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Abstract

Studying the mechanical performance of nano- and microscale porous materials en-
hances our understanding of small-scale solids and improves materials design for func-
tional applications. This study investigates the microstructure and mechanical behav-
ior of millimeter-sized samples with a nanoscale random network structure, integrating
metal hydrides to expand their functionality. Notably, metals such as Nb and Pd can
form solid solutions with hydrogen across a broad concentration range at relatively low
temperatures. Therefore, nanoporous (np) Nb and np Pd, representing body-centered
cubic (BCC) and face-centered cubic (FCC) crystal structures respectively, are fabri-
cated and studied, with np Au serving as a benchmark.

In the first part of the thesis, the mechanical behavior of np material is investi-
gated with a focus on the role of its microstructure size and topology. Results from
macro-compression tests and X-ray nanotomography of np Nb confirm that coarsening
degrades yield strength and that its Young’s modulus deviates from scaling laws devel-
oped for np Au, a widely-investigated model system produced via aqueous dealloying.
The scaled genus, a measure of the network’s connectivity, of np Nb is lower than that
reported for np Au, and this reduced connectivity provides an obvious explanation for
the low modulus. From these observations, a novel scaling law that explicitly involves
the scaled genus is established. Furthermore, the comparison between np Au and np Nb
implies that structural dispersion should be acknowledged as an additional structural
descriptor to draw an analogy between liquid-metal dealloyed and electrochemically
dealloyed materials.

The second part of the thesis focuses on the interaction dynamics between np Pd
and hydrogen. Compared to np Nb, np Pd demonstrates significantly higher hydro-
gen absorption efficiency. The study aims to understand the role of geometry on the
hydrogen charging kinetics by tuning the ligament size of np Pd and to understand
the limiting subprocess. Hydrogen ad/absorption and desorption kinetics are analyzed
using electrochemical impedance spectroscopy and potential jump tests. The results
suggest that the interfacial injection of hydrogen is the controlling factor of the sorp-
tion rate. This injection process is analyzed from a thermodynamic perspective, with
the Pd-H miscibility gap taken into account. The Butler-Volmer equation is adapted
to model the injection rate consistent with the equation of state for the composition-
dependent chemical potential at equilibrium in an interacting solid solution. The model
successfully predicts the characteristic charging time observed in the np Pd-H system.

Overall, this thesis establishes a coupled relationship between mechanics, mi-
crostructure, and hydrogen absorption kinetics, providing insights into the optimization
of structural design in np materials, thereby paving the way for their applications as
integrated material systems.
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Chapter 1

Introduction

1.1 Network nanomaterials

Materials with random network microstructures appear in a variety of forms across
different systems. In biological contexts, they form the cytoskeleton of cells and collagen
in connective tissue. In non-living systems, these structures can exist as molecular-
scale scaffolds, as in rubber or gels, and can also scale up to micron or millimeter-
sized structures, such as those in polymer products and low-density metallic open-cell
foams [1H4]. Often, one of their key functions is to bear the load. In this respect,
network nanomaterials are attractive, since the strengthening that comes with reducing
the size of the network struts may partly compensate for the weakening due to the
low solid fraction [5H9]. Interpolation of the experimentally measured yield strength
in [Fig. 1.1] suggests that reducing the diameter of network struts to approximately
10 nm could allow the material to achieve its theoretical strength |10, TI]. Thus,
network nanomaterials may combine high mass-specific strength or stiffness with low
density [9, 12HI5]. Ordered network nanomaterials can be made in the form of 3D
manufactured periodic lattices with unit cells engineered for optimum performance
[9, 12HI4]. Cellular materials can also be designed as shell structures with exceptionally
low density, where the load-bearing function is concentrated to the interfacial region
between two void phases [I6HIS|. Yet, nanoscale structuring also brings a dramatic
increase in the number of structural elements per volume, favoring preparation by
nature’s self-organization processes over controlled 3D manufacturing [I5]. Then the
microstructure typically remains random, as in the wider class of materials addressed
at the outset.

A conventional approach to fabricating random network nanomaterial is through
chemical or electrochemical dealloying. Here, the atoms in the alloy are selectively
etched and reorganized, driven by differences in standard electrode potentials or an
external electrochemical potential in an aqueous environment (See for more
details). During the dealloying process, interfacial instabilities may arise as the compo-
nents migrate along the metal-liquid interface [I9]. Rather than maintaining a planar
interface, the mobile atoms reorganize into a three-dimensionally complex morphology.
This leads to the formation of an open, porous structure with characteristic feature sizes
in the nanometer range. This pattern formation process is schematiaclly illustrated in

1g. 1.2
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Figure 1.1: (a) A typical SEM micrograph of nanoporous Au produced through electrochem-
ical dealloying. Adapted from [10] with permission. (b) Ligament yield stress of nanoporous
gold foams plotted against the inverse square root of ligament size. The solid line represents
the fit to the data (red circles) based on the equation displayed in the plot. Adapted from

[11].

Nanoporous gold (np Au) [20] is a standard example of a network nanomaterial
that can be reliably produced via aqueous dealloying. The microstructure of np Au is
well represented [21] by the leveled-wave model [22], which also underlies the random
microstructures of a wider range of materials, including spinodally decomposed solid
solutions, porous glasses such as vycor, as well as some microemulsions and polymer
blends [23H28]. Uniform macroscopic bodies of np Au then can be mechanically tested
with reliable macroscale schemes [29-33]. This qualifies np Au as a model material for
nanoscale random networks in general, and specifically for studies of their mechanics.
This thesis will begin with a discussion of np Au and will extend the elemental choice
of network nanomaterials for their mechanical stiffness, cost-efficiency, and functional-
ization. Detailed research objectives are provided in the following section.

1.2 DMotivation and research objectives

Studying the mechanical performance of nano- and microscale porous materials al-
lows us to understand small-scale solids and to enhance their materials design for
functional applications [35]. Nanoporous materials with a bicontinuous network struc-
ture have previously shown potential as light-weight structural materials [30], catalysts
[37, 138], actuators [39H41], semiconductor interconnects [42] and sensors [43H46]; they
have demonstrated recoverable tuning of mechanical properties [47] and even enhanced
radiation resistance [48]. As load-bearing capability is typically a prerequisite for op-
eration as a functional material, the mechanical behavior of nano- and microporous
metals have been intensely investigated, using testing schemes both at the macro-
[33, 49-53] and at the microscale [54H58)].

As outlined above, np Au has been the most widely investigated model material for
nanoporous materials. Understanding the mechanics of np Au, as a standard model
of random networks, requires the relevant statistical microstructure parameters to be
identified and their impact on the mechanics analyzed. During the past decade, ex-
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Figure 1.2: A working model illustrating the porosity evolution during dealloying of the
Ag (gray)-Au (orange) alloy system. (a) Dissolution of Ag and (b) surface diffusion of Au
atoms. (c), (d) Undercutting and bifurcation of ligaments as Au atoms become insufficient to
totally passivate the increasing surface area. (e) A bicontinuous porous structure formed as

a result of dealloying. (f) A coarsened structure with an increased length scale compared to
(e). Adapted from [34].

periments have established a consistent picture of np Au’s mechanical behavior [§].
There, microstructural metrics, such as solid volume fraction (or, in other words, rel-
ative density), and ligament size, are frequently highlighted as the primary factors
influencing the material’s stiffness, yield strength, and deformation behavior. The
solid volume fraction has been a central parameter in related predictive theory [59] for
the mechanics of crystalline networks as well as in the context of np Au [60, 61]. In
addition, recent research advertises network connectivity as an additional microstruc-
tural metric controlling the mechanics of np Au [32], 62-66]. Yet, the scaling between
the effective Young’s modulus, F.g, as an elementary mechanical materials parameter
and the connectivity in random network materials remains to be established. In the
first part of the thesis, the aforementioned connection is explored, the observations
are condensed into a novel scaling law. This part exploits existing experimental and
simulation database on E.g of the random network material. It adds novel simulation
data for leveled-wave-like random networks with different connectivity.

As represented by np Au, most studies on nanoporous materials so far have been
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confined to noble metals such as gold [20, 49|, silver [67, [68], palladium [39, 40|, or plat-
inum [69], since their high electronegativity facilitates preparation by (electro)chemical
dealloying in aqueous media. By contrast, liquid metal dealloying (LMD) relies on dif-
ferences in enthalpy of mixing for dissolution selectivity [70, [71], thereby expanding
the scope of elements to nearly the entire periodic table [I9]. Over the last decade,
porous materials composed of less-costly materials such as Ti [72] and its alloys [73],
FeCr |74, [75], Nb [76], stainless steel [77], and high-entropy alloys [78] have been fabri-
cated via LMD. Explanatory approaches to the mechanical behavior of LMD-fabricated
metals have invoked similar concepts as those fabricated by aqueous dealloying. For
instance, strength and elasticity relations of LMD-made porous FeCr are well com-
patible with the modified form of the Gibson-Ashby scaling equations [74], which also
provide a basis for the mechanics of electrochemically dealloyed np Au [62]. However,
it remains to be explored how details of the microstructural morphology or topology
of LMD porous solids connect to their mechanical properties.

This issue is addressed experimentally in the section following the scaling of np Au.
Nanoporous niobium (np Nb) is created through LMD, and using that, the mechanical
properties are studied in relation to ligament size, solid fraction, and specifically its
three dimensional microstructure information. It is observed that the elastic behav-
ior of np Nb differs significantly from that of electrochemically dealloyed np Au, the
benchmark for (electro)chemically dealloyed nanoporous metals. In connection with
the outcome of the previous part, this discrepancy is attributed to structural connec-
tivity. The notable contrasts between the structures of LMD-produced np Nb and
electrochemically dealloyed np Au will be discussed.

Finally, the thesis extends the investigation of structural properties—particularly
ligament size—to the hydrogen-involved functionalizaion of nanoporous materials. Not
only have nanoporous metals proved their potential application on the hydrogen sorp-
tion actuator [40], they also offer an ideal platform for investigating the hydrogen—metal
interactions in the near-surface region, as their nanoscale structure reduces the diffu-
sion path of hydrogen and accentuates near-surface phenomena. However, little kinetic
information is currently available on these interactions, which are essential for improv-
ing hydrogen uptake and release efficiency. To address this gap, the hydrogen sorption
kinetics of nanoporous materials is explored in the context of optimizing hydrogen
sorption rates.

Given the interstitial nature of hydrogen, Nb and Pd are first considered as repre-
sentative elements of body centered cubic (BCC) and face centered cubic (FCC) crystal
structures, respectively, both of which can form continuous solid solutions or hydride
phases. They also have relatively high hydrogen sorption capacities of maximum H/M
~ 0.7 for Pd and ~ 0.4 for Nb near room temperature |79, 80], where H and M are
the number of hydrogen atoms and metal atoms, respectively. Due to the hydrogen
barrier created by the Nb oxide layer, however, the focus of this part shifts to np Pd-H
system. Using np Pd as a model material, the objective is to optimize its microstruture
size for applications in porous metal hydrides as integrated nanoporous material sys-
tems. The hydrogen charging dynamics are broken down into subprocesses occurring
at each interface, and the characteristic time scales are estimated to identify the rate-
limiting mechanism governing the hydrogen uptake rate. The kinetics of this limiting
mechanism is then theoretically characterized. This in turn enables the prediction of
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the hydrogen sorption rate of nanoporous metal, including the response time of np
Pd-H-based actuators [40].

1.3 Outline of thesis

The thesis is structured as follows:

Chapter [2| provides the theoretical background necessary for interpreting the results
of this thesis. It covers the fundamental physics of the dealloying process, as well as the
structural and mechanical properties of nanoporous materials. The chapter concludes
with the hydrogen electrosorption process in Pd, which serves as a model system to
extend the functionality of nanoporous materials to hydrogenated porous structures.

Chapter [3] gives the details of the experimental procedures, including the material
preparation and characterization techniques used in this study.

In Chapter 4] the results are presented, beginning with the new scaling relation
between structural and mechanical properties of np Au. This is established based on
the existing database and will serve as a guideline for the subsequent sections. The
chapter then details the experimental results. It reports the synthesis of np Nb and the
modulation of its microstructure sizes. Its mechanical properties under compression
and structural connectivity are presented.

Afterwards, np Nb proved unsuitable for hydrogen insertion, thereby the focus
moves to np Pd, where its hydrogen actuation properties are examined. Observations
include hydrogen solubility and actuation response over time. The charging process is
further examined using impedance spectroscopy, and basic elemental fitting is provided.

Chapter [5] presents an analysis and discussion of the results. The physical signifi-
cance of the new scaling law is explored, followed by an evaluation of the experimental
findings for np Nb in relation to this scaling law. The relevance of the scaling rela-
tion to liquid metal dealloying is assessed. This chapter continues by discussing the
subprocesses involved in hydrogen actuation of np Pd, with particular attention to
its microstructural features, specifically ligament size. It concludes by identifying the
rate-limiting subprocess and examining it in the context of the miscibility gap in metal
hydride systems.

Finally, Chapter [0 summarizes the findings of the thesis, providing general conclu-
sions and perspectives for future research.

This thesis incorporates and expands upon the publications listed below.

e Sohn, S.; Richert, C.; Shi, S.; Weissmiiller, J.; Huber, N. Scaling between elasticity
and topological genus for random network nanomaterials. Fxtreme Mechanics
Letters 2024, 68, 102147.

e Sohn, S.; Shi, S.; Markmann, J.; Berger, S. A.; Weissmiiller, J. Compressive
behavior and connecting topology of monolithic nanoporous niobium. Materials
Research Letters 2024, 1, 1-10.
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Chapter 2

Theoretical background

2.1 Synthesis of network nanomaterials by dealloying

Dealloying is a metallurgical process that involves the selective removal of one or more
elements from an alloy, resulting in a bicontinuous network structure composed of
the remaining element(s) [81]. It relies on the principle that different elements in
an alloy have varying tendencies to dissolve when exposed to a certain environment.
The dealloying process has evolved over the past few decades from being restricted
to (electro)chemical corrosion to include liquid-mediated dissolution in general [71].
Categorized by their dissolution mechanisms, electrochemical dealloying (ECD) and
liquid metal dealloying (LMD) are widely used techniques for fabricating nanoporous
metals at a macroscale.

2.1.1 Electrochemical dealloying

Electrochemical dealloying, or aqueous dealloying, is a process where selective dissolu-
tion of one or more elements from an alloy occurs in an electrochemical environment,
typically by applying an electric potential in an electrolyte. The selectivity stems from
the differences in standard reduction potentials between the elements involved. The
element with the lower standard potential undergoes corrosion, resulting in the forma-
tion of a porous structure composed of the more noble element. For example, in the
commonly used Ag-Au alloy system, Ag is the less noble element that oxidizes and en-
ters the acidic electrolyte as ions. The remaining more noble constituent, Au, remains
and rearranges to form a bicontinuous porous structure with nanoscale ligaments and
pores. A typical microstructure of electrochemically dealloyed Au alongside an optical
image of a macroscopic sample are shown in

During electrochemical dealloying, structure formation is driven by a kinetic com-
petition between dissolution of the more active component and interface diffusion of
the remaining atoms [83]. Initially, dealloying begins with preferential surface dissolu-
tion that progresses perpendicular to the surface, leading to surface roughening. The
remaining component then reorganizes through diffusional kinetics, causing the clus-
tering of atoms, which inhibits passivation and continuously exposes fresh surfaces to
further dissolution, thus increasing the overall surface area [19, 84]. Simultaneously,
surface diffusion driven by capillary energy promotes the coarsening of ligaments by

7
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Figure 2.1: Images of a nanoporous gold fabricated by electrochemical dealloying. (a)

Photograph of the sample. (b) Scanning electron microscopy image of the microstructure.
Adpated from [82].

transporting atoms from regions of high positive surface curvature to regions of high
negative curvature [I9]. The final pore and ligament sizes are strongly influenced by
factors such as the initial alloy composition, the choice of electrolyte, the applied po-
tential, and the temperature.

Nanoporous metals produced via ECD typically exhibit ligament sizes ranging from
5nm to over 500 nm upon thermal coarsening [85] [86]. This results in a high specific
surface area, with reported values ranging from ~ 2 to 7m?/g [87, 88|, equivalent to
about 4 x 10% to 1.4 x 10° mm~™!, qualifying them as ideal for various applications such
as catalysis, chemical sensing, and energy storage. Their functional properties can
be further optimized through nanocoating of the surface, or by creating bicontinuous
composite materials through liquid infiltration into the nanoporous structure [89-94].

2.1.2 Liquid metal dealloying

(a) dealloyed (b)

region

-30 kJ/mol %, +32 kJ/mol

.
.

initial alloy 7 liquid bath

o -4 kJ/mol
x(t) x=0

Figure 2.2: (a) Schematic of the interface between liquid and solid phases during liquid metal
dealloying, Adapted from [95]. Initially at x = 0, the interface moves to x;(t) at time ¢ > 0. (b)
Example of a liquid metal dealloying atomic triplet, showing binary mixing enthalpies [96] for
each atomic pair. Mg mixes with Ni but not with Nb, resulting in porous Nb from a Nb-Ni
alloy. Solid and dotted lines indicate negative and positive mixing enthalpies, respectively.

The selective removal of elements during LMD is driven by miscibility relation-
ships between the constituent elements. The repulsive or attractive force between

8
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the elements creates dissolution selectivity, thus expanding the scope of materials be-
yond noble metals [70, [71]. Unlike conventional electrochemical dealloying, which uses
an aqueous solution as the medium, LMD utilizes a molten metal as the dealloying
medium. Figure [2.2|a) shows the schematic of the pore formation process at the inter-
face between the liquid and solid metals. The structure formation mechanism of ECD-a
balance between dissolution and interface diffusion—is applicable to LMD likewise.

LMD is not limited to noble elements, letting it to be a more viable alternative than
ECD for producing cost-effective porous metals. Over the past decade, it has gained
increasing attention due to its potential in a wide range of applications, particularly
in energy storage [97] and biomedical fields [73]. For instance, porous Nb [97] can be
fabricated by removing Ni from a Nb-Ni alloy in a molten Mg bath. The binary mixing
enthalpies for each atomic pair involved are illustrated in[Fig. 2.2[(b). In contrast to the
positive mixing enthalpy between Nb and Mg, the negative mixing enthalpy between
Mg and Ni indicates that Ni can be selectively dissolved in Mg. The system has been
the subject of several studies, particularly for possible application in supercapacitors
[76, 97, 98].

2.2 Structural properties of nanoporous materials

2.2.1 Leveled-wave model for nanoporous gold

The leveled-wave configuration, as proposed by Soyarslan et al., effectively repre-
sents the random network microstructures |22} [66]. These structures include not only
nanoporous metals produced by electrochemical corrosion [2], but also a broader spec-
trum of materials such as spinodally decomposed solid solutions, porous glasses like
vycor, as well as various microemulsions and polymer blends [23-2§].

The model is based on the approximation [22] that the composition field in the
early stages of spinodal decompsition—diffusive spontaneous decomposition of thermo-
dynamically unstable binary solutions—could be approximated by the superposition of
plane waves of random wave vector orientation and with random phase shifts but with
identical wavelength. A stochastic bicontinuous microstructure is then generated by
applying a level-cut for binarizing with the required solid fraction, ¢ [22]. Figure
illustrates examples of microstructures with solid volume fractions ranging from 0.1 to
0.5. The leveled-wave model demonstrates a percolation-to-cluster transition at the
solid fraction threshold ¢, ~ 0.159 [66]. The microstructure in [Fig. 2.3|(a) shows this
transition, where a solid fraction of 0.1 results in many disjoint regions.

As leveled-wave structures of different wavelengths are self-similar, the model has ¢
as the only determining parameter for its morphology. This suggests that the connec-
tivity is dependent solely on ¢ and influenced strongly by that parameter. In typical
experimental cases, ¢ is well measurable, and that parameter serves the microstruc-
ture variable in scaling laws. Consequently, the comparison between leveled-wave mi-
crostructures and experimental data involves no free parameters. It is therefore remark-
able that the model’s stiffness and strength closely align with experimental results for
as-prepared np Au [30, [66].
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Figure 2.3: Examples of microstructures generated by leveled-wave approach. The volume
size is 12 wavelengths and the solid fractions are (a) 0.10, (b) 0.20, (c¢) 0.30, (d) 0.40, and (e)
0.50. Adapted from [66].

2.2.2 Reaction kinetics and morphological evolution during lig-
uid metal dealloying

During LMD, the reaction kinetics are governed by the surface diffusion of the dis-
solving element away from the dealloying interface. The speed of the dealloying front
is controlled by the flux of the dealloyed element towards the liquid metal, which de-
termines the dealloying depth, x;(t), at a given time ¢ [95]. This relationship can be

described by
x;(t) =\/4pDt, (2.1)

where D is the diffusivity of the dissolving element in the liquid phase, and p is the
dimensionless Péclet number. It has been observed that grain boundaries may dissolve
first during LMD, and impede diffusion from the dealloying interface [95]. This suggests
that grain size can also influence the global dealloying kinetics especially when the
sample reaches a macroscale.

Simultaneously, interfacial diffusion promotes coarsening during dealloying, con-
tributing to the evolution of topologically connected structures [I00] 10I]. The char-
acteristic length scale, L, which in turn represents the ligament size, can be expressed
as

L™ =ktD, (2.2)

where k is a constant and m is the coarsening component typically ~ 4 for surface
diffusion, as previously observed by [97]. This indicates that ligament size can be
controlled by adjusting dealloying parameters such as dealloying time and temperature.
Additionally, the choice of molten metal can influence the structure size by varying the
temperature, directly affecting diffusion rates [102]. Suppressing surface diffusion is
possible by adding components to the liquid bath. For instance, Ag and Bi in molten
Cu [95] or Ce in molten Mg [76] have been shown to lower the melting points of the
liquid bath and effectively limit the size of ligaments by restricting the diffusion of the
dealloyed element.

While both dealloying techniques, electrochemical and liquid-metal dealloying, rely
on similar microstructural evolution processes (See [Sec. 2.1), structural differences in
the product material have been noticed. Numerical simulation [19, 95, 9] and ex-
perimental 3D characterization have studied the morphological and chemical evolution
[77,103] during LMD. The most notable difference is the coarser microstructures gener-
ated by LMD. Furthermore, LMD features elongated ligaments at the dealloying front,

10



CHAPTER 2. THEORETICAL BACKGROUND

0.5

Figure 2.4: (a) X-ray nanotomography reconstruction of nanoporous stainless steel produced
by liquid metal dealloying, showing elongated ligaments. Adapted from [77]. (b-e) Phase-field
simulations showing morphology variations formed by liquid metal dealloying of an A Bj_¢,
alloy at different initial concentrations: (b) co = 35%, (c) co = 25%, (d) co = 15%, (e) co = 5%.
Adapted from [99].

as shown in [Fig. 2.4|(a), a phenomenon not previously observed in aqueous dealloying
[77]. Figure [2.4[(b-¢) presents a phase-field simulation illustrating the rich morpholog-
ical variations created by LMD by varying the initial alloy composition. Notably, the

filamentary structure and dispersed blobs shown in [Fig. 2.4{d) and (e) do not have a
direct analogue in electrochemical dealloying [99].

2.3 Mechanical properties of nanoporous materials

2.3.1 Gibson-Ashby law: a scaling relation for the Young’s
modulus of constant-connectivity network structures

For many classes of materials characterized by network-like microstructures, the solid

fraction ¢ is adjustable while keeping the connectivity of the underlying skeleton un-

changed. At small ¢ (typically <0.1), the Young’s modulus, Feg, of the structured
material are related to ¢, which follow the Gibson-Ashby scaling law [59, [105]

Ees = ¢°Ey, (2.3)
where FEj is the Young’s modulus of the cell-wall material, i.e., the base material.

The Gibson-Ashby law of [Eq. 2.3| has been derived for a three-dimensional periodic
lattice of unit cells consisting of struts connected in nodes (Fig. 2.5(a)). The solid
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Figure 2.5: (a) An idealized unit cell in an open-cell foam structure. (b) The loaded cell,
illustrating bending of the struts. Figures adapted from [104].

fraction, ¢, of the model structure is a central parameter and is varied by changing the
strut aspect ratio while maintaining the architecture and specifically the connection
between the struts invariant. The struts are then assumed to be thin enough so that
they are bent linear-elastically under compression. Figure (b) illustrates bending
of the struts of the structure under load. This scheme is valid until the applied force
reaches the collapse load, at which point the cell walls undergo plastic bending or
elastic buckling [104].

In such a configuration, dimensional analysis is applied to obtain [Eq. 2.3] For a
cubic array of members with length L, and square cross-sections of side ¢, the relative
density of the cell, i.e. the solid fraction ¢ is given by

oo (t/L)2. (2.4)

The second moment of area, I, of the cell edge of square cross-section 2 is also related
to the beam dimensions by [106]
I octt (2.5)

Under linear-elastic conditions, the displacement of a beam of length L loaded at its
midpoint with a force F' is proportional to FL3/Eyl [106]. Likewise, in a cellular
material subjected to uniaxial stress, where each cell wall transmits a force F', the
cell members undergo bending. The linear-elastic displacement of the entire structure
follows the same proportionality, expressed as F'L3/Eyl. The overall stress is F'/L? by
definition, while the strain is given by 0/L, where § is the displacement. Consequently,
the Fog of the foam, defined as stress divided by strain, yields Feg/Ey < @?. This
result returns to [Eq. 2.3

Although some observations of dealloying-made np Au are partly compatible with
the predictions of [Eq. 2.3 the general applicability of the scaling law to nanoporous
structures remains debated. demonstrates a systematic deviation for as-
prepared np Au [8 32], 52], 62], 107, T08]. Experimental data consistently show that np
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Figure 2.6: Effective Young’s modulus, Y, of macroscopic, as-prepared nanoporous Au

normalized to the Young’s modulus of massive Au, Y, versus solid volume fraction, ¢,
reported in [32, 52, [62] 107, 108]. Figure adapted from [§].

Au is generally more compliant—often more than an order of magnitude when ¢ < 0.3—
than the model predicts. Molecular dynamics simulation by [109] also report anomalous
compliance of np Au. This is to be expected, as was originally derived from
a low-density, open-cell foam structure. The discrepancy can be attributed to several
factors: the solid fraction of np Au, which typically ranges between 0.25 and 0.4; mi-
crostructural disorder [109, [110]; and deformation modes including axial deformation of
np Au ligaments [I11, 1T2]. Systematic deviations from [Eq. 2.3|to real np Au have been
further linked to variations in connectivity with ¢ as will be discussed in [Sec. 2.3.4]

2.3.2 Scaling law for the elastic properties of the leveled-wave
model
For the elastic properties of random three-dimensional porous materials with highly

interconnected pores and moderate to high densities, Roberts and Garboczi introduced
a modification [26],

Fa= (22 By, (2.6)
1-¢o

to the classical Gibson-Ashby scaling law to more accurately describe the effective
Young’s modulus, Feg, of realistic, random isotropic cellular solids. ¢y and n in this
relation are fitting parameters determined empirically.

For the leveled-wave model, the presence of a percolation threshold facilitated the
correlation of its elastic property with the Roberts-Garboczi scaling law. This is ex-
pressed as

Eeff=CR(S10:zp) Eq, (2.7)
p
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where Fj is the Young’s modulus of the base (constituent) material, as previously de-
fined, and with the adjustable fitting parameters Cgr and m without direct physical
significance [IT3]. The numerical values of Feg of the medium with leveled-wave mi-
crostructure shows an excellent fit to this modification, yet conceptually differs from
the statement of Roberts and Garboczi, who explored structures over a restricted range
and suggested that F.g may approach zero at a solid fraction above the percolation
limit, ¢, [66], 113]. The scaling law, fitted to the leveled-wave model for ¢ in the range
of 0.2 — 0.50 with Cr = 2.03 and m = 2.56, shows good agreement with experiments
reported in [52], 62, 107, 108, 114, 115]. While the stiffness of leveled-wave structures
with ¢ ~ 1/2 is comparable to that of periodic network structures with the same ¢,
manifestations with ¢ < ¢, lack contiguous load-bearing paths, resulting in vanish-
ing stiffness (See . A detailed explanation on the number density of the
structure’s load-bearing connections is described in [Sec. 2.3.4]

2.3.3 Size dependency of plasticity and the effect of crystal
structure

In small-sized materials, dislocations can travel only short distances before annihilating
at the free surface, reducing the probability of multiplication processes compared to
bulk metals [II6]. When the size of material is smaller than the length scale for
dislocation multiplication, it may behave differently from bulk crystals. The high
strength observed in micro- to nanosized materials, as in the case of [Fig. 1.1|(b), can be
attributed to dislocation starvation, which is more probable in smaller volumes. The
size dependence of the effective yield strength, o.¢, at the sub-micrometer scale can
be expressed as a power law: geg o< L™, where L represents either the pillar diameter
or ligament size [51], 82 I17]. For example, observations on nanoscale gold reports a
consistent value of n, ~ 0.6 by [10, 118, [119], 0.5 by [L1], or 0.485 by [56].

This "smaller is stronger" trend observed in small-scale materials is primarily at-
tributed to the behavior of dislocations, although the exact mechanisms are still being
studied. Classically, material strength increases with dislocation density due to their
interactions [119], a phenomenon known as Taylor hardening [120, 121]. However, in
small-scale structures, dislocations can easily escape through the abundant surfaces.
This loss of dislocations during plastic deformation increases the applied stress required
to nucleate or activate new dislocation sources as the sample size decreases. This be-
havior is opposite to the formerly mentioned Taylor hardening and rather aligns with a
dislocation source-limited model, as discussed by [119, [122]. In this scenario, deforma-
tion is controlled by the activation of dislocation sources, with two mechanisms under
consideration: homogeneous dislocation nucleation and dislocation multiplication. Ho-
mogeneous nucleation generates dislocation loops in a nearly perfect crystal structure,
thereby requiring significant external stress to overcome the high energy barrier. This
has been the valid explanation for the high critical stresses observed in micron-scale
whiskers [123]. The initially dislocation-free whisker can sustain higher stresses before
dislocations nucleate. As the size of the material decreases, the probability of finding
a defect-free region increases, leading to homogeneous nucleation being more likely.
On the other hand, dislocation multiplication generates new dislocations from exist-
ing ones through mechanisms like the Frank-Read source, where anchored dislocations
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expand and form loops under stress. In smaller materials, limited space restricts such
expansion, reducing the number of active dislocations and thereby increasing strength.
Observations by [122] supports such mechanism since the dislocation nucleation in
micron-scale pillars occurs at stresses significantly lower than the theoretical shear
strength of the crystal lattice. While both mechanisms are size-dependent, further
study is needed to clarify their relative contributions to the observed size-dependent
plasticity of nanoporous materials.

As the plastic deformation of sub-micron-sized material is governed by dislocation
activity and interaction, the low mobility of screw dislocations in BCC metals may play
a crucial role in determining their size sensitivity compared to FCC metals. Contrary
to the FCC metals, such as gold, which exhibit comparably low Peierls stress and
negligible temperature sensitivity, screw dislocations in BCC metals must overcome
a moderate to high level of energy barrier. Thermal activation processes can assist
dislocation motion, leading the yield strength to be sensitive to temperature. Above the
critical temperature, where thermal energy overcomes the Peierls barrier, dislocations
acquire sufficient energy to glide freely [124], and their mobility is no longer governed
by thermal activation. For example, the critical temperatures for Nb, Ta, Mo, and W—
BCC materials—are 350 K, 450 K, 480 K, and 800 K, respectively [125]. This implies that
among those BCC materials, Ta, Mo, and W will experience weaker size sensitivity than
Nb at room temperature, while the behavior of Nb may approach that of FCC metals
at moderately high temperatures [126], where the influence of the low mobility of screw
dislocations becomes negligible [125]. Overall, the size-dependency trend "smaller is
stronger" generally holds for small-scale metals, with a positive value of n ranging
between 0.22 and 1 [10, [T} 56|, 118, 119, 127-130].

Additionally, the mobility of dislocations can be influenced by the core splitting
phenomenon, which is particularly temperature-sensitive in BCC metals compared to
FCC, to activate secondary mechanisms such as kink-pair nucleation and the kink
migration [131]. In screw dislocations, the core can split into two or more partial
dislocations. These split configurations may modify the lattice resistance to dislocation
motion, which in turn affects the Peierls stress and, consequently, the material’s plastic
behavior. Earlier studies suggested that a split core structure anchors the dislocation to
the lattice, contributing to high Peierls stress [132, [133]. However, recent calculations
[134] proposed otherwise, showing that even non-split cores in Mo and Ta exhibit high
Peierls stress. This indicates that while core splitting may influence Peierls stress, they
are not necessarily the dominant factors. At this point, the extent and how the core
splitting impacts the motion of screw dislocations is not yet clearly understood [135].
Furthermore, in materials like Nb, which have a relatively low critical temperature (or
high homologous temperature), the influence of core splitting on dislocation motion
and plastic behavior is expected to be small.

2.3.4 Topological consideration for mechanical behavior
Network connectivity and elasticity

The Gibson-Ashby model assumes that the entire structure participates in load-bearing,
therefore, the solid fraction appears as the primary parameter in the scaling law. How-
ever, in experimental observations, including SEM and 3D FIB tomography, have re-
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Figure 2.7: (a) Schematic illustration of a nanoporous structure with broken or dangling
ligaments (left) and a mechanically equivalent structure with an effective relative density, @ef,
obtained by removing the dangling ligaments (right). Adpated from [62]. (b) Networks with
varying solid fraction, ¢, connectivity, c., ligament diameter, L, pore diameter Lp, and load-
bearing ring diameter Lr. One might anticipate similar mechanical behavior between the
middle and right structures, while the middle structure is more fragile than the left, despite
having a similar ¢. Adapted from [32].

vealed that dealloyed nanoporous metals often contain a significant fraction of broken or
"dangling" ligaments [62, [136]. They originate from pinch-off events during coarsening
which minimizes overall surface energy [101]. Coarsening can occur during dealloying
or post thermal annealing and the microstructure evolution during coarsening is ex-
plained further in the following section. As a result of this event, using ¢ alone tends
to significantly overestimate the stiffness of nanoporous metals.

To address this discrepancy, Liu et al. proposed the concept of an effective solid frac-
tion, e, to replace ¢, thereby Eer = ¢%3Ey [62], as schematically shown in[Fig. 2.7|(a).
The effective reduction in ¢ on the other hand can be understood as the connectivity
between the ligaments, as broken ligaments do not contribute to the overall mechanics.
Mameka et al. further proposed that the average number density of load-bearing paths
and their size serve as a key connectivity parameter [32], illustrated in [Fig. 2.7|(b).
Similarly, Mangipudi et al. more explicitly incorporated the influence of ligament
connectivity into their empirical scaling law by introducing an average number of con-
nections [I37]. These studies highlight the connectivity, a topological aspect of the
microstructure, in the context of mechanical behavior of nanoporous networks.
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Scaled genus

The topological genus, G, is a quantifiable metric for the connectivity of a structure.
G denotes the maximum count of connections that can be cut while leaving the body
contiguous. For instance, the genus values of a sphere, a doughnut, and a pretzel are
0, 1, and 3, respectively.

For a network with a given microstructure, the extensive property G scales with
the volume, V. Structures, for example, with double the volume will contain twice the
number of connections. Furthermore, structures with the same volume but a halved
microstructural length scale will contain eight times as many microstructural elements
and consequently, eight times as many connections. Thus, the relationship between
G and the characteristic microstructural length scale, L, is such that G varies in-
versely with the cube of L. The scaled genus, denoted as g, serves as a volume- and
scale-independent descriptor of the microstructural morphology; its physical meaning
is therefore the mean number of connections in an elemental building block, of volume
L3, of the microstructure [64], 137-139],

el

- (2.8)

g
In this context, a convention is adopted for the parameter L that establishes a
connection between g and uniquely the skeleton topology, independent of the value
of ¢. This convention assigns L as the characteristic spacing, L, between microstruc-
tural elements. For the case of nanoporous materials, the characteristic structure size
corresponds to the mean distance between the local centers of neighboring ligament.
Practically, L is embodied in the first maximum of the autocorrelation function or,
equivalently, in the first maximum in the interference function [66].
For the leveled-wave configuration, the model implies that L = a\ with X the
wavelength and a ~ 1.23. The genus per unit volume of the structure, GG,,, is expressed

as
1 g £
G, = L (1-¢&° (——) 2.9
127r2\/§( &)exp (-5 (2:9)
with ¢o related to characteristic length scale by
2T
=0 (2.10)
and the level cut &
E=—2erf™ (20-1) . (2.11)
The scaled genus of the leveled-wave model is therefore
2rad ( 52)
= -1)exp|—-= 2.12
957 (€2 -1)ep| -3 (2.12)

according to [66]. The prediction of [Eq. 2.12| for g(¢) is shown in [Fig. 2.8 versus

@ as it varies with . Note that the connectivity reaches zero at the percolation
threshold, where the structure completely loses connectivity. Those percolation-to-
cluster transitions are found at solid fractions ¢, = 3(1 + erf2°1/2) » {0.159,0.841},
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Figure 2.8: Scaled genus, g, versus solid fraction, ¢, for the leveled-wave model, as embodied
in [Eq. 2.12] Note vanishing of g at percolation thresholds.

percolation thresholds for the solid and the pore space, respectively. At ¢ = 1/2, the
solid and pore space of leveled wave microstructures are isomorphic [22].

While the scaled genus of the leveled-wave model is a valid representation of as-
dealloyed np Au, the effect of coarsening on connectivity was captured by kinetic Monte
Carlo simulations in [140]. Asshown in, the characteristic spacing , L, increases
from its initial value, Lo, as coarsening progresses. The scaled genera of the structures
are plotted versus I:/I:O for ¢ = 0.22 - 0.50. For networks with ¢ 2 0.3, the scaled
genus remains invariant, while networks with lower ¢ gradually lose connectivity, a
trend more pronounced in cases with ¢ = 0.25 and 0.22. During coarsening, atoms
are redistributed through surface diffusion, and thinner ligaments in low-¢ structures
are more likely to experience faster pinch-off events by Plateau-Rayleigh instability
[101] driven by the surface tension. This leads to a faster reduction in connectivity in
networks with lower solid fractions, which may alter the mechanical behavior.

Additionally, the scaled genus can be defined using an alternative convention. In the
works of [I37], [138|, the characteristic length scale, L, is expressed as the inverse of the
surface area per unit foam volume, S-!. Following this convention, the representative
volume of the microstructure is defined as S=3. This leads us to another formulation
of scaled genus,

C
Vs

By its definition, g is then morphology-sensitive.

g (2.13)

Based on their definition of g, Mangipudi et al. have computed F.s for a set
of model microstructures, both periodic and random networks, using finite-element-
modeling [I37]. They suggest a linear relation between g and the geometric pre-factor,
Cg = Eo/p?Ey, for the stiffness

Cg = 57. (2.14)

This scaling relation will be further assessed and compared to the findings presented
in this thesis.
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Figure 2.9: Scaled genus, g, versus characteristic spacing, I:, in different stages of coarsening,
for ¢ =0.22 -0.50. Adapted from [140)].

2.4 Hydrogen electrosorption in palladium

2.4.1 Palladium-hydrogen system

Palladium is a unique material that has a strong affinity to hydrogen [144] and can
readily absorb hydrogen, forming a metallic hydride under ambient conditions. Fig-
ure [2.10)(a) presents the phase diagram of the Pd-H system. Here, the changes in the
temperature of the hydride specimen lead to corresponding changes in its composi-
tion. Thus, the equilibrium hydrogen concentration is determined by the temperature
and pressure of the surrounding Hy gas, or equivalently, overpotential. The equilibrium
composition as a function of pressure at constant temperature is plotted in (b),
showing two distinct phases: an interstitial solid solution « phase with low hydrogen
concentration of § 0.03 [145] and a hydride o’ phase (referred to as 3 in [Fig. 2.10|(b))
with higher concentration. The plateau in the isotherm indicates the coexistence of
these two phases. As shown in the phase diagram, it is challenging to exceed the hydro-
gen charging capacity of 0.7 [I43|. Higher H/Pd ratios are energetically unfavorable,
and achieving them typically requires extreme conditions, such as 5 GPa of hydrogen
pressure at 973 K for H/Pd = 1.33 [140], establishing 0.7 a practical upper limit in
most experimental situations.

As briefly mentioned above, in electrochemical charging, the pressure of gas-phase
hydrogen can be directly related to the applied electrode potential, Esyg, measured
against the standard hydrogen electrode (SHE) potential. The equivalence arises be-
cause both the gas pressure and the electrode potential alters the chemical potential,
iu, of hydrogen atoms and thermodynamically drive the hydrogen to enter the metal
lattice. The chemical potential of hydrogen with pressure py, and at temperature 7',
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Figure 2.10: (a) Phase diagram of the Pd-H system, adapted from [I41]. The abscissa
shows the composition as the ratio between the number of H to Pd atoms. The absorption
of H by Pd forms two distinct phases, « and o' phases. (b) Pressure versus composition
isotherms for the Pd-H system, adapted from [142], originally documented in [143]. Note that
the 8 phase in (b) corresponds to the o’ phase in (a). The position of the critical point is
determined through graphical interpolation of the data points [I43]. At ambient temperature
and pressure, the composition is limited to approximately 0.7.

relative to a reference state pg = 1atm can be expressed as

jut = 1o + RT In 222 (2.15)

Po
with the gas constant R, and ug, the standard chemical potential of hydrogen gas at
the reference pressure py. In electrochemical situation, the chemical potential under
Esur becomes

HHa = Ho — FESHE (216)

with the Faraday constant, F. Equating [Eq. 2.15 and [Eq. 2.16] the Esyg equivalent to
pu, is expressed as

RT PH,
—In—=.
F Po
This tells us, for instance, Pd at room temperature (300 K) can transition from the
a to the o/ phase either by exposing it to py, » 1073 atm of hydrogen gas or applying

Espr # 0.06V in an electrochemical setup.

When Pd transitions to the o’ phase, the absorbed hydrogen atoms occupy intersti-
tial sites within the FCC Pd lattice structure, with octahedral sites being energetically
more favorable than tetrahedral sites. The lattice parameter increases linearly with
the hydrogen composition, which in turn causes volume expansion. The experimen-
tally measured hydrogen-induced volume expansion is compiled over a wide range of
hydrogen concentrations in [147] and expressed as

Av/Q=0.19+0.01, (2.18)

J o (2.17)

where Av is the characteristic volume change per hydrogen atom and €2 is the mean
atomic volume of a Pd atom. This volume expansion through the o’ phase transfor-
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Figure 2.11: Schematic representation of adsorption sites (orange) of UPD H on (a)
FCC(111) and (b) FCC(100) surfaces. Figures recreated from [154].

mation serves as the basis of hydrogen actuation property of Pd, along with its high
hydrogen permeability and single selectivity to hydrogen [40} 148, [149].

2.4.2 Mechanism of hydrogen electrosorption

Hydrogen absorbing property of Pd has been extensively studied using both the gas
phase and electrochemical pathways. In this thesis, hydrogen charging is achieved
through electrosorption, using an acidic aqueous solution as a source of proton, H*.
The hydrogen entry into Pd during electrosorption involves several elementary steps.
First, H* adsorption on the Pd surface atom takes place. Omitting the hydrating H,O
that forms a bonding to H*, the reaction can be described as

H* + e +Pd - Pd-H,q,, (2.19)

which is also known as the Volmer reaction [I50]. Subsequently, the adsorbed hydrogen
undergoes interfacial transfer to become absorbed hydrogen:

Pd-Hags — Pd-Haps . (2.20)

The subsurface hydrogen, Hy, which exists beneath the metal’s topmost surface, has
also been suggested to form on Pd [I51), 152]. Hg eventually becomes absorbed hy-
drogen. The absorbed hydrogen then diffuses into the bulk of the metal, driven by
the concentration gradient of H,s. Concurrently, adsorbed hydrogen can recombine to
produce Ho:

2Pd-H,qs = 2Pd + Hy (2.21)

for Tafel reaction (chemical recombination), and
H* +e” +Pd-H,gs —» Pd + Hy ¢ (2.22)

for Heyrovsky reaction (electrochemical reaction) [I53].

A unique aspect of hydrogen electroadsorption on Pd, as the other members of
Pt-group metals, is the underpotential deposition of hydrogen (UPD H). This is an
electroadsorbed state where hydrogen forms a covalent bond with the metal surface. It
is distinguished from the over-potential deposited hydrogen as it occurs at the potentials
more positive than the hydrogen evolution equilibrium potential. The process can be
represented as [Eq. 2.19] Experimentally, it has been observed that up to a monolayer
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Figure 2.12: Schematic representation of available adsorption sites of UPD H. Adapted from

[160].

of UPD H can form [155] [156]. The surface coverage of UPD H depends on the applied
potential, and their exact sites depends on the crystallographic orientation of the metal
surface. For Pd, which has an FCC crystal structure, UPD H may occupy threefold
hollow sites on the (111) face and fourfold hollow sites on the (100) face [154], 157, 58],
as illustrated in because they are the most energetically favored hydrogen
sites on each facet [I59]. It still remains unclear, however, whether UPD H adatoms
resides in the multi-fold hollow sites, coplanar sites, or subsurface sites. A schematic
of each of these sites is shown in

Since the sorption process involves multiple steps mentioned above, the slowest
step limits the overall reaction rate. There are conflicting views whether the rate-
determining step in charging/discharging kinetics is the diffusion of hydrogen within
the metal’s bulk [I56] or the penetration through surface barriers [I4I]. The exact
mechanism of charging kinetics is not yet fully understood, and np Pd provides an ef-
fective platform for studying this issue. Its high specific surface area highlights surface
kinetics, and the relatively fast bulk hydrogen diffusion over short distances distin-
guishes it from conventional bulk Pd [141].

2.4.3 Butler—Volmer equation

The relationship between the current density, j, and electrode potential of an electro-
chemical reaction can be described by the Butler—Volmer equation:

o azF'n aczFn ]
_ e [ - 2.2
J J“[eXp( RT ) eXp( RT ) (2.23)

where jj is the exchange current density, n is the overpotential, z is the number of
electrons involved, a, and a. are the unitless anodic and cathodic transfer coefficients,
F' is the Faraday constant, R is the gas constant, and T is the temperature. The
equilibrium state of the system is defined as the condition where the anodic and ca-
thodic current densities are equal in magnitude and opposite in direction, resulting in
a total current of zero. Then, the overpotential, n, represents the deviation from this
equilibrium potential due to electrode polarization, influences the rate of the reaction.
Equation [2.23] is based on the assumption that the anodic and cathodic current den-
sities are independently influenced by n, and that the total current density is the sum
of these independent anodic and cathodic contributions [I61].
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Practically, the Butler-Volmer equation can be extended by incorporating the con-
centration dependence in the form of

o Qa2 F et ) ( Q2 F et ) ]
= Jore —ats el ) g - et L 294
J = Joref [exp ( RT Ja — €Xp RT g ( )

where g, and g. are functions of the electrode surface concentrations of all chemical
species [I61], [162]. When the concentration of reacting species at the surface is equal
to that in the bulk, [Eq. 2.24 returns to [Eq. 2.23] In [Eq. 2.24] both exchange current
density and overpotential are measured at chosen reference conditions, denoted by the
subscript "ref", so that 7, can be interpreted as the electrode polarization against a
fixed reference electrode. This approach retains the aspects of experimentally measur-
able quantities, while maintaining a well-defined reference state [161].

In the context of hydrogen-metal sorption reactions, the Butler-Volmer equation
describes the charge transfer process involved in hydrogen electrosorption, with n acting
as the driving force that directly influences the reaction rates. It accounts for both
the forward (injection) and backward (extraction) reactions, enabling the analysis of
reaction kinetics [163].
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Chapter 3

Materials and experimental
procedures

3.1 Fabrication methodology of nanoporous niobium

3.1.1 Nb-Ni master alloy

The precursor alloy with a nominal composition of NbysNizs (at%) was prepared from
high-purity Nb (99.96%, VWR International GmbH) and Ni (99.99+%, Sigma-Aldrich
Chemie GmbH) metal wires. The composition was carefully chosen to allow a bicon-
tinuous structure to develop upon dealloying. The Nb-Ni phase diagram, as shown in
predicts a single intermetallic phase of NigNb at this composition [164], 165].
The Nb and Ni metal wires are repeatedly melted and solidified in an argon atmosphere
using an arc melter (MAM-1, Edmund Biihler). After that, the solidified alloy ingot
of approximately 2 g was annealed for 12 hours at 1200°C in a tube furnace (ROC
50/450/15, ThermConcept) with argon gas flow, and it was subsequently cooled in the
furnace to room temperature. After cutting the ingot into a circular disk, both the
upper and bottom surfaces were ground to P2500 grade SiC papers using a guiding die.
This established smooth and coplanar surfaces for later loading in the testing device.
Then it was cut with a diamond wire saw (Model 3032, Well Diamond Wire Saw) into
cuboids with a cubic length of 1 + 0.2 mm on each side.

3.1.2 Liquid metal dealloying of Nb-Ni

Niobium is immiscible to molten Mg while Ni has a negative mixing enthalpy with Mg
[96]. Thus, liquid metal dealloying was performed on NbasNizs cuboids using a molten
Mg bath maintained at a set temperature.

Precursor sample was nestled within ~100 mg of Mg (as granules, -204-100 mesh,
99.8% metal basis, Alfa Aesar) in a Sigradur G glassy carbon crucible (GAT 007, HTW
Hochtemperatur-Werkstoffe GmbH) of volume 0.07mL. This amount of Mg ensures a
thorough coverage of the sample, letting the precursor remain fully immersed in molten
Mg at elevated temperature and allowing dealloying to occur uniformly on each surface.
The crucible, containing the sample and Mg granules, was then heated in an infrared
furnace (IRF 10, behr), under Argon flow (Argon 5.0, 99.999%) and with a heating rate
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Figure 3.1: The Ni-Nb phase diagram. Adapted from [165].

of 50°C/s. The set temperature for the dealloying procedure ranged between 800°C and
900°C, with a tight control of £ 2°C from each target point. This is higher than the
melting point of Mg (650°C) but lower than that of Nb or Ni. The entire dealloying
duration was modulated between 30 and 90 minutes. Figure |3.2| shows three states
of the LMD process, (a) the precursor, (b) the precursor and the Mg granule in the
crucible before dealloying, and (¢) the dealloyed sample covered with solidified Mg.

After dealloying, the sample was cooled down to room temperature inside the fur-
nace and revealed to ambient air. Since the sample was tightly covered with a solidified
Mg lump, this excess Mg mixed with Ni was etched by 3 M nitric acid for >12 hours
at room temperature. The sample was then kept in ultrapure water (Arium Comfort I
TOC, Sartorius) for another >12 hours followed by rinsing with ethanol and drying in
air.

1cm

Figure 3.2: Photograph of steps during liquid metal dealloying. (a) Precursor sample. (b)
Crucible containing Mg granules and one precursor sample (invisible), before dealloying. (c)
After dealloying. The Mg melt is solidified and covers the sample. This is then removed by
nitric acid.
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e

Luggin capillary double-jacketed cell

Figure 3.3: Photograph of the dealloying setup. A double-jacketed, three-electrode chemical
cell is equipped with reference (RE), working (WE), and counter (CE) electrodes, and the
electrolyte.

3.2 Fabrication methodology of nanoporous palla-
dium

3.2.1 Pd-Cu master alloy

A Pd-Cu alloy with a nominal composition of Pd;5Cug; (at%) was utilized as a pre-
cursor alloy for the preparation of np Pd. Pd and Cu can form a homogeneous solid
solution [I66] where Pd and Cu atoms are uniformly distributed. Cu can then be se-
lectively dissolved due to its lower reduction potential compared to that of Pd. The
composition of Pd;5Cugs was chosen to facilitate dealloying across the sample dimen-
sion while maintaining a bicontinuous and freestanding structure [167].

The Pd-Cu alloy was prepared with a similar procedure to that of NbNi alloy
described in [Sec. 3.1.1] Metal wires of Pd (99.95%, ChemPur Feinchemikalien und
Forschungsbedarf GmbH) and Cu (99.999%, Alfa Aesar) underwent a process of mul-
tiple melting and solidifying cycles in an argon atmosphere using an arc melter. To
ensure a homogenized composition, the alloy ingot is annealed at 760°C under vacuum
(~ 107> mbar) in the sliding furnace for 4 days and quenched in water. Subsequently,
cach ingot is cold-rolled by a manual rolling mill (Dohrmann 726W) until it reaches
the thickness of » 1 mm. Both faces of the disc-shaped ingot were mechanically ground
with fine SiC papers P1200, P2500, and P4000 using a guiding die. The ingot was
then cleaned with ethanol in an ultrasonic bath for 10 minutes. The ingot was then
cut with the diamond wire saw to the final cuboid shape. Following these preparation
steps, each master alloy sample has a cuboid shape with approximate dimensions of
1 x1x1mm?3, with two of its faces polished and parallel to each other.
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3.2.2 Electrochemical dealloying of Pd-Cu

Nanoporous Pd was prepared through the electrochemical dealloying of a Pd;5Cugs
precursor alloy. This process involves the selective etching of the chemically more
active component in the alloy, Cu in this case. The dealloying procedure was designed
with reference to prior work [167].

To achieve a controlled dissolution rate, both an external potential and a defined
temperature are necessary. A three-electrode chemical cell was employed, consisting of
a working electrode (WE), a reference electrode (RE), and a counter electrode (CE),
and a double wall to establish the required environment. Figure presents a pho-
tograph of the setup. In the setup, the precursor alloy sample was connected to a
gold wire serving as the WE, and Ag/AgCl/3M KCI and a Cu wire were used as the
RE and CE, respectively. The electrodes were immersed in a solution of 1.0 M HySOy4
solution (ROTIPURAN® 98%, Roth) and the entire cell was maintained at 60°C us-
ing a thermostat that circulates heated water in the outer shell of the double-jacketed
electrochemical cell.

The constant dealloying potential of 790 mV vs. standard hydrogen electrode (SHE)
was applied using a potentiostat (Metrohm AUTOLAB) controlled by the NOVA soft-
ware. The dealloying potential was maintained until the current decayed to 107> A.
Subsequently, the sample was briefly rinsed in ultrapure water before proceeding with
the reduction process described in the following section.

3.2.3 Electrochemical reduction

After the dealloying process, electrochemical reduction was performed on the as-
dealloyed sample to remove excess residual Cu [I68]|. To carry out this process, a
carbon fabric with a specific surface area of >1800 m? /g (Kynol Europa GmbH, ACC-
5092-20) and of approximately 3 x 3 cm in size, was employed as the CE to account
for the increased surface area of the dealloyed sample. The WE and RE were the
same as described in with a fresh 1.0M HySOy electrolyte. Ten cycles of
cyclic voltammetry (CV) were performed, sweeping from 0 V to 1.2 V vs. SHE, with
a scanning speed of 5 mV /s at room temperature.

Following this step, any remaining acid was removed by immersing the sample in
ultrapure water for more than 12 hours, followed by ethanol for more than 2 hours.
The sample was then air-dried.

3.2.4 Tailoring of ligament size

The ligament size of the np Pd can be tailored by thermally annealing the sample.
After dealloying and electrochemical reduction, the samples are exposed to an ele-
vated temperature. Structural coarsening, driven by surface atom diffusion [169] 170],
allows control over the final structure size by adjusting the coarsening temperature
and duration. Each sample underwent thermal treatment under vacuum conditions
(<107°> mbar) at temperatures of 150°C, 200°C, 300°C, or 400°C for 5 minutes, depend-
ing on the desired ligament size. The furnace (MILA-5000, ULVAC GmbH) combined
with the vacuum pump (TwisTorr 74 infrared FS AG, Agilent Technologies) was used
for this process.
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3.3 DMaterials characterization

3.3.1 Determination of solid volume fraction

Once the nanoporous sample is prepared, the solid volume fraction, ¢, of the sample
was determined from its mass and volume. The volume was obtained from edge lengths
measured with an optical microscope (SZX10, Olympus). The mass of each sample was
measured by a precision balance (ME36S, Sartorius).

3.3.2 Structural and phase characterization

The morphology of the dealloyed nanoporous samples was observed by a scanning
electron microscope (SEM, Zeiss Supra VP55) using secondary electron and in-lens
detectors with an accelerating voltage of 3-10 kV and a typical working distance of
approxmately 4 mm. In order to determine statistical information of the microstruc-
ture sizes in electron micrographs, the Python package AQUAMI [171] was employed.
Micrographs were first captured at x10k magnification for each sample’s fracture sur-
faces as representative of the bulk, and the neck diameters of the ligaments and their
distribution were observed based on the SEM images. At least 300 diameter values
were acquired to calculate the mean ligament size, L, and the variance, s, of the size
distribution. The bootstrap error is quoted as a measure for the uncertainty of L [I72].

The existing phases and chemical composition of the precursor alloy and dealloyed
samples were examined using two complementary techniques: (1) energy dispersive
X-ray spectroscopy equipped with SEM and (2) wide-angle X-ray diffraction. Energy
dispersive X-ray spectroscopy in the SEM (Zeiss Supra VP55) used a 80 mm? silicon
drift detector (Oxford Instruments). The accelerating voltage of the SEM was adjusted
to 10-20 kV and working distance was approximately 7-9 mm. Characterization by
wide-angle X-ray diffraction used a powder diffractometer (D8 Advance, Bruker AXS)
in focusing Bragg-Brentano geometry, with Mo K, radiation and an energy dispersive,
position sensitive detector (LynxEye XE-T).

3.3.3 Mechanical characterization

The samples used for mechanical tests were cuboids with dimensions of ~ 1 x 1 x 1 mm3.
Using a conventional testing device (Z010, ZwickRoell equipped with a laser speckle
extensometer system, LaserXtens, for strain measurement), uniaxial compression tests
were conducted at room temperature. Figure [3.4] shows the testing setup with an np
Nb sample. To ensure good contact with the load surfaces, the position of the sample
was optimized using the camera feed of the laser speckle extensometer system and a 2 N
preload applied. These steps helped minimize experimental artifacts related to surface
roughness or nonparallelity of the surfaces. Stress-strain response was recorded with
an engineering strain rate of 1074 s~! and unload steps after each 2.5x 1072 strain incre-
ment. Each unloading step terminated at 1 MPa stress and was followed by immediate
reloading.
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compression platen

Figure 3.4: Photograph of the mechanical testing setup. The sample is placed between two
compression platens.
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Figure 3.5: Front view of the Zeiss Xradia 800 Ultra X-ray microscope, with access doors
open. Major components are labelled.

3.3.4 Tomographical characterization

The three-dimensional structural properties of np Nb were investigated using X-ray
nanotomography. The tomography samples were prepared by Xe plasma focused ion
beam (Helios G4 UXe, Thermoscientific). A freestanding cuboid was first cut and
then milled to a cylindrical micropillar. The ion beam was initially directed normal
to the pillar axis to lathe mill the sample, with an accelerating voltage of 30kV and
beam currents of 2.5 and then 1pA. Next, beam currents of 4 and then 1nA were
applied, directed from the top. The low second beam current prevents "curtaining" and
minimizes energy intake to the pillar surface. Their size, 50 yum in diameter and 88 pym
in height, relative to the ligament size, renders the resulting columns a representative
sample of the microstructure [I73]. Due to their large diameters, FIB damage in the
bulk of the pillars may be excluded.

The tomography measurement in a Zeiss Xradia 800 Ultra used monochro-
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matic Cu K, radiation and a large field of view (LFOV) imaging mode with cross-
sectional images taken from an 180° arc. Since the height of the micropillar is larger
than the field of view of 65 um x 65 um, two successive measurements were performed
for each micropillar and the two sets of images were stitched using ImagelJ [174].

The images were binarized into solid and pore via the Otsu threshholding algorithm
[175] integrated in ImageJ, with a threshold matching the solid fraction to the value
independently determined from mass per volume.

The binarized reconstruction formed the basis for determining the topological genus,
G, with the software plugin BoneJ in ImageJ [I76HI78|. The scaled genus, g, as intro-
duced in [Sec. 2.3.4] is then calculated to determine the characteristic of the topology
that is independent of the sample size and of the characteristic microstructural length

scale. It is defined by

G -

where V' is the total volume (solid plus pores) and L is the mean spacing between

neighboring Nb ligaments.
For use in [Eq. 3.1, L is determined from the surface area of the reconstruction,

as measured by evaluating the surface mesh with Simpleware ScanlP (SimpleWare
Product Group, Bradninch Hall, United Kingdom). Specifically, the relation between
L and the surface area-to-volume ratio, S, of leveled-wave structures is used. As
stated earlier, those structures provide a geometric model approximating dealloyed
nanoporous solids [66]; they are characterized by

2(]0 _¢2
S ="l t/? 3.2
3 (3.2)
with go the magnitude of a characteristic wave vector and £ defined as in [Eq. 2.11}
Equation is solved for gy and then L obtained as

.2
L=a=Z, (3.3)
do

where « is a numerical constant, o = 1.23 [66].

3.3.5 Electrochemical techniques
Chronoamperometry

Chronoamperometry technique is utilized to apply a square-wave electric potential to
the working electrode. In this study, it serves two primary functions: first, to maintain
a constant potential during the dealloying process, and second, to monitor the time-
dependent response to potential jumps or achieve equilibrium at fixed potential levels.

Figure [3.6|illustrates the typical application of chronoamperometry. Figure|3.6(a) is
from the dealloying process of the Pd;5Cugs precursor alloy in 1.0 M HySOy4. A steady
potential measured versus SHE, Fsyg, is applied to the alloy to selectively corrode
Cu in the sample, until the current approaches close to zero. The current and charge
arising from the corroded Cu?* ions are plotted over time in the figure. Figure [3.6(b)
presents an example of the hydrogen electrosorption process of np Pd in response to a
sequence of square-wave potentials, where the resulting current and charge responses
are recorded over time.
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Figure 3.6: Examples of chronoamperometry. Potential, current, and charge are plot-
ted over time. (a) Application of a constant potential for dealloying Pd;5Cugs alloy to
produce nanoporous Pd. (b) Application of a potential step for hydrogen absorption at
Esyg = -100mV, followed by desorption at Fsgr = 380mV.

Cyclic voltammetry

In a cyclic voltammetry (CV) measurement, the potential at the working electrode is
linearly swept across the potential range of interest, while the corresponding current
response is simultaneously observed. The potential is swept between the upper and
lower limits defined by the user at a selected scan rate. The CV technique is employed
for (1) the electrochemical reduction of as-dealloyed np Pd, as described in
and (2) to determine the active surface area of np Pd. Figure[3.7(a) displays an example
of a single cycle of CV potential waveform, Esyg, with respect to SHE, with a scan
rate of 10 mV /s and the resulting current response from a np Pd at room temperature.
It is typically presented as a current versus potential plot, as shown in (b)

Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is employed to observe the reactions
and kinetics of the np Pd-H system. The system was established by immersing np Pd
in ultrapure 1.0 M H5SOy4, an aqueous acidic solution serving as a reversible charging
source of protons [I80]. A three-electrode cell was employed to apply a periodic signal
to WE, the np Pd sample. Gold foil and gold wire were employed to establish electrical
connections between the sample and the setup. For the other electrodes, commercial
Ag/AgCl/3M KCI electrode and carbon cloth were used as RE and CE, respectively.
The influences coming from mutual inductance of the equipment was minimized by
covering up the cell wall with a homemade Faraday cage.

The np Pd-H system was considered to be linear and time(¢)-invariant. In other
words, the response of the system to an input occurs with same frequency as the input,
and depends solely on the characteristics of the input signal, without being influenced
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Figure 3.7: An example of cyclic voltammetry measurement on nanoporous Pd. (a) Poten-
tial versus SHE, Espg, sweep and current response over time. (b) Cyclic voltammogram of
nanoporous Pd in 1.0 M H2SOy4 recorded from the potential waveform in (a). The arrows
show the scan direction of potential.

by any time-dependent effects such as degradation or other dynamic parameters. Based
on these assumptions, the system’s response under the sinusoidal perturbation signal,

E(t) = Epc + AEsin(2n ft) , (3.4)

was recorded at each frequency values, f, ranging from 10 mHz to 100 kHz. FEpc is
the DC component of the potential and AFE' is the amplitude of the perturbation. Fpc
was set to maintain the system between the capacitive region and fully hydride region
at each measurement. AF is fixed to 5 mV to conform the linearity constraint and to
achieve optimal signal-to-noise ratio. The validity of the obtained data was evaluated
by running the Kramers-Kronig (K-K) test using NOVA software. This test assesses
whether the acquired data complies with the K-K relations, which allow the determina-
tion of the real part of a complex function from its imaginary part, and vice versa. The
mathematical derivation of these relations can be found elsewhere [I81]. Note that the
K-K relations are based on the key assumptions that the complex function is analytic
in the upper half of the complex plane, and it must vanish at infinitely high frequencies
as fast or faster than 1/f. During the K-K test, the impedance data are fitted to a
model circuit which inherently satisfies the K-K relations. The outcome is then given
as the sum of squares of the relative residuals. The sum of the residuals from the real
and imaginary parts of the data set is maintained below 10=®, which is considered a
reasonably satisfactory fit [I79]. This threshold indicates minimal measurement errors
and confirms that the system exhibits linear and time-invariant behavior. Satisfac-
tion with the K-K test is a necessary but not sufficient condition to ensure linearity,
stability, and causality requirements.

The sinusoidal nature of the input and output signals enables analysis in the fre-
quency domain using phasor notation. The relationship between the two signals cor-
responds to the system’s transfer function [I82]. This transfer function is defined as
the ratio of the two phasors, input voltage and output current in this case, so that it
corresponds to the impedance of the system. The total impedance at each frequency,
Z(f) can be plotted in the complex plane in the form of Nyquist plot, with its real
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Figure 3.8: (a) A typical Nyquist-plot representation of the complex impedance measured
from nanoporous Pd using electrochemical impedance spectroscopy. Epc =90mV and AFE =
5mV. The abscissa and ordinate represent the real part and the negative imaginary part
of the complex impedance, respectively. (b) Equivalent electrical circuit and its physical
interpretation corresponding to the representative Nyquist plot. Adapted from [179].

part, Z’, on the abscissa and its imaginary part, Z”, on the ordinate, as in [Fig. 3.8(a).
The impedance spectrum is then fitted to an equivalent electric circuit model com-
posed of passive components such as resistors, capacitors, and inductors. Figure (b)
shows an example of a circuit model and its physical interpretation. In this thesis,
any inductive behavior is excluded as it lacks physical applicability to the system. The
numerical values of the components are retrieved from the circuit simulated by NOVA
software. The circuit model is then analyzed to a corresponding physical process, and
its time constant is given as

(3.5)
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Figure 3.9: (a) Photograph of the electrochemical hydrogen charging cell. The three
electrodes-WE, RE, and CE-are the nanoporous Pd sample, Ag/AgCl/3M KCI electrode,
and carbon cloth, respectively. The electrodes are immersed in 1.0 M H2SO4 solution. (b)
Enlarged view near the nanoporous Pd sample. The pushrod is in contact with the sample
for in-situ dilatometry measurement.

3.3.6 In situ dilatometry

A vertical dilatometer (Linseis L75V) is combined with an electrochemical setup to
monitor the in situ length variation of the np Pd sample during hydrogen charging
and discharging. A photograph of the setup is shown in Similar to the
three-electrode cell configuration in [Sec. 3.2.3] the WE, RE, and CE are the sample
connected to a gold wire, Ag/AgCl/3M KCI reference electrode, and carbon cloth,
respectively. The electrolyte is 1.0 M HySO,4. To maintain contact between the sample
and the pushrod of the dilatometer, a constant vertical force of 100 mN is exerted
on the sample throughout the measurement. During the experiment, the change in
the sample’s length is tracked over time as a potential is applied to control hydrogen
concentration. Strain is then calculated as the ratio of the sample’s length change,
Al, measured by the dilatometer, to the initial length, [y, measured by the optical
microscope (SZX10, Olympus).
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Chapter 4

Results

4.1 Mechanical behavior, topological characteriza-
tion, and their interrelation in nanoporous metals

The following sections begin with the introduction of a genus-dependent model to ex-
plain the mechanical properties of nanoporous metals. The model is then compared to
synthesized np Au and extended through numerical simulations. Finally, experimental
findings on np Nb are presented.

4.1.1 Genus-dependent scaling for leveled-wave-like networks

This section explores the relationship between the mechanical and structural properties
of nanoporous materials, on the basis of existing database and novel simulations [183]
184]. Figure illustrates the connection between previous works [66, 106] and the
contributions of this study to the scaling law for the effective macroscopic Young’s
modulus of random network materials.

In np Au, L can be tuned by deliberate coarsening at constant solid fraction, w. An
increase in temperature accelerates the surface diffusion, and this lets the microstruc-
ture evolve in such a way that the net area of surface and, consequently, the net excess
surface energy is decreased, with a concomitant increase in L. That process can entail a
strong decrease in E.g. While atomistic simulations using embedded-atom interatomic
potentials suggest a noticeable size-dependence of the effective elastic behavior of metal
nanostructures [I85] [I86], more realistic investigations based on density functional the-
ory establish that an inherent size-dependent elasticity can be expected in individual
struts only for ligament sizes well below 10 nm [I87]. Thus, the experimentally ob-
served decrease in Eog of np Au at constant ¢ indicates a loss in connectivity [62, 63].
Even in the as-prepared state of np Au, a strong and systematic deviation of Eeg(p)
from the Gibson-Ashby behavior has been linked to variations in the connectivity: as
np Au’s density is reduced, the scaled genus, g, will systematically drop (as implied by
Eq. 2.12), with a concomitant drop in Eeg [66].

A convenient hypothesis states that the joint impact of solid fraction and of con-
nectivity on E.¢ of random network structures can be separated in a product [65, [137],

Eet = f5(9) [ (0) Eo (4.1)
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Figure 4.1: A pictorial summary of previous works [66, [106] and this work. The Gibson-
Ashby scaling law is valid only for a constant connectivity case, as visualized by the lines
parallel to the upper left edge of the triangle. The leveled-wave model assumes a fixed analyt-
ical relation between solid fraction and connectivity. This work reports a generalized scaling
relation between the three parameters— Young’s modulus, solid fraction, and connectivity.

with f, and f, dimensionless scaling functions of g and ¢, respectively.

Equation [2.3| provides a special case of for constant g. Its suggestion that
f.» o< ¢? reflects the mechanics of the network structures in the limit of long thin struts,
where ¢ is low and the elastic deformation is bending-dominated. In terms of the aspect
ratio of the strut, r (diameter divided by length), it is found that ¢ o r2? [104] and
that the bending moment M, which determines the stiffness, scales as M o< r*Ej. This
immediately leads to the quadratic f, [I06] and, hence, to the special form of
for bending-dominated network structures,

Eou = fg(g)<p2E0. (4.2)

The argument holds independent of the detailed topological architecture (number and
arrangement of struts in the representative local building block) of the network and,
therefore, also independent of its connectivity.

Mangipudi et al. [I37] have computed Eeg for a set of model microstructures by
finite-element-modeling (FEM). Exploiting , they suggest a linear form, f, o< g.
Their set of model structures contains both, periodic and random networks. In that
context it is significant that F.g is not uniquely determined by ¢ even for periodic
network structures with a given unit cell and identical g. For instance, random dis-
placements of the nodes can bring a substantial decrease in Eeg [60], and the morphol-
ogy of the struts requires consideration [I88]. Those observations are not immediately
compatible with deriving scaling laws—such as that of Mangipudi et al.-by analysis of
a set combining ordered periodic with random structures.

Focusing on np Au, Jin and coworkers have introduced and experimentally sub-
stantiated the notion of an effective load-bearing solid fraction, ¢, which can replace
@ in [kq. 2.3] Their p.g counts only the load-bearing regions of the solid, ignoring the
volume of “broken” struts that do not contribute to the mechanics 62, [63]. Their work
does not address the topological genus hence leaves open how (g relates to g. Yet, in
line with their approach, one may assume a linear scaling between the two quantities—
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Figure 4.2: Normalized effective Young’s modulus E.g/Ey versus solid fraction ¢. Dashed
line, Gibson-Ashby scaling law. Solid line, modified Roberts-Garboczi law, [Eq. 4.4 Dash-
dotted line, genus-dependent scaling law, [Eq. 4.5 Symbols, experimental results for as-
prepared nanoporous gold reported by [6, B0, B2, 62, 107, 115, 189HI9I] and FEM data for
the leveled-wave model [66].

starting from a well-connected reference structure, every broken strut reduces g and
et in the same proportion. In other words,

g
vet(9: ) = = (4.3)
9o

with gy a constant that depends on the geometry of the reference structure. In view of
[Eq. 2.3 [Eq. 4.3] would imply that the connectivity-elasticity law might be quadratic,
as opposed to the linear relation suggested in [137].

As mentioned in [Sec. 2.2.1] for the leveled-wave model and ¢ <« 0.5, a modification,

p

Eeff:CR(f_%) By, (4.4)

of the Roberts-Garboczi scaling law for random networks [26] has been found to agree
well with experimental data for as-prepared np Au and with numerical results for E g of
the leveled-wave model [66]. The adjustable parameters in there are Cr =2.03
and m = 2.56.

Figure [1.2] shows [Eq. 4.4] superimposed to experimental literature data for as-
prepared np Au [6, 30, 32], 62, 107, 115, 189HIIT] and to FEM data for the leveled-wave
model [66]. The strong deviation from the Gibson-Ashby law at low ¢ is a signature
of the loss of connectivity as the percolation threshold is approached.

As mentioned above, the drop in Feg upon coarsening of np Au [32], 62, 63] suggests
a loss in connectivity. Yet, data for g is not available for those experiments. Studies
by experimental 3D tomographic reconstruction [I37, 139, [192] explore how ¢ evolves
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upon coarsening. Those studies conclude on self-similar coarsening with essentially
invariant g. Kinetic Monte Carlo (KMC) simulation suggests ¢ = 0.3 as a threshold,
with self-similar coarsening at larger ¢ and loss of connectivity at lesser ¢ [140]. Data
exploring F.g during a systematic variation of g in np Au, which could reveal the
topology-dependence of the elasticity, has not been reported.

The approach to a genus-dependent scaling law for np Au starts out with matching
fe In to the leveled-wave model. One may here compute the values of f, as
Eet/(p*Ep), using[Eq. 4.4]for E.g. Together with[Eq. 2.12]for g(¢), the aforementioned
expression for fy(¢) forms an implicit representation of the f, versus g relation with
¢ as a parameter. This representation is shown as the solid line in [Fig. 4.3

] —— s (7)&(3) ’
- g it

Figure 4.3: Topology-dependent scaling in the leveled-wave model. The function
Eex/(p*Ep), with [Eq. 4.4 for Eg, represents the elastic leading constant fg- Solid line
shows parametric graph of fo(¢) versus the solid-fraction- (¢-) dependent topological genus
g(p) of in the region ¢ = 0.2-0.5. Shaded: experimental region of interest as marked
in [Fig. 4.2 Dashed: fit with a quadratic g-dependence in that region.

Practically all experimental studies of np Au have ¢ in the range of 0.2-0.45 and, as
exemplified by our their majority is in the even smaller interval of 0.25-0.37,
shaded in the figure. In [Fig. 4.3 a linear fit (blue solid line) on logarithmic scales in
the same interval (shaded) obtains fs = (¢/2.88)*"*. This supports the aforementioned
hypothesis of an essentially quadratic relation between f, and g. Superimposed to the
exact parametric plot, shows a best fit with the quadratic law (dashed line),
again for the same, experimentally most relevant, interval. In the region of interest,
the fit, f, = (¢9/2.93)2, is seen to provide an excellent approximation to the parametric
graph.

Applying the fit back to [Eq. 4.2 the new scaling law reads

Eer = (i)Q v*Eq (4.5)
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Figure 4.4: Workflow for the creation and simulation of an FE voxel model for leveled-
wave structures, adapted from [I84]. The input data for coarsened leveled wave structures is
from the dataset in [193]. A translation from a face-centered-cubic (fcc) to simple-cubic (sc)
grid allows creating cubic FE elements representing the individual solid voxels. Colors in the
generated FE voxel model indicate the von Mises stress distribution as result of the numerical
simulation of the model during compression in vertical direction. Homogenization delivers
the macroscopic stress-strain behaviour, from which FEeg is derived in a postprocessing step.

with gg = 2.93.

Figure shows the genus-dependent scaling law of (using for g
of the leveled-wave model) superimposed to the literature data and to the scaling law
of [Eq. 4.4l The agreement with experiment is apparent.

One immediately sees that the new scaling law of can be interpreted as
a modified Gibson-Ashby law, with ¢ replaced by the effective solid fraction, @eg, of
.q. 4.3} in other words,

Eet = ©2(g. 0)Eo . (4.6)

This confirms the speculation, based on the concept by Liu et al. [62] of an effective
load-bearing solid fraction. For comparison, inspects the linear g-scaling sug-
gested in [I37]. That scaling hypothesis does not provide a satisfactory fit to the data

in [Fig. 4.2] Further details can be found in

4.1.2 Extension to networks with reduced connectivity

So far, the present analysis of the genus-dependent scaling rests exclusively on the
leveled-wave model, where ¢ and ¢ are inextricably coupled (Eqs and . The
constraint g = g(y) implies that the separation into the functions f, and f, is not rig-
orous and requires independent support, conveniently in the form of data for networks
with same ¢ but different g.

One approach to varying the connectivity of networks is the random cutting of
the struts of a periodic lattice. A universal relation, independent of the coordination
number of the perfect reference lattice, links E.¢ to a suitably normalized total cut
fraction or a suitably normalized scaled genus [65]. Yet, specifying a fraction of cuts
or, alternatively, normalizing the scaled genus to the correct reference volume (correct
choice of L in for the reference structure), requires that a perfect reference
structure is identified in the first place. That task is not obvious for random network
structures, and specifically in experiment. Here, this work utilizes that coarsening
of leveled-wave like structures, a process that is driven by curvature-driven surface
diffusion, can change g while leaving ¢ sensibly constant.
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A data set based on KMC simulations and exploring the change in connectivity of
np Au during coarsening is reported in [140} 193]. The simulation accounts for surface
excess energy as the driving force and for surface diffusion as the atomistic mechanism
of microstructure evolution. That data provides samples with ¢ and g decoupled. Here,
the 3D representations from that work is imported into FEM simulations. The details
of the FEM methodology are provided in [183]. The workflow for computing Eeg is

shown in 184].
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Figure 4.5: Load distribution in leveled-wave type structures visualized via elastic-plastic
compression to 10% strain and its evolution during coarsening. Finite-element method results
for local von Mises stress (legend). Rows: four samples of different solid fraction ¢. Columns:
as-generated and coarsened to characteristic spacing L (legend).

Exemplary von Mises stress fields from the simulations are shown in Blue
designates stress-free regions. These regions are typically disconnected from the main
load-bearing cluster. They can be seen to become more frequent in later stages of coars-
ening, specifically for structures with low . This illustrates the gradual disconnection
upon coarsening.

For all structures of the coarsening simulation, shows E¢, normalized to the
Gibson-Ashby prediction ¢?Ey, versus g. Thus, as in the ordinate displays f,.
Each symbol type in the figure represents a (numerical) sample with a given . Groups
of symbols for each sample are connected by lines, following that sample’s evolution
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Figure 4.6: Analysis of connectivity scaling for effective Young’s modulus, Eg, of computer-
generated structures with reduced connectivity. Eeg (normalized to the Gibson-Ashby predic-
tion @2 Fy) is shown versus scaled genus, g. Data points: results from modeling of coarsened
nanoporous gold. For solid fraction ¢, see legend. Colored lines connect data points of
structures with common ¢, in sequence of increasing coarsening time. Initial structures are
marked x. Note log-log scaling. Dashed line: [Eq. 4.5, with gy = 2.93 for the leveled-wave
model. Shaded: confidence band with gg = 2.40 + 0.50.

during the coarsening. The initial state is marked x for each sample. By construction
of the KMC simulation, each sample has constant ¢ during the entire coarsening.

Most samples in exhibit an initial increase in g. This evolution does not
imply new connections. Instead, it results from an error in computing L of the as-
generated structure. The error propagates into the computation of g by and
lets g initially be underestimated by up to ~ 40%. The problem is explained in [140)]
and the underlying issues are collected in

During the later stages of the coarsening, [Fig. 4.6| reveals distinct differences in
the samples’ behavior. Samples with high ¢ experience little change in F.g during
coarsening. By contrast, E.s of the samples with low ¢ drops significantly as the
coarsening proceeds, along with a drop in g. This may be understood as the signature
of the loss in connectivity, as mentioned in the previous section, during coarsening of
low-¢ random microstructures.

Setting aside the artifact of the initial decrease in g, the central feature in is
that E.g decreases with ¢ in agreement with the ¢g? scaling law of (dashed line).
In other words, the FEM results for microstructures in which ¢ varies independently
of ¢ support the proposed scaling law.

The shaded band in contains all data points but ignoring the initial ones
(for the reason outlined above) and the ones at extremely small g, where the stiffness
starts to fall significantly below the g? scaling. The band represents go = 2.40 + 0.50. It
underlines that the data for the sample with varying connectivity is compatible with

43



CHAPTER 4. RESULTS

our suggested scaling law, yet with gy about 20 % smaller than what was found for the
as-prepared, non-coarsened leveled-wave structures of [66].

The different values of the E.¢ in the two FEM studies (this work and [66]) may
reflect differences in how the microstructure was discretized when setting up the models
for the numerical analysis. In spite of the different gy, the observations on the two
different data sets are likely compatible with the identical underlying scaling law.

4.1.3 Fabrication of nanoporous niobium

The following three sections present results on np Nb, focusing on the experimental
investigation of the mechanical and structural characteristics of nanoporous structures.

Chemical composition and phases before and after LMD

As described in[Sec. 3.1, np Nb samples were prepared by dealloying the precursor alloy
with a nominal composition of NbosNizs (at%) in a liquid Mg bath. X-ray diffraction
(Fig. 4.7(a)) shows peaks attributed to orthorhombic NbNis in the precursor alloy. The
X-ray powder diffractogramm from a fracture surface, (b)7 confirms complete
through-bulk dealloying with predominant body-centered cubic Nb phase. The diffrac-
togram shows weak reflections of NbO, an oxide species commonly formed when Nb
is exposed to the atmosphere. The presence of this oxide layer on the acid-exposed,
air-handled, and high-surface-area samples is consistent with niobium’s natural ten-
dency to form a < 1nm of thermodynamically stable NbO layer upon air exposure, as
extensively documented in [194]. It is also known that NbyOj layer may slowly develop
over time. In this study, NbyOj layer was not observed in freshly fabricated samples,
and all characterizations including the X-ray diffraction were conducted within a day
of fabrication.

The optical appearance of each sample is shown in the insets of (a—b).
Nanoporous Nb retains the precursor’s geometry, with no visible macroscopic cracks or
shrinkage observed under the microscope, consistently reproduced in this study. The
energy dispersive X-ray spectroscopy analysis finds 99.2 + 0.7 at% Nb in the dealloyed
sample; residual Mg and Ni were < 0.1 at% and 0.8+0.8 at%, respectively. The element

distribution maps corresponds to [Fig. 4.7|(c) can be found in [Fig. 4.7(d-f).

Control of nanoporous Nb structure size

Figure shows the SEM images of np Nb prepared under nine different dealloying
conditions. The solid volume fraction of each of the nine samples tested is 0.36. For
representative cross-sectional micrographs, the samples were sliced using a scalpel and
their cross-sections were observed. Each sample is composed of a bicontinuous network
of randomly oriented Nb ligaments. The ligament size and morphology showed no
visible differences between the center and near-surface areas of the cross-sections, as
displayed in[Fig. 4.90 The figure shows two distinct regions on the cross-section of np Nb
samples prepared at 850°C for 45 minutes and 900°C for 45 minutes as a representative.
The ligament sizes in the central part of the cross-section and at the corner (~ 60 um
from the exterior surface) are comparable.
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Figure 4.7: X-ray diffraction patterns and optical images of (a) a precursor alloy with a
nominal composition of NbgsNizs (at%) and (b) nanoporous Nb prepared by liquid metal
dealloying at 850°C for 45 minutes. Markers indicate reflection positions of reference patterns
for various crystal structures, see legends. (¢) SEM micrograph of a nanoporous Nb dealloyed
at 850°C for 45 minutes. Elemental mapping of (c¢) for (d) Nb, (e) Ni, and (f) Mg by energy
dispersive X-ray spectroscopy.

Ligament sizes were determined from SEM micrographs, measuring ligament diam-
eters near their center as exemplified by the arrow in [Fig. 4.8 The mean ligament size,
L, of individual samples ranges from a few hundred nm to > 1um, depending on the
dealloying conditions. Note the distinction between L and the mean ligament spacing,

L, discussed in

A noticeable trend can be seen when comparing the dealloying conditions presented
in : smaller ligaments are produced at lower dealloying temperature and /or with
shorter immersion time. As an example for sample-to-sample variation, the L of six
samples prepared at 850°C for 30 minutes, including the one in was 380 + 60
nm. The minimum value of L that is reliably reproduced in this work was ~ 400 nm
obtained at 800°C for 30 minutes. Below this temperature or with a shorter duration,
the structure remains dense with a substantial amount of residual Ni.
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Figure 4.8: Scanning electron micrographs of nanoporous Nb dealloyed under nine different
combinations of immersion time (see ordinate) and temperature (see abscissa) conditions.
Insets show ligament size distribution histograms for selected conditions. L is the mean
ligament size and s its standard deviation.

4.1.4 Mechanical properties of nanoporous niobium under com-
pression

The combined analysis of mechanical properties and microstructures is now extended
to nanoporous Nb produced via liquid-metal dealloying. Figure M(a) presents the
stress-strain graphs under compression, displayed as engineering stress, oeng, versus
engineering strain, .. The graphs are from individual samples, prepared under three
different dealloying conditions: 850°C for 30 minutes, 900°C for 60 minutes, and 900°C
for 90 minutes, resulting in average ligament sizes of 320 + 2, 690 + 4, and 840 + 3 nm
with standard deviations of the ligament size distribution at 130, 320, and 420 nm,
respectively.

The effective Young’s modulus, F.g, in different states of compression was deter-
mined as the secant modulus from the unload-reload segments in [Fig. 4.10(a). Fig-
ure [4.11] provides an example of secant modulus determination with an enlarged view
of a typical stress-strain curve. Figure shows the p-dependence of E.g of np Nb
scaled by the Young’s modulus of massive Nb, E; = 103 GPa [195]. As compression
progresses, the solid fraction increases with plastic strain. Figure reflects this
trend, where higher F.g is observed with larger ¢. Across the data groups for different
ligament sizes in the size dependency of Eeg is weak.

From the stress-strain curves, the yield strength, oy, at 15% plastic strain is plotted
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Figure 4.9: Ligament size comparison at two distinct locations on a sample cross-section. (a)
Cross-section of a nanoporous Nb sample dealloyed at 850°C for 45 minutes. (b) Ligaments
in the central area of (a). (c) Ligaments near the exterior surface of (a). (d) Cross-section of
a nanoporous Nb sample dealloyed at 900°C for 45 minutes. (e) Ligaments in the central area
of (d). (f) Ligaments near the exterior surface of (d).

in as a function of L. Refer to for an example of yield strength

determination. The plastic strain level is chosen to approximate the as-dealloyed state
while being within the range where any instrumental effects coming from the possible
imperfections of the sample shape can be ruled out. Figure shows that the yield
strength is enhanced with smaller L, and the linear fit line is plotted together. This
ligament size dependency is further discussed in[Sec. 5.2.2)in connection with the crystal
structure of Nb.

In (b)—(c), the structural change at e¢,s = 0.4 is displayed compared to
the relaxed (as-dealloyed) network. The ligament spacing decreases, aligning with the
expected outcome of plastic compression forming new contacts between neighboring
ligaments. Mechanical failure occurred once the strain exceeded 0.4.

4.1.5 Scaled genus density of nanoporous niobium

Figure (a) shows an SEM image of a micro-pillar of np Nb for X-ray nanotomog-
raphy. The porous structure is visible at the FIB-milled surface of the sample. Four
samples were investigated in this way, with their dealloying conditions and L values
listed in Table [£.1] A cropped slice of a typical cross-sectional image of the pillar ob-
served by tomography is shown in (a). The gray image is then binarized to
Fig. 4.17|(b), and the same process is applied to all slices of the pillar. Figure [4.14]b)
is the binarized reconstruction of the micro-pillar in [4.14[(a). The porous structure
closely resembles that seen in the SEM image. For further analysis, a > 1um outer
surface layer is cropped out. This minimizes any effects arising from the FIB-curtained
surface, while the column volume remains sufficient to be representative.

The structure is then skeletonized, emphasizing the connectivity between the liga-
ments. Figure[d.14](c) illustrates an example of two individual rings observed within the
pillar. The scaled genera obtained from the experimental tomographic reconstructions
are displayed in [Fig. 4.14/(d), with the ¢ - g relation for the leveled-wave model [66] su-
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Figure 4.10: (a) Stress-strain curves of nanoporous Nb samples with three different mean
ligament sizes. The inset shows the curves at the low strain level. SEM images of nanoporous
Nb with (b) €eng = 0 and (c) €eng = 0.4 of compression. In (b) and (c), the nanoporous Nb is
dealloyed at 900°C for 90 minutes.

Table 4.1: Dealloying conditions and the mean ligament spacing, L, determined by X-ray
nanotomography. T is the temperature of Mg melt and ¢ is the immersion time.

T [°C|] t[min] L [pm]

800 45 1.46
850 30 1.52
850 30 1.76
900 60 1.37

perimposed for comparison. Figure M(e) complements that graph with a display of ¢
versus L. It is seen that the sample set explores essentially a single ¢ value and a quite
narrow range of L. This prevents substantiated conclusions on how ¢ correlates with
those parameters. For further discussion, only the average value, gayg, is considered.

From the set of samples listed in Table {1}, it is found that ga,, = 1.21+0.15. As
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Figure 4.11: Determination of Young’s modulus and yield strength from an unload-reload
segment of a stress-strain curve. The red arrows indicate the direction of compression progress.
The slope of the yellow dashed line represents the secant modulus. The blue dotted arrow
indicates the yield strength at a corresponding plastic strain level.
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Figure 4.12: Scaled Young’s modulus of nanoporous Nb (this work) and other reported
porous materials produced by liquid-metal dealloying [72, [74] (closed symbols), and of
nanoporous Au produced by aqueous dealloying [52] [54], [82] 107, T89-I9T] (open symbols). All
data points are scaled by the Young’s modulus of base material, Fy. The modified Roberts-
Garboczi scaling law for the leveled wave model [66] and Gibson-Ashby scaling law [59] are
displayed for reference.
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Figure 4.13: The yield strength, oy, of nanoporous Nb versus ligament size, L, at ecng = 0.15.
The straight line indicates o ~ L™9%° with arbitrary prefactor.

compared to the leveled-wave model at the same solid fraction, the g,y of np Nb is
less by the factor of ~ 1.5. Since the leveled wave model is considered as an adequate
description of np Au, it can be concluded that the network structure of np Nb is less
connected than that of np Au.

4.2 Hydrogen interaction dynamics in nanoporous
palladium

4.2.1 Microstructure and compositional properties of
nanoporous palladium

Chemical composition of nanoporous Pd

Following the preparation steps in [Sec. 3.2 crack-free np Pd samples were successfully
prepared. Figure presents an SEM image of a typical fracture surface along with
its energy dispersive X-ray spectroscopy spectrum. Quantitative measurements on four
independent samples and at least two positions in each sample reveal a residual Cu
content of 3.9 + 0.6at%. The morphologies of the ligaments on the fracture surfaces

are depicted in the SEM micrographs of

Ligament size upon thermal coarsening

In [Fig. 4.17|(a), the ligaments of as-dealloyed np Pd exhibit a hierarchical structure,
characterized by nanoscale ligaments containing even smaller pores. Figures |4.17(b)
and (c) illustrate the effects of thermal coarsening at 300°C and 400°C, respectively.
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Figure 4.14: (a) SEM image of a nanoporous Nb micropillar and (b) its X-ray
nanotomography-based 3D reconstruction. Note that the sample has been rotated by an
arbitrary angle, providing a different perspective from (a). (c¢) Skeletonized structure of (b),
cropped to contain two continuous rings. (d) Scaled genus, g, versus solid fraction, ¢. A skin
layer—possibly FIB-affected—has been removed for the g calculation. Solid line: leveled-wave
model [66]. (e) g versus the mean ligament spacing, L, of the four nanoporous Nb micropillars.
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Figure 4.15: Typical cross-sectional images of nanoporous Nb observed by X-ray nanoto-
mography. (a) Before and (b) after binarization.

The samples are exposed to elevated temperatures for 5 minutes, as described in
[Sec. 3.2.4L The hierarchical structure is eliminated after thermal annealing, result-
ing in monomodal porous structure with coarsened ligaments. The average ligament
sizes are measured by randomly selecting at least 30 ligament diameters from each mi-
crograph. The as-dealloyed sample (Fig. 4.17|(a)) displays two distinct ligament sizes,
with average diameters of 32 + 13nm for the larger ligaments and 11 £ 4nm due to the
smaller pores. This increases to 55 + 15nm and 106 + 28nm upon thermal coarsen-
ing at 300°C and 400°C, respectively (Fig. 4.17|(b,c)). With the same duration of heat
treatment, the resulting ligament sizes increase at higher temperatures, consistent with
previous observations [167].

m I Spectrum 5

Figure 4.16: (a) Scanning electron micrograph of a typical nanoporous Pd fracture surface.
(b) Corresponding energy dispersive X-ray spectroscopy spectrum from a scan area of ~ 71 x
94 um on the fracture surface, showing ~ 97 at.% Pd and ~ 3 at.% Cu.

Determination of electrochemically active surface area

The electrochemically active surface area, A of the np Pd samples was obtained from
cyclic voltammetry (CV) measurements following the procedure described earlier in
[167, 196]. The resulting cyclic voltammograms for np Pd samples with different liga-
ment sizes are shown in [Fig. 4.18|(a), displaying the influence of ligament size variation.
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Practically, the CV plots can be divided into three regions from left to right: (1) hy-
drogen ad/absorption and desorption at potentials below Egyg ~ 0.34V, (2) capacitive
charging/discharging of the double layer with a relatively low current; and (3) oxygen
species adsorption and desorption at potentials above Egpg ~ 0.60V. Figure [4.18(b)
highlights the area under the OH desorption peak. This area under the curve corre-
sponds to the charge, (), required to reduce a monolayer of PdO:

Q=f0tidt:(cil—]f)_lfotz‘d15 (4.7)

where t is time, ¢ is the current, and % is the scan rate which is 10 mV/s for the data
shown in This charge is then translated into the active surface area, using
Q@*, the charge needed to reduce PdO monolayer per unit area of Pd:

Q
Qx—
with @Q* = 420 pm/cm? for Pd [197]. The resulting mass-specific surface areas are
4.10m?2/g, 3.40m?/g, and 1.73m?/g for np Pd samples with mean ligament sizes of

~34nm, ~ 54nm, and ~ 121 nm, respectively. These active surface area values are later
utilized in the area-specific capacitance analysis in [Sec. 4.2.5|

A:

(4.8)

4.2.2 Hydrogen solubility isotherms of nanoporous palladium

The hydrogen fraction, zy, is defined as the ratio between the number of moles of
palladium and hydrogen in an np Pd sample. The molar quantity of each component
is determined from the mass of hydrogen-free np Pd and the electric charge measured
by the potentiostat, respectively. As described in the chronoamperometry
technique was employed to let the sample alternate between the hydrogen-free state
(Espg = 380mV) and a charged state. For each charging and discharging potential, the
current and charge responses were recorded over sufficient time until either the current
reaches zero or the simultaneous dilatometer signal saturates. A measurement duration
of 600 s was sufficient to achieve this steady-state condition for transitions between the
hydrogen-free state and the o phase at Fsyg > 60mV, while 2000 s was required to

Figure 4.17: SEM images of microstructure on the fracture surfaces of nanoporous Pd (a)
after dealloying and electrochemical reduction, (b) after thermal coarsening at 300°C for 5
minutes, and (c¢) at 400°C for 5 minutes.
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Figure 4.18: (a) Cyclic voltammogram of nanoporous Pd with ligament sizes of ~ 34nm,
~ 54nm, and ~ 121nm in 1.0 M H9SOy4 at a scan rate of 10 mV /s and room temperature.
(b) Cyclic voltammogram of nanoporous Pd with ligament sizes of ~ 34nm from (a), with
the oxide peak shaded in blue. The blue horizontal solid line indicates the capacitive current
level.

ensure the steady-state for transitions involving the o’ phase at Esyg < 30mV. Near
the phase transition point, 30mV < Egyg < 60mV, each measurement was conducted
for 4000 to 18000 s to ensure steady state conditions are reached. A uniform time step
of 1 s was used for all measurements.

The charge measured during the desorption process, (4., is used instead of the
absorption/adsorption process to reduce interference from the hydrogen evolution re-
action at the cathode. To further improve accuracy, the underpotential deposition
charge, Qupp, is subtracted from g, to exclude contributions from surface-adsorbed
hydrogen. Therefore, the bulk hydrogen fraction of np Pd is

_ (Qae — Quep)/F . (4.9)

npd

TH

where F' is the Faraday constant and npq is the mole number of Pd atoms. The
net hydrogen fraction for three different ligament sizes at each potential is plotted as
isotherm curves in[Fig. 4.19] For all samples and phases, the hydrogen fraction increases
with decreasing potential, undergoing a phase transition at Fgyp = 47 - 49mV and
reaching a maximum of zy = 0.71 £ 0.01 near Esyg = -50mV. Figures[£.19(a) and (c)
show detailed plots of the o and o’ phases. Visually, there are several data points from
the smaller ligament sample (black circles) which exhibit higher hydrogen solubility in
the o phase, whereas the opposite trend is observed in the o/ phase. However, upon
closer inspection using the Mann—Whitney U test [198|, performed pairwise between
the samples, it was revealed that the p-values range from 0.49 to 0.87, greater than the
conventional threshold of 0.05. This indicates that there are no statistically significant
differences between the samples. The test was conducted for each pair of samples in
each phase range shown in Figures [1.19(a) and (c), except for the o/ phase for the
sample with [ ~ 185 nm (red squares), due to a lack of data points.
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Figure 4.19: Sorption isotherms of nanoporous Pd with three different ligament sizes at room
temperature, showing electrode potential versus the hydrogen molar ratio, xyg. Enlarged plots
of (b) are shown in (a) and (c).
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Figure 4.20: Strain response of a nanoporous Pd with [ ~ 28 nm under step-wise potential
switching between the hydrogen-free state at Fspp = 380mV and the charging potential of
interest. The shade indicates the underpotential deposition (UPD), «, and o phase regions
based on the charging potential.

4.2.3 Hydrogen-assisted actuation of nanoporous palladium
Hydrogen-induced strain response

Hydrogen absorption in a Pd crystal causes lattice expansion, resulting in a measurable
macroscopic length change. The strain response, therefore, indicates hydrogen charging
and serves as the actuation mechanism of np Pd-H. Figure [4.20] shows a series of
strain response of an np Pd sample monitored in-situ by a dilatometer under stepwise
potential changes. The hydrogen-free state at Esyg = 380mV is used as a reference.
The sample is repeatedly charged with hydrogen by applying a potential of interest—
lower than 380 mV-and then discharged to the reference state. The time-dependent
strain response at each potential level is recorded until strain becomes constant and
the current reaches zero, indicating that equilibrium is reached. For all charging cycles,
hydrogen charging causes sample expansion, while hydrogen unloading returns it to its
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Figure 4.21: Strain responses of nanoporous Pd with ligament sizes of ~ 28nm (black)
and ~ 185nm (red). The onset of the charging potential is indicated by an arrow. Prior
to this onset, the sample is in a hydrogen-free state and the charging potentials are (a)

Egpp =200mV, (b) 60mV, and (c) OmV.

original length. At set potentials of 50mV < FEgyg < 130mV, the sample is in the «
phase, dilute solute solution, and at Fsyg < 49mV, it enters the o’ phase, concentrated
solute solution. This phase transformation is visible by the magnitude of the saturated
strain, with a maximum strain of 3.79 % observed in the o’ phase.

As reported earlier [I67], more than 100 cycles of loading and unloading have been
performed without any observable degradation of the sample, demonstrating the ma-
terial’s durability as an actuator.

Ligament size effect on hydrogen-induced strain response speed

The effect of ligament size on hydrogen loading speed was investigated by comparing
samples with two different ligament sizes: 28 + 7nm and 185 + 35 nm, where the latter
being more than six-fold larger than the former. Figure shows loading strain
curves at three representative potential values corresponding to each phase: np Pd
with underpotentially-deposited (UPD) hydrogen at Esgr = 200mV, « phase at Esyg =
60mV, and hydride o/ phase at Esgg =0mV.

In the UPD regime ([Fig. 4.21)(a)), np Pd with L = 28 + 7nm exhibits a measurable
strain of 0.02 %, whereas the sample with L = 185 + 35nm shows minimal to imper-
ceptible strain response. This is consistent with previous observations [I99] that UPD
strain arises purely from surface stress caused by hydrogen on the surface. The strain
effect is therefore less pronounced for larger ligaments due to the lower specific surface
area. In the o and o' phases ([Fig. 4.21|(b,c)), which involve bulk hydrogen absorp-
tion, both samples demonstrate a measurable strain. In both phases, the sample with
L = 185 + 35nm demonstrates a noticeably slower response compared to the sample
with L = 28 + Tnm. The half time, defined as the time required to reach half of the
maximum strain, is plotted in for each Egyg levels. This observation suggests
that larger ligament size inherently slows down the hydrogen actuation response. For
the sample with L = 28 £ 7nm, the results are quantitatively comparable to [167|. The
underlying mechanisms responsible for this limited kinetics are discussed in

and [Sec. 5.3.41
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Figure 4.22: Half time of hydrogen charging for nanoporous Pd with ligament sizes of
~28nm (black) and ~ 185nm (red) at varying charging potentials, Espg.

4.2.4 Electrochemical impedance spectroscopy on nanoporous
palladium

To investigate the reactions involved in interfacial kinetics and transport behavior,
electrochemical impedance spectroscopy (EIS) is performed on np Pd samples. Initially,
a DC electric potential, Fpc, measured against the SHE, is applied to the working
electrode until equilibrium is reached in the sample, allowing for identification of the
phase within the Pd-H system. Then, a sinusoidal perturbation of AC potential wave
with known amplitude, AFE, and frequency, f, is superimposed on the DC signal. The
resulting current is observed as output signal. As described in[Sec. 3.3.5] the amplitude
is fixed at a relatively small value, and the impedance of the system is monitored at
each frequency value.

Influence of perturbation amplitude

The amplitude of the perturbation signal, AFE, should be sufficiently small to maintain
the linearity of the system while still being large enough to ensure a reliable signal-to-
noise ratio. An excitation voltage amplitude in the range of 5 to 10 mV is commonly
used [I79]. Figure[£.23(a) presents impedance measurement data for two cases: AE =
5mV and AE =10mV. The results for the two perturbation amplitudes are identical,
indicating that a perturbation amplitude of 5 mV is adequate for the EIS measurement.

The linearity of the system is further confirmed by examining the Lissajous plot, as
illustrated in|Fig. 4.23|(b). The symmetric shape of the Lissajous plot at a perturbation
amplitude of 5 mV implies that the system is time-invariant and operates linearly.

Consequently, subsequent measurements are conducted using a perturbation amplitude
of 5mV.
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Figure 4.23: (a) Impedance spectra of nanoporous Pd with AE = 5mV and 10mV at
Epc =350mV. (b) Lissajous plots at Epc =90mV and AFE =5mV, shown for two different
frequencies: 100Hz and 0.01 Hz. (c¢) Impedance spectra from an increasing sequence of Epc
(open symbols) and a decreasing sequence of Epc (closed symbols). (d) Impedance spectra
for frequency scanning from highest to lowest (open symbols) and lowest to highest (closed
symbols). AE =5mV for all measurements in (b-d).
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Influence of DC potential scanning direction

The repeatability of the measurement is assessed by sweeping the DC voltage,
Epc, in two opposite directions. Impedance measurements are recorded at Epc =
30, 90, 140, 200, 350mV in both increasing and decreasing sequences. The frequency
scanning direction is consistently descending with logarithmically uniform steps for all
measurements. The results are shown in [Fig. 4.23|c). The impedance data obtained
from both sequences are identical, indicating that the system’s response is independent
of its prior hydrogen charging state and solely dependent on the potentiostatic control
of the input signal.

Influence of frequency scanning direction

Another practical consideration to check the causality and the stability of the system
is the effect of the prior excitation frequency, i.e., the frequency sweeping direction. At
a fixed DC potential, the frequency is swept in both ascending and descending orders,
with logarithmically uniform steps. The impedance data measured from both seqeunces
at four different Fpc values are presented in [Fig. 4.23|(d). The Epc values are selected
to cover both a and o' phases. As shown in the plots of [Fig. 4.23(d), the direction
of the frequency sweep did not produce any noticeable differences in the impedimetric
data. Combined with the findings from the previous sections, this confirms that the
system meets the assumptions of a linear time-invariant system.

4.2.5 (Pseudo)capacitance and time constants in nanoporous
palladium-hydrogen system

Electrochemical impedance spectroscopy (EIS) was conducted on np Pd samples with
three different ligament sizes: (1) L = 34+ 7nm, (2) L = 54+ 10nm, (3) and L =
121 £ 2nm. The first sample exhibits a hierarchical structure with an additional lower
ligament size level of 11 + 3nm. The aim is to investigate the influence of ligament
size on the hydrogen charging process. The impedance data encompass conditions
ranging from the hydrogen-free state (Epc = 380mV) to the saturated o phase, across
a frequency spectrum of 1072 Hz to 10° Hz.

Figures [4.24f(a) and (b) present Nyquist plots (complex plane plots) illustrating the
complex impedance of np Pd samples with two distinct ligament sizes. Figures [£.24]c)
and (d) provide an enlarged view of Figures [£.24[a) and (b), respectively, highlighting
finer details of the high-frequency region. Each spectrum can be characterized by three
distinct parts, from high to low frequency: at most two well-resolved semicircles and
nearly linear section, closely parallel to a vertically straight line. The first group of
semicircles, referred to as Group 1, appears in the high frequency range (approximately
f > 102Hz) and overlaps for all the tested DC voltages, Epc. In contrast, the second
set, Group 2, emerges in the intermediate frequency range only when the Ep¢ is below
the transition point to UPD, and it varies with changes in Ep¢. Finally, the nearly
vertical line at the lowest frequency range corresponds to an—almost entirely—imaginary
impedance. The physical origin and significance of each feature is discussed in more
detail in [Sec. 5.3.3
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Figure 4.24: Nyquist plots of the impedance spectra for nanoporous Pd with ligament sizes
of (a,c) ~ 34nm and (b,d) ~ 121nm. Panels (a) and (b) show a broader frequency range,
while (c¢) and (d) present an enlarged view of the higher frequency region. In (¢) and (d), the
Group 1 and 2 semicircles are indicated. The legend in (a) applies to (a)—(d).
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Figure 4.25: Capacitance, C, of nanoporous Pd with different ligament sizes, determined by
equivalent circuit fitting of (a) Group 1 semicircles and (c¢) Group 2 semicircles. Area-specific
capacitance, ¢, for the same samples corresponding to (b) Group 1 semicircles and (d) Group
2 semicircles. (e) Time constants from the equivalent circuit model for each ligament size and

semicircle group.
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The experimental impedance data in Figures [4.24(c) and (d) feature a constant
phase element (CPE) with an exponent greater than 0.996, indicating that the sys-
tem can be analyzed by fitting it with an equivalent circuit, based on the Boukamp
model [200]. The detailed methodology is provided in [Sec. 3.3.5] The absolute capac-
itance, (', and the area-specific capacitance-the absolute capacitance normalized to
the electrochemically active surface area of each sample—, ¢, is derived for each set of
semicircles and plotted in [Fig. 4.25(a, b) and (¢, d) for Groups 1 and 2, respectively.
The time constants derived from both groups are plotted together in[Fig. 4.25(e). The
time constants from each group of semicircles fall within the range of 10-*s and 10725,
respectively, indicating that two distinct processes are involved and they occur on a
milli to microsecond timescale. These timescales remain consistent across the different
ligament sizes tested.
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Chapter 5

Discussion

5.1 Discussion on the genus-dependent scaling law

5.1.1 Discussion on the new scaling law

The Gibson-Ashby scaling law [105] has demonstrated notable success for stochastic or
periodic open-cell microstructures, with widely different geometries and, apparently,
similar connectivity. This shows that mechanics and microstructural geometry can
be coupled by simple scaling relations. In that case, the key microstructural metric
governing the behavior is the solid fraction, .

The findings presented in Sections |4.1.1] and [4.1.2] unraveled a separate scaling,
namely between the mechanics and the network connectivity as measured by the scaled
topological genus, ¢g. It is demonstrated that, at a constant ¢, the effective Young’s
modulus scales with g2 as embodied in In interpreting this result, one may
ask about the physical basis for the numerical value of gy. The maximum g for leveled-
wave-like random network structures is 2.25 with ¢ = 1/2) and this falls
within the confidence interval of gy = 2.40 £ 0.50. Our findings are thus compatible
with the notion of the np Au and leveled-wave structures as derived from an "ideal"
random network simply by cutting connections. In such an ideal network, g = gg = 2.25.

As this scaling is derived from leveled-wave-like structures, it is a priori restricted
to a specific class of morphologies. That being said, the leveled-wave model has been
established to represent a significant range of materials with random bicontinuous mi-
crostructures, supporting the relevance of the new scaling law. The apparent common-
ality in the architecture of different classes of porous and random network materials
may be understood as a consequence of similarities in the driving forces and transport
mechanisms of the microstructure evolution. The prototypical processes behind leveled-
wave-like structures are early-stage spinodal decomposition and later-stage spinodal
coarsening, in which surface- or bulk-diffusion act most efficiently at small scale while
interfacial free energy minimization favors large scales. The same mechanisms also
control the breaking of network struts by Plateau-Rayleigh instabilities [I0T]. Interfa-
cial energy is generally relevant for porous materials, and diffusive transport is often
a prerequisite for microstructure evolution during their formation. This supports the
leveled-wave microstructure as a physically motivated model.

In architected periodic lattices, any microstructural descriptor-including the num-

63



CHAPTER 5. DISCUSSION

ber and relative angle of struts meeting in a node [9, 13 [14, 201] as well as axial
[202-204] and cross-sectional [205] shape factors of the struts—can, in principle, be
freely engineered. The accessible parameter space for microstructure design is thus
drastically wider than what is explored by nature’s spinodal-like microstructure evolu-
tion processes, and the conclusions of the present work cannot forcefully be transferred
to architected structures from the more general parameter space. Indeed, a study of
the elasticity of lattice networks with idealized cylindrical struts that are randomly cut
[65] does not support a simple power-law relation between Young’s modulus and scaled
genus. Yet, that study does support the present findings by exposing the scaled-genus
dependence of the elasticity as decoupled from other factors, as expressed in [Eq. 4.1}

An error source in extracting the scaled genus from atomic-scale represen-
tations of random network structures

The values for the size parameter L are adopted from [I40]. That reference determined
L of the initial structure from the specific surface area, Sy (surface area per solid
volume), exploiting

P4 o et
L 5, \/gspe (5.1)
for the leveled wave model [66].

Sy in is susceptible to two factors, surface roughness and the volume de-
termination on the basis of surface position. In comparison to the leveled-wave model
with a smooth surface, the atomic-scale roughness of the model structure increases the
surface area. Furthermore, the volume determination can be impacted by the surface
reconstruction algorithm. As the algorithm [140)], 206| constructs the surface as an in-
terpolation of atom centers, it shifts the surface inward compared to the leveled-wave
surface. As a result of the solid volume being underestimated, the specific surface area
becomes erroneously large. This results in a ligament spacing too small and, hence, a
lower g value is anticipated with the same F.g value.

The two just-mentioned artifacts yield an initial value of L that is systematically
11 + 2% below the true value of the leveled-wave structure [140]. The error in L then
propagates to g following [Eq. 2.8] so that the initial scaled genus value is underesti-
mated by 1.113. As a consequence, the numerical constant gy in the scaling law
is undervalued by the factor of 1.116 » 1.9. This partly explains the shift of the data
for initial structures in towards the left boundary of the shaded region.

5.1.2 Assessment of the scaling by Mangipudi et al.

As addressed in Mangipudi et al. [I37] have determined f, by analyzing
Young’s moduli of model microstructures, suggesting f, o< g. Comparing their results
to those of the present work requires that the different conventions for specifying the
scaled genus are accounted for. Unlike [Eq. 2.8 Mangipudi et al. define their scaled

genus as

G

- (5.2)

g
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Figure 5.1: Normalized effective Young’s modulus F.g/FEy versus solid fraction ¢ as ,
but the scaling laws suggested by Mangipudi et al. [137] and Sun et al. [ITI] are superimposed
as the red dash-dot-dotted line and navy short-dotted line, respectively. Note that these latter
approaches do not satisfactorily catch the trends in the combined experimental and modeling
data for as-prepared nanoporous gold and for leveled-wave-like structures.

with S the surface area per unit foam volume. Analyzing their data set for E.q versus
g, they found
Eog = 5gp°Ey . (5.3)

The results in [66]-specifically, the comparisons derived from applying [Eq. 3.2 to
|Eq. 5.2|, and |Eq. 2.10| to |Eq. 2.8| with the notion of L = L-imply that

-2 3VB ey 7. (5.4)
64a3

and this permits us to convert between the two measures for scaled genus and to plot
the predictions of the Mangipudi law, assuming the connectivity-solid-fraction relation
of the leveled wave model. The result is shown in alongside the various
experimental and finite element modeling data discussed in [Sec. 4.1.1] It is seen, that
the linear scaling suggested by Mangipudi et al. results in a considerably diminished
sensitivity of the predicted Young’s modulus on the solid fraction. This is an obvious
result of the weaker dependence of stiffness on connectivity in their law. Obviously,
that law does not appropriately catch the trends in np Au and in leveled-wave-like
structures.

Additionally, another scaling law, represented by the navy short-dotted line in
Fig. 5.1 introduces a term linear in ¢ to the quadratic dependence of the Gibson-
Ashby law [61, T11]. This modification accounts for stretching, as opposed to bending-
dominated deformation, at higher solid fractions. Such law has not been validated
against similarly large data sets as Eqf4.4] and the inspection here indicates that it
again fails to reproduce the low-p behavior observed in experiments and numerical
simulations for random network materials.
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5.2 Relationship between network microstructure
and mechanical properties of nanoporous niobium

5.2.1 Mean ligament size and size distribution

It has been suggested that L, the characteristic length scale of a liquid-metal-dealloyed
structure, is determined primarily by the coarsening kinetics, and that those obey
the power law L oc \/d where d is the dealloyed depth [99]. That would suggest a
gradient in ligament size as one moves from the outer surface into the interior of a
sample. A more recent investigation, on the other hand, has pointed out that—at
sufficiently high temperature-the local dealloying direction may diverge from that of
the macroscopic sample surface normal [207]. This implies that an appropriate notion
of d can differ locally within the sample. Irrespective of the different suggestions, the
electron micrographs did not reveal a noticeable dependency of L on the distance from
the sample’s exterior surface, indicating each sample has a single, well-defined L value.

Figure demonstrates that the L of individual samples can be controlled by ad-
justing the immersion time and the temperature of molten Mg. As mentioned earlier in
[Sec. 4.1.3] higher temperature and longer immersion time result in larger L, confirming
the coarsening trend reported in [97].

It is also noteworthy that the coefficient of variation, defined as the ratio of the
standard deviation, s, to the mean ligament size, L, increases with L. For the exam-
ples in , the values of s/L are 0.25, 0.35, and 0.37 in order of ascending L. For
electrochemically dealloyed np Au, experiment suggests s/L = 0.303 + 0.007 through-
out an interval of ligament size including 20-fold coarsening [172]. This is consistent
with self-similar microstructure evolution in np Au. Self similarity is also implied by
experimental topology analysis of coarsened np Au [I73] and by atomistic simulation
[140] of coarsening for ¢ > 0.3, as in the present samples. While the absolute s/L val-
ues for np Nb—coarsened in-situ during LMD-are roughly similar to np Au, s/L of np
Nb systematically increases with L, suggesting a gradual loss of structural order and,
hence, non-self-similar coarsening. This is consistent with previous findings for LMD-
generated porous metals [77]. To summarize, the np Nb samples are distinguished from
np Au by thier reduced microstructural order, non-self-similar coarsening, and lesser
scaled genus.

Investigations into the mechanism of LMD have emphasized the distinction to aque-
ous dealloying, and specifically a strong variability of the microstructural morphologies
generated by LMD [95], [99]. Whereas aqueous dealloying is controlled sensibly by the
kinetics of dissolution and of surface diffusion alone, the transport in the melt and
the ensuing phenomena of variable dissolution rate and repartitioning of the master
alloy’s constituents may generate a richer set of morphologies for LMD. This aligns
with morphological variation during coarsening and, consequently, a reduced order.

Besides their different transport pathways, LMD and aqueous dealloying are also
distinguished by their microstructure evolution sequences and by the magnitude of
the force driving coarsening. In aqueous dealloying, the process involves two stages:
primary dealloying, which establishes an initial network in response to the driving
force for dissolution, and secondary dealloying, which coarsens the network through
the driving forces from capillarity [208], 209]. There are observations that the primary
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dealloyed network is quite disordered, yet coarsening transforms it to a spinodal-like,
ordered network structure [210]. This primary/secondary dealloying distinction has not
been reported for LMD [99] 211], suggesting that the ordering tendency of coarsening
plays a less prominent role in LMD. The coarsening behavior of nanoporous metals,
which generates and maintains spinodal-like structures—and often self-similarity—is un-
derstood as the result of two governing factors, capillarity as the driving force and
diffusion as the transport mechanism [I01] 140]. Since capillarity scales with the prod-
uct of surface tension and mean curvature, it is strong in aqueous-dealloyed materials
with truly nanoscale ligament size. In contrast, LMD generates sub-micron to micron-
scale structures, where the mean curvature can be orders of magnitude weaker. Other
factors, for instance crystal lattice defects or microstrain, may then become significant
and interfere with the ordering tendency of diffusive coarsening. This may explain
why LMD-processed porous metals often deviate from the well-defined, spinodal-like
structures observed in aqueous-dealloyed metals.

5.2.2 Size-dependent strength of nanoporous niobium

The yield strength, oy, of np Nb is analyzed in relation to the mean ligament size, L.
The general trend observed in is consistent with the well-established “smaller
is stronger” trend commonly seen in micro- to nanoporous metals [32, 51 116, 117]. A
linear fit of the log-log plot gives the size dependency of oy o< L™ with the size exponent
n=-0.47+0.27.

While much research on nanoscale size effect has focused on FCC crystals, two con-
ceivable factors should be considered when comparing these results to np Nb, which
consists of BCC material: (1) BCC metals exhibit a higher Peierls stress than FCC
metals, and (2) Nb has a relatively low critical temperature. Contrary to FCC met-
als, which have low Peierls stress and negligible temperature sensitivity, dislocations
in BCC metals must overcome a moderate to high level of energy barrier, letting their
yield strength more sensitive to temperature. Above the critical temperature, where
thermal fluctuation energy can surpass the Peierls barrier, dislocations become ther-
mally activated and have sufficient energy to glide easily [124]. The critical temperature
of Nb is 350 K, and it can drop with an athermal stress, for instance, to 290 K under
13 MPa [126]. This suggests that Nb may exhibit behavior similar to FCC metals near
room temperature.

The observed power-law exponent of -0.47 for np Nb indeed aligns with previous
findings for nanoscale gold, an FCC metal, in small-scale tests [10) 11, 56], 118]|. This
agreement reinforces the concept that the size reduction may increase the material
strength applies not only to individual BCC micropillars, but also to macroscopic
networks composed of nanoscale ligaments.

5.2.3 Young’s modulus and network connectivity of nanoporous
niobium

No clear dependence of the Young’s modulus, E.s, on ligament size was observed
throughout the experiment. Although a size-dependency could arise from surface excess
elasticity, this effect becomes appreciable only at structure sizes well below 10 nm
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[8, 212]. Therefore, the results relate to a scale-independent elasticity regime, where
the network topology may play a decisive role [8] [62, 137].

The effective Young’s modulus of np Nb is plotted in alongside LMD-made
porous Ti and Feg goCrg 20 [72, [74] and np Au (aqueous dealloying) [52), 54}, [82] 107, 189
191]. The Gibson-Ashby scaling law [59] and the modified Roberts-Garboczi scaling
law parameterized for np Au and for leveled-wave structures [66] are superimposed
for comparison. The Roberts-Garboczi scaling law fitted to the leveled-wave structure
has successfully reproduced the relation between microstructural features and elastic
properties of np Au [60] as shown in the Figure. Strikingly, np Nb exhibits a 10 to
60 times lower modulus compared to the scaling laws. FE.g is also considerably lower
than the experimental results for np Au of similar relative density [10, 54} [62]. This
anomalous compliance indicates that the Gibson-Ashby scaling law overpredicts np
Nb’s stiffness from its ¢, and the fitting parameters of the Roberts-Garboczi scaling
law for np Au might not be applicable to np Nb.

Deviations between the Gibson-Ashby scaling for constant-connectivity structures
and real nanoporous materials have been related to a solid-fraction-dependent connec-
tivity [53) 60, [62] 65, 82 T11], 184]. This motivates an examination of the topological
genus, as a quantifiable measure of connectivity. The average g of np Nb is found to be
1.2 and, thereby, ~1.5 times lower than that [66] of the leveled-wave model structure
at the same solid fraction. Qualitatively, therefore, the anomalous compliance of np
Nb can be traced back to its deficiency in connectivity. For network structures derived
from the leveled-wave model and with disconnections due to coarsening
(Sec. 41.2)), the Eoy at any given solid fraction scales as ¢g2. That scaling is obviously
not applicable to the LMD Nb samples since-compared to np Au-np Nb’s reduction in
E.¢ considerably exceeds the squared relative change in scaled genus. This emphasizes
further that the microstructural morphology and topology of the LMD samples differ
substantially from that of np Au produced by aqueous dealloying.

In the context of microstructure metrics for nanoporous metals that might impact
their mechanics, beyond the classic parameters of solid fraction and ligament size, the
topological genus stands out. Its connection to stiffness and strength has been firmly
established [36), [62], [65], 66], [82] and, for the special case of spinodal-like structures, has
been formulated into a scaling law [I84]. Yet, other metrics have also been suggested
or identified as relevant. In addition to the above-mentioned width of the ligament size
distribution, this includes specifically details of the ligament morphology [204, 213
and the size distribution of load-bearing rings within the ligament network [214]. Each
of these parameters may influence the mechanical performance of LMD-produced np
Nb. However, scaling laws that might be combined with the current data for a more
comprehensive discussion of their impact have yet to be established.
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5.3 Hydrogen sorption kinetics in nanoporous palla-
dium

5.3.1 Nanoporous palladium for hydrogen sorption

Nanoporous Pd proved to be an experimentally more suitable material for character-
izing hydrogen kinetics compared to np Nb. As stated in [Sec. 4.1.3] one key issue with
np Nb is the presence of NbO, a stable oxide phase commonly formed under atmo-
spheric conditions. The existence of this oxide layer on Nb samples was foreseeable,
given the material’s high surface area, which makes it particularly susceptible to oxi-
dation. Despite the attempts to remove this oxide layer through heat treatment up to
800°C under vacuum and exposure to hydrogen gas as a reducing agent, it persisted
and was identified as a possible barrier for hydrogen absorption into the Nb lattice.
More extreme conditions, such as ultra-high vacuum at temperatures above 1600°C,
as reported by [2I5], were not applicable without compromising the stability of the
porous structure. Despite these efforts, np Nb was ultimately unsuitable for hydrogen
sorption studies, hence the following discussion will focus exclusively on np Pd.

5.3.2 Size effect on hydrogen solubility

For the hydrogen solubility of np Pd presented in Figures [4.19(a) and (c), the sol-
ubility differences between pairs of independent samples were analyzed using the
Mann-Whitney U test [198]. This method was chosen because the solubility datasets
are not expected to follow a normal distribution, and the measurement from each sam-
ple are independent. The p-values ranging from 0.49 to 0.87, as presented in [Sec. 4.2.2]
are greater than the conventional criterion of 0.05, indicating that there is no statisti-
cally significant difference between the samples. In contrast to an earlier observation
on nanocrystalline Pd [216], where interface stress caused by hydrogen enrichment or
depletion at interfaces (grain boundaries) can alter hydrogen solubility in the bulk
[216], the bulk absorption behavior of np Pd appears independent of ligament size.
This inconsistency can be attributed to differences in microstructural scale. While the
mean grain sizes of [216] range between 8 — 12nm, the ligament size of np Pd is an
order of magnitude larger. This larger structural feature likely alleviate the influence
of interface on hydrogen bulk solubility.

The size-independence of hydrogen solubility can be further discussed in relation
to the sorption strain magnitude shown in . While solubility is de-
rived from the charge data measured by potentiostat, the saturation strain
is independently obtained via dilatometer. Especially for the o/ phase, where the UPD
effect is negligible compared to the bulk-absorbed hydrogen, the size-independence of
solubility does not explain the reduced strain observed in the larger ligament sample.
The pronounced size-dependence of saturation strain remains to be investigated. Po-
tential approaches are outlined in Current observations so far suggest that
the reduction of ligament size may amplify chemo-mechanical coupling.

69



CHAPTER 5. DISCUSSION

5.3.3 Reaction mechanisms and rate-limiting process

The impedance spectrum of np Pd displayed in can be roughly divided into
three distinct regions, each corresponding to a specific physical interface or process.
This section analyzes the impedance spectrum in connection with the physical origins
of each region of the plot. For the analysis, the hydrogen evolution reaction is excluded
from consideration, as the potential levels of interest, Fpc, are above the threshold for
Hs(g) generation [I60]. In other words, all measurements were conducted at potentials
positive to the hydrogen evolution reaction.

Prior to analysis, one intrinsic effect to be addressed is the electric double layer
(EDL). The characteristic thickness of EDL, A, is given as [217]

)= (505rRT)1/2
\ F222¢, '

where g is the permittivity of free space, ¢, is the relative permittivity of the electrolyte,
R is the gas constant, T" is the absolute temperature, F' is the Faraday constant, z is the
valence of ionic species, and ¢y is the molar concentration. For hydrogen ions in 1 M
HySO4 at room temperature, assuming a relative permittivity similar to that of water,
A is approximately 13nm. Comparing this A value to the pore sizes of np Pd—which
are also on the same scale as the ligament size [218]-the overlapping of EDL is unlikely
[219]. Therefore, any effects from EDL overlapping are not considered here.

Given that the CPE exponent of the semicircles in the complex plane plots of Fig-
ures [£.24](c) and (d) is close to 1, the patterns represent the coupling of capacitive and
resistive behavior associated with surface characteristics. The high-frequency semicir-
cles, labeled Group 1 and located in the left section of each plot, overlap across all Epc
levels, indicating that the impedance of this interface layer is independent of the Pd-H
state. Additionally, Figures [4.25(a) and (b) show that the capacitance is independent
of ligament size but diverges significantly when normalized to the electrochemically ac-
tive surface area. This suggests the capacitance may originate from a source external to
the sample, possibly a setup artifact, the interface between the sample and the holder.
The comparable absolute capacitance values across samples in [Fig. 4.25{a) further sup-
port this, as the setup and the wiring are nearly identical for all measurements. The
time scale of these semicircles is calculated following [Eq. 3.5 with the results presented
in [Fig. 4.25[e). The time scales are consistently on the order of 10~*s, regardless of
ligament size or Epc. This is significantly shorter than the actuation process time scale
(» 10%s), suggesting that charge transfer occurring from the setup artifact is negligible
for actuation speed.

The second set of capacitive loops, labeled Group 2 in|Fig. 4.24(c) and (d), appears
only below the transition point to UPD, i.e., Epc < Fypp, where Eypp » 240mV [220].
This indicates that this Group 2 semicircles are due to the presence of hydrogen atoms
on Pd surface. Hydrogen underpotential deposition is characteristic of Pt-group metals
[160], including Pd, where H atoms form covalent bonds with the metal substrate and
occupy surface sites [156]. On Pd (111) and (100) surfaces, the energetically favored
sites are threefold and fourfold hollow sites, respectively, as illustrated in for
each facet. The diminished divergence in capacitance between ligament sizes when
normalized to the electrochemically active surface area (compare Figures [£.25c) and
(d)) further indicates that the Group 2 semicircles originate from surface-adsorbed

(5.5)
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Figure 5.2: The equivalent circuit of a (semi-)infinitely large network of pores. The resis-
tances and capacitances of individual resistors and capacitors are not necessarily identical.

charge on np Pd. Each pore consisting of the Pd surface brings a certain amount
of capacitance and resistance to the system, and the collective behavior of a semi-
infinite number of pores in the macroscopic sample can be modeled as a transmission
system [221H224]. A simplified schematic of this circuit model is shown in [Fig. 5.2
The exact calculation from this microscopic picture is challenging, if not impossible,
as it requires the exact number of pores (components) in the macroscale sample and
the random shapes of each pore. Instead, area-specific capacitance, ¢, is calculated
by dividing the absolute capacitance by the electrochemically active surface area, as
shown in [Fig. 4.25(d). The ¢ values of np Pd align with the typical EDL capacitance
values for Pd, 20 — 65 uF/cm? [225H227]. Although there is a strict difference that
UPD H is adsorbed onto the electrode surface within the Stern layer of the EDL,
while EDL capacitance arises from both the Stern layer and the diffuse layer, this
comparability suggests that adsorbed H* ions play a key role in the capacitive behavior
at the interface.

The time scales for charge transfer in the near-surface layer (corresponds to Group
2), plotted in [Fig. 4.25(e), range from 10-3s to 10-2s and exhibit no significant de-
pendence on ligament size, except for a minor deviation at £ > 140mV. These values
are broadly comparable to the relaxation time of adsorption/desorption process of hy-
drogen on Au in acidic solution, 0.12ms,0.20ms, reported by [228]. This relatively
fast process can be associated with the movement of ions in the pore space, facilitated
by the Grotthuss mechanism [229]. The Grotthuss mechanism involves the formation
and breaking of covalent bonds between neighboring water molecules, and protons can
move through such a chain reaction. It enables fast and efficient hydrogen transport by
a proton hopping process, transferring protons through a network of hydrogen-bonded
water molecules. The short time scale of such process again confirms that charge trans-
fer across the adsorbed layer at the interface is negligible when considering the overall
actuation duration of ~ 10%s, and does not significantly impact the total actuation
time.

An additional step involved in the hydrogen charging process is the diffusion of
absorbed H into the bulk of metallic Pd, driven by the concentration gradient. The
diffusion time scale of H in the o phase of Pd-H system is estimated based on [230), 231].
Using half the ligament diameter, in the range of 10 -100nm, as the diffusion distance,
and the diffusion constant of H in Pd lattice at 300 K, D = 3.8x10- m?/s [147, [231], the
equilibration time scale for np Pd in this work is estimated to be on the order of 1076
to 10~*s. This diffusional process is negligibly fast compared to the overall charging
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Figure 5.3: Hydrogen charging process in nanoporous Pd. The diagram illustrates hydrogen
adsorption and absorption at the electrolyte—Pd ligament interface, along with diffusion within
the Pd lattice.

process, explaining the absence of mass transfer impedance (Warburg impedance) in
the Nyquist plots in [Fig. 4.24]

The steps discussed above are schematically illustrated in and the order
of their length and approximate time scales are listed in Table 5.1} The length scale
of the charge transfer is approximated from the sample dimension, while the activated
jump lengths are approximated based on the lattice spacing of Pd.

Table 5.1: Processes and scales, approximately

process length scale time scale
activated jump - adsorption 0.2 nm 10 ms
activated jump - injection 0.2 nm 10 -100 s

diffusion within Pd ligaments 10 - 100 nm 1 - 100 us

Since the actuation of np Pd-H involves multiple steps in series, the slowest one
dictates the overall reaction rate. A comparison of the actuation response time, which
ranges from 1 to 10 minutes, with other time scales outlined in Table |5.1] reveals
that these processes are sufficiently fast and not rate-limiting. This suggests that
the primary rate-limiting factor is charge injection at the Pd surface, and that the
actuation of np Pd operates under interface kinetics constraints. The characteristic of
surface injection (Faradaic process) is not captured in the EIS measurement, therefore,
alternative methods, such as potential jump tests, are necessary to accurately observe
the full response kinetics of np Pd-H.

The finding that charge injection is the primary rate-limiting factor is consistent
with the faster actuation observed in samples with smaller ligaments. Smaller liga-
ments provide a larger specific surface area, facilitating surface interaction—specifically
hydrogen absorption—and thus accelerating the hydrogen charging of Pd bulk. The
enhanced charging speed in np Pd with reduced ligament size provides a clear pathway
for optimizing H-based actuators.
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5.3.4 Reaction modeling of hydrogen sorption kinetics

In the previous section, it was concluded that the charging time scale of np Pd is
primarily governed by the charge injection, i.e., the hydrogen transfer across a barrier
at the surface. Therefore, the hydrogen sorption kinetics are modeled with a focus on
the surface injection process, assuming an energy barrier for hydrogen insertion and
removal. The discharging process is perfectly analogous to the charging process, and
the focus here is on the charging process.

It is also demonstrated that hydrogen diffusion within the Pd lattice is sufficiently
fast to assume (quasi-)instantaneous equilibrium within the sample. In other words, the
hydrogen composition at the surface is effectively the same as that within the ligament
interior at all times. In the following discussion, the term "hydrogen concentration"
refers to the bulk composition, without distinguishing it from the surface composition
and neglecting any composition gradient.

Deriving the kinetic rate equation using the Butler—Volmer equation

Consider a finite size of Pd solid crystal initially equilibrated to a constant hydrogen
composition. The Pd-H solid solution can exchange mass and energy with a much
larger fluid reservoir, effectively considered infinite in size. The temperature is con-
stant over time throughout the system, and with no spatial temperature gradient. In
this state, the charge flux, j, coming from the hydrogen injection is zero. When an
overpotential is applied, the system is perturbed from equilibrium, and the flux j is—
according to standard assumption in the literature-governed by a Butler-Volmer-like
current-overpotential equation [163], with the hydrogen concentration = concurrently
changing over time. The injection and extraction rates scale with the concentrations
of vacant and occupied sites in the crystal, leading to the current-potential relation
expressed as

= e (- PO - L (- T )

where « is the transfer coefficient, je is the exchange current density (jex > 0), Zeq
is the equilibrium concentration corresponding to the final state, F' is the Faraday
constant, R is the gas constant, and 7T is the temperature. Here, U corresponds to the
applied potential and U, is the potential at the equilibrium state, thereby without loss
of generality, it is free to say that U = Usq. By definition, j reaches zero when = xq.

With U = Uy, it leads to
o l-z x
Jj= jex( - ) : (5.7)

1-%eq Teq

The implication of is that the driving force for charge transfer is determined by
the hydrogen concentration, particularly when the current value, x, deviates from the
final concentration at equilibrium, x.,. This governing equation is applicable to ideal
solutions.

For a Pd sample with arbitrary finite geometry (see characterized by

volume V' and surface area A, and with an assumption that the current flux is normal
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< composition, x
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Figure 5.4: A schematic of a random shape of Pd structure, with a hydrogen concentration
of  and subject to the hydrogen injection charge flux j.

to the surface and uniform across the sample surface, by definition,

d
L rav=qia .
dtfvxv j (5.8)

where € is the atomic volume of Pd. With a non-zero flux, x evolves over time, denoted
as x(t). Consequently, j also becomes a time-dependent function, as it depends on z(t)
through [Eq. 5.7 The concentration is uniform throughout the volume, as explained at
the beginning of this section. Under this condition and the given variable dependencies,

simplifies to
da(t ,
d(t ) = agj(t). (5.9)

The specific surface area, ag = A/V, is introduced as a parameter bound to the sam-
ple geometry. Changes in ag due to hydrogen-induced expansion are neglected for

simplicity. By substituting j(¢) from into
dx(t 1-z(t t
x(t) =Qasjex( z(t) _x )) . (5.10)

1-%eq  Teq

The boundary conditions are x = z; at ¢ =0 and z = xq at t = co. Solving yields a
closed-form expression for x(t), which is given by

05 8hjex t) . (5.11)

T = Teq + (CCi - :(:eq)exp (—m
€q €q

As mentioned in the half time of charging is defined as the time when
¥ = (Zeq—xi)/2. This half time can be determined either numerically from the x versus
t plot or from the exponent in as the time constant of the exponential response
is linearly proportional to the half time. The half time for an initially dilute sample
with a non-zero initial concentration of x; = 0.001 is shown by the blue solid line in
plotted against equilibrium concentration, z.,. By the definition of charging,
Teq 1s greater than z; and the abscissa is normalized to the site density, x4t = 1, the
value that x cannot exceed. The ordinate is normalized to the characteristic parameter
of the system, 75 = 1/agQjex. The plot shows that charging time increases with the
final state concentration up to zq = 0.5 and decreases beyond this point.

In the same the experimental data adapted from [167] is superposed for
comparison. Here, data for z.q 5 0.03 are not considered for the present discussion as
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Figure 5.5: Normalized half time of Butler-Volmer-type hydrogen injection process (blue
line), as a function of equilibrium hydrogen concentration, z.q, scaled by the site density,
Tsite = 1. Experimentally measured half time of hydrogen actuation in nanoporous Pd at
different equilibrium hydrogen concentration is superposed for comparison (black circle). Ex-
perimental data recreated from [I67] with permission.

they remain in the UPD regime and do not involve bulk absorption. When comparing
the model’s prediction to experimental data, the model reproduces the general trend
observed in the experiments: the half time increases with z., in the a phase (2. < 0.05),
while the opposite is true for the o/ phase (zeq 2 0.5) with a larger negative slope.
Additionally, the relationship 75 being inversely proportional to ag, and ag inversely
proportional to ligament size [232], 233], qualitatively explains the longer half times
observed for larger ligaments (See [Fig. 4.22 and [Sec. 4.2.3|). However, upon closer
inspection, the model either overpredicts the half time in the o phase, or underpredicts
it in the o’ phase. Notably, near z., = 0.5, the experimental trend deviates significantly
from the predicted curve, suggesting that the model fails to accurately capture the
sharp increase in half time near the phase transformation point. Additionally, the
residuals—the differences between the experimental and model values—are non-randomly
distributed. This pattern indicates that there are systematic errors in the model, and
that this ideal solution model does not fully represent the behavior of the real system.

Modification of the Butler-Volmer equation

To account for the discrepancy, the activation enthalpy associated with elastic strain
can be implemented in the previously mentioned Butler-Volmer-type reaction [234].
The findings of [234] suggest that changes in the electrode’s strain, which directly
affect the lattice spacing, can modify the energy barrier for the combination of protons
and hydrogen adsorption. The surface stress response can appear as either expansion
or contraction of the lattice, and can be quantified by introducing the electrocapillary
coupling parameter, ¢, defined as ¢ = df/dq|., where f, ¢ and e are the surface stress,
the superficial charge density and the tangential strain at the surface, respectively [199].
A positive value of ¢ has been reported in [199] 234, 235] for hydrogen electrosorption
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Figure 5.6: (a) Hydrogen fraction, x, as a function of time, ¢, with an initial concentration
of 0.001 and equilibrium concentraion of 0.8. (b) Half time of the hydrogen injection process
as a function of equilibrium hydrogen concentration, x.q, with time in arbitrary units. The
black circle represents experimental data, recreated from [167]. For both (a) and (b), the
dash-dotted line corresponds to the Butler-Volmer reaction modified for strain-dependent
activation enthalpy, and solid line represents the classical Butler-Volmer-type reaction with a
constant exchange current density.

on Pt and Pd. This observation aligns with the fact that hydrogen sorption induces
macroscopic expansion and tensile surface stress, and that the reaction is accelerated.

This strain-dependence of the activation enthalpy is incorporated into the rate
equation and the impact is examined. Since increased charge density amplifies strain
effects, this introduces an dependence on the hydrogen bulk concentration, x. For Pd,
the strain, e = Al/ly, is linearly proportional to the hydrogen concentration [40] and can
be linked to the mean hydrogen bulk concentration, x, through the strain-concentration
coefficient, n = [;'0l/0x. This alteration in energy barrier can be reflected in the
exchange current term, je,, by introducing a z-dependency of j.., which was previously
treated as a constant in the formal approach. Referring to [234], jex can be expressed
as follows.

) ) EFng
ex — Jex g 12
o = doxo 00 () (5.12)

with a constant jexo.

Equation remains valid with this modification. Thus, by equating
and [Eq. 5.12| the resulting differential equation becomes

dz(t) . Fng ) 1-z(t) =(t)
=0 ex - ) 1
ag o sJexo eXp( RT N\ 1= 20y~ eq (5.13)

and is solved numerically. For the calculations, the parameters are set as follows:
n =0.06 [167], ¢ = 1V [234], and T = 300K. Arbitrary values of Q = 1,ag = 1, and
Jexo = 0.1 are assigned for simplicity, without affecting the generality of the results.
Figure |5.6| displays the modified version alongside the classical Butler—Volmer-type
response, using the boundary conditions of x = 0.001 at ¢ = 0 and x = 0.8 at ¢t = oo.
In [Fig. 5.6{a), the hydrogen concentration reaches z.q more quickly than the classical
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Butler-Volmer-type process with a constant je., as expected. This is reflected in the
reduced half time in[Fig. 5.6(b). The blue solid line in[Fig. 5.6b) corresponds to that of

1g. 5.5 The modification shifts the slope of the plot, however, it does not improve the
agreement with the experimental data. Specifically, the sharp increase near xqq = 0.5 is
still not satisfactorily captured, and the convexity observed in the experimental curve
for zeq > 0.5 contrasts with the model’s concave prediction.

Kinetic rate equations from a thermodynamic perspective

The Butler-Volmer equation, which forms the basis of the previous approaches, com-
bines the charge transfer rate with the overpotential. However, this model does not
account for the miscibility gap, the central behavior of the Pd-H solid solution. In this
section, the equilibrium states are evaluated strictly from a thermodynamic perspective
and the composition-dependent energy of H in the Pd crystal lattice is incorporated.
The kinetic rate is then determined by revisiting the parameters in the ready-made
Butler-Volmer equation.

Following the model scenario in [230], an interstitial regular solution, where the
solute is randomly distributed on available interstitial sites, is considered. The energy
of the system arises from the bonds H-H and H-matrix (host material, Pd), with fixed
bond energies. The molar enthalpy, H, of the solution with solute fraction z is

H =0z +Qsz(l-1z), (5.14)

where )y is the energy associated with interactions between solute and the matrix and
()5 is the energy associated with interactions between solute molecules. The enthalpy
due to solute-matrix interactions scales linearly with x since it involves the fraction of
solute in the system. The energy due to solute-solute interactions depends on both x
and (1 - x), accounting for pairwise interactions.

The entropy, S, is derived from the number of microstates, ). For a solid solu-
tion containing two types of atoms, of which the numbers are xN and (1 —z)N, the
number of possible configurations of this system is given by N!/(zN)!(1-xz)N!. The
entropy is then expressed as S = kIn (), where k£ is the Boltzmann constant. Simplifying
this expression using Stirling’s approximation and the relation R = Nk, where Ny is
Avogadro’s number and R is the gas constant, leads to

S=-R(zlnzx+(1-z)In(1-2)) . (5.15)
Then the molar Gibbs free energy, G, at temperature 7' is given by
G=H-TS (5.16)

Subsequently, the chemical potential, i, of the solid is given by the derivative of G
with respect to the solute fraction z: pu = 0G/dx. This determines the driving force for
mixing or phase separation. By substituting [Eq. 5.14] and [Eq. 5.15| into [Eq. 5.16] and
taking the partial derivative with respect to =z,

,u=QM+QS(1—2x)+TRln(1fx). (5.17)
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For the reservoir, it contains H in the form of protons and electrons, and the chemical
potential accounts for both species. Without loss of generality, one can set the chemical
potential of protons to zero. The reservoir is assumed to be at a constant composition,
which gives the chemical potential of the reservoir, ug, as

i = ~FUspy. (5.18)

for an applied electric potential, Uy, and the Faraday constant, F.

The thermodynamic condition for equilibrium is when the chemical potentials are
equal between the two communicating phases, the reservoir and the solid. From this
condition, the solute fraction in the solid at equilibrium, xq, is evaluated. In order
to solve the system numerically, the variables are scaled to dimensionless form. The
reduced chemical potential, ji.q, and the dimensionless temperature, 7, are defined as

W
red = ~ 5.19
Hred s ( )
and T
- 5.20
e (520)

where T, = Qs/2R is the critical temperature at which the miscibility gap in the solution
vanishes [236]. Assuming that the matrix behaves as an ideal, neutral medium that
neither attracts nor repels the solute H, 2y = 0. Then, [Eq. 5.17] simplifies to

fred = 1 — 22 — T arctanh(1 - 2x) . (5.21)

A numerical procedure is implemented to solve the equation for x, and evaluate the
equilibrium composition at a given temperature and chemical potential. At two-phase
coexistence, the chemical potential is zero. The spinodal condition, derived from the
thermodynamic stability criteria, Ou/0z = 0, is [236]
1 2Qg

T = T T x(l-1x). (5.22)
The solute compositions at the spinodal point, both the dilute and concentrated com-
positions at a given reduced temperature, can be numerically calculated. For the
example case of 7 = 0.8, shows ji,eq as given by The plot highlights
the spinodal composition in the a phase (red circle) and displays the charging path
(dotted arrow) with the phase transformation, in the direction of increasing x.

The Faradaic current of the reaction is now modeled in the scheme of the Butler-
Volmer equation, [Eq. 2.23] but the overpoential at any instance during the charging
process, is defined in the spirit of [237, 238|. In both works, the open circuit potential,
Uocp is the virtual equilibrium potential at any instant, and then the overpotential, 7,
is defined as the difference between the applied potential, U,,p, and the instantaneous
Uocp:

n= Uapp - Uocp . (523)

That Ugcp is again a function of the solute concentration, z, and can be formulated
into a function of x by equating and the chemical potential of H*, ug-,

HH+ = _FUOCP' (524)
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Figure 5.7: Reduced chemical potential, peq, as a function of solute fraction, x, for 7 = 0.8.
The red circle marks the spinodal composition in the dilute () phase. The dotted arrow
represents the charging path, bypassing the unstable states.

Usapp serves as the driving force toward equilibrium, ultimately determining the final
concentration at equilibrium, x = z.,. Consequently, it can also be written in terms of
Teq as the decisive parameter corresponding to U,pp. The value of ., can be obtained
by solving for Uy, as a function of z.,, derived from equating [Eiq. 5.17 and [Eq. 5.18§]

Qg+ 2065 —~TRINTeq + TRIN(1 - 2eq)
F

Since there are two-phase coexistence regions in the parameter space, where a given
Uapp may correspond to multiple values of .y, numerically, the first element of the
list of solutions is selected. This ensures that the system bypasses any unstable states,
which correspond to the unstable interval shown in This naturally raises the
question whether the use of chemical potential is appropriate in this context. The
system is assumed to equilibrate instantaneously, or in other words, the injection is
slow enough that the bond-count-based equations, [Eq. 5.14] and [Eq. 5.15| as well as the
chemical potential extracted from remain valid. However, the equilibrium and
homogeneity assumption appear to contradict spinodal decomposition. The extended
use of free energy within the spinodal decomposition range is justified by earlier works
[239-241], which demonstrate that the free energies of an interface can be considered
as specific stationary points of a broader expression that describes the free energy of a
system.

By substituting the expression for 7 in terms of x and x.q, and combining
and [Eq. 5.25]into [Eq. 2.23], with z = 1 for the hydrogen injection reaction and «, = a, =

1/2 for simplification, the rate equation becomes

Unpp = (5.25)

(e+eq) [ 4a
e (e%(—l +T)Teq — eu%x(—l + :Beq))

V(1= 2)2/(1 = Zeq)Teq
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Figure 5.8: The hydrogen injection responses over time, modeled from a thermodynamic
perspective. (a) Solute fraction, x, as a function of time, ¢, with an initial value of 0.001 and
eq = 0.9. (b) Injection flux of (a), represented as the derivative of # with respect to ¢.

Jex 18 a constant, and a positive value of j indicates that hydrogen is inserted. Naturally,

j returns to zero at x = xeq. Applying the same concept as in [Eq. 5.9 and simplify the
representation, the differential equation to be solved becomes

o 2(z+zeq) i ]_ :L‘eq €4r:q.f13 e%xeq — 1 dx(t) (5 27)
V 1-x 1 ~ Teq as) dt '

A numerical solution to [Eq. 5.27|is shown in [Fig. 5.8|(a) for the two cases with x., = 0.9

and zeq = 0.1, each corresponding to the o’ and « phases. The initial concentration
xi, i.e. x at t =0, is 0.001, 7 = 0.8, and the value of j. is set to unity without loss of
generality. In both cases, the solute fraction (H composition), x, increases over time
until it saturates at xoq. The injection flux, j, is proportional to the derivative of x
and is plotted over time in (b) The flux is initially positive and it decreases to
zero as the system approaches equilibrium. During the process, the flux for zeq = 0.9
case shows a slight increase. Such behavior is absent in the case of z. = 0.1 when the
system stays within the « phase, and rather pronounced when the system undergoes
phase transformation. Experimental observation on this behavior would be beneficial to
check the physical validity of the present model. From the -t curves as in (a),
the half time is extracted as the time when z reaches (zeq — x;)/2. This half time
is plotted in across the zo, values, for an exemplary condition of z; = 0.001
and 7 = 0.8. The classical Butler-Volmer case, and the Butler-Volmer case modified
to account for strain-dependent activation enthalpy are superimposed in blue and red,
respectively for comparison. Both are plotted with an arbitrary scale factor. Note that
the blue and red plots in is identical to [Fig. 5.5 and [Fig. 5.6] with the same
color, with unstable compositions excluded. The model prediction in [Fig. 5.9| shows
good agreement with the experimental observations in [167], successfully capturing the
effect of the miscibility gap, particularly near the phase transformation region.

One might question the maximum concentration of H in Pd when comparing the
outcome of this model to the experimental data in The current model assumes
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Figure 5.9: Half time of the hydrogen injection process as a function of equilibrium hydrogen
concentration, Teq, shown in arbitrary units. Green circles, the new rate law modeled from
a thermodynamic perspective. Blue triangles, the classical Butler-Volmer-type reaction, with
an arbitrary scale factor. Red inverted triangles, the Butler-Volmer-type reaction modified to
account for strain-dependent activation enthalpy. Unstable compositions are excluded. Black
circles, experimental data recreated from [167].

that the maximum possible z equals 1, based on the number of octahedral interstitial
sites in the Pd lattice that can be occupied by H. However, achieving a highly hydrided
Pd in practical, typically z.q g 0.7, is challenging and requires extreme conditions
[242, 243]. This limitation can be explained through the orbital configuration of Pd.
The electronic structure of a free Pd atom corresponds to [Kr]4d'°5s°, while in metallic
Pd, the 4d electrons form a conduction band that is only partially filled. The 4d
band also interacts with hydrogen, creating new hybridized electronic states that are
essential for stabilizing hydrogen in the Pd lattice. The electronic states associated
with the d-orbital bonding are nearly saturated near a H concentration of 0.7. Beyond
this, strong electronic repulsion occurs between the electrons in the 4d orbitals and
the incoming hydrogen atoms, requiring significant energy input for further hydrogen
accommodation [244]. The proposed model does not reflect such orbital configurational
effects and this requires a separate approach.
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Chapter 6

Summary and outlook

6.1 Summary of key findings

This thesis explores the relationship between the microstructural characteristics of
network nanomaterials and their mechanical properties, and applies these insights to
enhance the functional performance of nanoporous metals.

The first section of this thesis proposes a scaling relation on the mechanical stiffness
of nanoporous materials, with a particular emphasis on the influence of microstructure
topology. Here, np Au is examined as a standard model material for random net-
work nanostructures and specifically their mechanics. The mechanical behavior of
such open-cell foam structures has been expressed by classical Gibson-Ashby relations
which highlight the solid volume fraction as the most obvious descriptor of stiffness.
Yet, from the systematic deviation from the Gibson-Ashby relations, a measure of the
networks’ connectivity, is introduced as an additional microstructural descriptor. Con-
nectivity is quantitatively parameterized by scaled topological genus, which represents
the number of connections within a representative volume element of the microstruc-
ture. The nature of the dependency of Young’s modulus on scaled genus is inspected
using the implications of the existing database, from experiment and simulation, as
well as further simulation data for random networks with various scaled genera. The
observations are condensed into a scaling law that explicitly involves the scaled genus
as a topological contribution. The results suggest a common scaling that is broadly
comparable to the experimental observations on np Au.

The proposed scaling was then inspected for the case of np Nb, a nanoporous ma-
terial fabricated by liquid metal dealloying. The universality and applicability are
assessed from jointly considering mechanical stiffness and tomographic reconstruction
of np Nb, with an emphasis on the dealloying methods and the resulting structural
variation. For this purpose, millimeter-sized np Nb samples were fabricated by deal-
loying Nb-Ni alloy in a liquid Mg bath. The microstructure and mechanical behavior
of np Nb are characterized by X-ray nanotomography and compression tests, respec-
tively. Compared to aqueous-dealloyed np Au with similar ¢ as a benchmark, Young’s
modulus of np Nb is found to be substantially lower. The low stiffness is correlated to
the reduced microstructural connectivity in np Nb. Yet, it is revealed that this effect,
on its own, is not sufficient and that additional factors should contribute. A significant
increase in the coefficient of ligament size variation is observed from np Nb during
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coarsening, suggesting that the porosity evolution in LMD-made np Nb is considerably
less ordered compared to conventional aqueous dealloyed network materials such as np
Au.

Furthermore, the nanoporous metal is expanded to nanoporous metal hydride by
introducing hydrogen as a reversibly dissolved solute. Hydrogen exhibits relatively high
solubility in Pd, where it can be surface-adsorbed or absorbed into the bulk material
and cause lattice expansion. This property enables the np Pd-H system to function
as a hydrogen sensor and actuator. The objective of this part is to investigate the
influence of geometry on the processes accompanying hydrogen charging, with a fo-
cus on identifying and characterizing the limiting factor of kinetics. Nanoporous Pd
samples were synthesized via electrochemical dealloying, followed by thermal coarsen-
ing. This process yields np Pd with a tunable nanoscale network structure, ranging
from approximately 20 to >200 nm, allowing for precise control over specific surface
area and diffusion length. Hydrogen concentration within the np Pd was controlled by
applying an electric potential in an acidic medium, with hydrogen solubility and in-
teraction dynamics studied using chronoamperometry and electrochemical impedance
spectroscopy. The results suggest that interfacial hydrogen injection process plays a
critical role in determining hydrogen charging rate, thereby emphasizing ligament size
as the key structural factor influencing this process. The injection process is further
examined within a thermodynamic framework, specifically in the context of the Pd-H
miscibility gap. It is discussed how the Butler-Volmer equation can be adapted to model
the injection rate consistent with the equation of state for the composition-dependent
chemical potential at equilibrium in an interacting solid solution. The proposed kinetic
model explains observations on how the characteristic charging time in np Pd-H varies
with the composition. These insights, combined with the preceding findings, offer guid-
ance for designing more responsive nanoporous metal-based actuators and enhancing
the performance of integrated nanomaterials for functional applications.

6.2 Outlook

The findings of this thesis demonstrate a strong correlation between the microstructural
geometry, mechanical properties, and functional performance of nanoporous metals.
These insights offer valuable perspectives for optimizing their structural design in cost-
effective applications. Future work is thus called for to address the open questions
raised by this study.

First, the concept of g? scaling for the stiffness of random network materials, pre-
sented in the first part of this thesis, is based fundamentally on the load-bearing frac-
tion of the solid. That concept might hold for more general types of microstructures
beyond aqueous-dealloyed np Au, with a relevant modification. For instance, the nu-
merical value of gg = 2.25 clearly cannot be applied to np Nb, and the observations on
np Nb structures confirms that the scaling may require additional descriptors. Mor-
phological aspects have been proposed in the recent literature [204 213], yet their link
to the mechanics awaits clarification and confirmation by experiment.

This is connected to the second issue, the inherent differences between LMD and
aqueous dealloying and their influence on porosity evolution. A deviation was observed
when the scaling relation derived from np Au was applied to np Nb, and that suggests
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that the microstructures of LMD differ significantly from those of nanoporous metals
dealloyed in aqueous solutions. In this thesis, the focus was on the microstructural
characteristics that are observed in the final samples, and the comparative analysis of
mechanical performance was expanded based on that. These observed structural differ-
ences, such as the degree of structural dispersion, can be attributed to the fundamental
distinctions between the dealloying mechanisms. The ratio of corrosion rate (first stage
dealloying) to coarsening rate (second stage dealloying) in LMD may differ from that in
aqueous dealloying—or may even be absent—potentially resulting in distinct structural
outcomes. This provides an incentive for future research on the mechanisms driving
the LMD microstructure evolution [99] and the resulting geometrical differences from
aqueous dealloying. This will establish a generalized scaling relation that combines
descriptors and mechanical properties across a wider variety of network nanomaterials.

The third issue is followed by the outcome of[Sec. 5.3.3] The analysis reveals that the
charging kinetics of np Pd-H is primarily constrained by interfacial hydrogen transfer,
with hydrogen diffusion within the bulk Pd occurring sufficiently fast to assume diffu-
sion time negligible. This underscores the need for an examination of the surface ad-
sorption to absorption process in greater detail. The activated jump of hydrogen atoms
from the electrolyte to the bulk involves several intermediate states: surface-adsorbed,
co-planar surface-adsorbed, sub-surface adsorbed, and interstitial sites within the bulk
Pd lattice, and it may depend on the occupancy of the adsorption sites. Thus, under-
standing the distribution of energy levels across these states, identifying the location
and magnitude of the dominant energy barrier, and determining how it influences the
overall transfer process are critical to fully comprehend the hydrogen atom’s pathway
from the environment into the metal lattice. Since the time scale of the injection pro-
cess cannot be captured by typical impedance spectroscopy, alternative approaches,
such as potential jump tests, should be employed to investigate this phenomenon ex-
perimentally.

Lastly, an unresolved issue reported in should be revisited. From the
dilatometer measurement, the maximum actuation strain of np Pd-H is found to be
dependent on ligament size. While this size dependency can be partially attributed
to differences in surface area—particularly if UPD H is dominant-the strain caused by
interstitial hydrogen in the o and o’ phases cannot be fully interpreted by solubility
measurements alone. To address this issue, particularly the lower strain observed in np
Pd with larger ligaments despite consistent solubility, one can first extend the measure-
ment time scale of the phase transformation by one or more orders of magnitude. This
will ensure equilibrium is reached within the ligament of a few hundred nanometers.
Another important consideration is that strain is measured during absorption, while
charge is measured during desorption. The desorption curve is used to minimize charge
interference from the hydrogen evolution reaction during absorption. Therefore, to im-
prove the accuracy of the comparison, the dilatometer strain measurement should also
be performed during desorption, ideally simultaneously with the potentiostat charge
measurement. If the difference originates from intrinsic properties, changes in defect
density or facet orientation [245] during the thermal coarsening process should also
be considered. Then, further investigation into the size effect—spatial distribution of
the hydride phase within individual ligaments-would be necessary. This presents a
compelling research question, where 3D microstructure and phase analysis could be
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employed. Future research in this area will not only deepen our understanding of the
underlying mechanisms in small-scale metal-hydrogen systems but also contribute to
the development of hydrogen-based energy systems [160], where hydrogen serves as an
energy carrier for storage and conversion.
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