
setup and does not reflect the intrinsic catalytic activity. Moreover, TOF values can be cal-
culated based on the specific area of the photocatalyts obtained by Brunauer–Emmett–Teller
(BET) measurements. Nevertheless, due to internal shading not the complete surface area is
uniformly illuminated, which means that the surface area may not accurately describe the num-
ber of available catalytic active sites. Additionally, even if the number of catalytic sites can
be accurately described, it is unclear how many are actually active throughout the entire ex-
periment. At present there is no straight-forward quantity which can be used to compare the
catalytic performance of different materials obtained by different experimental setups. To avoid
misleading interpretations of experimental data and to allow better comparison within the CO2
reduction community, rigorous testing protocols including advanced scientific techniques like
13CO2 isotope labelling are mandatory when studying CO2 reduction. [227] Since the discussion
of merits is beyond the scope of this review we would like to refer to publications which exclu-
sively deal with objective evaluation of catalyst’s performance. [228–234]

By choosing adequate building blocks of MOFs, it is possible to incorporate photosensitizers or
catalytic centres directly in the MOF structure. For example, it was demonstrated that CO2 is re-
duced to formate anions under visible light irradiation using MIL-125. [112] The amine functional
group within the structure led to improved CO2 adsorption capability and extended the upper
bound of visible light absorption from 350 to 550 nm. More recently, it was demonstrated that
photocatalytic properties of MOFs can be tuned by small variations of the backbone. Indeed,
a series of MIL-125 materials whose organic linker feature N-alkyl substituents with increasing
chain length and varying connectivity (primary or secondary amines) were prepared. [235] In fact,
inductive electron donating ability depends on chain length and reduces the optical band gap
from 2.56 to 2.29 eV, whereas the utilization of secondary amines enhances the lifetime of excited
states. In particular, MIL-125-NH-cyclopentyl shows optimum activity due to its long-living ex-
cited state and narrow band gap. These observations demonstrate that small variations in the
MOF backbone strongly influence photocatalytic properties for CO2 reduction.
Also MOF-based hybrids are fabricated to boost selectivity, activity, and efficiency of CO2 reduc-
tion catalysts. [236] For example, Re3-UiO-67 was deposited onto Ag nanocubes (see Figure 9.7a)
to confine photoactive Re centres to the plasmon-intensified electric field at the surface of Ag
nanocubes, resulting in a 7-fold enhancement of CO2 to CO conversion under visible light as
compared to bare Re3-UiO-67. [237] To enable plasmon-enhanced reduction, the localized surface
plasmon resonance (LSPR) peak of the metallic nanoparticle has to overlap with the absorp-
tion range of the linker molecule of the MOF. Due to the material- and size-dependency of
the LSPR, plasmon-enhanced photocatalytic activity should be transferable to different MOF
materials that show enhanced selectivity to higher-valued hydrocarbons.
Another attractive alternative used to improve light absorption is the combination of MOFs
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with semiconductor materials. For example, ZIF-8 nanoparticles were grown onto semiconduct-
ing Zn2GeO4 nanorods or HKUST-1 was coated with a porous TiO2 shell, thus resulting in a
strong enhancement of photocatalytic CO2 to CH3OH or CO2 to CH4 conversion as compared to
bare Zn2GeO4 and TiO2, respectively. [238,239] These observations are explained by the successful
combination of the CO2 adsorption property of ZIF-8 and HKUST-1 and the light harvesting
ability of Zn2GeO4 and TiO2 (Figure 9.7c), respectively.
Noble metal nanoparticles can also be used to tune the CO2 conversion selectivity of catalysts
(see Figure 9.7b). [240] First, by replacing rigid linker molecules of a Ni-based MOF with softer
molecules, a spongy, disordered, and defective metal-organic material with high selectivity in
photocatalytic CO2 to CO conversion can be obtained. Second, the selectivity can be tuned
by decorating the spongy material with Ag or Rh nanoparticles resulting in the formation of
formic acid or acetic acid as a major product, respectively. These observations were attributed
to further reduction of the intermediate CO molecules, as depicted in Figure 9.7b.

Metal-Organic Frameworks and Their Hybrids

Figure 9.7: MOF-based hybrids synthesized to boost activity, selectivity and efficiency of
CO2 photoreduction. Integration of metal nanoparticles, (a) incorporates a plasmon-intensified
electric field leading to higher photonic efficiency within the MOF building block or (b) controls
selectivity by loading different type of metals. [237,240] Moreover, (c) superior CO2 adsorption
on Cu sites of HKUST-1 causes dramatically improved performance and selectivity compared
to bare TiO2. [239] Reproduced from reference [14] with permission from the Royal Society of
Chemistry.
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Carbon Materials

Due to their intrinsic advantages such as abundant natural resources, low cost and variety of
dimensions, carbon-based materials like fullerenes (0D), carbon nanotubes (1D) and graphene
(2D) have attracted great attention as alternatives to costly noble metal based electrocatalysts
in recent years. [241–243] Although carbon catalysts show excellent activity for electrocatalytic
conversion of CO2, effect of heteroatom doping and structural defects as an origin for its activ-
ity are currently under debate and not fully understood. [243] Moreover, quality of commercial
graphene flakes is rather poor and irregular as they contain different type of impurities, thus
hindering comparison between different studies and real-world applications of final products. [244]

Nevertheless, the π − pi interaction between graphene and CO2 can cause destabilization and
activation of CO2 for facilitated reduction reactions. [245] Moreover, through its 2-dimensional
structure with high specific surface area and conductivity, graphene has been widely used to
promote electron-hole separation during photocatalytic reduction of CO2. [210,246–250] For exam-
ple, graphene-TiO2 hybrid thin films yield strong enhancement in the photo-reduction. [248]

Besides graphene, GO was demonstrated to significantly enhance CO2 photoreduction. Recently,
it was shown that the band gap of GO can be tuned by the carbon to oxygen ratio, an effect
that can be exploited to optimize CO2 to MeOH conversion. [251] Although pristine GO shows
six-fold enhancement of CO2 to MeOH conversion efficiency as compared to commercial TiO2
nanoparticles, even higher conversion rates are required for practical applications. For this, GO
was decorated with Cu nanoparticles, thus yielding high and tuneable methanol and acetalde-
hyde production rates. [252] This tendency was attributed to enhanced electron-hole separation
and to a change in the GO CB position with increasing Cu loading as shown in Figure 9.8a.
However, graphene hybrids are not only prominent for high electron mobility which relieves
charge transfer of photogenerated electrons, but also for preventation of catalyst degradation.
In detail, attack of active species like OH radicals on photoactive CdS NPs can be avoided by
wrapping GO around positively charged CdS NPs as shown in Figure 9.8b. [253] By subsequent
grafting of ethylenediamine via coupling reaction between one amine group and the carboxylic
acid group of GO, CO2 adsorption capacity was several times higher than in rGO/CdS, thus
resulting in an enhanced photocatalytic activity. There is a strong need for alternatives to
typical II-VI semiconductors like CdS since their toxicity often prevents practical use. In fact,
perovskite materials have attracted great interest in the field of optoelectronic devices such as
LEDs or photovoltaic cells owing to high extinction coefficients, wide absorption ranges, and long
charge carrier diffusion lengths. [254,255] These outstanding optical properties ensue perovskites
as interesting candidates for efficient photocatalytic CO2 reduction. Recently, GO was decorated
with CsPbBr3 quantum dots (QD). [256] Compared to individual CsPbBr3 QDs, photocatalytic
activity of CsPbBr3/GO composites was increased mainly because of fast separation and sup-
pressed recombination of photogenerated electron-hole pairs. Nevertheless, insufficient stability
and toxicity of CsPbBr3 also limits their practical application. Therefore, the development of
lead-free halide perovskites where Pb is replaced by less toxic Sn, Sb or Bi is of significant aca-
demic and industrial interest. [257]

As an alternative to noble metals or toxic semiconductor materials, transition metal disulfides
such as tungsten disulfide (WS2) or molybdenum disulfide (MoS2 ) are increasingly attracting at-
tention due to low price and outstanding electrocatalytic performance. The latter is commonly
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attributed to the metallic character and high d-electron density at Mo-terminated edges. [258]

For example, graphene/MoS2 /TiO2 hybrids with hierarchical porosity were prepared by self-
assembly in a simple one-pot hydrothermal synthesis and applied for photocatalytic reduction of
CO2. [259] The 3-dimensional, graphene-based aerogel decreases the electron-hole recombination
by creating an electron-conduction channel from TiO2 to MoS2, while the macroporous struc-
ture offers efficient mass transport, large surface area, mechanical stability, and enhanced light
harvesting via multiple reflections. This noble metal-free approach offers a high CO selectivity
and higher production yield than bare TiO2 by integrating structural and functional merits of
TiO2, MoS2 and graphene into a 3-dimensional material, as shown in Figure 9.8d. In another
inspiring approach, the catalytic performance of a hierarchical N-doped carbon/NiCo2O4 double-
shell nanobox benefits from an unique composition and structure. [260] For this, sacrificial Fe2O3
nanocubes were coated with a thin layer of polydopamine, which was subsequently pyrolyzed
under N2 atmosphere to create an N-doped carbon shell. In a further step, the oxide core was
selectively etched to generate hollow nanoboxes while in a last step, NiCo2O4 nanosheets were
grown on the nanoboxes via a hydrothermal reaction (Figure 9.8c). Regarding photoreduction of
CO2, such hollow nanoboxes combine structural and functional features like catalytic activity of
NiCo2O4, high electrical conductivity of the carbon-based inner layer, large active surface area,
and enhanced light absorption by multiple light scattering events within the hollow structure.

Graphitic Carbon Nitride

g C3N4 shows increased absorbance in the visible-light range as compared to commonly used
catalysts such as TiO2. However, the photocatalytic efficiency is limited by fast electron-hole
pair recombination. [82,261] Therefore, many attempts were made to overcome this challenge by
combining g C3N4 with inorganic materials. [212] For example, charge carrier separation is fa-
cilitated by utilizing noble metals or other semiconductors. [212] Moreover, the deposition of Pt
nanoparticles on g C3N4 not only boosts CO2 reduction activity, but also affects the selectiv-
ity for CO2 conversion to methane, methanol, and formaldehyde. [262] In detail, Pt acts as a
sink for photogenerated electrons and therefore prevents the electron-hole recombination. By
investigating the role of single Pd or Pt atoms deposited on g C3N4 using DFT calculations, it
turns out that during the reduction reaction, the noble metal atoms act as active sites while the
g C3N4 provides hydrogen from hydrogen evolution reaction. [263] Furthermore, it appears that
HCOOH and CH4 are preferentially produced by Pd/g C3N4 and Pt/g C3N4, respectively. In
another study, Ag-decorated g C3N4 shows direct generation of syngas during electrocatalytic
reduction of CO2 in water. [264] Furthermore, the H2/CO ratio can be adjusted by varying the
applied potential and the Ag particle loading. Moreover, no significant loss of selectivity or ac-
tivity was observed, thus demonstrating high stability of g C3N4 in electrocatalytic conditions.
Note that the produced syngas can directly be reacted to industrially relevant chemical fuels via
Fischer-Tropsch process or MeOH synthesis.
Alternatively, g C3N4 can be decorated with semiconducting materials, which facilitate electron-
hole pair separation. For instance, Ag3PO4 /g C3N4 hybrids efficiently separate electron-hole
pairs based on a z-scheme mechanism, where holes from the VB of g C3N4 combine with elec-
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Figure 9.8: Carbon-based hybrids synthesized for improved CO2 conversion by tuning (a) se-
lectivity, (b) affinity and (c+d) by creating hierarchical architectures. (a) Decoration of GO
with increasing amounts of Cu nanoparticles leads to a decrease of CB position and eventually
to different products. (b) Grafting of ethylenediamine leads to higher CO2 adsorption capacity
and photocatalytic activity. [253] Synthesis of hierarchical (c) graphene/MoS2/TiO2

[259] and (d)
N-doped carbon/NiCo2O4 double-shell nanoboxes [260] enable improved CO2 reduction capabil-
ities by enhanced mass transport and light harvesting. Reproduced from reference [14] with
permission from the Royal Society of Chemistry.

trons from the CB of Ag3PO4, resulting in the generation of electrons and holes in the CB
of g C3N4 and VB of Ag3PO4, respectively. Consequently, the recombination of photocatalyti-
cally active electrons is strongly suppressed. [265] The same mechanism is observed in hierarchical
structures that combine 3D urchin-like α-Fe2O3 and g C3N4. [266] Such hybrids display facilitated
electron-hole pair separation, increased binding energy, and increased CO2 adsorption capacity,
thus demonstrating the utility of z-scheme g C3N4 based photocatalysts. Moreover, many
other materials were combined with g C3N4 including CdS, [267] ZnO, [268] CeO2, [269] TiO2, [270]

WO3, [271] In2O3, [272] BiOI, [273] LaPO4, [274] CdMoO4, [275] and Bi2WO6
[276].

Because the electron transfer from catalytic active site to CO2 requires an intimate contact, ad-
sorption of CO2 on the catalyst surface is essential for efficient CO2 reduction. For this, g C3N4
was combined with ZIF-9 [277] and UiO-66 [278] cocatalysts that enhance the adsorption of CO2
and separation of photogenerated charge carriers. Furthermore, besides exploiting the high
specific surface area of MOFs, CO2 adsorption of g C3N4 can be facilitated by chemical func-
tionalisation. Recently, amino-rich g C3N4 containing carbon defects and intercalated [K]+ ions
was synthesized. [279] Amino-groups on the surface of g C3N4 strongly enhance CO2 adsorption
and conversion, and activate the CO2 molecule for subsequent reduction processes, [280] while K+
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and carbon defects enhance the separation and transfer of photogenerated charge carriers.

Organically Doped Metals

The research field of organically doped metals is relatively new and their application for CO2
electroreduction is still in its infancy. For example, pyridine-functionalized Pd electrodes have
been used to electrochemically reduce CO2. [281] Others entrap pyridine derivatives within Pd [282]

or Cu-Pd alloy cages [283] in order to combine the catalytic activity for CO2 to MeOH conversion
of pyridine with the large surface area of the porous and electrically conductive metal cage.
This approach prevents the use of large amounts of pyridine that are commonly needed for
the reduction of CO2 to MeOH. [282] Besides showing constant current density for several hours,
such hybrids can easily be recycled after washing with water. It appears that Pd and Cu
catalysts facilitate the generation of MeOH and EtOH, respectively. Consequently, the Cu-Pd
alloy combines two catalytically active sites within one material, thus allowing electrochemical
reduction of CO2 to MeOH or EtOH depending on the applied potential. To conclude, the
entrapment of pyridine derivatives within metallic nanoparticles allows effective electrochemical
reduction of CO2 with high stability, reusability, and tuneable selectivity.

Common Limitations of Catalysts

Established concepts used to enhance CO2 reduction performance of purely inorganic materials
such as semiconductor/semiconductor or semiconductor/metal combinations are also applicable
to different classes of organic-inorganic hybrids. To date, research mainly focussed on improving
the electro- and photocatalytic activity by optical or electronic efficiency optimisation including
bandgap engineering, plasmonic enhancement, or facilitated charge carrier mobility. However,
the process of catalytic conversion starts with adsorption of CO2 on the catalysts surface and
is completed with desorption of the product molecule. These intermediate steps of the overall
conversion process can be tackled by the appropriate choice of an organic component of organic-
inorganic hybrids allowing chemical functionalization that results in significantly increased CO2
affinity, suppressed competitive hydrogen evolution reactions, and enhanced selectivity towards
higher-valued hydrocarbons. Nevertheless, the organic components can act as catalysts on their
own, block reagents from reaching catalytic centres, or suppress charge transfer. Moreover,
the origin of catalytic reaction products need further attention, e.g. through investigations
comprising isotope labelling of 13CO2 to avoid misleading interpretations of the detected prod-
ucts. [220,227,284] Consequently, the organic component harbours many opportunities but also
extra complexity for catalytic applications.
Because CO2 reduction is closely associated with water oxidation, which is the second half
reaction of the redox process, further investigations in this field need to be promoted. In de-
tail, insufficient oxidation diminishes hydrogen formation and causes hole accumulation, both of
which negatively affect the product yield. Finally, an enormous potential still lies within bio-
logical/inorganic hybrids that have recently demonstrated CO2 reduction efficiencies exceeding
natural photosynthetic systems. [285–287]

Ultimately, to enable real-world application of organic-inorganic hybrid materials for CO2 con-
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version, catalysts have to exhibit a long term stability over thousands of hours, cyclability,
non-toxicity, and economic feasibility besides showing good catalytic activity. Consequently,
better understanding of the catalyst degradation mechanism is crucial to improve future cata-
lysts. Recently, the general degradation mechanism of metallic CO2 electrocatalysts was revealed
and correlated to the catalytic performance by monitoring structural changes of different sized
copper nanocubes and performing density functional theory calculations. [288]

Furthermore, to promote cost-effective real-world applications, CO2 conversion to higher valued
hydrocarbons can be broken into a CO2 to CO and a separate CO to hydrocarbon reduction step
as this circumvents the kinetically suppressed transfer of multiple electrons and allows usage of
different catalysts which are highly selective for a single redox reaction and tailor-made for its
specific environmental conditions.

9.7 Conclusion

This review discusses the most common components of state-of-the-art organic-inorganic hybrid
materials designed for sensing, separation, and catalytic conversion of CO2. In fact, organic-
inorganic hybrids are generating a strong excitement in the field of materials science and new
building blocks are constantly synthesized at high-rate, thus yielding an ever-growing toolbox of
materials. Nevertheless, many challenges have yet to be overcome to enable the breakthrough
of hybrid materials for the production at industrial scale and utilization in real-world applica-
tions. For instance, the loss of functionality during long-time exposure to detrimental operating
conditions and subsequent durability and stability issues need to be addressed. Additionally,
conventional synthesis routes need to be optimized and extended in order to yield superior con-
trol over composition, morphology, and intermixing of organic and inorganic phases down to the
nanometer scale. [289]

In the future, computational methods that are currently still in their infancy, will become a
promising tool to simulate and predict material properties and electrical or chemical interaction
of hybrids with CO2. [195,221,290] Moreover, in operando characterization of working devices will
yield more detailed knowledge of working mechanisms. [128] Furthermore, researchers will have
to take environmental compatibility, renewability, and sustainability of new organic-inorganic
hybrids into account. It is quite certain that such efforts will in turn lead to their industrial vi-
ability and accelerate their utilization in CO2-related applications, ultimately enabling to close
the artificial carbon cycle. For instance, owing to steadily advancing fabrication techniques,
one can imagine fabrication of multifunctional devices that combine multiple hybrid materials
into a single unit. For example, CO2 can be separated from flue gas and reduced to CO and
higher valued hydrocarbons using multiple catalyst materials which are highly selective for a
specific reduction process. Those catalysts can easily be combined with CO2/CO or CO/CH4
separation materials to enable recirculation of unreacted educts and storage of products with
very high purity. It is self-evident that all these processes have to be controlled with accurate
sensors. Consequently, this topic holds many challenges and opportunities and constitutes a
versatile playground for chemists, physicists, and material scientists.
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