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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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() (a)

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.





Chapter 2
Morphology and mechanical properties of metal

and graphene nanofoams

The structure-property relations of gold and graphene nanoporous actuators do not only
depend on the actuation mechanisms at the (sub)atomic scale, they are also influenced
by the morphology of the nanoporous architecture. In this chapter we discuss in detail
the different morphologies of gold and graphene nanofoams and to what extent the mor-
phological parameters can be tuned to produce tailored architectures. Also, we discuss
the mechanical properties of these materials.

2.1 Morphology

2.1.1 Metal nanofoams

Two important physical aspects of nanoporous metals at small length scales are the size-
dependent plastic strength and the influence of surface stress. In conventional materials
science these features are seen as a consequence of processing at increasingly smaller di-
mensions. However, these features can also be exploited to design nanoporous actuators
with optimal structural and actuation performance. Key in this approach is to utilize the
morphological degrees of freedom offered by the cellular architecture which controls the in-
ternal surface area, mechanical stiffness and plastic strength of the nanofoams. Nanofoams
having different morphologies are produced from copper, gold, nickel, palladium, platinum,
silver and titanium [74, 76, 77, 90, 112–114] using several techniques such as dealloy-
ing, block-copolymer templating and combustion synthesis. Nanoporous gold (Fig. 2.1(a))
and nanoporous copper (Fig. 2.1(b)) prepared by dealloying have similar structures, while
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nanoporous platinum produced by the same method slightly differs with mass agglomeration
at the junctions, see Fig. 2.1(c). The architecture of nanoporous palladium and titanium,
see Figs. 2.1(d)-2.1(e), prepared by combustion synthesis is different to that of the samples
prepared by dealloying with a visible difference in ligament-connectivity. While the afore-
mentioned samples have disordered architectures, nanoporous nickel shown in Fig. 2.1(f) has
an ordered gyroidal structure. Nanoporous gold (NPG) is the most explored metal nanofoam
and is generally prepared by chemical or electrochemical dealloying, a corrosion process in
which the less noble component of an alloy is selectively removed [115–118], resulting in a
monolithic bi-continuous structure consisting of connected solid ligaments and empty space
forming separate interconnected networks, interpenetrating at a characteristic length scale
of a few to tens of nanometers. NPG is prepared from silver-gold (Ag-Au) alloys with the
Ag content in a larger proportion. Ligament diameters can easily be fine-tuned between 2
nm to 10 µm without changing the relative density or morphology (connectivity, ligament
shape, pore shape) of the material [119–121]. Generally, NPG prepared by dealloying is
available in polycrystalline form where the grain structure is retained from its alloy precur-
sor [117, 120, 122]. Recently, however, also NPG prepared from a single crystalline alloy
precursor has been reported [123].

The mechanical properties of NPG depend on the relative density, specific surface area
and morphology. These can be tailored during fabrication by adjusting the composition of
the precursor alloys and dealloying conditions or after fabrication by structural coarsening
using thermal and acid treatments [101, 120, 124–129]. Generally, the relative density of
NPG is determined by the weight fraction of Au in the Au-Ag alloy. It is reported that NPG
samples also undergo an additional volume contraction of up to 30% during dealloying [130],
further increasing the relative density compared to that determined from the weight fraction
[112]. An experimental study on an alloy with a ternary composition Au5Pd20Ag75 has re-
vealed a novel NPG architecture with a dual microscopic length scale [90]. The resultant
NPG has stacked nanoporous gold layers with a thickness in the submicrometer range which
can be tailored by the grain size of the alloy precursor. The two-length-scale structure en-
hances the actuation properties of NPG, leading to charge-induced strains up to 6%, which
are roughly 2 orders of magnitude larger than in NPG with the standard one length scale
porous morphology. Next to the alloy composition, also the ligament and pore dimensions
can be tailored by tuning the dealloying potential. The ligament size is found to decrease
linearly with increasing dealloying potential, leading to a decrease from 22 to 10 nm when
the dealloying potential is increased from 0.8 to 1.3 V [129]. The aspect ratio of ligaments in
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(a) (b) (c)

(d) (e) (f)

Figure 2.1: Different morphologies of metal nanofoams. (a) Nanoporous gold prepared by
chemical dealloying of Au25Ag75 (at%) [31]. (b) Nanoporous copper prepared by elec-
trochemical dealloying of amorphous copper silicide [75]. (c) Nanoporous platinum pre-
pared by electrochemical dealloying of amorphous platinum silicide [112]. (d) Palladium
nanofoam prepared by combustion synthesis [76]. (e) Titanium nanofoam prepared by com-
bustion synthesis (scale bar is 500 nm) [76]. (f) Ordered nickel gyroids prepared by block
copolymers templating [77].

NPG typically lies between 1 and 3 [124, 131]. X-ray nanotomography studies have shown
that the topology of nanoporous gold is similar to that of other bicontinuous structures cre-
ated by phase separation, despite the radically different method used to produce the structure
[132]. Also theoretical approaches such as Monte Carlo lattice-gas models are able to gener-
ate phase-separated structures with morphologies that closely resemble those of NPG [133].
Generally, in dealloyed NPG 3 to 4 ligaments connect at each node [134]. Another method
to tune the ligament/pore dimensions is thermal coarsening, a post-dealloying treatment. It
is driven by the tendency of the surface to attain a minimal energy state, which involves sur-
face diffusion of gold atoms [101]. Coarsening is accompanied by a decrease in the surface
area, an increase in the characteristic feature size, a decrease in the number of ligaments per
volume and dead ends within the bulk of the structure [135].

Metal nanofoams prepared by dealloying have disordered architectures with randomly
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interconnected ligaments. NPG samples prepared by Rosner et al. [135] are found to have
residual strain inhomogeneities and spherical voids with diameters ranging from 1-5 nm.
Parida et al. [130] proposed that the formation of NPG during dealloying is accompanied
by lattice defects. The number of defects in the sample are found to increase with increased
dealloying potential. A disadvantage of disordered foams is that these architectures, with non
uniform cross-sectional ligaments and poor ligament connectivity, have rather poor mechan-
ical properties compared to regular, ordered structures. Recently, Ivana et al. [77] prepared
ordered nickel nanofoams having a gyroid morphology using a block-copolymer template
method, see Fig. 2.1(f). The samples are stable and retain the morphology of the template
with relative densities around 50%.

2.1.2 Graphene nanofoams

Three-dimensional (3D) graphene architectures such as porous films, scaffolds and networks,
optimally benefit from the stable, highly conducting and large surface area of single graphene
layers, and find application in actuators, energy storage, flexible electronics, supercapacitors
and catalysis [136–139]. To cater the functional requirements of this wide range of applica-
tions, a variety of fabricating techniques have been developed including self-assembly, tem-
plate guided growth, organic sol-gel reactions and lightscribe patterning technology [140]
which yield different morphologies, see Fig. 2.2. Though the mechanical properties of indi-
vidual graphene layers are far superior to metals, but it remains to be a challenge to transfer
these properties to the macroscopic level.

Self-assembly is often employed to construct 3D graphene architectures with hierar-
chical structures and novel functions based on the principles of colloid chemistry [139].
Also template-guided methods can produce 3D porous graphene networks with well-defined
monolithic structures [141–145], see Fig. 2.2(a). In these methods graphene is deposited
on a nickel template using chemical vapor decomposition (CVD) with methanol or ethanol
as carbon source [141, 146]. The graphene foams thus obtained have excellent ligament in-
terconnectivity providing a continuous path to inject charge. The ligaments consist of one
or multiple graphene layers and have wrinkles on the surface which arise due to the differ-
ent thermal expansion coefficients of Ni and graphene [147]. The wrinkles are proposed
to improve the mechanical interlocking with polymer chains, resulting in a better adhesion
when a graphene foam is integrated with a polymer to form composite materials [141]. The
graphene foams serve as a template for the construction of high capacitance graphene/metal
oxide composites which find application in supercapacitors. The free standing graphene
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foams obtained with this method are extremely light and flexible with ultra low densities
of ≈ 5 mg/cm3, comparable to that of the lightest aerogel (≈ 23 mg/cm3). These graphene
foams have a porosity as high as 99.7% and a specific surface area ≈ 850 m2/g. The porosity
of the graphene foam can be tailored by changing the methanol/ethanol concentration.

The 3D graphene network prepared by Biener et al. [30] consists of curved and in-
tertwined monolayer graphene, see Fig. 1.1(a). These have a density of ≈ 200 mg/cm3

and surface area of 3000 m2/g with submicron pore sizes. There are 3D porous structures
[148] with many single graphene layers intertwined throughout the structure as in samples of
[30], but architecturally they are different, see Figs. 1.1(a) and 2.2(b). These foams consist
of wrinkled single layer graphene sheets with dimensions of a few nanometers (4-6 nm),
with at least some covalent bonds between each other. They have ultrahigh surface areas
(3523 m2/g) with pore sizes mainly in the range 1-10 nm. Graphene nanofoams produced
by an ion-exchange method [149] are disordered and have pores ranging from 2 to 5 nm, see
Fig. 2.2(c). Another method to produce disordered nanofoams is by depositing graphene
sheets on silica spheres [150]. The nanofoams thus obtained have a specific area of 851
m2/g and pore sizes ranging from 30 to 120 nm, see Fig. 2.2(d). Lee et al. [151] fabricated
porous three dimensional graphene films on a SiO2/Si substrate with an average pore size of
approximately 40-50 nm. Xiao et al. [152] used a lithographic technique to prepare ordered
nanofoams having hollow ligaments with multilayered walls and pore sizes of 500 nm, see
Fig. 2.2(e). Qiu et al. [99] prepared graphene hexagonal honeycomb lattices, see Fig. 2.2(f),
using a freeze casting technique.

2.2 Mechanical properties

2.2.1 Metal nanofoams

By miniaturizing the dimensions of porous metals, two physical mechanisms become impor-
tant: size-dependent plastic strength and surface stress.

The strength of a metal is determined by its ability to resist plastic deformation. It is
classically seen as a material property, intrinsically linked to the material itself and there-
fore independent of the material’s dimensions. However, since the early ’90s it has become
convincingly clear that the plastic strength is size dependent at the scale of tens of microns
and smaller. This has been experimentally shown for specimens under torsion [153, 154],
bending [155, 156] and indentation [157–159], resulting in an increasing strength with de-
creasing dimensions, which is commonly addressed as ”smaller is stronger”. The fact that
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(a) (b) (c)

(d) (e) (f)

Figure 2.2: Different morphologies of graphene nanofoams. (a) Graphene foams prepared
by using nickel foam as a template [146]. (b) Graphene foam prepared by hydrothermal
carbonization of a mixture of carbon sources with graphene oxide [148]. (c) Graphene
nanofoam prepared by an ion-exchange method [149]. (d) Graphene foam prepared by de-
positing graphene sheets on silica spherical templates [150]. (e) Graphene foams prepared
from pyrolyzed photoresist films using lithography [152]. (f) Graphene hexagonal honey-
combs fabricated by freeze casting of a partially reduced graphene oxide (the scale bar is 50
µm) [99].

the strength of metals increases with decreasing size, in bending as well as in stretching,
opens opportunities for cellular metals. Although size effects lead to new material proper-
ties [26, 76, 160, 161], the combination of architecture and characteristic lengths also play a
crucial role [1, 26, 76, 90, 124, 162–166]. For example, nanofoams with a well connected
network of ligaments and size dependent ligament strength have seemingly conflicting prop-
erties: high strength and low specific weight. The stiffness, yield strength, and ultimate
strength of conventional, macroscopic foams, with characteristic microstructural sizes on
the order of micrometers and more, can be predicted by the well established Gibson and
Ashby scaling relations in terms of the relative density of foams [167]. However, recent
experimental studies on submicron Au columns [131, 168–171] and nanowires [172], which
closely resemble the ligaments in gold nanofoams, show that the strength increases with de-
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creasing ligament size. This compels one to modify the existing scaling relations to account
for the size effect.

The yield strength of NPG has been experimentally measured by various methods in-
cluding microtension, nanoindentation, and buckling-based metrology [162, 163]. It was
found that the mechanical properties of NPG depend sensitively on microstructural parame-
ters such as the ligament size and relative density. For example, the yield strength has been
found to increase from 33 to 171 MPa as the ligament diameter decreases from 50 to 10 nm
[162]. In case of macroscopic foams the yield strength is given by [167]

σ∗pl/σy = Cyρ
∗3/2, (2.1)

where σ∗pl is the yield strength of the foam, σy is the yield strength of the solid material,
Cy = 0.3 and ρ∗ is the relative density of the foam. In case of NPG, the ligament strength
values can be back calculated from the scaling relation in Eq. (2.1), yielding 880 MPa to 4.6
GPa as the ligament diameter decreases from 50 to 10 nm. These values are 10-100 times
higher than that predicted from the Gibson-Ashby model [122, 131], and are consistent with
recent uniaxial compression tests on submicron sized Au columns [131, 170, 171]. In [131]
the yield strength of the Au columns is shown to follow the power law dn, with d being
the column diameter and n = −0.6. Another empirical relation (Hall-Petch) is presented by
Hodge et al. [124] based on mechanical tests performed on NPG samples with ligament sizes
in the range 10-900 nm where the yield strength of the ligament scales with d−1/2:

σy = σys + kAud−1/2, (2.2)

where σys = 200 MPa is the size-independent yield stress of gold and kAu = 9821 MPa
nm1/2. Viswanath et al. [173] performed mechanical tests on NPG samples with diameters
ranging from 5 to 150 nm and presented a similar scaling relation, but with the yield strength
scaling with d−0.3. Cheng et al. [166] have performed an extensive study on the strength
of gold, silver, copper and palladium nanofoams. They found that the yield strength of
ligaments can be well compared with the plastic collapse model presented in Eq. 2.2 [124].

Mathur et al. [163] carried out a detailed study on the size effects on the Young’s mod-
ulus of NPG. They performed mechanical tests on 100 nm thick NPG samples of ligament
diameters ranging from 3 to 40 nm. While the Young’s modulus lies between 6 and 12
GPa for samples with ligament diameters greater than 12 nm [122, 131, 174], for sam-
ples with ligament diameters less than 12 nm it increases with decreasing ligament size,
reaching a maximum of 40 GPa for a ligament size of 3 nm. There are a couple of theo-
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retical studies [175, 176] in which the effect of surface stresses on the Young’s modulus of
cellular materials at smaller length scales has been studied. However, the size effect pre-
dicted by these models is pronounced only up to a ligament size of 4 nm. Mechanical tests
[122, 126, 131, 162, 163, 174, 177, 178] that have been carried out on NPG samples with
ligament diameters in the range 20-70 nm show no size effect on the Young’s modulus. How-
ever, the Young’s modulus of these samples are found to be higher than the values obtained
by the existing scaling relations with relative density. Liu and Antoniou [112] proposed that
mass agglomeration at the junction leads to the enhanced modulus. These geometrical effects
are taken into account by a new scaling relation for the Young’s modulus which is expressed
in terms of ligament thickness, ligament length and junction size.

While gold is a ductile material, NPG exhibits brittle failure [120, 122, 179, 180] and is
currently not suitable for applications involving mechanical loading or solid contact. Inter-
estingly, individual ligaments deform in a ductile way, with significant necking, as expected
for Au [122]. Li and Sieradzki attributed this to a ligament size dependent ductile-brittle
transition [120].

Molecular dynamics studies have been carried out to explore the stiffness, strength and
stability of NPG [181, 182]. Mechanical tests are performed on virtual samples generated
by phase field modeling having morphologies that closely resemble those of NPG obtained
by dealloying. Farkas et al. [181] studied the compression/tension asymmetry of the yield
strength. Sun et al. [182] studied the strength of NPG by performing tensile tests on NPG
samples with ligament diameters in the range 2.45-4.08 nm and relative densities in the range
0.24-0.36. While no size effects are observed on the Young’s modulus and yield strength, the
ultimate strength is found to scale with a −0.44 power of the ligament diameter. The tensile
strain leads to progressive necking and rupture of some ligaments, ultimately resulting in
failure of the material.

2.2.2 Graphene nanofoams

The major challenge in fabricating graphene nanofoams lies in carrying the exceptional prop-
erties of two-dimensional graphene over to the three-dimensional nanofoam. Engineering
applications of these materials demand a long lifetime which depends on their mechani-
cal properties. So far, electrical and catalytic properties of graphene nanofoams have been
explored extensively, while only a few groups explored their mechanical properties. The dis-
ordered graphene nanofoams of Biener et al. [30], with a relative density of ≈ 0.1, are found
to have a modulus of 300-1000 MPa, Meyer hardness of 20-100 MPa and weight-bearing
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capacity of 200 kg/cm3.
Qiu et al [99] fabricated hexagonal graphene honeycomb structures with densities rang-

ing from 0.56 to 6.6 mg/cm3 having architectures that become more disordered with decreas-
ing density. The tightly packed cell walls consist of graphene layers stacked on top of each
other over a thickness of 10 nm. Like a typical bending dominated structure, the compres-
sion modulus scales with the square of the density of the honeycomb, with a modulus of
around 0.03 MPa for the more ordered structures of relative density 0.004. The samples of
5.1 mg/cm3 density were found to have an excellent resilience in compression. The samples
were found to buckle when loaded in compressed and regain their shape when unloaded,
even when subjected to 80% strain. On the other hand, the more disordered samples of
0.56 mg/cm3 density were found to collapse under compression. The energy loss coefficient
of these materials ranges between 67 and 87% depending on the density. The high energy
loss coefficient was reported to be due to the interlayer van der Waals adhesion and friction
during bending and buckling.





Chapter 3
Charge-induced deformation of gold nanowires

Experimental studies have shown that electrolyte-immersed nanoporous metals, with
nano-wire-resembling ligaments as building blocks, can undergo considerable dimen-
sional changes when a potential difference is applied. The primary actuation mech-
anism is the electric double-layer charging of the internal surface. To study the fun-
damental physical mechanism, we explore the charge-induced deformation of a gold
nanowire using atomistic simulations. The excess charge is taken into account by modi-
fying the embedding function of the surface embedded atom method (SEAM) as informed
by density functional theory (DFT) calculations. Our atomistic simulations indicate that
the charge-induced deformation increases considerably for reduced cross-sectional di-
mensions of the wire, and depends sensitively on the crystallographic orientation. We
found that anisotropy-driven surface distortions play an important role in transducing
the atomistic charge-induced forces into dimensional changes. To capture the fundamen-
tal mechanisms, we present a simple analytical model for the charge-induced strain of
gold nanowires that is found to be in excellent agreement with the atomistic simulations.

3.1 Introduction

Actuator materials are able to generate mechanical energy through the conversion of elec-
trical, chemical or magnetic energy. They find application in a wide variety of fields such
as robotics, optical communication and in nano- and microelectromechanical devices [183].
Currently, piezoelectric and ferroelectric ceramics are mostly used as actuators, but they re-
quire rather high voltages (100 V). The quest for low-voltage alternatives has led to a new

Based on SSR Saane, et al. Atomistic modeling of charge-induced deformation of gold nanowires, Modell. Simul.
Mater. Sci. Eng, Vol. 21, No. 5, pp. 055024, 2013.
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class of promising materials: electro-active nanoporous metals [29, 89, 90, 184, 185]. In the
pioneering work of Weissmuller and coworkers [29] it was demonstrated that nanoporous
metals can generate reversible strain, which is comparable in magnitude to those of com-
mercial piezoceramics, in response to an applied voltage which is two orders of magnitude
lower than the normal actuating voltages. Recently, even considerably larger strain ampli-
tudes were generated by adding an additional length scale in the nanoporous microstructure
[90]. The key feature is the material’s high surface-to-volume-ratio which is exploited to
electrochemically inject charge on the internal surface by applying an electric potential. The
injected charge changes the electron density distribution of the surface atoms, which mod-
ifies the local atomic bond strength, leading to macroscopic dimensional changes of the
nanoporous metal. Clearly, the ligament size should be small enough so that the modified
surface stresses (acting in a surface layer of roughly 1 atom thick) are able to induce ligament
deformations. The goal of this chapter is to explore the fundamental mechanisms that lead to
the size-dependent charge-induced ligament deformation by studying gold nanowires having
different cross-sectional dimensions and crystallographic orientations.

Nanoporous metals expand upon injection of positive charge and contract when negative
charge is injected. This reversal of strain with charge excludes electrostatic effects to have a
dominant effect and it now well-accepted that quantum-chemical effects are responsible for
the charge-induced deformation [29, 73, 88, 185]. In the absence of excess charge, metals
have tensile surface stresses, which is supported by detailed DFT calculations [186, 187] and
explained qualitatively by Ibach [188]. In his model, due to partial coordination, the surface
electrons redistribute into the region between the surface atoms, which increases their bond
strength, and thus decreases the equilibrium interatomic distance. However, the contraction
of the surface layer is constrained by the atoms in the core, leading to tensile stresses in
the surface and compressive stresses in the core region. When negative charge is injected
on the metal surface, excess electrons enter the region between the surface atoms, which
further increases their bond strength, giving rise to contraction of the metal. The opposite
happens when positive charge is injected; i.e. the surface electron density reduces so that
the equilibrium bond length increases, resulting in expansion of the metal. Umeno et al.

[88, 108] carried out ab initio (DFT) studies on charged surfaces of gold to study the exact
sub-atomic redistribution of surface charge.

Although ab initio calculations have gained new insights on the fundamental mechanism
of charge-induced strain of the metals, they are computationally too expensive to perform
on larger systems, including nanowires. Therefore, in this work we resort to atomistic sim-
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ulations to bridge the gap between the local electron density redistributions and the overall
charge-induced straining of nanowires. Atomic interactions in a metal can be accurately
modeled by the embedded atom method (EAM) [189], initially developed for bulk metallic
behavior. For situations where surface phenomena (growth, morphology) play an important
role, the surface embedded atom method (SEAM) has been developed [190–192], which is
calibrated to both bulk properties (elastic constants, lattice constants and vacancy formation
energy) and surface properties (e.g., surface energy and surface reconstruction) [193, 194].
In this chapter we present a new atomistic model, based on the SEAM [192], that accounts
for the strengthening and weakening of surface bonds due to the addition and removal of
surface charge.

3.2 Modified SEAM for excess charge on a metal surface

The energy of an atomic system described by the SEAM [192] is given by

E =
∑
i< j

V(ri j) +
∑

i

F(ρi), (3.1)

where V is a repulsive pair potential between atoms i and j, ri j is the distance between atoms
i and j, and F (a binding term) is the embedding energy of an atom. In this description, the
functional form F is only dependent on the species of the embedded atom. This electron
density (normalized with respect to the bulk equilibrium electron density ρ0) is defined as

ρi =
∑
j,i

φ j(ri j), (3.2)

where φ j is the (normalized) electron density of atom j at site i. In the viewpoint of EAM, ρ,
is the local electron density at site i, which is constructed by a superposition of neighboring
atomic electron densities. The energy of an atom at site i is then assumed to be the same as
if it were embedded in a uniform electron gas of that particular density.

An important consequence of the embedded atom formulation (both EAM and SEAM)
is that the partial coordination at the surface leads to a lower ρ at the surface atoms (60-85%)
compared to the bulk atoms. The specific functional form of the embedding function leads to
an enhancement of attractive forces when ρ is reduced, resulting in tensile surface stresses,
in accordance to experiments. Haftel and Rosen [192] studied charged metal surfaces in
a metal-electrolyte environment by taking excess charge into account by changing ρ at the
metal surface. However, this method predicts expansion of a metal when negatively charged
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(increased ρ) and contraction when positively charged (decreased ρ), which is opposite to the
trends observed in the experiments on gold nanoporous actuators [73] and DFT calculations
[108] on gold surfaces. The opposite trend is an obvious outcome of the functional form of
the embedding function of the EAM and SEAM where a reduction of ρ leads to an increase
in attractive forces.

In order to catch the experimental trend, we modify the embedding function of SEAM
by adding an extra term that explicitly accounts for the modified bond strengthening and
weakening by the excess negative and positive surface charge, respectively. The modified
surface embedding function is given by

F(ρ) =

(
F1(ρ) + bc

qv

e0ρ0

)
ρ ln ρ + F2(ρ), (3.3a)

with

F1(ρ) =

 A (ρ ≤ ρm),

b1 + b2ρ + b3ρ
2 (ρ > ρm),

(3.3b)

and

F2(ρ) =

 Bρ (ρ ≤ ρm),

b0ρ + C|ρ − 1|α (ρ > ρm),
(3.3c)

where bc (eV) is a fitting parameter, qv is the excess charge volume density of the surface
atom, e0 is the elementary charge, and A, B,C, ρm, bi (i=0, 1 ...3) and α are potential pa-
rameters of SEAM [191, 192]. The excess charge term is simply added to F1(ρ) in Eq.
3.3a, thus making the modified functional form compatible with that of SEAM. For non-
zero excess charge the modified embedding energy curve is shifted up or down relative to
that of SEAM (depending on the sign of the charge), thus increasing or decreasing the bond
strength. When no excess charge is present, the embedding function of SEAM is retrieved.
From now onwards, the modified SEAM is shortly called MSEAM. The parameter bc in Eq.
3.3a is obtained by fitting MSEAM to the surface-stress-charge coefficient, ζ = dτ/dqa, of a
Au(100) surface [108], where τ is the surface stress and qa is the area specific charge. The
volume and area charge densities are related by

qv =
cpqaAs

nsva
, (3.4)

where As is the surface area on which the charge is injected, ns is the number of surface
atoms in a surface layer, va is the volume of an atom in a bulk FCC crystal which is 16.973
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Å3 and cp is the fraction of the total charge qaAs assigned to a particular layer of atoms.
Since charge redistribution on a metal surface is a quantum-chemical phenomenon, DFT
studies are required to give accurate, quantitative results on the amount of charge on each
layer, edges and corners. Since such a quantitative analysis has not been performed so far,
we adopt the strategy proposed by Haftel and co-workers [192], i.e., to assign charge to
each atomic layer in proportion to the percentage of area projected by each layer onto the
surface. This strategy is in qualitative agreement with DFT results [88], showing that excess
charge does not penetrate deeply into the metal, but remains localized to the layers which
are fully or partially exposed. To assess the modified embedding function in Eq. 3.3a, we
carried out molecular statics simulations using LAMMPS [195] and fitted bc to the surface-
stress-charge coefficient ζ of the Au(100) surface, obtained from DFT calculations [108]. A
detailed explanation of the assessment is provided in Appendices A and B.

Table 3.1: Fraction of total charge cp assigned to the surface layers.
[100] wire [110] wire [111] wire

(010) (001) (001) (11̄0) (1̄1̄2) (11̄0)
I layer 0.79 0.79 0.79 0.55 0.33 0.55
II layer 0.21 0.21 0.21 0.45 0.33 0.45
III layer - - - - 0.33 -

3.3 Results and discussion

3.3.1 Model details

Nanowires of different orientations (see Fig. 3.1) are cut from the bulk FCC material. The
wires have free surfaces in all three directions with cross-sectional dimensions ranging from
2.5 nm to 32 nm. The wires are first relaxed to the minimum energy configuration using
the conjugate gradient method at T=0 K [196]. Full model details are provided in Appendix
C. Due to the tensile surface stresses on the side surfaces, the nanowires contract upon re-
laxation, until a specific equilibrium strain is reached [12, 197]. The equilibrium strain for
the three wires with different orientations is shown in Fig. 3.2 (discrete data points). For
all wires the equilibrium strain increases with a decrease in the cross-sectional dimension of
the wire due to increasing surface effect at lower cross-sectional dimensions [12, 197]. For
a given width, the magnitude of the equilibrium strain is higher for the [100] wire, which
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(a) [100] wire (b) [110] wire

(c) [111] wire

Figure 3.1: Nanowires of different orientations used to study the equilibrium strain and
charge-induced actuation strain as a function of their cross-sectional dimension w.

is primarily due to the lower Young’s modulus along the [100] direction (42.3 GPa) and it
decreases for the [110] and [111] wires in the order of their Young’s moduli (80.9 GPa and
116.2 GPa, respectively).

The surface atoms feature an enhanced bond strength compared to the core atoms, which,
upon relaxation, leads to an equilibrium stress distribution in which the surface atoms attain a
tensile stress state and the core atoms a compressive stress state. For different cross-sectional
sizes, the virial stress distribution [198] in the [100] wires along the length direction (i.e.
σ11) is shown in Fig. 3.3. The tensile stresses are localized to a single (surface) layer and
have larger magnitude than the magnitude of the compressive stresses in the core. For the
larger cross-sectional sizes the stress distribution is uniform in the surface layer and core, but
for the smallest dimension, uniformity is lost, leading to lower tensile stresses at the edges
and varying stresses in the core. Unlike the surfaces of the [100] wire, the surface stresses
on the lateral surfaces of the [111] wire surfaces, (1̄1̄2) and (11̄0), are anisotropic owing
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Figure 3.2: Equilibrium strain εe as a function of cross-sectional size for the three different
wires. The discrete data points are obtained using atomistic simulations, while the solid lines
correspond to the analytical relation shown in Eq. 3.6 (using w � L).

to their two fold symmetry [199], see Table 3.2. Table 3.2 contains the surface stresses of
infinitely large surfaces of specific orientations as obtained using atomistic simulations. Due
to the anisotropic nature of the surface stresses, the stress state is nonuniform leading to a
distortion of the cross-sectional dimensions and a nonuniform distribution of surface and
core stresses, especially for the smaller wire, see Fig. 3.4.

Table 3.2: Surface stresses (N/m) on infinitely large planar surfaces, following the notation
as depicted in Fig. 3.6. The values are obtained using atomistic simulations (for details, see
Appendix A).

τ12 τ13 τ21 τ23 τ31 τ32

[100] 3.51 3.51 3.51 3.51 3.51 3.51
[110] 1.97 2.78 3.55 3.55 2.80 1.97
[111] 4.29 4.30 2.72 3.40 2.51 2.24

A characteristic feature of the [111] wire is that the middle portion of the surfaces have
much higher tensile stresses than the regions near the edges. At the location where these
regions meet, a non-uniform stress-state is induced in the core of the wire, resulting in regions
of tensile stresses in an otherwise compressive background. Like the [111] wire the two
lateral surfaces of the [110] wire have different atomic symmetries and thus different surface
stresses. The surface stress on the (11̄0) face is anisotropic owing to its two fold symmetry,
while the (001) surface has isotropic stresses due to the four fold symmetry [12, 199], see
Table 3.2. Similar to the [111] wires, for the smaller cross-sectional sizes, the surface effects
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(a) w=2.5 nm (b) w=5.7 nm (c) w=16.3 nm

(d) w=2.5 nm (e) w=5.7 nm (f) w=16.3 nm

Figure 3.3: Stress distribution σ11 (in GPa) in the relaxed [100] nanowires.

are dominantly present, which, in combination with the anisotropic nature of the surface
stresses results in random atomic distortions (see Fig. D.1 of the Appendix D).

Next, charge is injected onto the surface of the relaxed nanowires through the modified
embedding function (Eq. 3.3a) of the surface atoms. The charge distribution to the surface
layers, cp, is given in Table 3.1. Model details can be found in Appendix A. The actuation
strain for the [100] wire is depicted as a function of charge qa in Fig. 3.5(a). For a given
charge density, the strain increases with a decrease in the cross-sectional dimensions. Fig.
3.5(b) shows the slope of the linear strain-charge curves as a function of wire size w for the
three different wire orientations. For all wires, the magnitude of the strain increases with
a decrease in the cross-sectional dimensions. The magnitude of the charge-induced strains
compares well with the experimental values reported for nanoporous gold at similar ligament
widths as the wires [73, 90].

When positive charge is injected on the wire surfaces the bonding between the surface
atoms reduces (due to a local reduction of electron density), leading to a decrease in the
tensile surface stress. As a result, the compressive core stresses also decrease (to satisfy
force equilibrium) leading to a relaxation of the wire and thus a positive actuation strain
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(a) w=2.5 nm (b) w=5.6 nm (c) w=15.7 nm

(d) w=2.5 nm (e) w=5.6 nm (f) w=15.7 nm

Figure 3.4: Stress distribution σ11 (in GPa) in the relaxed [111] nanowires.

εc (see Fig. 3.5(a)). The opposite effect occurs when negative charge is injected, leading
to a further strengthening of the surface bonds and thus a further contraction of the wire.
The results of Fig. 3.5(b) show that, similar to the relaxation process (Fig. 3.2), the strains
increase with decreasing cross-sectional size for all wire orientations.

To capture the fundamental physical mechanisms, we derive a simple analytical model to
predict the wire strain as a function of the initial and charge-induced surface stresses. For a
nanowire with free surface boundary conditions in three directions, surface stresses develop
whose directions are schematically depicted in Fig. 3.6. Since each component of the tensile
surface stress induces a compressive stress in the core, the wire is in a triaxial stress state
[200]. As the wire is in equilibrium after relaxation, for a given direction, the compressive
force in the core is equal and opposite to the tensile force at the surface. The equilibrium
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between the surface and core forces is given by

2wτ21 + 2wτ31 = −w2σ11,

2wτ12 + 2Lτ32 = −Lwσ22,

2wτ13 + 2Lτ23 = −Lwσ33,

 (3.5)

where τi j is the surface stress and σ j j is the stress in the core along different directions.
According to Hooke’s law, the equilibrium strain εe in the length direction of the wire due
to the triaxial stress state in the core is given by εe = S 11σ11 + S 12σ22 + S 13σ33, where
S 11, S 12, S 13 are the compliances obtained by inverting the elasticity matrix for a specific
orientation of the wire [201] (see Table 3.3). By substituting σ11, σ22 and σ33 from Eq. 3.5
in the relation for εe, we arrive at

εe = −
[
2S 11

(τ21 + τ31

w

)
+ 2S 12

(wτ12 + Lτ32

Lw

)
+ 2S 13

(wτ13 + Lτ23

Lw

)]
. (3.6)

When excess charge is injected on the surface of a nanowire, it reaches a new equilibrium
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Figure 3.5: (a) Actuation strain as a function of charge density for the [100] nanowire, having
different widths. The dimensions in the legend are in lattice constants with 1 lattice constant
equal to 4.08Å. (b) Slope of the strain-charge curves as a function of cross-sectional size for
the three different wire orientations. The discrete data points are obtained using atomistic
simulations, while the solid lines correspond to the analytical relation shown in Eq. 3.7.

configuration due to a change in the surface stresses, dτi j. The charge-induced change in the
surface stresses dτi j is accompanied by a change in the stresses in the core of the wire, dσi j
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(see Eq. 3.5). Then, by using Hooke’s law, a similar expression as Eq. 3.6 can be derived,
expressing the charge-induced strain dεc as a function of dτi j. Incorporating the surface-
stress-charge relation [108] dτi j = ζi jdqa (with ζi j the surface-stress-charge coefficient), we
arrive at

dεc

dqa
= −

2
w

(
S 11(ζ21 + ζ31) + S 12ζ32 + S 13ζ23

)
. (3.7)

Note that no charge is injected on the surfaces normal to the 1-direction, so that the terms

Figure 3.6: Schematic representation of a nanowire of with length L, a square cross-section
of size w, with the direction of the surface stresses.

with ζ12 and ζ13 have dropped out in Eq. 3.7, compared to Eq. 3.6. To obtain the initial
surface stress τi j and the surface-stress-charge coefficients ζi j, we carried out independent
atomistic simulations on infinitely large surfaces with different orientations (see tables 3.2
and Table 3.4). Note that all sides of the [100] wire have (100) faces with four fold symmetry,
so that τi j and ζi j are isotropic [12]. In Fig. 3.2 we compare the atomistic results to the
analytical model of Eq. 3.6 for the equilibrium strain εe. Since the atomistic results are
carried out on wires that are long enough not to affect the strains (i.e. the equilibrium strains
only depend on w), we assume L � w in Eq. 3.6 so that the τ12 and τ13 terms drop out,
leading to a pure 1/w dependence of εe. The equilibrium strain obtained from the analytical
model is in very good agreement with that obtained from the atomistic simulations. For
the [110] and [111] wires at smaller sizes, the analytical results slightly deviate from the
atomistic results. This might be due to the simplifying assumption in the analytical model,
i.e. (i) the surface layer has zero thickness, (ii) the cross-section remains square, and (iii) the
stress state in the core of the wire is uniform. A close look at Fig. 3.4 (and Fig. D.1 of the
Appendix D) clearly show that this is not the case, especially at smaller wire dimensions.
The nonuniform stress-state in the [110] and [111] wires is due to the anisotropic nature of
the surface stresses, which, at small cross-sectional dimensions can create relatively large
forces to distort the ordered crystal structure of the core of the wires (see Figs. 3.4(a)-3.4(b),
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3.4(d)-3.4(e) and D.1 of the Appendix D).

Table 3.3: Compliances (in 10−11m2/N) of the wires with diffferent orientations.
S 11 S 12 S 13

[100] 2.36 −1.08 −1.08
[110] 1.24 −1.08 0.05
[111] 0.86 −0.33 −0.33

Next, we compared the charge-induced strains predicted by the analytical model of Eq.
3.7 to the atomistic results using the ζi j values from Table 3.4. We found that for the [100]
wire, the analytical results are very close to that obtained from the atomistic simulations, but
for the [110] and [111] wires, the strains from the atomistic simulations were considerably
over-estimated. The lower strain magnitudes of the atomistic results are due to the distortion
of the surface atoms from their original lattice positions during relaxation (see Fig. 3.4),
leading to a reduction of the charge-induced actuation force along the length direction espe-
cially at smaller wire dimensions.

Since the atomic distortion is larger in case of anisotropic surfaces, we modified the ζ
values of the anisotropic surfaces in the length direction to fit the analytical results to the
atomistics. By reducing ζ31 of the [110] wire by 25% (to −1.42), and ζ21 and ζ31 of the [111]
wire by 33% (to −0.86 and −1.18, respectively) the comparison between the analytical and
atomistic results in Fig. 3.5(b) was found to be excellent. Clearly, the atomistic results can be
nicely captured by a single analytical expression that only features material parameters of the
bulk crystal (S i j) and the wire surfaces (τi j, ζi j) for the specific crystallographic orientations.

Table 3.4: Surface-stress-charge coefficients (in Volts) on infinitely large planar surfaces (for
details, see Appendix A).

ζ21 ζ23 ζ31 ζ32

[100] −0.90 −0.90 −0.90 −0.90
[110] −0.90 −0.90 −1.89 −1.48
[111] −1.28 −1.12 −1.76 −1.61
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3.4 Conclusions

We studied the surface stress-driven relaxation and the charge-induced actuation of gold
nanowires of different orientations and cross-sectional sizes. We used an atomistic approach
for which we modified the embedding function of SEAM to account for the excess charge
on the metal surface. The modified atomic potential (MSEAM) is fitted to the surface-stress-
charge coefficient of the Au(100) surface obtained from DFT calculations. The magnitude of
the equilibrium strain and actuation strain per unit surface charge is inversely proportional to
the cross-sectional dimension of the wire, clearly reflecting the enhanced surface-to-volume-
ratio at smaller sizes. The magnitude of the charge-induced strain in nanowires obtained
from our MSEAM simulations are on the same order of magnitude as those obtained from
experiments on nanoporous gold. Finally, we present a simple analytical model to predict the
equilibrium and charge-induced strain in nanowires. For the [100] wire the good agreement
between analytical and atomistic strains is due to the isotropic nature of the surface stresses,
leading to a limited amount of surface distortion and uniform core stresses. For the [110]
and [111] wires, the anisotropic surface stresses cause pronounced surface distortions, effec-
tively leading to reduced surface stresses and surface-stress charge coefficients as compared
to planar, undistorted surfaces. The atomistic results can be nicely captured by a single ana-
lytical expression that only features material parameters of the bulk crystal (S i j) and the wire
surfaces (τi j, ζi j) for the specific crystallographic orientations. The results contribute to an
enhanced understanding of the fundamental atomistic mechanisms that couple the injection
of charge to structural alterations in metallic nanowires and nonporous metals.
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Appendices

A Calculation of τi j and ζi j at infinitely large planar sur-
faces

We have carried out molecular statics simulations (i.e. at T=0 K) on samples having dimen-
sions HxHxH/2 using LAMMPS [195]. The samples have free surfaces perpendicular to
the thickness and are periodic in the other two directions. Initially, the uncharged samples
are relaxed to the minimum energy configuration using the conjugate gradient method [196].
The surface stress is calculated by using the potential energy method [12], which consists of
the following steps. A tensile test is carried out on the sample along one of the two periodic
directions, keeping the length in the other periodic direction fixed. The sample is subjected
to a tensile strain ε of 1% in 75 steps. The total strain energy U is fitted to the polynomial
U = c1ε + c2ε

2. The surface stress at zero charge, τ, is given by τ = c1/2As, with As the
surface area in the undeformed configuration. The effect of the sample thickness H/2 on the
results is studied and it was found that at a thickness of 10 lattice constants the results have
converged to a thickness-independent value for the surface stress. Similar tensile tests on
differently oriented samples yield the associated surface stresses of all lateral surfaces of the
three wire orientations depicted in Fig. 3.1. The calculated τi j values are listed in Table 3.2
of the main manuscript.

Next, an area specific charge qa (1-10 µC/cm2), a typical range for gold nanoporous
actuators [73] is injected on the surface atoms (which are on the surfaces perpendicular
to the thickness direction) of the HxHxH/2 sample. The amount of charge assigned to
each layer of atoms is proportional to the amount of area projected by each layer onto the
surface [192], see Table 3.1 of the main manuscript for the charge distribution on different
crystal surfaces. After charge injection, separate tensile tests are carried out on samples
with different surfaces, yielding the surface stresses (τc). Since the surface stress varies
linearly with the charge, the surface-stress-charge coefficient ζ is calculated by using the
relation ζ = (τc − τ)/qa. Again, by analyzing differently oriented samples, the relevant ζi j

are obtained, see Table 3.4 of the main manuscript.
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B Assessment of the modified embedding function

To fit and assess the value of bc we considered a sample having dimensions of 20x20x10
lattice constants with {100} surfaces on all sides. Separate tensile tests on uncharged and
charged samples yield the corresponding surface stresses τ and τc. The parameter bc is
tuned to ensure that the ζ obtained from the atomistics, using the relation ζ = (τc − τ)/qa,
corresponds to the ζ of DFT calculations (i.e. ζ=-0.9 V), resulting in bc = −2.48eV. To verify
the accuracy of the obtained bc value, we have carried out an additional atomistic simulation
on a Au(111) surface (using the same procedure as described above), predicting a surface
stress-charge coefficient of ζ = −1.96V, which is in close agreement with the value obtained
from DFT calculations (-1.86V) [108].

C Model details for calculating the equilibrium and charge-
induced strain of nanowires

The wires have free surfaces in all three directions. The cross section is square for the [100]
wire due to symmetry. For the [110] and [111] wires, the cross-section is made as square as
possible. For the [100] wire the cross-sectional dimension w is the length of the lateral side,
while for the [110] and [111] wires the cross-sectional dimension w is taken to be the average
of the two lateral dimensions. The cross-sectional dimension for all three wires ranges from
2.5 nm to 32 nm. The wires are relaxed to the minimum energy configuration using the
conjugate gradient method at T=0 K. When the ratio of the energy difference between two
successive iterations and the magnitude of the energy is less than or equal to the tolerance
value (10−14), the minimum energy configuration is assumed to be reached. Due to the
tensile surface stresses on the side surfaces, the nanowires contract upon relaxation. The
compressive strain after relaxation is often referred to as the equilibrium strain [12, 197]. To
obtain the equilibrium strain of the wires we track the distance between two parallel planes
of atoms during relaxation. The equilibrium strain is calculated from εe = (Lf − Lg)/Lg,
where Lf is the final distance between the two planes of atoms after relaxation and Lg (the
gage length) is the distance before relaxation. Our studies indicate that a length of w should
be left on each end of the wire to ignore the effects of the free ends on the equilibrium strain,
leading to a gage length Lg = L − 2w. We carried out a convergence study on the effect of
the wire length L on the equilibrium strain and found that for a length to width ratio of 4 the
wire length does not affect the relaxation result.
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In case of charging, the wire is relaxed initially (as described in the previous paragraph),
after which the charge is injected on the surface (through the modified embedding function of
the surface atoms), followed by energy minimization at each step. The charge is injected on
the surfaces parallel to the length of the wire. For all cross-sectional sizes, the length of the
wire was taken large enough to ensure that the actuation strains are independent of the wire
length. For the [100] wire the side surfaces have a {100} orientation, leading to a fraction
cp = 0.79 that is assigned to the first layer and a fraction of 0.21 assigned to the second
layer. In the [110] wire, for the side surface having a (11̄0) orientation, 55% of charge is
assigned to the first layer and 45% to the second layer, while for the (001) surface the charge
distribution is the same as that of the (100) face. Finally, for the side surface having (1̄1̄2)
orientation in the [111] wire, because three atomic layers are equally exposed, each layer is
assigned 33.3% charge, see Table 3.1 of the main manuscript.

D Stress distribution in the [110] nanowires

(a) w=2.4 nm (b) w=5.7 nm (c) w=16.2 nm

(d) w=2.4 nm (e) w=5.7 nm (f) w=16.2 nm

Figure D.1: Stress distribution σ11 (in GPa) in the relaxed [110] nanowires.



Chapter 4
Multiscale modeling of charge-induced

deformation of nanoporous gold structures

Recent experimental studies have shown that nanoporous metals undergo dimensional
changes when a potential difference is applied in an electrochemical environment. The
primary actuation mechanism is the electric-double layer charging of the internal surface
in combination with a large surface-to-volume-ratio. To account for the excess charge
we have developed an atomistic model that is calibrated to density functional theory. To
make a scale transition from the atomistic to the continuum scale, we propose a surface
layer model that is informed by atomistic simulations. We use this multiscale approach to
study the charge-induced actuation response of ordered (cubic lattices and gyroids) and
disordered nanoporous gold (npg) architectures. Results are presented in terms of the
charge-induced actuation strain and work density as a function of relative density, liga-
ment size and architectural morphology. The differences between ordered and disordered
structures are critically addressed.

4.1 Introduction

Nanoporous metals have attracted much attention recently, because of their potential for a
wide range of applications, such as catalysts, sensors, supercapacitors and actuators [27, 31,
89, 164, 202]. The use of nanoporous metals as electrochemical actuator is especially inter-
esting since strain amplitudes comparable to those of piezoelectric ceramics can be generated
at much lower voltages (1 V compared to 100 V). This, combined with their relatively high

Based on Saane, et al. Multiscale modeling of charge-induced deformation of nanoporous gold structures, J. Mech.
Phys. Solids, Vol. 66, pp. 1-15, 2014.
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ductility (compared to ceramics), high specific yield strength [124, 203, 204] and potential
for enhanced strain amplitudes [89, 90], makes nanoporous metallic actuators a promising
new class of materials.

The actuation response of nanoporous metals is triggered by the electrochemical injec-
tion of charge, basically employing their super-capacitance related to the high internal sur-
face area. When charge is injected, a narrow space-charge layer of approximately one to two
atomic layers thick is formed at the surface. In these layers the atomic bonding is altered
due to the presence of the excess charge, resulting in a lateral atomic equilibrium spacing
that differs from that in the bulk. Despite the limited width of this surface layer, macro-
scopic strains can be generated when the ligament size is on the order of tens of nanometers
[15, 29]. Having a very large internal surface area per unit volume (i.e. small ligament width)
is key in generating large actuation strokes. The current generation of nanoporous metals are
mostly produced using electrochemically-driven dealloying of binary alloys, resulting in a
disordered foam-like structure of interconnected ligaments [74, 117, 122, 205, 206], see
Fig. 4.1(c). Although these materials feature high internal surface areas, their topological
disorder and imperfections will knock-down the mechanical properties [18], leading to a
sub-optimal work output against an applied load. However, generating order in metals at the
nanoscale is not trivial. Considerable progress has been made recently by utilizing the unique
self-assembly properties of block copolymers to synthesize ordered nanoporous metals fea-
turing a gyroidal architecture [207, 208], see Fig. 4.1(b). Clearly, the overall charge-induced
deformation of nanoporous metals will be strongly size-dependent due to the surface-charge-
driven actuation mechanism. This introduces the ligament size as a characteristic length scale
in the problem. In addition to the ligament size, there are two more important parameters:
the relative density, and the morphology of the nanoporous architecture, which can both af-
fect the actuation strain and overall mechanical properties. No experimental or theoretical
studies exist that contain a detailed analysis of the charge-induced actuation response as a
function of relative density, ligament size and morphology. The goal of this chapter is to find
these dependencies by studying a range of nanoporous materials with profoundly different
morphologies: cubic lattices, ordered gyroids and disordered nanoporous gold structures,
see Fig. 4.1. We will use a multiscale modeling approach to bridge the gap between the
excess-charge-modified atomic bonding at the metal surface and the overall macroscopic ac-
tuation strain and study how this is mediated by the specific morphology of the nanoporous
architecture. In chapter 3 we developed an atomistic model in order to bridge the gap be-
tween the local electron density redistributions and the overall charge-induced straining of
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(a)

Saturday 14 September 2013

(b)

Saturday 14 September 2013

(c)

Figure 4.1: Different architectures of nanoporous structures studied in this chapter. (a) Cubic
lattice (b) Gyroid (c) Nanoporous gold (npg).

nanowires. We modified the surface embedded atom (SEAM) potential [192], to take into
account the bond strengthening and weakening due to the addition of excess negative and
positive charge. The model parameters were calibrated to the surface-stress-charge coeffi-
cient of Au(100) surface obtained from DFT simulations [108].

In this chapter we will apply this atomistic model to ordered nanoporous gold structures,
i.e., cubic lattices (Fig. 4.1(a)) and gyroids (Fig. 4.1(b)). However, in order to probe the ac-
tuation of disordered structures such as nanoporous gold (Fig. 4.1(c)), atomistic simulations
become computationally too expensive. To overcome this, we will develop a continuum,
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surface-layer, model that is informed by atomistic simulations. We will use the ordered gy-
roidal structures to calibrate the model parameters and then apply the model to simulate the
charge-induced deformation of disordered nanoporous gold.

The chapter is organized as follows. In section 4.2 we briefly discuss the modified
atomistic (SEAM) potential that accounts for the excess charge on the metal surface and
we discuss the proposed continuum model. In section 4.3, we will investigate the actua-
tion stroke and volume-specific strain energy density by subsequently studying the stiffness,
strength and charge-induced deformation of cubic lattices (Sec. 4.3.1), gyroidal structures
(Sec. 4.3.2), and nanoporous gold architectures (Sec. 4.3.3). We discuss the effect of liga-
ment size, relative density and architectural morphology on the actuation response. Finally,
in Section 4.4 we compare the actuation performance of the three different architectures and
draw conclusions.

4.2 Multiscale model: atomistic and continuum approach

In this section we discuss the atomistic and continuum model used to study the charge-
induced deformation of ordered and disordered nanoporous gold. The atomistic model is
informed from the sub-atomic scale through calibration of atomistic (SEAM) potentials to
DFT-obtained surface-stress-charge coefficients, leading to the MSEAM model as discussed
in detail in chapter 3. The MSEAM model is used in this chapter to account for the excess
charge. Since excess charge only localizes at the surface, it is assigned to the atomic layers
which are fully or partially exposed to the surface. The amount of charge assigned to each
layer is proportional to the area projected by each atomic layer onto the surface [192]. Figure
4.2 (left) shows the charged surface and subsurface atoms for an atomistic representation of
nanoporous gold.

When negative charge is injected onto the metal surface, the electron density increases
in a surface layer of approximately one atom thick, resulting in a smaller equilibrium spac-
ing of the surface atoms. Since contraction of these surface atoms is constrained by the
uncharged core region of the metal, a tensile surface stress develops in the charged surface
region which balances the compressive stresses in the core. We now approximate this pro-
cess in a continuum setting by dividing the metal into an uncharged core region and a charged
surface layer (see Figs. 4.2(b) and 4.2(d)). We account for the charge-induced reduction of
the equilibrium spacing by specifying an eigenstrain ε∗ in the surface layer that is propor-
tional to the surface charge, i.e. negative charge results in a negative eigenstrain and positive
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Saturday 14 September 2013 (a)
Saturday 14 September 2013

(b)

Surface atom

Sub-surface atom

Core atom

Saturday 14 September 2013
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Core element

Surface element
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(d)

Figure 4.2: Atomistic and continuum representation of nanoporous gold (npg). (a) Atomistic
model of npg showing charged surface (gold) and subsurface (red) atoms, and uncharged
core atoms (blue). (b) Continuum model of npg showing the surface layer (gold) and core
regions (blue). The surface layer is discretized using triangular plate elements and the core
region by tetrahedral bulk elements. (c) Zoomed view of a section of the atomistic model
indicated by the white arrow in Fig. (a). (d) Zoomed view of a section of the continuum
model indicated by the white arrow in Fig. (b).

charge in a positive eigenstrain. Similar to the development of thermal stress in bonded
materials with dissimilar thermal expansion coefficients, the strain mismatch between the
surface layer and core region results in tensile surface stress and compressive straining when
a negative charge-induced eigenstrain is prescribed. A similar approach was proposed to
account for edge stresses in graphene sheets [209]. The thickness of the surface layer is
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taken approximately equal to the thickness of the charged surface region in the atomistic
model. Given the much smaller thickness of the surface layer compared to typical ligament
widths of nanoporous structures, we discretize the surface layer by means of plate elements
(STRI65 or S4) and the core region by tetrahedral (C3D10) or brick elements (C3D8) [210].
We calibrate the specific value of the eigenstrain by matching the overall actuation strain to
that of one atomistic simulation. Details on the model parameters will be discussed in the
respective result sections of the different nanoporous architectures (i.e. cubic lattice, gyroid
and npg). The continuum calculations were found to be at least a factor 1000 faster than the
atomistic simulations.

4.3 Results and Discussion

The performance of an actuator is not only measured in terms of the total actuation stroke
εc, but also on its capability to do work against a certain load. Consider a compressive load
applied to the actuator, resulting in an initial compressive strain εel = σ/E∗, with σ the
stress due to the load and E∗ the stiffness of the actuator. While the actuator would give an
actuation strain (per unit injected charge) of εc in the absence of load, the useful strain of the
actuator subject to load is εc − ε

el. The work per unit volume done by the actuator against the
load is therefore given by [211]

WV = σ(εc − ε
el). (4.1a)

Maximizing Eq. 4.1a with respect to σ and resubstituting the σ for which WV is maximal
(i.e., σmax = E∗εc/2) back in Eq. 4.1a we arrive at the maximum work density given by

Wmax
V =

1
4

E∗ε2
c . (4.1b)

Note, however, that this expression is only valid under the assumption that σmax is smaller
than the yield strength of the material, σ∗pl. If this is not the case, the maximal work output
is limited by the yield strength of the material, leading to

W p
V = σ∗pl(εc − σ

∗
pl/E

∗). (4.1c)

Following Eq. 4.1b and 4.1c, we characterize the performance of the electrochemical ac-
tuators with different architectures through E∗, σ∗pl and εc. The goal of this exercise is to
obtain the fundamental scaling relations of εc, E∗/Es and σ∗pl/σys (with Es and σys the size-
independent Young’s modulus and yield stress of the solid material) in terms of two fun-
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damental parameters: (i) ρ∗, the relative density of the nanoporous material, and (ii) Vs/As,
where Vs is the volume of the solid material and As is the surface area of the solid mate-
rial. The results are presented in the following subsections (4.3.1, 4.3.2 and 4.3.3) for the
cubic lattice (Fig. 4.1(a)), gyroidal structure (Fig. 4.1(b)) and nanoporous gold (Fig. 4.1(c)),
respectively.

4.3.1 Cubic lattice

Stiffness and strength: We start our analysis by looking at the simplest nano-porous archi-
tecture, a cubic lattice (see Fig. 4.1(a)). The overall stiffness and strength of the cubic lattice
can be directly related to the stiffness and strength of the individual struts that make up the
lattice. Since cubic lattices are stretching structures, their stiffness and plastic strength can
be written as E∗ = E(w/L)2 and σ∗pl = σy(w/L)2, where w is the width of the strut, L is
the length of the unit cell and E and σy are the size-dependent Young’s modulus and plastic
strength of the strut [167]. Although the exact relation for the relative density of a cubic
lattice is given by ρ∗ = 3(w/L)2 − 2(w/L)3, in this work we neglect the cubic dependence on
w/L, so that E∗ = Eρ∗/3 and σ∗pl = σyρ

∗/3. This simplification results in an overestimation
of E∗ and σ∗pl by 30% for a relative density ρ∗ of 0.3, and the error decreases with decreasing
ρ∗.

In calculating the size-dependent Young’s modulus E, the orientation of the lattice with
respect to the crystal orientation enters as an important ingredient that strongly dictates the
response [12, 197]. To analyze this we carry out atomistic simulations on the struts by taking
the strut length much larger than the width (resembling nanowires) and by analyzing different
orientations of the wires cut from the bulk FCC lattice, see Figs. 3.1(a) and 3.1(b). The width
ranges from 2.5 - 32 nm (corresponding to Vs/As values ranging from 0.6 to 8.2). The wires
are first relaxed to the minimum energy configuration using the conjugate gradient method
[196] at T = 0 K. When the ratio of the energy difference between two successive iterations
and the magnitude of the energy is less than or equal to the tolerance value (10−14), the
minimum energy configuration is assumed to be reached. Due to the tensile surface stresses
on the surfaces, the wires contract upon relaxation, leading to a size-dependent equilibrium
strain [12, 212], see Fig. 3.2 where the magnitude of the equilibrium strain is shown to
increase with decreasing ligament width (or, equivalently, decreasing Vs/As).

Next we proceed and study Young’s modulus E of the nanowires by performing tensile

Note that Vs/As for the cubic lattice is equal to w
4 (1 + w

3(L−w) ), with w the width of the struts and L the length of the
unit cell.
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Figure 4.3: Young’s modulus of the nanowires (normalized by the size-independent contin-
uum value Es) as a function of Vs/As (the width w is taken equal to 4Vs/As).

tests on the relaxed samples. The degrees of freedom of the atoms (along the pulling direc-
tion) in 5 atomic layers on both ends are fixed. A displacement, in increments, is prescribed
to the atoms at one of the ends and energy minimization is applied after each increment.
The samples are subjected to a total overall strain of 0.5%. The strain is calculated as the
ratio of the change in length to the length at the relaxed configuration. The slope of the
(average virial) stress-versus-strain curve at zero strain gives the Young’s modulus, which
is plotted in Fig. 4.3 as a function of Vs/As (normalized by the size-independent continuum
value Es). The results show a clear size effect on the Young’s modulus, which is due to the
fact that the large equilibrium strains (Fig. 3.2) induce nonlinear elastic deformations in the
core of the wires [197]. It turns out that the tangent stiffness increases with compressive
strain for the [110] orientation, while it decreases with strain for the [100] orientation, thus
increasing or decreasing the modulus with decreasing width, respectively. Note that similar
results are obtained by Diao et al. [12] and Liang et al. [197] using different atomistic poten-
tials. Experiments on Au sub-micron columns [131] and npg structures [124, 162, 204] have
shown that the yield strength increases with a decreasing cross-sectional size of the ligament
or column. In [131] it has been shown that the yield strength of Au columns is independent
of the crystal orientation. The size-dependent yield strength of Au columns and nanoporous
gold is summarized in [204], and scales with w−0.61, where w is the cross-sectional size of
the column or the average ligament diameter of npg.
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Actuation: Next, we investigate the actuation of the cubic lattice by analyzing the charge-
induced deformation of nanowires having two different crystal orientations, see Figs. 3.1(a)
and 3.1(b), with widths ranging from 2.5 to 32 nm (corresponding to Vs/As values rang-
ing from 0.6 to 8.2). The calculation of the actuation strain of nanowires having different
crystal orientations has been discussed in detail in chapter 3. Typical charge densities for
nanoporous gold actuators are on the order of 1-10 µC/cm2 [73]. In this chapter we will an-
alyze the strains that are generated for a specific (freely chosen) charge density in this range
(i.e., qa = 7.7 µC/cm2) for the three different structures investigated (see Fig. 4.1). The atom-
istic results in Fig. 4.4 are reproduced from Fig. 3.5(b) for the nanowires using open square
and triangular symbols for the [100] and [110] orientation, respectively, clearly showing a
strongly increasing actuation strain with decreasing wire dimensions. The actuation strain of
the [100] orientation is larger than the [110] orientation due to the larger compliance of the
[100] wire [212]. In order to verify the accuracy of the continuum model, we repeat the sim-
ulations using the continuum approach. The dimensions of the continuum wires are taken to
be equal to those of the atomistic wires of the corresponding crystal orientation in number of
lattice constants. The core of the wires is descretized with 8-noded brick elements (C3D8)
and the surface layer with 4-noded plate elements (S4) [210]. For the wires of width 9.8 nm
(corresponding to Vs/As = 2.45 nm), the eigenstrain ε∗ in the surface layer is tuned such that
the overall actuation strain of the wire is equal to that of the atomistic simulations (see Fig.
4.4). The eigenstrain values of the [100] and [110] wires were found to be equal to 0.071
and 0.047, respectively. Subsequently, we use these values of the eigenstrain for the wires
with different cross-sectional dimensions. Figure 4.4 shows that for both wire orientations,
the strains predicted by the continuum model agree well with the atomistic results. In case
of the [100] wire, since all {100} surfaces are isotropic, the stress in the surface layer is also
isotropic (in both the atomistic and continuum model). For the [110] wire, there are two
different surfaces: one surface (001) is isotropic and the other, (11̄0), is anisotropic. The
eigenstrain is modeled as isotropic and it is taken to be the same for both surfaces. The
anisotropy of the surface stress on the (11̄0) face is taken care of by the elastic anisotropy
of the surface layer. The magnitude of the stresses in the core is found to be close to the
atomistic values for both the [100] and [110] wires, which explains the good agreement be-
tween the atomistic and continuum strains in Fig. 4.4. Although we use eigenstrains that are
fitted to a single sample, the continuum model can well capture the stresses in the core of the
atomistic wires leading to a good agreement between the atomistic and continuum model for
the charge-induced strains as a function of width.
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Figure 4.4: Comparison of atomistic and continuum actuation strains of [100] and [110] wires
at charge density qa = 7.7 µC/cm2 plotted as a function of Vs/As(≈ w/4). The data points
shown in circles are used to tune the eigenstrains of the continuum model.

Next, we use the continuum model to study the charge-induced deformation of a [100]
cubic lattice consisting of [100] struts that have a square cross-section. The core of the lattice
is meshed with 10-noded tetrahedral elements (C3D10) and the surface is meshed with 6-
noded triangular elements (STRI65). Since the ligaments have a [100] crystal orientation,
we apply the same eigenstrain as used for the single [100] wire. We create lattices with three
different relative densities (0.1, 0.2 and 0.3). Figure 4.5 shows that the strains are larger for
the low density lattices but remain less than that of the individual [100] nanowires. This is
due to the fact that the nodes/junctions in a cubic lattice have no free surfaces so that the
volume in the nodes does not deform due to surface charge and therefore does not contribute
to the overall strain of the sample. The effect of the junction can be captured by the simple
analytical relation ε∗c = (1 − w/L)εc, where ε∗c is the strain of the lattice and εc is the size-
dependent strain of the wire. Clearly, the strain of the lattice converges to that of the wire
when the relative density (or, equivalently, w/L) goes to zero. The magnitude of the strains
obtained from the above relation (using the size-dependent single wire results as input for εc)
was found to be in close correspondence to the values obtained from the continuum model.
The effect of the relative density (w/L) on the magnitude of the actuation strain, however, is
much smaller than the effect of Vs/As and we will therefore ignore the density effect in the
scaling relations.
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Figure 4.5: Actuation strains εc, obtained from the continuum model, of the [100] wire and
the [100] cubic lattices of different relative densities as a function of Vs/As. The data points
of the cubic lattice are fitted by a (Vs/As)−1 scaling relation (dashed line).

4.3.2 Gyroids

In this subsection we will subsequently investigate the stiffness, strength and actuation strain
of gyroidal structures (see Fig. 4.1(b)).

Stiffness: To generate an atomistic model of a gyroid, we start with a cubic block of FCC
gold and subsequently remove atoms according to the equations for a gyroidal isosurface
[213, 214]. Gyroids are generated with their principal axes (X,Y,Z) along different crystal
directions of the FCC lattice. The samples are named after the crystal direction along the X-
axis. For example, the gyroid with a crystal orientation as shown in Fig. 3.1(a) is represented
by g100, the one with orientation in Fig. 3.1(b) is represented by g110. The third sample,
g111 has directions [111], [1̄1̄2] and [11̄0] along the X-, Y- and Z-axes, respectively, see
Fig. 3.1(c). Gyroids with different relative densities, crystal orientations and Vs/As values
are created and relaxed to the minimum energy configuration, resulting in contraction of the
samples due to surface stress effects. The equilibrium strains in the X-direction are calculated
in a similar manner as for the wires and are plotted in Fig. 4.6(a) as a function of Vs/As for a
relative density ρ∗ = 0.3. Clearly, the larger the surface area over volume ratio, the larger the
surface-driven contraction, leading to larger equilibrium strains. Subsequently, we calculate
the Young’s modulus of the gyroids by performing tensile tests in the X-direction on the
relaxed samples. The procedure for the tensile test is the same as that for the wires, described
in section 4.3.1. Gyroidal samples of n×n×n unit cells are used for the tensile test. We have
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Figure 4.6: (a) Atomistic calculations of the equilibrium strain plotted as a function of Vs/As
for gyroids of different crystal orientations with a relative density ρ∗ = 0.3. The solid line is
a curve fit to the data. (b) Young’s modulus of gyroids, E∗g, as a function of Vs/As. The size-
independent continuum stiffness, E∗ (which still depends on crystal orientation and relative
density), is used to normalize E∗g. Filled symbols represent gyroids along the [100] direction
and open symbols represent gyroids along the [110] direction. Squares: ρ∗ = 0.17, circles:
ρ∗ = 0.23, upward triangles: ρ∗ = 0.30 and downward triangles: ρ∗ = 0.32. The solid line is
a curve fit to the data.

investigated cell-size effects [215, 216] by varying n, and found that n = 3 is sufficient to get
converged, sample-size-independent stiffness values. Therefore, all simulations are carried
out on cubic blocks containing three gyroidal unit cells along the sides. We carried out tensile
tests on gyroids with different orientations, relative densities and Vs/As values. The effect
of the relative density and crystal orientation was found to be much larger than the effect of
Vs/As. For each relative density and crystal orientation, the effect of Vs/As quickly dies out
and the results converge to the bulk, size-independent continuum value, E∗, for that specific
orientation and density. To analyze the influence of Vs/As, we plot the Young’s modulus of
each sample, E∗g, normalized by E∗, in Fig. 4.6(b), showing that the stiffness at small surface
areas slightly increases, but this effect is much smaller compared to that of the crystalline
wires (see Fig. 4.3). This is due to the variation of the crystal orientations of the struts in
a gyroid: in each gyroidal unit cell there are six different orientations of the struts, with the
axis of each strut oriented along different crystal directions. In addition, the surfaces of the
wires are planar, while the surface of the struts in the gyroids are curved, therefore probing
different surface architectures along the length of the strut. On average, these effects results
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in a mild stiffening (Fig. 4.3), induced in a similar way as for the nanowires by nonlinear
elastic effects in the core of the struts.

Next, we proceed by investigating the effect of the relative density and crystal orientation
on the size-independent stiffness E∗, by using a continuum representation of the gyroid struc-
ture. To generate a continuum representation of the gyroid structure we use the equations
for a gyroidal isosurface [213, 214]. We start with a cubic stacking of voxels and remove
those that fall outside the gyroidal surface, thus leaving a gyroidal volume of voxels. The
surface of the gyroid is discretized with 3-noded triangular elements and the bulk with 4-
noded tetrahedral elements using the iso2mesh software [217]. The gyroidal mesh is further
processed in ABAQUS [210] to convert the 3-noded triangular elements into 6-noded plate
elements (STRI65) (to be used for actuation) and the 4-noded tetrahedral bulk elements into
10-noded tetrahedral elements (C3D10). We account for anisotropic elastic properties asso-
ciated to the specific crystal orientation (g100, g110, g111). The results of E∗ are plotted in
Fig. 4.7 (discrete data points, left axis). The stiffness results can be accurately represented
by a power-law dependence on relative density through the relation E∗/Es = Cg1ρ

∗2 (solid
lines in Fig. 4.7), where ρ∗ is the relative density, Cg1 = 0.84 is a dimensionless prefactor as-
sociated with the architectural morphology of gyroids and Es is the Young’s modulus of the
solid material for that specific crystal orientation (Es = 42.3, 80.9, 116.2 GPa for the [100],
[110] and [111] directions, respectively [218]). The dependence of E∗ on ρ∗2 indicates that
the gyroid is a bending dominated structure [167].

Strength. To obtain the plastic collapse stress of the gyroid structure as a function of crys-
tal orientation and strut dimensions, detailed atomistic simulations are required which are
beyond the scope of this work. Here, we will primarily focus on the scaling of the overall
plastic strength with relative density and ignore the effect of the crystal orientation. To do
so, we assume the solid material to be elastically and plastically isotropic and use J2-flow
theory [201] to probe the plastic yield strength σ∗pl. We take Es = 79 GPa, νs = 0.44 and
σys = 200 MPa. The yield strength σ∗pl is taken as the stress value at the 0.2% offset strain.
The results are shown in Fig. 4.7 (discrete data points, right axis). The results can be nicely
represented by the scaling relation σ∗pl/σy = Cg2ρ

∗3/2, with Cg2 = 0.55 a dimensionless pref-
actor associated with the architectural morphology of gyroids and σy the yield stress of the
struts. The Young’s modulus E∗ is taken as the slope of the linear part of the (elasto-plastic)
stress-strain curve, and follows the scaling relation E∗/Es = Cg3ρ

∗2, where Cg3 = 0.83 and
Es = 79 GPa. Although neglected in our analysis, the yield stress of the struts, σy, is in-
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Figure 4.7: Variation of the size-independent Young’s modulus E∗ of gyroids of different
crystal orientations (left vertical axis) and the yield strength σ∗pl of gyroids having isotropic
elasto-plastic properties (labeled ’g iso’) as a function of relative density. The elastic data
points are fitted by a ρ∗2 scaling relation and the plastic data points to a ρ∗3/2 relation (solid
lines, see text for details).

herently size-dependent at the micron and sub-micron scale associated to the predominantly
bending-dominated loading situation. Hodge et al. [124] found the size-dependent yield
strength σy of the ligaments in nanoporous gold to scale with w−0.5 (with w the diameter of
the ligaments). We will get back to this in section 4.3.3.

Actuation: Since charge redistribution on a metal surface is a quantum-chemical phenome-
non, DFT studies are needed to analyze the amount of charge on each layer, edges and
corners. So far, one DFT study has been performed on the charge redistribution on crystal
surfaces [88], which, however, is only qualitative in nature, showing that a small portion of
the injected charge penetrates into the subsurface atomic layer. In the atomistic studies on
gold crystal surfaces, Haftel and co-workers [192] adopted a strategy for charge redistribu-
tion in which they assigned excess charge to each atomic layer in proportion to the percent-
age of area projected by each layer onto the surface. This strategy is in qualitative agreement
with the DFT results [88], showing that excess charge does not penetrate deeply into the
metal, but remains localized to the layers which are fully or partially exposed. According
to this strategy, and depending on the orientation of the crystal surface, 55-90% should be
assigned to the outer surface layer and 10-45% to the subsurface layer of planar crystal sur-
faces [212]. While implementation of this strategy is straightforward for planar surfaces, for
gyroids, however, it is not obvious how to calculate the area projected by each atom onto the
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Figure 4.8: Atomistic representation of a gyroid of ρ∗ = 0.1, Vs/As = 6.1 nm. Gold atoms are
surface atoms with 80% charge, red atoms are sub-surface atoms with 20% charge and blue
atoms are core atoms with zero charge. The gyroid shown has dimensions (16×16×16) nm.

surface (and assign charge accordingly) due to the nonuniform crystal orientation of the sur-
face. To simplify the procedure we therefore chose to assign 20% charge to the subsurface
layer (which is midway the range valid for planar surfaces, 10-45%, see [212]) and 80% to
the surface layer.

The surface and subsurface atoms are indexed using nearest neighbor criteria. In an
FCC bulk crystal lattice the number of first and third nearest neighbors of an atom is 12 and
24, respectively. Since the surface atoms have partial coordination, their number of nearest
neighbors is less than that of the nearest neighbors of the bulk atoms. By counting the nearest
neighbors of the atoms in the gyroid structure, we found that surface atoms can be identified
by those atoms that have less than 11 first nearest neighbors (n1). Similarly, subsurface atoms
are identified by the condition n1 > 10 and n3 < 22, where n3 is the number of third nearest
neighbors. This strategy is adopted for all gyroidal structures analyzed, see Fig. 4.8 for an
example, showing a gyroid structure of relative density ρ∗ = 0.1 and Vs/As = 6.1 nm.

An area specific charge qa = 7.7 µC/cm2 is injected onto the surface of the relaxed gy-
roids in increments with energy minimization after each increment. The strain is calculated
for gyroids of different crystal orientations and varying Vs/As values with a relative density
of 0.3 (see discrete points in Fig. 4.9(a)). Our study shows that samples with three unit cells
in each orthogonal direction are sufficiently large to get converged results. Therefore, all the
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Figure 4.9: (a) Comparison of actuation strains of gyroids of different crystal orientations
along the X-direction obtained using the atomistic and continuum model. The samples have
a relative density of 0.3. Data points represent atomistic results and solid curves represent
continuum results. The eigenstrain ε∗ of the surface layer in the continuum model of g100
with Vs/As = 3.2 nm (shown in circle) is fitted to match the actuation strain εc of the corre-
sponding atomistic model. (b) Effect of relative density on the actuation strain of g100. The
data points represent continuum values and the curve is fitted to the data using a (Vs/As)−1

scaling relation.

atomistic calculations are done on samples with three unit cells.

For samples with Vs/As values larger than 5 nm the computations become excessively
expensive and we resort to the continuum model (see Fig. 4.2) for samples with Vs/As > 5
nm. Due to the varying crystal orientation of the surface in gyroidal structures, the surface is
assumed on average to have an isotropic surface-stress-charge coefficient. This is accounted
for in the continuum model by using isotropic eigen strains and isotropic elastic properties
(Es = 79 GPa and ν = 0.44) in the surface layer. For the g100 gyroid with surface-to-
volume-ratio Vs/As = 3.2 nm, the eigen strain ε∗ of the surface layer in the continuum
model is fitted to match the actuation strain εc of the atomistic model (see circle in Fig.
4.9(a)). We use that specific value of eigen strain ε∗ for all other gyroidal structures with
different Vs/As values and crystal orientation. For g100, except at the smallest Vs/As, we
see a good agreement between the strain values obtained from the atomistic and continuum
models, see Fig. 4.9(a). The deviation at smaller sizes can be explained on the basis of
the stress distribution in the cross-section of the gyroid (see Fig. 4.10). When a positive
charge is injected on the surface, the magnitude of the pre-existing tensile surface stresses
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in the relaxed sample decreases resulting in a negative stress change S xx, while in the core,
the magnitude of the compressive stresses decreases resulting in a positive stress change
S xx. Atoms on the surface of a gyroid have varying coordination numbers compared to the
flat surfaces of nanowires, for instance, where atoms have a unique coordination number.
The non-uniformity of coordination number is more dominant for samples with small Vs/As

values, which is due to the presence of steps on the surface, see Fig. 4.10(a). The difference
in the coordination of surface atoms results in a nonuniform stress distribution in the surface
atoms and those underneath the surface, which causes a nonuniform stress distribution in
the core of the ligaments as well (see Fig. 4.10(a)). However, as Vs/As increases the effect
of the discrete steps decreases and the stress in the core becomes more uniform (with the
non-uniformity of stress being restricted to only a few atomic layers underneath the surface),
see Figs. 4.10(b) and 4.10(c). At these Vs/As values the continuum results agree well with
the atomistic simulations.

Finally, we use the continuum model to investigate the effect of the relative density and
Vs/As on the actuation strain of the g100 gyroid (see Fig. 4.9(b)). Clearly, no effect of ρ∗ can
be observed, while the Vs/As dependence nicely follows a power law with exponent −1.
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Figure 4.10: (a) Stress distribution S xx in a slice of a g100 gyroidal structure of relative
density 0.3. (a) Vs/As = 0.96 nm (b) Vs/As = 1.07 nm (c) Vs/As = 3.76 nm. The scale bars
have length 2 nm (a), 6 nm (b), 8 nm (c).

4.3.3 Nanoporous gold (npg) structures

Nanoporous gold (npg) samples were produced by free corrosion of an Au30-Ag70 alloy
in concentrated nitric acid (70%). The details of the dealloying process can be found in
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[122]. The relative density of the samples was found to be 0.35 and random measurements
of the width of several ligaments in scanning electron micrographs yielded an average lig-
ament diameter of about 40 nm. Some researchers [182] consider the topology of NPG to
be mimicked by spinodally decomposed structures, given the similarities in the physics of
dealloying. Despite some similarities, however these two types of structures are not com-
pletely topological equivalent [132]. In this study, we will obtain the real morphological
model of npg by means of nanotomography on the dealloyed samples [219]. The basic idea
of nanotomography is to remove material in serial cross-sectional slices using a focused ion
beam (FIB) and to image the area of interest using scanning electron microscope (SEM) after
every slice. Npg was vacuum infiltrated with an epoxy resin (AralditeBY158/Aradur21, ra-
tio: 4:1), which allows the ligament cross-sections to be imaged in the cross-sectional plane
with sufficient contrast. FIB serial sectioning was performed on the infiltrated npg with a
slicing distance of about 6 nm between two successive cuts. After each FIB sectioning, the
cross-section was imaged with the electron beam. Correcting for intensity gradients and
viewing angle [220], the images were registered (i.e. aligned in the image plane) and then
stacked along the slicing direction. Subsequently, the grey scale images were binarized us-
ing the image processing toolbox of MATLAB. Following a series of carefully optimized
image morphological operations to eliminate noise and rough ligament boundaries, a voxel
mesh was prepared from which a tetrahedral finite element mesh was generated using the
iso2mesh toolbox [217]. To generate samples of relative densities between 0.2 and 0.5, the
original voxel image with ρ∗ = 0.35 is subjected to either three-dimensional morphological
image dilation [217] (i.e. adding surface voxels uniformly) or erosion (uniform removal of
surface voxels). While the connectivity of ligaments is guaranteed during dilation, the ero-
sion algorithm from iso2mesh does not necessarily maintain the connectivity. In fact, we do
find loss of connectivity at some locations for relative densities below 0.35.

Given the large number of atoms in the disordered npg structures, we will study the
mechanical and actuation performance of npg using the continuum approach. The core is
meshed with 10-noded tetrahedral elements (C3D10) and the surface with 6-noded plate el-
ements (STRI65). Similar to the gyroids, the npg structures are generated with their X-axis
oriented along the [100] and [110] crystal directions, and are named accordingly: npg100
and npg110.

Stiffness and strength: We perform tensile tests in the X-direction to probe the stiffness and
strength. The procedure is the same as that for the wires and gyroids. First, we analyze
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Figure 4.11: (a) Variation of the size-independent Young’s modulus E∗ with ρ∗ for npg struc-
tures of different crystal orientations. The solid lines are fitted to the data resulting in a
ρ∗ power law scaling with exponents 3.9 and 4.2 for npg100 and npg110, respectively. (b)
Young’s modulus E∗ and yield strength σ∗pl of npg with isotropic elastic properties. The
solid lines represent the scaling relation E∗/Es = 1.33ρ∗4.0 and σ∗pl/σy = 1.05ρ∗3.5. The
data points are fitted in the regime with ρ∗ ≥ 0.35 where full connectivity of the ligaments is
maintained.

the effect of relative density and crystal orientation on the size-independent stiffness E∗ (see
Fig. 4.11(a)). Comparison with Fig. 4.7 shows that the stiffness is much smaller than
the stiffness of the gyroidal structures and that the effect of the crystal orientation in npg
is negligible compared to that in case of gyroids. To analyze the plastic strength of npg
we assume elastically and plastically (J2-flow) isotropic material behavior using a Young’s
modulus of 79 GPa, Poisson ratio of 0.44 and yield stress of 200 MPa. Figure 4.11(b) shows
that also the plastic strength is much lower than that of the gyroids (Fig. 4.7, right axis).
These effects are likely to be related to the very disordered architecture of the nanoporous
gold structures, resulting in a much more compliant structure than the ordered gyroids. This
difference is also reflected in the unusual scaling behavior of npg E∗/Es = 1.33ρ∗4.0 and
σ∗pl/σy = 1.05ρ∗3.5 (see Fig. 4.11(b)), compared to the ρ∗2 and ρ∗1.5 scaling, respectively, for
gyroids (see Fig. 4.7).

In order to explore the high scaling exponents for stiffness and strength, we carefully
investigated the morphological architecture of the npg as a function of density. Two observa-
tions were made. First, below relative densities of around 0.35, the change in morphological
architecture with decreasing density is not only reflected in a change in slenderness of the
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struts but also in an increasing loss of ligament connectivity. This loss of connectivity re-
sults in a much stronger decrease in stiffness and strength [221] with decreasing density
than in-tact bending-dominated structures, leading to a higher power-law exponent. Second,
for densities equal to and above 0.35 we analyzed the change in ligament slenderness ratio
(ligament width w divided by ligament length L) with increasing relative density and found
that the slenderness ratio w/L increases linearly with relative density, ρ∗ ∝ w/L, as was
also found experimentally [112]. This linear scaling is in contrast to the typical quadratic
scaling in macroscopic open cell foams, and reflects the complex morphological architecture
of npg. Substituting ρ∗ ∝ w/L in the typical scaling relation for bending-dominated struc-
tures, E∗ ∝ (w/L)4 [167], leads to a fourth-order dependence of stiffness on relative density:
E∗ ∝ ρ∗4Es, similar to our simulation results in Fig. 4.11(b). Similarly, the plastic strength
σ∗pl of bending-dominated structures is proportional to (w/L)3, leading to σ∗pl ∝ ρ

∗3, which
corroborates the higher exponent (3.5) in the scaling relation of the plastic strength of npg.

Hodge et al. [124] experimentally determined the yield strength of npg samples of dif-
ferent ligament diameters with relative densities ranging from 0.20 to 0.42. They used the
standard scaling relation for the yield strength of open-cell macroscopic foams, σ∗pl/σy =

0.3ρ∗1.5 [167], to back-calculate the yield strength of the solid ligament material, and came
up with a size-dependent strength of the npg-ligament of σy = (200 + 9821w−0.5) MPa,
with w the diameter of the ligament. However, if we confront our scaling relation for the
plastic strength, σ∗pl/σy = 1.05ρ∗3.5, against the experimental results, the yield strength
of the npg-ligaments becomes unrealistically high, even higher than the theoretical shear
strength of Au (4.3 GPa [222]). A possible explanation of this discrepancy is that Hodge
et al. [124] calculated the relative density of npg directly from the composition of Au in
the Au/Ag alloy before dealloying. As a result, the study does not account for the vol-
ume shrinkage of the sample during dealloying, which is often reported in the literature
[90, 130]. Liu and Antoniou [112] calculated the relative densities from the electron mi-
crographs of npg samples available in the literature (including the samples of Hodge et al.)
[117, 121, 124, 126, 162, 163, 177, 178, 204, 223] and found that the values range from 0.53
to 0.69, which are far higher than the values calculated by Hodge et al. [124] using the Au
composition in the alloy. The increase in relative density due to the volume shrinkage ranges
from 20 to 100% [112, 130]. Assuming that the relative density increases by 60% (i.e., mid-
way between 20 and 80%) due to the shrinkage, we back-calculate the yield strength of the
ligaments, using σ∗pl/σy = 1.05ρ∗3.5, from the experimentally obtained yield strength of the
npg [124]. The yield strength of ligaments follow σy = (200 + 12051w−0.6) MPa, see Fig.
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Figure 4.12: Yield strength of the ligaments of npg. The data points are back-calculated from
the yield strength of npg [124] using σ∗pl/σy = 1.05ρ∗3.5 and the solid line is fitted to the data
using a w−0.6 scaling relation.

4.12. The exponent −0.6 is close to the value of Hodge (−0.5) [124] and is (almost) equal to
the value of Volkert (−0.61) [204].

Actuation: To study the size-dependent actuation behavior, we explore the effect of the rela-
tive density and ligament size by analyzing samples of varying density in the range 0.2-0.36.
For each relative density, we simply scale the sample dimensions with different scaling fac-
tors, leading to Vs/As values in the range 1-15 nm. We analyze two different orientations of
the crystal structure, npg100 and npg110. As explained in the beginning of this section (sec-
tion 4.3.3), we will use the continuum model and account for charge on the surface (marked
in gold in Fig. 4.13(a)) by applying eigenstrains in the surface layer. The surface layer is as-
sumed to have similar properties as the surface layer of the gyroidal structures, as explained
in section 4.3.2. The actuation strain is calculated by tracking the nodal displacements in
two parallel planes, each located near the two ends of the sample. The strain is given by
εc = (Lf−Lg)/Lg, where Lf is the final distance between the two planes and Lg is the distance
between the planes before actuation. Lg is chosen such that end effects do not affect the
results. The actuation strains of npg for different crystal orientations and relative densities
are shown in Fig. 4.13(b). Clearly, we see no effect of relative density, nor crystal orienta-
tion on the magnitude of the strain, while the Vs/As dependence can be nicely captured by a
power −1 scaling relation. These trends are similar to the trends observed for the more or-
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(b)

Figure 4.13: (a) Continuum model of npg reconstructed from tomographic images. The
surface layer is shown in gold and the core is shown in blue. (b) Effect of the relative density
on the dependence of actuation strain on Vs/As. Filled symbols indicate npg100 and unfilled
symbols indicate npg110. The solid line is fitted to the data points using a (Vs/As)−1 scaling
relation.

dered gyroidal structures (see Fig. 4.9), which were based on both atomistic and continuum
simulations.

4.4 Summary and conclusions

We have investigated the charge-induced deformation, stiffness and plastic strength of three
nanoporous gold structures as a function of relative density, surface-to-volume-ratio and
crystal orientation, using a multiscale modeling approach. Comparison of Figs. 4.5, 4.9 and
4.13(b) indicates that the actuation strains plotted as a function of Vs/As are very similar for
the three different nanoporous architectures studied. Despite the fact that these structures are
ordered, disordered, bending or stretching dominated, the actuation strain can be captured
by a (Vs/As)−1 scaling law. However, as discussed at the beginning of the results section,
the performance of an actuator is not only measured in terms of the total actuation stroke εc,
but also on its capability to do work against a certain load. While doing work, the stresses
should not induce plastic yielding of the nanoporous structure. However, the magnitude of
the charge-induced strains εc was found to be much smaller (by two orders) than the initial
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yield strain εel = σ∗pl/E
∗ due to the load at the plastic yield strength σ∗pl, indicating that the

actuators studied here always operate well below the plastic limit. In the remainder of this
section, we will therefore compare the work densities of nanoporous structures of different
architectures oriented along the [100] crystal orientation in the elastic limit, based on Eq.
4.1b.

The Young’s modulus and actuation strain of nanoporous structures can be written in
terms of two dimensionless parameters, ρ∗ and Vs/Asa (a is the atomic spacing = 0.2 nm for
Au), in the following way.

E∗/Es = c1(1 + c2(Vs/Asa)α)ρ∗β, (4.2a)

εc = c3(Vs/Asa)γ, (4.2b)

For cubic lattices the size-dependency parameter α is obtained from the scaling relation of
the Young’s modulus of [100] wires (see Fig. 4.3), leading to c2 = −0.1 and α = −2 (see
Table 4.1). For gyroidal structures the size effect on stiffness is very small (see Fig. 4.6(b));
we will therefore neglect the elastic size effects for the gyroids and npg structures, leading to
c2 = 0 and α = 0, see Table 4.1. The scaling of E∗ with ρ∗ for the cubic lattice, gyroids and
npg has been discussed in Section 4.3.1, 4.3.2 and 4.3.3, respectively, leading to power-law
exponent β of 1.0, 2.0 and 3.9, respectively. The actuation strains of the three structures scale
with (Vs/Asa)−1, leading to γ = −1. Note that c1, c2 and c3 are dimensionless coefficients that
depend on morphology only. For npg, these coefficients have been obtained for one specific
sample, using nanotomography. Therefore, the morphological coefficients c1 and c3 might
differ slightly from sample to sample or when different dealloying parameters are used [122].
By substituting Eq. 4.2a and Eq. 4.2b in Eq. 4.1b we arrive at

Wmax
V =

1
4

c1c3
2Es(1 + c2(Vs/Asa)α)(Vs/Asa)2γρ∗β. (4.2c)

Fig. 4.14 shows the normalized work density Wmax
V /Es (Eq. 4.2c) as a function of Vs/Asa

for the three different morphologies at two different densities. For all structures the work
increases with decreasing volume-to-surface-ratio Vs/Asa due to the increasing actuation
strain. At the same time the work decreases with decreasing density due to a decrease in
stiffness. Clearly, in discussing the size-dependence of actuation it is important to distin-
guish between situations in which the ligament width is decreased at a fixed ligament length
(leading to a lower relative density and lower Vs/As), or whether it is decreased in proportion
to the ligament length (fixed w/L and thus fixed relative density and lower Vs/As). The latter
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Table 4.1: Scaling parameters of E∗ and εc in the elastic limit for nanoporous structures
oriented along the [100] crystal orientation.

α β γ c1 c2 c3

Cubic lattice -2 1.0 -1 0.33 -0.1 4.3 ×10−3

Gyroid 0 2.0 -1 0.84 0 3.0 ×10−3

npg 0 3.9 -1 1.83 0 2.6 ×10−3

will lead to an increased work density while the former will result in a decrease. Comparison
of the three structures shows that the work density increases with increasing order with high
density cubic lattices being able to generate the largest work output and low density npg the
lowest. Our results indicate that optimal actuation performance is related to our ability to
create large surface-to-volume-ratio materials and at the same time minimize their porosity.
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Figure 4.14: Work density (in the elastic limit) of nanoporous strutures of different archi-
tectures and relative densities plotted as a function of the dimensionless parameter Vs/Asa.
Solid and dashed curves represent ρ∗ = 0.2 and 0.3, respectively.





Chapter 5

Atomistic modeling of the stiffness, strength and
charge-induced actuation of graphene nanofoams

To exploit the excellent electrical and mechanical properties of graphene, three-dimensi-
onal nanoporous graphene architectures have appeared recently. These graphene nanof-
oams are conductive and have very large internal surface areas, making them attractive
for application as low-voltage electrochemical actuators. The key feature that connects
the excess-charge-modified interatomic bond length to the overall strains is the three-
dimensional spatial distribution of the graphene ribbons. This is governed by the com-
petition between interlayer van der Waals forces and intralayer charge-affected covalent
interactions. Here we explore this competition through atomistic modeling of ordered
graphene hexagonal honeycombs. We modify the adaptive intermolecular reactive em-
pirical bond order (AIREBO) potential to account for the excess-charge-induced change
in equilibrium bond length of the carbon atoms. We use the charge-strain results of single
graphene ribbons obtained by density functional theory (DFT) calculations to calibrate
the atomistic AIREBO potentials. We investigate the effect of edge stresses and excess
charge on the dimensional and morphological changes of free-standing graphene rib-
bons. We study the effect of internal surface area and relative density on the actuation
stroke and work density and compare the graphene nanofoams with several nanoporous
gold systems. Our results reveal that the graphene nanofoams have a smaller actuation
stroke per unit charge density than random nanoporous gold, but that more mechanical
work can be generated.

Based on SSR Saane and PR Onck, Atomistic modeling of the stiffness, strength and charge-induced actuation of
graphene nanofoams, submitted for publication.
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5.1 Introduction

In order to fully exploit the unique properties of graphene, three-dimensional graphene-
based porous materials have appeared recently as a promising material for application in
biomedicine [224], actuators [30, 225], sensors [226–229], energy storage devices [28],
catalysis [23], imaging [230] and quantum computing [231]. Graphene nanofoams can have
exceptionally large specific surface areas, which, combined with their excellent electrical and
mechanical properties, make these materials promising candidates for actuation applications.

Ordered and disordered graphene nanofoams have been produced by several techniques,
yielding different microstructural morphologies. Biener et al. [30] produced centimeter-
sized monoliths of disordered graphene nanofoams with pore sizes of several micrometers
and specific surface areas up to 3000 m2g−1. The ligaments of the foam, with thicknesses
of approximately 500 nm, consist of agglomerates of individual graphene layers curved and
intertwined in a disorderly fashion, allowing the graphene layers to be maximally accessi-
ble by the electrolyte. As a result, all graphene ribbons fully contribute to the macroscopic
charge-induced actuation, yielding positive and negative strains as large as 2.2% by cycling
the potential between −1V and +1V, respectively. The foams are found to be mechanically
robust with Youngs moduli ranging from 0.3 to 1 GPa. Huang et al. [150] used hydrophilic
silica spheres as a template on which the graphene sheets self-assemble to form disordered
nanofoams with controllable pore sizes (30-120 nm), cell walls consisting of 2-3 monolay-
ers of graphene and specific surface areas around 851 m2g−1. Lee et al. [151] produced
disordered foams using chemical vapor decomposition. The average pore size obtained is
40-50 nm, while the thickness of the foam is limited to 550 nm. Xiao et al. [152] fabri-
cated ordered nanofoams which have a three dimensional interconnected network of hollow
ligaments. The pore size is around 500 nm and the multi-layered graphene walls of the lig-
aments have a thickness varying from 5 nm to 20-30 nm. Qiu et al. [99] fabricated ordered
honeycomb structures having porosities of 99.98%, with cell-wall lengths in tens of microm-
eters and cell wall thicknesses of ≈ 10 nm. These foams are found to have excellent energy
absorption capability and are able to elastically recover even when compressed to 80% strain.

Nanoporous graphene actuators operate in an electrochemical environment, exploiting
their high surface-area capacitance to inject charge [30, 110]. In case of isolated mono-
layer graphene, the excess charge is injected on all atoms, modifying the carbon-carbon
bond strength and thus changing the equilibrium spacing, resulting in in-plane deformations
of the graphene sheet. When the ligaments consist of aggregates of graphene ribbons that
are distorted and curved, as in [30], most of the individual graphene layers are accessible



Atomistic modeling of the stiffness, strength and charge-induced actuation of graphene nanofoams 65

by the electrolyte, resulting in uniform actuation of the ligaments. However, when the lig-
aments of the graphene nanofoams consist of multiple monolayers stacked together (as in
[99, 149, 151, 152, 232]), only the outer (surface) layers have full access to the electrolyte
and thus accumulate excess charge, leading to a miss-match in equilibrium spacing between
the surface and inner graphene layers of the ligament. In that case, the van der Waals in-
teractions between neighboring layers dictate the level of constraint imposed on the charged
surface layers and thus control the overall deformation of the ligaments. In addition to the
actuation strain, also the specific work density is an important actuation performance index.
Here, the overall stiffness and strength of the three-dimensional graphene structure come into
play, quantifying, together with the actuation strain, the amount of work the actuator can do
against an applied load [211]. Both the actuation strain as well as the mechanical properties
will depend on the competition between the intralayer covalent interactions and the inter-
layer van der Waals forces. The goal of this paper is to explore this competition by analyzing
the stiffness, strength and actuation strain of regular graphene honeycomb structures (similar
to the materials synthesized in [99]) as a function of relative density and internal surface
area. To do so, we will carry out atomistic simulations that account for the (excess-charge
modified) carbon-carbon interactions of the graphene layers.

When negative charge is injected on a graphene monolayer, the bond length of the
carbon atoms increases, creating an in-plane stretching of the ribbon. The opposite hap-
pens when positive charge is injected, i.e., the bond length decreases resulting in contrac-
tion [30, 110, 233]. Density functional theory (DFT) simulations have been carried out on
graphene monolayers, providing detailed information on the subatomic quantum-mechanical
interactions and the effect of excess charge on the interatomic bonds [110, 233]. To bridge
the gap between this subatomic scale and the macroscopic scale of graphene nanofoams, we
will develop an atomistic model by modifying the adaptive intermolecular reactive empirical
bond order (AIREBO) potential [234, 235] to account for the charge-induced change in equi-
librium bond length of the carbon atoms. The atomistic potential parameters are calibrated
to the charge-induced strain of graphene monolayers obtained by DFT computations [110].
Using this modified potential we calculate the actuation strains of single graphene ribbons
and their collective response in graphene honeycombs.

The paper is organized as follows. In section 5.2 we discuss the modified AIREBO
potential which takes into account the effect of excess charge. In section 5.3.1 we analyze
the effect of edge stresses and excess charge on the dimensional and morphological changes
of free-standing graphene ribbons. In section 5.3.2 we study the effect of relative density
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and internal surface area on the mechanical and actuation response of regular hexagonal
honeycombs. Finally, in section 5.4 we discuss the performance indices of the nanoporous
graphene actuators and compare them with nanoporous metallic actuators.

5.2 Atomistic model

Carbon atoms in a single graphene layer are bonded by short-ranged covalent interactions. In
a multilayered graphene system the layers interact through long-ranged van der Waals forces.
Covalent interactions between carbon atoms can be modeled by the reactive empirical bond
order potential (REBO) [236], and can be applied for single layered graphene and single
walled carbon nanotubes [237]. However, the REBO potential does not account for long
range interactions between the monolayers. Therefore, to model multilayered graphene or
multiwalled carbon nanotubes the interlayer/intertube interactions have to be added [238].
This led to the introduction of the AIREBO potential, a modified version of REBO taking
into account the long range interactions through a LJ potential, which is widely used to model
graphene and carbon nanotube systems [234, 239, 240]. In this work we use AIREBO to
model the graphene structures.

The energy of an atomic system described by the AIREBO potential [234] is given by
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where, VR, VA and VLJ are the repulsive, attractive and 12-6 Lennard-Jones interaction terms,
respectively, between atoms i and j, V tor represents the torsional interaction between atoms i,
j, k and l, and ri j is the distance between atoms i and j. The values of the potential parameters
bi j, wi j, Qi j, Ai j, B(n)

i j , β(n)
i j , αi j, σLJ

i j and εLJ
i j can be found in [234], and will not be repeated

here. Shen and Wu [235] performed atomistic simulations on multi-layered graphene us-
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ing this AIREBO potential. They predicted the values of Young’s modulus, the interlayer
spacing, monolayer bending modulus and binding energy, which were found to be in close
agreement with the experimental values [241]. However, the predicted interlayer shear mod-
ulus was observed to be smaller than the experimental value by one order of magnitude. In
order to match the shear modulus with the experimental value they increased the energy pa-
rameter εLJ of the AIREBO potential from 2.84 meV to 45.44 meV. In this work, we use this
modified εLJ as a basis to study the stiffness and actuation properties of graphene ribbons
and honeycombs.

Next, we modify the AIREBO potential [235] to account for the charge-induced strain
of graphene layers as predicted by DFT calculations. The actuation mechanism of graphene
ribbons and nanofoams immersed in an electrolyte is due to the formation of an electrical
double-layer at the interface between the graphene sheets and the electrolyte [30]. Both
electrostatic and quantum mechanical effects may contribute to deformation of the graphene.
However, since negative excess charge leads to a positive strain and positive charge to nega-
tive strain, quantum-mechanical effects are assumed to be the dominant mechanism in the ac-
tuation of the carbon-nanotube networks and nanoporous graphene actuators at small charge
densities [30, 47, 110]. To account for this at the scale of individual graphene ribbons we
modify the repulsive part of the AIREBO potential by:

VR
i j = wi j(ri j)

[
1 +

Qi j

ri j

]
(acqa + Ai j)e−αi jri j . (5.2)

Here, ac is calibrated to the DFT results of Rogers and Liu [110] in such a way that the
actuation strain of a graphene ribbon εc increases linearly with surface charge density qa

according to dεc/dqa = −0.00475 m2/C. The calibrated value of ac is found to be 5.09 Vnm2.
The fitting procedure is explained in more detail in Appendix A. It is interesting to note that a
value of dεc/dqa = −0.00475 m2/C corresponds well with the overall charge-strain response
found by Biener et al. [30], in correspondence to the maximal electrolyte accessibility of the
graphene ribbons in the ligaments, leading to a full contribution of all graphene ribbons to
the macroscopic charge-induced actuation strain.

5.3 Results and Discussion

Besides the amount of strain εc, the performance of an actuator is also expressed in terms of
the amount of work it can do against an external load (tensile or compressive). When the
stress induced by the load is smaller than the failure stress (σ∗f ) of the material, the maximal
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work density is given by Eq. 4.1b. If this is not the case, the maximal work output is limited
by the failure stress of the material, leading to

Wp
V = σ∗f (εc − σ

∗
f /E

∗). (5.3)

To quantify the performance of the graphene nanofoam actuator in terms of the above indices,
we will explore how the stiffness E∗, failure stress σ∗f (in compression and tension) and the
overall actuation strain εc scale with the relative density and the internal surface area. Before
doing so in section 5.3.2, we will first study the actuation response of a single graphene layer
in section 5.3.1.

5.3.1 Graphene ribbons

Edge stresses
The ligaments of disordered nanofoams produced by Biener et al. [30] and the ordered

honeycombs by Qiu et al. [99] are made of several graphene layers. In the former, the layers
are disorderly arranged and in the latter they are stacked on top of each other in an orderly
fashion. As the individual graphene layers are the building blocks of these foams, we first
study the response of a single graphene layer and how their morphology is affected by edge
stresses. Subsequently, we investigate their actuation behavior.

Atomistic models of pristine graphene ribbons with zig-zagged edges along the length
and arm chair edges along the width are generated. The length L of the ribbons is 10 nm,
and the width w varies from 2 to 10 nm. The ribbons have free edges along the length and
width directions. The atomic interactions are described by the AIREBO potential, and the
calculations are carried out using LAMMPS [195]. The ribbons are relaxed to the minimum
energy configuration at T = 0 K using the conjugate gradient method. When the ratio of the
energy difference between two successive iterations and the magnitude of the energy is less
than or equal to the tolerance value (10−14), the minimum energy configuration is assumed
to be reached. DFT [242] and atomistic calculations [243] have shown that the atoms at the
free edge have a larger equilibrium spacing than the interior atoms, resulting in an overall
expansion of the ribbons (and, consequently, a compressive edge stress). The strain thus
obtained is termed the equilibrium strain, which is given by εe = (Lf − Li)/Li, where Li is the
length of the ribbon before relaxation and Lf is the length of the ribbon after relaxation. The
edge effects are dominant at small widths due to the proportionally larger number of edge
atoms, leading to an inverse relation between the width of the ribbon and the equilibrium
strain εc ∝ 1/w, as shown in Fig. 5.1. We have calculated the magnitude of the edge stress,
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Figure 5.1: Equilibrium strain of perturbed and unperturbed ribbons. The width of the ribbons
ranges from 2 to 10 nm and the length is 10 nm. The data points of the unperturbed ribbons
are fitted to a 1/w scaling relation.

yielding a value of −21.2 eV/nm for infinitely long ribbons (see Appendix B).

Next, we investigate the response of the ribbons when the atoms in their initial registry
are given a small random perturbation normal to the plane of the ribbon. The random per-
turbations are picked from a uniform distribution ranging from −0.1 Å to 0.1 Å. The ribbons
are then relaxed at 0 K. Due to the imperfections the edges buckle under the influence of the
compressive edge stress, resulting in a full relaxation of the stresses, leading to zero strain,
as shown in Fig. 5.1.

Actuation of graphene ribbons

Actuation strains are calculated for pristine and perturbed graphene ribbons with widths
ranging from 2 to 10 nm and length of 10 nm. First, pristine (unperturbed) ribbons are relaxed
at 0 K, leading to an equilibrium strain as shown in Fig. 5.1. Then, a charge −33.7 and +

33.7 µC/cm2 (equal to −0.05 |e|/Atom and 0.05 |e|/Atom, respectively) is applied through
the modified AIREBO potential on all atoms of the ribbons, and then relaxed again at 0 K.
Relative to the initial equilibrated configuration, the ribbons contract upon positive charge
injection and expand with negative charge, see Fig. 5.2(b), without buckling. In a second
exercise the pristine ribbons are given an initial random perturbation normal to the plane of
the ribbon ranging from −0.1 Å to 0.1 Å, then a charge of −33.7 and+33.7 µC/cm2 is applied
and finally the sample is relaxed at 0K. The ribbons are found to undergo dimensional (Fig.
5.2(b)) and buckling-induced shape changes, see Fig. 5.2(a). We have also investigated the
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Figure 5.2: (a) Charge-induced deformation of graphene ribbons at −33.7 µC/cm2 (b) Charge-
induced strain of unperturbed (triangles) and perturbed (squares) ribbons with −33.7 and +

33.7 µC/cm2. The width of the ribbons range from 2 to 10 nm and the length is 10 nm.

case in which the charge is added to the buckled configuration (as discussed in the previous
paragraph and shown in Fig. 5.1, ’Perturbed’) and then relaxed. The dimensional changes
(strains) are found to be identical, although the specific shape of the final configuration is
different. It has been discussed in the earlier paragraphs that free edges of graphene ribbons
have compressive stresses. To investigate the effect of charge injection on the mismatch
between surface and inner atoms, we have computed the edge stresses in the presence of
charge. We found that the edges stresses are only mildly affected by charge (−21.2 versus
−21.0 eV/nm, see Appendix B for details), indicating that the actuation of the ribbons is
predominantly due to the charge-induced modification of the bond length of the inner atoms.
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(a) (b)

Figure 5.3: (a) A unit cell of a graphene honeycomb with struts consisting of 4 layers. (b) A
zoomed and slightly rotated view of the region marked with a red box in Fig. 5.3(a). Each
graphene layer consist of carbon atoms arranged in a hexagonal lattice oriented in such a
way that the zigzag edges are parallel to the z-axis.

5.3.2 Honeycombs

Hexagonal honeycombs are assembled from continuous graphene layers, with ligaments
(struts) that consists of several layers stacked on top of each other, as shown in Fig. 5.3.
We study three different-sized honeycombs with strut lengths of 8, 16 and 25 nm; named L8,
L16 and L25, respectively. For a given strut length, the number of layers is varied from 2
to 18 to generate samples of different relative densities. Due to the geometry of the hexag-
onal architecture, it is not possible to create initial registries in which the interatomic and
interlayer distance coincide with the equilibrium spacing (equal to 1.38 Å and 3.42 Å, re-
spectively) [235]. As a result the interlayer distance is slightly different in some regions of
the samples with deviation varying from −9 to 20%. In addition, the interatomic bond length
at the corners of the hexagons is altered within −6 to 20% deviation to get a proper structural
alignment between the connecting layers. Due to this the samples will contain a prestress
prior to loading.

Mechanical properties
To study the tensile and compressive stress-strain behavior of the honeycombs, a unit cell

is identified (see Fig. 5.3(a)). The unit cell features periodic boundary conditions in the x-
and y-directions and free edges in the z-direction. The width of the ribbon in the y-direction
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is 2 nm. The samples are pulled/compressed along the z-direction.The atomic interactions
in the honeycomb are modeled by the AIREBO potential as discussed in section 5.2. First,
the samples are relaxed to a minimum energy configuration at T = 0 K using the conjugate
gradient method. Subsequently, the degrees of freedom of the atoms (along the pulling direc-
tion) in 5 atomic layers on both sides are fixed and an equal displacement, in increments, is
prescribed to the atoms at both ends. Energy minimization is applied after each displacement
increment. Lateral contraction in the x- and y-directions is allowed [195] 1. The samples are
subjected to a total strain to failure. The strain is calculated as the ratio of the change in
length and the length at the initial relaxed configuration. Unit cells of different size in the
z-direction were tested, and it was found that a 1 × 1 unitcell is sufficient to get converged,
size-independent stiffness values [215, 216]. Figure 5.4 shows the average virial stress-strain
results for the L25 samples with different strut thicknesses. At zero strain the samples contain
a prestress as discussed above, which increases with the number of layers due to the increase
in the number of structural deviations from the equilibrium configuration. The Young’s mod-
ulus in tension is calculated from the slope of the stress-strain curve at positive strains and
the one in compression at negative strains. The relative density ρ∗ is calculated from the strut
length L, the number of layers n and the spacing t between the graphene layers according
to ρ∗ = 2

√
3
(nt/L) − 1

3 (nt/L)2. Figure 5.5 shows that both stiffnesses increase linearly with
relative density, indicating that the struts deform by stretching, which is in agreement with
the affine deformation behavior of the struts observed in our atomistic calculations. It should
be noted that the mechanical tests on the graphene honeycombs prepared by Qiu et al. [99]
show a quadratic dependence of stiffness on the density of the samples, which is due to the
fact the struts have larger slenderness ratio (2000 to 4000) compared to the very small slen-
der ratios of the struts which we use in our computational study (4 to 18). The values of the
Young’s moduli in compression are a factor 1.6 higher than the values in tension, which is
due to the asymmetric stiffness of the interlayer LJ potential, as explained below.

1Lateral contraction is allowed in LAMMPS while using periodic boundary conditions [195]
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Figure 5.5: Compressive and tensile Young’s moduli of the L8 (triangles), L16 (squares)
and L25 (circles) honeycombs as a function of relative density (i.e., for different number of
layers). The solid lines are linear curve fits to the data.

The equilibrium interlayer spacing between individual graphene layers in the honeycomb
is 3.42 Å. At interlayer distances less than 3.42 Å the layers are subject to a strong repulsive
force accompanied by a high stiffness, while for distances larger than 3.42 Å the layers feel
a relatively weak attractive force accompanied by a lower stiffness. The ratio of the average
stiffness in compression to that in tension of the LJ potential in the 1% strain neighborhood
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Figure 5.6: (a) Delamination of the layers at the junctions at 6% tensile strain for the 6-
layered L8 sample. (b) Delamination stresses of L8, L16 and L25 honeycombs for different
numbers of layers. The solid lines are linear curve fits to the data.

of the equilibrium interlayer spacing (3.42 Å) is 1.4, close to the ratio of stiffnesses shown
in Fig. 5.5. At larger tensile strain values, the interlayer LJ bonds are broken resulting in the
gradual delamination of the struts at the junctions (see Fig. 5.6(a)). The delamination starts
at the junctions close to the ends where the displacement is applied, and with an increase in
strain the delamination also appears in the other junctions. Figure 5.4 shows that the tensile
failure stress is independent of the number of layers. To investigate this further, we plot the
tensile failure (delamination) stress, σd, as a function of relative density for different cell
sizes (L8, L16 and L25) in Fig. 5.6(b). The delamination stress depends solely on the length
of the cell wall L and decreases with increasing L, see Fig. 5.6(b). The delamination stress
σ∗d can be written in terms of the delamination force (per unit out-of-plane width) Fd by
neglecting the shear force Fs (see Fig. 5.7), resulting in

σ∗d = F/2L cos γ = 2Fd cos γ/2L cos γ = Fd/L, (5.4)

which is independent of the number of layers. Using the result for L16 from Fig. 5.6(b),
the delamination force per unit out-of-plane width Fd can be found to be 1.28 GPa (16 nm)
= 20.5 N/m. Then, by using this in Eq. 5.4, the delamination stress for the L8 and L25
honeycombs are predicted to be 2.5 and 0.75 GPa which are in excellent agreement with the
atomistic results of 2.5 and 0.96 GPa, respectively.
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Figure 5.7: Tensile force decomposition into normal and shear components in a graphene
honeycomb.

Fig. 5.4 shows that, in contrast to tension, the failure stress in compression depends on
the strut thickness. As depicted in Fig. 5.8(a), buckling is the dominant failure mode in
compression. To analyze this, we assume the struts to be pin jointed at the junction and by
using the multi-beam shear model [235, 244], the critical buckling load per unit out-of-plane
width Pc is obtained by equating the internal energy of the strut to the work done on the strut,

nDbend

2

L∫
0

v′′2dx +
(n − 1)Dshear

2

L∫
0

v′2dx =
Pc

2

L∫
0

v′2dx, (5.5a)

where Dbend is the monolayer bending modulus per unit out-of-plane width, Dshear = Gt,
where G is the interlayer shear modulus and v is the lateral deflection of the strut. By assum-
ing the deflection v of the strut to be described by

v = b sin kx,where k = 2ωπ/L, ω = 1, 2, .... (5.5b)

and by substituting Eq. 5.5b in Eq. 5.5a, we arrive at

Pc = nDbendk2 + (n − 1)Gt, (5.5c)

which is linear in n. The critical buckling stress σb is given by

σb =
Pc

nt
=

(
Dbendk2

t
+

(n − 1)G
n

)
. (5.5d)
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Figure 5.8: (a) Buckled configuration of the 6-layered L8 sample at 6% compressive strain
(b) Buckling stresses of the L8, L16 and L25 honeycombs as a function of nt/L. The solid
lines are the theoretical predictions of the buckling stress according to Eq. 5.5e.

We adopt t = 0.34 nm and G = 4.6 GPa from [235] and by using ω = 1 in Eq. 5.5b, the
overall buckling stress σ∗b can be written in terms of the strut buckling stress σb as

σ∗b =
−nt

2L cos γ
σb =

−1
2L cos γ

(
nDbendk2 + (n − 1)Gt

)
, (5.5e)

where γ = 30◦. For the L16 and L25 samples the critical buckling stress predicted by Eq.
5.5e is in close agreement with the atomistic results (see Fig. 5.8(b)). For the L8 case the
atomistic results are slightly overestimated, which is due to the fact that for these values of
nt/L, the struts become very stocky and beam theory can no longer be applied.

In contrast to the honeycombs studied so far, the honeycombs fabricated by Qiu et al.
[99] consist of struts that are assemblies of finite-sized graphene ribbons. To explore this,
we have generated two L8 samples with struts made of finite-sized segments of length 8 and
16 nm. The segments are separated by a gap of 2.4 Å. To investigate whether the location
of the gaps affects the Young’s modulus of the sample, we performed tensile tests on three
different realizations of honeycombs with the location of the gaps varying in each realization.
The tensile test procedure is the same as that followed for the unsegmented samples. The
resulting stress-strain curves are shown in Fig. 5.9. The slope of the stress-strain curve
(Young’s modulus) is not affected much in case of discrete segments and it is independent
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Figure 5.9: Stress-strain curves of unsegmented and segmented samples for the 6-layered L8
sample. The colors distinguishes the different realizations. The samples with segments of
16 nm correspond to the colored dotted lines and those with segments of 8 nm to the colored
solid lines.

of the location of the gaps. However, in the segmented samples, the stress-strain curves
become serrated with intermittent stress drops due to discrete interlayer sliding events. With
the increase in strain the interlayer sliding events increase the gap between the segments,
finally leading to strut failure by severe sliding, see Fig. 5.10. This is in contrast to the
failure in the unsegmented samples where failure occurs by the gradual delamination at the
junctions, leading to a flat stress-strain curve after delamination, see Figs. 5.4 and 5.9. Note
that for the 6-layered L8 sample shown in Fig. 5.9, the stress-drop at around 4% strain is due
to the spontaneous sliding of layers.

Actuation
Next, we perform actuation simulations of the L8, L16 and L25 honeycombs having

different number of layers (and thus different relative densities). The samples are initially
relaxed at 0 K with periodic boundaries on all sides. Then, charge is injected in increments
on the atoms of the surface layers of the hexagons through the modified AIREBO potential.
After every charge increment the sample is relaxed at 0 K. The charge-strain response is
linear, see Fig. 5.11(a). For a specific strut length, the magnitude of the strain is inversely
proportional to the number of layers n, see Fig. 5.11(b). In addition, we found that for
a specific number of layers the magnitude of the strain is independent of the cell size, in
correspondence to our previous studies on nanoporous gold showing that the actuation strain
is independent of relative density and varies only with the thickness of the cell walls [212,



78 Chapter 5

(a) (b) (c)

Figure 5.10: Three configurations of the 6-layered l8 honeycomb at 6% strain. (a) Unseg-
mented sample where failure occurs by delamination at the junctions. (b) Segmented sample
with segments of 16 nm where interlayer sliding events leads to failure at the junctions (c)
Segmented sample with segments of length 8 nm. The failure mechanism is the same as
that of the 16 nm segmented sample. Animations of these results are added as supporting
information.

245]. Finally, we have also performed actuation calculations (not shown) on the segmented
samples, depicting that the curves are more serrated (as also shown in Fig. 5.9), but that the
strain-charge slopes are unaffected.

5.4 Summary and conclusions

We have modified the AIREBO potential to account for the excess charge by fitting the
potential to the charge-induced strain of graphene layers obtained by DFT calculations. The
morphological changes in graphene ribbons due to edge stresses and external charge were
investigated. Pristine finite-sized graphene ribbons undergo an expansion in length due to the
larger equilibrium spacing of the atoms at the edges, leading to compressive edge stresses.
The magnitude of this equilibrium strain is inversely proportional to the width of the ribbon
(see Fig. 5.1). When the ribbons are given a small perturbation normal to the plane they
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Figure 5.11: (a) Actuation strains of the L8 honeycombs with different number of layers as
a function of the surface charge density. (b) The strain of the L8 sample is inversely pro-
portional to the number of layers n (symbols: atomistic calculations, solid line: n−1 scaling
relation).

undergo buckling, leading to the complete relaxation of the compressive edge stresses and
zero equilibrium strain. In contrast to the equilibrium strain, the charge-strain response of
the ribbons does not show a dependence on specimen size (see Fig. 5.2(b)), emphasizing that
the charge-induced actuation strain is due to the expansion or contraction of the interatomic
bond lengths between all carbon atoms and not only those at the edges. Mechanical tests
on graphene honeycombs reveal that the Young’s modulus E∗ scales linearly with relative
density, indicating that the struts predominantly deform by stretching. Due to the asymmetry
of the non-bonded interactions between neighboring graphene layers, the Young’s modulus
E∗ in compression is larger than that in tension (see Figs. 5.4 and 5.5). The honeycombs
fail by buckling of struts in compression and by delamination of graphene layers in tension
(see Figs. 5.6 and 5.8). The buckling stresses of the honeycombs predicted by a multi-beam
shear model are in close agreement with the atomistic results (see Eq. 5.5e and Fig. 5.8(b)),
showing a linear dependence on the slenderness nt/L. On the other hand, the delamination
stress solely depends on the length of the strut, and it decreases with an increase in strut-
length, which is consistent with a strut-thickness independent delamination force, see Eq.
5.4 and Fig. 5.6(b). Upon actuation, the strain scales linearly with the injected charge density
and the strain per unit surface charge is inversely proportional to the strut thickness (see Fig.
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5.11).

As indicated before, the performance of an actuator depends on the actuation stroke as
well as the ability of the structure to do work against an applied load. The load should be
limited not to exceed the failure stress of the material. The actuation strain εc of graphene
honeycombs, however, is found to be much smaller (by one order of magnitude) than the
failure strain εf = σ∗f /E

∗, so that the work performance of the graphene honeycombs is
evaluated in the elastic limit. The ratio of volume and surface area, Vs/As, for the hexagonal
honeycombs is equal to nt/2, so that the magnitude of the actuation strain per unit charge
density can be described by the scaling law

dεc

dqa
= c1n−1 = c1

(
2Vs

Ast

)−1

, (5.6)

where c1 = −5.35 × 10−3 m2/C. Besides the actuation strain the performance of an actuator
depends on its Young’s modulus, see Eq. 4.1b. The compressive E∗ scales linearly with the
relative density of the honeycomb (see Fig. 5.5) through the relation

E∗

Eg
= c2ρ∗, (5.7)

where c2 = 0.259 and Eg = 1.025 TPa [230] is the Young’s modulus of one graphene
layer. Note that c1 and c2 are constants which depend on the morphology of the structure.
Substituting Eq. 5.6 and Eq. 5.7 in Eq. 4.1b, we arrive at

Wmax
V = c3Egρ

∗

(
Vs

Ast

)−2

qa
2, (5.8)

with c3 = c2
1c2/16 = 4.63 × 10−7 m4/C2. Figure 5.12 shows the work density as a function

of the strut thickness for different relative densities and a charge density of 26.92 µC/cm2.
Clearly, to maximize Wmax

v , a small number of graphene layers should be combined with
large relative densities.

It is now insightful to compare the graphene nanofoams with the nanoporous gold struc-
tures studied in [245]. A first important index is the amount of strain that can be generated
per unit injected surface charge, dεc/dqa. Comparing Eq. 5.6 with that for nanoporous gold
discussed in chapter 4,

dεc

dqa
= d1

(
Vs

Asa

)−1

, (5.9a)
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Figure 5.12: Work density of graphene honeycombs plotted against Vs/Ast and nt for ρ∗ =
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with d1 equal to 5.9 × 10−2, 3.9 × 10−2, 3.4 × 10−2 m2/C for cubic lattices, gyroids and
nanoporous gold, respectively, yields the ratio

(dεc/dqa)graphene

(dεc/dqa)gold
=

c1t
(2d1a)

, (5.9b)

reaching values of −0.082, −0.117 and −0.135 (with the minus sign being related to the op-
posite sign of the strain upon injection of charge) for cubic lattices, gyroids and nanoporous
gold, respectively. These values clearly show that larger strains can be generated per unit
charge density for gold nanostructures compared to graphene honeycombs. Note that the
above analysis only holds for quantum-mechanical charging effects, neglecting the electro-
static contributions to strain which might be operative at larger charge densities [47, 108,
110]. Next we compare the stiffness (Eq. 5.7) to that for nanoporous gold of chapter 4,

E∗

Es
= d2ρ

∗β, (5.9c)

with Es = 79 GPa and (d2, β) = (0.33, 1), (0.84, 2) and (1.83, 3.9) for cubic lattices, gyroids
and nanoporous gold, respectively, and neglecting the size-effects for the cubic lattice. This
leads to a ratio of

E∗graphene

E∗gold
=

c2Eg

d2Es
ρ∗(1−β), (5.9d)

which clearly indicates the difference in inherent stiffness between graphene and gold, Eg/Es =
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13.0, and the effect of morphology, leading to bending-dominated scaling for the gyroids and
npg with β-values larger than 1, leading to much lower stiffnesses of these structures at small
relative densities (for ρ = 0.1 the ratio in Eq. 5.9d becomes equal to 10.2 for the gold lattice,
40 for the gold gyroid and 1458 for nanoporous gold). Finally, the different scaling for actu-
ation strain and stiffness culminates in the difference between the work densities, shown in
Fig. 5.13. Their ratio can be written as

Wmax
V graphene

Wmax
V gold

=
c3Egt2ρ∗(1−β)

d3Esa2 = αρ∗(1−β), (5.9e)

with d3 = d2d2
1/4, leading to α values of 0.068, 0.055 and 0.034 for cubic lattices, gyroids

and npg. Figure 5.13 shows this ratio as a function of relative density for the graphene
honeycombs relative to the gold lattice, gold gyroid and nanoporous gold. The prefactor α
in Eq. 5.9e is considerably smaller than one as a result of the quadratic contribution of the
actuation strain per unit charge density which is smaller for graphene than for gold. For
gold lattices, which also have a stretching dominated deformation mode as graphene (i.e.,
β = 1), this leads to the highest work density. The gold gyroids feature a bending dominated
deformation mode (β = 2), which leads to higher stiffnesses for the graphene hexagons,
especially at small densities. However, this cannot compensate for the smaller actuation
stroke of graphene for a typical relative density of 0.1. The stiffness of nanoporous gold
scales with relative density power 3.9, leading to a much higher work density for graphene
by a factor of 27 for a relative density of 0.1. The above analysis shows that the actuation
stroke per unit charge density is higher for the gold structures. However, also the ability of
the nanoporous structures to accumulate charge (related to their capacitance) should be taken
into account. Here, the graphene may do better than the gold structures, with reported values
of qa = 26.92 µC/cm2 for graphene and qa = 7.7 µC/cm2 for nanoporous gold.
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Figure 5.13: Work density ratio of graphene honeycombs with respect to gold cubic lattices,
gold gyroids and nanoporous gold [245] as a function of the relative density ρ∗.
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Appendices

A A surface charge modified AIREBO potential

A single layer of graphene is generated using VMD software [246] with zig-zagged edges
along the length and arm-chair edges along the width. The ribbon has free edge boundary
conditions along the length and width. Initially, the ribbon is relaxed at 0 K using the con-
jugate gradient technique. Then, excess negative charge of −33.7 µC/cm2 is injected on the
graphene atoms through the modified AIREBO potential followed by energy minimization
at 0 K. The charge-induced strain εc is defined as (Lf − Li)/Li, where Lf is the length of the
sample after charge injection and Li is the length before charge injection. The dimensions
of the ribbon are taken large enough so that the measured actuation strains do not depend on
sample size. The parameter ac in Eq. 5.2 is tuned such that the εc obtained from the atomistic
simulations matches with the DFT strain of 0.16% at a charge of −33.7 µC/cm2. The specific
value found for ac = 5.09 Vnm2. Then, by using this value for a range of charge densities, a
linear relation between qa and εc was found with slope dεc/dqa = −0.00475 m2/C.

B Calculation of edge stresses in graphene ribbons

We analyze infinitely long ribbons using periodic boundary conditions with free zig-zag
edges along the length direction. Tensile and compression tests are done on uncharged and
negatively charged graphene samples with widths w ranging from 2-10 nm. A charge of
−33.7 µC/cm2 is injected on all atoms of the ribbon. The sample is pulled (or compressed)
to a strain ε along the length, while the zig-zag edges are free to relax. The total energy per
unit length of the sample is given by [247]

U(ε,w) = U0 + 2τε +
1
2

Eeffwε2 (B-1a)

with
Eeff = E +

2Es

w
. (B-1b)

The strain at which the potential energy has a minimum is called the residual strain which is
given by

εr = −2τ/(wEeff), (B-1c)

where U is the total energy, U0 is the unstrained energy, τ is the edge stress and Es and
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Figure B.1: Tensile and compressive tests done on graphene sheets with (free) zigzag edges
(a) Energy change ( i.e., the difference of the energy of the sample at a specific strain and the
minimum energy) as a function of strain for the charged and uncharged sheets. (b) Residual
strain εr vs 1/(wEeff) for the charged and uncharged graphene sheets.

E are the edge and planar elastic moduli. An infinitely large graphene sheet has an energy
minimum at εr = 0. However, it is non-zero for samples with a finite width and free edges,
see Fig. B.1(a). We varied the width w and calculated the residual strain, showing a linear
dependence on 1/(wEeff), see Fig. B.1(b). The charge-induced strain is equal to 0.143%
giving dεc/dqa = −0.0042 m2/C.

The edge stress τ is calculated from the slope of the εr vs 1/(wEeff) curve. The edge stress
before and after charge injection are shown in Table B.1.

Uncharged (eV/nm) Charged (eV/nm) Stress-change (eV/nm)
Zigzag -21.2 -21.0 0.2

Table B.1: Edge stresses in graphene ribbon with zigzag edges.





Summary

Electrochemical nanoporous actuators have low weight, large specific surface areas and low
voltage operating capabilities (≈ 1V), making them attractive for application in small scale
electromechanical devices. The actuation strain of these materials at the macroscopic scale
is a manifestation of microscopic phenomena occurring at the ligament surface which is
mediated by the nanoporous architecture at the mesoscopic scale. The goal of this thesis is
to investigate the actuation and mechanical properties of these nanoporous actuators through
a multiscale computational modeling approach. We evaluated and compared the performance
characteristics of metallic and graphene actuators having different nanoporous architectures,
and captured their response in simple scaling relations.

Nanowire-resembling ligaments of the bicontinuous architecture of the nanoporous actu-
ators are at the bottom rung of the ladder, playing a fundamental role in the actuation process.
The injected charge on the nano-sized ligament surface is localized to a few atomic layers.
The electron redistribution due to the excess charge at the surface, in combination with the
high surface-to-volume-ratio of the ligaments cause dimensional changes of the ligament.
In chapter 3 we investigated the actuation characteristics of gold nanowires with varying
cross-sectional dimensions and crystal orientations by using MSEAM, a modified surface
embedded atom method fitted to the surface stress-charge coefficients of the Au(100) sur-
face obtained from density functional theory (DFT) calculations. Atomistic simulations with
the modified potential provided useful insights into the effect of size and crystal orientation
on the actuation strain of gold nanowires. We presented a theoretical formulation for the ac-
tuation strain of the wires, which is found to be inversely proportional to the cross-sectional
dimensions and depends only on material parameters of the bulk crystal and the wire sur-
faces for the specific crystallographic orientations. Our theoretical predictions are in close
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agreement to the atomistic results, and contribute to an enhanced understanding of the fun-
damental atomistic mechanisms that couple the injection of charge to structural alterations
in metallic nanowires.

After understanding the actuation behavior of nanowires we studied the actuation and
mechanical properties of ordered and disordered nanoporous gold structures in chapter 4.
The performance of electrochemical actuators depends on the magnitude of the actuation
strain and the mechanical properties of the porous structure which in turn depend on three
parameters: (1) ligament size (2) relative density and (3) morphology of the architecture.
Although ordered structures are within the reach of atomistic simulations, disordered struc-
tures are too large for a detailed atomistic analysis. Therefore, we developed a multiscale
modeling approach that features two scale transitions: (i) from the subatomic scale to the
atomistic scale and (ii) from the atomic scale to the continuum scale. The actuation strain
of all structures scales inversely with the ligament size and is independent of the relative
density. The Young’s modulus and plastic strength of cubic lattices scale linearly with the
relative density, while for gyroidal structures, the modulus and strength scale with the rel-
ative density to the power 2 and 3/2, respectively, indicating that cubic lattices deform by
stretching and the gyroid by bending of the ligaments. However, the disordered nanoporous
gold structures were found to deviate from this with the Young’s modulus scaling with a
power of 4 and the yield strength with a power of 3.5 of the relative density. The higher
exponents of these scaling relations was found to be related to (i) the loss of connectivity of
ligaments at some regions of the architecture (ii) the unusual linear scaling of relative density
with the slenderness of the ligaments. As a result, the work density was found to be smallest
for the disordered nanoporous gold structures and largest for the stretching-dominated cubic
lattice.

Finally, in chapter 5, we have studied graphene-based hexagonal honeycomb actuators.
The struts of the graphene honeycombs consist of stacked graphene layers that feature weak
interlayer van der Waals forces and relatively strong covalent bonding between the atoms in
a single graphene layer. The graphene honeycombs have a higher stiffness in compression
than in tension, due to the asymmetry in the van der Waals forces at small strains. Unlike
conventional (macroscopic) hexagonal honeycombs the stiffness of graphene honeycombs
scales linearly with the relative density, indicating that the struts deform by (affine) stretch-
ing. Since the van der Waals forces are 4 orders of magnitude smaller than the intralayer
covalent forces, the former dictate the failure behavior of the honeycombs by delamination
of the graphene layers in tension and by shear-dominated buckling in compression.
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Our research findings provide insight into the actuation performance of gold and graphene
nanofoams. In the low surface charge density regime where quantum-mechanical effects
dominate, graphene honeycombs generate smaller actuation strains per unit charge than gold
nanoporous structures with ratios being equal to −0.082, −0.117 and −0.135, for gold cu-
bic lattices, gold gyroids and nanoporous gold, respectively. For a specific relative density,
graphene honeycombs have larger Young’s moduli compared to the gold structures with ra-
tios equal to 10.2, 40 and 1458 for gold cubic lattices, gold gyroids and nanoporous gold,
respectively, at a relative density of 0.1. Although graphene honeycombs have larger Young’s
moduli, the quadratic dependence on strain reduces their work density to be smaller than that
of gold cubic lattices and gold gyroids, with work density ratios of 0.07 and 0.55, respec-
tively. However, the low Young’s modulus of nanoporous gold results in work density ratio
of graphene to nanoporous gold being equal to 27 for a relative density of 0.1.

Our results provide a fundamental understanding of the physical mechanisms that couple
the electrochemical injection of charge at the nanoscale to the overall actuation stroke and
work output of gold and graphene nanofoams. Key mechanisms that set the nanofoams
of graphene apart from that of gold are the ratio between the inherent graphene and gold
stiffness, the subatomic quantum-mechanical actuation mechanism of the graphene ribbons
and gold surfaces and the different architectural morphologies that control bending versus
stretching dominated mechanical properties. The results can be used as guidelines for the
synthesis of nanoporous actuators having optimal actuator strokes and work densities.





Samenvatting

Elektrochemische nanoporeuze actuatoren zijn licht, hebben een groot specifiek oppervlak
en kunnen werken onder een laag voltage, waardoor ze kunnen worden toegepast in klein-
schalige elektrochemische apparaten. De actuatierek is een gevolg van lading-geı̈nduceerde
fysische mechanismen op de nanometerschaal en hangt af van de cellulaire microstructuur.
Het doel van dit proefschrift is het onderzoeken van de actuatie en mechanische eigenschap-
pen van deze nanoporeuze actuatoren, door gebruik te maken van een multischaal modelleer-
aanpak. We hebben de prestaties van actuatoren van metaal en grafeen met verschillende
nanoporeuze architecturen gekarakteriseerd en vergeleken.

De kleinste structurele eenheid wordt gevormd door de ligamenten van de bicontinue
architectuur, die een fundamentele rol spelen in het actuatieproces. De geı̈njecteerde lad-
ing aan het oppervlak van de ligamenten verspreidt zich over slechts een aantal atoomla-
gen. De elektronenverdeling als gevolg van de overtollige lading op het oppervlak veroorza-
akt macroscopische dimensieveranderingen van het ligament. In hoofdstuk 3 hebben we
de actuatiekarakteristieken van deze nanoligamenten met verschillende dwarsdoorsnedes en
kristalorientaties onderzocht met behulp van een ’modified surface embedded atom method’
(MSEAM). Deze is gefit aan de hand van de oppervlaktespanning-lading coëfficiënten van
Au(100), die zijn bepaald door ’density functional theory’ (DFT) berekeningen. Atomistis-
che berekeningen met MSEAM hebben ons inzicht gegeven in het effect van afmeting en
kristalorientatie op de macroscopische actuatierek.

De actuatierek van de ligamenten is omgekeerd evenredig met de dwarsdoorsnede en
hangt voor specifieke kristalrichtingen alleen af van de materiaalparameters van het kristal
en het oppervlak van het ligament. Onze theoretische voorspellingen komen goed overeen
met de resultaten van de atomistische berekeningen en dragen bij aan het verbeteren van het
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begrip van de fundamentele atomaire mechanismen die de injectie van lading koppelen aan
structurele veranderingen van de metalen nanoligamenten.

In hoofdstuk 4 hebben we de actuatie en mechanische eigenschappen van geordende
en ongeordende nanoporeuze goudstructuren bestudeerd. De prestaties van elektrochemis-
che actuatoren hangen af van de grootte van de actuatierek en de mechanische eigenschap-
pen van de poreuze structuur, die op hun beurt weer afhangen van drie parameters: (1) de
afmetingen van de ligamenten, (2) de relatieve dichtheid en (3) de morfologie van de cellu-
laire architectuur. Hoewel geordende structuren binnen het bereik van atomaire simulaties
liggen, ongeordende structuren zijn daarentegen veel te groot voor een gedetailleerde atom-
aire beschrijving. Daarom hebben we een multischaal-model ontwikkeld, waarmee twee
schaalvergrotingsstappen zijn gemaakt: (i) van de subatomaire naar de atomaire lengteschaal
en (ii) van de atomaire naar de continuüm lengteschaal. De actuatierek van alle structuren
schaalt omgekeerd evenredig met de afmetingen van de ligamenten en is onafhankelijk van
de relatieve dichtheid. De Young’s modulus en plastische vloeispanning van kubische struc-
turen schalen lineair met de relatieve dichtheid, terwijl de modulus en vloeispanning van gy-
roidale structuren respectievelijk met een macht 2 en 3/2 van de relatieve dichtheid afhangen.
Dit wijst erop dat kubische structuren vervormen door het axiaal rekken van de filamenten
en dat gyroide structuren vervormen door het buigen van ligamenten. Verrassend genoeg
blijken de ongeordende nanoporeuze goudstructuren hiervan af te wijken met een Young’s
modulus die schaalt met een macht 4 en een vloeispanning die schaalt met een macht 3.5 van
de relatieve dichtheid. We hebben ontdekt dat de hogere exponent in deze vergelijkingen
gerelateerd is met (i) het ontbreken van ligamenten op een aantal plaatsen in de architectuur
en (ii) de ongebruikelijke lineaire relatie tussen de relatieve dichtheid en de slankheid van
de ligamenten. Hieruit is voortgekomen dat de arbeidsdichtheid het kleinst is voor de onge-
ordende nanoporeuze structuren en het grootst is voor de door rek gedomineerde kubische
structuren.

Als laatste hebben we in hoofdstuk 5 hexagonale structuren onderzocht die gemaakt zijn
van grafeen. De ligamenten van deze structuren zijn gemaakt van gestapelde lagen grafeen
die zwakke van der Waals interacties hebben tussen de lagen en relatief sterke covalente
bindingen tussen de atomen in een enkele laag. De hexagonale grafeenstructuren hebben
een hogere stijfheid in compressie dan onder trek vanwege de asymmetrie in de van der
Waals krachten bij lage rek. In tegenstelling tot conventionele (macroscopische) hexagonale
structuren schaalt de stijfheid van hexagonaal grafeen lineair met de relatieve dichtheid, het-
geen wijst op een affiene deformatie van de ligamenten. Omdat de van der Waals krachten
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4 ordes van grootte kleiner zijn dan de covalente krachten in de laag zelf, dicteren deze het
breukgedrag, door delaminatie van de lagen grafeen onder trek en door het knikken van de
ligamenten in compressie.

Onze onderzoeksresultaten bieden inzicht in het actuatiegedrag van nanoschuimen van
goud en grafeen. In het geval van een lage oppervlakteladingsdichtheid (zodat kwantum-
mechanische effecten domineren), genereren hexagonale grafeenstructuren kleinere actu-
atierekken per eenheid van oppervlaktelading dan nanoporeuze goudstructuren met ver-
houding −0.082, −0.117 en −0.135 voor gouden kubische structuren, gouden gyroiden en
nanoporeus goud. Voor een relatieve dichtheid van 0.1 heeft hexagonaal grafeen een grotere
Young’s modulus vergeleken met de structuren van goud, met verhoudingen 10, 40 en 1458
voor respectievelijk de gouden kubische structuren, gouden gyroiden en nanoporeus goud.
Hoewel hexagonaal grafeen een grotere stijfheid heeft, reduceert de kwadratische afhankeli-
jkheid van de rek de arbeidsdichtheid zodanig dat het kleiner is dan dat van gouden kubische
structuren en gyroiden. De lage Young’s modulus van nanoporeus goud levert echter een
arbeidsdichtheid op die 27 maal kleiner is dan dat van grafeen, bij een relatieve dichtheid
van 0.1.

Deze bevindingen verschaffen ons fundamenteel inzicht in de fysische mechanismen
die de elektrochemische injectie van lading op de nanoschaal relateren aan de uiteindeli-
jke macroscopische actuatierek en arbeidsdichtheid van nanoschuimen van goud en grafeen.
De belangrijkste mechanismen die de nanoschuimen van grafeen onderscheiden van die
van goud zijn de inherente stijfheid van grafeen en goud, de subatomaire kwantummech-
anische oppervlaktespanning/lading verhoudingen en de verschillende morfologieën van de
nanoporeuze architectuur. De resultaten kunnen worden gebruikt als richtlijnen voor de syn-
these van nieuwe nanoporeuze actuatoren met maximale actuatierek en arbeidsdichtheid.
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