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Abstract
The importance of open porous metal structures started to be explored already 50
years ago. Their application in technologically important fields as heat exchangers,
electromagnetic shielding materials, catalysts, catalyst-supports, electrode materials,
filters and antimicrobial scaffolds has established their value in our daily-life. Regardless of the corresponding field of application their efficiency is defined by the
chemical and physical properties of the corresponding metal, the pore structure and
the macroscopic shape of the body. Therefore the development of a general strategy
for the production of open porous metals, which allows to control the evolving
pore structure and macroscopic shape would further boost their efficiency in related
functional applications.
A LEGO-based approach, where building units are synthesized in a first step,
which can be assembled into large-scale architectures in a second step, is an attractive
solution to the problem. In the preparation of functional inorganic building units
liquid-phase synthesis approaches have been supremely successful. They provide
the possibility to control the particle morphology, size, crystallinity and assembly
behavior on different length scales. Their great flexibility in preparing a wide variety
of functional inorganic materials further accentuates their importance among the
bottom-up synthesis approaches. Up to now, it was impossible to use the same
wet-chemical “toolbox” for the bottom-up preparation of bulk metals. Hence, in the
following a strategy for the bottom-up fabrication of porous copper structures, based
on liquid-phase synthesis routes, is disclosed.
In the first chapter a literature overview is presented, where the most important
preparation strategies for porous metals are outlined. The corresponding technological
and lab-scale processes are evaluated according to their flexibility in producing
macroscopic complex bodies and in providing simultaneous control over the evolving
pore structure. Relevant fields of application are outlined and the need for the
development of wet-chemical bottom-up processes for the controlled fabrication of
porous metal structures is highlighted.
In the following chapter a novel liquid-phase copper deposition process is described.
Coating is electroless, catalyst-free and independent on the substrate and its surface
morphology. The resulting bulk metal structures i.e. free standing copper thin
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films and Kapton supported conducting line patterns are of high purity and quality.
This simple deposition process renders the core piece of the underlying preparation
strategy for porous metals.
In chapter three the actual process for the fabrication of macroscopic open porous
copper sponges is described. Sacrificial ZnO structures preferably in powdery form
are coated with a porous copper layer. Through these pores the underlying template
structure can be dissolved in acidic media. The resulting building blocks are then
arranged into various, also complex, macroscopic shapes by well-established slipcasting procedures.
To rationalize the underlying crystallization mechanism during the copper deposition process a detailed investigation on the crystal phase evolution is provided in
chapter four. It highlights the reaction intermediate copper oxide which renders the
coating of different surfaces possible.
Advantages of the process and challenges which have to be addressed in future
work to span a maximum range in the parameter space of 3D shape complexity
versus pore structure controllability are given in the conclusion.
The last chapter is not related to the copper deposition process, but underlines
efforts that were undertaken during the PhD to perform various kinds of in-situ
investigations. The chapter contains an in-depth crystallization study of titania
polymorphs rutile and anatase in solution. It points out that changes in the chemical
environment during crystallization either trigger the formation of rutile or anatase.
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Zusammenfassung
Die vielfältige Funktionalität von offenporigen Metallstrukturen wurde bereits vor
50 Jahren erkannt. Deren Anwendung in technologisch wichtigen Gebieten als
Wärmetauscher, Abschwächer elektromagnetischer Strahlung, Katalysator/Katalysatorträgermaterial, Elektrodenmaterial, Filter und antimikrobielle Strukturen festigt
ihre Bedeutung in unserem Alltag. Unabhängig vom spezifischen Anwendungsgebiet
ist ihre Effizienz durch die chemischen und physikalischen Eigenschaften des Metalls
selber, die Porenstruktur und die makroskopische Form des Fabrikats definiert. Somit
würde ein Prozess zur Herstellung offenporiger Metalle, welcher es ermöglicht die
Porenstruktur und auch die makroskopische Form zu kontrollieren, deren Effizienz in
entsprechenden funktionalen Anwendungen weiter steigern.
Zweifellos ist ein LEGO-basierter Ansatz die ideale Lösung zu dieser Problemstellung. Dabei werden in einem ersten Schritt die Bausteine hergestellt. Das Anordnen
dieser Bausteine zu makroskopischen Formen erfolgt dann in einem zweiten Schritt.
In der Herstellung von funktionalen, anorganischen Bausteinen haben sich vor allem
nasschemische Methoden bewährt. Sie ermöglichen die Kontrolle über die Bausteinmorphologie, -grösse, -kristallinität und ihr Anordnungsverhalten über mehrere
Grössenordnungen. Des Weiteren bestärkt die Vielfalt an herstellbaren, anorganischen, funktionalen Bausteinen die Wichtigkeit der nasschemischen Verfahren unter
den “bottom-up” Synthesestrategien. Bis jetzt war es unmöglich, dieselbe nasschemische “toolbox” für die Herstellung von Bulk-Metallen zu benutzen. Deshalb wird
nachfolgend eine generelle Strategie für die “bottom-up” Herstellung von porösen
Kupferstrukturen, basierend auf nasschemischen Prozessen, ausgearbeitet.
Das erste einleitende Kapitel beinhaltet eine breite Literaturübersicht, worin
die gängigen Herstellungsstrategien für poröse Metalle beschrieben werden. Die
entsprechenden technologischen und im Labormassstab entwickelten Prozesse werden anhand folgender Kriterien evaluiert: Flexibilität bezüglich der Herstellung
makroskopischer, komplexer Geometrien und der Möglichkeit, die Porenstruktur zu
kontrollieren. Entsprechende Anwendungen werden vorgestellt und die Notwendigkeit
der Entwicklung eines nasschemischen Prozesses zur kontrollierten “bottom-up” Synthese von porösen Metallstrukturen wird aufgezeigt.
Im folgenden Kapitel wird ein neuartiger Kupferabscheidungsprozess beschrieben.
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Die Abscheidung erfolgt stromlos, ohne Katalysator und ist unabhängig vom Substrat
und dessen Oberflächenmorphologie. Die hergestellten Bulk-Metallstrukturen z.B.
freistehende Kupferfolien und auf Kapton anhaftende Leiterbahnmuster sind von
hoher Reinheit und Qualität. Dieser Abscheideprozess bildet das Herzstück der
zugrunde liegenden Strategie für die Herstellung von porösen Metallstrukturen.
Der eigentliche Prozess zur Herstellung von makroskopischen, offenporigen Kupferstrukturen ist in Kapitel drei beschrieben. Sphärische ZnO Partikel dienen als
Templatmaterial und werden mit einem porösen Kupferfilm beschichtet. Diese Poren
erlauben das Auflösen des darunterliegenden ZnO Templats in saurer Lösung. Die so
hergestellten porösen Bausteine werden dann in einem vom Schlickerguss abgeleiteten
Verfahren in unterschiedliche, auch komplexe, makroskopische Formen gebracht.
Um den zugrunde liegenden Kristallisationsmechanismus des Abscheideprozesses
aufzudecken wird in Kapitel vier die Phasenentwicklung kristalliner Spezies im Detail
untersucht. Die Bildung von Kupferoxid als Zwischenprodukt wird hervorgehoben,
da es das Beschichten unterschiedlicher Oberflächen erst möglich macht.
Vorteile des entwickelten Prozesses, aber auch Herausforderungen, welche in
kommenden Arbeiten adressiert werden müssen, um einen maximalen Bereich im
Parameterraum von 3D Formenkomplexität versus Porenstrukturkontrollierbarkeit
abzudecken, sind im Fazit beschrieben.
Das letzte Kapitel hat keinen Bezug zu dem vorgestellten Kupferabscheidungsprozess. Es enthält Bestrebungen unterschiedlicher in-situ Studien, welche während des
Doktorats durchgeführt wurden. Das Kapitel enthält eine detaillierte Kristallisationsstudie der Titanoxid Polymorphe Rutil und Anatas in flüssiger Phase. Es wird
gezeigt, dass Änderungen in der chemischen Umgebung während der Kristallisation
entweder die Bildung von Rutil oder Anatas begünstigen.
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1 Controlled fabrication of porous
metals from the nanometer to the
macroscopic scale
A part of this chapter, was published in the review article in Materials Horizon with
Markus Niederberger as corresponding author.

1.1 Abstract
Porous metals such as foams and sponges are produced by a wide variety of industrially applied techniques mainly for load bearing and structural applications.
Their functional properties are much less explored, mainly due to the difficulty to
simultaneously control the relative density, the pore structure and the macroscopic
shape during their fabrication, which however would be required to control the
functionality. Accordingly, to take full advantage of the mechanical and functional
properties of porous metals, new synthesis methodologies have to be developed that
address all structural features from the nanoscopic to the macroscopic scale. Thus,
in this chapter an overview of the different techniques to prepare porous metals with
the focus on evaluating them with respect to their flexibility and ability to control
and tailor the architecture over several length scales is provided. The advantages and
limitations of the different methods are discussed and correlated with the properties
of the resulting porous metals and potential applications are presented. In the last
part of the chapter, the importance of developing a wet-chemical bottom-up synthesis
route to porous metals is outlined.

1.2 Introduction
Cellular metals, metal foams, metal sponges, metal aerogels, (nano-) porous/(ultra-)
low density metal structures - all these expressions, and many others, are commonly
used to describe the geometrical (i.e., the macroscopic shape of the body) and
structural (i.e., the inner architecture) configuration of a metal-gas-composite, usually

1

1 Introduction to Porous Metals

exhibiting relative mass-densities ranging from 0.8 1 down to 0.001. 2 There are many
ways to classify such materials, typically referring to the structural connectivity of
the cell walls and cell edges enclosing the air bubbles and to the corresponding feature
size of either of them. A simple discrimination can be made between structures,
where the pores are interconnected and percolating, referred to as sponges, and
structures, where the pores are isolated from each other, referred to as foams. 3–6
Figure 1.1 points out the difference between a closed- and open-cell polyurethane
foam/sponge revealing the specific nomenclature of the corresponding structural
elements as it is also used for porous metals. Such a classification of the numerous
different porous metal structures proved to be useful during the last century. 1,3–5,7–14
Although closed-cell foams typically still contain a few holes due to missing cell walls
or faces, like those displayed in Figure 1.1a, it is still useful to distinguish them from
the open-cell sponges with their extensive porosity (see Figure 1.1b). 15
For most applications it is important to have the possibility to simultaneously
engineer the pore structure and macroscopic appearance of the porous metals, which
means that the fabrication process has to provide control over nano- and microscale
features as well as over macroscopic dimensions up to several centimeters. 16–31
Bridging so many length scales is hardly possible by one process. Often a sequence
of processing steps has to be applied, whose number is dependent on the structural
complexity of the final porous material. Taking these multiscale aspects into account,
the chapter is structured not just based on open or closed cells, but rather on the
degree of the complexity of the macroscopic shape. Figure 1.2 summarizes this

Figure 1.1: Nomenclature of the structural elements building up cellular porous materials. a.
Closed-cell polyurethane foam. b. Open-cell polyurethane sponge. Reproduced with permission
from Ref. 15, Copyright 2005, Elsevier Inc.

2
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concept. On the top level, Figure 1.2 gives an overview of the classification of
porous metals as it is used throughout the chapter. Additionally, the most common
preparation strategies for metal foams, metal sponges and nanoporous metals are
listed. Independent of the connectivity of the pores, metal foams and sponges can
exhibit simple or complex macroscopic shapes, which define the processing route
required for their production. In the most cases, however, a method suitable for a
specific shape might not be the best option for controlling the microscopic features.
Therefore, the production strategy greatly affects the efficiency and performance
of the porous metal structure in its final application. Some applications rely on
more complex geometries and pore structures than others, which is indicated on the
bottom part of Figure 1.2.
In general the field of applications for a given porous metal structure is strongly
dictated by three parameters: i) the composition, ii) the macroscopic shape, and
iii) the pore structure. The composition determines the intrinsic properties and
thus decides on whether or not a specific metal or alloy fulfills the targeted physical
(density, electrical/thermal conductivity, strength, elasticity, ductility, machinability)
or chemical (oxidation behavior, corrosion stability) requirements. The macroscopic
shape is critical for the integration into pre-designed devices or for their combination
with other materials. Finally, the pore structure (relative density, surface area density,
mechanical stability, pore size, pore size distribution, connectivity of pores) defines the
efficiency of the material during operation. Only when all these three characteristics
are carefully engineered, the material can be considered as possible candidate for a
given application. But even nowadays, with state-of-the-art fabrication routes, these
three parameters can hardly be optimized simultaneously, so that porous metals find
applications mostly in niche markets. 3,5 Accordingly, novel, simple and inexpensive
preparation techniques have to be developed, not only taking advantage of the gained
knowledge during the last nearly 90 years 3 of research and development in the field
of porous metals, but also learning from other fields such as colloid chemistry or
nanoparticle research.
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Figure 1.2: The open and closed porous metal structures grouped depending on the complexity
of their macroscopic geometry together with their functional/structural properties.
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1.3 Overview of General Fabrication Routes to Porous
Metals and of selected Commercial Products
In this section a brief introduction to the various techniques to fabricate metal foam
structures and metal sponges is provided. Several industrially applied methods are
summarized and the corresponding commercially available products are presented.
The connectivity of the pores represents a major factor in determining the application
and therefore this aspect is elaborated later in this section. The advantages and
limitations of all these techniques in relation to pore structure control will be discussed
again in much more details later in this chapter. For a more in-depth discussion on
the history of light-metal foams, the review article by John Banhart 3 is recommended.
Some of the first metal foams were prepared by using blowing agents such as
TiH2 or ZrH2 mixed into aluminium and aluminium alloy melts. 1,3–5,9,10,14 At a given
temperature the blowing agent particles decompose under the release of hydrogen
bubbles. For the stabilization of the bubbles in the melt and for the further evolution
of the foam structure ceramic additives are used, 1,7,10 although their actual function
is still a matter of intense discussion. In addition to the interpretation that they
mainly help to increase the viscosity, modify the surface energy and thus minimize the
drainage of the melt inside the bubble walls/struts, other stabilization mechanisms
were proposed, too. E.g. Heim et al. 32 observed that Mg-containing aluminium alloys
show higher affinity towards the formation of an oxide layer at the liquid gas interface,
which leads to a long-term stabilization of the foam. Moreover, the presence of SiC
and TiB2 particles can lead to a stabilizing effect due to the formation of physical
barriers, hindering the loss of liquid by drainage. Another mechanism suggests that
the oxide, which forms on the raw aluminium powder, breaks up during melting
into residues that aggregate into an oxide network, and upon bubble nucleation
this network fragments into clusters that act as physical barriers against cell wall
thinning. 33,34
The development of specific blowing agents 3 and also discovering different ways
of stabilizing the blown melts 1,3 provided increasing control over the evolving pore
structure and also over the macroscopic geometry of the body. Generally, two
different methods for the introduction of the gas phase into the metal are available:
Direct (Figure 1.3a-c) and indirect foaming techniques (Figure 1.3d-e).
The one-step approaches where the gas source (external, blowing agent, dissolved
gas in melts) is activated in or added to the molten metal are referred to as direct
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Figure 1.3: Schematic representation of direct and indirect foaming techniques applied for
the preparation of metal foams (after Ref. 1). Direct foaming approaches (a-c) and indirect or
precursor foaming techniques (d-e). Details see text.

foaming techniques. An impeller can be used as external gas source as shown in
Figure 1.3a. The bubbles are formed at the bottom of the metal melt containing
stabilizing particles (e.g. SiC) and will move towards the surface. The blown melt
is then skimmed off onto a conveyor belt and solidified. 1 A commercially available
product produced by this approach by Alusion is shown in Figure 1.4a (available
in dimensions up to 1219 mm × 2438 mm). If blowing agents are admixed to the
metal melt, they are first decomposed and then the foam is solidified and, if desired,
machined (see Figure 1.3b). Another direct foaming process makes use of the
temperature and pressure dependent gas solubility in metals. In this case the metal

6
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melt is charged with a gas (e.g. H2 ) to produce an eutectic metal gas mixture.
Under controlled cooling and pressure conditions the melt undergoes a gas-eutectic
solidification. The gas precipitates, leading to the formation of the pores in the
final structure (see Figure 1.3c). 1,3,35 The resulting foams usually exhibit elongated
directional and closed pores as shown in Figure 1.4b. 35
In addition to direct methods, there are also precursor or indirect foaming techniques (Figure 1.3d-e), where the solid material contains the gas source or the gas
and has to be heated to induce the foaming process. 3 The solid precursor can either
be produced by simply homogenizing and compacting a mixture of metal powder,
stabilizing and blowing agent (see Figure 1.3d) or by quickly mixing the stabilizing
and blowing agent into the metal melt followed by cooling of the precursor body
(see Figure 1.3e). The solid precursor is then transferred into a mold and heated
to induce the foaming process. Aluminium foam sandwich metal sheets 36 (panels
available in dimensions up to 2500 mm × 1100 mm × 80 mm) and foam filled pistons
as illustrative examples are pictured in Figure 1.4c and 1.4d, respectively.
The lightweight bodies prepared by direct or indirect foaming techniques are large
in scale and can be machined, joined and integrated into pre-fabricated structures.
They are preferably found in structural load bearing, 9,37,38 energy dissipation 4,39
and biomedical applications. 4,40 Examples include car frames, 4,37 various kinds of
housings, artificial bone materials or dental implants. 4
A major focus of the development of new foaming methods addresses the production
of smaller cells with uniform sizes. Pre-alloyed AlMg50 powder can be used as intrinsic
gas source replacing TiH2 , resulting in Al- and Zn-based foams with a large number
of uniformly distributed small cells. 41,42 The key to success of the approach lies in
the spatially separated, homogeneous distribution of the gas source. Babcsan et al. 43
report even better control over the cell size in aluminium foams by injecting bubbles
with adjustable sizes through special nozzles. The foams can be cast into complex
forms and even re-melted without loss of foam integrity. Another recent report
exemplifies that blowing agents or the injection of gases are not necessarily needed to
foam e.g. aluminium or aluminium alloys. 44 The described reduced-pressure foaming
makes use of the hydrogen solubility in aluminium melts in ambient atmosphere. In
its molten state the aluminium reaches the foaming tube where vacuum is applied
to induce the precipitation and expansion of the dissolved hydrogen under reduced
pressure. The method allows preparing pure aluminium and aluminium alloy foams
without particles.
Due to the inherent rough surface of foams, their combination with other materials
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Figure 1.4: Representative examples of metallic foams prepared either by direct (a-b) or
indirect (c-d) foaming techniques. a. Blown aluminium metal sheets prepared by introducing
gas through an external source into the metal melt (Copyright 2003, AlusionTM ). b. Magnesium
(left) and copper (right) metal foam produced by gas-eutectic solidification process, white scale
bar: 10 cm (Reproduced with permission from Ref. 35, Copyright 2004, Wiley-VCH Verlag
GmbH & Co.). c. Aluminium foam sandwich sheets (AFS sheets, Copyright 2014, pohltec
metalfoam GmbH) and foam filled pistons (FOAMINAL®, Copyright 2014, Fraunhofer IFAM)
produced by precursor based foaming methods.

is not trivial. Localized peak stresses at contact points could dramatically reduce
the foams’ performance under working conditions. 45–49 It is possible to address
this problem already during foam fabrication. Integral foam molding represents
an industrially highly important approach, developed to produce metal foam parts
with a dense metal skin and gradual transition to a foamed core in one step. 50 The
molten metal, mostly aluminium or magnesium alloys, is injected into a steel mold
together with the blowing agent. The cold mold wall induces the formation of a
dense outer skin while in the core of the casting the foam is produced. 50 In addition
to the well-established and recently emerged technologies involving the direct or
indirect foaming of liquid/powder metals, 1,3,7 novel procedures have been developed,
too. One such approach makes use of metallic particles as stabilizing agents of wet
foams or emulsions, which are subsequently dried. 51 The gas bubbles or oil droplets
act as template and are reproduced in the final foam configuration after sintering of
the dried green bodies.
The processes discussed up to here lead to foam architectures with closed-cell
porosity. However, to further increase the functionality (Figure 1.5), metals with
open-cell porosity have to be produced, too. Figure 1.5 exemplifies, whether the
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application field of a porous metal is more structural or functional depending on
the degree of the openness of the porosity. Structural applications include e.g. the
damping of vibrations as they occur during operation of machines or inside running
cars can be achieved by filling hollow components with metal foams. By adjusting
the pore structure and therefore the component’s relative density and modulus of
elasticity, the resonant frequencies causing the parasitic sound waves can be upshifted into frequency regions which will not be excited during operation. 52–55 On
the other hand, metal sponges with open-cell porosity find functional application
as sound absorber as they provide a large and interconnected pore network, where
visco-inertial and thermal dissipation mechanisms significantly affect sound wave
propagation. 56
Most of the techniques applied nowadays to fabricate such metal sponges are based
on using a template structure, which is reproduced. Polymeric sponges (typically
prepared from polymeric foams by removal of the cell faces) are often applied as
template, either for the preparation of a castable mold (replication e.g., by investment
casting) or for the deposition of the metal directly on the polymeric sponge, followed
by its removal. 1,6,14 During the investment casting process the interconnected open
pore space of a polyurethane sponge is filled with a ceramic investment compound
(Figure 1.6a). After burning or melting out the polymer the ceramic structure serves
as mold and is infiltrated by the metal melt. After solidification the ceramic mold
is removed and the metal sponge replicates the structure of the polymer sponge.
In a similar approach the surface of a polyurethane sponge is coated with a metal
layer (see Figure 1.6b). Either the polymeric sponge is pre-coated by physical vapor
deposition (PVD) to make it electrically conductive for the subsequent electroplating
of a thick metal layer or the polymeric sponge is directly coated with a metal layer by
chemical vapor deposition (CVD). 14 After removal of the polymer by heat treatment
the polymer’s structure is also reproduced but the struts are hollow.
As an example for a commercially available product prepared by investment casting
Duocel® (by ERG Materials and Aerospace Corp.) is shown in Figure 1.7a. 57,58
Copper panels are fabricated in dimensions up to approx. 25 mm × 150 mm × 460 mm,
aluminium ones up to approx. 100 mm × 350 mm × 400 mm. The aluminium sample
in the middle is 40 mm × 60 mm in size. Figure 1.7b displays a porous nickel structure
(known as INCOFOAM®) fabricated by depositing the metal onto a polyurethane
sponge. After removal of the template an open-cell porosity results, exhibiting a
pore space inside the struts, which is revealed in the inset of Figure 1.7b. 59 When
the template material is used in the form of individual particles they are called space

9

1 Introduction to Porous Metals

Figure 1.5: Type of application (structural or functional) in dependence of the porosity
of the metal. Adapted with permission from Ref. 37, Copyright 2002, Wiley-VCH Verlag
GmbH & Co.

holder particles. A lot of different space holders have been applied for the production
of metal sponges. Sodium chloride, sugar, carbonates, sand or even metals can
be named as prominent examples here. 1 A schematic illustration of the process
using NaCl as space holder particles is given in Figure 1.6c and porous titanium
as example is shown in Figure 1.7c. 60 Independent of the composition of the space
holder material, it has to provide a percolating network throughout the body in
order to be efficiently removed, thus creating the pores. The space holder technique
enables the fabrication of macroscopic bodies with homogenous open-cell porosity
and with a controllable average cell size.
Another frequently applied approach involves pressing or sintering of preformed
metallic macro-particles like spheres, hollow spheres, fibers or flakes into a macroscopic
piece of spongy metal. 1,61–64 During the whole process the metal will never reach
its molten state. Thermally activated superficial sintering effects like necking at
touching faces provide the connectivity among the individual particles. Advances in
the preparation of metallic building blocks allow the fabrication of a wide variety of
different metal sponges by this method.
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Figure 1.6: Schematic representation of processes leading to metal sponges (after Ref. 1).
a. Investment casting process. b. Coating of a polyurethane sponge with a metal layer and
subsequent removal of the polymer. c. Sodium chloride as space holder particles, compaction
with metal powder, sintering and dissolution.

In addition to the macroscopic shape of the metal foams and sponges, the nature of
the porosity represents another major factor in determining any possible applications.
Metal foams with their characteristically closed-cell porosity are mainly found in
structural/lightweight, energy absorption and vibrational applications, while metal
sponges extend the functionality due to the interconnected pore network, allowing
other media such as liquids or gases to pass through the material. Accordingly,
metal sponges are promising candidates for electrodes and filters, as catalyst/catalyst
supports, and for thermal control, electromagnetic shielding and sound absorber
applications (see Figure 1.2 and 1.5). 4,37,38,51,65,66
As the scaling of the pore structure features is limited in the case of the discussed
industrially applied preparation techniques for metal foams and sponges other fabrication routes were developed mainly with respect to make the pores smaller and
to narrow down their size distribution. De-alloying might be the most prominent
approach. The process takes advantage of, and is based on, a large enough difference
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Figure 1.7: Representative examples of metal sponges prepared by different routes. a. Open
porous metal sheets (Duocel® copper and aluminium, Copyright 2011, ERG Materials and
Aerospace Corp.) prepared by the investment casting technique (reproduced with permission
from Ref. 57, Copyright 2012, Elsevier Ltd.). Inset: Structural connectivity (reproduced with
permission from Ref. 58, Copyright 2012, Wiley-VCH Verlag GmbH & Co.). b. Open porous
metal structure prepared by the deposition of nickel onto a polyurethane sponge followed by the
removal of the polymer template structure (INCOFOAM®). Inset: Pore space inside the struts,
which is created after removal of the polymer template, white scale bar: 2 µm (reproduced
with permission from Ref. 59, Copyright 2004, Wiley-VCH Verlag GmbH & Co.). c. Open
porous titanium prepared by the space holder approach with NaCl crystals (left image) as
space holder particles, white scale bars: 400 µm (reproduced with permission from Ref. 60,
Copyright 2010, Elsevier B.V.).

in the electrochemical activity of typically two metals combined in an alloy. 1,67–71
Different kinetically and diffusion dominated processes lead to the formation of
beautifully entangled and percolating porous metal structures with pores in the
range of tens of nanometers after selective dissolution of one of the metals. However, restrictions in the physical processes to small dimensions only allow for the
preparation of such nano-spongeous metals in the form of thin films (2D).
Trying to directly influence the geometry of the evolving pores powered the
development of sacrificial templating techniques. The principle is the same as in
the space holder approach but the templates are of much smaller size, and their
shape and arrangement can subtly be controlled. In contrast to the space holder
technique sacrificial templating is mostly performed on a lab-scale. Still, nowadays
the most widely applied template material is of spherical geometry. 72–76 Under specific
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conditions, these spheres can be densely packed periodically over a long range. The
as obtained sacrificial colloidal structure can then be infiltrated either by metal
or metal precursors. Also here the technique is mostly limited to reproduce thin
films. Besides trying to gain direct control over the pore size, pore size distribution,
pore geometry and connectivity research started to focus on the exploration of
strategies, which make it possible to prepare very high surface area porous metal
structures. The need for such material is strongly promoted by the development in
the field of catalysis/catalyst support or electrode applications as the efficiency of
such material directly correlates with the amount of active surface or interface (three
phase boundary) exposed.
Stimulated by the fascinating properties of aerogels with their ultralow relative
densities and high surface areas efforts were undertaken to manufacture similar
architectures out of metals. 2,77 As the density of metals is much higher compared
to silica as the classical aerogel material, the specific surface area is much smaller.
Therefore, the measure of the surface area density (or volume specific surface area)
in m2/m3 is of more significance. A recent approach developed by Tappan et al. 78 is
based on combustion synthesis and is able to produce nanoporous metal structures
with different compositions. The porous structure obtained resembles those of the
metal oxide aerogel counterparts. Indeed, the as prepared nanoporous metals exhibit
surface areas in the intermediate range of metal oxide aerogels. Although the process
enables the preparation of monolithic samples, their shape is typically limited to
simple geometries.
As discussed in this section, many aspects decide on the practical applicability of a
porous metal. Accordingly, the major challenge is not just to control the macroscopic
shape or the features of the pores, but both of them including the fabrication of
porous structures with defined and also complex 3D shapes and the possibility
to design the evolving pores at the sub-micrometer range (Figure 1.8). Hence, it
is the goal of the following sections to elaborate some of the major production
procedures leading to porous metal structures with the focus on their capability of
reproducing complex 3D shapes and of providing subtle control over the evolving
pore structure. At the same time, the need for a process to develop metal sponges
with tunable relative densities and controllable porosity is exemplified by the gap
in the parameter space of the degree of 3D shape complexity versus degree of pore
structure controllability (Figure 1.8).
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Figure 1.8: Schematic showing the lack in existing porous metal structures, whose preparation
strategy allows for high controllability of the pore structure and for the preparation of 3D
geometries with complex shapes at the same time

1.4 The Importance of the Relative Density of Metal
Foams in Controlling the Mechanical Properties
The following section outlines the different fabrication techniques in relation to
their abilities to control the porosity in metal foams. The porosity, or the relative
density, represents the main parameter governing the mechanical properties and thus
determines the potential application field.
In the early days of industrial metal foam preparation their applicability in the
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field of structural/lightweight and energy absorption applications was considered the
principal reason justifying their existence. Primarily the metal foam parts were meant
to replace existing, more bulky metal parts to reduce the weight of the structure,
which can be crucial especially in automotive and aircraft industry. To be considered
as possible substitute material improving the overall performance of the structure
where it is incorporated three criteria have to be fulfilled. First, the capability of being
integrated into existing structures is of major importance. Second, the material index
(a key figure describing the performance of a material based on selected properties)
for given load conditions has to be high enough (e.g., flexural stiffness to density
ratio, tensile strength/stiffness to density ratio, bending strength/stiffness to density
ratio etc.). Third, and maybe most importantly, the production has to be realized
at low costs. 9,37 It is obvious that the chosen manufacturing process determines to
which extent these three demands can be met.
In the following the focus lies on the role of the pore structure of the metal foam
in guiding the engineering of the materials indices. The main properties affecting
the materials indices are their density, elastic modulus and the elastic collapse
stress and, in the case of energy absorption applications, also the onset of the
strain at which compaction occurs (compressive strain). Following the mathematical
description of the scaling laws, meticulously elaborated by Gibson and Ashby, 9 it
can easily be concluded that the mechanical deformation behavior is dictated by the
inherent structure of the metal foam. Depending on the overall pore volume and
corresponding cell wall thicknesses the relative density of the foam is predetermined
and thus defines its elastic modulus, elastic collapse stress and compressive strain.
For lightweight/structural and energy absorption applications the relative density of
the metal foam is therefore the most important property.
A variety of processes were developed to produce metal and metal alloy foams
with different densities. 3,35,79–91 Depending on the foaming technique a specific pore
structure with its related mechanical properties evolves. Figure 1.9 shows three
examples of aluminium foams with different overall pore volumes and cell wall
thicknesses produced by standard foaming processes. 9 The different relative densities
resulted in different mechanical deformation behaviors. Figure 1.9a shows the pore
structure of an aluminium foam produced by direct gas injection into the melt (the
product is commercially known as Cymat). Among the three samples, it exhibits
the lowest relative density of 0.04 (0.108 g/cm3 ). Figure 1.9b shows the structure of
an aluminium foam produced by a direct foaming process, where a blowing agent
was added to the metallic melt (the product is/was commercially known as Alporas).
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The foam’s relative density is 0.09 (0.24 g/cm3 ). Figure 1.9c reveals the pore structure
of an aluminium foam, which was produced by indirect foaming technique. The
foaming agent was incorporated into a solid precursor (the product is commercially
known as Alulight). Its relative density is 0.25 (0.435 g/cm3 ). These technically
matured processes allow for the adjustment of the relative density of the foams,
even though in a limited range, and thus provide a tool for tuning the deformation
behavior of the structure. This is exemplified by the compressive behavior of Alulight
foams with different relative densities ranging from 0.22 to 0.44 (Figure 1.9d). 52
The compressive deformation curve features three characteristic stages, which are
common to nearly all metal foams loaded in compression. The first stage describes
the predominant elastic deformation behavior, which correlates the stress and strain
linearly. A plateau at a nearly constant stress level distinguishes the second stage,
where the cells collapse and the foam predominantly deforms plastically by yielding.
The third and last stage reveals a strong increase in the stress resulting from the final
compression of the contacted opposing cell walls. Although the pore size distribution
is not homogeneous, the pore shapes are not regular and cell wall thicknesses are
not uniform, the scaling laws proposed by Gibson and Ashby can still be adapted
to describe the deformation behavior in dependence of the foams’ relative densities.
Therefore, the elastic modulus, the elastic collapse stress and the compressive strain
of such solid metal foams, as they are used in structural/lightweight and energy
absorption applications, scale with the relative density of the foam, which was
investigated experimentally and in theory. 9,11,39,52,79,92–95
A general expression for the scaling of the stiffness of such a foam is given in
equation (1.1):
"

2

Efoam = Em C1 Φ

ρfoam
ρm

!n

ρfoam
+ C2 (1 − Φ)
ρm

!#

(1.1)

Efoam is the elastic modulus of the foam structure and Em the one of the dense metal
making up the skeleton (struts and cell walls) of the foam. Further, ρfoam /ρm is the
relative density of the foam where ρfoam stands for the absolute mass-density of the
foam and ρm describes the absolute mass-density of the dense metal. C1 , C2 and
n (= 2 after Gibson and Ashby) are constants and Φ is the fraction of the solid
which is contained in cell edges. 1,9,12 The first summand accounts for the bending
of struts, whereas the second summand takes into account the stretching of cell
walls. As the foams described above deform in most cases by bending dominated
mechanisms, which means that the stretching of cell walls is negligible and therefore
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Figure 1.9: a. Porous aluminium with a relative density of 0.04 (0.108 g/cm3 ). b. Porous
aluminium with a relative density of 0.09 (0.24 g/cm3 ). c. Porous aluminium with a relative
density of 0.25 (0.435 g/cm3 ). a.-c. Reproduced with permission from Ref. 9, Copyright 2000,
Elsevier Inc. d. The compressive deformation behavior of aluminium foams with different
densities. Reproduced with permission from Ref. 52, Copyright 2002, Wiley-VCH Verlag
GmbH & Co.
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Φ ≈ 1, equation (1.1) can be rewritten in the form of equation (1.2):
Efoam

ρfoam
= Em α
ρm

!n

(1.2)

Depending on the production route and the corresponding evolving foam structure the
scaling exponent n deviates from the values predicted by the simplified and idealized
model for open cell sponges after Gibson and Ashby (α = 1, n = 2). How different
structural features like strut length and connectivity or inhomogeneous distribution
in the size of cross-sectional area along struts can influence the scaling exponent
is described in literature and nicely summarized by Goodall and Mortensen. 1 How
such a change in the scaling exponent n affects the stiffness dependency on the
relative density is pictured in Figure 1.10. The proportionality factor α was set to
1, which seems most reasonable considering the extrapolation of elastic modulus
towards zero percent porosity. 1,96 The ideal structure of such foams (deformation
is bending dominated) considering maximum stiffness would be represented by a
regular closed cell structure, exhibiting perfect connectivity in the struts and nodes
and consisting of perfectly flat cell walls, which are the regions where the material
is optimally distributed, as it is nicely pointed out by Goodall and Mortensen. 1 In
the region where the foams start to deform plastically by yielding the cells begin to
collapse and the structure is able to absorb a lot of energy. The evolving plateau is
characterized by the elastic collapse stress and the densification strain. In analogy
to the derived scaling relation for the stiffness an equation for describing the scaling
of the elastic collapse stress with the foams relative density can be derived (ideal
plasticity assumed) leading to equation (1.3):
"
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ρfoam
ρm
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σel. collapse is the elastic collapse stress of the foam and σy,m the yield stress of the dense
metal. C1∗ , C2∗ and m (= 3/2 after Gibson and Ashby) are constants and Φ is the
fraction of the solid which is contained in cell edges. 1,9,12,52 The same argumentation
as in the case of the elastic modulus discussion can be adapted here leading to a
further simplified equation (1.4):
σel.

collapse

ρfoam
= σy,m β
ρm

!m

(1.4)

which fairly resembles the behavior of the onset of plastic yielding as a function of
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relative density of the discussed foam structures 9 (deformation is bending dominated).
Here, based on experimental data it can be suggested that β ≈ 0.3 and m ≈ 1.5. 1,11,52
As proposed by Goodall and Mortensen, 1 the strength of such foams can be increased
by optimizing their architecture or by hardening the metal itself. In the last stage of
compressive deformation of metal foam structures the cells are completely collapsed
and the opposing cell walls start to touch and press against each other. The onset
strain or compressive strain, as was elaborated by Gibson and Ashby, scales with the
relative density according to equation (1.5):
εdense

ρfoam
= 1 − 1.5
ρm

!

(1.5)

where εdense is the strain at which the final densification starts. It is important to
note here that the size of the plateau (stage two) can strongly deviate from the
proposed value by equation (1.5) depending on the predominant pore geometry. 1,97,98
Accounting for all the different preparation techniques available and also used
in industry nowadays, it can be concluded that by direct, indirect and emulsion
mediated methods porous metal structures can be realized with relative densities
spanning a large range from 0.02 up to 0.8 and therefore provide porous metal
material with a wide variety of mechanical deformation behaviors. Given the need
to find a compromise between reduction in weight and weakening of the mechanical
deformation behavior, the fabrication process has to be selected carefully. The
methods and the different design steps are covered in literature. 45–49 It is important
to note that these industrially applied processes are flexible and also allow for the
preparation of complex 3D shapes. The possibility to prepare foams not only from
single-phase metals, but also from alloys, greatly affirms their importance in the
field of structural and energy absorption applications. The key to tailored properties
of metal foams is the control over the connectivity of the cell walls in the struts,
the struts’ length, the geometry of the struts and cell walls, the shape and size(distribution) of the cells, the distribution of the material in the struts and cell walls
or, in summary, the control over the evolving pore structure of the foam. Therefore,
the next section is dedicated to the pore structure control in foams and especially
sponges to introduce new functionalities in addition to the mechanical properties.

19

1 Introduction to Porous Metals

Figure 1.10: Illustration of the scaling law for the elastic modulus of metal foams depending
on their relative densities as proposed by Gibson and Ashby. Assuming the fully dense material
(zero porosity) having bulk elastic modulus (α = 1) the corresponding influence of changes in
the scaling exponent n on the scaling of the elastic modulus with relative density of the foam
is shown.

1.5 The Importance of the Pore Structure of
Sponges: Control of Mechanical and Functional
Properties
The following section outlines how the transition from closed cell foams to open
cell sponges opens up new possibilities to combine the mechanical properties with
additional functionality. Such a step is only possible, if fabrication techniques are
used that allow excellent pore structure control. Accordingly, the traditional foaming
methods are often replaced by chemical reactions.
Not only the mechanical behavior depends on the relative density of the foams,
but also electrical, thermal or acoustic properties. 1,9,12,52 The application potential
of foams greatly increases, when the foams combine structural characteristics with
a functional property. An illustrative example is the usage of metal foam parts
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in energy absorption applications in automotives, where they additionally act as
silencer for efficient damping of noisy sound waves. 37 The widening of the field of
potential applications for such metal foams due to combination of structural and
functional properties was exploited already in the very beginning of the fabrication of
metal foams and is still being explored. 4,37,38 An important step in this context was
the opening of the metal foam structures by omitting cell walls. Open cell porosity
sponges significantly improved the functionality of porous metals (see Figure 1.5).
The percolating, interconnected pores allow the dynamical dispersion of a second
phase inside the metal. Either liquids/gases or radiation carrying energy can pass
through the pore channels, which directly leads to a dramatic increase in the amount
of permanently, from the outside environment, accessible two-phase boundaries inside
the structure. Letting a medium flow through the pores of an open-cell metal sponge
structure opens up the possibility to use it as a filter, 4,31,37,38 catalyst or support for
catalyst material, 4,37,38,99–101 thermal control element 30,31,66 (heat exchanger/cooling
device) or flow control device. 4,31,102 Depending on the application the degree of open
porosity (anything between fully open to partially open) is important for reaching
high efficiency (see Figure 1.5). Independent of the media, which is filtered, either
gas or liquid, the open-cell metal sponges serve as mesh retaining particulate solids
dispersed in liquids or liquid droplets/solid particles in gases. 37 It is obvious that
depending on the area of operation given flow rates have to be guaranteed or given
particle sizes have to be retained. Such strict requirements can only be met if the
resulting metal network structure (e.g., degree of open porosity, cell/window size, cell
wall thickness and strut dimensions) can be precisely controlled. Furthermore, these
structural features will directly influence the degree of friction (permeability), which
counteracts the flow of a medium through the metal network and therefore define the
size of the pressure drop across the medium. The engineering of pressure drop is even
more important when it comes to thermal control applications for example in heat
exchanger/cooling devices. A general expression for the pressure drop correlation
of an incompressible fluid, unidirectionally flowing through a porous media under
steady state conditions is expressed by equation (1.6):
∆p
µ
= νD + ρCνD2
L
K

(1.6)

which is referred to as Dupuit-Forchheimer modified Darcy equation (in literature
also Forchheimer equation or Hazen-Dupuit-Darcy equation 103 ). Here, ∆p is the
pressure difference between the pressure at the entrance and the pressure at the exit
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of the porous medium. L represents the length of the porous medium across which
the pressure difference ∆p is measured. νD is the volume averaged Darcian velocity
which is defined as the volumetric flow rate Q divided by the crossectional flow area
Ac . ρ is the density of the fluid and µ its dynamic viscosity. At very low velocities
νD the first term on the right hand side of equation (1.6) is dominant in describing
the excess pressure ∆p needed to let a incompressible fluid flow through the porous
medium across a length L at a velocity νD . The dependence of ∆p on νD is linear
as described by Darcy’s law. The resistance against the flow of the fluid is mainly
created due to viscous drag phenomena related to frictional forces counteracting the
flow of the liquid at the liquid/metal interface. Reaching higher velocities the Darcy
regime is overcome and additional energy dissipation mechanisms referred to as form
drag phenomena start to govern the counteracting of the fluid flow. The second
term on the right hand side is accounting for this phenomena and was introduced
first by Dupuit and then by Forchheimer, nevertheless the regime is referred to as
Forchheimer regime. 30,103 Typical pressure-drop data obtained from measurements
are shown in Figure 1.11a as recorded by Boomsma and Poulikakos. 31 The plotted
curves in Figure 1.11 are only the fits of the corresponding measured data and
qualitatively plotted in order to schematically display the pressure drop relation
of a fluid flowing through a porous metal. As deducible from equation (1.6) the
pressure-drop relation is strongly dependent on two parameters, which are defined by
the internal structure or architecture of the porous material. K is the permeability
and C the form coefficient of the porous medium. In order to get reliable values for
K and C from fitting measured data it is crucial to identify the different regimes
where they are extracted, as they depend on the velocity range over which they are
calculated. 103 To facilitate the process, both sides of equation (1.6) are divided by
the Darcian velocity νD to obtain the following equation (1.7): 31,103
∆p
= A + BνD
LνD

A=

µ
K

B = ρC

22

(1.7)

(1.8)

(1.9)

1.5 The Importance of the Pore Structure

Figure 1.11b qualitatively shows the corresponding data of Figure 1.11a plotted
according to equation (1.7). At very low velocities the pressure-drop is described
by a horizontal line, as the value of B is negligibly small. This is the Darcy regime
where viscous drag dominates the counteracting of the fluid flow. At velocities, where
the second term on the right hand side of equation (1.7) becomes important for
describing the total drag the pressure-drop is related to the Darcian velocity by a
straight line with positive slope B. In this Forchheimer regime the contribution of
form drag cannot be neglected anymore. At even higher Darcian velocities the regime
of turbulent flow would be reached but was not considered here. The pressure-drop
and also the transition points between the different flow regimes depend on the fluid
and its property and are strongly dictated by the internal structure/architecture
of the porous medium as the structure/architecture itself co-defines the size of the
parameters A and B. Different approaches have been proposed to correlate the
permeability and the form factor to the internal structure of the porous medium.
Ergun 104 derived one of the first approaches correlating the internal structure of the
porous media to the pressure drop. The porous media consisted of solid spherical
particles with a diameter dpart , exhibiting a porosity ε. The corresponding pressuredrop relation is given in equation (1.10):
(1 − ε) ρ 2
∆p
(1 − ε)2 µ
νD + B 3
=A 3 2
ν
L
ε dpart
ε dpart D

(1.10)

Here A and B are empirical constants. In most cases metal sponges or porous metals
exhibit a far more complex architecture than the one just mentioned above. Therefore
other models have been developed on the basis of Erguns empirical relation in order
to try to account for pore sizes/shapes, cell edge dimensions and strut orientations
and also the connectivity among the cell edges. A quite successful approach was
made by Dukhan and Patel, 103,105 who substituted the particle diameter dpart in the
Ergun relation by the reciprocal of the specific surface area per unit volume 1/σ (σ
in m2/m3 ) of the porous metal (equation (1.11)), whereas the permeability and form
factor correlated corresponding to equation (1.12) and (1.13), respectively.
∆p
(1 − ε)2 µ
(1 − ε) ρ 2
=α 3
νD + β 3
ν
2
L
ε (1/σ)
ε (1/σ) D

(1.11)
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(1 − ε)2
1
= 3
K
ε (1/σ)2

C=

(1 − ε)
ε3 (1/σ)

(1.12)

(1.13)

As the internal structural elements of many metal sponge materials and also their
connectivity is of stochastic nature, making it difficult to define representative “unit
cell” properties, it is of great interest to define relations as the one in equation
(1.11), which allow to predict material behavior upon the knowledge of “macroscopic”
properties like porosity and surface area density. In order to qualitatively picture
the influence of the porosity and different specific surface areas per unit volume on
the pressure drop relation, the parameters ε and σ were varied individually for the
calculation of the pressure-drop data according to equation (1.11) (see Figure 1.12).
All other parameters in equation (1.11) were kept constant. The as represented
porous media are idealized and not real, nevertheless they elucidate how the control
over the pore structure in terms of porosity and specific surface area per unit volume
would directly allow to engineer the pressure-drop behavior of the porous metal.
Considering thermal control applications like heat exchanger and cooling devices the
precise engineering of the pressure drop behavior would lead to a minimization of
the pressure drop (maintaining at the same time the structural element dimensions
and connectivity for good thermal conductivity) and consequently to a more efficient
material.
Similar argumentation applies when it comes to functional applications of metal
sponges as catalysts or catalyst supports. The general idea is to provide a percolating
network of metal struts, which either already provides active surface due to the
inherent catalytic activity of the metal itself or can be decorated with catalytically
active particles. Depending on the application the active network either catalyzes
the degradation of pollutants or harmful substances dispersed in liquids or gases, or
classically promotes chemical reactions in industrial production processes. Critical
parameter for efficient catalysts is the amount of active interfacial area present
between the liquid or gas carrying the substance to be reacted and the catalyst
itself. In the language of metal sponges this would translate into high specific
surface area densities σ. Often this directly implicates smaller pore sizes leading
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Figure 1.11: Pressure-drop data for three porous aluminium samples exhibiting different
average pore sizes. a. Qualitative fit of data measured by Boomsma and Poulikakos 31 showing
the increase in excess pressure needed to flow water through porous aluminium with decreasing
average pore size. b. Schematic representation of the measured data in a. dividing both sides
of the Dupuit-Forchheimer modified Darcy equation by the Darcian velocity νD , pointing out
the different flow regimes (Darcy regime and Forchheimer regime), which are important to
distinguish in order to calculate reliable values for the permeability K and form factor C.
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Figure 1.12: Schematic representation of the pressure-drop data of simulated porous media.
a. Pressure-drop relation for porous media, exhibiting different specific surface areas per
unit volumes σ, calculated by the modified Ergun equation through substituting the particle
diameter dpart by the reciprocal of the specific surface area per unit volume 1/σ, as proposed
by Dukhan and Patel. 103,105 As a consequence of increasing surface area density (artificial
idealization: all other parameters remain unchanged) the excess pressure needed to flow water
through the porous medium increases. b. In analogy to a. the excess pressure needed to
flow water through the porous medium increases as the porosity ε of the porous medium is
decreased (artificial idealization: all other parameters remain unchanged).
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to a parasitic increased pressure-drop across the porous sponge (see Figure 1.12).
Therefore, an optimization problem has to be solved in order to reach a high mass
transfer coefficient (relates to high σ) at an acceptable level of excess pressure needed
for letting the liquid/gas flow through the catalyst. 106 In analogy, control over the
metal sponge’s pore structure would allow a specific design and lead to an increase in
the efficiency in other functional applications like fluid flow control elements, sound
absorbers, spargers or scaffolds for tissue and bone regeneration engineering.
The trend of miniaturizing all types of functional devices and simultaneously
maximizing their efficiency also affected the downscaling of porous metals. To
meet this challenge, the connecting elements building up the porous structure need
to become smaller, and the geometrical appearance needs to be controlled. The
classical foaming methods have been replaced by chemical reactions such as dealloying. 1,67–71 By altering the temperature and chemistry of the process the evolving
pore structure concerning strut/ligament and pore/void dimensions can be influenced
(Figure 1.13). 69,107,108 Au-Ag, Au-Cu, and Au-Al2 are the most prominent alloys
used to fabricate nanoporous gold. 68,69,71,107,109–111 Furthermore, Ni-Al, Cu-Mn, CuZn, Cu-Al2 , Cu-Mg and Pt-Cu represent the alloys forming nanoporous Ni, 112,113
Cu, 70,114–117 and Pt 118 after selective dissolution of the less noble metal. The as
fabricated nanoporous metals can be described as a uniform interpenetrating solidvoid composite with a narrow and controllable void/ligament size distribution (Figure
1.13).
Inspired by colloid chemistry, the idea of using metal nanoparticles as building
blocks, followed by their assembly into three dimensionally interconnected networks
was born. In a first step, a gel has to be prepared where the metallic building blocks
fill a volume space by connecting each other to a percolating network structure,
whose pores are filled by a solvent. In a second step, this gel is subjected to supercritical or freeze drying to replace the liquid in the pores with air in absence of
disruptive capillary forces. As produced aerogel structures characteristically consist
of struts/ligaments made up of the connected building blocks in a necklace-like
appearance defining pores of tens of nanometer size and highly irregular geometry
(Figure 1.14a-d). A recently published work by Liu et al. 119 presents an interesting
approach for the production of even bi-metallic nanoporous metals, without supercritical drying, in order to reproduce such “aerogel-like” architectures (Figure 1.14e
and f). These structures show great promise towards the preparation of nanoporous
metals exhibiting very high specific surface areas, measured as area per unit mass.
Up to now it seems impossible to gain precise control over the evolving pore
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Figure 1.13: a. Scanning electron micrograph of cross-sectional view of de-alloyed Ag-Au
thin film. b. Plane view of de-alloyed Ag-Au thin film revealing ligament spacings in the
order of 10 nm. Reproduced with permission from Ref. 69, Copyright 2001, Nature Publishing
Group. Evolving pore structure of nanoporous gold film by treating Ag-Au films: c. De-alloyed
for 5 minutes at room temperature (RT), d. de-alloyed for 48 hours at RT, e. thoroughly
rinsed and annealed at 200 ℃ for 2 hours, f. thoroughly rinsed and annealed at 400 ℃ for
2 hours, g. thoroughly rinsed and annealed at 500 ℃ for 2 hours, h. thoroughly rinsed and
annealed at 600 ℃ for 2 hours. Reproduced with permission from Ref. 108, Copyright 2007,
AIP Publishing LLC.

structure as e.g. in the process of de-alloying. An alternative approach to the
direct assembly of nanometric metallic building blocks is the nanosmelting technique.
Instead of preparing a gel from the metallic building blocks hybrid polymer-metal
oxide gels are prepared and subsequently supercritically dried. The resulting polymermetal oxide aerogels are then pyrolised under inert atmosphere meanwhile products
from the decomposition of the polymer reduce the metal oxide to a metallic network.
Examples of metals forming stable metal oxide networks and experiencing the ability
to be reduced to metal aerogels by pyrolysis are Fe, Co, Ni, Cu and Sn. 78,120,121 In
contrast to the direct assembly approach the appended heat treatment step renders
it rather difficult to gain control over the evolving pore structure, particularly due to
associated volume changes and cracking of the material.
Another highly flexible approach was developed by Tappan et al. 78,122 and relies
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Figure 1.14: Metallic aerogel and “aerogel-like” structures. a. and b. Scanning electron
and c. and d. transmission electron micrographs of platinum aerogels. Reproduced with
permission from Ref. 77, Copyright 2009, Wiley-VCH Verlag GmbH & Co. e. and f. Scanning
electron and transmission electron micrographs of gold-platinum bimetallic porous structures.
Reproduced with permission from Ref. 119, Copyright 2011, Centre National de la Recherche
Scientifique (CNRS) and The Royal Society of Chemistry.
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on the principles of combustion synthesis. The energetic precursor materials are
metal complexes containing the ligand bistetrazolamine and are pressed into pellets,
which are ignited under inert atmosphere. During the combustion process the
metal atoms in the complex are reduced to their zero oxidation state and released
to agglomerate into nanometer-sized grains. The subsequent assembly of these
nanometer-sized grains into struts is governed by the expansion of the evolving N2
gas. A list of nanoporous metals prepared via combustion synthesis is long and
includes technologically important metals like Fe, Co, Ni, Cu, Ag, Au, Pd, Pt and
Ti. 78,122,123 As prepared nanoporous metal structures consist of pores in the size range
of a few nanometers up to several micrometers and struts made up of nano-sized
grains or assemblies thereof. The structures exhibit very high specific surface areas,
but subtle control over the porous structure over several length scales seems nearly
impossible at this stage even though combinatorial approaches to overcome this
limitation are being explored. 123
The highest control over the pore structure should, in principle, be achieved by
a sacrificial template assisted technique. Ideally, the hard or soft templates define
by their size, shape, morphology and connectivity the nature of the pores in the
metal network after removal of the template. Advances in the synthesis of colloidal
silica or polystyrene made it possible to use them as template materials. 74–76,124
They are monodisperse, their surface chemistry can easily be tuned and they can
be arranged into highly regular opal structures. In a subsequent step, the voids
within the template particles are infiltrated by either the metal precursors or by the
metal nanoparticles. In the case of precursors, they are then chemically reduced to
form the solid metal. In a last step, the template is removed in order to create the
open porous structure. Besides colloidal silica or polystyrene spheres representing
hard templates also other templates (natural materials, soft templates. . . ) are used
in order to gain control over the evolving pore structure of the porous metal. A
nice overview on the fabrication strategies and applications of nanoporous metals is
given by Zhang et al. 124 Various metals like Au, Pt, Ni, Cu, Ag and Co have been
brought into nanoporous configurations by templating opal structures as described
above. 73,125,126 These inverse opals characteristically show high structural order with
periodically repeating unit cell character over long ranges in two dimensions. The
struts are sharply defined and directly reproduce the geometry of the corresponding
pores in the colloidal template (Figure 1.15).
Besides the five principal directions (de-alloying, assembly of nano-sized metallic
building blocks into aerogels, nanosmelting, combustion synthesis and templating
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Figure 1.15: a. Schematic of sacrificial template assisted technique. Reproduced with
permission from Ref. 76 , Copyright 2008, American Chemical Society. b. SEM of nickel
inverse opal structure forming a film. (c – f) SEM of nickel inverse opal structures exemplifying
the possibility to trigger the window size (and cell wall resp. strut thicknesses) by adjusting
the corresponding etching time. Reproduced with permission from Ref. 131, Copyright 2007,
Wiley-VCH Verlag GmbH & Co.
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procedures) just very briefly summarized before, other less common approaches
have been elaborated and are still being discovered. 127–129 The research is pushed by
the enormous potential of nanoporous metals to increase the functional efficiency
of catalysts, sensors, fuel cells or batteries. Yuan et al. 130 summarized in their
thoroughly elaborated review the different possible functions, which could be taken
over by porous metals integrated in polymer electrolyte membrane fuel cells. Acting
as flow field, properties like homogeneous reactant distribution and high mass
transfer are critical parameters, which need to be addressed in the design. Finding
application as current collector, the optimization of the porous metal’s electrical
conductivity would be of principal interest. Serving as catalyst support, primarily a
high amount of specific surface area would lead to an increased efficiency of the fuel
cell. Furthermore, high thermal conductivity and mechanical stability would lead to
an improved thermal management and provide structural support of the membrane
electrode assembly, respectively. Yuan et al. 130 furthermore concluded that besides
mono-functional integration of porous metal structures they can simultaneously be
used for multifunctional purposes, e.g., flow field, diffusion medium and catalyst
support. In a different work, Zhang et al. 23 used inverse Ni opal structures for the
design of a bicontinuous battery cathode (Figure 1.16a-e). The Ni framework served
as current collector and was decorated with the corresponding electrochemically
active species. The specific design of the inverse opal structure, characterized by
the high porosity, uniform pore dimensions and large specific surface area, together
with the high electrical conductivity of metallic Ni lead to the situation that the four
mentioned primary resistances (Figure 1.16b) during battery charge and discharge
could effectively be minimized. Owing to the tailored design of the cathode, ultrafast
charge and discharge properties were achieved. However, it also has to be mentioned
that the proposed setup is not practical for real batteries as the Ni framework
introduces extra inactive weight which reduces the volumetric and gravimetric energy
density. A completely different field of functional applications, governed by the
optical properties of porous metals, can experimentally be conquered due to the
possibility of preparing highly uniform/homogeneous or quasi periodic porous metal
structures, e.g. by the afore mentioned de-alloying technique or sacrificial template
method leading to inverse opals.
Biener et al. 107 investigated in their work de-alloyed nanoporous gold structures,
whose pore sizes could be fine-adjusted by a simple post-synthetical heat treatment
step. They found that the surface enhanced Raman scattering enhancement factor 26
could be optimized by adjusting the average pore size. In the work of Yu et al. 131 it
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Figure 1.16: a. Schematic of a battery setup with a bicontinuous cathode. b. Illustration
of the four primary resistances determining the overall efficiency during cycling of a battery
element. (1) A rapid ion transport in the electrolyte is crucial. (2) The solid–phase ion diffusion
length has to be short. (3) The area where the electrochemical reactions take place in the
electrode has to be large. (4) A high electron conduction in the electrode/current collector
assembly has to be guaranteed. c. Scanning electron micrograph of the electropolished nickel
structure. d. Structure after the electrodeposition of the active material. e. Schematic of
the process leading to the bicontinuous electrode. Reproduced with permission from Ref. 23,
Copyright 2011, Nature Publishing Group.

was shown that the optical properties (in terms of absorption and thermal emission)
of the inverse Ni opals significantly change depending on the degree of openness of the
structure, which was increased by increasing the window size between the adjacent
spherical pores. They related this change of optical properties to the increased
penetration depth of the light into the material, leading to a rigorous decrease in the
contribution of surface effects and increase in the contribution of 3D periodicity to the
optical behavior. In both cases the subtle fine-tuning of the resulting porous metal
architecture is of tremendous and essential importance, in order to find application
as plasmonic nano-sensors or material for surface enhanced Raman spectroscopy. 132
As briefly pictured in this section opening up of metal foams leading to open-cell
porous metal structures creates a new field of functional applications (see Figure
1.5). The porous metal structure has to be tailored e.g. for adjusting permeability
and form coefficients, for exhibiting uniform and/or periodical porosity with defined
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pore sizes, for providing high amount of specific surface area or for high electrical
and thermal conductivities. The actual potential of functional porous metals is
even further exploited when simultaneous optimization of several afore mentioned
properties are required by a given application.
Independent of whether a metal exhibits open- or closed-cell porosity, a third critical
parameter, in addition to relative density and pore structure, is the macroscopic
shape of a metallic body in determining the function and the application of the
material. Accordingly, state-of-the-art fabrication techniques have to be able to
provide control over several orders of length scales from the nano-/micrometer range
up to a macroscopic level. These issues will be addressed in the following section.

1.6 The Importance of Shape: From Pore Structure
to Shape Control
In this section the importance of the macroscopic shape of the porous metallic body
for the functionality is discussed – in addition to the composition and the pore
structure.
Many of the techniques described above show a great flexibility regarding the
choice of the composition including not only metals but also alloys. Furthermore,
many of the approaches allow for quite subtle control over the pore structure of
the foam or spongy material including pore size, structural uniformity/periodicity,
specific surface area, relative density and cell wall/strut/ligament dimension, shape
and connectivity. Consequently, two of the three most important criteria (i.e.,
composition and pore structure), as mentioned in the introduction, are already
quite successfully and extensively met. A third critical parameter, which still often
represents a considerable challenge, is the macroscopic shape.
In many cases, the porous metals are not intended to be used as stand-alone body.
In fact, they need to be integrated into preformed structures or combined with other
pre-assembled materials or devices. In the case of metal foams, which are often
used in structural load bearing and energy absorption applications, it is crucial that
they can be produced in large geometries, e.g., large sandwich panels or as filling
material for extruded profiles. However, depending on the functional application,
it is not always required to produce larger parts. On the contrary, it is more
important to produce smaller structures, but with complex geometries. For example,
silencers for the damping of sound waves, pressure pulses or mechanical vibrations
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preferentially exhibit more complex three-dimensional shapes, which, depending on
the field of application, have to be even miniaturized. For biomedical implants it is
particularly important to be able to precisely produce three dimensionally complex
shapes and geometries. As catalyst support or flow field in fuel cells the porous
metal has to be brought into three dimensional configurations compatible with the
membrane electrode assembly. Similarly, porous metals acting as filter material
need to be shaped into specific geometries in order to execute their function inside
tubes or channels. Furthermore, the promising field of heat exchanger and cooling
device applications is based on contacting the corresponding part, which needs to
experience a change in temperature, with the porous metal structure. Especially in
microelectronics, where the integration density in chip structures constantly increases,
passive cooling takes an important place, as only efficient heat removal guarantees
reliable operation of the device. To serve this purpose the porous metal needs to be
produced in small and also complex three-dimensional geometries. This short list
points out the importance of the flexibility of an approach towards the synthesis of
different, also complex three-dimensional shapes.
The development of preparation techniques simultaneously serving all the three
major demands, namely, being flexible in producing a wide compositional variety
of different porous metals/alloys, allowing subtle control over the evolving pore
structure and providing the possibility to produce also complex three-dimensional
shapes, will greatly contribute to the application of porous metals not only in niche
but also in mass markets. Therefore, the previously introduced preparation routes
are discussed according to their abilities to produce porous metals with complex, 3dimensional and macroscopic shapes. De-alloying and colloidal-crystal-templating are
basically limited to 2D geometries like films or coatings. It is extremely challenging
to achieve long-range order over 3 dimensions. Among the other techniques, which
in principle allow for the preparation of macroscopic 3D architectures with complex
shapes, the direct and indirect foaming techniques together with emulsion/wet foammediated approaches are the most flexible ones. In case of the direct and indirect
foaming procedures the main drawback is the limited control over the evolving pore
structure. Nevertheless, recent developments show significant progress to overcome
this limitation. 41–44,50 For metal sponges with their open-cell porosity the investment
casting and space holder techniques are able to produce interconnected network
structures also with complex 3D geometries. The space holder approach is not only
able to produce macroscopic 3D sponges, but also shows the highest potential for
directly controlling the resulting pore structure through replication of the space
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holder material. Limitations include the production of large geometries, because
the complete removal of the space holder material can still be difficult due to long
diffusion pathways. The technique of sintering and compacting macroscopic metallic
building blocks (e.g., particles, fibers, hollow spheres) is flexible and holds the
great advantage of the comparably easy reproduction of larger parts with complex
geometries. However, the direct control over the pore structure of such sintered or
compacted sponges is highly limited. As a conclusion, all these techniques are widely
technologically applied, but the individual processes typically do not allow both pore
structure and macroscopic geometrical control. Furthermore, it is difficult to reach
low relative densities with these techniques. The preparation of large structures
with subtle control over the resulting pore structure spanning several length scales
remains challenging. 133 Other techniques like combustion synthesis, nanosmelting
or the assembly of metallic nanostructures lack the possibility to precisely control
the resulting shape of the body as well as to achieve pore structure control. Newly
developed strategies have to ideally give access to porous metal structures with low
relative densities, provide excellent pore structure control and enable processing of the
macroscopic body into complex shapes. These requirements can best be fulfilled by
applying wet-chemistry approaches, where the transformation of molecular precursors
to the final material can be controlled on a size scale ranging from an atomistic level
to macroscopic dimensions.

1.7 Controlled Bottom-up Preparation of Porous
Metallic Structures
The goal is to build up a porous metal structure with the aid of a process, which
allows tailoring the outcome on several different length scales. Among the introduced
techniques clearly a sacrificial template approach seems to be best suited to address
the demand for controlling the pore structure of the porous metal. Furthermore, the
LEGO approach, meaning the fabrication of small porous building blocks, which
can be arranged and connected following the conceptions of the builder, holds great
potential for actually reproducing different macroscopic and also complex predefined
shapes. However, state-of-the-art template assisted techniques are restricted in their
flexibility concerning the fabrication of individual porous building blocks, which can
be arranged into macroscopic structures. This situation leaves us in the search for a
simple and efficient metallization process making it possible to coat given sacrificial
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template structures or particles exhibiting also different sizes.
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2 Liquid-Phase Deposition of
Freestanding Copper Foils and
Supported Copper Thin Films and
Their Structuring into Conducting
Line Patterns
The content of this chapter, which provides detailed information on the elaboration
of the metallic copper deposition process was published in Angewandte Chemie International Edition and Angewandte Chemie. The manuscript is co-authored by Stefan
Ellenbroek and Desirée Durán-Martín with Markus Niederberger as corresponding
author.

2.1 Abstract
A simple electroless liquid-phase deposition technique gives access to freestanding
copper foils and supported copper thin films. The films can be easily structured into
conducting line patterns for electronics applications.

2.2 Introduction
Copper plays a fundamental role in electronics. The low bulk electrical resistivity,
high thermal conductivity, good machining and joining properties, and high availability lead to the situation that more than 60 % of all copper is processed in the electrical
industry. Inventions such as the telegraph, telephone, and radio around 1900 laid
the foundation for the origin of the printed circuit board (PCB) with copper as trace
material. 1 In the 1960s, the PCB itself inspired the creation of the integrated circuit
(IC), and it was in the 1990s when the breakthrough of copper as interconnecting
material hit the microelectronic research and development community. 1,2 The preferential usage of copper as trace and interconnecting material in microelectronics is
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primarily based on its high bulk electrical conductivity and higher resistance against
electromigration compared to the alternative material aluminum. 2–8 The rapidly
advancing reduction of the feature size of electronic devices makes it necessary to
scale down the conducting copper traces and copper lines. Latest achievements even
describe the preparation of conducting nanocables as connectors in nanodevices. 9
But depending on the degree of line width or foil thickness confinement, electron
scattering effects lead to an unwanted increase in the electrical resistivity. 10–12 Major
contributions to the hindrance of the electron flow arise from inelastic grain boundary, surface/interface and surface roughness scattering of electrons. Additionally,
electromigration becomes a reliability issue. 1 Fast atomic diffusion pathways, such as
surfaces/interfaces or grain boundaries, facilitate the movement of copper ions driven
by the momentum transfer from the electrons leading to void/hillock formation and
track thinning, ending in open-circuit failure. 13,14 Because the electrical resistivity
is proportional to the grain boundary area per unit volume and high diffusivity
grain boundaries (especially grain boundary triple points) favor electromigration
phenomena, a bamboo-like microstructure would ideally counteract the problem of
increasing resistivity and device failure owing to electromigration. However, control
over the microstructure is difficult to achieve with the current technology. As it is
today, the manufacturing technology applied in combination with the geometric size
predefines the microstructure of the resulting copper interconnect/trace or copper
foil to a great degree. The conventional deposition processes can roughly be categorized into physical vapor deposition (PVD), chemical vapor deposition (CVD),
electroplating (EP), and electroless deposition techniques. 6,15–19 In the damascene
process for modern ICs, the copper interconnects are prepared by depositing a copper
thin film on a patterned surface. Besides its structural stability, the most important
requirement is a void free and conformal deposition of the copper thin film, 19–23
which is achieved by electroplating the interconnecting copper on top of a seed layer.
The copper seed layer, deposited by CVD, PVD, or electroless techniques, is essential
for the nucleation and growth of the electroplated copper. A full coverage of the
underlying barrier layer by the seed layer is necessary to prevent any void formation
in the acidic plating bath. Most of the techniques used in the damascene process are
however no longer suitable to meet the needs of future ICs. 1 For example, although
PVD in general is a versatile technique to deposit uniform and isotropic thin films
over steps edges and lines, it fails in filling high aspect ratio (depth/width) features
owing to low sidewall coverage. 24 CVD processes suffer from other problems, such as
expensive precursors and/or low deposition speed, which prevent the formation of
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thicker films. In comparison to these two techniques, electroplating does not require
cost intensive high vacuum chambers. Electroplated copper traces or thin films suffer
however from recrystallization phenomena at room temperature, which drastically
change their microstructure and reliability. 25,26 To control the electroplating process
different additives are included in the bath, which in the end increase the electrical
resistivity owing to the presence of impurity atoms and second-phase particles. 27,28
Accordingly, electroless plating seems to be an interesting alternative for the deposition of copper thin films. However, subtle control over the deposition process
is challenging, and the grain size of electroless plated copper films is typically too
small, offering many scattering sites for electrons and diffusion pathways for electromigrating copper ions. The present work outlines a novel and profoundly simple
electroless, non-aqueous deposition technique that is applicable to the preparation of
freestanding submicrometer-thin copper foils as well as to copper-supported thin films,
for example on flexible substrates such as Kapton. Both configurations are highly
relevant from a technological point of view. The use of copper foils with minimized
thickness is required to reduce the amount of undercutting during etching of fine-line
designs on high-density printed circuits, whereas the copper plated Kapton allows
the preparation of mechanically and thermally stable flexible circuits. Compared to
PVD and CVD deposition techniques, the described process does not need a vacuum
chamber or expensive precursor materials. In contrast to electroplating processes, no
conducting surface to nucleate the film is needed and the resulting copper structure
does not suffer from room-temperature recrystallization phenomena. Furthermore,
no impurity atoms and secondary phase particles (catalysts) are present in the bath,
which would influence the conduction behavior of the resulting copper thin film.
Although the characteristics of the freestanding foils are promising for the laminate
manufacturing of high-density printed circuits, herein we decided to outline the high
potential of the deposition technique for application in flexible electronics. The
Kapton-deposited film was structured forming a conduction line pattern on top
of the flexible substrate. In all of the conducted experiments, anhydrous benzyl
alcohol (BnOH) serves as solvent and copper(II) acetylacetonate (Cu(acac)2 ) as
precursor. The as-synthesized copper foils and films exhibit low electrical resistivity,
a smooth surface, and dense microstructure without any kind of postsynthetic heat
treatment, making them perfect candidates for high-density or flexible printed circuit
applications.
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2.3 Experimental
Chemicals. All chemicals were used as received from Aldrich and Scharlau without
further purification. Anhydrous benzyl alcohol BnOH (Aldrich, > 99 %) served as
solvent and reactant, and copper(II) acetylacetonate Cu(acac)2 (Aldrich, ≥ 99 %)
was the precursor material in all the syntheses performed within this work. Absolute
ethanol (Scharlau, analytical grade) was employed as washing medium for the copper
foil. For the deposition experiments, Kapton® (Kapton® HN, thickness 125 µm,
DuPontTM ) was used as flexible substrate material.
Preparation of freestanding submicron thin copper foil. In a typical experiment
Cu(acac)2 was mixed with BnOH (1 mmol per 20 ml) inside a glove box under an
argon atmosphere. The mixture was transferred into a 100 ml borosilicate glass vial
(Simax, Czech Republic) sealed with a screw cap and removed from the glovebox.
The vessel was heated in an oil bath up to a temperature of 140 ℃ for 60 hours.
Then the reaction solution was poured into a petri dish. The floating copper foil was
separated from the reaction solution and thoroughly rinsed with absolute ethanol.
Deposition of metallic copper thin film on Kapton®. For the copper deposition on a
Kapton® substrate the procedure is similar to the one described for the synthesis of
the freestanding foil. However, before sealing the glass vial a piece (2.5 cm × 5 cm)
of Kapton® foil was simply immersed into the reaction solution. After heating, the
copper plated Kapton® foil was removed from the vial and thoroughly rinsed with
absolute ethanol.
Preparation of conduction line pattern from copper deposited Kapton® foil. The
process is sketched in Figure 2.1. The conduction line pattern was first printed on
glossy paper with a commercially available laser printer (Xerox Phaser 6360). The
polymeric toner pattern was then pressed onto the copper plated Kapton® substrate
and heated from the bottom by placing it on a hot plate. The applied pressure
ensured the proper transfer of the softened polymeric toner to the copper film surface.
After cooling down, the glossy part of the carrier paper was dissolved in distilled
water and the water soaked paper itself was detracted, leaving the toner pattern
behind on the copper surface. The polymeric toner acts as a resist and protects the
underlying copper. In the next step, the exposed metal was etched off in an iron
chloride solution. Finally, the toner on top of the copper line pattern was removed
by washing with acetone.
Characterization techniques. Powder X-ray powder diffraction (PXRD) patterns were
recorded on a X’Pert Pro (PANalytical B.V., Netherlands) powder diffractometer
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Figure 2.1: Step by step illustration of the preparation of the copper line pattern from copper
deposited Kapton®: 1. Initial Kapton® substrate, 2. substrate after deposition of the copper
thin film on top of Kapton®, 3. substrate after transfer of the laser printed toner pattern onto
the copper surface, 4. substrate after etching off the unprotected copper, 5. substrate with
final copper pattern after removal of the toner.

operating in reflection mode with Cu Kα radiation (45 kV, 40 mA). Scanning electron
microscopy (SEM) images were taken on a LEO 1530 (Carl Zeiss AG, Germany) to
monitor the grain structure and morphology of the samples. The surface roughness
of the Cu films was investigated using an atomic force microscope (AFM, Cypher,
Asylum Research, USA) operating in tapping mode, with silicon tip cantilevers
of 9 ± 2 nm nominal radius and a resonance frequency of 70 kHz. The resistivity
was determined by first measuring the sheet resistivity using a four-point probe
(Jandel, United Kingdom) and multiplying by the film thickness measured using
cross-sectional micrographs from the SEM.
Mechanical testing. The mechanical stability of the flexible circuit pattern was
tested by measuring the change of the electrical resistance over a fixed distance of
the conducting line pattern after many times of folding. The three steps folding
is illustrated in Figure 2.2 and is referred to as one cycle. The mean value of
the electrical resistance after 500 cycles is calculated to be 8.83 W with a standard
deviation of ±0.03 W, which reveals a relative variance of 0.34 %. Nevertheless, a
very slight trend towards an increase in the electrical resistance after many times of
folding is noticeable.
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Figure 2.2: Dependence of the electrical resistance over a fixed distance of the conducting
line pattern on the number of folding cycles. Inset: Illustration of one folding cycle.

2.4 Results and Discussion
Freestanding copper foil: Cu(acac)2 only dissolves moderately in BnOH at room
temperature. Nevertheless, 5 minutes after heating the reaction solution in a glass
vial in a preheated oil bath, the solution turns dark blue to black (Figure 2.3A, 5
minutes). After 24 hours, the deposition of Cu2 O at the wall of the vessel leads to
the appearance of a reddish to brownish color (Figure 2.3A, 24 hours). Continued
heating at 140 ℃ results in the slow reduction of copper oxide to metallic copper and
finally in the deposition of a shiny copper mirror on the glass wall (Figure 2.3A, 50
hours). Between 50 and 60 hours of reaction, delamination of the copper foil from
the glass wall occurs (Figure 2.3A, 60 hours), producing a freestanding foil floating
in the reaction solution. After thoroughly washing with absolute ethanol, pieces of
foils in the size range of a few centimeters (Figure 2.4A) are obtained. All of the
characterization was performed on the as-synthesized copper foil without any further
heat treatment.
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Figure 2.3: A) Pictures of the glass vials after different reaction times. B) PXRD patterns
of the compounds obtained after different reaction times:
Cu2 O,  Cu2 O, ICDD No.
00-005-0667, # Cu,  Cu, ICDD No. 01-071-4610.

The PXRD patterns of the compounds extracted after different reaction times
(Figure 2.3B) give a clear indication about the chemical reaction pathway. The
pattern after 24 hours matches that of Cu2 O. Between 40 and 50 hours, the
composition is a mixture between Cu2 O and metallic Cu. After 60 hours, the PXRD
pattern corresponds to pure metallic copper. The same is true for the PXRD pattern
of the foil, which perfectly fits the reference data of metallic copper (ICDD No.
01-071-4610). As the shiny appearance of the foil already indicates (Figure 2.4A),
a root-mean-square (RMS) value of 15.03 ± 2.19 nm obtained from atomic force
microscopy (AFM) measurements confirms the low surface roughness of the copper
foil (Figure 2.4C). Scanning electron microscopy (SEM) investigations of a piece of a
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Figure 2.4: A) The freestanding copper foil. B) SEM micrograph of the copper foil surface
showing a dense microstructure with a broad grain size distribution. C) AFM surface profile
lines measured across the copper foil surface.

copper foil reveal a dense microstructure with a broad grain size distribution (Figure
2.4B). The grains form a surprisingly strong interconnection, considering the low
synthesis temperature of only 140 ℃. This observation is confirmed macroscopically,
because the foil is stable enough to be handled with tweezers without falling apart.
The dense microstructure, high purity, and crystallinity of the copper foil have a
positive effect on the electrical properties. Without any additional heat treatment,
the as-synthesized foil with a thickness of 500±50 nm shows a low electrical resistivity
of 2.2 ± 0.2 µWcm, which is comparable to bulk Cu (1.68 µWcm).
Conduction line pattern on Kapton foil: The preparation of the conduction line
pattern on the Kapton foil involves five steps as schematically shown in Figure 2.1.
The experimental results are displayed in Figure 2.5. Starting from a Kapton foil
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Figure 2.5: Pictures of the different substrates during the five-step processing of the copper
line pattern from a copper-plated Kapton foil: 1) Uncoated Kapton substrate; 2) substrate
after deposition of copper; 3) substrate after deposition of the laser-printed toner pattern onto
the copper surface; 4) substrate after etching off the unprotected copper; 5) substrate after
removal of the toner by washing with acetone, leaving behind the copper line pattern.

as substrate (Figure 2.5, step 1), immersion in the initial reaction solution followed
by heating at 140 ℃ leads to the deposition of a copper layer on the Kapton foil
(Figure 2.5, step 2). SEM micrographs taken from the metal surface (Figure 2.6)
indicate that the metal film is homogenous, dense, and shows a microstructure
that is comparable to that of the freestanding copper foil. The grains exhibit
remarkably large dimensions (around 400 nm) compared to those of conventionally
electroless deposited copper (around 50 nm). 29–31 This feature is a major advantage
with respect to the electrical properties, especially considering that these large grain
sizes are obtained without postsynthetic annealing. In the next step, the copper
thin film is decorated with a polymeric toner pattern (Figure 2.5, step 3). Similar
to the production of printed circuit boards, the exposed metal (the toner serves as
resistant) is etched off in an iron chloride solution, resulting in the toner-coated
copper line pattern (Figure 2.5, step 4). To finalize the flexible copper pattern, the
remaining toner is removed by dissolving in acetone (Figure 2.5, step 5). To establish
whether the copper line pattern did not suffer from this procedure, conductivity was
measured by a multimeter. The connecting copper line shows a total length of 21 cm.
Over a distance of 0.5 cm, a resistance of 0.2 W was measured, and over 21 cm the
measurement revealed a value of 8.9 W. Assuming that the connecting line shows the
same geometry over the whole distance, the increase in resistance can mainly be
attributed to the increasing distance between the electrodes. Furthermore, we found
that the mechanical stability of the flexible line pattern is very high. The relative
deviation of the electrical resistance from the mean value calculated after 500 folding
cycles was determined to be only 0.34 % (see Figure 2.2).
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Figure 2.6: SEM micrograph of the as-synthesized copper thin film deposited on Kapton®
substrate. Inset (top left): Copper plated Kapton® with a square indicating the location,
where the image was recorded. Inset (top right): SEM image at higher magnification.

2.5 Conclusion
In summary, an electroless, liquid-phase deposition technique has been presented for
the fabrication of two types of copper: freestanding thin copper foils and copperplated Kapton. Copper films with high purity, dense microstructure, large grains,
and consequently excellent electrical conductivity are formed, and the process is
able to overcome the major limitations of present electroless deposition techniques.
Furthermore, the low synthesis temperature makes it a costeffective alternative to
high-vacuum approaches for the production of high-end devices, such as thin and
flexible capacitors, transparent conductive coatings, electrode material for battery
applications, or flexible electronics, as exemplified herein by the conduction-line
patterns obtained from copper-plated Kapton.
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3 Wet-Chemical Preparation of
Monolithic Copper Sponges with
Tunable Densities and Complex
Macroscopic Shapes
The content of this chapter, which provides detailed information on the fabrication
of monolithic porous copper srtructures was published in Advanced Materials with
Markus Niederberger as corresponding author.

3.1 Abstract
Macroscopic monoliths of copper sponges have been prepared by a template-assisted
wet-chemical process. The method provides control over the pore size and size
distribution, density and macroscopic size and shape of the metal sponge. Uniaxial
compression tests revealed different deformation behavior depending on the relative
density. Non-vacuum-based and low-temperature routes are attractive for the costeffective production of metal sponges.

3.2 Introduction
High-current-density batteries, a high degree of energy conversion in solar cells, and
materials for highly efficient water splitting are regarded as the three pillars carrying
a green and sustainable energy future. Nanostructured metal sponges 1–3 bear an
enormous potential to improve the functional efficiency of each of these energy
storage and conversion devices. The porous architecture, in combination with the
metallic properties, represents the basis for an optimized design of electro-catalysts
and electrodes. 4–6 But before metal sponges find widespread applications, innovative
but simple synthesis routes have to be developed that allow control over pore size and
size distribution, relative density, and macroscopic size and shape. Here we present
a template-assisted wet-chemical deposition process to produce macroscopic and, at
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the same time, nanostructured copper sponge monoliths with relative mass densities
from 7 to 21 %. The process involves three steps: i) three-dimensional (3D) coating
of spherical micrometer-sized zinc oxide (ZnO) particles with copper; ii) removal
of the ZnO template, resulting in hollow copper capsules; and iii) compaction and
shaping of the copper powder, resulting in mechanically stable macroscopic monoliths
with large surface areas. Uniaxial compression tests performed on monoliths with
cylindrical shapes of 1 × 1.6 cm that were additionally aged at 260 ℃ in a formic
acid/nitrogen atmosphere revealed different deformation behavior, depending on
the relative density. Whereas the cylindrical monoliths were obtained by shaping
of the copper powder inside a syringe, more complex shapes were produced by the
industrial standard process of slip casting. 7,8
Technologically, macroscopic bodies of metal foams are produced by direct or
indirect foaming methods 9 and, to a lesser extent, by sintering of metal powders,
hot isostatic pressing, and infiltration techniques. 10–12 However, these are all hightemperature routes that do not allow precise tuning of pore size and shape. Wetchemical methods are much more subtle in providing control over the porosity. Among
all of the wet-chemical techniques for preparing nanostructured metal foams and
sponges, 1,6,13 the sacrificial template approach is the most widely applied, strongly
driven by advances in the field of colloidal crystal templates. 14–16 In comparison to
porous metals obtained from such opals as templates, our approach is significantly
simpler and, most importantly, it expands the length scales of the accessible body
into the macroscopic world. As a matter of fact, the major disadvantage of the
template syntheses, despite their great success, is that they are strongly limited
to thin films. 1,6,13 Rather than tediously arranging the template particles first into
an opal, infiltrating the voids with the metal and carefully removing the templates
without destroying the metal (for example, silica particles as templates are typically
removed with HF, polystyrene spheres have to be burnt off), our approach is based
on a reverse order of steps. After removal of the template, hollow metal capsules with
defined inner diameter as building blocks are available that then can be formed and
connected into macroscopic monolithic shapes using standard techniques. Thanks
to the dual role of formic acid in dissolving ZnO and activating the copper surface,
the porous metal bodies, even though they can have complex shapes, do not fall
apart into a powder but keep their shape after removal of the mold. Clearly, our
approach comes at the cost that the pore size distribution is broader, and their
arrangement is less ordered in comparison to inverse opals. However, for most of the
non-optical applications, a macroscopic piece of sponge with a high porosity and
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good accessibility of the pores is more important.

3.3 Experimental
Chemicals: All chemical reagents were used as purchased from Sigma-Aldrich,
Scharlau, Acros, and Merck without further purification. Zinc acetate dihydrate
Zn(ac)2 ×2H2 O (Sigma-Aldrich, puriss.) and diethylene glycol DEG (Acros, > 99 %)
were used for the preparation of the ZnO template spheres. Copper(II) acetylacetonate Cu(acac)2 (Acros, > 98 %) served as precursor compound and was reacted
with benzyl alcohol BnOH (Sigma-Aldrich, puriss.) for metallizing the template.
Absolute ethanol (Scharlau, analytical grade) was applied as washing medium for the
ZnO and copper-decorated ZnO particles. To dissolve the ZnO template spheres well,
formic acid solution was prepared (50 % v/v) from formic acid (Merck, 98–100%)
and deionized water (Millipore, 18.2 MWcm). 2 mL syringes (B. Braun, Germany)
were used for the monolith’s shaping and compaction procedure. For preparing the
molds, alabaster modeling plaster (Boesner GmbH, Switzerland) was used.
I: Template preparation: A detailed description on the reaction leading to the ZnO
spheres is given by Jézéquel et al. 17 4.94 g of Zn(ac)2 ×2H2 O were weighed into 250 mL
of DEG at room temperature under ambient conditions. The 500 mL vessel (Schott)
was then immersed into the preheated oil bath at 190 ℃. Under vigorous stirring
the Zn(ac)2 ×2H2 O dissolved few minutes after immersion, leading to a homogenous
transparent solution. After the first observable turbidity occurred the reaction was
maintained for further 15 minutes. Then the solution was allowed to cool down under
ambient conditions. The white powder was separated from the organic residue by
centrifugation and then washed two times with abs. EtOH. The as-collected powder
was dried at 60 ℃. For characterization by powder X-ray diffraction (PXRD) and
scanning electron microscopy (SEM), the as-prepared powder was used.
II: Copper deposition process: A general description of the previously developed
copper deposition process can be found elsewhere. 18 The same technique was applied
here to cover the individual ZnO spheres with a porous copper layer. 1 g of the asprepared ZnO powder was re-dispersed in 300 mL of BnOH aided by ultra-sonication.
8.55 g of Cu(acac)2 was weighed directly into the ZnO–BnOH dispersion. The 500 mL
reaction vessel was then immersed in the oil bath and heated under vigorous stirring
up to a temperature of 180 ℃, where it was kept for 90 minutes. After the complete
reduction of the copper ions to the metallic copper, the reaction solution was allowed
to cool down under ambient conditions. The reddish powder was separated from the
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organic residues by means of centrifugation and decanting. After separation, five
washing cycles with absolute EtOH followed. For characterization by PXRD and
SEM, the powder was dried under vacuum. For usage in step III, the powder was
kept wet.
III: Template removal: The wet powder from step II was taken and washed by ten
cycles of centrifugation and decanting with formic acid solution. For characterization
of the porous hollow spheres by PXRD and SEM, the powder was dried under
vacuum. For usage in step IV the powder was kept in formic acid solution.
IV: Monolith formation: The reddish powder from step III, dispersed in formic acid
solution was transferred into an open syringe with the end blocked by a filter paper
and connected to the vacuum line (Figure 3.1, step 1–3). The formic acid solution
was washed through the filter meanwhile the powder was retained reproducing the
geometry of the cylindrical shaped syringe (Figure 3.1, step 4). To pack the powder
densely, vibrating motors attached to the syringe supported the sedimentation process.
After the desired amount of powder was transferred to the syringe, 200 mL of the
pure formic acid solution were washed through the loosely packed copper network.
Afterwards, the lower end of the syringe was cut off, and two metallic pistons were
inserted from both ends, enclosing the powder in between (Figure 3.1, step 5). Then
the pistons were moved against each other, compacting the powder to the final height
of the cylinder, which was 1.6 cm. The pistons were removed and the copper cylinder
was dried under vacuum in a desiccator.
V: Post-synthetic heat treatment: For further improving the connectivity among
the porous hollow copper spheres and also the copper grains, a post-synthetic heat
treatment step was applied to the sample. The cylinder was put into a tubular
oven and heated to 260 ℃ under reducing atmosphere for 6 hours (Figure 3.2a). 19
The atmosphere inside the tube was created by blowing N2 gas through formic acid
kept at 25 ℃ at a rate of 100 cm3/min. After letting the sample cool down to ambient
temperature, it was subjected to mechanical compression testing (Figure 3.2c). For
longer storage it was kept under vacuum in the desiccator to slow down the oxidation
of the metallic copper to a minimal rate.
Characterization: PXRD patterns were recorded on an X’Pert Pro (PANalytical B.
V., Netherlands) powder diffractometer operating in reflection mode with Cu Kα
radiation (45 kV, 40 mA). SEM images were taken on a LEO 1530 (Carl Zeiss AG,
Germany) SEM to monitor the shape and morphology of the template material, the
nature of the deposited metal and for confirming the successful template removal.
The SEM was equipped with an energy dispersive X-ray (EDX) detector, which
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Figure 3.1: An illustration of the shaping and compaction process of the copper capsules to
produce monolithic copper sponges. 1,2) A regular plastic syringe is blocked with filter paper
at the front end. 3) The copper capsules dispersed in the formic acid solution are filled into
the syringe. 4) An applied vacuum removes the liquid from the syringe. 5) After cutting the
lower end of the syringe, the powder is compacted between two aluminum pistons to the final
size of the monolith.

Figure 3.2: a) Schematic of the set-up used for the heat treatment of the monolithic samples
under reducing formic acid/nitrogen atmosphere. b) Multimeter connecting the opposite
surfaces of the cylindrical sample confirming electrical conductivity (0.4 W) through the whole
monolith. c) Set-up for compression testing.
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was operated at an electron acceleration voltage of 15 kV to confirm the presence or
absence of zinc species before and after template removal. The mechanical behavior of
the cylindrical samples was measured in compression mode in a universal mechanical
testing machine with a crosshead speed of 0.5 mm/min (Instron 4411, USA). The
nitrogen adsorption and desorption isotherms were measured on a Quantachrome
Autosorb iQ2 at 77.35 K. The samples were outgassed under vacuum for 22 hours at
75 ℃. The corresponding surface areas were calculated according to the BET theory.

3.4 Results and Discussion
ZnO was chosen as template material because it fulfills several requirements: it
is accessible in high yields and at a low cost; it is well dispersible in the reaction
medium BnOH, without undergoing any chemical reactions or dissolution processes;
the copper layer grows on and adheres to the surface of the template; and, finally, it
can easily be dissolved at a later stage without altering the copper coating. The ZnO
powder was prepared according to the route developed by Jézéquel et al., 17 which
offers a yield of roughly 90 % and about 1.7 g of ZnO powder per batch. According
to SEM analysis, the particles exhibit a spherical shape (inset of Figure 3.3b) with a
broad size distribution from 0.6 to 2.3 µm (Figure 3.3a). PXRD measurements (Figure
3.3b) confirm the hexagonal phase of zinc oxide (ICDD file card no. 01–070–8070).
Clearly, the polydispersity of the template material will directly influence the pore
size distribution of the final copper sponge. However, the packing density is expected
to be higher in comparison to monodisperse particles. In any case, it is reasonable
to assume that the flexibility of the approach allows coating of monodisperse spheres
as well as of other shapes in a similar way.
In addition to the morphological features of the template, the surface coverage of
the spheres during the copper deposition process represents another critical parameter.
In general, a porous copper coating is preferred to a dense copper layer to facilitate
the removal of the template and to provide open porosity in the final metal sponge.
At the same time, the coating layer has to form an interconnected network to avoid
copper island formation, which would result in the collapse of the structure after
template removal. The first step on the way to the controlled deposition of a copper
layer is the preparation of a stable and homogeneous dispersion of ZnO particles
in BnOH, which acts as reducing agent 20 during the subsequent copper deposition
reaction. After the addition of copper acetylacetonate Cu(acac)2 , the reaction
mixture is heated up in an oil bath, finally resulting in a reddish powder dispersed in
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Figure 3.3: a) Size distribution of the ZnO microspheres. b) PXRD pattern (solid bars: ZnO
reference, ICDD file card no. 01-070-8070) and SEM image (inset) of the ZnO microspheres.

71

3 Monolithic Porous Copper Structures

a transparent liquid. PXRD measurements clearly show the intense Bragg reflections
of face-centered cubic copper (ICDD file card no. 01–071–4610) and hexagonal ZnO
(Figure 3.4b). SEM images (Figure 3.4a) give evidence that the spherical shape
was retained after the copper deposition, whereas EDX measurements (Figure 3.4b,
inset) confirm the presence of copper and zinc in the spheres. An SEM image at
higher magnification (Figure 3.4a, inset) displays a partially fractured copper coated
ZnO sphere, indicating that the copper layer is porous with a thickness of about
200 ± 20 nm. ZnO is, in contrast to many other metal oxides, readily dissoluble in
weak carboxylic acid solutions. This is an important aspect not only with respect to
the complete removal of the template but also with respect to minimize oxidation of
the copper. As a matter of fact, carboxylic acids such as acetic acid or formic acid
are known to act as reducing agents to oxidized copper surfaces. 19 The formation of
such “clean” contacts between the porous copper capsules is crucial for many reasons.
They increase the electrical and thermal conductivity of the copper sponge. Moreover,
we believe that these highly reactive contacts are responsible for the formation of
monolithic samples mechanically stable enough to be removed from the syringe or
the mold as green bodies without any annealing step.
After carefully washing the copper decorated ZnO spheres with formic acid, the
powder was again analyzed by SEM, PXRD and EDX. As expected, the particles
consist of hollow copper capsules with a porous wall (Figure 3.5a). The average
particle diameter is about 2 µm. The PXRD pattern only displays reflections from
metallic copper (Figure 3.5b). Within the detection limit of PXRD, there is no
indication for the presence of copper oxide particles or residual ZnO. EDX confirms
the exclusive presence of copper (Figure 3.5b, inset).
To prepare a geometrically defined monolithic sample, the porous copper capsules
were compacted into a cylindrical shape using a syringe (Figure 3.1). Such a
macroscopic size and shape of the monoliths makes it possible to study the mechanical
deformation behavior by standard test routines. A suspension of copper capsules
in diluted formic acid was transferred into a syringe. Vibrating motors attached to
the syringe supported the sedimentation process to achieve a high packing density.
Once the desired amount of copper powder is inside the syringe, the loosely packed
particles are further compacted between two aluminum pistons to reach the final size.
The polished and flat surfaces of the aluminum rams guarantee that the opposite
faces of the monolith are parallel to each other, as it is needed for the compression
tests. No measurable net force was applied during the compaction process, so it can
be assumed that the introduced plastic deformation is negligible. The height of all
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Figure 3.4: a) An SEM image of copper coated ZnO spheres. Inset: partially fractured
sphere with a porous copper layer of about 200 ± 20 nm thickness. b) PXRD pattern of the
copper-coated ZnO powder (solid bars: Cu reference, ICDD file card no. 01–071–4610; dotted
bars: ZnO reference, ICDD file card no. 01–070–8070). Inset: EDX spectrum.
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Figure 3.5: a) SEM images of the porous copper capsules. b) PXRD pattern of the porous
copper capsules (solid bars: Cu reference, ICDD file card no. 01–071–4610). Inset: EDX
spectrum.
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the cylindrical monoliths was 1.6 ± 0.1 cm and the diameter was 1 ± 0.03 cm. But it
is obvious that this strategy can easily be extended to monoliths with other sizes and
shapes (Figure 3.6a-d). All of the samples were prepared with the same geometrical
dimensions; however, we systematically varied the densities by compacting different
amounts of copper powder.
To improve the mechanical and physical properties of the monoliths, we developed
a low-temperature sintering process. The as-synthesized monolithic sponges were
heated at 260 ℃ in a formic acid/nitrogen atmosphere (Figure 3.2a). This tempering
step is expected to increase the thermal and electrical conductivity of the sponge
as well as the mechanical properties by improving the connectivity between the
copper particles at the interfaces. 19 However, the optical appearance of the monolith
did not change on heat treatment, and also the electrical conductivity was hardly
affected when measured roughly with a commercially available multimeter (0.4 W ,
Figure 3.2b). Mechanical tests (Figure 3.2c) should not only elucidate the influence
of the sintering step on the mechanical deformation behavior, but should also provide
insight into the sponge structure itself.
The resulting stress (σ) strain (ε) dependencies extracted from the compression
tests of three annealed samples with different relative densities ρ∗/ρs = 7, 12 and
21 % (ρ∗ designates the density of the monolithic sample, and ρs designates the
density of copper) clearly show the three regions of deformation behavior typical of
foam/sponge materials (Figure 3.7a, regions I, II, and III). 21 The first linear section
can be assigned to elastic deformation mainly controlled by bending of the individual
walls of the copper capsules. However, owing to the broad size distribution of the
template spheres, the irregular packing of the copper capsules in the sponge, and the
variation in shell thickness and degree of porosity, this part of the curve is expected to
be a superposition of a minor amount of already plastically deforming (yielding) and
a predominant amount of elastically deforming (bending) shells. The results show
an increase in the resistance of the monolithic sample against elastic deformation (E
modulus, σel∗ ) with increasing degree of compaction: that is, with increasing relative
density (Figure 3.7b,c, respectively). One reason for this observation is the growing
number of neighboring shells touching each other at higher densities. Sponges with
lower densities have larger voids between the copper capsules. Therefore, only a
few shells generate the resistance against the initial elastic deformation and peak
stresses can be expected mainly at the shell interconnecting points. Reaching the
elastic collapse stress (σel∗ ), indicating the predominant collapse of the shells, a
plateau region starts to develop. During the collapse of the shells at roughly constant
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Figure 3.6: a) Mold prepared from commercially available modeling plaster. b) The mold
filled with the dispersion of porous hollow spheres in formic acid solution. c) Post-processed
samples after de-moulding. d) Multimeter connecting two opposite surfaces of the sample
confirming electrical conductivity (0.4 W) throughout the monolith.

load the connectivity between the capsules determines the nature of the evolving
plateau region. Interestingly, samples with lower density exhibit a more uniform
plateau owing to better connectivity between the shells, whereas sponges with higher
compaction levels show a more brittle behavior. A better connectivity also grants a
higher toughness to resist nucleating cracks during the collapse of the shells, leading
to a smooth appearance of the plateau. The fact that sponges with lower density have
better connectivity between the copper capsules than the more compact samples is,
in our opinion, a result of the annealing procedure (for a discussion of the annealing
effect see below). To have a maximized reducing effect on the surface of the copper
shells, and thus optimized connectivity, the reducing gas has to diffuse into the
monolith. It is reasonable to assume that gas diffusion is enhanced in the case of
samples with a lower density.
In region three of the compressive stress strain curves, almost all of the capsules
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Figure 3.7: a) Compressive stress (σ) strain (ε) curves for three annealed monolithic samples
with different relative mass densities of 7, 12, and 21 % in comparison with the stress strain
dependencies of an unannealed monolithic sample of 15 % relative density. b) Increase of E
modulus with increasing relative mass density of the monolith. c) Increase of elastic collapse
∗
stress (σel
) with increasing relative mass density of the monolith.
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collapsed and shell walls that were initially opposite from each other start to touch and
to press against each other, leading to a sharp increase in the stress needed to compact
the copper further. The onset of the strain at which compaction occurs is reduced
with increasing relative density, revealing that less free volume for compression is
present with increasing degree of compaction of the monolith.
To study the effect of the tempering step on the mechanical properties, one sample
with a relative density of 15 % was prepared without heat treatment (Figure 3.7a).
The results indicate two obvious effects. In the region where the sample deforms
mainly elastically, theE modulus is increased in comparison to annealed samples.
Microstructural changes during the heat treatment, as it was observed by Woo
et al., 19 are presumably responsible for such a change in the elastic deformation
behavior. The second effect is the significantly improved plastic deformation behavior
expressed by a constant plateau stress. The untempered sample dramatically loses
its resistance against the plastic deformation owing to its incapability to resist the
growth of forming cracks, which is a direct consequence of the bad connectivity
between the hollow spheres.
The surface area is an important property of metallic sponges. Therefore, gas
sorption was measured on a monolithic copper sponge sample with 18 % relative
density before and after heat treatment. The measured BET isotherms reveal a
specific surface area of 2.062 m2/g and 1.143 m2/g, respectively (Figure 3.8). The
decreased surface area of the annealed sample presumably originates from the
coalescence of several small copper grains into larger grains. Furthermore, “necking”
phenomena between touching walls of the porous shells could contribute to the loss
in surface area. Owing to the high density of metals, surface areas of commercially
available sponges are given in m2/m3 rather than in m2/g. In this case, the surface areas
correspond to 3.17 × 106 m2/m3 before and 1.76 × 106 m2/m3 after the heat treatment
and thus exceed the ones of commercially available metal sponge materials by a
factor of 100. 22–24
The preparation of a cylindrical monolith was a prerequisite for investigating the
sponges’ deformation behavior under uniaxial compression. But the idea to use copper
capsules as building units for the sponges should make it easily possible to produce
other geometries. As proof of concept, we tested the traditional industrially applied
slip-casting technique for the replication of more complex shapes (Figure 3.6a-d).
The mold, which was prepared from modeling plaster, was filled with the suspension
of porous copper hollow spheres dispersed in diluted formic acid (Figure 3.6a,b).
After drying for several hours first in ambient conditions then under vacuum, the
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Figure 3.8: Adsorption and desorption isotherms of a copper sponge monolith (18 % relative
density) before and after heat treatment. Inset: Corresponding BET isotherms and linear fits
2
2
revealing a specific surface area of 2.062 m /g before and 1.143 m /g after heat treatment.

still slightly wet piece of sponge was removed from the mold and was cut in different
places with a razor blade, confirming the good connectivity and processability of the
green body (Figure 3.6c). Further, electrical conductivity throughout the monolith
was verified by simple measurements with a multimeter (Figure 3.6d).

3.5 Conclusion
In this work, we have introduced a highly versatile approach for the preparation
of macroscopic monoliths of nanostructured copper sponges with varying relative
mass densities of 7 to 21 % and high surface areas. The process offers three unique
advantages. First, 3D objects (here, ZnO microspheres) can homogeneously be
coated with a metal layer. Coating of 3D objects has been challenging to achieve
by gas-phase as well as by wet-chemical routes. Second, the dissolution of the
template occurs before a macroscopic body is formed so that the template removal
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does not affect the quality of the body. Owing to the presence of short diffusion
pathways for the solvent into and the dissolved ions out of the body, template
removal is highly efficient. Third, macroscopic porous bodies in many different
shapes can be obtained even at room temperature from the porous metal hollow
spheres as building blocks. The monolithic shape is preserved after the removal
of the mold without any heat treatment. Mechanical characterization by uniaxial
compression testing confirmed the sponge structure of the samples by revealing the
three characteristic regions of a compressive stress strain curve. The resistance against
elastic deformation, reflected by the initial linear region, increases with increasing
number of connected neighboring shells. Therefore, the degree of compaction during
the monolith preparation directly triggers the initial elastic deformation behavior of
the sample. However, the monolith’s plastic deformation behavior strongly depends
on the quality of the connectivity between the porous capsules, which can be tuned
by a heating step under reducing atmosphere. Morphological control during the
preparation of metal sponges is essential on the way to optimize them for specific
applications. The strategy proposed here offers a highly flexible approach, in which
the template, the metal layer, and the shaping and compaction process can be
adjusted and tuned in such a way that the final metal sponge offers the desired pore
size and size distribution, density, and macroscopic size and shape. Such a modular
and non-vacuum-based approach should be highly attractive for the cost-effective
production of metal sponges.
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4 Mechanistic Studies as a Tool for
the Design of Copper-based
Heterostructures
This chapter provides insights into the crystallization of metallic copper and outlines
the key role of related reaction intermediates during the copper coating of ZnO
microspheres. Further the approach is exploited for the fabrication of functional
copper-based heterostructures. Paper submitted.

4.1 Abstract
Crystal phase evolution studies revealed Cu2 O as exclusive reaction intermediate
during the copper coating of ZnO microspheres. Independent of what surface the
Cu2 O grows on, it is reduced to metallic copper. A porous copper architecture is
synthesized in a first step followed by its compositional tuning by careful thermal
treatment. The structurally and compositionally designed heterostructure renders a
functional thick film material being applied as chemoresistive CO gas sensor.

4.2 Introduction
Photovoltaics, 1–3 photocatalysis, 4–6 Li-ion batteries 7–9 and gas sensors 10–13 are all
examples of combining materials with different electronic properties. In these
devices diverse junctions ranging from metal/semiconductor, wide/narrow band gap
semiconductors to p/n semiconductors define their specific functionality. Moreover,
the control of the structure, on a scale spanning from that of an individual junction
to the macro-scale, facilitates their technological application. 14 The combination of
metals with metal oxides is particularly fascinating as can be seen on the example of
copper, when it is brought together with different metal oxides. 15–19 Recent examples
include, but are not limited to: (a) a three-dimensional array of copper core nanocables with a copper(II) oxide shell, used as an electrode material in Li-ion batteries,
results in high specific capacity; 17 (b) coating of copper nanowires with a thin
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zinc-, tin- or indium-oxide shell prevents their oxidation and nonetheless maintains
their high electrical conductance and transparency. These characteristics make this
material a promising substitute in future applications for indium-doped tin oxide,
which is the standard material used for transparent electrodes; 18 (c) decorating
crossed copper micropillars with ZnO nanorods introduces sensitivity towards carbon
monoxide (CO) but preserves the high conductivity of the underlying copper, which is
important for the material’s use in microsensors. 19 Additionally, combining copper(I)
oxide exhibiting a narrow band gap with other metal oxides, e.g. ZnO or TiO2 , has
a stabilizing effect on light-induced electron hole pairs and leads to an increase in
the efficiency of visible light energy conversion. 20,21 Notably, such composites show
potential of reaching a theoretical conversion efficiency of 10-20 % as solar energy
absorbers in solar cells. 22 However in practice, the strict thin film geometry, and
the lack of preparation techniques with sufficient control over the structural design
of the composite used as an electrode make it impossible to reach the theoretical
efficiencies. 23 All these examples highlight the necessity for a synthesis strategy
providing not only control over the composition, but also over all length scales of
the architecture including microstructure and macroscopic shape.
In this work we combine in situ synchrotron powder X-ray diffraction (PXRD) and
time resolved scanning electron microscopy (SEM) to follow the growth of copper on
flat and structured substrates in a non-aqueous medium. The inner walls of the X-ray
cell represent the flat substrate, whereas ZnO microspheres added to the solution act
as representatives for structured substrates. Our in situ PXRD studies reveal the
consecutively forming crystal-phases during the deposition process: transformation of
Cu II to Cu2 O and its solid-state reduction to Cu as schematically shown in Figure 4.1a.
Morphological information on the ongoing phase transformations is gained by SEM
analyses. Moreover, in situ laboratory PXRD study unveils the detailed knowledge
over the oxidation behavior of the structure obtained in solution. Henceforth, it is
possible to transform Cu into single-phase CuO or into heterostructured Cu2 O/Cu
through a thermal treatment as illustrated in Figure 4.1b. All transformations, taking
place in the organic solvent and in solid state, in conjunction with the mechanistic
know-how, lay the foundation on how to rationalize the compositional and the
structural design of copper-containing multicomponent materials. To demonstrate
the value of the approach we choose to fabricate a CO-sensitive heterostructure,
which preserves the high electrical conductivity of copper but adds the chemical
reactivity of copper oxide. The preliminary sensing tests show encouraging results.
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4.3 Experimental
Synthetic Procedures
Chemicals. All chemical reagents were used as purchased from Sigma-Aldrich, Scharlau and Acros without further purification. Copper(II) acetylacetonate Cu(acac)2
(Acros, > 98 %) mixed with benzyl alcohol BnOH (Sigma-Aldrich, puriss.) and Zinc
acetate dihydrate Zn(ac)2 × 2H2 O (Sigma-Aldrich, puriss.) mixed with diethylene
glycol DEG (Acros, > 99 %) were used for the preparation of metallic copper structures and ZnO microspheres respectively. Absolute ethanol abs. EtOH (Scharlau,
analytical grade) was applied as washing medium. To dissolve the ZnO microspheres,
formic acid solution was prepared (50 % v/v) from formic acid (Merck, 89 − 100 %)
and deionized water (Millipore, 18.2 MWcm).
In-Situ Synthesis Procedure. After mixing the Cu(acac)2 with BnOH (0.05 M) under
ambient conditions the reaction solution was homogenized by stirring for 15 minutes.
1 mL of the as-obtained reaction solution was transferred into a specially designed
in-situ cell, 24 which was tightly sealed and aligned to let the X-ray beam pass through
the reaction volume at a centric position. The temperature of the cell was raised
to 180 ℃ at a heating rate of 5 ℃/min. and maintained at that temperature for 336
minutes to complete the reaction.
Copper Deposition onto ZnO Microspheres. The ZnO microspheres were prepared
according to the procedure reported by Jézéquel et al. 25 Here, 6.5 g of Zn(ac)2 ×
2H2 O were added to 250 ml DEG at room temperature and under ambient conditions.
The 500 ml Schott vessel, equipped with a mechanical stirrer operated at 750 rpm,
was immersed into the oil bath and heated to 190 ℃. Upon dissolution of the Zn(ac)2
× 2H2 O precursor, the reaction solution turned transparent after a few minutes.
The reaction solution was maintained at 190 ℃ for further 15 minutes after first
observable turbidity occurred. After the milky white solution cooled down the white
powder was separated from the organic residues by repeated cycles of centrifugation
and washing with abs. EtOH. The extracted powder was dried at 60 ℃.
To subsequently coat the as-obtained ZnO microspheres with copper 0.68 g of ZnO
was re-dispersed in 300 ml BnOH aided by ultra-sonication. Then 7.0 g of Cu(acac)2
were directly weighted into the ZnO-BnOH dispersion. To reach homogeneous mixing
between precursor species and dispersed ZnO microspheres the reaction solution
was initially heated to 120 ℃ and maintained at that temperature for 40 minutes.
Then the reaction mixture was further heated to 180 ℃ where it was kept until the
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reaction had completed after a total time of 300 minutes. After the solution cooled
down the reddish powder was separated from the transparent solution containing
the organic residues by repeated cycles of centrifugation and washing with abs.
EtOH. Then the powder was kept in abs. EtOH. The temperatures mentioned above
always refer to the temperature of the oil bath. To also monitor the corresponding
temperatures inside the reaction solution a thermocouple was immersed to record
the time dependent temperature inside the reacting liquid. During the described
deposition process samples were extracted after 90, 120, 150, 180, 195, 210, 225, 240,
255, 270, 285 and 300 minutes for ex-situ SEM and PXRD characterization.
Porous Copper Shell Clusters for Thermal Stability Investigations. The porous copper
shell cluster powder used for in-situ studying the oxidation behavior was prepared
by simply washing the copper decorated ZnO microsphere powder obtained above
with formic acid solution (50 % v/v). The last washing cycles were done in deionized
water only to remove possible corrosion products. Then the powder was dried and
kept in a desiccator.
Sensor-Preparation. Three drops of abs. EtOH were admixed to 50 mg of the dried
porous copper shell cluster powder to produce a slurry, which was drop coated on
top of the alumina substrate supported interdigitated platinum electrodes. The
backside of the sensor substrate features a platinum meander being used as resistive
heating element. The substrates were purchased from CeramTecAG. Prior to the
measurement the sensor was dried in a desiccator for 24 hours.

Characterization
In-Situ Synchrotron PXRD Studies. The in-situ PXRD studies were conducted
at the Swiss Norwegian Beamline (SNBL) BM01B at the European Synchrotron
Radiation Facility (ESRF). A schematic of the setup used can be found elsewhere. 24
The PXRD data were recorded at a wavelength of 0.50479 Å. The beam spot size at
the front window of the sample cell containing the reaction solution was ∼ 0.7 mm
× ∼ 0.7 mm, and the beam passed through the sample over a length of 3 mm. The
sample volume was constantly irradiated during the time of reaction. A Dexela
Model 2923 two-dimensional (2D) CMOS X-ray detector 26 was installed at a distance
of 408 mm from the sample, with a pixel size of 75 µm x 75 µm. One dimensional
data were extracted from the 2D ring patterns by radial integration with Fit2D. 27
In-Situ Non-Ambient Temperature PXRD Studies. The PXRD studies performed
to investigate the thermal oxidation behavior of the porous copper shell structures
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were conducted on a X’Pert Pro powder diffractometer (PANalytical B.V., The
Netherlands) equipped with a high-temperature oven-chamber HTK 1200 (Anton
Paar GmbH, Austria) containing the analyzed powder supported on a alumina
sample holder. The diffractometer was operated in reflection mode under constant
irradiated volume conditions with Cu Kα radiation (45 kV, 40 mA). The sample
was heated from 25 to 400 ℃ meanwhile every 25 ℃ a PXRD scan was performed.
At each temperature the sample was given 15 minutes for equilibration before the
measurement started. The subsequent PXRD scan took 29 minutes. Graphical
representation of the heating profile followed is given in Figure 4.10.
Ex-Situ Studies. PXRD patterns from the samples extracted after different times
during the copper coating of the ZnO microspheres were recorded on an Empyrean
powder diffractometer (PANalytical B.V., The Netherlands) operated in reflection
mode under constant irradiated area conditions with Cu Kα radiation (45 kV, 40 mA).
Scanning electron microscopy (SEM) images were taken on a Magellan 400 FEG
(FEI, USA) to monitor changes in the shape and morphology of the decorated ZnO
microspheres. Representative PXRD patterns of the ZnO substrate and corresponding
SEM images are shown in Figure 4.11 in the appendix.
Gas-Sensing Measurements. The chemo-resistive response of the sensing layer was
measured in an in-house fabricated PTFE test chamber at a temperature of 135 ℃. A
gas mixing system equipped with different flow controllers adjusted the gas mixtures
under overall constant flow conditions. Prior to the first exposure the sensor was
conditioned in dry air for 8 hours. Then the sensor was exposed towards 3, 6, 12 and
25 ppm CO in dry and humid air (50 % RH at 25 ℃). The corresponding sensor signal,
defined as the resistance ratio Rgas/Rair , where Rgas and Rair denote the resistance
of the sensor either in the presence or absence of the analyte gas respectively, was
extracted from the resistance data shown in Figure 4.12 in the appendix.
Data Handling. A detailed description on how the PXRD data was treated and the
corresponding software packages used can be found in the appendix.

4.4 Results and Discussion
Earlier, we reported on the liquid-phase synthesis of metallic copper structures by a
wet-chemical approach. 28–30 Ex-situ PXRD studies point towards a heterogeneous
process leading to the final formation of a compact metallic copper thin film at flat
surfaces. To prove the universality of the approach it is important to know the time
dependent evolution of intermediate crystalline phases and the specific role they
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Figure 4.1: An overview of experimental methods used to derive a general fabrication
approach of Cu-based heterostructures. In the heart of the process lay (a) reduction of Cu II ,
nucleation, crystallization and direct deposition of nanoparticles from solution on flat and
structured substrates and (b) the consecutive heat treatment to fine tune the composition.

take in the course of the deposition process. Thus, we monitor the reaction in-situ
by synchrotron PXRD, which allows us to detect crystalline intermediate species,
starting from the very early stage of reaction as shown in Figure 4.2 and Figure 4.6
and 4.7 in the appendix. Heating the in-situ cell, containing the reagents Cu(acac)2
in BnOH, to the reaction temperature of 180 ℃ leads to the initial dissolution of
the copper precursor. The first recorded PXRD pattern at 180 ℃ already reveals
the characteristic peaks of the cubic structure of Cu2 O. Up to 112 minutes the
absolute peak intensity of the strongest (111) reflection of the cubic Cu2 O is found
to continuously increase (see Figure 4.2a and 4.2c). The presence of diffraction peaks
exclusively indexed to the Cu2 O phase proves that the first nucleating crystalline
species is Cu2 O. After 112 minutes the (111) peak intensity gradually reduces,
meanwhile the (111) peak of the cubic metallic copper phase appears. Its intensity
steadily increases with time (see Figure 4.2b and 4.2c). After 336 minutes the
reaction seems to be complete, meanwhile the Cu2 O has disappeared and only the
metallic copper phase persists (see Figure 4.2c).
The interpretation of these findings is straightforward as they clearly illustrate
that the oxidation state of copper is gradually changing from +II to its metallic
zero-valent state. Cu II as it is found in the precursor complex is reduced to its first
oxidation state Cu I in the form of nano-crystalline Cu2 O. The reduction of the Cu2 O
to metallic copper proceeds gradually and finally the diffraction signal from the oxide
completely vanishes. Additionally we observe a splitting of the Cu diffraction peaks
which is the direct consequence of the deposition of a copper thin film on the inside
wall of the cell. Further details and data are provided in the appendix.
The deposition of copper on the walls of the corresponding reaction vessels hinders
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Figure 4.2: Comparison of copper deposition on the inner side of the cell walls (a-c) and on
ZnO microspheres (d-f). Time dependent peak intensity evolution of the diffraction peaks of
(a) Cu2 O (111), (b) Cu (111) and (c) corresponding phase evolution in solution and on the
walls of the cell. Data were recorded in-situ. (d) PXRD patterns of product extracted at given
reaction times and corresponding photographs of reaction products washed and dispersed in
ethanol. (e) Evolution of FWHM values based on the ZnO (100), Cu2 O (200) and Cu (111)
diffraction peaks. (f) Cu2 O and Cu phase evolution deduced from the PXRD patterns shown
in (d).

89

4 Mechanistic Insights

the studies of morphological changes. To overcome this limitation, but also to test
other substrates, we add ZnO microspheres into the reaction solution and take
aliquots out of it at defined time intervals. Each ZnO microsphere can be considered
as an individual substrate, thus it is experimentally easier to track the morphological
changes of the copper coating. We follow the gradual evolution of the coating by visual
inspection of the reaction products’ color, by PXRD analysis and by SEM imaging as
shown in Figures 4.2d-f and 4.3, respectively. We observe the first significant changes
after 195 minutes. The yellow coloring of the extracted solid, washed and dispersed
in ethanol, originates in the population of the ZnO microspheres’ surface by Cu2 O
cuboids as pictured in Figure 4.3. The corresponding PXRD pattern confirms the
formation of the Cu2 O phase. Up to a reaction time of 240 minutes, the intensity of
the color and its gradual change is a direct consequence of the increasing number of
Cu2 O cuboids sticking to the microspheres’ surface. This trend is further confirmed
by the PXRD patterns in Figure 4.2d, which show increasing intensities of the Cu2 O
diffraction peaks. From the corresponding SEM images it is evident that not only
the concentration of cuboids increases but also their size. The decreasing FWHM
values extracted from the Cu2 O (200) reflections confirm the increase in the size of
Cu2 O as shown in Figure 4.2e. Fifteen minutes later the color shifts abruptly from
orange to dark red. The morphology in the SEM images changes drastically and the
Cu2 O phase fully disappears in the diffraction pattern. Instead a porous metallic
copper layer, identified by its characteristic peaks in the PXRD pattern, enwraps
the ZnO microspheres. As soon as Cu2 O fully transforms into metallic copper we do
not observe any further morphological changes. The phase evolution over the whole
reaction time is shown in Figure 4.2f. It is derived from the Cu2 O(200)/ZnO(100)
and Cu(111)/ZnO(100) intensity ratios using the inert ZnO microspheres as internal
standard.
The trend of phase and compositional evolution is consistent with the results
obtained without ZnO microspheres and thus we conclude that the mechanism is
independent from the substrate. Nevertheless it is evident that depending on the
corresponding substrate the reaction kinetics vary slightly. Furthermore, the time
dependent morphological observations made during the coating of ZnO microspheres
strongly suggest that a solid-state reduction process leads to the transformaton of
the Cu2 O deposit into a metallic copper coating. It is worth noting here the fact
that during such a liquid phase deposition process any given surface can be three
dimensionally coated with metallic copper provided that Cu2 O initially grows on
top of it. This directly offers the possibility to design a wide variety of unique,
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Figure 4.3: SEM images of a single ZnO sphere with its copper-based deposit after different
reaction times.

copper-containing structures and is labeled in Figure 4.1 as “structural design”. In
the following we further extend this approach by adding a step labeled “compositional
tuning”, which allows fine adjustment of the composition of the copper product by
thermal oxidation under preservation of the particle morphology. To demonstrate
this, we select porous hollow copper spheres and adjust their composition in a thermal
oxidation process. However, before such a process can be performed in a controlled
way, the oxidation behavior has to be studied.
PXRD patterns are recorded to follow the oxidation process and the resulting
phase evolution. Figure 4.4a pictures the strongest diffraction peaks of the Cu,
Cu2 O and CuO phases. At room temperature the pure metallic phase is identified
by the corresponding (111), (200), (220), (311) and (222) diffraction peaks. To
extract the relative concentration of the different phases and size information all the
patterns are refined and the volume weighted size information is deduced from the
corresponding Williamson-Hall plots. The time evolution of the scale factors and of
crystallite sizes of each phase is shown in Figure 4.4b and 4.4c, respectively. Up to a
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Figure 4.4: a) Temperature dependent PXRD patterns during thermal oxidation of the porous,
hollow copper spheres. b) Normalized scale factors, output from the corresponding refined
PXRD patterns shown in (a). c) Volume weighted, averaged coherently scattering domain size
extracted from the corresponding PXRD pattern shown in (a), after Williamson-Hall method.

temperature of 125 ℃ the copper remains exclusively metallic meanwhile the volume
weighted average crystallite size increases from 27 to 30 nm. The scale factor Fourier
coefficients calculated within the Warren-Averbach method and corresponding fits
of a log-normal size distribution further illustrate the increase in the crystallite
size (see Figure 4.8 in the appendix). There, the column size distribution shifts to
larger sizes upon heating from 25 ℃ to 125 ℃. The accordingly calculated volume
weighted average column size is indicated and increases from 29 to 32 nm. It is
proposed that the smaller copper crystallites either grow faster and/or disappear
at the expense of the growth of the bigger crystals. At 150 ℃ the first and most
intense (111) diffraction peak of Cu2 O can be identified while the metallic copper
phase amount starts to decrease. The Cu2 O formed at 150 ℃ contains remarkably
smaller crystallites (approximately 11.5 nm in size) than the metallic copper which
is still detectable at that time. This strongly suggests that the Cu2 O is forming
initially as small individual islands on the surface of the larger interconnected metallic
copper crystals. With time and increase in temperature the Cu2 O crystals grow. At
200 ℃ the metallic copper signals vanished completely and the scale factor of the
Cu2 O phase reached its maximum. At the same time, the first diffraction peaks
from the CuO phase become evident. The Cu2 O crystals seem to develop towards
a plateau size of around 30 nm, whereas the just-formed CuO phase experiences
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crystallites again of small size, around 8 nm. By further increasing the temperature
the CuO crystals continue to grow. At 275 ℃ the intermediate oxide phase disappears
and the CuO phase persists up to 400 ℃ with its crystallites reaching a constant
average size around 28 nm. In general, a simple heat treatment gives an access to
five distinct compositions (Figure 4.4c), starting from (I) Cu, through (II) Cu2 O/Cu,
(III) Cu/Cu2 O/CuO, (IV) Cu2 O/CuO and finally (V) CuO. We use this knowledge
for altering the composition of porous copper shells to enable a high sensitivity to CO
at low temperatures. In general, chemo-resistive gas sensors rely on the reversible
adsorption of the analyte gas at the surface of the sensing material, which induces
a measureable change of the overall resistance. To date, sensors based exclusively
on copper oxides are operated at temperatures above 200 ℃. 31–33 Here we use the
porous copper shells as primary building blocks. Initially, the sensing layer consists
of clusters; one cluster typically consists of tens of porous copper shells, which firmly
grew together during the reduction process as schematically shown in Figure 4.5a.
The polycrystalline nature of shells and the grain boundary between the clusters
determine the overall resistance of the film to be 270 W. Such metallic films, even
though they exhibit high surface area, are insensitive towards CO. To activate them,
we form a copper(I) oxide film at the surface of the metallic clusters by heat treatment
at 135 ℃ as schematically shown in Figure 4.5b. This is slightly higher than the
threshold temperature of 125 ℃ needed to induce oxidation of copper shells as shown
in Figure 4.4b. The interface between copper(I) oxide and copper adds up to the
overall resistance of the films of app. 3 kW. The sensing layer was exposed to four
different concentrations of CO as 3, 6, 12 and 25 ppm under constant flow conditions
using dry and humid synthetic air as carrier gas at 135 ℃. The recorded change
in resistance upon exposure to CO under dry conditions is shown in Figure 4.5b.
The extracted sensor signal which is defined as the resistance value during exposure
to CO (Rgas ) divided by the resistance value in absence of the analyte gas (Rair )
under dry and humid conditions is pictured in Figure 4.5c. An increase of resistance
upon CO exposure confirms the presence of p-type semiconducting Cu2 O phase. 31
Under humid conditions the sensor performance is reduced, but the overall signal
stability increases (see Figure 4.5c). The reaction is reversible and with respect to
the low operating temperature of 135 ℃ the results seem promising, as usually higher
temperatures above 200 ℃ are required to obtain comparable results regarding the
sensor signal. 31
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Figure 4.5: a) Schematic of the fabricated sensor consisting of porous copper shells. One
cluster is magnified to exemplify the firm connection between the individual porous copper
shells and the loose contact between the clusters. b) Measured change in the electrical resistance
upon exposure of the sensing layer towards 3, 6, 12, and 25 ppm CO gas in dry air at 135 ℃.
Sensor signal under dry and humid air conditions.

4.5 Outlook
Based on a detailed investigation of the crystallization mechanism of copper in
benzyl alcohol, we present different types of functional heterostructures detected
either as reaction intermediates or as final products. The controlled synthesis
of ZnO/Cu2 O, ZnO/Cu, Cu, and Cu/Cu2 O/CuO heterostructures was rendered
possible by combining in-situ synchrotron with in/ex-situ laboratory powder X-ray
diffraction and scanning electron microscopy studies. Preliminary tests of an asobtained Cu/Cu2 O architecture in the form of a chemo-resistive gas sensor indicate
the potential of the underlying fabrication strategy to produce CO gas sensing
materials operable at low temperature. The example of copper shows that a detailed
know-how about the crystallization mechanism and its thermal behavior makes it
possible to rationally design different types of functional heterostructures that can
be used in energy-related and industrially important fields such as photovoltaics,
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4.7 Appendix
Data Handling
In-Situ Synchrotron PXRD data. To compare the peak intensities of the most intense
(111) reflection of Cu and Cu2 O their corresponding values were normalized by using
the most intense low angle Bragg peak coming from the in-situ cell material PEEK
as internal standard. 24
In-Situ Non-Ambient Temperature PXRD Studies. Full pattern fits of the PXRD
scans shown in Figure 4.10b were done in FullProf 34 by refining only for lattice
parameters, overall Debye-Waller factors and crystallite sizes. The reported average
sizes of the coherently scattering domains were then extracted from the corresponding
Williamson-Hall plots. To derive a log-normal column size distribution from the
patterns recorded at 25 ℃ and 125 ℃ (see Figure 4.9) after the Warren-Averbach
method the software XPowder was used. 35
Ex-Situ PXRD Studies. For evaluating the diffractograms recorded ex-situ during the
copper coating of the ZnO spheres, single peak and where needed triple peak fitting
routine was applied in order to extract full width at half maximum (FWHM) and
peak intensity values. The peak analyzer function within the OriginPro 36 software
package was used to fit a pseudo-Voigt profile to the single or triplet peaks.

Peak Splitting
Figure 4.6 shows the observed splitting of the metallic copper (220) Bragg peak,
which is representative for all indexed copper Bragg reflections. The measurement
setup is schematically shown in Figure 4.7a. Two scenarios are possible leading to
the observed peak profiles. Both scenarios as pictured in Figure 4.7b and 4.7c are
likewise probable to have occurred during the measurements.
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Figure 4.6: Peak splitting of the Cu (220) Bragg peak, being representative for all other Cu
Bragg peaks.

Scenario 1. The formation and reduction of Cu2 O takes place simultaneously at the
front and back wall of the measurement cell and inside the reaction solution (see
Figure 4.7b). The deposits form a thin metallic copper film on the opposite walls of
the vessel whereas inside the reaction solution copper crystallites form. Both thin
films and the dispersed copper crystals scatter the entering X-ray beam into three
Bragg peaks slightly offset in their 2 Theta positions due to the horizontal offset of
the corresponding scattering centers inside the reaction cell (see black, red and blue
lines in Figure 4.7c). The angular resolution of the detector does not allow resolving
the peak triplet; therefore the third Bragg peak from the back wall of the cell stays
unresolved.
Scenario 2. The formation and reduction of Cu2 O takes place simultaneously inside
the reaction solution and at the front wall of the measurement cell (see Figure
4.7b). On the front wall the deposit forms a thin metallic copper film, whereas
inside the reaction solution copper crystallites form. Both, the copper thin film
and the dispersed copper crystals scatter the entering X-ray beam into two Bragg
peaks slightly offset in their 2 Theta positions due to the horizontal offset of the
corresponding scattering centers inside the reaction cell (see black and red lines in
Figure 4.7c).
Independent on the scenario the observed intensity profile is the result of a polycrystalline copper thin film deposited on the inside wall of the cell.
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Figure 4.7: Measurement setup used at the SNBLs at ESRF in Grenoble. (a) Dimensions of
the reaction cell and its alignment with respect to the incident X-ray beam. (b) Close-up of the
probed volume explaining the two possible scenarios leading to the peak splitting associated
with each metallic Cu Bragg peak. The hexagons represent Cu crystals. A dense polycrystalline
thin film is sketched on the front window where the X-ray beam enters the reaction volume
(scenario 1) and on the back wall (scenario 2). In the middle homogenously dispersed Cu
crystals are shown. (c) The three volumes containing coherently scattering domains with
significantly different scatterer density.
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Figure 4.8: Log-normal distribution of the column size perpendicular to the (111) lattice
planes of metallic copper at 25 and 125 ℃.
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Figure 4.9: Measured temperature inside the reaction solution during the coating of ZnO
microspheres with metallic copper. The red stars indicate times of sample extraction. The
extracted solids for ex-situ characterization, washed and dispersed in ethanol, are pictured on
top.
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Figure 4.10: (a) Temperature profile followed during the in-situ PXRD studies on the
thermal oxidation of the porous copper shells. The time for temperature equilibration at each
step (green line) was 15 minutes. The time for one PXRD scan (red line) was 29 minutes.
(b) Corresponding PXRD records plotted with a y-offset. Starting at 25 ℃ at the bottom
increasing to 400 ℃ at the top. The vertical bars on the x-axis indicate positions of Al2 O3
Bragg reflections related to the alumina sample holder.

Figure 4.11: (a) PXRD pattern of the ZnO microspheres after 90 minutes of reaction time.
(b) No observable change is identified in the SEM images of extracted solid contents after 90,
120, 150 and 180 minutes of reaction time during the deposition of metallic copper onto ZnO
microspheres.
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Figure 4.12: Sensor signal upon exposure of the Cu/Copper oxide-sensing layer towards
different concentrations of CO under dry conditions (a) and humid conditions (b).
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5 Conclusion
The content of this chapter, was published as a part of the review article in Materials
Horizon with Markus Niederberger as corresponding author.
A template-assisted solution route seems to be best suited to address the demand
for controlling the pore structure of the porous metal. Such a LEGO approach, i.e.,
the fabrication of building blocks, which can be precisely arranged and connected with
each other, holds great potential for producing macroscopic materials with complex
shapes. As a matter of fact, such building block approaches have extensively been used
in nanoparticle research (although the step from nanoscale to macroscopic dimensions
remains a serious issue), 1–3 but are rather unexplored for metallization processes
mainly due to the difficulty to grow metal layers on three-dimensional template
particles by wet chemistry. Therefore a wet-chemical and catalyst-free electroless
deposition process for copper was invented by reacting copper(II) acetylacetonate
(Cu(acac)2 ) with benzyl alcohol (BnOH). 4 The obtained free-standing copper foils
represent, to the best of our knowledge, the first macroscopic metallic structures
prepared by the benzyl alcohol route (Figure 5.1a), which has been extensively used
for the synthesis of metal oxide nanoparticles. 5 After complete delamination of the
copper film from the wall of the reaction vessel macroscopic pieces could be isolated.
The pore structure revealed a broad grain size distribution (50 nm up to 1 µm) and the
connectivity between the grains is strong enough so that the foil can be handled by
tweezers. However, the deposition of the copper not only occurred on the surface of
the reaction vessel, but also on polymer substrates immersed in the reaction solution,
e.g., on top of a flexible Kapton substrate (Figure 5.1b). For such experiments the
substrate was placed inside the reaction solution under a slightly tilted angle, as
it is also described by Ilari et al. for the growth of copper on supported carbon
nanotubes. 6 Obviously, the copper deposition process is suitable for coating different
kinds of surfaces. As a matter of fact, it is even possible to coat 3D objects like,
e.g., spherical, micrometer sized ZnO particles (Figure 5.1c). 7 The ZnO particles
were dispersed in BnOH, Cu(acac)2 was added and the mixture heated at 180 ℃. A
porous layer of metallic copper grew on the surface of the ZnO particles (Figure 5.1d).
Starting with these copper coated ZnO particles as building blocks, in principle two
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strategies can be envisioned (Figure 5.2a). Either the powder is taken and processed
into the desired shape followed by the removal of the template spheres from the
assembled macroscopic body (Figure 5.2a, pathway II), or the template spheres are
first removed leading to new building blocks being porous hollow copper spheres
(Figure 5.2a, pathway I, and Figure 5.1e), which can subsequently be brought into a
given macroscopic, three-dimensional shape. Having the building blocks available in
the form of a powder opens up the possibilities to use well-established slip casting
procedures for reproducing macroscopically also complex 3D shapes (Figure 5.1f-h). 8
It is important to mention that typically, the copper coated ZnO spheres as well as
the porous copper capsules are prone to agglomeration, forming clusters rather than
individual particles.
The bodies were found to be electrically conductive. They show some degree
of mechanical load capacity and can be produced with different relative densities
(ranging from 7 to 21 %) depending on the degree of compaction of the building
blocks. Furthermore, the porous copper structures show a high surface area density
of 2 × 106 m2/m3 , which exceeds the ones of large scale produced metal sponges by a
factor of 100. 9–11
The copper sponge structures exhibit open porosity on three different levels. The
smallest pores inside the copper shells represent the first level of porosity. The second
level of porosity is the one defined by the sacrificial template material, in this case
by the ZnO particles with their diameters in the size range of about 1 µm. On the
third level, pores appear as a result of the gap between the clusters. The three
levels of porosity present in a cylindrically shaped copper sponge are schematically
summarized in Figure 5.2b. 1, 2 and 3 refer to the three different levels of porosity,
where the size of the corresponding pores increases with increasing number. The
clustering of the building blocks represents a problem for the homogeneity of the
sample. Individual, well separated copper capsules could be packed in a denser way,
which is exemplified in the schemes for monodisperse (Figure 5.2c) and polydisperse
porous shells (Figure 5.2d).
Such template approaches offer a relatively simple tool to tailor the shape of the
pores. By substituting the spherical templates by rods anisotropic porosity would
be accessible. If the orientation of the coated template rods or needles could be
controlled, then directional material properties related to the orientation of the pores
inside the copper sponge would be expected (see Figure 5.2e). First experiments in
this direction are shown in Figure 5.3a-d, where other template particles were coated
either with a dense or with a porous copper layer. Even polymers, which are usually
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Figure 5.1: a. Photograph of a macroscopic piece of copper foil. b. Photograph of a
conducting line pattern prepared by depositing a copper thin film on polyimide substrate
and applying subsequent etching routines. c. SEM image of spherical ZnO particles used as
template. d. SEM image of copper coated ZnO particles. e. SEM image of porous hollow
copper spheres after removal of the ZnO template particles. f. Photograph of cylindrical
copper sponge monolith (diameter = 1 cm). g. Photograph of a rectangular, box shaped
copper sponge 2 cm in length. h. Lego shaped copper sponge samples prepared by applying
slip-casting technique.
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Figure 5.2: a. Schematic illustration of two fabrication routes to macroscopic copper sponges
with predefined pore geometries. I: Coating of the template particles with a porous copper
layer, template removal, formation of clusters of capsules, which can be shaped into, e.g.,
cylindrical monoliths. II: Assembly of clusters of copper coated ZnO spheres into a cylindrical
shape, removal of the template. b. Expected porosity inside the cylindrical shape. c. Expected
packing density of monodisperse, unclustered spherical building blocks. d. Expected packing
density of polydisperse, unclustered building blocks. e. Coating of anisotropic template
particles and their oriented arrangement into a cylindrical body.
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known to be rather inert like Teflon, can be coated (Figure 5.3e).
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Figure 5.3: SEM images of different uncoated and copper coated substrates. a. Spherical
CaCO3 template particles. b. Copper coated CaCO3 spheres. c. ZnO rods. d. Copper coated
ZnO rods. e. Photograph of a piece of polytetrafluoroethylene foil decorated with a thin copper
film.
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Outlook
Clearly, a narrow size and shape distribution of the template particles, together
with an agglomeration-free dispersibility, would contribute to the regularity of the
pore structure in a porous copper sponge, resulting in a more homogeneous material.
However, there are three other important parameters that have to be further improved
to take full advantage of this synthesis method. The growth of the copper layer,
especially in terms of thickness and adherence to the substrate, is not yet fully
controllable, but represents one of the main parameters for tuning the functional
and mechanical properties. Second, the building blocks have to be arranged with
respect to each other by higher precision to yield not only homogeneous structural
features, but also gradient-like structural and functional properties in the final porous
copper sponge. Third, the shaping has to be extended into much larger size scale,
mainly to reliably measure macroscopic functional properties (e.g. fluid flow or heat
transfer). In parallel to the improvement of this process, the fabrication of metal
structures with different elemental compositions has to be explored. If these issues
can be addressed, this template-directed wet-chemical approach will be able to span
a maximum range in the parameter space of pore structure controllability and 3D
shape complexity as indicated in Figure 1.8.
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6 Rationale for the Crystallization of
Titania Polymorphs in Solution
The content of this chapter, which provides insights on the crystallization of titania
in the rutile and anatase modification in solution, was published in Nanoscale. The
manuscript is co-authored by M. Staniuk, F. J. Heiligtag, L. Luo, H. Emerich, W.
van Beek and M. Niederberger with Dorota Koziej as corresponding author.

6.1 Abstract
We use in situ X-ray absorption and diffraction studies to directly monitor the
crystallization of different titania polymorphs in one and the same solution. We
find that, despite the commonly accepted polymorphic-crossover from anatase to
rutile triggered by the critical size of nanoparticles, in the solution their respective
nucleation and growth are independent processes. Moreover, we find that 5.9 nm
rutile nanoparticles are formed prior to the formation of 8.4 nm anatase nanoparticles.
Our results suggest that the origins of this crystallization mechanism lie in the
formation of an intermediate non-crystalline phase and in time-dependent changes
in the chemical environment.

6.2 Introduction
Polymorphism, the occurrence of different structures with the same composition, is
interesting for a variety of applications ranging from biomaterials and pharmaceuticals
to materials commonly used in energy-related applications. Understanding and
controlling the formation of different polymorphs are the key to fascinating discoveries.
For example, the α-phase of LiFePO4 , in contrast to its β-polymorph, allows excellent
electrochemical performances to be achieved in Li-ion batteries. 1 A showcase example
for taking advantage of polymorphism is provided by carbon; its diamond, graphite,
and graphene structures open up an overwhelmingly broad field of applications. 2
For titania (TiO2 ), the two most prominent polymorphs, besides the less common
brookite and other artificial modifications, are anatase and rutile. Driven by the

117

6 Beyond Copper

perpetual optimization of photocatalysts operating in the visible light range, surface
specific chemical activity effects, 3–9 synergistic properties resulting from combining
the different electronic band configurations of the anatase and rutile phases, 8,10–14
meso-structuring strategies 15–22 and others 8,23–26 have been investigated in detail and
were identified as being responsible for high photo-catalytic efficiencies. The usage
of TiO2 and its polymorphs is by far not limited to the field of photocatalysis or
photovoltaics, where the anatase phase is generally preferred. Rutile-TiO2 exhibits a
high refractive index, light scattering efficiency and UV absorptivity. 27,28 Therefore,
rutile powder finds direct use as UV-filter in sunscreens, pigments in paintings and
filler material in cosmetic products. More sophisticated technologies take advantage
of the very same properties of titania in coatings of self-cleaning surfaces and
smart windows. 29 Irrespective of the particular application, the usable property
on the macroscopic scale is the outcome of a complex interplay of the particles’
phase, size, morphology, surface/surface chemistry and crystallinity. These factors
are characteristic of the specific synthetic strategy employed. 3 In particular, wetchemical routines have proven their exceptional versatility in gaining control over the
evolving nano-phases, and their morphology and size, 30 but it remains unclear, why a
specific polymorph or polymorph mixture forms under the given reaction conditions. 31
Assuming thermodynamic equilibrium conditions, free surface energy calculations of
the different facets of anatase and rutile and measurements of the surface enthalpies
readily provide an explanation. Below a critical particle size (dcrit ) the anatase
configuration is energetically more stable than the rutile configuration of TiO2 . 32
Several authors experimentally confirmed these findings by heat-treating anatase
nanocrystals, and a value often reported is dcrit ≈ 14 nm. 33–36 Consequently, the
synthesis of nanosized rutile TiO2 necessitates systems, where the thermodynamic
equilibration is not dictating the nucleation, coarsening and aggregation of the
evolving TiO2 crystals. Such systems are typically represented by liquid phase
syntheses, where, for example, strongly binding species drastically reduce the surface
energy (γ) of the individual facets 5,6 and influence the evolving phase, size and
morphology of the corresponding crystals. States far from the thermodynamic
equilibrium are predominant. In general, it is believed that slower crystallization will
lead to rutile, and rapid crystallization favors anatase formation. 37 This reasoning is
often used in explaining both the stability of anatase nanocrystals and the difficulties
in synthesizing rutile nanocrystals smaller than 14 nm using wet-chemical routes.
Reported strategies that prepare nano-sized rutile TiO2 relate their success to the
high acidic environment, 38,39 high temperature 40,41 or high pressure 40 under which
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the crystallization proceeds. However, so far there are no experimental reports on
the in situ monitoring of the phase-crossover from anatase to rutile in solution, as
would be expected from the kinetically-controlled cascade crystallization from less
dense to more dense phases. 42 Furthermore, recently rutile nanocrystals slightly
smaller than the crossover size were synthesized directly from the solution. 31 Thus,
studying such systems that do not necessarily obey the paradigms postulated by the
classical nucleation theory, is essential to rationalize the nanocrystals’ synthesis in
solution and to lay the foundation for the precise description of the crystallization in
a chemically active environment.
Here, we select the synthesis approach reported by Yu Wu et al., 38 because
it features the necessary conditions for the phase-pure preparation of both TiO2
polymorphs by reacting titanium tetrachloride (TiCl4 ) with acetone. We use in situ
powder X-ray diffraction (PXRD) and X-ray absorption spectroscopy (XAS) to follow
the time-dependent formation of the (non-)crystalline intermediates and the titania
polymorphs in solution. In our focus are the processes preceding the nucleation and
dependencies between the anatase and rutile formation in solution. This is possible,
because both polymorphs are consecutively formed in the same reaction solution
under isothermal conditions at 120 °C.

6.3 Experimental
Chemicals. Titanium tetrachloride (TiCl4 , Sigma-Aldrich 99.9 %) was used as the
precursor and acetone (Sigma-Aldrich, ≥ 99.9 %) served as the solvent.
Synthesis. TiCl4 was added to acetone (molar ratio 1:5) under vigorous stirring and
ambient conditions. The reaction solution turned slightly yellowish but still remained
transparent. No precipitation could be observed at this stage and the vigorous
stirring guaranteed a homogenous mixing/dissolution throughout the sample volume.
Stirring was maintained for 5 minutes. (a) For the experiment under laboratory
conditions, 15 ml of the as-prepared reaction solution was transferred into a 45 ml
Teflon liner, sealed in a Parr acid digestion bomb and placed in an oven for 6 or
12 hours at 120 ℃. After cooling down, the precipitate was centrifuged, washed
with ethanol and the resulting powder was dried in an oven at 60 ℃. (b) For the
in situ experiments, 1 ml of the as-prepared solution was then transferred into the
measurement cell, which was tightly sealed and aligned to let the beam pass through
the sample volume at a centric position (see Fig. 6.5 in the appendix). After the
alignment procedure, precipitation of large transparent crystals was observed. From
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this point on, no changes were made which could affect the irradiated volume of the
sample, assuring constant volume conditions throughout all following in situ PXRD
and XAS measurements. The only possible source of fluctuation refers to particle
size/mass-dependent sedimentation effects, as the solution was not stirred during the
time of reaction. The adjustment of the current flowing through the resistive heating
elements of the cell allowed for homogeneous heating of the sample volume to 120 ℃.
Once the temperature reached 120 ℃, all the parameters were kept constant until
the end of the experiment.
Synchrotron-based studies. The experiments were performed at the European Synchrotron Radiation Facility (ESRF), Grenoble at the Swiss Norwegian Beamlines
(SNBL). The in situ experiment lasted in total for 67 hours and can be divided in four
distinct stages as shown in Fig. 6.6 in the appendix. We define the acquisition loops
for each stage separately, which allows us to follow the dynamic changes of the crystalline and non-crystalline species and to optimize the information content. Further
experimental details, the set-up, recorded raw data and data handling procedures
are given in the appendix.

6.4 Results and Discussion
Already at room temperature, we observe precipitation of large transparent crystals
inside the initially transparent reaction solution. Interestingly, the indexing of the
corresponding PXRD patterns in Fig. 6.1A and 6.7 in the appendix disclosed a single
monoclinic phase of Ti(OH)x Cl4-x . 38 From the Fourier transform of the extended
X-ray absorption fine structure (EXAFS) spectrum, the average distance to the first
coordination sphere of Ti is determined to be 1.8 Å. Heating the reaction solution
to 120 ℃ induces dissolution of the initially formed Ti(OH)x Cl4-x crystals, which
is manifested by the gradual disappearance of all diffraction peaks. Moreover, the
radial distribution function reveals a successive decrease of the distance between
the titanium ions and their first coordination sphere from 1.8 Å to 1.35 Å, as shown
in Fig. 6.1B. The values do not represent the absolute Ti–O/Cl distances in the
structure, because the data are not corrected for the backscattering phase shift. But
the relative change of 0.45 Å is significant. Additionally, the X-ray absorption near
edge structure (XANES) spectra show upshifting of the whiteline of about 0.8 eV
and the development of the pre-edge peaks A1–A3, characteristic for titania, 43 Fig.
6.1C and 6.14 in the appendix. These results confirm the formation of Ti-containing
compounds lacking a long-range periodic order. This process of transformation
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is assumed to follow crystal dissolution kinetics, which could be described by the
deceleratory sigmoidal conversion. 44 Here, the dissolution has to be understood as a
transformation into a non-crystalline intermediate species. No information on the size
of the non-crystalline species can be extracted from the recorded data. It takes 400
minutes until we observe the first diffraction peak. Strikingly, this peak corresponds
to the lattice spacing of the (110) planes of the tetragonal rutile modification of
TiO2 , as shown in Fig. 6.2A. The FWHM value of the (110) peak scatters in the
beginning but stabilizes after 700 minutes around 0.439 ± 0.049 °, as shown in Fig.
6.2F. Together with the time-dependent change of the absolute peak intensity of the
(110) reflection, shown in Fig. 6.2G, it can be concluded that rutile particles nucleate
and grow to a size of 5.9 nm and their phase amount approaches a saturation level.
Later, the reflection corresponding to the d-spacing of the (101) planes of anatase
TiO2 appears. Interestingly, the FWHM values also remain constant around 0.309 ±
0.013 °, as shown in Fig. 6.2F. The absolute peak intensity of the (101) reflection
increases as, for example, in the case of the rutile crystals, as shown in Fig. 6.2G.
The anatase nanocrystals nucleate and grow to a constant size of 8.4 nm with the
phase amount also approaching a saturation level. These findings directly prove that,
indeed, in the as-described solute system, no crossover size triggers the crystallization
of the titania polymorphs.
In general, the modification of the sample due to interactions with the X-ray
beam is assumed to be negligible. However, the extended exposure for several hours,
as in our experiment, may lead to: (a) local heating due to X-ray absorption, (b)
structural changes due to the kinetic energy of the photoelectrons created by the
absorption of the X-rays and (c) structural changes due to the absorption of X-rays
that have been previously scattered. 45 The X-ray power at 5 keV in the sample is less
than 1 µW and thus the heating effects can be neglected. For titania nanocrystals,
it has been recently shown that an exposure to X-rays causes a slight reduction of
Ti 4+ at the surface. 46 However, no references are available on the impact of X-rays
on the nucleation and growth of the titania nanocrystals in solution at elevated
temperatures. Thus, to prove that the hereby-described reaction is independent of the
X-ray irradiation, we performed a control experiment under laboratory conditions. If
we stop the reaction after 6 hours, we observe in the XRD pattern only the reflection
corresponding to 6 nm large rutile nanocrystals, whereas after 12 hours we observed
both polymorphs, anatase and rutile, as shown in Fig. 6.13 in the appendix. The
consecutive formation of rutile and anatase closely resembles the findings from the
in situ experiment. Therefore, we can clearly exclude an influence of the X-ray
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Figure 6.1: A) PXRD patterns; B) Fourier transform of the EXAFS and C) XANES spectra
revealing the initial dissolution of the monoclinic Ti(OH)x Cl4-x crystal phase upon heating the
reaction solution to 120 ℃ and the subsequent growth of rutile and anatase TiO2 . The insets
show the regions of interest for the performed in situ PXRD and XANES measurements.
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irradiation on the mechanism of the titania polymorphs formation.
Moreover, we extract further information on the two titania polymorphs in solution
from the full pattern refinement of the PXRD records, as shown in Fig. 6.8 in the
appendix. Compared to the double peak fitted results, a very slight trend towards
smaller FWHM values, with increasing reaction time, can be identified, as shown in
Fig. 6.2F. The scale factor outputs, from the full pattern fits, further support the
existence of a phase equilibrium towards the end of the reaction time, as shown in
Fig. 6.2G.
To complete the picture, all size information accessible via refinement of the long
range recorded PXRD data is compared to the critical particle size for the anatase-torutile phase transformation, as it is reported from studies on the thermal treatment
of anatase nanocrystals. 33–36,47 As the critical particle size has to be interpreted as
an average particle size, disregarding morphological anisotropy effects, its graphical
representation is a sphere with a diameter of 14 nm. The refined PXRD patterns
reveal directional size information on the nanocrystals based on the widening of
all indexed reflections. Their contoured orthogonal projections on the a,b a,c and
b,c planes at different reaction times are shown in the appendix (Fig. 6.9–6.10).
Comparisons of the initial and final shapes of the anatase and rutile nanocrystals are
shown in Fig. 6.2B and C, respectively. The calculated shapes help to clarify how
anisotropy affects the extracted nanocrystals’ size. However, they are not intended to
reveal the crystallites’ actual shapes, as the spatial expansion can only be calculated
in directions perpendicular to the lattice planes which give rise to Bragg peaks in
the diffractograms.
The graphical comparison between the formed TiO2 nanocrystals and the critical
particle size is realized by superimposing a sphere with the diameter of 14 nm onto
all directional sizes of both anatase and rutile. After 1420 minutes, both polymorphs
exhibit a certain degree of anisotropy, but all directional sizes stay well below the
critical crossover size of 14 nm, as shown in Fig. 6.2D. Towards the end of the
reaction, the rutile crystallites tend to marginally grow and increase in their degree of
anisotropy, whereas the anatase crystallites just slightly grow, as shown in Fig. 6.2E.
Most importantly, the data show the coexistence of rutile and anatase nanocrystals
at a size smaller than 14 nm and their independent size evolution with the time of
reaction.
The rationale for the titania polymorph crystallization in solution can be given
based on the aforementioned experimental findings, as is schematically shown in
Fig. 6.3A. In contrast to the classical nucleation theory or to predictions of the
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Figure 6.2: A) Anatase and rutile phase evolution starting from the appearance of the first
reflection of the rutile phase (110) after 400 minutes of reaction. Left: PXRD pattern as
recorded. Right: Fit of the corresponding collected data points. B–E) Graphical representations
showing the calculated directional expansions of the nanocrystals: B–C) anatase and rutile
nanocrystals after 1420 minutes of reaction time (smaller inner polyhedron) and after 4000
minutes (outer translucent polyhedron), D–E) comparison of anatase (orange) and rutile (blue)
after a reaction time of 1420 minutes and 4000 minutes, respectively. Superimposed (black
lined) is a sphere with the diameter d = 14 nm, which represents the critical size for the
commonly reported anatase–rutile phase transformation. F) Time evolution of the FWHM
values and G) peak intensities extracted from the (110) reflections in the case of rutile and the
(101) reflections in the case of anatase. Additionally, scale factor outputs, using full pattern
fitting of the long range scans, are shown.
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Figure 6.3: A) The different stages representing the final formation of the rutile and anatase
crystallites. Stage I: Directly after mixing TiCl4 with acetone. Stage II: After a short
time needed to transfer the reaction solution into the experimental cell, a highly crystalline
monoclinic Ti(OH)x Cl4-x phase precipitates. Stage III: The monoclinic crystal phase dissolves
upon heating to 120 ℃ and an intermediate, a new Ti-containing precursor phase, lacking a
long-range periodic order, forms. Stage IV: Onset of the rutile crystallization out of the noncrystalline precursor phase. Stage V1 to V4: Hypothetically possible crystallization scenarios
for anatase. V1: Anatase crystallizes independently out of the non-crystalline precursor phase.
V2: The surface of the rutile crystals undergoes phase transformation to anatase proceeding
towards the core of the particles. V3: Anatase heterogeneously nucleateson the rutile crystals’
surface and grows. V4: Rutile dissolves and anatase recrystallizes. B) Hypothetical plots
of the time-dependent activation energies for rutile (Ea,rutile ) and anatase (Ea,anatase ). C)
Assuming both polymorphs nucleate out of the intermediate non-crystalline phase, their phase
fraction-time transient is drawn.
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equilibrium structure of the crystals using free surface energy calculations, 34 we
assume that the initial high acidity of the reaction solution, accompanied by a high
Cl – concentration, triggers the formation of rutile in the first step. With time,
different condensation reactions 38 change the chemical composition of the solution
mainly by the formation of H2 O, allowing the Cl – to volatilize as HCl, decreasing
the acidity of the solution and the Cl – concentration in the course of the reaction,
finally favoring the crystallization of anatase.
Different theoretical scenarios for the anatase formation are schematically depicted
in Fig. 6.3 as V1–V4. In V2, it was assumed that rutile is undergoing a solid-phase
transformation to anatase with the time of reaction. This would mean that the
rutile phase should both show a decrease in its average size and also in its phase
amount with time; meanwhile, the anatase phase should show the opposite behavior.
Fig. 6.2F and G clearly show contradictory trends. In V4, the formed rutile phase
dissolves with time and anatase crystallizes out of the solution, which would give
similar trends to the PXRD pattern evaluation, as discussed in the case of V2. Again
this is not observed here. Possible scenarios, which fit the trends extracted from
the recorded PXRD patterns, are schematically represented in V1 and V3. The
Ti-containing compound, lacking a long-range periodic order as shown in Fig. 6.3,
from stage III is partially consumed during the initial crystallization of rutile. The
later formation of anatase crystals originates likewise from the same species in the
solution, triggered by the changed chemical environment.
We finally prove this hypothesis by applying the Multivariate Curve ResolutionAlternating Least Squares (MCR-ALS) method to determine the number of chemical
species in the solution from the XANES data. We use the SIMPLISMA algorithm,
which is a variance-based method, to find the initial spectra of the components,
whose concentration significantly differs from scan to scan as compared to other
components. 48–51 Further details about the MCR-ALS method are given in the
appendix. We find three independent components and their spectra, as shown
in Fig. 6.4. The spectrum of component 1 shows the initially formed crystalline
Ti(OH)x Cl4-x species before dissolution. The pre-edge areas of spectra 2 and 3 look
rather similar. However, in the post-edge area, spectrum 3, in comparison to spectrum
2, shows significantly more pronounced features. These features arise from X-ray
scattering on the atoms that occupy specified positions, and the stronger intensities
reveal an increasing average number of scatterers surrounding the central atom. 52–54
While component number 1 dissolves, component number 2, lacking a long-range
periodic order, forms equivalently. After approximately 150 minutes, we observe an
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increase in order in the solution, which is attributed to the formation of component
number 3. This is before the detection of any crystalline nanoparticles using PXRD.
These findings further support the formation of an intermediate phase prior to the
rutile or anatase nucleation. Since no information is available on the size of this
intermediate phase, we do not differentiate between non-crystalline network-like
species, 38,55 pre-nucleation cluster (PNC) formation 56,57 or amorphous nanoparticles.
A model describing the nucleation events using acceleratory phase fraction–time
transients unfolds the general time dependency of the involved activation energy Ea
as given in equation 6.1 and 6.2:
α
t

 
−

x=e

e(

βt2



) −1

Ea = Ea0 − RT βt2

(6.1)

(6.2)

where α and β are fit parameters, Ea0 represents the time-independent portion of the
activation energy, R is the ideal gas constant, T is the absolute temperature and x
represents the fraction of the intermediate phase remaining in the system at time

Figure 6.4: XAS spectra of three Ti components obtained using MCR-ALS analysis. (Inset)
Interdependence between the individual components, displayed as concentration profiles.
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t. 44 No data from temperature-dependent experiments are available. Therefore, the
postulated model is based on assumed values for the activation energies and is used
to further consolidate the interpretation of the experimental findings.
In our reaction at 120 ℃, the activation energies of the rutile (Ea,rutile ) and anatase
(Ea,anatase ) formation are not constant, but, due to the intrinsically changing chemical
environment, they are time-dependent. After the dissolution of the Ti(OH)x Cl4-x
phase (t1 ), the activation energy for establishing the corner connectivity between
the TiO6 octahedra is lower than for their sharing edges, favoring the nucleation
and growth of rutile. Thus, initially at 120 ℃, Ea,rutile is lower than Ea,anatase leading
to the nucleation and growth of rutile TiO2 . With time, the Ea,rutile is decreasing,
accelerating the conversion of the intermediate non-crystalline phase to the rutile
configuration of TiO2 . After approximately 1000 minutes (t2 ), the situation reverses
and Ea,anatase is lower than Ea,rutile resulting in the formation of TiO2 in the anatase
configuration. The graphical representation of the activation energies and the overall
degree of the intermediate non-crystalline phase conversion as a function of time are
qualitatively depicted in Fig. 6.3B and C.

6.5 Conclusion
In summary, the collected data revealed insights into a complex crystallization
mechanism of titanium oxide in a macroscopically simple system. The time-dependent
changes in the chemical environment directly trigger the activation energies (Ea )
involved in the nucleation of either rutile or anatase TiO2 . Further, the results show
that the thermodynamic equilibration does not determine the nucleation and growth
of the TiO2 crystals, as the rutile phase forms first, and, in the beginning, also with
smaller sizes than anatase. Therefore, the crossover size dcrit of the size-induced phase
transformation indeed is not an inherent materials property of TiO2 but strongly
depends on environmental variables.
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Data recording
(a) PXRD patterns of powders obtained in the control experiment under laboratory
conditions were recorded on the X’Pert Pro (PANalytical B. V., Netherlands) powder
diffractometer operating in reflection mode with Cu Kα radiation (45 kV, 40 mA).
(b) A schematic representation of the setup used for the in-situ studies is given in
Figure 6.5. The PXRD and XAS data were collected almost simultaneously at the
Swiss Norwegian Beamline (SNBL) at the European Synchrotron Radiation Facility
(ESRF) in Grenoble. The delay time between the PXRD and XAS scans is the time
needed to record a given scan. PXRD data were collected using a wavelength of
0.503433 Å. The beam spot size at the front window of the sample cell containing
the reaction solution was ∼ 0.7 mm × ∼ 0.7 mm and the beam passed through the
sample over a length of ∼ 5 mm. The sample volume was constantly irradiated
during the time of reaction. The arm of the High Resolution Powder Diffractometer
holds a vertical array of six independent Si-111 analyzers. Each analyzer is followed
by its own scintillation counter for single photon counting. The diffracted X-rays
from the sample are diffracted a second time on the analyzer crystal before being
detected. Data from a monitor counter, placed in front of the sample, was used
to normalize the measured intensities for beam decay. Such a setup ensures at all
times that reliable lattice parameters are measured. The angular spacing between
these six channels is 1.1 °. To monitor fast changes in the beginning, high timeand spatial-resolution is needed, therefore the 2 theta range was limited to capture
the (101) and (110) reflections of anatase and rutile respectively (7 ° to 11 °). Upon
stabilization of the system towards the end of reaction six long-range PXRD scans
were performed (7 ° to 40 °). XAS measurements were recorded with a Vortex EM
fluorescence detector readout by Xia digital electronics. The step size of the Ti
K-edge X-ray absorption near edge structure (XANES) scans was 0.2 eV and was
maintained also during the recording of the extended X-ray absorption fine structure
(EXAFS) patterns.

Data handling
For evaluating the diffractograms recorded from 7 ° to 11 °, single peak and where
needed, double peak fitting routine was applied in order to extract full width at

129

6 Beyond Copper

Figure 6.5: Schematic of the measurement cell. The synchrotron beam irradiated a cuboid
shaped volume of the reaction solution, which was entrapped between two Kapton windows
and remained constant. The diffracted X-rays were collected behind the measurement cell on a
6 crystal analyzer array to monitor ongoing crystallization, whereas fluorescence radiation was
detected in front of the cell for elucidating changes in atomic distances and oxidation states in
structures lacking in long-range periodic order.

Figure 6.6: The different stages of the in-situ experiment. (1) The reaction solution is heated
step by step to the final reaction temperature of 120 ℃. Meanwhile PXRD scans are performed
under isothermal conditions at the indicated temperatures. In regions (2) and (3) where rapid
changes of noncrystalline species and rapid formation of crystalline species respectively demand
fast data acquisition, recording loops as described to the lower right are run. (4) As soon as
the system reaches quasi equilibrium condition, additional long time scans are conducted.
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half maximum (FWHM) and peak intensity values. The peak analyzer function
within the OriginPro 58 software package was used to fit a pseudo-voigt profile to the
single or double peaks. Indexing of the initially formed Ti(OH)x Cl4-x crystal phase
was done using the program TREOR 59 implemented in the software CMPR 60 (the
elemental analysis of the precipitate without any washing or purification confirmed
the presence of Ti, O, H, Cl and additionally C, being residuals of acetone). Full
pattern fits of the long range PXRD scans were done in FullProf 61 by refining only for
lattice parameters, overall Debye-Waller factors and crystallite sizes. To correct for
anisotropy we introduced the spherical harmonics approach as it was also successfully
implemented by others. 62,63 For picturing the directional crystal sizes the extension
perpendicular to the corresponding lattice planes from which the FWHM values were
extracted was calculated using the Scherrer equation attributing the peak widening
solely to crystallite size effect. The corresponding points were connected in the a, b,
c coordinate system using convex hull algorithm provided in the software package
TetGen 64 together with ParaView 65 for visualization. For EXAFS data treatment
the software packages WINXAS Version 3.2 66 and Athena Version 0.8.056 67,68 are
used. No energy correction was performed on the spectra since only the spectra
recorded in-situ were compared. After deglitching, the data were normalized with
pre-edge range from -31.895 eV to -17.486 eV and normalization range from 150 eV to
931 eV. E0 is set to 4977.22 eV for all measurements (see Figure 6.10). To receive
the radial distribution a Fourier transformation with Bessel window from 1 Å−1 12 Å−1 , a window parameter of 10 and k-weight of 1 is used. XANES spectra in the
energy range of 4949.8 – 5006.8 eV, recorded during first 700 minutes of reaction were
analyzed with the MCR-ALS method. The data processing was done analogously to
procedure described elsewhere. 51 The number of components was chosen on the basis
of Singular Value Decomposition (SVD) results and the initial estimates of spectra
of components were based on the SIMPLISMA method with the noise level set to
5 %. The ALS algorithm with following constraints was applied: (1) non-negativity
of spectra and concentrations, (2) unimodality of concentrations (tolerance: 20 %),
(3) convergence criterion: 0.1. The SVD results show that increasing the number of
components from 3 to 4 will result only in a minor increase of the explained variance
in the data (see Figure 6.11, 6.12 and Table 6.1). Therefore, we choose 3 components
to explain our data. Table 6.2 presents the lack of fit values, the variance explained
and the standard deviation of residuals respect experimental data obtained after
ALS optimization. 49

131

6 Beyond Copper

Figure 6.7: PXRD patterns revealing the initial dissolution of the monoclinic Ti(OH)x Cl4-x
crystal phase upon heating the reaction solution up to 120 ℃. The diffraction pattern recorded
at 20 ℃ could be indexed on a primitive monoclinic unit cell (a = 13.237 Å, b = 14.853 Å,
c = 7.621 Å, β = 97.069 °). A careful examination of the diffraction pattern indicated that (1)
h0l reflections with h + l = 2n + 1; and (2) 0k0 reflections with k = 2n + 1 were systematically
absent, so the space group P 21/n was expected.
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Figure 6.8: Full pattern fits of the long range PXRD scans, which were done in FullProf by
refining only for lattice parameters, overall Debye-Waller factors and crystallite sizes after (A)
1420 minutes, (B) 2440 minutes, (C) 2680 minutes, (D) 3160 minutes, (E) 3520 minutes and
(E) 4000 minutes.
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Figure 6.9: A.-F. The contoured orthogonal projection on (left) a,b, (middle) a,c and (right)
b,c planes of size of anatase (orange) and rutile (blue) based on the widening of all indexed
reflections at different reaction times between 1420 and 2680 minutes.
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Figure 6.10: A.-F. The contoured orthogonal projection on (left) a,b, (middle) a,c and (right)
b,c planes of size of anatase (orange) and rutile (blue) based on the widening of all indexed
reflections at different reaction times between 3160 and 4000 minutes.
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Figure 6.11: Normalized EXAFS spectra recorded in-situ at corresponding times of reaction.

Figure 6.12: MCR-ALS of XAS. Variance explained according to different numbers of
components from Table 6.1.

136

6.7 Appendix

Figure 6.13: Ex-situ control experiment showing the presence of rutile TiO2 after 6 hours
and coexistence of rutile and anatase TiO2 after 12 hours of reaction.

Figure 6.14: (A) XAS and (B) PXRD raw data recorded during the first 1420 minutes of
reaction. Referring to Figure 6.6 the XAS data were recorded in phase (2) and the PXRD
data in phase (3).
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Table 6.1: The first ten eigenvalues of data matrix calculated by Singular Value Decomposition
and the variance in the data that can be explained by choosing certain number of components.
The threshold was set after third value highlighted in red.

Number of components

Eigenvalues

Variance explained

1
2
3
4
5
6
7
8
9
10

48.5033
1.0405
0.1956
0.0744
0.0533
0.0451
0.0394
0.0387
0.0376
0.0324

0.957999
0.978550
0.982414
0.983883
0.984936
0.985827
0.986605
0.987369
0.988112
0.988752

Table 6.2: The lack of fit values, the variance explained and the standard deviation of residuals
with respect to the experimental data obtained after ALS calculation of in-situ XANES data.

lofALS
lofPCA
R2
σ
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1.7225 %
1.7561 %
99.9692
0.015001
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