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Chapter 1
Introduction

1.1 Nanoporous materials

The current speed of technological innovation puts high demands on material performance
and is often limited by the lack of advanced, application-specific materials. The advent of
nanomaterials, with their ability to be tailored at the atomic level, led to new applications in
modern technology. At the nanoscale level the physicochemical properties of the surfaces,
which are different from the underlying bulk, play an important role in the overall response
of the materials leading to new properties and applications [1–5]. The low coordination of
atoms at the surface leads to a drastic change in the atomic interactions which gives rise
to size effects in the physical, chemical and mechanical properties of nanomaterials such
as melting temperature, cohesive energy, surface free energy, reactivity, surface stress and
elastic modulus [6–13]. The surface stress [14, 15], an important mechanical field variable
at smaller length scales, is no longer negligible and can affect the overall material behavior.
Surface-dominated bulk materials provide a unique opportunity to dynamically control the
material properties by modification of their surfaces [1, 16]. The properties and the ensu-
ing applications in a wide range of fields makes the study of these materials an interesting
area of research in science and engineering. A typical macroscale engineering device is
far larger in size than nano-objects such as nanoparticles and nanowires. For example, 1
cm3 volume can accommodate 1016 nanowires of length 50 nm and diameter 10 nm. As-
sembling these nanoscale objects into macroscopic volumes paves the way for the design
of new macroscopic materials with nanoscale functionalities. Nanocellular materials (also
referred to as nanofoams) constitute a typical class that falls in the category of materials with
macro-structural characteristics and nano-level functionalities.

Many natural materials are cellular materials, such as bone, cork, wood, leaves and coral,
exemplifying that the efficient distribution of solid material in space can yield optimal struc-
tural and multifunctional properties per unit of mass. Industrial cellular materials can be
produced from metals (including their alloys), polymers, ceramics and glasses. A vast range
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of different processing techniques has been developed for cellular polymers [17] and more
recently for cellular metals [18–20]. Cellular metals (often referred to as metal foams) are a
new class of engineering materials, featuring superior (multifunctional) properties compared
to conventional materials such as dense metals and polymer foams. The progress in manu-
facturing procedures has led to an improved control of the topology and morphology of the
cellular microstructure, creating exciting oppurtunities for a materials-by-design approach
for cellular materials.

Nanofoams have appeared recently and have the potential to outperform existing (dense)
materials. The key feature is the material’s cellular microstructure, which links the overall
behavior to the physical mechanisms at the nanoscale. The opportunity lies in the unique
combination of nanoscale properties, that are profoundly better than at larger scales, and the
design freedom offered by the cellular architecture. Compared to dense materials, cellular
materials generally have a two-level microstructure: (1) the solid microstructure of the con-
stituting material and, (2) the cellular microstructure. The latter represents the architectural
information on how the solid material is distributed in space, forming a three-dimensional
interconnected network of ligaments, see Fig. 1.1. The density of these materials is low,
forming a light-weight structural material with low specific weight. The bicontinuous ar-
chitecture accompanied by nanometer-sized struts give rise to a very high specific surface
area. The high area, together with a high reactivity of the surface atoms provides an attrac-
tive combination for catalysis [21–24]. The partial coordination of the atoms at the surface
prompts a redistribution of electronic charge, altering the mechanical properties of the sur-
face compared to the bulk [25]. Nanofoams with high electrical conductivity find application
in super-capacitors, sensors [26], energy-storage systems [27, 28] and electro-chemical ac-
tuators [29, 30]. The use of nanoporous materials/nanofoams as electrochemical actuator is
especially interesting since actuation strains can be generated that are larger than those of
conventional (bulk) actuators, but at much lower voltages [29].

1.2 Actuator materials

An actuator is a device which converts electric, magnetic or chemical energy into mechan-
ical work. These devices are employed in various applications such as switches [32], mi-
crorobotics [33–36], artificial muscles [37–39], medical devices [40, 41], shape memory
materials [42, 43], and many other smart structures [44, 45]. Until recently, piezoelectric
ceramics and shape memory alloys have been widely used to manufacture actuators [46].
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Figure 1.1: (a) Nanoporous gold [31], (b) Graphene nanofoam [30].

Currently, also polymers and carbon nanotube networks have appeared as promising alter-
natives to piezoceramics [47–49]. Based on the actuation mechanism and length scale of
functionality there are several varieties of actuators of which some of them will be discussed
here.

Piezoceramic actuators are the most common class of bulk actuators, undergoing dimen-
sional changes when an electric voltage is applied. Ceramics and polymers show a piezoelec-
tric effect which depends linearly on the applied electric field [50]. Piezoelectric actuators
require large electric fields which is possible through high voltages (60-1000 V). The large
electric fields can produce dimensional changes that are small in magnitude, and therefore
these materials can be used for high precision applications like atomic force [51] and scan-
ning tunneling microscopy [52]. They can operate at very high frequencies, up to 100 KHz,
which makes them also suitable for ultrasonic sensors (receivers) [53] and actuators (trans-
mitters) [54]. Piezoelectric actuators have high mechanical stiffness, short response time and
the ability to create large forces. However, piezoelectric actuators generate small strains (0.1-
0.2%) for which high operating voltages are needed typically between 60 and 1000 Volts [5].
Additional shortcomings are their susceptibility to fatigue failure, the temperature sensitivity
of their parameters and their susceptibility to aging (loss of piezoelectric properties) when
they are close to their Curie temperature.

Electro- and magnetostrictive materials are similar to piezoelectric materials except that
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their actuation strain depend non-linearly on the applied field. These actuators can produce
strains up to 0.2% [55–57] at high rates which makes these materials suitable for high-speed
control circuits. They are often used in mechanical applications such as microangle adjusting
devices and oil pressure servo valves [58, 59].

To comply to the recent trend of miniaturization, micro-actuators with sizes in the sub-
micron to millimeter range [60] are produced using microfabrication techniques like litho-
graphic procedures [61] and etching techniques [62]. By downscaling the dimensions, also
the actuator output (force) decreases depending on the nature of the force. With m being
the reduction ratio of dimensions electrostatic forces reduce by a factor of m2, electromag-
netic forces reduce by a factor of m4, pneumatic forces reduce by a factor of m to m2 and
muscle forces reduce by a factor of m2 [60]. The most common actuation mechanisms
in micro-electromechanical systems are electrostatic, piezoelectric, thermal, magnetic, and
phase recovery using shape-memory alloys [63]. Their smaller size results in lower energy
consumption and faster operation rates due to reduced thermal losses [64]. The smaller size
of these actuators enable them for instance to be integrated within electronic devices used
in highly distributed networks required for health monitoring [65]. Recent developments
include microvalves [66], artificial cilia and flagella used in microfluidics [67, 68] and mi-
croflaps to modulate airstreams on airfoils [69].

For further miniaturization to the nanometer length scale, nanoporous actuators have ap-
peared recently as a promising new class of actuators. Several nanoporous materials have
been proposed as actuators, such as carbon nanotubes [39, 70, 71], boron nitride nanotubes
[72], graphene nanofoams [30] and nanoporous metals [29, 73–77]. Although piezoelectric
materials have a high stiffness and good actuation strain range (0.1-0.2%), their high op-
erating voltages and size restrictions limit their usage in small scale applications. On the
other hand, polymeric actuation materials are found to have large reversible actuation strains
[78–80], but their mechanical performance is compromised by low stiffness and strength and
limited to relatively low temperatures.

1.3 Nanoporous actuators

Metallic nanoporous actuators feature strain ranges that are comparable to that of piezo-
ceramics along with a stiffness and strength that are comparable to that of the electroac-
tive polymers, but require much smaller voltages (approximately two orders of magnitude
smaller). The key actuation mechanism of electrochemical nanoporous actuators is the in-
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jection of charge that alters the existing surface stresses. Due to partial coordination, the
electron density of the dangling bonds on the free metal surface is redistributed into the re-
gion between the surface atoms (see Fig. 1.2). As a result, the atomic attraction between
the surface atoms increases, leading to a new mechanical equilibrium with tensile stresses
at the surface and compressive stresses in the core. The compensating bulk compressive
stresses contracts the metal. The actuation of the nanofoams occurs when the surface stress
[81] is altered by the electrochemical injection of charge to the surface of the metal, which

Figure 1.2: Schematic representation of the redistribution of surface electrons when surface
is created. Left figure: Surface electrons (pink colored) around the positively charged nuclei
on the truncated metallic bulk. Right figure: Redistributed surface electrons [15].

further strengthens (in case of negative injected charge) or weakens (in case of positive in-
jected charge) the atomic bond strengths [82], leading to dimensional changes of the metal.
Such charge-induced deformation behavior has been reported for nanoporous metals, like
platinum [29, 83], gold [1, 84] and silver [74]. Similar actuation behavior is found in other
large surface area materials such as carbon nanotube networks and bundles [47, 85–87].
The charge-induced deformation mechanism requires a high surface-to-volume ratio of the
ligaments to generate reasonable strain amplitudes, because the high density of conduction
electrons in metals results in efficient electronic screening, restricting space-charge layers at
interfaces to a region of a few Ångstrom thick [88]. When an electric voltage is applied, an
electric double layer is formed consisting of a layer of charge on the metal surface, compen-
sated by a layer of opposite ionic charge in the electrolyte at a distance of a few Ångstroms
from the metal surface, see Fig. 1.3(a). The charge on the metal surface alters the elec-
tron distribution within a layer of a few Ångstrom thick, leading to a change in the bond
strength and therefore the equilibrium bond length, eventually giving rise to macroscopic
strain. While the strain values obtained by normal nanoporous gold actuators is up to 1.3%
[89], it can be amplified by structurally combining solid and nanoporous metal foils to form
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a bimetallic strip, where the lateral actuation displacement can be as large as several mil-
limeters [84]. Alternatively, nanoporous gold samples with a dual microscopic length scale
can generate strains as large as 6% [90].

Compared to traditional actuation materials, such as piezoelectric, ferroelectric and con-
ducting polymer materials which suffer from high driving voltages and low energy efficiency,
graphene is a stable, two dimensional material, with excellent electrical [91, 92] and ther-
mal conductivity, [93], high surface area [94], very high mechanical stiffness and strength
[95, 96] and high flexibility, render it a very promising candidate for actuation devices
[97, 98]. However, its utilization in engineering devices largely depends on the ability of
processing techniques to generate suitable monolithic (bulk) graphene material that combine
high surface area, good electric conductivity and high stiffness and strength. Compared to
metallic nanofoams, graphene foams can be manufactured in a wide range of different mor-
phologies which will be discussed in the next chapter. Similar to metallic nanofoams the
graphene actuators operate in an electrochemical environment. Since the surface area of
graphene foams is very high, the actuation strains are usually higher than those reported for
carbon nanotube (CNT) arrays [47], many of the metal nanofoams [29, 73, 74] and piezoelec-
tric materials [79]. Biener et al. fabricated low cost, large monolithic samples of graphene
nanofoam, see Fig. 1.1(a), with actuation strains up to 2.2% at a voltage range of −1 to 1
V. In contrast to metallic nanofoams, the graphene foams expand with negative charge and
contract with positive charge.

(a)

Figure 1.3: Electrochemical charging of a nanoporous gold ligament. The ligament contracts
upon injection of negative charge.
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1.4 Motivation

The nanoporous actuators discussed so far include networks of carbon nanotubes [47], gra-
phene nanofoams [30, 99], nanoporous metals [73–77, 84] and compacted platinum nanopar-
ticles [29]. The impressive progress currently made in the topological control of (hierarchi-
cal) nanoporous metals [100, 101] and carbon based nanofoams [102–107] warrants a fun-
damental investigation of the relation between the cellular architecture and the overall actua-
tion performance. The electromechanical behavior involves three different length scales: the
micro-, meso- and macroscopic scale. The macroscopic or ”engineering” scale is the scale
at which the material is applied in technological applications. The mesoscopic scale is the
scale of the cellular architecture. At this scale, the dominant length scale is the ligament
length/width. Finally, the microscopic scale is the sub-ligament scale at which the atomic
structure of the ligament material can be identified. The microscopic mechanisms determine
how the ligament responds to an applied load or charge injection. The collective behavior
of all ligaments constitutes the overall, macroscopic response, which critically depends on
the topological and morphological information of the cellular architecture at the mesoscopic
scale. For an accurate description of the overall behavior, all three length scales should be
accounted for.

Although many experimental studies have been performed on the charge-induced defor-
mation of nanoporous metals [1, 74, 84] and graphene nanofoams [30], a thorough theoret-
ical understanding of the overall actuation profile in terms of the microscopic mechanisms
and mesocopic morphology is still lacking. Such a theoretical understanding is the basic
requirement to produce actuators with optimized properties. Ab initio studies have been per-
formed to study the charge-induced deformation behavior of gold surfaces [88, 108, 109] and
graphene ribbons [110, 111]. These studies provide insight on how the local redistribution of
electronic charge affect the interatomic bond strength, leading to local actuation strains. In
spite of the accuracy of ab initio calculations at the sub-atomic scale, they are computation-
ally too expensive to be used at the single ligament/ribbon scale. The goal of this thesis is
therefore to develop a multiscale modeling approach to bridge the gap between the charge-
modified atomic bonding at the atomic scale and the overall macroscopic actuation strain
and study how this is mediated by the specific morphology of the nanoporous architecture.
Primary focus will be on the overall charge-induced actuation strain and work density as a
function of porosity, volume-to-surface-ratio and architectural morphology. Finally, design
guidelines will be formulated for optimal metallic and graphene nanoporous actuators.



8 Chapter 1

1.5 Outline

In the second chapter we will give a detailed account of the morphology and mechanical
properties of gold and graphene nanofoams. Nanoporous metals are generally fabricated by
electrochemical or chemical dealloying techniques. The metallic nanofoams thus prepared
have a disordered architecture and we will discuss the effect of this disorder on the me-
chanical properties. Subsequently, we will review some recent approaches to create ordered
metallic structures at the nanoscale. Similarly, we will review the range of morphologies (or-
dered and disordered) of graphene nanofoams that are reported in the literature. Finally, we
report on the mechanical tests that have been done so far to probe the stiffness and strength
of gold and graphene nanofoams.

The macroscopic actuation behavior of nanoporous gold depends on the micro and meso-
scale behavior of the ligaments. The fact that the gold ligaments resemble single crystalline
nanowires is the main motivation to study the actuation behavior of gold nanowires in chap-
ter 3. Due to the high computational demands of ab initio calculations we resort to atomistic
calculations to study the actuation behavior of nanowires having different sizes and crys-
tal orientations. We will discuss how we modified the surface embedded atom potential
(SEAM) to account for the excess charge on the surface as informed by density functional
calculations. Then, using the modified potential, we will perform the atomistic calculations
to study the effects of size and crystal orientation of the surfaces on the actuation strain of
gold nanowires.

In the fourth chapter we will use the modified SEAM potential to study the mechani-
cal and actuation behavior of nanoporous metals. We start by studying cubic lattices with
nanowires as ligaments. Then, we perform atomistic calculations on ordered nanoporous
structures with gyroidal morphologies and report on the stiffness and charge-induced actua-
tion strains as a function of ligament width and relative density. The ordered gyroids, being
periodic, are still within the reach of atomistic calculations. However, disordered porous met-
als with random orientations of the ligaments requires a relatively large representative cell
which is beyond the scope of atomistic computations. To overcome this problem we develop
a continuum model that consists of a surface layer model that is informed by the atomistic
simulations. We subsequently use the continuum model to study the effect of ligament size
on the actuation strain, Young’s modulus and yield strength of the disordered foams. Fi-
nally, we compare the performance characteristics of the three morphologies studied: cubic
lattices, gyroids and disordered nanofoams.

Graphene is a two-dimensional material with exceptionally high in-plane stiffness and
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strength. Graphene nanofoams of different morphologies are reported in the literature. In
this study we focus on graphene hexagonal honeycomb lattices with ligaments consisting of
stacked graphene ribbons with uniform interlayer spacings. In order to account for the excess
charge on the deformation of the graphene ribbons we modified the adaptive intermolecu-
lar reactive empirical bond order (AIREBO) potential by accounting for the charge-induced
strain of graphene ribbons resulting from ab initio calculations. We then use this modified
potential to study the charge-induced shape changes of single ribbons and regular graphene
honeycombs. Subsequently, we study the stiffness and failure strength of honeycombs in
both compression and tension, and explore the effect of atomistic defects. Finally, we calcu-
late the work density of the graphene honeycombs and report how it changes with the relative
density and internal surface area.

Finally, a summary will be given on the research findings highlighting the new insights on
the actuation and mechanical performance of metallic and graphene nanofoams with different
morphologies.






