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Abstract

Nanoporous gold (NPG) prepared by dealloying forms as bicontinuous networks of
nanoscale ligaments and offers opportunities for fundamental studies of the mechanics,
thermodynamics, and kinetics at the nanoscale. The microstructural features of the
nanoporous structure impact the functional and mechanical behavior of the material.
In this thesis, kinetic Monte Carlo (KMC) and Molecular Dynamics (MD) simulation
methods were used to explore the evolution of those microstructural features, such as
the residual less noble component (silver in the silver-gold system) content, character-
istic length scale, as well as the topological connectivity.

By using KMC dealloying model, the evolution of residual silver and silver clusters
during dealloying was studied. The dissolution and diffusion events were implemented
in the KMC algorithm to mimic the dealloying process in experiments. For the first
time in the atomistic simulation, this work demonstrates the dealloying contains two
dealloying stages: i) the primary dealloying stage generates the 3D bicontinuous net-
work; ii) the secondary dealloying stage further removes residual silver and coarsens the
ligaments. The secondary dealloying stage is for the first time investigated independent
of the primary delloying. It is challenging to isolate the primary and secondary deal-
loying in experiments. It is found that the primary dealloying process embeds silver
clusters in ligaments and coats their surfaces with a passivation layer of gold. Secondary
dealloying leads to a decrease in cluster numbers as ligaments become coarser.

The evolution of the characteristic length scale during dealloying and coarsening
was explored. The size of silver clusters and ligaments was analyzed for KMC dealloy-
ing simulation generated structures. The silver cluster size retains constant during the
whole dealloying process and scales with the ligament size of structure at the end of
primary dealloying. Our findings emphasize the size of the surviving silver clusters as
an experimental marker of the initial structure size. The coarsening process of NPG
was investigated by applying KMC simulation without atom removal, i.e. only surface
diffusion of gold atoms was an active process. Microstructures of NPG with different
solid fractions, ϕ, were generated by the leveled-wave model, a method based on lev-
eled Gaussian random fields by superposing standing sinusoidal waves with random
phase and direction but constant wavelength. The findings of the coarsening simula-
tions confirm the classical time exponent t1/4 for the size evolution and underline that
the characteristic spacing size, L̃, is more inherently linked to the coarsening kinet-
ics than the ligament diameter, Lap. The findings in this work provided a conclusive
confirmation on the huge scattered experimental results of the coarsening law of NPG.

Based on the results of our simulations, an important finding was revealed that ϕ is
a significant factor in the evolution of NPG networks’ connectivity. The connectivity,
g, when ϕ ⩾ 0.30 during dealloying, evolves sensibly along with the g-ϕ curve of the
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leveled-wave model, whereas g diminishes when ϕ < 0.30 for structures dealloyed from
the parent alloy of Ag75Au25. The volume shrinkage process of NPG was studied by us-
ing MD relaxation simulations on leveled-wave model generated NPG microstructures
with different ϕ. Our results show a larger volume contraction as ϕ is reduced. There
is no apparent increase of connectivity when ϕ ⩾0.3 but substantial enhancement when
ϕ = 0.2. The connectivity of coarsened structures was also analyzed. As the coarsening
process progresses, structures with ϕ < 0.3 tend to become increasingly disconnected,
while those with ϕ ⩾ 0.3 maintain their connectivity.

Overall, this thesis explored the evolution of three important microstructural fea-
tures of nanoporous networks: the residual less noble component, characteristic length
scale, and topological connectivity. Our findings revealed several fundamental insights
about nanoporous structures and can provide solid signatures to the experiments.
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Chapter 1

Introduction

1.1 Microstructural features of nanoporous metals
The properties of a material are always governed by the specific arrangement of its
constituents [1]. The arrangement of material constituents, including dimension, shape
and the spatial distribution of elements, phases, orientations, and defects, is grouped
under the term microstructure [1]. The microstructure contains all the characteristic
structural features of the material on a scale larger than that of the individual atoms,
but smaller than the overall size of the component. Those microstructures are impacted
by the element composition, production process and condition under the services of the
material. The characteristic length scale is one of the most fundamental microstructural
parameters for materials, e.g. the grain size in the crystalline metals. The most well-
known example of how the length scale dominates the properties of a material is that
of polycrystalline materials with small scale grains have higher strength than coarse-
grained ones–the Hall-Petch expression,

σy = σ0 + kyd−1/2 (1.1)

where σ0 and the Hall-Petch constant, ky, varies for different materials. The yield
strength, σy, increases with grain size, d, decreasing. The mechanism of this grain
refinement strengthening phenomenon is the high proportion of grain boundaries in
the fine-grained material hinder the motion of dislocations [2].

If the length scale changes to nanometer size, such as nanostructured materials,
many novel properties and functions will emerge for the material. Nanoporous metals
(NP metals) are one kind of these nanostructured materials being studied extensively
in recent years. The nanoporous metals can be fabricated by means of a self-assembling
method, namely the method of dealloying. Dealloying is the selective corrosion of one
or more constituents from a solid solution. To date, numerous of NP metals have been
reported: the nanoporous noble metals, such as Au [3–6], Pt [7], Pd [8, 9], Ag [10] and
the nanoporous cost-efficient metals, such as Cu [11, 12], Fe [13], Al [14, 15], Mg [16].
Recently, there are also nanoporous high entropy metals reported [17–19]. Typically,
NP metals have these following microstructural features in common:

• The bi-continuous network of the solid branches (ligaments). Figure 1.1 shows the
open porous nanostructured network of as-dealloyed and coarsened nanoporous
gold (NPG) [20].
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CHAPTER 1. INTRODUCTION

• Tailorable microstructure with which the length scale can be tuned self-similarly
from several nanometers to hundreds of nanometer by thermo-coarsening (Fig-
ure 1.1) [21, 22], and the solid fraction, ϕ, can be changed between 0.2-0.5 by
controlling the composition of the parent alloy [23, 24].

• Extraordinary high surface-to-volume ratio owing to the nanometer length scale,
a value of 108 m−1 can be achieved for NPG [25]. The high fraction of surface
atoms with low coordination provide a huge amount of active sites for functions
for the NP metal [26–28].

• Tunable amount and spatial distribution for the residual less noble component.
For instance, for NPG prepared from Ag-Au alloy, the residual Ag atom fraction
in the as-dealloyed NPG varies between 0.60 to 0.02 [29, 30] and the spatial
distribution can be changed during thermo annealing [31].

• The topological connectivity, g, (will be defined in Section 2.4) of as-dealloyed
NPG depends on ϕ with decreasing g as ϕ decreases [32]. At a critical value
of ϕp = 0.159, there is a percolation-to-cluster transition. NPG structures with
ϕ < ϕp are composed of isolated clusters and have g = 0.

Figure 1.1: 3D-focused ion beam reconstruction of NPG. (a) NPG produced by dealloying
with ligament size, L = 26 nm. (b) NPG after coarsening with L = 420 nm. Reprinted with
permission from Ref [20]

A diverse range of functional applications have been proposed in various fields
for nanoporous metals, such as actuators [8, 26, 33–35], sensors [36–38], bioanalytical
system and bioseparations [39–41], catalysts [27, 42, 43], and energy storage [28, 44, 45].
As nanosize length scale ligaments network, the NP metals also provide a platform for
the fundamental studies of small-scale mechanics [4, 6, 46–49], thermodynamics and
kinetics [9, 50, 51].

By multi-scale designing, hierarchical nanoporous metals create an additional di-
mension for functionality [10, 52, 53] and stronger lightweight materials [54]. The
microstructures have an important influence on the applications and mechanical prop-
erties of NP metals. For example, during annealing, the surface area of NP metal will

2



CHAPTER 1. INTRODUCTION

be reduced which will affect those functionalities based on the large surface area. Mean-
while the ligament size will increase during annealing and the change of length scale
will also change the mechanical properties because of the Hall-Petch smaller-stronger
effect. This thesis will, taking NPG as a model system, focus on the microstructure
evolution of the nanoscale network for: i) residual less noble element–the composition
and distribution, ii) characteristic length scale and iii) topological connectivity.

1.2 Residual silver of as-dealloyed NPG

Generally, the as-dealloyed NPG samples, by dealloying Ag-Au master alloy, comprise
some residual Ag. At the beginning of dealloying, the dissolution starts from the low-
coordinated Ag atoms on the surface of master alloy. Rather immediately the Au atoms
aggregate and passivate large parts of the surface [55]. The passivation Au layer on the
surface of the ligaments hampers the further dissolution of Ag atoms inside ligaments.
As a result, there are Ag atoms left in the as-dealloyed NPG. The NPG prepared by
dealloying contains residual Ag with atom fraction, xres

Ag, in the range of 0.60 to 0.02
[29, 30]. As shown in Figure 1.2, the 3D reconstructions of an NPG structure by
means of element-sensitive, transmission-electron-microscopy-based tomography and
atomic simulation reveal that residual Ag takes the form of clusters [31]. These silver
clusters are buried in the ligaments and maintain the precursor alloy’s composition,
while Au covered the surface of these ligaments. The spatial distributions of elements
and phases are important aspects that characterize the microstructure. For NPG, the
microstructure of silver clusters, i.e. the composition and spatial distribution, is of
relevance. The residual Ag has a significant impact on the functionality, mechanical
properties, and dealloying process of NPG.

a a i 

ul 

Figure 1.2: Comparison of TEM reconstruction and atomic simulation for spatial distribu-
tion of silver clusters in NPG. Reprinted with permission from Ref [31].

Residual Ag has been shown to have beneficial effects on NPG elastic properties in
[56]. The surface-enhanced Raman scattering (SERS) of NPG is reinforced by residual
Ag [57]. The effect of residual Ag in NPG which serves as a heterogeneous catalyst
is case-dependent. The rate of CO oxidation drastically enhances as the residual Ag
fraction increases [58, 59]. However, methanol oxidation shows an extreme loss of
activity with increasing Ag fraction in NPG [60, 61]. The residual Ag also influences
the corrosion process which is helpful to understand the dealloying mechanism. The
concept of parting limit is well known in dealloying system: if the less noble content
in the master alloy is lower than a certain, critical value, dealloying can not proceed

3



CHAPTER 1. INTRODUCTION

[62]. In the circumstance of multistep dealloying to generate hierarchical NPG (HNPG)
with nested-network, controlling over the residual Ag during the first dealloying step
is crucial for the tailoring of the microstructure of that kind of material [53, 63].

Usually, the spatial distribution of the residual Ag is of importance for the proper-
ties of NPG. The surface Ag atoms and their aggregation strongly affect the catalysis
[27, 64, 65]. The multistep dealloying approach requires that the residual Ag is homo-
geneously distributed in the ligaments for the first dealloyed NPG, so that it can serve
as a pattern for the second dealloying step [53, 63].

According to these observations, information in detail on the microstructural evo-
lution of residual Ag and Ag distribution is crucial for understanding the mechanisms
and properties of dealloyed NPG. The studies [31, 60] before this thesis revealed the ex-
istence of those silver clusters, leaving the evolution of these silver clusters unexplored.
In this thesis, the evolution of silver clusters at different dealloying potentials was in-
vestigated via the dealloying simulations based on the kinetic Monte Carlo (KMC)
method.

1.3 Length scale of NPG

1.3.1 Dealloying

During the dealloying process, less noble constituents are selectively removed from a
solid solution by dissolution. Based on the kinetic Monte Carlo simulations (KMC),
Erlebacher and co-authors [50, 55, 62, 66, 67] have established crucial definitions of
the atomic-scale processes for the formation and evolution of the nanoporous net-
work through the dealloying of Ag-Au alloy. Their numerical models simulated these
main features of dealloying which are consistent with experiments, such as the poros-
ity evolution [50], critical potential [55], parting limit [55], the characteristic size [67]
and topology evolution [66]. At the beginning of the dealloying, the silver atoms are
removed and Au atoms segregate to form islands with a distance comparing to a char-
acteristic length scale. Those islands grow and are covered with a passivation layer
of gold atoms. And then nanoporous networks form by undercutting and bifurcation.
The layer coated with nearly passivated gold was imaged using atom probe tomogra-
phy [68]. Surface gold layer prevents corrosion from attacking the buried areas of the
host alloy. During the progression of the corrosion front into the primary alloy, the
3D structure of nanoporous network ligaments formed in the initial corrosion event
(known as "primary dealloying" [29]) undergoes coarsening due to surface diffusion.
This coarsening process, known as "secondary dealloying" [29], results in the redistri-
bution of the Au component and gradual uncovering of buried areas, thus facilitating
further dissolution of silver from the branches of network. The SEM image in Fig-
ure 1.3a shows the bicontinuous network of pore and solid phase of the microstructure
of NPG, where the branch of the solid phase is referred to as a "ligament". Addi-
tionally, the large grain size of several tens of micrometers in NPG can be identified
from Figure 1.3b. The crystal lattice orientation and grain size are inherited from the
master alloy after dealloying [69]. There are around 109 nano-ligaments in each grain
[6]. The characteristic length scale of nanoporous gold (NPG) is defined by the size of
its ligaments or pores, rather than its grain size.
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CHAPTER 1. INTRODUCTION

Figure 1.3: Microstructure of NPG. (a) NPG prepared by dealloying with ligament size, L =

55 nm. (b) Grains are shown in EBSD orientation map. The large grains have size of 10-100
µm with around 109 nanosize ligaments in each grain. Reprinted with permission from Ref
[6].

Normally the initial length scale of porous structures created during the dealloy-
ing process (primary dealloying), which is important to understand the mechanism
of dealloying, is difficult to measure because of the fast coarsening during secondary-
dealloying even at room temperature. In-situ small angle X-ray scattering (SAXS) on
the Ag-Au dealloying system shows that the initial characteristic peak on the SAXS
pattern forms very fast and the initial length scale calculated from the peak position
is a few nm [70]. The length scale increases during dealloying and evolves to a sta-
ble status at which the size is several tens of nm. Typically, the as-dealloyed NPG
sample at room temperature shows 20-40 nm of ligament size. The porous structure
is controlled by the competition in the dissolution-diffusion process. Thus the length
scale of as-dealloyed nanoporous gold (NPG) can be tailored by controlling the applied
potential and corrosion medium to manage the dissolution process and change the dif-
fusivity of the more noble element. The ligament size of as-prepared NPG can also be
tuned to below 5 nm by changing the dealloying temperature. The mechanism behind
this is the much slower surface diffusion of gold when temperature changes from 25 ℃
to -20 ℃ [71, 72]. The length scale for an as-dealloyed NPG is 8 nm after dealloying
for 5 min but it coarsened to 15 nm after 20 min. This coarsening is caused by the
faster diffusion of gold in the nitric acid (70%) electrolyte [73]. The length scale of
as-dealloyed NPG dealloyed at room temperature can also vary between 8 nm – 67
nm by changing the surface diffusivity of gold with additional halides in the electrolyte
[73, 74]. The length scale can be below 10 nm for as-dealloyed NP noble metals with
lower surface diffusivity, such as Pt [75] and Pd [76].

There is 0.02-0.6 fraction of residual silver formed as silver clusters in the as-
dealloyed NPG (for a detailed discussion see Section 3). The silver content decreases
during the dealloying due to the dissolution, but how the mean size of those silver
clusters evolves is still unclear. The suggestion that they maintain their average size is
yet to be verified [31]. This concept is significant because it suggests that the clusters
are indicative of the initial ligament structure that results from self-organization at
the nanoscale during the primary dealloying process. However, the experimental data
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on the size of the initial ligaments, which is an essential characteristic of the process,
remains unclear. This is due to the fact that coarsening occurs simultaneously with
dealloying, and even in situ experiments provide only an average picture on a micro-
scopic scale. The size of an initial ligament cannot be isolated naturally as in situ
experiments average over microstructure regions that are at different stages of corro-
sion and roughening, which may not accurately capture the size of the initial ligament
in isolation. The secondary dealloying has never been purposefully studied in KMC
simulations (because it takes very much more time than primary dealloying, so this
is computationally very expensive). In this thesis, the kinetic Monte Carlo (KMC)
simulations of dealloying were used to isolate the primary dealloying and secondary
dealloying. The evolution of length scale of ligaments and silver clusters in those two
processes was studied separately. And the relationship between the two sizes will be
also revealed.

1.3.2 Coarsening

NPG has a porous microstructure with interconnected ligaments and nodes. The coars-
ening process will change the microstructure of NPG. Particular microstructure alter-
ations of NPG during coarsening encompass ligaments coarsening driven by surface
diffusion [77], ligaments pinching off due to the Rayleigh instability [66] and specific
surface area decrease resulting from minimizing overall surface energy [66, 78]. One
focus of this thesis was to gain a comprehensive insights of the coarsening process in
nanoporous metal networks.

Coarsening occurs during dealloying [71], post thermal annealing [77] and catalysis
services [79]. Under the principle of structure determining function, a fundamental
understanding of microstructural evolution in NPG during coarsening is critical for
further tuning and optimizing their chemical, catalytic as well as mechanical properties.
The tunable length scale can impact the properties of NPG significantly. It shows
the ductule-brittle transition dominated by the length scale of NPG structure [77].
The effect of NPG’s size on the surface-enhanced Ramn scattering (SERS) has been
reported. This is illustrated by a remarkably enhanced SERS for the ultrafine NPG
[80]. The stiffness of NPG drops as the length scale increases during coarsening and is
sensitive to the solid fraction, ϕ, [23, 81–83].

According to Herring [84], for the thermal annealing process the length scale, L,
scales with the time, t, following a coarsening law of L ∝ t1/n. Here n denotes the
coarsening exponent. For a bulk-diffusion-dominated process, n = 3, while for the
surface-diffusion-controlled process, n = 4. Qian et al. investigated the kinetics of pore
size of NPG thin film with 0.35 initial Au fraction at the temperature of -20 ℃, 0 ℃ and
room temperature [80]. The exponent, n, was identical for various temperatures with a
value of 3.4−3.7 which is very close to 4. Pia et al. reported the coarsening behavior of
NPG with ϕ = 0.30 under thermal annealing at Ar flux condition [85]. The value of, l4,
here l is length scale, shows a linear function of annealing time, t, indicating a value of
4 for n. Nakatani et al. compared the kinetics of NPG coarsening in air and vacuum for
a ϕ = 0.35, 100 nm thick NPG thin film [86]. The measured coarsening exponent, n, is
4.8±1.9 and 5.7±1.4 for annealing in air and vacuum respectively. The values of n are
compatible with the exponent for surface diffusion n = 4 but the very small thickness
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of the film used in [86] which is comparable with the length scale may influence the
kinetics. Chen-Wiegart et al. used X-ray nanotomography to study the coarsening
process in air of cylindrical NPG sample [87]. The length scale of NPG denoted by
the inverse of the specific surface area, 1/SA, shows no clear exponential increasing
function versus annealing time, t. But the calculated activation energy value, Q, shows
good agreement with Q of gold surface diffusion.

The aforementioned studies failed to provide a conclusive picture of the kinetic
parameter on the coarsening of NPG. Another aspect that coarsening behavior for
varying ϕ, an important parameter especially to the mechanical properties of NPG,
has not been systematically discussed at the onset of this thesis. In this thesis, the
coarsening behavior was studied based on KMC simulations with model parameters
fitted to experimental NPG. The leveled-wave modulation (Section 2.1.1) was chosen
to generate initial structures that matched the as-dealloyed NPG and have different
solid fractions covered the range of experimental prepared samples. The relatively large
size of simulation boxes were used to minimize the influence of their finite size on the
simulations.

1.4 Topological genus– the connectivity
Studying the mechanical properties of NP metal is of relevance. Not only because of
the mechanical stability or good performance required for the nanoporous metals to
serve as functional or structural materials but also because their nanoscale networks
provide a model system for fundamental mechanical studies at small-scale [83]. A
number of studies have shed light on the determinants of small-scale plasticity, such
as size [4, 6, 46, 47, 88, 89] and surface effects [90–92]. In addition, the studies on
the mechanical properties of nanoporous metals have also brought attention to the
role of nanoporosity in stress corrosion cracking [93, 94]. Typically, the discussion
often revolves around defining microstructural parameters such as ligament size, L,
and solid fraction, ϕ. Yet, there are contradictions among experimental results for
strength or stiffness that indicates the mechanical behavior probably be influenced by
additional parameters [20, 82, 83, 95]. A strong influence on the mechanical behavior of
the network has therefore been noted by highlighting its connectivity [82, 96–98], which
will be defined in Section 2.4, as an additional, important microstructural characteristic
of NP metal [66].

The decrease in connectivity as ϕ decreases can be employed to account for the
unexpectedly low effective Young’s modulus, Y eff , of as-dealloyed nanoporous met-
als [82, 99]. Yet, it was not able to demonstrate that the coarsened NPG samples
have much larger Y eff scatter at lower ϕ [82, 100, 101]. Erlebacher’s pioneering work
[66] reported the mechanism underlying the decrease in network connectivity during
coarsening. The curvature-driven redistribution of matter by surface diffusion tends
to pinch-off ligaments caused by the Plateau-Rayleigh instability. Simulating spinodal
decomposition [96, 99, 102, 103], which can also lead to coarsened microstructures, has
been used to create atomistic and finite-element models of NPG. Given the fact that
connectivity affects mechanics, it is prompted to investigate the connectivity evolution
during the coarsening process.

There are contradictory results in the experiments on the above topic. During
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coarsening, the decreasing Young’s modulus indicates that the number of disconnected
ligaments increases dramatically [82]. Liu et al. argued that the rapid reduction of
connectivity, caused by ligaments pinch-off during coarsening, dominated the anoma-
lous low strength in NPG because these disconnected or dangling ligaments will not
contribute to the instant strength and stiffness at macroscale. A parameter of the
ratio between the effective solid fraction and solid fraction was defined to quantify
the network connectivity in NPG. It was found that the defined network connectivity
decreased rapidly during coarsening associated with lowered strength and stiffness.

Tomographic reconstructions of NPG, however, seem to be contrary to the above
conclusion: there are constant numbers of connections in each representative compo-
nent of the volume element, regardless of the ligament size, i.e. coarsening process
follows a self-similar pattern [20, 104–106]. Hu et al. 3D reconstructed the network
structure of annealed NPG samples with various ligament sizes of 15 − 400 nm via
focused-ion-beam sectioning (FIB) method [20]. They demonstrated that the con-
nectivity of NPG structures with different ligament sizes have almost the same value
while the corresponding strengths evaluated by FEM simulation were an order of mag-
nitude lower than the prediction from the Gibson-Ashby law. Kwon et al. investigated
topology evolution during coarsening with higher mixture volume fractions of 0.36-0.50
[105, 106]. Similar results of invariant evolution of connectivity during coarsening for
various volume fractions were documented.

In their review paper [95], Mameka et al. incorporated one parameter of the load-
bearing paths denoted as Cc to access the network connectivity in NPG. A hypothesis
was established that Cc would decrease substantially at low solid fraction instead of
staying invariant at all solid fractions and there is a threshold below which the network
of NPG structure becomes discontinuous. This hypothesis was verified by Soyarslan et
al. [32]. They developed a random field method to generate numerical NPG structures
which matched the experiments very well. The connectivity for as-created random
field structures decreases as solid fraction decreases. Furthermore, there is a solid
percolation threshold of ϕp = 0.159. They found that when the solid fraction falls
below ϕp, the connectivity of the network decreases to 0, resulting in the formation
of many isolated particles. Results of network connectivity in NPG decrease as solid
fraction decrease and ligaments coarsen are inconsistent with the invariant evolution
observed by Hu and Kwon. Therefore, on the controversy over whether the evolution
of network connectivity during coarsening is invariant, further studies are worth being
carried out.

An analysis of the topology of kinetic Monte Carlo simulated nanoporous nanopar-
ticles during coarsening by surface diffusion has been performed [66]. Massive solids
without porosity are finally formed from these nanoporous particles. As a result of an
analogous process, nanoporous metal forms denser layers near its surface [107]. Since
the surface densification of the particles has no counterpart in the interior of the net-
work, it is not valid to deduce the observations on the coarsening of nanoparticles in
Ref.[69] to bulk network structures.

Simulations exploring how solid fractions, ϕ, influence the connectivity evolution in
the bulk network, based on realistic network geometries and surface diffusion-induced
coarsening, have not been reported yet. In Section 5.3, the connectivity of those
structures generated by KMC coarsening simulations in Section 4.2 were calculated.
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The evolution of connectivity during coarsening for NPG structures with different ϕ
will be exhibited. The impact of temperature on connectivity evolution will be also
discussed.

Compared to the surface diffusion-controlled coarsening process of NPG, as intro-
duced in detail in Section 3.2, the establishing 3D network at primary dealloying, and
simultaneous dealloying and coarsening at secondary dealloying make the dealloying
process more complex. The relationship between ϕ and connectivity for as-dealloyed
NPG has been established by networks based on the early-stage spinodal decompo-
sition [32]. However, dealloying is a process with corrosion of less noble component
and formation of porous due to the diffusion of more noble component, that process is
different with the spinodal decomposition process which describes the spontaneously
phase separation from a single phase without barrier. Also, the connectivity evolution
during dealloying is still unrevealed. In this context, it is worth studying the evo-
lution of connectivity during dealloying with respect to consider the detailed process
of dealloying. In Section 5.1, based on the analysis of the connectivity for structures
produced by KMC dealloying simulations in Chapter 3, the evolution of connectivity
during dealloying is explored for different Au fraction in the master alloy.

Figure 1.4: Dangling ligaments and loard-bearing network of NPG. (a) Scanning electron mi-
croscope (SEM) image of as-dealloyed NPG with solid fraction 0.25. (b) The broken/dangling
ligaments in NPG and the effective load-bearing network. Reprinted with permission from
Ref [82].

As shown in Figure 1.4 there are numerous broken or "dangling" ligaments which
can not contribute to the effective load-bearing network in NPG prepared from
Ag75Au25 [82]. The findings from the study on the evolution of connectivity during
coarsening (Section 5.3) indicate that during coarsening, nanoporous networks with a
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solid fraction of ϕ ⩾ 0.30 are more likely to preserve their connectivity, while those
with ϕ < 0.30 are prone to reduce their connectivity. The observation of different
evolution of connectivity for structures with different ϕ implicates that the number of
"dangling" ligaments in the network also depends on ϕ. The dealloying process can
lead to a volume shrinkage of as much as 30 vol%, depending on the Au fraction in the
master alloy [69, 108–110]. It can be expected that the volume shrinkage will result in
a re-connecting of these "dangling" ligaments, therefore increasing the connectivity of
the as-dealloyed NPG. To verify this assumption, in Section 5.2, MD relaxation simula-
tions of NPG networks with various ϕ will be conducted to investigate the connectivity
evolution during shrinkage and the impact of ϕ on it.
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1.5 Outline of the thesis
The following chapters outline this thesis:

Chapter 2 provides the basic conceptions of sample preparation, simulation meth-
ods, and data analysis. The methods and background for initial configurations are
described in detail. The simulation procedures of kinetic Monte Carlo (KMC) and
Molecular Dynamics (MD) methods used in this thesis are introduced. And the details
of the algorithm and setting up for simulations are also illustrated. To characterize
the length scale, different methods have to be used depending on the configuration of
data analyzed. Those characteristic size calculation methods are given in chapter 2.
The last section of this chapter focuses on the definition and calculation process of
connectivity.

Chapter 3 focuses on the results of the composition profile and residual Ag evolution
during dealloying. The details of dealloying concerning the dissolution flux density and
two steps of dealloying are discussed in the first two sections of this chapter. Followed
by the results of the composition profile and morphology of Ag distribution during
dealloying.

Chapter 4 concentrates on the results of the characteristic length scale evolution.
This chapter is divided into two sections to present the results of size evolution during
dealloying and coarsening. The first section explores the evolution of the mean size of
silver clusters and ligaments during dealloying, while the second section exhibits the
evolution of morphology and characteristic size during coarsening.

Chapter 5 mainly deals with the connectivity evolution. Three sections correspond-
ing to connectivity evolution during dealloying, shrinkage and coarsening are comprised
in this Chapter.

In the final chapter, the main findings of this thesis are summarized and future
possible studies are outlooked.
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Chapter 2

Methods

2.1 Sample preparation

2.1.1 Leveled-wave configurations

Essentially, during dealloying, nanoporous structures are formed as a result of a chemi-
cal corrosion process at the interface between the solid and the corrosion medium, which
results in increasing surface area over time [50]. An efficient and convenient numerical
stochastic nanoporous microstructures generation algorithm–the leveled wave modula-
tion, which originated from spinodal decomposition [111], was proposed by Soyarslan
et al. [32].

Using the leveled-wave modulation approach, random bicontinuous networks can
be generated that represent as-dealloyed NPG in a realistic manner. They have an
isotropic Young’s modulus and match experiments well for ϕ = 0.25−0.45. As well, the
connectivity of these networks is consistent with data derived from FIB tomographic
reconstructions of NPGs [20, 32]. The characteristic length scale indicated by the
evident interference peak of the small-angle scattering experiments of NPG [112, 113]
is also presented by the fixed characteristic wavelength in the leveled-wave algorithm.

In this thesis, the initial configurations for simulations of coarsening and shrinkage
were defined based on the leveled-wave model [32]. In the leveled-wave modulation,
a Gaussian concentration-field is generated by superimposing waves with the same
wavelength and amplitude but stochastic orientation and phase. The leveled-wave
model produces the microstructure at the end of early-stage spinodal decomposition
[111].

It is demonstrated in the schematic Figure 2.1 that the leveled-wave model is carried
out straightforwardly as described below.

The Gaussian concentration-field can be defined as:

c(r) =
√

2

N

N

∑
i=1

cos(qi ⋅ r + φi), (2.1)

where r denotes the position vector, φi represents the phase of each wave, and N is the
total number of waves which is determined by wave vectors, qi.

Monte Carlo and Molecular Dynamics of atomic system are always used in assessing
the properties of microscopic samples. An efficient way to simulate the bulk phase is to
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choose boundary conditions that simulate the existence of an infinite body surrounding
the system to be studied. Periodic boundary conditions are usually used to fulfill this
[114]. To achieve periodic NPG microstructures, it is essential to select finite waves
with integer wavenumbers in different direction and fixed modulus:

qi =
2π

b
(hie1 + kie2 + lie3), (2.2)

where b represents the edge length of the simulation box, the set of unit vectors {ei}
constitutes an orthonormal basis in the reciprocal space, the defined tuples (hi, ki, li)
is restricted to integers which are selected in the manner of a constant magnitude, H,
obtained. Therefore,

H =
√
h2
i + k2

i + l2i = const. (2.3)
The wave vectors, qi, defined in this way have the identical modulus,

q0 =
2πH

b
. (2.4)
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Figure 2.1: Schematic of leveled-wave modulation to generate nanoporous structure. (a)
the orientation of uniformly distributed wavevectors, qi, projected onto the unit sphere in the
reciprocal space, (b) Gaussian concentration-field, (c) the gauss distribution of concentration
and tuning the solid fraction by choosing different level-cut, (d) Rendering of the produced
NPG microstructure with solid fraction of ϕ= 0.35 by mapping the concentration field to a
FCC lattice.

Figure 2.1a demonstrates the uniformly distributed orientation of 120 wave vectors
on the unit sphere in the reciprocal space. These wave vectors are selected with H =√

449.
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The concentration-field, as shown in Figure 2.1b, is then generated by adapting, qi,
from Eqs. 2.2-2.3 and wave phases, φi, chosen randomly in the range of [0, 2π].

The generated random field is then mapped onto a face-centered cubic (fcc) lattice
with the gold lattice constant 408 pm. Then it is binarized into solid and pore phases
by selecting a level cut on the Gaussian distribution of concentration. Figure 2.1c
illustrates the selection of level cut.

Finally, the desired bicontinuous nanoporous gold network is produced. The solid
fraction, ϕ, can be tuned by changing the corresponding value of level cut. Figure 2.1d
shows such a NPG structure with a random bicontinuous network.

2.1.2 Definition of ligament size

෨𝐿 𝐿𝑎𝑝

Figure 2.2: Charaterisitic sizes of NPG. the ligament spacing size, L̃, denotes the mean
distance between the centers of neighboring ligaments; the apparent ligament size, Lap, rep-
resents the mean diameter of ligaments.

As shown in Figure 2.2, two kinds of ligament size were defined to characterize the
length scale of the modeled NPG structures, the apparent ligament size, Lap, and the
spacing size, L̃. The Lap is the mean diameter of ligaments which is an equivalent
but more descriptive parameter than the surface area, SV. Whereas, L̃, determined
via Eq. 2.25, represents the characteristic spacing between the centers of neighboring
ligaments. See Section 2.3.2 for detail calculation procedure.

2.1.3 Sample preparation for coarsening simulations

Simulations of coarsening were run on a rigid face-centered cubic (fcc) lattice with
a = 408 pm of gold atoms as the lattice parameter (the same value of a was used
for Section 2.1.4 and Section 2.1.5). The initial structures have the cubic simulation
boxes with edge length, b = 200a = 81.6 nm. To reveal the impacts of the finite size
of simulation boxes on the coarsening behavior, another set of initial structures with
b = 400a was constructed. The fcc lattice simulation boxes with edge length b = 200a
and b = 400a have 32 and 256 million sites, respectively.
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Table 2.1: Parameters of the initial microstructures construction for the 900 K coarsen-
ing simulations: edge length of simulation box, b, solid fraction, ϕ, magnitude, H, and their
features calculated from the microstructures: surface area per solid volume, SV, apparent liga-
ment size, Lap, and characteristic spacing between neighboring ligaments, L̃. See Section 2.3.2
for the definition of SV, Lap and L̃. Note that H is selected for each microstructures to satisfy
the identical number of waves, i.e. 120 waves and the identical Lap for all structures.

b [nm] ϕ [-] H SV
1 [1/nm] Lap

1 [nm] L̃1 [nm]

81.6 0.22
√

266 1.56 2.57 6.15
81.6 0.25

√
306 1.58 2.54 5.74

81.6 0.27
√

350 1.63 2.46 5.36
81.6 0.30

√
386 1.62 2.48 5.11

81.6 0.35
√

449 1.59 2.51 4.74
81.6 0.40

√
525 1.57 2.55 4.38

81.6 0.45
√

649 1.59 2.52 3.94
81.6 0.50

√
754 1.55 2.57 3.66

Table 2.2: Same parameters and features as Table 2.1, but for the simulations with T = 1800
K. The microstructure denoted by 0.35∗ refers to larger simulation box with edge length of
b = 400a. Note the same L̃ for all structures.

b [nm] ϕ [-] H SV [1/nm] Lap [nm] L̃ [nm]

163.2 0.25
√

449 1.91 2.09 4.74
163.2 0.30

√
449 1.74 2.30 4.74

163.2 0.35
√

449 1.59 2.51 4.74
163.2 0.35∗

√
1817 1.60 2.50 4.71

163.2 0.50
√

449 1.20 3.33 4.74

The parameters of magnitude, H, and solid fraction, ϕ, used in initial configurations
generated by leveled-wave model for the coarsening simulations with temperature, T =
900 K and 1800 K are listed in Tables 2.1 and 2.2, respectively. The values of the surface
area per solid volume, SV, the apparent ligament size, Lap, and spacing ligament size, L̃,
of the corresponding generated initial configuration are also listed. The definition and
calculation procedure of two sizes refer to Section 2.1.2 and Section 2.3.2, respectively.
The set of initial structures listed in Tables 2.1 have the identical Lap = 2.53 ± 0.06
nm but various L̃. By contrast, the initial structures listed in Tables 2.2 have the
same L̃ = 4.74 nm but different Lap. The values of SV, Lap, and L̃, of the initial
microstructures are analyzed by Eqs 2.26, 2.24, and 2.27, respectively.

Approximately 0.4 % of all atoms in the initial microstructure with ϕ = 0.22 are
composed of 12 isolated small clusters. This phenomenon agrees with the percolation-
to-cluster transition at a finite ϕ of 0.16 for the leveled-wave modulation [32]. Because

1Calculation details are provided in Section 2.3.2
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the number of atoms in these isolated clusters is negligible, they are removed before
inputted to simulations. There is only one cluster in all other initial samples.

Figure 2.3 shows the initial microstructures of leveled-wave generated NPG samples
with ϕ of 0.25, 0.35, and 0.5. Random bicontinuous nanoporous networks are achieved.
In Figure 2.3, it can be seen visually from the surface of the simulation box that the
ligaments and pores are randomly distributed and the structures do not have any
obvious texture. It is also seen that the denser structure has shorter ligaments and
smaller pore size.

(a) (b) (c)

Figure 2.3: Rendering of initial, leveled-wave configurations. 120 waves were superimposed,
and level cuts adjusted for solid fractions of 0.25 (a), 0.35 (b), and 0.50 (c). Edge lengths of
the cubic simulation boxes are 200 lattice spacings..

2.1.4 Sample preparation for shrinkage simulations

The leveled-wave model introduced in Section 2.1.1 was used to generate the initial
numerical nanoporous gold structures for molecular dynamics relaxation simulations
of shrinkage. With the edge length, b = 81.6 nm, a cubic simulation box was gen-
erated with periodic boundary conditions applied in each direction. The generated
microstructures, with solid fractions covering the range of 0.2 to 0.35, have identical
ligament diameters of Lap ≈ 3.3 nm (here, Lap was calculated by Eq. 2.24 with the
surface area per solid volume, SV , derived from open-source software Ovito [115]).
Tables 2.3 lists the solid fractions ϕ and the H values used to create these initial struc-
tures by means of the leveled-wave construction, as well as their information on the
specific surface area, and sizes.

Table 2.3: Parameters of the initial microstructures construction for the shrinkage simula-
tions. Same parameters and features as Table 2.1. Note the identical Lap.

b [nm] ϕ [-] H SV [1/nm] Lap [nm] L̃ [nm]

81.6 0.20
√

125 1.21 3.3 6.15
81.6 0.25

√
153 1.21 3.3 5.74

81.6 0.30
√

182 1.21 3.3 5.11
81.6 0.35

√
225 1.21 3.3 4.74
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2.1.5 Initial configuration for dealloying

[𝟏𝟏𝟏]

[𝟏ഥ𝟏𝟎][𝟏𝟏ഥ𝟐]

Figure 2.4: Initial configuration of random occupied fcc-lattice with composition Ag75Au25

for dealloying simulations. The simulation box is oriented in [111], [110] and [112] direction
with edge length of 30.1, 36.8 and 31.9 nm, respectively. Several layers of vacant sites are added
on the top and bottom to set the free surface in direction [111]. The dealloying simulations
for Ag65Au35 in Section 5.1 used the same parameter but only changed the fraction of random
occupied Au atom sites. The rendered colors for Au, Ag and vacant sites are yellow, white
and gray, respectively.

Figure 2.4 displays the initial configuration for the dealloying simulations in Chap-
ter 3, Section 4.1and 5.1. Figure 2.4 shows a rectangular simulation box with face-
centered cubic (fcc) lattice bound on three sides by faces of {111}-, {110}- and {112}-
types. The [111] direction surface was kept free for corrosion and there are periodic
boundary conditions in the lateral directions. There are several layers of vacant sites
on the two {111} surfaces to allow the start of corrosion. The thickness of the simu-
lation box ([111] orientation) is 30.1nm and the lateral edge lengths are 36.8 and 31.9
nm in the [110] and the [112] direction, respectively. There are 2.1 × 106 atoms in
the simulation box and it is randomly assigned with a net atom fraction of Ag75Au25

for the entire lattice. In Section 5.1, the connectivity evolution during dealloying is
explored for different composition master alloy of Ag75Au25 and Ag65Au35. Except for
the fraction of randomly occupied Au atoms changed to 0.35, the same parameters are
used for the initial configuration of Ag65Au35.
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2.2 Simulation methods

2.2.1 Kinetic Monte Carlo

In Monte Carlo simulations, the Metropolis approach [116] is commonly used. In this
algorithm, at each step, a new configuration can be achieved from the old one depending
on the variation of energy, ∆E. For an instance, Figure 2.5 displays a schematic of a
swap step in Monte Carlo simulation on a simple cubic lattice, one atom o at state i
can be chosen at random for moving to its nearest neighboring vacant sites to a new
state j. Then the energy change, ∆E, of the swap is calculated.

occupied site vacant site

𝑖

𝑜

𝑣

𝑗

𝑜

𝑣

(a) (b)

Figure 2.5: Schematic of a swap step in Monte Carlo simulation on a 2D simple cubic lattice.
(a) is the old configuration state i. Atom o can move to its nearest neighboring vacant sites.
(b) is the new configuration state j generated from state i by moving atom o to vacant site
v. The site occupied by atom and vacant site are displayed in golden and gray, respectively.

For the Metropolis approach [117],
If ∆E < 0, i.e. the swap is downhill in energy, the new configuration is accepted

with probability of 1.
If ∆E > 0, i.e. the swap is uphill in energy, it is accepted with probability of the

Boltzmann factor of ∆E, exp(−∆E/kBT ). Here, kB and T represents the Boltzmann
constant and the temperature, respectively. To do this, a random number ρ ∈ (0,1) is

accept r1

1

exp(-DE/kBT)

DEij
0 DE

r2reject

Figure 2.6: Acceptance criteria for uphill swap in Metropolis Monte Carlo simulations.
Reprinted with permission from Ref [117]
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generated. As illustrated in Figure 2.6, if ρ < exp(−∆E/kBT ), the swap is accepted.
Otherwise, the swap is rejected and the old configuration (i.e. state i) is returned to
the chain as a new state.

The Metropolis algorithm will try to find the equilibrium state, i.e. the configura-
tion with the lowest free energy. While the routine to reach an equilibrium state does
not describe the physics of how the system evolves and how equilibrium is achieved.
Thus, the real-time, t, is ignored in the Metropolis algorithm.

The kinetic Monte Carlo methods arise to simulate the evolution of a system over
time and the systems pathway in configuration space in a physically meaningful way
[118–121]. The KMC methods deliver a numerical solution to the Markovian master
equation,

∂P (i, t)
∂t

= −∑
j≠i

rijP (i, t) +∑
j≠i

rjiP (j, t) , (2.5)

where i and j are successive system states, P (i, t) denotes the probability of the system
to be in state i at time t, rij is the transition rate (the probability per unit time) of
the system changing from state i to state j. The time derivative of Eq. 2.5, when the
system is at equilibrium state, is zero. This leads to the rule of detailed-balance

rij
rji

= P (j, eq)
P (i, eq) , (2.6)

with P (i, eq) the probability of the system being in state i at equilibrium state. In the
canonical ensemble, there are the following thermodynamic averages [119, 120],

P (i, eq) = 1

Z
exp

−E(i)
kBT

, (2.7)

where Z represents the partition function and E(i) denotes the energy of the system.
Eqs. 2.6 and 2.7 give

rij
rji

= exp − E(j) −E(i)
kBT

, (2.8)

Since there are many ways to fulfill the detailed balance, it is therefore that the
transition rate, rij, can not be specified uniquely. For KMC simulations, two types of
transition rates among those common choices which satisfy the detailed balance are
[119, 121, 122]:

(a) The energy barrier, Eij, in this type of transition rate, depends only on the
energy, Ei, of the initial configuration i, see Figure 2.7a. In this case, Eij equals
to −Ei and contains only the information of the old configuration i, without the
information of the new configuration j. The transition rate can be written as,

rij = r0exp − Eij
kBT

, (2.9)

where Eij = −Ei with Ei the total energy of configuration i and r0 denotes the
attempt frequency.
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(b) The energy barrier, ∆Eij, is the energy difference of the transition from configu-
ration i to j, see Figure 2.7b. In this case, ∆Eij = Ej−Ei includes the information
both the old and new configuration during the transition [122]. The transition
rate can be written in the way of Metropolis approach:

rij = { r0 if ∆Eij < 0

r0 exp−∆Eij

kBT
if ∆Eij ≥ 0 ,

(2.10)

where ∆Eij = Ej −Ei and Ei, Ej represent the total energy of configuration i and
j, respectively. The attempt frequency, r0, in Eqs. 2.9 and 2.10 can be obtained
by a DFT calculation based on the Transition State Theory [119, 123].
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Figure 2.7: Energy barrier for two types of transition rates for the transition from config-
uration i to configuration j. Ei and Ej are the energy of configuration i and j, respectively.
Eij and ∆Eij denote energy barrier of type (a) and (b), respectively. For transition rate type
(a), Eij =−Ei. For transition rate type (b), the energy barrier, ∆Eij is the change of energy
for the transition from configuration i to j with ∆Eij = Ej −Ei.

If the Monte Carlo algorithm is employed to an adequately large system to en-
sure that the events are independent, the Poisson process can be virtually simulated.
Then the increment time, ∆t, for each transition can be obtained from an exponential
distribution [120],

∆t = − ln(ρ)
∑j rij

, (2.11)

where ρ ∈ (0,1] is a uniformly distributed random number and ∑j rij is the total rate
of all possible transitions for state i.

The KMC simulation for dealloying in this thesis is an independent implementation
of the algorithm by the work of Erlebacher [55]. The transition rate type (a) in the
bond-breaking model scenario was used in the KMC dealloying simulations. The energy
of a atom i is Ei = niEb with ni the coordination of atom i and Eb the bond energy.
For type (b), in the bond-breaking model scenario, adatoms on terrace have the same
rate with adatoms on steps because ∆nij = 0. By contrast, adatoms on terrace (ni = 9)
move much fast than adatoms on steps (ni = 8) for type (a) rate. There will be many
Au adatoms after Ag atoms removed during dealloying. In this case, transition rate
type (a) is better for describing the physical process of dealloying. The simulation
result for diffusion with transition rate type (b) is qualitatively comparable with type
(a) with temperature and energy scales shifted [55].
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For the KMC simulations of coarsening in this thesis, the transition rate type (b)
was applied. The coarsening of NPG is a process of reducing surface energy and surface
area. For type (a), the target sites of hopping from atom i are treated as equivalent and
independent of their coordination, n. By contrast, in type (b), the hopping to target
site have various probability which is weighted with their coordination. In this case,
the hopping from atom i to its target vacant sites with more reduction of surface energy
will have higher probability in the chain. Thus type (b) is more efficiency to simulate
the coarsening process of reducing surface energy. As the scale of coarsening simulation
box in this thesis is very large, type (b) was chosen for the coarsening scenario.

2.2.2 Dealloying by kinetic Monte Carlo simulation

Based on Erlebacher’s detailed description of the KMC algorithm for dealloying [55],
an independent implementation was conducted by adopting also the materials pa-
rameters from that study. Dealloying signatures obtained from this approach show
semi-quantitative agreement with experimental measurements [31, 55, 67, 124]. In this
thesis, KMC-dealloying was used for Chapter 3, Section 4.1 and Section 5.1. The initial
configuration was described in Section 2.1.5. Simulations were run upon a rectangular
on-lattice face-centered cubic (fcc) unit cell with a free surface of [111] for corrosion and
periodic boundary conditions applied for the lateral directions. In the KMC dealloying
simulations, two kinds of events, namely "diffusion" and "dissolution" were included.

The diffusion event describes a jump of Au or Ag atom to one of the nearest vacant
neighboring sites with the "bond-breaking model". The transition rate type (a) was
used. The rate of an atom, which has n first nearest neighboring shell sites, associated
with each diffusion event, kdiff

n , is

kdiff
n = νD exp

nEb

kBT
. (2.12)

Here, νD is the attempt frequency, Eb denotes the bond energy, kB and T represents the
Boltzmann constant and the temperature, respectively. These parameters are adopted
from earlier work [31, 55] with νD = 1013 s−1 and Eb = −0.15 eV. The parameter νD,
taking the order of Debye frequency, can be understood as the thermal vibration fre-
quency of the atom around its equilibrium position [125]. With these parameters used,
the length scales and time scales of the simulation are comparable with experiments.
The temperature, T , is fixed to 300 K for all simulations.

The dissolution event is restricted to the removal of an Ag atom only. The bond-
breaking model is also used to treat dissolution events. An additional parameter, φ, is
used here to modify the energy barrier of Ag atoms dissolution based on the "dealloying
potential" in experiments, which is the charge transfer per dissolved atom, here one
elementary charge. Therefore, n-coordinated Ag atoms dissolving at a rate per atom
is

kdiss
n = νE exp

nEb + φ
kBT

. (2.13)

with νE = 104s−1 the effective attempt frequency. For φ, values in the range of 1.00 eV
to 1.25 eV were implemented. An interval of 3×104 in dealloying time can be obtained
from this potential range, which is adequate for our study of dealloying kinetics.

22



CHAPTER 2. METHODS

The dissolution was restricted to Ag atoms located on the surface that have at least
3 neighboring vacant sites. Diffusion was allowed only for target vacant sites with at
least 3 nearest neighbor atoms. These rules were applied due to the facts that the
dissolution of those 10- and 11- coordinated Ag atoms are negligible and the simulated
result of "parting limit" agrees well with experimental data [62].

For visualization, Ovito [115]-a free open-source program was used. For the iden-
tification and rendering of percolating clusters during primary dealloying, Ovito’s
"Cluster Analysis" modifier was used with 0.3 nm (just beyond the first neighbor
shell) as the cut-off radius.

2.2.3 Coarsening by Kinetic Monte Carlo simulation

In this work, the coarsening was investigated by applying on-lattice KMC simula-
tions [126] with periodic boundary conditions in 3D and running on the open source
KMC platform SPPARKS [127]. The software SPPARKS was used for the coarsen-
ing simulation because it enables parallel computation and that was required for the
computationally extremely demanding coarsening simulations. The simulation boxes
for coarsening simulation with edge length b = 200a and b = 400a have 32 and 256
million sites, respectively. This scale of KMC simulation is by far the computationally
largest study in the field which has no precedent in the prior literatures. The very large
simulation box is to exclude the influence of length of box edge on the length scale of
coarsened NPG network. By contrast, the dealloying process can not be implemented
in SPPARKS because the dissolution event is not included. Thus KMC dealloying
simulations were run on my own code which is not able for parallel computation.

KMC-coarsening was used for Section 4.2 and Section 5.3. The initial microstruc-
tures for coarsening simulations have been introduced in Section 2.1.3. NPG mi-
crostructures were generated by leveled-wave modulation and mapped to cubic simu-
lation boxes with a rigid fcc lattice. In the simulation box, there are two kinds of sites,
the ones occupied with gold atoms and vacant sites. The energy for a vacant site is
0. The energy, E, of each occupied site was calculated by the nearest-neighbor bond
counting model,

E = nε, (2.14)

Here, the same ε = −0.15 eV was used here. The value of ε is selected based on the
specific surface excess free energy, γ, which drives coarsening. Typically, the γ of
densely packed surfaces of metal crystals is around 1 J/m2. Deriving from the excess
energy in the broken bonds per surface area, the values of ε = -0.15 eV and a = 408 pm
used here indicate the specific surface energies for terraces of {111}, {100} and {110} are
1.00, 1.16 and 1.23 J/m2, respectively. Despite being about 10 % lower than predictions
by density functional theory (DFT) for gold [128], their ratios are in agreement with
DFT results.

At each simulation step, a jump from an atom to one of its nearest neighboring
vacant sites will take place. Due to the jump, the total energy will vary, ∆E, for the
system,

∆E = Efinal −Einitial, (2.15)

where Einitial and Efinal refer to the system energy before and after the jump, respec-
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tively. According to Eq. 2.14, ∆E is given by

∆E = 2ε∆n, (2.16)

with ∆n the change of coordination number induced by the jump.
By adopting the type (b) transition rate, the rate, r, of each jump event is

r = { ν if ∆E < 0
ν exp− ∆E

kBT
if ∆E ≥ 0 .

(2.17)

Here ν, kB, and T refer to the attempt frequency, Boltzmann’s constant, and the tem-
perature, respectively. The value of ν depends on the details of the atomic-scale dif-
fusion mechanism and can be determined by the Transition State Theory [123]. At
T = 900 K a value of 1012 s−1 is typically assumed [127, 129] with which the time scales
are comparable with experiments. The simulations were run in parallel with 64 cores
(a 3D grid of processors arrayed by 4×4×4 is mapped to the global simulation box) for
each simulation of simulation box edge length 200a and 256 cores (arrayed by 8×8×4)
for 400a edge length box.

2.2.4 Shrinkage by Molecular Dynamics simulation

The shrinkage (Section 5.2) of NPG was studied by utilizing Molecular dynamics (MD)
simulations. The initial configurations of shrinkage simulations used the leveled-wave
model to generate the NPG microstructure with ϕ in the range of 0.20 to 0.35. A
cubic simulation box with an edge length of 81.6 nm was used and the generated NPG
structures have identical ligament diameter size of Lap ≈ 3.3 nm. A detailed description
is shown in Section 2.1.3.

The procedure of the MD simulations on NPG microstructures was based on the
approach established by Ngô et al. [99]. The open-source package Lammps [130] was
used for MD simulations. An EAM potential for Au [131] describes the interaction
potential. Nóse-Hoover thermostat and barostat [132, 133] were used to control the
temperature and pressure. The conjugate gradient algorithm was used for athermal
relaxation to minimize energy. After that, a thermal relaxation at 300 K in a state free
of load was performed. The time period of this thermal relaxation is 2 ns for shrinkage.
All MD simulations were conducted with a time step of 2 fs and periodic boundary
conditions were satisfied in all directions during the simulation.
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2.3 Analysis of characteristic size

2.3.1 Size of silver clusters and ligaments during dealloying

The approach for the analysis of the characteristic length scale, L, of silver clusters or
ligaments during dealloying is based on the radial distribution function (RDF), ρ(r),
and the microstructural envelope function, H(r) [134, 135]. Figure 2.8 shows schematic
images of functions and the producing procedure of H(r).

(a) (b) (c)

(d) (e) (f)

Figure 2.8: Schematic of analysis process of the envelope function, H(r) for NPG structure.
(a-c): 2D schematic structure for (a) solid crystal lattice, (b) nanoporous crystal lattice and
(c) geometry of nanoporous microstructure. (d, e): Radial distribution function (RDF) of
solid crystal, ρV

(r), (d) and nanoporous crystal, ρ(r), (e). (f) is the envelope function, H(r).
Reprinted with permission from Ref [134].

RDF for the solid crystal (no pore phase) (Figure 2.8a), ρV(r), is the spherical
average number density of atoms with the distance r to a reference atom [136],

ρV(r) = n
V(r)
∆V

, (2.18)

where nV(r) is the total amount of atoms located in the volume shell between r−0.5∆r
to r + 0.5∆r and ∆r is a suitable bin size for the histogram. With the volume of the
shell, ∆V = 4πr2∆r, and after normalized by the total number of atoms, N ,

ρV(r) = nV(r)
N4πr2∆r

. (2.19)

Then, ρV(r) represents an effective density of neigbhoring atoms which have the dis-
tance of r to the reference atom.

As compared to a solid crystal which has no pore phase, a nanoporous crystal
(Figure 2.8b) can be generated by removing atoms from it. The only effect of this
procedure is the reduction of the number of neighbors in the volume shell, while there
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is no displacement of atom positions. As a result of the pore phase formation, the
height of RDF decreases, but the peak positions remain unchanged (Figures 2.8d and
e). The RDF of a nanoporous crystal, ρ(r), is

ρ(r) = n(r)
Nsolid4πr2∆r

, (2.20)

with Nsolid the total number of atoms in nanoporous crystal.
This loss of height can be evaluated by the envelope function [134], H(r),

ρ(r) = ρV(r)H(r) . (2.21)

According to Eqs 2.19, 2.20 and 2.21,

H(r) = 1

ϕ

n(r)
nV(r) , (2.22)

where ϕ = Nsolid/N denotes the solid fraction of the nanoporous structure. Essentially,
H(0) = 1 and H(r) tends to converge to ϕ at r much larger than the size of pores or
ligaments in the nanoporous structure (Figure 2.8f).

The microstructure size, L, is inversely proportional to the initial slope of H(r) by
[135, 137],

L−1 = −dH

dr
∣
r=0

. (2.23)

Here ligaments are approximated as long circular rods.
Therefore, the mean ligament size of the entire solid phase (including Au and Ag)

was determined by analyzing its envelope function, Htotal(r). Moreover, to evaluate the
mean size of silver clusters, the envelope function of Ag-Ag, HAg−Ag(r), was calculated
by using the Ag component only. Periodic boundary conditions were applied for lateral
directions when calculating H(r).

2.3.2 Ligament size during coarsening

The coarsening process reduces the surface energy, which is the product of the specific
surface excess free energy, γ, with surface area, A. Therefore, the surface area per solid
volume (VS), SV = A/VS, is a natural microstructural parameter in coarsening studies
at preserved volume [138, 139]. Similarly, this parameter is commonly estimated in
NPG experiments as well [91, 140, 141]. SV was calculated from A and VS which are
evaluated by the surface reconstruction algorithm of Ref [142]. In this algorithm, the
atomic structure of the solid is tessellated using a Delaunay method. As a result of the
tessellation, the algorithm is able to extract the location of a surface by convolution
with a spherical probe volume [142]. The radius of the probe was fixed to 0.3 nm.
To determine the growth law during coarsening, for the calculation of SV of KMC-
coarsened NPG structures, A and VS were analyzed only for the largest contiguous
cluster of the NPG network with other isolated clusters removed.

As defined in Section 2.1.2, the apparent ligament size, Lap, the mean diameter of
ligaments is calculated via,
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Lap =
4

SV

. (2.24)

Here, the prefactor 4 arises from the approximation of the ligaments in the NPG
structure to the long circular rods, i.e. for a circular rod with L as its diameter, the
relation between L and SV is L = 4/SV.

According to Ref [32], SV is directly related to a different measure of ligament size,
namely the characteristic spacing between neighboring ligament centers, L̃:

L̃ = αλ = 4

SV

α√
3ϕ
e−[erf−1(2ϕ−1)]2 . (2.25)

Here α = 1.23 and λ = 2π/q denotes the wavelength of the Gaussian field. Equa-
tion 2.25 is defined for the initial microstructure generated by the leveled-wave model;
it also applies to coarsened structures if the coarsening process leads to a self-similar
microstructure evolution.

For those leveled-wave model generated structures listed in Tables 2.1− 2.3, leveled
random fields define the specific surface areas of these initial microstructures precisely
according to Eqs 7 and 13 in Ref [32] of the main text,

SV = q

ϕ

2

π
√

3
e−[erf−1(2ϕ−1)]2 . (2.26)

Here, Eq 2.2 drives the characteristic wave number q from the H values and ϕ is the
solid fraction.

The Lap is then can be evaluated by Eq 2.24 from SV. The L̃ can be calculated
from the q0 by Eq 8 in Ref [32],

L̃ = 1.23λ = 1.23
2π

q0

= 1.23
b

H
(2.27)

Eq 2.26 is only valid for initial structures generated by the leveled-wave model, by
contrast, for KMC coarsened structures, SV was resolved by the surface reconstruction
algorithm of Ref [142] and Lap, L̃ were determined via Eqs 2.24 and 2.25, respectively.
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2.4 Connectivity: Genus and scaled genus

2.4.1 Genus

The topological microstructural parameter connectivity is characterized by the scaled
genus, g, of the network. The definition of g refers to Section 2.4.2. The genus, G,
provides the basis of g. In a network microstructure, G can be specified by the number
of connections [20, 22, 66, 87]. More descriptively, G designates the maximum number
of cuts that can be done to the network before it splits into two independent parts and
collapses. A straightforward way to get G is by counting the handles or holes of the
structure. For example, solid structures of a sphere, a donut, and a pretzel have G
values of 0, 1, and 3, respectively.

3 holes       𝐺 = 32 holes       𝐺 = 22 holes         𝐺 = 2

0 hole 𝐺 = 0

1 hole 𝐺 = 1

2 holes 𝐺 = 2

Figure 2.9: Genus-the number of connections by counting handles or holes of the structure.
Examples of G values for different structures were shown. The bottom image shows a cutting
on a pretzel and G of that reduced from 3 to 2. Reprinted with permission from Ref [143].

Numerical computation of G can be achieved based on the rule that G = B1/2 for
a surface with B1 the first Betti number. Betti number, another topological term,
reveals the homology group of a structure. The first three Betti numbers are, B0-the
number of connected components, B1-the number of tunnels, B2-the number of cavities
[144, 145].

An indirect approach to compute B1 is evaluating the Euler characteristic, χ, with

χ = B0 −B1 +B2. (2.28)

For a closed surface, B0 = B2 = 1. Therefore, χ = 2 −B1 = 2 − 2G, indicating,

G = 1 − χ
2
. (2.29)

The Euler characteristic, χ, can be calculated by triangulating the surface of the struc-
ture [146] and via

χ = v − e + f. (2.30)
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with v, e, and f the number of vertices, edges, and triangles of the triangulated surface.
The surface mesh of the triangulation is required for this approach.

The Betti numbers can also be calculated in a direct manner based on the homology
theory [147]. In this thesis, the Betti numbers of KMC-generated microstructures were
computed by the open source CHomP homology software [148]. Its option for periodic
boundary conditions was switched on for periodic microstructures in order to avoid
the effects of boundary on the topology calculation. According to the aforementioned
definition, B0 = 1 implies that the solid network is a single connected cluster, while
larger B0 indicates that there are isolated particles formed. The genus was determined
by G = B1 since the input data were solid structures.

The input data of CHmoP requires on-lattice structures. So, it can be inputted
straightforward for structures generated by KMC due to they are on-lattice structures.
By contrast, the MD generates off-lattice structures. Prior to CHmoP, sites of all MD-
generated off-lattice structures were shifted to their nearest neighboring on-lattice sites
with the same simulation box size, and all voids in the solid phase were removed.

2.4.2 Scaled genus-connectivity

G is an extensive property. G scales with the volume of the specific microstructure
for a material. In light of the fact that the ligament size of the NPG microstructure
increases during coarsening, it is preferable to utilize a connectivity measurement that
is independent both of the volume of the sample and the length scale of the microstruc-
ture. For this purpose, a scaled genus, g, was employed by using the ligament size,
Lligament,

g = G
L3

ligament

Vtotal

. (2.31)

where Vtotal is the total sample volume, including solid and pore phases. In this work,
for the dealloying simulations generated structures, the ligament size, L, analyzed via
the envelope function, was used to represent Lligament for the evolution of connectiv-
ity during dealloying. For coarsening or shrinkage simulations produced structures,
the ligament spacing, L̃, based on the surface reconstruction, was used to represent
Lligament for the evolution of connectivity during coarsening. According to its defini-
tion, g represents the number of connections in a representative volume element of size,
L3

ligament.
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2.5 Selection of analysis methods
In this thesis, the processes of dealloying, coarsening and volume shrinkage of NPG
microstructure were studied by using KMC or MD simulations. The evolution of
length scales (Chapter 4) and connectivity (Chapter 5) were discussed. Various analysis
method for length scales and connectivity have to be chosen depending on the different
processes studied and the questions focused on. In this section, the selection of analysis
methods will be introduced.

For length scale:
In Section 4.1, for the structures produced by the KMC dealloying simulations, the

silver clusters are embed in the ligaments and maintain the composition of the parent
alloy. So it is difficult to define the boundaries of the silver clusters. Therefore, in
this case, the analysis of surface area cannot be done using the surface reconstruction
method. In order to give a more accurate analysis of the characteristic length scale,
L, for dealloying simulations produced structures, the envelope function was used. In
a microstructure, the envelope function, H, of a phase, examines the average, over all
material points in that phase, of the fraction of the phase that is confined within a
spherical shell with radius r surrounding a material point. Refer to Section 2.3.1 for
detailed description.

In Section 4.2, coarsening derives from the strife to reduce the specific surface area,
SV. In the context of coarsening at conserved volume, SV, is a natural microstructural
parameter. In experiment studies on NPG, this parameter is also commonly estimated
[91, 140, 141]. In order to discuss the coarsening law, during coarsening, the evolution
of two characteristic length scales, Lap and L̃ were explored. In Section 4.2, for coars-
ening simulations generated structures, Lap and L̃ were calculated based on SV. SV

was obtained from the surface reconstruction method. See Section 2.3.2 for detailed
information.

For connectivity:
In Section 5.1, the question "What connectivity is generated during dealloying"

was discussed. The ligament size, L, of dealloying simulation generated structures
in Section 4.1 was analyzed via the envelope function. Therefore, g for dealloying
simulated NPG microstructures is given by

g = G L3

Vtotal

. (2.32)

with L the ligament size of dealloying simulated structures.
In Section 5.2, the ligament spacing, L̃, was used to scale the genus of structures

outputted from shrinkage simulations. For the initial structure, L̃ [32] is

L̃ = 1.23
2π

q0

= α b

H
(2.33)

here, H is the constant magnitude of waves (Eq 2.3) and b is the simulation box edge
length.

Note that L̃3/V remains invariant when the simulation undergoes an essentially
affine contraction during relaxation. This implies that the relative changes in g and in
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G coincide. When L̃ is used to represent the length scale, with Eq 2.33 and Eq 2.31,
the scaled genus in any state, initial as well as relaxed, is

g = G(1.23

H
)

3

. (2.34)

In Section 5.3, L̃ was employed to scale the genus of coarsened NPG microstrutures.
The findings in Section 4.2 emphasized that the ligament spacing, L̃, is more intrin-
sically associated with the coarsening kinetics than the ligament diameter, Lap, with
regard to the microstructure evolution by surface transport. With Lligament represented
by L̃ in Eq 2.31, the scaled genus of coarsened NPG microstrutures, is

g = G L̃3

Vtotal

. (2.35)
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Chapter 3

Residual Ag and its evolution during
dealloying

In this Chapter, the evolution of residual less noble element (Ag in the Ag-Au dealloying
scenario) content, including the composition and distribution, during NPG dealloying
will be discussed. KMC-dealloying was carried out to study the dealloying process of
NPG. A rectangular box bounded by {111}-, {110}- and {112}-type faces was randomly
filled with 75% atomic fraction Ag atoms and 25% Au atoms (see Section 2.1.5). The
(111)-oriented surface is free from corrosion, and in the lateral directions, periodic
boundary conditions apply. Dealloying simulation at potential, φ, various from 1.00 eV
to 1.25 eV were studied. The simulation method of KMC-dealloying is described in
more detail in Section 2.2.2. The dissolution flux density will be discussed first, since
this is routinely recorded in experimental studies and so the validity of the dealloying
approach can be assessed by looking into dissolution flux density.

3.1 Dissolution flux density

The evolution of dissolution flux density, j, during the dealloying was monitored. In
accordance with Ref.[55], j is defined as the number of dissolved Ag atoms per one
site of the original {111} surface of master alloy in one unit of time. Note that with
this definition, j has the unit of number/site/second and, upon choosing a reference
potential, corresponds to the dissolution current density usually used in electrochemical
dealloying experiments.

Figure 3.1a shows the evolution of j versus the dealloying time, t, for φ = 1.15 eV.
Similar to the prior study [55], where the same set of parameters were used, there are
three apparent stages in the course of j. Dealloying begins–stage A–when the first few
layers of the surface starts to dissolve. At stage A, there is nucleation of Au atoms
islands by diffusion and passivation. The two waves at stage A represent the dissolution
of the first two layers. The overall high j at stage A is because of the more exposed
Ag atoms of the first few layers and the decrease of j is due to the passivation of Au
atoms diffusion. The following–stage B (the plateau in the figure)–characterized by an
essentially constant j illustrates that a steady-state dissolution front penetrates through
the sample. j drops sharply at the end of stage B which indicates the dissolution front
has swept the entire sample. Then j exhibits continuously decrease–stage C. The
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Figure 3.1: Evolution of dealloying rate, represented by the dissolution flux density, during
dealloying at different potentials, φ. (a) Flow densities, j, versus dealloying time, t, for φ =

1.15 eV. Colored background regions represent the different dealloying stages: (A) dealloying
of the initial few surface layers with surface roughening and passivation, (B) steady-state
dealloying with corrosion front penetrating the entire simulation box, (C) dealloying and
coarsening of the ligaments in the nanoporous network established in B. (b) similar graph
with (a) of j(t) for different φ but only stages B and C are displayed. Inset: exponent n in
the power law j ∝ tn for various φ at stage C. Note the horizontal fitting line in the inset
figure indicates n is independent of φ and has a mean value n = 1.20±0.07. All axes in figures
(a) and (b) are logarithmically displayed.

logarithmic time axis allows the figure to display phenomena on extremely different
timescales. By inspection of the Figure 3.1a one can then see that the process for stage
A is very fast but has the longest time duration for stage C.

Figure 3.1b illustrates similar graphs of Figure 3.1a with j as a function of t, but
results for different dealloying potentials, φ. For clarity, stage A is excluded and only
stages B and C are shown in Figure 3.1b. The same two well-defined separated stages
are observed for all potentials. At the steady-state stage, j decreases and time duration
increases with decreasing φ. It is shown that all potentials exhibit the same general
phenomenology, especially the two well-separated stages. This observation can be
further illustrated by fitting of the j(t) curves for different φ. After extraction of the
data for stage C, fittings for the data at different φ of j as a function of t show a power
scaling law:

j2nd ∝ t−n, (3.1)

with the exponent n = 1.20±0.07 which is independent of φ. Here subscript 2nd of j2nd

denotes the secondary dealloying stage which corresponds to stage C in j(t) graph and
will be described in the subsequent section.

3.2 Residual Ag and two steps of dealloying

The previous section explored that there are two main well-defined separated stages
with distinguish j during dealloying. The various value of j reveals the different dis-
solution velocity of Ag atoms, implying the different evolution of residual Ag in that
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two stages. The linear-log plots in Figure 3.2a show the respective changes of Ag atom
fraction, xAg, during the dealloying as a function of t for different potentials φ. In
congruence with the steady-state stage B in graphs of j(t) (Figure 3.1), all simulated
curves show an initial sharp drop of xAg. In this stage, the dissolution of Ag from
the master alloy has an essentially constant rate as the corrosion front moves to the
depth of the sample. Then the xAg(t) graphs exhibit a discontinuous change in slope.
The transition points (open circles in Figure 3.2a) correspond to the severe drop of
j in Figure 3.1b indicating the corrosion front has been swept over the entire sample
and all master alloy has been consumed. The later process links to the dealloying of
the ligaments of 3D bicontinuous networks. Irrespective of the applied potential, the
dealloying process with an initially high rate of Ag reduction becomes orders of mag-
nitude slower after a critical point. Taking φ = 1.15 eV as an example: while it only
takes ∼14 s for the Ag content to decrease from 0.75 to ∼0.18 (b to d in Figure 3.2a),
another period of more than 2.5 × 104 s is needed to dissolve the remaining Ag (d to e
in Figure 3.2a).

These transition points (open circles in Figure 3.2a) associated with the sharp drop
in j mark the instant when the corrosion front has completely crossed the entire sample.
This phenomenon has been observed for all φ. In line with Ref [29], the process before
and after the transition points was defined as primary dealloying stage and secondary
dealloying respectively.

Taking φ=1.15 eV as an example, the evolution of the microstructures during deal-
loying are rendered and displayed in Figures 3.2 b-e. Stage B exhibits a fast dissolution
which corresponds to the steady-state dealloying stage. During stage B, the corrosion
front propagates to the bottom of simulation box (Figures 3.2 b-c). While stage C
shows a slow dissolution process. At stage C, the dissolution occurs along with the
coarsening of ligaments (Figures 3.2 c-e).

A careful examination suggests a fundamental difference between the microstructure
of simulated Au-Ag systems in the primary and secondary dealloying stages: During
the primary dealloying: (i) the onset of dealloying exhibits the dissolution of the few
surface layers associated with the roughening and passivation of surface (Figure 3.2b).
(ii) then the simulated Au-Ag systems consist of a homogeneous undealloyed remnant of
the master alloy and a network system attaching to it (Figure 3.2c). The microstructure
of the primary dealloyed sample, which was obtained right after the primary dealloying
stage, resembles three-dimensional, uniform, bicontinuous networks of nanoscale liga-
ments (Figure 3.2d). The secondary dealloying, while continuing to remove residual
Ag atoms inside the ligaments, coarsens the ligaments but maintains the underlying
network structure (Figure 3.2e).

With the conception of primary and secondary dealloying established, the current
simulated data yield several important observations concerning the difference of j and
xAg between these two dealloying steps. First, as shown in Figure 3.1, a constant
dealloying rate implies that the corrosion front moves at a constant velocity during
primary dealloying. Secondary dealloying, on the other hand, exhibits a power law
behavior in which j decays with time for j2nd ∝ t−n and n is independent of φ. Second,
the inset figure in Figure 3.2a shows that the primary dealloyed samples contain a
relatively high Ag fraction and a higher φ results in a decrease in residual Ag fraction.
The xAg of the primary dealloyed samples, for example, decreases from 0.35 to 0.10
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Figure 3.2: Evolution of Ag fraction and microstructure during dealloying. (a) Linear-log
graph of Ag fraction, xAg, as a function of dealloying time, t, during dealloying at different φ.
Note the two well-separated steps for xAg(t): the first significant fast drop in xAg step and
the slow down xAg decreasing step. The transition point (open circles) for the slope of xAg(t)
marks the end of the primary dealloying stage and the onset of the secondary dealloying stage.
Inset shows xAg of primary dealloyed samples, which were taken immediately after the primary
stage and before the onset of the secondary stage, as a function of φ. In (b-d), at φ = 1.15 eV,
microstructure at different dealloying time steps is rendered, as indicated by the markers on
the respective graph in (a). The randomly distributed Ag and Au atoms in the master alloy
and the rough structure in the first few layers after the dissolution in (b) illustrates the surface
roughening and nucleation of Au atoms islands. A debuting ligament network can be seen in
the partially dealloyed sample (c). This 3D bicontinuous network completes its establishing at
the transition point (d). Further dealloying coarsens the ligaments, yet maintains the network
structures (e).

when φ increases from 1.00 eV to 1.25 eV. However, the graphs of xAg(t) decay to near
0 for all φ, indicating the secondary dealloying will remove almost all the remaining
Ag.

3.3 Composition profile and morphology

Next, the composition profile of the partially dealloyed structure during primary deal-
loying is investigated. Figure 3.3 displays the rendering of a snapshot for the mi-
crostructure of a partially dealloyed structure (top) and clusters of Ag atoms in the
same partially dealloyed structure (center) in a subvolume of the sample, associated
with the corresponding Ag composition profile of the sample versus each layer (bot-
tom). At the center, all the gold atoms have been removed, and a cluster analysis has
been performed to identify individual and isolated silver clusters. Each of those silver
clusters has been assigned a distinct color. For explanation of the cluster analysis see
Section 2.2.2. It is evident that the corrosion front has a transition region of finite
thickness that separates the virgin alloy and the primary dealloyed NPG. During the
corrosion front moving to virgin alloy, the silver clusters transit from the single per-
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Figure 3.3: Composition profile of partially dealloyed structure during primary dealloying.
A partially dealloyed structure (top) with the rendering of Au-Ag atoms at potential, φ =
1.15 eV and time, t=7.4 s shows three regions: Dealloyed nanoscale network (left), corrosion
front (middle), and undealloyed virgin alloy (right). The color of the Au atoms is golden, and
of the Ag atoms is gray. Rendering of silver clusters (center) shows consecutive Ag cluster
in master alloy segregate to isolated Ag clusters in the dealloyed ligaments network. The
unique color is rendered for distinguishing each contiguous Ag cluster. Graph (bottom) of the
corresponding Ag fraction, x̄Ag, of each layer l shows sensibly identical Ag fraction in each
layer in the primary dealloyed part. x̄Ag of each layer increases gradually in the corrosion
front to reach the composition of undealloyed master alloy. For clarity, only a subvolume of
1/3 of the corner of the sample from left to right in the corrosion direction is shown.

colating cluster (gray) of the virgin alloy to isolated clusters of Ag (colored). These
isolated clusters of Ag take similar shapes to the ligaments and are homogeneously
distributed in the ligaments network region. The graph of the composition profile, at
the bottom of the figure, is analyzed by calculating the average Ag fraction, x̄Ag, of the
plane perpendicular to the corrosion direction for each layer in the entire sample versus
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Figure 3.4: Composition profiles during primary (closed symbols) and secondary (open
symbols) dealloying stages. Sensibly constant values over time of xAg in the primary dealloyed
region implicate the secondary dealloying behind the corrosion front is negligible. Abscissa
axis gives layer number. Dealloying potential φ = 1.15 eV.

the layer, l, with l= 1 .. 129. Here l = 1 refers to the external surface layer. Each layer
in the NPG structure region displays a sensibly identical Ag fraction with x̄Ag ≈ 0.18.
As can be seen in the inset of Figure 3.2a, that value of Ag fraction x̄Ag ≈ 0.18 corre-
sponds to the residual Ag fraction in the primary alloyed structure. For the corrosion
front region (with the thickness of 45 layers and 10.5 nm), x̄Ag gradually increases from
0.18, x̄Ag of NPG structure region to 0.75, x̄Ag of the virgin master alloy. The gradual
increase of x̄Ag is quite likely not the signature of a composition gradient in the solid
part of the alloy, but rather the consequence of convolving the essentially constant
composition of the corroded alloy with the rough morphology of the corrosion front.

Figure 3.4 plots the composition profile with the same analysis method used in
Figure 3.3 for samples in the dealloying process at different times. The sensibly constant
composition in primary dealloyed NPG structure is observed for all samples during
primary dealloying stage (4 s to 10.9 s). The corrosion front region moves to the depth
layer as the dealloying proceeds. x̄Ag of the primary dealloyed sample (t =20 s) shows
homogeneous profile of the Ag through the depth. As dealloying time progresses, at
the much longer times which represent the secondary dealloying stage the composition
profile, x̄Ag(l) (open symbols in figure) exhibits a slow and uniform drop.

The observed progression of the composition profile suggests that in the primary
dealloying stage the dissolution of Ag behind the corrosion front appears to be neg-
ligible. This is simply because of the much lower dealloying rate, j of the secondary
dealloying. Primary dealloying happens within a very short time period but the sec-
ondary dealloying stage takes a much longer duration. Based on that difference in
timescales, two dealloying stages can be analyzed and discussed separately. Hence, in
the analysis in Section 4.1, the evaluation of Ag cluster size and ligament size of a
partially dealloyed sample in the primary stage was done on the NPG structure part,
while such evaluations will be conducted on the entire structure at the secondary stage.

Figure 3.5 shows slices of a NPG structure during primary and secondary dealloying
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Figure 3.5: Renderings of slices cutting through NPG structures at different t during deal-
loying at φ = 1.15 eV. A red and green color is assigned to the Au and Ag atoms, respectively.
(a-d) Discrete Ag clusters are formed during primary dealloying. No changes in ligament size
and mean cluster size are visually apparent. (e-h) Ag clusters are gradually dispersed through
secondary dealloying and ligaments are coarsened. It appears that silver clusters size does
not change and no redistribution of Ag atoms has been observed.

at φ = 1.15 eV, exemplifying that Ag atoms (green) are distributed in silver cluster
surrounded by Au atoms layers (red). No substantial change on the size and quantity
is observed in the primary dealloying stage while the Ag fraction has been reduced
from 0.75 to 0.3 in this stage (Figures 3.5a-d). The ligaments at this stage also show
no obvious coarsening.

By contrast, during the secondary dealloying stage, as shown in Figures 3.5e-h,
many Ag clusters disappeared along with the ligament size growing while the silver
fraction only reduces from 0.20 to 0.03. Apparently, some silver clusters are shown in
all of those snapshots and their sizes show no change as dealloying proceeds. It is seen
that the Ag clusters are buried in the ligaments which are passivated by a mono-layer
of pure Au atoms on the surface. Therefore, Ag clusters have a smaller characteristic
size than ligaments because of their spatial distribution. A quantitative analysis of LAg

and Llig will be presented in Section 4.1. The evolution of both sizes during dealloying
and the relation between these two sizes will be revealed.

3.4 Discussion

Two-stage characteristic of dealloying
Our simulations reinforce that the dealloying process incorporates two evidently

distinct stages, i.e. primary and secondary dealloying. During the primary stage, a
3D network is formed while most of the less noble atoms are dissolved. As a result
of that process, the ligament network’s initial topology is established, as well as the
lower limits of the ligament size that can be reached by dealloying. The secondary
dealloying describes a step where the network structure is coarsened as a result of
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surface diffusion. As the microstructure evolves, the less noble atoms, which were
retained after the primary dealloying process, gradually dissolve. This is because they
are exposed at the surfaces during the evolution of the microstructure. When it comes
to experiments, the two stages usually occur simultaneously : A primary dealloying
front moves into the depth, while a secondary dealloying follows behind it in its wake.

At any given moment in time, primary and secondary dealloying will occur
simultaneously in separate regions of a macroscopic sample in corrosion experiments.
By contrast, since our sample size is extremely small, the two processes are essentially
separated on the basis of the time axis in our study. It is significant to note that the
corrosion front sweeps through the simulation volume very quickly during primary
dealloying, and secondary dealloying becomes apparent much later. Consequently,
primary and secondary dealloying can be analyzed separately and discussed in this
thesis.
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Chapter 4

Length scale evolution of nanoporous
network

This Chapter will concentrate on the evolution of the characteristic length scale during
dealloying (Section 4.1) and coarsening (Section 4.2) of NPG microstructures.

4.1 Ag cluster size and ligament size evolution during
dealloying

In Chapter 3, KMC dealloying simulations demonstrate that there are two stages for
the dealloying: i) the primary dealloying, in which the initial network of nanoscale liga-
ments is established and the silver clusters are embedded in ligaments; ii) the secondary
dealloying, in which the number of silver clusters decreases as ligaments coarsen. In
Section 4.1.1, the size of silver cluster and ligament of the structures generated by
dealloying simulations in Chapter 3 will be analyzed via the envelope functions (see
Section 2.3.1 for detailed information of the analysis method). In Section 4.1.2, based
on the calculated results, the evolution of silver cluster size and ligament size dur-
ing primary and secondary dealloying will be discussed. Then, the relation between
two sizes will be revealed, and the parameters determining the ligament size during
dealloying will also be discussed in Section 4.1.2.

4.1.1 Silver cluster size and ligament size

For the dealloying simulations produced NPG structures, the envelope function (see
Section 2.3.1) was used for the analysis of silver cluster size and ligament size. Fig-
ures 4.1a,b plot the envelope functions of Ag atoms only, HAg−Ag(r), and for all atoms,
Htotal(r), for simulated dealloying structure with φ = 1.15 eV at different dealloying
time. The main observation from this figure is the difference of initial slope between
HAg−Ag(r) and Htotal(r). As detailed described in Section 2.3.1, the initial slope of the
envelope function can be used to estimate the size of the microstructural feature under
investigation. An identical initial slope, which does not depend on the time, can be
seen in graphs of HAg−Ag(r), implying the invariant Ag cluster size during the entire
dealloying process. By contrast, the initial slope of Htotal(r) decreases for structures
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Figure 4.1: Analysis of size during dealloying. The overpotential is φ = 1.15 eV. (a) Ag-Ag
envelope function, HAg−Ag(r), at different times shows an identical initial slope, suggesting
invariant mean cluster size. (b) Htotal(r) for the whole system only exhibits increases in the
initial slopes in the secondary dealloying stage (time > 20 s). In order to construct H(r) in
Figures a-b, a bin size of 2.885 Å was used.

at times, t >20 s which indicates an increase in ligament size after that time.
The above observations are further illustrated by the plots of evolution of Ag cluster

size and ligament size. The corresponding results for characteristic ligament size and
Ag cluster size, evaluated by Eq 2.23 from the initial slope of Figures 4.1a,b, as a
function of dealloying time, t, are shown in Figure 4.2, along with xAg at the respective
time.

The data in Figure 4.2 yields two notable observations:
First, during primary dealloying stage, despite a significant reduction of xAg from

0.75 to 0.18, both LAg and Llig remain constant with values of LAg =0.94 nm and
Llig =1.23 nm, respectively.

Second, as soon as the dealloying enters the secondary stage, Llig starts increasing.
Llig keeps growing throughout this stage to attain a size which is more than 3 times
larger, Llig ≈ 4 nm, at the end. At the same time, the remaining Ag is further removed,
so xAg decreases from 0.18 to 0.03. LAg, surprisingly, stays invariant with the value of
LAg ≈ 0.94 nm during the secondary dealloying stage.

It is important to note that the above findings regarding the evolution of the size
of Ag clusters and ligaments usually hold to all dealloying potentials, φ, investigated
here.
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Figure 4.2: Quantitative analysis confirms that both mean Ag cluster size, LAg, and ligament
size, Llig, are invariant during primary dealloying, as Ag fraction, xAg, decreases drastically.
In the secondary dealloying, while Llig increases due to surface-controlled coarsening, LAg

stays invariant.

4.1.2 Parameters determining the ligament size during dealloy-
ing

Since these observations for the evolution of silver cluster size and ligament size in
previous subsection are valid for other applied potential as well, one might ask whether
φ has any influence on Llig and LAg. In Figure 4.3, the inverse of LAg and L0

lig of the
primary dealloyed structures at each φ is shown. Here primary dealloyed structures
correspond to the structures at the instant of the end of primary dealloying and the
onset of the secondary dealloying stage (the transition points, i.e. open circles, in
Figure 3.2a). The inverse of the two characteristic sizes, 1/LAg and 1/L0

lig, are seen to
linearly increase as φ increases. Most notably, straight lines of best fit to both data sets
converge to the identical φ-value, φ = 0.900±0.002 eV, in the limit of infinite size. Thus
the corresponding φ = 0.900eV represents the minimum φ required for proceeding with
dealloying and the evolution of porosity [149]. There appears to be a constant ratio
between two sizes based on this observation. The slopes of two fitting lines give the
ratio with Llig/LAg = 1.28. The invariant ratio is confirmed by the calculation of that
ratio at each φ, as shown in the inset figure. The ratio in inset exhibits an identical
value of 1.30 ± 0.07 for all φ.

Figure 4.4a plots the ligament size, Llig, during the secondary dealloying for var-
ious φ versus t. The data points at different φ coincide in a common graph, Llig(t).
Furthermore, at long time Llig(t) evolves along the scaling growth law Llig ∝ t1/4. This
growth law usually is applied for processes dominated by surface diffusion [84] and also
has been proved to be valid for the NPG coarsening [150]. The coarsening process
and the coarsening law of NPG microstructres will be investigated in detail in Sec-
tion 4.2. An important observation here is that the coarsening at secondary dealloying
is dominated by the common graph of Llig(t). In other words, despite decisively in-
fluencing the structural sizes at the primary dealloying stage, the dealloying potential,
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Figure 4.3: Characteristic size during primary dealloying stage for different φ. Open sym-
bols: Inverse of Ag cluster size, LAg, and of ligament size, Llig, of primary dealloyed structures
(structures of the instant at transition points (open circles) in Figure 3.2a) as a function of
dealloying potential, φ. Solid lines: linear fittings of data 1/LAg and 1/Llig, respectively.
Note sensibly identical abscissa intercepts at φ = 0.900 ± 0.002eV of extrapolation for linear
fittings. Dash-dotted line: Eq 4.3, the intercept of the abscissa is fitted to the data, and the
slope is modeled using the simulation’s materials parameters. According to Eq 4.3, the slope
predicted by it is about 0.3 lower than the slope actually observed for Llig. Inset figure depicts
ratio between Llig and LAg versus φ; The horizontal fitting line in inset indicates a nearly
identical ratio of 1.30 ± 0.07 which is independent of φ.
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Figure 4.4: Characteristic size during secondary dealloying stage for different φ. (a) Lig-
ament size during secondary dealloying, Llig as a function of dealloying time, t, at various
φ. Note all graphs for different φ evolve along identical scaling behavior and trend towards
L∝ t1/4 for long times. (b) Ag fraction, xAg versus ligament size, Llig during secondary deal-
loying. Inset shows the exponent of Eq. 4.1 extracted from fitting of data sets,m = −0.57±0.02.
All axes in this figure are shown logarithmically.

φ, exhibits little affected to the coarsening kinetics at the secondary stage. Another
important observation in Figure 4.4a is that as the secondary dealloying stage takes
much longer than primary stage (for example, at φ=1.15 eV, it takes a period ranging
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from 104 s to about 106 s which is 99% of the entire dealloying time), the ligament
size after dealloying only depends on the dealloying time, t, according to Llig(t), and
is irrespective to φ.

Experimental studies [29, 31] have shown the silver fraction in sets of samples of
as prepared NPG to go down systematically as the ligament size goes up. Fig. 4.4b
shows the Ag fraction xAg as a function of ligament size, Llig at different φ at secondary
dealloying. The linear variation in the log-log graph suggests the power law

Llig ∝ (xAg)m . (4.1)

The exponent m can be seen from the inset figure to be sensibly invariant of φ, m =
−0.57 ± 0.02.

4.1.3 Discussion

Ligament size during primary dealloying
Simulation results show that the ligament size varies as L−1 ∝ (φ − φ0) with

φ0 ≈ 900 meV. In principle, this law would be expected if φ0 could be identified with
the Nernst potential and if the surface curvature, scaling with L−1, can be correlated
with overpotential, η = (φ − φ0)/qe by a Gibbs-Thomson relation. A major reason for
adopting this concept is that, in the simulation in this work, 900 meV is adequate to
compensate for the free energy of alloy crystallization. For the model here, since the
lattice here is rigid, the formation energy also corresponds to the enthalpy, which is 6
bonds per atom at bond energies of −150meV, or −900meV. When the rigid lattice con-
sists of pure components, its entropy is zero (in terms of vibrations and configurations).
In addition, under our simulation conditions, dissolution events of Eq 2.13 occur much
more frequently than diffusion jumps of Eq 2.12. The solid solution’s configuration
space is then not ergodically sampled within the brief timescale between an Ag atom
being exposed to the mobile surface layer and the atom’s dissolution. Therefore, the
entropy of mixing contributions from master alloys should not significantly affect the
processes under investigation.

The proportional relationship between 1/L and η implies that it requires higher
overpotential to generate smaller structure. This phenomena would be the inverse of
the Gibbs-Thomson relation, i.e. a tendency to result in faster dissolution at smaller
sizes and a high overpotential.

This inverse behavior of higher overpotential to generation versus dissolution of
smaller structures can be explained by the sign of the curvature of the structure:
the convex particles (positive curvature) in Gibbs-Thomson relation, but the concave
pores (negative curvature) in the dealloying scenario. In a classic coarsening scenario
convex particles with smaller size tend to dissolve more readily. The corrosion front,
on the other hand, has concave pore channels (negative curvature). To induce porosity
evolution, dissolution needs a stronger driving force at small sizes [149, 151]. There
has been discussion of an “inverse Gibbs-Thomson effect” in the context of dealloying
[67], and an inverse relationship between η and alloy dissolution length scale has been
demonstrated experimentally [152]. The results of the simulations in this thesis support
that notion.
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As has been established in the field, the evolution of the microstructure during
dealloying can be attributed to two main competing processes: surface diffusion tends
to smoothen the surface corrugation and to passivate, and dissolution creates new pore
channels to spread into the virgin master alloy below the surface [55, 149, 153]. As a
consequence, no single concept can provide valid predictions of microstructure evolution
on its own, such as expressed by the Gibbs-Thomson relation, overpotential correlates
with curvature. It is nonetheless true that at each given value of η, the aforementioned
relation does set a minimum size limit for the pore channel. Taking this lower limit
into account and comparing it with our observations seems worthwhile.

The corrosion front can be modeled as a cylindrical pore channel with diameter L
and a hemispherical cup (mean curvature κ = −4/L), at its end. It is required to have
a minimum overpotential of [149]

η = γΩκ

qe

= 4γΩ

Lqe

, (4.2)

where γ, Ω and qe denote the specific surface excess free energy (or surface tension),
atomic volume and elementary charge, respectively. In our calculations for {111},
{100}, and {110} terraces, the excess energy, evaluated by the broken bonds per area
of surface using our values of Eb and a, is γ = 0.50, 0.58, and 0.62J/m2, respectively.
Their average, γ = 0.57J/m2 is used here as a preliminary estimate of a rough surface.
The value of γ for different terraces here is half of the corresponding value calculated
in Section 2.2.3. This is because in the dealloying model described in Section 2.2.2, the
value of bond energy, Eb, is half that used in Section 2.2.3. To simplify the computation,
instead of 1/2, a value of 1 was used for the charge transfer coefficient, α, in Eq.4 in
Ref [55] (due to α = 1, it is omitted in Eq 2.13 in Section 2.2.2). This essentially scales
the bond energy by 1/2. In other words, for dealloying simulations, if α = 1/2 in Eq
2.13 in Section 2.2.2, a value of bond energy, Eb = -0.3 eV will be applied which will
be identical with the value used in the coarsening scenario.

Solving Eq 4.2 for L and taking φ = φ0 + ηqe, a lower limit for the pore size, Lmin

can be determined,

Lmin =
4γΩ

φ − φ0

. (4.3)

An illustration of the prediction of Eq 4.3 in Fig 4.3 is represented by the bold dashed-
dotted line of L−1 versus φ. With the simulation results φ0= 900 meV and the simula-
tion’s input values for Ω and γ, Eq 4.3 was adapted to compute the slope. As can be
seen, the slope from Eq 4.3 corresponds quite exactly with the data for silver cluster
sizes. There is less precision in the agreement with the ligament size, which is the
relevant quantity in this case. Taking the slope of the regression equation, it is found
that Eq 4.3 underestimates the ligament size by about a factor of 1.3. However, the
equation represents a lower limit for the pore size, so this could still be considered as
a remarkable agreement. Note that nanoporous metals are expected to have reason-
ably similar pore and ligament sizes if ϕ is not too small. Based on the results of this
study, it can be concluded that the capillary terms of the Gibbs-Thomson relation are
important for linking ligament size to dealloying potential.

Nernst potential can also be estimated using φ0 = 900meV based on the above
arguments. When φ approaches to φ0, the excess energy will become less and less
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available for the creation of surfaces, bulk dealloying won’t be possible anymore. It
is necessary to impose a critical dealloying potential above φ0, called φc, to proceed
the evolution of the porosity. This expectation is confirmed by the fact that, for
Ag75Au25, the model’s φc is in the range of 900 to 950 meV [55]. However, our simulation
does not support such a scenario conclusively. Since the fact that it is ignored in the
algorithm that silver atoms can be redeposited, the equilibrium between dissolution
and redeposition through the exchange current, which is described as Nernst potential,
cannot be captured in the model.

Ag cluster size during primary dealloying stage
A key application of dealloying is to form nanomaterials with extremely small mi-

crostructures, as described in the introduction. Therefore, it would be interesting to
investigate how dealloying conditions impact ligament size. This lower limit is deter-
mined by the primary dealloying. It is challenging, yet, to isolate the primary dealloying
ligament size in typical experiments due to the two dealloying processes (primary and
secondary) occurs simultaneously. Previously, it has been discussed how the dealloy-
ing potential impacted the dealloying ligament size. Here it will be explored how the
aforementioned challenges can be resolved.

Although, it may be challenging to discuss L in absolute terms, but it is easier to
discuss in ratio terms, L0

lig/LAg. Essentially, it results from a passivating layer being
redistributed on the pore surfaces due to the remaining more noble element. If the
microstructure remains fairly self-similar, it is also likely that the relative quantities of
the remaining more noble elements and the remnants of the pristine master alloy will
also remain relatively similar. Passivation layer thickness scales with ligament size,
which results in self-similar product structures. A significant finding from our analysis
is that L0

lig/LAg = 1.3 regardless of the absolute ligament size of the primary dealloy-
ing. In light of the finding that LAg also remains stable after coarsening, postmortem
examinations of the silver cluster size in dealloyed NPG may help identify the size of
the initial structure established by the primary dealloying. It has been demonstrated
by TEM [31, 60] and by atom probe tomography [68] that size of those survived Ag
clusters can be measured in experiments. Based on measurements of LAg, L0

lig can be
inferred. Thereby, experiments could provide a database that finally would enable us
to conclude on initial structure size during the primary dealloying.

Studies of dealloying also explore the cluster size from a different perspective: the
parting limit. The parting limit is simply the minimum amount of less noble element
that must be present for bulk dealloying to take place. Intrinsically, this relates to
percolation thresholds: percolating clusters of less-noble elements must spread the
macroscopic volume of the solid solution in order for bulk dealloying to occur [154–156].
When percolating at high density sites, the size of the ligaments may be related to the
lateral extension of percolating clusters if the fraction of less noble element is close to
the parting limit [62, 152]. xAg in the master alloy of our simulations was considerably
higher than the parting limit. As demonstrated by Fig 3.4a, a single, extended cluster
of silver indeed appears within the master alloy. As a result, after primary dealloying,
the characteristic structure size is not governed by the size of the percolating silver
clusters in the master alloy. In contrast, there are plenty of considerations relating to
the competition between passivation and corrosion, as well as the instabilities of the
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advancing corrosion front [50, 55]. In addition, Eq 4.3 entails a lower limit for the
characteristic length scale because of the balance of energy in Gibbs-Thomson-type
relations.

Ligament coarsening during the secondary dealloying stage
During the secondary dealloying process, the ligament size evolves asymptotically

at large time to follow the power law scaling of L ∝ t1/4. In spite of the fact that not
all experiments agree on a well-known scaling law for NPG coarsening [71, 86, 87], the
L ∝ t1/4 law fits well with the theory established by Herring [84] for the curvature-
driven coarsening based on surface diffusion. This scaling and the coarsening behavior
of NPG microstructures will be demonstrated in kinetic Monte Carlo simulations of
coarsening in Section 2.2.3.

The surface diffusion is not correlated with the alloying potential in the model
in this study. The coarsening appears independent of φ in this work. It should be
acknowledged that the experimental situation may be different. This is because the
applied potential may have a significant impact on the surface diffusion coefficient
[157, 158] and, consequently, on the coarsening rate [29].

Ag cluster size during secondary dealloying stage
Our simulations reveal that, despite coarsening of the ligaments into which silver

clusters are embedded, the characteristic length scale of silver clusters retains its origi-
nal size from primary dealloying. In this context, it is worth emphasizing the fact that
for gold at room temperature, equilibrium vacancy concentrations and bulk diffusivity
are extraordinarily low [29, 159]. Our simulations have accounted for that latter ob-
servation, which means that bulk diffusion is not considered in our simulation code.
Consequently, as long as the silver clusters remain buried in ligaments with a passi-
vation surface layer of Au atoms, their configuration is frozen resulting in a constant
mean size. In response to ligaments becoming coarser, gold is redistributed along the
ligaments surface by surface diffusion. Dissolution of silver occurs whenever the silver
cluster is exposed to the surface. This will result in the cluster rapidly shrinking and
disappearing.
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4.2 Ligament size evolution during coarsening

The porous network with interconnected ligaments and nodes of NPG has been es-
tablished during dealloying. The microstructure of as-prepared NPG will be changed
during the coarsening process. A fundamental understanding of the microstructural
evolution of NPG during coarsening is essential for further tuning and optimization of
its chemical, catalytic as well as mechanical properties. In fact, experimentalists often
use the coarsening process as a technique for post-dealloying processing, namely for
tuning the ligament size. In this section, the coarsening process of NPG microstruc-
tures will be investigated in isolation, independent of the dealloying.

KMC coarsening simulations were run on the open source platform SPPARKS with
periodic boundary conditions in 3D. The simulation method is introduced in detail
in Section 2.2.3. The initial NPG structures with solid fraction in the range covered
by experiments were prepared by using the leveled-wave model (see Section 2.1.1 and
Section 2.1.3). The ligament size of coarsening simulations generated structures was
analyzed (see Section 2.3.2 for detailed information of ligament size evaluation). The
evolution of morphology and ligament size during coarsening will be explored in this
Section. The coarsening law for NPG network will be revealed. The impact of temper-
ature and simulation box edge length on the coarsening will be also discussed.

4.2.1 Temperatures and initial configurations

For coarsening simulations, two temperatures were used: T = 900K and 1800 K. Those
two temperatures were chosen based on the following considerations: (i) T < 900K
will cost prohibitive computing time due to the higher energy barriers for transport
cannot be efficiently overcome at low T . (ii) T > 1800K, the vacancy concentration
and the fraction of single atoms in the (lattice-) gas are no longer negligible and so
bulk transport may start to contribute. Figure 4.5a and b show the equilibrium status
of simulated Wulff shapes of the nanoparticles at 900 and 1800 K, respectively. In
contrast to the perfect faceted surface at 900 K in Figure 4.5a, the Wulff shape of
nanoparticle at 1800 K shows a rougher surface with numerous surface defects. The
difference in the degree of surface roughness gives the chance to investigate the impact
of thermal roughening on the microstructure evolution during coarsening.

The initial configurations with different solid fractions, ϕ, for the coarsening simula-
tions are generated by the leveled-wave model. Taking the configuration at ϕ = 0.35 as
an example, as shown in Figure 4.5c, the leveled-wave generated microstructure shows
the nanoscale bicontinuous network which resembles structure of experimental NPG.
Surfaces in this initial state are rough due to the projection of the leveled random
field onto crystal lattices. This configuration corresponds to 120 wavevectors with a H
value of

√
449. The distribution and orientation of those 120 wavevectors are shown in

Figure 4.5d. In reciprocal space, the directions of the 120 wavevectors are uniformly
distributed around the unit sphere. As a result, there is no apparent microstruc-
tural texture observed from the initial configuration in Figure 4.5c. Figure 4.5e and
f display the final coarsened microstructures at 900 K and 1800 K, respectively. The
ligaments were coarsened while the bicontinuous network is maintained. The coarsened
structures exhibit some visible microstructural textures with ligaments preferentially
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oriented parallel to the simulation box edges.

4.2.2 Evolution of morphology

Figure 4.6 shows renderings of subsets with the size of 50 × 50 × 50 lattice spacings of
the entire simulation box, exhibiting the microstructure evolution. The initial state in
Figure 4.6a shows small ligaments with rough surfaces. Snapshots of structures after
the relaxation but before substantial coarsening occurs at T = 900 K and T = 1800 K are
shown in Figures 4.6b and c, respectively. These figures testify that the surface of NPG
samples evolves from the initial rough state toward the more favorable faceted surfaces
during the initial relaxation process even for the smallest structures. Figures 4.6d and e
show the final state of coarsened structures at 900 K (d) and 1800 K (e). It shows more

Figure 4.5: Simulation temperatures, initial configuration and coarsened microstructures.
(a) and (b) show Wulff shapes of nanoparticles at equilibrium status for temperatures T =

900K and 1800 K, respectively. Note the faceted surface at T=900 K and more rough surface
at 1800 K. (c) displays the initial leveled-wave configurations with solid fraction, ϕ = 0.35.
(d) illustrates the 120 wavevectors (black dots), used for generating the microstructure in (c),
projected onto the unit sphere in the reciprocal space. The 100-type orthogonal coordinate
system is also shown. (e) and (f) show final structures during coarsening for initial structure
(c) at 900 K and 1800 K, respectively. Note the microstructural texture appears in the
coarsened structure. The cubic simulation box in (c), (e), (f) has the edge length of 200 lattice
spacing and directions of [100], [010] and [001]. Yellow spheres denote Au atom positions.
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prevailing {111}- and {100} terraces, with similar numbers of atoms in both. Notably,
the surface of the structure at lower temperature forms as large facets, whereas rougher
surfaces are observed at the higher temperature.

4.2.3 Evolution of characteristic size

Two different strategies were used when generating the initial configurations. Initial
structures for the simulations at 900 K were produced to have the identical apparent
ligament diameter, Lap but different characteristic spacing L̃ by selecting different H,
therefore different random fields with different characteristic q to achieve identical spe-
cific surface area, SV. By contrast, for the simulations at 1800 K, the initial structures
were generated with identical L̃ while different Lap. To realize this, different values

Figure 4.6: Subset renderings of microstructure evolution during coarsening at different T
with ϕ = 0.35. (a): initial configuration with rough surface generated by the leveled-wave
method. (b) and (c): the relaxed structures prior to significant coarsening. (b), structure at
t = 1.1 × 106 ν−1 at temperature T = 900 K; (c) structure at t = 108 ν−1 at T = 1800 K. An
example ligament is shown in (a)-(c) insets respectively, which show the initial roughness and
faceting during relaxation. (d) and (e): final coarsened structure at T = 900 K (d) and 1800
K (e). Note different roughness between structure at two temperatures: lower temperature
produces large facets, and higher temperature produces rougher surfaces. Subsets shown here
are cut from entire simulation box and have the same size of 50×50×50 lattice spacings. The
displayed yellow spheres represent the positions of the atoms.
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were chosen for level cuts on the same random field to get a structure with different
ϕ. The mentioned H and q are parameters used in the generation of Gaussian random
fields for the leveled-wave model (see Section 2.1.1). More detailed description for the
sample preparation of coarsening simulations refers to Section 2.2.3.

Figures 4.7a and b depict the evolution of two sizes, Lap and L̃ versus time for
structures with different the solid fractions, ϕ during coarsening at 900 K and 1800 K,
respectively. Lap and L̃ in the figure were determined by Eqs 2.23 and 2.25 respectively,
with the specific surface area analyzed by Ovito based on the Delaunay tessellation of
the atomic structure of the solid (see Section 2.3.2). Those values of sizes for the
initial configurations are systematically smaller (by 11 ± 2%) than their representative
values analyzed directly from, first, the leveled random fields [32]. The deviation comes
from the discrete atomic roughness of the initial surface which will increase the surface
area, A. Second, in the surface reconstruction algorithm, the position of surface atoms
centers are treated as the surface. The leveled wave surface is dislocated inward by
these displacements. The solid volume, VS, is thus underestimated. As a consequence,
the specific surface area, SV, is overestimated which leads to the smaller size values
in the figure. The sizes analysis method for the leveled random field can only work
on the initial configurations and not to the coarsened structures (see Section 2.3.2 for
detailed information). It is then the precise value of ligament size can be assessed
only for the initial configurations based on the leveled-wave model. By contrast, the
surface reconstruction method has to be used to estimate the ligament size of coarsened
structures. In spite of these systematic variations, the sizes match the template of the
leveled-wave very well.

Graphs in Figures 4.7a and b exhibit three stages of size evolution during coarsening.
Firstly, the sizes stay sensibly invariant for a very short time. This stage corresponds to
the surface relaxation which brings the initial rough surface to the more faceted state
as discussed in Figure 4.6. Then the sizes grow with the power law of t1/4 (solid line in
figures) which is consistent with the classical growth law for curvature-driven surface
diffusion process based on Ref [84]. Finally, the coarsening slows down. A tentative
explanation is the effect of the finite size of the simulation box that once the ligament
size approaches the box size, the microstructure evolution no longer represents bulk
behavior. This issue will be inspected at the end of this subsection, see below. It is seen
that the above observations are generally applied for simulations at both temperatures.

The most remarkable point from Figures 4.7a and b is the different convergence
behavior of graphs for Lap and L̃. They start from the same initial Lap, the evolution
of Lap can be seen in Figures 4.7a to depend on ϕ. By contrast, Figure 4.7a and b
show that the L̃ of structures with different ϕ converge to a common graph, even when
the initial L̃ differs. The finding of an evolution of L̃ independent of ϕ indicates that
L̃ instead of Lap is the intrinsic size parameter to describe the coarsening behavior of
nanoporous metal networks.

If a focus is put on the comparison between simulations at two temperatures in
Figures 4.7a and b, it is found that compared to 900 K, coarsening occurs almost
2 orders of magnitude faster at 1800 K. Except for the acceleration, the coarsening
behaviors at 900 K and 1800 K show qualitative agreement with each other even though
their surface morphologies, as discussed in Section 4.2.2, are different as faceted at 900
K versus rough at 1800 K. Graphs of L̃ evolution of the simulations for structure
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Figure 4.7: Time-evolution of characteristic structure sizes during coarsening. (a) and
(b): Apparent ligament diameter, Lap, (closed symbols) and characteristic spacing between
neighboring ligaments, L̃, (open symbols) versus time, t, of structures with different solid
fractions, ϕ, during coarsening at temperatures T = 900 K (a) and 1800 K (b). Symbol
shapes are linked to ϕ in legends. The straight line represents the t1/4 kinetics (with arbitrary
prefactor). Note curves of L̃ converged and curves of Lap diverged. (c): Kinetic comparison of
different temperatures for ϕ = 0.35 structure. Closed symbols denote direct simulation results
and open symbols show results at 1800 K with the time axis multiplied by 65. Note the graph
after a shift of results at 1800 K (open symbols) exhibits superposition with the graph of 900
K. All axes in this figure are shown logarithmically.
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Figure 4.8: Comparison of coarsening with different simulation box sizes. Exemplified by
T = 1800K and ϕ = 0.35, (a) shows a log-log graph of characteristic ligament spacing L̃ as a
function of time t. Diamond symbols: standard size simulation box with an edge length of 200
lattice spacings (81.6 nm); Circle symbols: larger simulation box with an edge length of 400
lattice spacings (163.2 nm). Solid line: t1/4 kinetics (with arbitrary prefactor). Slowdown at
the third stage is only seen for the graph of the smaller box indicating the effect of the artifact
of the finite box size. (b) shows L̃4 as a function of t with the same data. Note the linearity
of the graph of L̃4

(t) for the larger box. Data in this figure confirms that the coarsening law
of the simulation is inherently L̃∝ t1/4.

with ϕ = 0.35 at 900 K and 1800 K in Figures 4.7c exemplified the quantitative
comparison of coarsening between temperatures. The same initial configuration was
used for simulations of structure with ϕ = 0.35 at 900 K and 1800 K. It is seen that
if the time axis of the graph of L̃(t) at 1800 K is multiplied by 65, then the new
graph (open symbols) coincides quite precisely with the graph at 900 K. This precise
consistency indicates the same temperature-dependence throughout the evolution of
the microstructure.

Let’s recall the observation of the slowdown of coarsening at the third stage in
Figures 4.7 where the reason was argued as the effect of the finite simulation box.
To verify this argument and the power law coarsening of t1/4, an extra simulation for
the structure with ϕ= 0.35 and with the edge length of the simulation box doubled
compared to the previous runs (i.e. 400 lattice spacings or 163.2 nm) were performed at
T= 1800 K. The sizes of initial configuration for larger simulation box are identical with
the structure with ϕ= 0.35 of previous runs (Tables 2.1 and 2.2). Figure 4.8a shows
how L̃(t) evolves over time at 1800 K for simulations with larger (circle symbols) and
standard (diamond symbols) simulation box. The coarsening law of t1/4 continues until
the time range corresponds to the third stage for the runs with the larger box which
indicates the slowdown in this stage of coarsening with a smaller box is indeed caused
by the box size. It is seen that graphs for two different box sizes are superimposed which
confirms the growth scaling law, t1/4. This coarsening power law is further supported
by the linearly increasing evolution of L̃4(t) in Figure 4.8b.
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4.2.4 Discussion

Assessing the initial microstructures
The experimental observations of coarsening of dealloying-made nanoporous gold

motivated the study of coarsening simulations. The two processes, dealloying and coars-
ening, are fundamentally different. The less noble elements are dissolved by chemical
or electrochemical driving forces, increasing porosity and surface area over time. A
coarsening process, on the other hand, is driven by the desire to reduce the net excess
surface energy introduced by dealloying. Porosity is retained during this process, while
surface area decreases. The coarsening simulations in this study is motivated to explore
the coarsening behavior and the evolution of connectivity in the bulk (the evolution of
connectivity during coarsening will be discussed in Section 5.3). It requires large-scale
NPG model structures as the basis for coarsening. The numerical NPG structures used
in this work which have 32 or 256 million sites are not conveniently generated by KMC
dealloying simulations. It thus another NPG structures generation approach have to
be found for the initial configurations of coarsening simulation in this work.

These initial structures are approximated by the leveled random field that provides
microstructure at the end of the early-stage spinodal decomposition [111]. Therefore,
the findings in this work are also relevant to how the spinodal structure varies during
coarsening, in other words, to the late-stage spinodal decomposition. The initial struc-
tures may not obviously be able to provide useful approximations to the microstructure
of nanoporous gold due to the distinct differences between dealloying and early spinodal
decomposition. Yet, Ref [32] shows microstructure based on leveled random fields have
excellent agreement with experiments on nanoporous gold in terms of elastic properties
and of the scaled genus. The leveled wave model is distinguished as that model which
has by far the strongest confirmation of similarity to experimental NPG. The initial
configurations in this work are motivated by and supported by the above considera-
tions.

Microscopic details of the KMC simulation of diffusion
A simplified representation of the experimental scenario is the basis of our KMC

approach. In our simulations, the rigid lattice prevents surface atoms from relaxing
at the atomic scale, as well as capillary forces induced long-range bulk plastic and
elastic deformation. A simplified formulation of the activation energies of the individual
diffusion events is used, with no consideration for the possible impacts of adsorbates.
It focuses instead on the most basic principles behind the coarsening of metal network
structures, that is, the (anisotropic) excess energy of the surface and the diffusion of
that energy along the surface and the step edges, rather than through the bulk. A
comparative study of KMC simulations in Refs [55, 160, 161] shows that this model is
adequate as semiquantitative agreement with experimental data on various aspects of
the evolution of the structural properties of NPG through dealloying.

Our KMC simulation does not represent coarsening timescales quantitatively due
to its simplified representation of diffusion. Nevertheless, one may wonder if the simu-
lation reflects the coarsening rate roughly realistically. Using the value ν = 1012 s−1 for
the attempt frequency [127, 129], at 900 K, an increase of ligament size from 4 to 16
nm during coarsening will take 108ν = 100µs (see Fig 4.7(c)). At room temperature,
the same coarsening process would take slightly over half an hour if extrapolating the
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kneitc by using the activation energy of 0.65 eV. The time constant in NPG appears
reasonable since several hours of dealloying at room temperature produces NPG sam-
ples with ligament sizes of 20-40 nm [107] due to coarsening behind the dealloying front
("secondary dealloying" [161, 162]).

Kinetics of coarsening and appropriate size parameter
It is emphasized in this study that the characteristic spacing between ligament

centers, L̃, is more intrinsically associated with the coarsening kinetics than the liga-
ment diameter, Lap, with regard to the microstructure evolution controlled by surface
migration. It is relevant since many experiments on NPG use a average size of liga-
ment diameter L, –similar to our Lap–to parameterize the characteristic microstructural
length scale. Through electrochemistry, other experiments calculate L as the inverse of
a specific surface area. From information in reciprocal space, it is possible to determine
the more intrinsic parameter L̃ which links to an underlying wavelength. Small-angle
scattering experiments [112, 113, 163] or fourier transforms of electron micrographs [71]
can provide this information based on peak positions. Yet, there are rarely experimen-
tal studies that have reported L̃. This study shows that coarsening kinetics follow the
expected t1/4 scaling law for coarsening process dominated by surface migration [84].
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Chapter 5

Evolution of the nanoporous network’s
connectivity

Studies of the mechanical properties of nanoporous metal [82, 96–98] emphasize that
the connectivity is an important microstructural characteristic of NP metal. The ques-
tions of how the connectivity is generated on nanoporous network and how will the
connectivity evolve are still not fully understood at the onset of this thesis. In this
Chapter, the evolution of nanoporous network’s connectivity during the processes of
dealloying (Section 5.1), shrinkage (Section 5.2) and coarsening (Section 5.3) will be
investigated.

5.1 What connectivity is generated during dealloying

In Section 4.1, the evolution of ligament size, L, of the structures generated by dealloy-
ing simulations in Chapter 3 has been exhibited. In this section, the topological genus,
G, of the same sets of dealloying simulations generated structures will be evaluated by
using the open-source software CHomP [148]. Based on the results of L and G, the
evolution of connectivity, g will be explored. In Chapter 3, the composition of initial
configuration is Ag75Au25. In order to reveal the impacts of solid fraction, ϕ, on g of
dealloying-made structures, new dealloying simulations were run with composition of
initial configuration Ag65Au35.

5.1.1 Generation of genus during dealloying

As the connectivity of nanoporous networks depends on their ϕ [32], here two sets
of simulation with Au fraction in the master alloy, xAu, is 0.25 and 0.35 were run.
Figure 5.1a and b plot genus, G, as a function of time, t, during dealloying. G first
increases to a peak point for all dealloying potentials, φ. This increasing part of the
curve corresponds to the generation of a porous microstructure, consisting of ligaments
and tunnels, during the primary dealloying stage. The increasing of G is because
the formation of porosity during the establishing of the 3D nanoporous network (see
Figure 3.2b to d). Then G decreases during secondary dealloying due to the coarsening
of the ligaments (see Figure 3.2d to e). Figure 5.1c shows genus of the primary dealloyed
(at the end of primary dealloying stage) structures, G0, at various φ for dealloying of
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Figure 5.1: Topological genus, G, as a function of dealloying time, t, at different φ with Au
content in master alloy (a) xAu=0.25 and (b) xAu=0.35. Open symbols in (a) show G value
of respective microstructure shown in Figure 3.2 c to e. (c) Genus of the primary dealloyed
structure, G0, versus dealloying potential, φ. Here, the primary dealloyed structures represent
the structures at the end of primary dealloying (the transition point in Figure 3.2). G0 is
then the peak point of each graph in Figure (a) and (b).
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xAu=0.25 and xAu=0.35. G0 increases with increasing of φ. It is seen that G0 of
structures at xAu=0.35 dealloying is essentially higher that at xAu=0.35 dealloying
except the value at φ = 1.05 eV.

5.1.2 What connectivity is generated during dealloying

To investigate the evolution of solid fraction, ϕ, during dealloying, the ϕ versus the
dealloying time, t, at different potentials, φ, and for xAu=0.25 and xAu=0.35 is displayed
in Figure 5.2 a and b, respectively. It is seen that ϕ decreases as dealloying proceed at
both xAu because of the further dissolution of Ag atoms during secondary dealloying
stage.

The comparison between the dealloying potential, φ, shows that the lower φ gen-
erates structures with higher initial ϕ and ϕ decreases more rapidly. This finding is
consistent with the observation in Figure 3.2a in Section 3.2 that residual Ag of pri-
mary dealloyed structures decreases linearly as φ increasing. The further dissolution of
Ag in secondary dealloying requires the moving away of the surface monolayer of Au
atoms. The more Ag content of structures at lower φ leads to more rapid dissolution
once the buried Ag clusters are exposed to the surface. When all the residual Ag atoms
are removed from ligaments, the ϕ value will go to the value of xAu, i.e. 0.25 and 0.35,
for the reference dash line in the graphs. Figure 3.2b also shows that ϕ of the primary
dealloyed structure exceed 0.5 at φ = 1.15 eV, 1.10 eV and 1.05 eV for the dealloying
of xAu=0.35.

Figure 5.2: Evolution of solid fraction, ϕ, during secondary dealloying of xAu=0.25 (a)
and of xAu=0.35 (b). The first point of the data at each φ represents the ϕ of the primary
dealloyed structure at the corresponding φ.

Figure 5.3 plots g as a function of L at various φ with xAu=0.25 (Figure 5.3a) and
xAu=0.35 (Figure 5.3b). L is normalized with the initial value, L0. Here, L0 is the
ligament size of the primary dealloyed structures. Figure 5.3a shows that g of the
structures with xAu=0.25 depends on φ, irrespective of the state of coarsening. Higher
potential gives a smaller scale genus. By contrast, as shown in Figure 5.3b, the g
graphs at xAu=0.35 evolve to a certain value at all φ as L increasing. It shows that g
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Figure 5.3: Scaled genus, g, versus characteristic size, L/L0 during dealloying of simulation
for the gold fraction in master alloy, xAu=0.25 (a) and of xAu=0.35 (b). L0 is the ligament
size of the primary dealloyed structures.

decreases rapidly at the beginning of coarsening and then g evolves to a straight line
with an identical value for various φ.

Figure 5.4: Scaled genus, g, versus solid fraction, ϕ. g at different dealloying times versus
ϕ for structures dealloying at various dealloying potentials, φ for Au content in master alloy
of 0.25 and 0.35. Fraction of Au atoms in master alloy for open symbols: Ag65Au35 and for
closed symbols: Ag75Au25. Blue cross square symbols represent g of leveled-wave structures
shown in Table 2.1. With Eq. 2.23, the ligament size, L, for all leveled-wave structures were
calculated with L=2.9±0.1 nm. Red star symbol is the experimental data by focused-ion-beam
sectioning (FIB) method [20]. Note that the abscissa is displayed as ϕ decreasing from right
to left because ϕ decreases with the removal of Ag atoms during dealloying.

The leveled-wave structures show excellent agreement with experimental as-
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dealloyed nanoporous samples on the connectivity and on the mechanical properties
[32]. Here g values of leveled-wave structures were used as a benchmark to compare
with the g evolution during dealloying.

There is an analytical equation for the relation of scaled genus, g, and solid fraction,
ϕ, for the leveled-wave model (Eq.16 and Fig.5 in Ref. [32]). The ligament spacing,
L̃, is used to scale the genus there. However, the ligament size, L, of the dealloying
simulation made NPG structures in this work was assessed by using the envelope
function. The L here is the same with the mean ligament diameter, Lap, which is
different with L̃. The difference between Lap and L̃ has been introduced in Section 2.1.2.
It is thus convenient to use the same method to calculate L for leveled-wave model
generated structures. Based on the previous considerations, those numerical leveled-
wave structures in Table 2.1 were used here. The value of L and g of leveled-wave
structures was evaluated by the same methods used for the KMC-dealloying generated
structures.

The scaled genus, g, calculated via Eq. 2.32 for leveled-wave structures is depicted
in Figure 5.4 as blue cross square symbol. From the autocorrelation function, by
using Eq. 2.23, the ligament size, L, for all leveled-wave structures was calculated as
L=2.9±0.1 nm. Comparing the data of different xAu values it is seen that, the graph
of g for xAu=0.35 is either above or on the graph of leveled-wave structure. Yet, the
g data of xAu=0.25 is either on the graph of leveled-wave structure or lower. When
ϕ < 0.3 for the xAu=0.25 runs, g of dealloyed structures decreases dramatically and
does not evolve along the graph of the leveled-wave structure anymore. The reason for
the rapidly decreasing of g when ϕ < 0.3 is because of the non-self-similar coarsening
of the nanoporous network for structures with ϕ < 0.3. It shows dealloying simulation
generated structure has similar g value with the experimental data by focused-ion-beam
sectioning (FIB) method from Ref. [20].

5.1.3 Discussion

The results of genus, G, for different xAu shown in Figure 5.1c, namely, lesser G at lesser
xAu, are consistent with experimental observations that the network is well-connected
for as-dealloyed NPG at ϕ = 0.35 while there are numerous broken ligaments in ϕ = 0.25
NPG [23, 24]. As shown in Chapter 3, the primary dealloying stage plays an important
role to establish the 3D bicontinuous network. The formation of the porous structure
leads to the increase of G during the primary dealloying. The G value at the end of
primary dealloying is higher for xAu=0.35 except for the structure at φ = 1.05 eV. Note
the bicontinuous network of NPG is symmetrical with the ϕ = 0.50 for the solid and
pore phase. Thus, the lower G at φ = 1.05 eV for xAu=0.35 is observed due to the
ϕ = 0.56 (Figure 5.2b) which exceeds 0.5. The decreasing of G after a maximum value
is because of the coarsening during secondary dealloying.

During the secondary dealloying, the dissolution of the buried Ag clusters makes the
ligaments thinner and the solid fraction smaller. These two effects occur simultaneously
with ligaments coarsening. The dissolution makes the secondary dealloying process dif-
ferent from the coarsening which will be discussed in Section 5.3. The finding that g
evolving along the data set of leveled-wave model when ϕ ⩾ 0.30 during secondary
dealloying indicates that the removal of the Ag atoms from the nano-ligaments will
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not affect connections in the network. In other words, the connections in network are
established by the primary dealloying and retained during secondary dealloying when
ϕ ⩾ 0.30. This finding also emphasizes the validation of the leveled-wave model, even
though the two NPG structure generation processes are different. In Section 5.3, the
evolution of connectivity during coarsening will be investigated in isolation, indepen-
dent of the dealloying based on the initial configurations generated by the leveled-wave
model.

5.2 Evolution of connectivity during shrinkage

This section will explore the results of connectivity evolution during volume shrinkage
of NPG structures. Based on the leveled-wave model, an unrelaxed structure with a
realistic microstructure morphology is generated (see Section 2.1.4 for detailed descrip-
tion). Then the numerical NPG structure is feed to MD simulation and see how the
realistic interatomic potentials prompt relaxation (see Section 2.2.4 for the description
of the MD simulation).

5.2.1 Initial and relaxed microstructure

(a) (c)

(b) (d)

(e)

(f)

Figure 5.5: Initial and relaxed microstructures of NPG. Different solid fraction initial leveled-
wave structures are shown in (a) ϕ = 0.35 and (c) ϕ = 0.20. The corresponding molecular
dynamic relaxed structures at 300 K for 2 ns are shown in (b) (ϕ = 0.35) and (d) (ϕ = 0.20).
Figure (e) and (f) are an enlarged region of initial structure (c) and MD relaxed structure (d)
of ϕ = 0.20 respectively. Note that figure (f) shows the reconnections of dangling ligaments
during shrinkage and the same magnification was applied when figure (a-d) was rendered.
The smaller box size in (d) and (e) represent the volume shrinkage during relaxation.

The initial leveled-wave configurations for ϕ = 0.35 and 0.20 is shown in Figure 5.5a
and c respectively. The structures are shown in Figure 5.5a and c have an identical
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ligament size of L=3.5 nm. The sample preparation for shrinkage simulation refers to
Section 2.1.4. The microstructures after 2 ns MD relaxation are displayed in Fig. 5.5b
(ϕ = 0.20) and d (ϕ = 0.35). For structure with initial ϕ = 0.20, the relaxed structure
shows a larger relative volume shrinkage of 0.21 (Figure 5.5d) and new ligaments con-
nections are observed during shrinkage (Figure 5.5f). Here relative volume shrinkage
is defined as the ratio between volume change during relaxation simulation, −∆V , and
initial volume, V0. By contrast, much less −∆V (0.07) for the relaxed structure at
ϕ = 0.35 is shown in Figure 5.5c and the microstructure of relaxed structure is similar
to the initial configuration in Fig. 5.5a. The relaxed structure of ϕ also shows no new
ligaments connections ((Figure 5.5c and e).

5.2.2 Volume shrinkage and genus

Figure 5.6a plots, −∆V /V0, versus relaxation time, t. −∆V /V0 initially increases fast
and then converges to a stable value. In contrast to a shorter −∆V /V0 stabilization
time of t=0.4 s for ϕ = 0.35,0.30 and 0.25, it takes 4 times longer time for −∆V /V0

to become stable for ϕ = 0.20. Note that the first point of each graph in Figure 5.6a
starts from a non-zero value. That small shrinkage comes from the energy minimization
step before the thermal relaxation (see Section 2.2.4 for more details of MD shrinkage
simulation procedure). The −∆V /V0 value at the stable stage represents the total
relative volume shrinkage. It is seen that there is more relative volume shrinkage for
structures with smaller ϕ. For example, the relative volume shrinkage increases from
0.07 at ϕ=0.35 to 0.21 at ϕ=0.20. The structure with ϕ = 0.20 shows the largest total
relative volume shrinkage of 0.21, which is 2 times the shrinkage of the model with
ϕ = 0.25. For NPG structure, the percolation limit is ϕ=0.159, if a structure has ϕ
which is less than this value, it can not form as nanoscale network [32]. The value of
ϕ=0.20 is near to the percolation limit, there are more dangling ligaments which makes
it much less stable. On the other hand, the ligaments have a high aspect ratio for the
structure with ϕ=0.20. Therefore, they are less stable against the plateau Rayleigh
instability.

Figure 5.6b shows the topological genus, G, as a function of relaxation time, t. It is
seen that G keeps constant at ϕ = 0.30 and 0.35 and increases slightly (9%) at ϕ = 0.25.
For the structure with ϕ = 0.20, G increases around 50% which is consistent with the
observation of many new ligaments connections happening during shrinkage as shown
in Figure 5.5c and e.

5.2.3 Evolution of connectivity

Next the scaled genus evolution during shrinkage of NPG structure will be explored.
Figure 5.7 plots g (Eq. 2.34) versus ϕ of four various ϕ leveled-wave configurations
during the relaxation. The first data point of each ϕ structure is set right on the
theory line. This observation indicates the validation of our implementation of the
leveled-wave model. For the structures with high ϕ, for instance ϕ=0.35 and 0.30,
g evolves sensibly invariantly during the shrinkage which tells us the densification
of the structures leaves the connectivity unchanged. When the initial ϕ less than
0.30, i.e. ϕ=0.25 and 0.20, g increases with increasing ϕ during shrinkage. When
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Figure 5.6: Volume shrinkage, −∆V /V0, and topological genus, G, evolution during NPG
shrinkage. (a) Volume shrinkage, −∆V /V0, and (b) genus, G, versus relaxation time, t, for
solid fractions ϕ = 0.20,0.25,0.30 and 0.35 of leveled-wave NPG configurations. Here, ∆V
represents the change of volume and V0 is the initial volume.

initial ϕ less than 0.30, with the smaller initial value of ϕ, the more ϕ increased
and meanwhile the traces of g(ϕ) slope upwards, indicating that the relaxation will
enhance the connectivity. This trend is strong for the structure at ϕ=0.20. It is seen
that g increases by 50% from 0.54 to 0.81 with a final ϕ=0.25 after relaxation for the
structure at initial ϕ=0.20. The observations can be explained by the fact that there
are abundant "dangling" ligaments which are disconnected from the main network in
the low ϕ structure. The densification during shrinkage brings those dangling ends
of disconnected ligaments in contact with neighboring ends in the porous structures,
thereby resulted in formation of new connections. For denser structures, there are
fewer dangling ligaments to re-connect during shrinkage. This re-connection activities
are well illustrated in Figure 5.5e and f.

5.2.4 Discussion

Experimental studies on the shrinkage of NPG during dealloying reveal that the shrink-
age increases with increasing dealloying potential [5, 29] and the secondary dealloying
plays the main role in the shrinkage [29]. Our simulations suggest that the ϕ of NPG
also affects the shrinkage, i.e. the structures at lower ϕ encountered larger shrinkage
during MD relaxation.

It is also noteworthy to point out that our on-lattice dealloying simulations can not
involve shrinkage during dealloying. This is because shrinkage requires a displacement
of the lattice. Currently, there is no consensus on the mechanisms underlying the
shrinkage during dealloying. One mechanism suggests that the origin of such volume
shrinkage is the high concentration of lattice defects and local plastic deformation sites
[69] initiated by mass transport via plastic flow [110] during the dealloying process. Ye
et al. [29] attributed the shrinkage during dealloying to the agglomeration and collapse
of injected vacancies, which are induced by the dealloying, shortening the ligament
and resulting in the shrinkage of the NPG network. Both of these two mechanisms
suggest that the aspect ratio of NPG’s ligaments will decrease with shrinkage, thereby
enhancing the ϕ. The shortening of ligaments also implies the network connectivity
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Figure 5.7: Evolution of connectivity during shrinkage of molecular dynamics relaxation.
Scaled genus, g, as a function of solid fraction, ϕ of MD relaxed leveled-wave structures. The
solid line represents the theoretical value of connectivity for the leveled-wave initial structures
[32]. Symbols are the evolution of g and ϕ during relaxation of structures with different initial
solid fractions, as shown in the legend. The initial point of each structure is sensibly on the
theory line and ϕ increases as the relaxation proceeds. All relaxation simulations are under
identical conditions and run for the same time periods.

should be kept unchanged. Our findings of the negligible variation on g during shrinkage
at ϕ ⩾ 0.30 confirmed that argument of unchanged network connectivity. Yet, the
g increases at lower ϕ especially when ϕ = 0.20 during shrinkage. This increase of
connectivity at lower ϕ is a result of the re-connection of the neighboring nodes or
longer ligaments (dangling ligaments in the experimental samples) with the contraction
of the volume.

5.3 Evolution of connectivity during coarsening

In this section, the connectivity of the coarsening simulations produced structures in
Chapter Section 4.2 will be analyzed. Then the evolution of genus and connectivity
during coarsening will be explored.

5.3.1 Evolution of genus

Firstly, it is investigated how the network topology evolves during coarsening. Fig-
ure 5.8a and 5.8b depict the topological genus, G and the Betti number, B0 versus
coarsening time, t, respectively during coarsening at 900 K. The Betti number reveals
the homology group of a structure. The first three Betti numbers are, B0-the number of
connected components, B1-the number of tunnels, B2-the number of cavities [144, 145].
Figure 5.8a shows that G stays sensibly invariant for times up to 106 s and afterwards
G decays drastically with the coarsening time. G decreases faster for the structure
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with a less solid fraction ϕ. Notably, the final G value of the structure with ϕ = 0.22
approaches zero, indicating a complete disassembly of the sample into isolated dense
clusters.

The disassembly into isolated clusters can be inspected by the number of connected
components as shown in Figure 5.8b. Samples with ϕ > 0.35 retain their initial B0 value
of 1 or change negligibly. In contrast, coarsening significantly increases B0 of samples
with lower ϕ. For example, while there were roughly 25 connected components in the
sample with ϕ = 0.25 at t = 105 s, that value of B0 increased to ∼ 200 at the end of
the coarsening process. In other words, what started out as a single connected cluster
has now disintegrated into 200 fragments that are disconnected from each other. This
increase in the number of connected components in these NPG samples, along with
the decrease of the genus G, is due to ligament breaking through pinch-off events, as
exemplified in the inset of Figure 5.8a.
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Figure 5.8: Evolution of the topology and isolated clusters during coarsening. The tempera-
ture here is 900 K. (a) topological genus, G, of coarsened structure at different solid fraction ϕ
as a function of coarsening time, t. Inset exemplifies a pinch-off event. (b) number of isolated
clusters represented by the Betti number, B0 versus t for structures during coarsening. Note
the logarithmic axis. Different symbol shapes of solid fraction, ϕ are indicated in legend in
(b).

Next, let’s see the microstructure of coarsened structures. Figure 5.9a-c render the
microstructures of coarsened sample with ϕ=0.22, 0.25 and 0.35, respectively. Each
isolated cluster is shown in an individual color. It is seen that the coarsened structure
at ϕ=0.22 forms as all isolated clusters and there are numerous isolated clusters in the
coarsened sample with ϕ=0.25. By contrast, Figure 5.9b shows no isolated clusters
for coarsened sample at ϕ=0.35. The observation is consistent with the finding of
increasing of B0 during coarsening in Figure 5.8b. These disconnected isolated clusters
will not bear load when the NPG samples are under compression [82]. Figure 5.9b
shows that for the sample with ϕ=0.25, only a 50% part of the structure can be
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Figure 5.9: Microstructure of coarsened structures. Rendering of coarsened structures with
solid fraction ϕ=0.22 (a), 0.25 (b) and 0.35 (c). The coarsening simulations for (a-c) were run
under the same conditions (temperature, T=900 K) and for identical time period of 8×106ν−1.
Each isolated cluster is distinguished by an individual color. Note all components form as
isolated clusters in (a) and many isolated clusters in (b). Load-bearing part of samples for
ϕ=0.22 (d), 0.25 (e) and 0.35 (f). The load-bearing part is the largest cluster and all other
isolated clusters are removed. When the NPG sample is under loading, only the largest cluster
will bear the loading. Note 50% parts of the structure are removed for coarsened structure at
ϕ=0.25.

the effective load-bearing network after the time range of coarsening in this study.
However, the network maintains well connected during coarsening for structure with
ϕ=0.35 (Figure 5.9d).

5.3.2 Evolution of connectivity

In the following section, the evolution of connectivity during coarsening will be shown.
For simulations at 900 K, Figure 5.10a reveals the scaled genus, g, (Eq. 2.35) of the
largest component versus solid fraction, ϕ, at different coarsening state which is indi-
cated in the legend. The bold solid line refers to the theory scaled genus value of the
initial leveled-wave configurations, which is determined by

g = 2πα3

3
√

3
(1 − ξ2)e−ξ2/2 (5.1)

with ξ =
√

2 erf−1(2ϕ−1) [32]. The symbols represent scaled genus analyzed via eq. 2.35
on the discrete atomic structures generated by our KMC coarsening simulations. It
can be seen that for the initial state (L̃ = L̃0), the numerical analysis underestimates
g. The reason for the lower g value than the theory line for discrete atomic structures
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Figure 5.10: Evolution of connectivity during coarsening. (a) Scaled genus, g, as a function
of solid fraction, ϕ, plotted for structures at various coarsening stages. The bold solid green
line represents theoretical value of the initial structure from leveled wave model (Eq 5.1); ϕP =

0.159 is the theoretical value of percolation threshold. The open symbols denote numerical
results for different coarsening stages: squareinitial geometry (L̃ = L̃0), and coarsened struc-
tures to circleL̃ = 1.5L̃0 and to triangleL̃ = 2.0L̃0, see legend. Note that various evolution
of g at different ϕ: g of structures at ϕ > 0.3 converge towards the theoretical line, while
structures at ϕ < 0.3 move away from it. (b) Scaled genus, g, versus normalized characteristic
spacing size, L̃/L̃0, between the center of neighboring ligaments. L̃0 represents the initial
value before the onset of coarsening. Each symbol shape corresponds to a various solid frac-
tion, ϕ, as displayed in legend. Open symbols: coarsening at 900 K; closed symbols: 1800 K.
Note the coarsening process tends to decrease the connectivity of structures with ϕ < 0.3.

is because L̃ is underestimated by the surface reconstruction algorithm. As coarsening
proceeds, the ligament size increases to L̃ = 1.5L̃0 and then to L̃ = 2.0L̃0, the scaled
genus, g of structures with ϕ > 0.3 evolves towards and precisely meets to the theory
line. In other words, the connectivity during coarsening keeps invariant for structures
at ϕ > 0.3. By contrast, during coarsening, g of structures with ϕ < 0.3 move away from
the theory line of the leveled-wave model. The decreasing trend of g during coarsening
is enhanced for the structure with a lesser solid fraction. The more ϕ approaches
the percolation threshold of the theory (ϕP = 1

2[1 − erf(
√

2
−1)] ≈ 0.16 [32]), the faster

connectivity is lost during coarsening.
To further elucidate the observations above, Figure 5.10b plots g as a function of

scaled spacing size, L̃/L̃0 for structures with various ϕ during coarsening at both 900 K
and 1800 K temperatures. Here L̃0 denotes the corresponding spacing size of the initial
sample with various ϕ. In the figure, data points of 900 K runs (open symbols) show
excellent agreement with of the 1800 K run (closed symbols). More importantly, it
confirms the conclusion that the solid fraction, ϕ of the sample is a decisive parameter
for the evolution trend of connectivity during coarsening. g of structures with ϕ ≥ 0.3
keeps sensibly invariant during coarsening. At these ϕ, the structures show self-similar
coarsening. By contrast, a decreasing of g is observed for those samples with ϕ < 0.3.
Furthermore, the lesser ϕ of the structure, the more prominent the decrease of g. For
instance, comparing to the initial value, when the ligaments coarsen to L̃/L̃0 = 1.5,
the g value of samples with ϕ= 0.27, 0.25, 0.22 decreases by the factor of 1.3, 1.7
and 5.6 respectively. The difference of that factor between various ϕ expands when
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coarsening proceeds. For example, the g value of structure, when the size grows to
L̃/L̃0 = 2.0, decreases by the factor of 1.9, 4.0 and 185. The loss of connectivity is
consistent with the observations in Figure 5.9 that the structure with ϕ=0.22 turns
into isolated clusters and 50% of component is disconnected for structure with ϕ=0.25
within the same coarsening time period. These findings in Figure 5.10a and b lead to
the conclusion that the solid fraction, ϕ, is the decisive parameter for the connectivity
evolution during coarsening of the nanoporous structure. It suggests that within the
range of our simulations, there appears to be a transition between apparently self-
similar coarsening for ϕ ≥ 0.3 and a behavior with progressive loss of connectivity and
eventually a percolation-to-cluster transition for ϕ < 0.3.

5.3.3 Discussion

Impact of faceting
Depending on the ratio of length over the diameter of slender cylindrical rods,

small fluctuations in diameter cause the reduction of the energy and result in pinch-
off of the rod by the Plateau-Rayleigh instability [164], as long as the ratio of length
over diameter is higher than π. It is expected for this instability to occur even if the
ligaments appear short and thick at high ϕ, since there can be redistribution of matter
over distances greater than the "length" of ligaments (the distance between neighboring
nodes). Structures at all solid fractions indeed exhibit pinch-off events.

The Plateau-Rayleigh instability is affected by anisotropy of the specific surface free
energy, γ, and may slow down when there are steep cusps in γ of crystal surfaces at low-
index orientations [165]. Fluctuations that initiate the instability are suppressed when
terraces are prevented from rotating out of their low index/low energy orientation by
the cusps. It is also possible to influence coarsening exponents by the existence of facets,
which result from steep cusps in γ [166]. Hence, the almost perfect facets displayed
in the structures at 900 K indicate steep cusps in γ. It is possible to understand the
enhanced roughness at 1800 K by recognizing that step-edge excess free-energy (line
tension) decreases at higher temperatures as a result of the configurational entropy
associated with step-edge fluctuations. Consequently, the cusps become shallower due
to the decrease in step-edge energy. Significantly, while faceting or roughness are
different between the two temperatures, there is no qualitative difference in coarsening
behavior between them. It is noted that there is an abundance of kink sites in all
structures, even in the equilibrated small particles of Fig 4.5. In these particles, the
number of atoms in the outer surface is insufficient for a perfectly faceted surface, so
some kinks are necessary to form such a surface. Kinks provide an alternative pathway
for microstructure evolution in network structures due to their easy migration of step
edges. This pathway differs from the coordinated rotation of the terraces out of their
low-index orientation, as it is considered in Ref [165].

Microfacets have been observed on the surface of NPG in transmission electron
micrographs [167], and facets along ligaments have been reported in coarsened NPG
[87, 168, 169]. This seems natural, since the Wulff shape of gold retains facets at
temperatures close to its melting point [170]. Scanning electron micrographs from other
studies of NPG, however, show curved, hence, rough surfaces [20, 82, 86, 95, 96]. In
simulations and experiments, however, the time exponent for coarsening is consistent.
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CONNECTIVITY

The fact that the coarsening kinetics independent of the degree of faceting is significant
from this perspective. Even though their confidence limits are wide, our simulation
captures fundamental features of experiments on NPG, regardless of the faceting.

Impact of solid faction
The loss of connectivity is of particular relevance when it comes to the coarsening

of spinodal structures in polymer blends, where a percolation-to-cluster transition can
occur during the coarsening process [138, 171–174]. The transition can be restricted to
highly asymmetric blends (ϕ≪ 0.5) as described in Ref [174], but it can also take place
at any phase fraction [172]. A loss of connections during spinodal coarsening has been
demonstrated in experiments [138, 175] and simulations [144]. In an experiment with
polymer blends, Ref [138] reported invariant scaled connectivity during coarsening at
ϕ = 0.5, whereas a tenfold decrease of g at ϕ = 0.35, with a fourfold increase in domain
size. In our simulation, similar trends are observed. The phase-field investigation
conducted in Ref [139] revealed that mixtures undergoing spinodal decomposition via
bulk diffusion exhibit bicontinuous structures at phase fractions of ϕ = 0.5, 0.40, and
0.36. These mixtures exhibit self-similar coarsening behavior. However, for mixtures
with phase fractions of ϕ = 0.30 and 0.22, percolation does not occur at any stage of
the process.

As one of the major findings of the present study, it is of particular importance to
note that the solid fraction is a decisive parameter for the evolution of scaled genus
during coarsening by surface diffusion. During coarsening, g remains sensible invariant
if ϕ ≥ 0.3, by contrast, g decreases at lower solid fraction. Once the characteristic length
scale reaches twice the initial value, the structure with the smallest ϕ even decomposes
completely. In this context, there are parallels between our observations on surface-
transport mediated coarsening of network structures mimicking nanoporous metals by
dealloying and those for spinodal decomposition by bulk diffusion in Ref [139]. Yet,
the network structures in the present study display substantially greater stability than
the spinodal structures at ϕ = 0.36. Hence, it is noteworthy that our findings align well
with the experimental observations reported in Ref [138] regarding the evolution of the
scaled genus in spinodally decomposed polymer blends.

A qualitative interpretation of the link between ϕ and the variation (or not) of g
during coarsening can be derived from the fact that there is a competition between
the rate at which ligaments break and the rate at which matter is transported from
the damaged ligaments to the surviving ones [82]. It is expected that structures at
lower ϕ have thinner ligaments will undergo faster pinch-off. Yet, since the coarsening
scaling law for NPG is independent of ϕ, for a given value of L̃, the diffusion distance
to its neighboring, surviving ligaments is independent of ϕ. It is, therefore, reasonable
to assume that ϕ will not affect sensibly the time it takes for the material to be re-
distributed from the broken ligaments to the neighbors. Consequently, structures with
a lesser solid fraction can have more dangling ligaments at any given instant, making
them less connected.
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Chapter 6

Summary and outlook

6.1 Summary

In this thesis, the microstructure evolution of nanoscale bicontinuous network is stud-
ied by the means of KMC and MD simulations. The microstructural features of NPG
investigated in this thesis are mainly concentrated on the residual less noble compo-
nent (silver in silver-gold system) content, characteristic length scale, as well as the
topological connectivity.

The KMC dealloying simulations demonstrate, for the first time in the atomistic
simulation, that the dealloying process occurs in two stages. During the primary deal-
loying step, the initial network of nanoscale ligaments is established; during the subse-
quent secondary dealloying, coarsening and further dissolution proceeds. As a result of
primary dealloying, silver clusters are embedded in ligaments with a passivation layer
of gold atoms at the surface. At secondary dealloying, the number of silver clusters
decreases as ligaments coarsen. The atomistic simulation is well recognized for hav-
ing been instrumental in identifying and confirming the atomic-scale mechanisms of
dealloying. Yet, that only pertains to primary dealloying. This thesis provides for the
first time clear and independent evidence, from numerical atomistic simulation, that
secondary dealloying can also be understood and acts as has been postulated based on
indirect, experimental evidence.

The evolution of the characteristic length scale during dealloying and coarsening
was explored:

• The silver cluster size, LAg, scales with the ligament size, L0
lig, at the end of pri-

mary dealloying. Yet, this work for the first time showed that despite the increase
in ligament size during secondary dealloying, LAg remains constant. In light of
the finding that LAg also remains stable after coarsening, postmortem examina-
tions of LAg in dealloyed NPG may help identify L0

lig, as a crucial characteristic
which has been challenging to access by experiment. LAg can be measured in
experiments by TEM [31, 60] and by atom probe tomography [68]. Based on
measurements of LAg, L0

lig can be inferred. Thereby, experiments could provide
a database that finally would enable us to conclude on the primary dealloying
ligament size.

• The time exponent for coarsening is clearly predicted by early theory, but that
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experimental studies of NPG show huge scatter and have not provided a conclu-
sive confirmation. The coarsening simulations in this thesis provided remedies
to this issue. According to the coarsening simulations, the coarsening law for
characteristic ligament spacing is universal, while this is not the case for the lig-
ament diameter. All the simulation parameters, such as the structure geometry,
the driving force and the surface diffusion mechanism, were set in a realistic way.
It thus excluded all extrinsic artifacts that the experiments can be suffered. The
expected time exponent of 1/4 for surface-diffusion dominated coarsening process
is confirmed in this thesis. Since this thesis shows the largest scale coarsening
simulation in the field so far, the resulted exponent of 1/4 here is quiet convincing.
It suggests that deviations from this exponent in the experimental literatures are
quite likely due to artifacts, for instance from impurities but possibly also from
uncertainties in determining the mean size.

This thesis points out that the solid fraction, ϕ, plays a significant role in the
evolution of nanoporous network’s connectivity:

• KMC studies of the dealloying show that the connectivity, g, when ϕ ⩾ 0.30
during dealloying, evolves sensibly along with a g-ϕ curve of the leveled-wave
model, whereas g diminishes when ϕ < 0.30 for structures dealloyed from the
parent alloy of Ag75Au25. This is the first time that an atomistic study of the
dealloying has looked into the scaled genus and into the suggestion based on the
leveled wave model, and therefore entirely indirect, lacking contact to the physics
of dealloying - that the scaled genus varies with the solid fraction.

• For NPG structures at ϕ ⩾ 0.30, the effect of shrinkage on g is negligible. In
contrast, g increases during shrinkage at ϕ = 0.20 and at ϕ = 0.25 (with lesser
increasing). This is the first time that the shrinkage process of nanoporous net-
work is accessed by simulation and the impacts of shrinkage on connectivity are
investigated. The findings in this thesis provide fundamental insights to the
experimental observations related to shrinkage, such as the unexpected high me-
chanical property and high volume shrinkage for the NPG samples dealloyed from
parent alloy with 20% atom fraction of Au [23, 24].

• Structures with a solid fraction of ϕ ⩾ 0.30 maintain their connectivity during
coarsening, while those structures with ϕ < 0.30 will become more and more
disconnected. There are contradictory results in the experiments on the topic
of connectivity evolution during coarsening. This thesis provides a conclusive
answer to this question. The findings of this study also have implications for
the design of lightweight metal network structures. For instance, the hierarchical
nested-network nanoporous gold [54] will have more enhancements on mechanical
properties when ϕ ⩾ 0.30 for each hierarchy-level structures.

6.2 Outlook

This thesis focused on the evolution of NPG microstructures. The evolution of three
important microstructural features of nanoporous networks was studied: the resid-
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ual less noble component content, the characteristic length scale, and the topological
connectivity. Some questions need further investigation.

Firstly, in the KMC dealloying simulation, the redeposition of Ag atoms during the
corrosion of Ag, which is essential in experiments, was not considered in the present
algorithm. Thus, it is worth including the Ag redeposition in the KMC model.

Secondly, in experiments, volume shrinkage happens simultaneously during dealloy-
ing and coarsening. While, in this thesis, the dealloying, shrinkage and coarsening have
to be studied separately. It is worth developing new simulation strategies to combine
the KMC (-dealloying or -coarsening) and MD (shrinkage) simulation to study those
processes in a more realize manner.

Thirdly, how those microstructural features influence the mechanical properties of
NPG is worth to further study. It is worth studying the impact of the residual less noble
component content and its distribution on the mechanical properties of NP metals.
The evolution of connectivity of nanoporous network during coarsening is studied in
this thesis, while a quantitative relation of g and mechanical properties of coarsened
structure is worth further investigation.
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Zusammenfassung

Summary
This thesis explores the evolution of these microstructural features: residual silver,
characteristic length scale, and topological connectivity in nanoporous gold (NPG).
Kinetic Monte Carlo was used to simulate the dealloying and coarsening processes.
Molecular Dynamics was used to simulate the shrinkage process of NPG structures. It
is found that the dealloying occurs in two stages. In the primary dealloying, silver clus-
ters are embedded in the ligaments; in the secondary dealloying, the number of silver
clusters is reduced. The silver cluster size retains constant during the whole dealloying
and scales with the initial ligament size established in the primary dealloying. The
finding of coarsening law provides a conclusive confirmation for scattered experimental
results. This thesis points out that the solid fraction plays a significant role in the
evolution of the nanoporous network’s connectivity during the dealloying, coarsening
and shrinkage processes.

Zusammenfassung
In dieser Arbeit wird die Entwicklung der folgenden mikrostrukturellen Merkmale un-
tersucht: Restsilber, charakteristische Längenskala und topologische Konnektivität
in nanoporösem Gold (NPG). Die kinetische Monte-Carlo-Methode wurde verwen-
det, um die Entlegierungs und Vergröberungsprozesse zu simulieren. Der Schrump-
fungsprozess der NPG-Strukturen wurde mit Molekulardynamik simuliert. Es wurde
festgestellt, dass die Entlegierung in zwei Phasen abläuft. Beim primären Entlegieren
werden Silbercluster in die Ligamente eingebettet; beim sekundären Entlegieren wird
die Anzahl der Silbercluster reduziert. Die Größe der Silbercluster bleibt während des
gesamten Entlegieren konstant und skaliert mit der ursprünglichen Ligamentgröße, die
beim primären Entlegieren festgelegt wurde. Die Feststellung des Vergröberungsge-
setzes liefert Erklärung für verstreute experimentelle Ergebnisse. Diese Arbeit zeigt,
dass der Feststoffanteil eine wichtige Rolle bei der Entwicklung der Konnektivität
des nanoporösen Netzwerks während der Entlegierungs, Vergröberungs und Schrump-
fungsprozesse spielt.
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