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Abstract

Nanoporous metals attract great attention due to their interesting properties such as high sur-
face area, low density and properties of metal itself, such as gold and platinum which possess
unique catalytic property. Dealloying is a corrosion process that one or more elements are dis-
solved by chemical or electrochemical ways from an alloy, resulting in the formation of a 3D
randomly distributed solid/void interconnected bicontinuous structure. It is a facile way to fab-
ricate nanoporous metals with a uniform distribution of ligaments and pores with a shape from
thin film to bulk samples.

Applications of porous microstructures in functional materials often impose conflicting require-
ments on the pore size, which may be met by hierarchical structures that combine porosity on
distinctly different length scales. In order to investigate the advantage of hierarchical structures
on charge and mass transport, a new two-step dealloying strategy is proposed to fabricate hi-
erarchical nanoporous gold with a bulk size. A nanoscale network of solid ligaments forms
the lower hierarchy level, which is nested within the geometrically similar, but much larger,
network of the upper hierarchy level. Starting out from a dilute solid solution of Au in Ag, con-
trolled electrochemical corrosion yields a nanoporous Ag-Au alloy as an intermediate product.
Coarsening of the porous alloy creates the large ligaments of the upper hierarchy level. Those
are then again dealloyed, which creates the fine ligaments of the lower hierarchy level. The
material exhibits enhanced charge transport kinetics while maintaining a large specific surface
area.

By replacing 1 at.% of Au by Pt, another similar two-step dealloying strategy is stated to fabri-
cate hierarchical nanoporous gold with ultrafine lower hierarchy level ligaments. The Pt addi-
tion is able to pin a high Ag retention and meanwhile increases the initial Au content in Ag-Au
alloy to the standard composition range (20-50 at.%). Therefore, a small volume shrinkage
is expected. Using scanning electron microscope and small angle X-ray scattering, the mi-
crostructure evolution of the Pt doped Ag-Au alloy in each stage was characterized. After the
first dealloying process, a nanoporous Ag-Au-Pt alloy with high Ag retention was obtained by
removing part of the Ag from the master alloy as an intermediate product. With different an-
nealing temperatures, the upper hierarchy level ligament size can be modulated freely. Those
were then followed by another dealloying process to further remove the Ag which results in
the formation of lower hierarchy level ligaments. The corresponding lower hierarchy level lig-
ament size is as small as 6 nm, which is also confirmed by the small angle X-ray scattering
experiments.
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Chapter 1

Introduction

1.1 Background and motivation

Nanostructured materials are those whose length scale at least one dimension falls in the nanome-
ter scale, namely 1-100 nm, and include nanoparticles, nanorods and nanowires, thin films, and
bulk materials made of nanoscale building blocks or consisted of nanoscale structures [1]. Due
to their unique physical and chemical properties, nanomaterials received great attention toward
the development of fabrication methods for creating novel functional materials at the nanome-
ter scale. Two different nanofabrication methods are normally classified as: bottom-up and
top-down [2]. Namely, bottom-up means the material is constructed from atomic or molecu-
lar precursors that are the building blocks, or self-assemble into more complex structures. By
contrast, the top-down approach creates nanoscale structures by controlled removal of materi-
als from larger or bulk solids. According to those definitions, the method of dealloying that is
employed to prepare hierarchical nanoporous structure in the present thesis belongs to the top-
down approach. Starting out from a bulk solid body (alloy precursor), this method can prepare
a nanostructured material with a monolithic bulk shape, millimeter-sized bodies containing ap-
proximately 10'® nanoscale ligaments per cubic millimeter, which is interesting for fundamental
research and functional applications.

The challenge here in the present thesis is how to precisely control the microstructure with
a uniform distribution over a bulk sample with the desired shape and size. Especially, two
levels of self-similar nanostructure will be constructed within a bulk material. The definition
of bulk is that all three dimensions are at least larger than millimeter size. It has been shown
that dealloying could prepare hierarchical or bimodal nanoporous structures from thin film to
bulk solids [3—11]. However, previous methods reported to fabricate hierarchical or bimodal
nanoporous gold with dealloying are not applicable to bulk samples or not controllable over the
size of each level. In the present thesis, a new routine to create a nanoporous structure with two
levels of self-similar structures from a bulk sample with precise control throughout the whole
sample is to be explored. The advantage of present routine is that both levels of structure can be
tuned freely.
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1.1.1 General background of dealloying

Dealloying refers to a selective (chemical or electrochemical) dissolution of the less noble el-
ements (LNE)s from an alloy and the more noble elements (MNE)s in the alloy experience a
self-assembly process through surface diffusion which results in the formation of a solid/void
bicontinuous structure with a random 3D distribution [12, 13]. Historically, dealloying is related
in the context of corrosion, for example stress corrosion cracking (SCC) and corrosion fatigue
[14] are common failures in engineering materials. Corrosion devours almost 3 % of world’s
GDP per year [15]. Therefore, dealloying has been intensively investigated in the context of cor-
rosion protection for more than a century. Not until a decade ago, dealloying acquired renewed
attention because it provides a facial and effective fabrication method to prepare nanoporous
metals, from thin films to bulk sample, with a uniform distribution of solids/pores all over the
sample. In order to dealloy an alloy, the two elements of a binary alloy should have well dis-
tinguished equilibrium potentials, allowing the LNE to dissolve away while the other remains
intact. For instance, when Ag and Au form an alloy, here Ag is LNE and Au is MNE. When
dissolving this alloy in HNOj solution, Ag dissolves away while leaving Au intact which forms
the nanoporous structure.

To date, various kinds of nanoporous metals such as Au, Pt, Pd, Ag, Cu, and Ni by dealloying in
aqueous solution and recently nanoporous Ti by dealloying in melt (also defined as dealloying)
[6, 12, 16-23] have been successfully prepared from various master alloys including Ag-Au,
Ag-Pt, Cu-Pd, Al-Ag, Al-Cu, Cu-Ti, etc. Among those master alloys, binary Ag-Au alloy is
extensively studied as a prototype system for fundamental studies in understanding dealloying.
Because it forms a solid solution across the whole composition range with no phase separa-
tion prior to dealloying. Furthermore, Au exhibits interesting properties such as serving as
low temperature CO oxidation catalyst [24] when its size falls to nanometer range. It is well
known that limited numbers of binary alloy systems form a solid solution, and most of them
form intermetallic compounds which are normally hard and brittle, not ideal for mechanical
processing. Despite their disadvantages in mechanical properties, intermetallic compounds of-
fer the opportunity to prepare nanoporous metals with various porous structure. Additionally, a
fast dissolution process is expected when an even less noble element like Al is in the alloy com-
pared with Ag in the same solution. Thus, it could increase the production efficiency where only
nanoporous structure is needed regardless of its integrity. Using different sample preparation
approaches, the shape of nanoporous metals fabricated by dealloying can be selected based on
the application requirements from thin film (sputtering) or gold leaf (nanometer range), ribbons
(melt spinning) (micron range) to bulk size like millimeter cuboid (casting and processing), or
even centimeter size. Nanoporous metals show plenty of interesting and potential applications
such as electrochemically or chemically driven actuators [25-27], materials with switchable
strength and ductility [28], varistors [29, 30] and catalysts [24, 31-33].

Traditionally, dealloying can be classified into two methods, namely, chemical and electro-
chemical dealloying. Chemical dealloying also refers to a free corrosion process. An alloy is
immersed into a corrosive solution, normally acid or oxidative solutions which can dissolve the
LNE:s. In a special case, Al can be also dissolved in alkaline solutions [6, 20]. During chemical
dealloying, a concentrated solution is preferred to dissolve the LNEs. With increased dealloy-
ing time the concentration will decrease as a result of replacement reactions. Since the ligament
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formation is sensitive to the solution concentration, not uniform ligament distribution can be
found in the chemical dealloyed samples, especially, in bulk shape sample due to the variation
of concentration during dealloying. The dealoying solution concentration decreases from the
outside to the inner part of the sample. Also the diffusivity of metals in concentrated solutions
is fast therefore a postpone coarsening can cause the ligament size variation where the outside
part is different from the inner part [34—-36].

The other method is called electrochemical dealloying that a potential is applied to the sample
to remove the LNEs. The advantages of this method is that a dilute concentration solution can
be chosen as the electrolytes and sometimes neutral solutions also can be used for dealloying
which is good from safety and green chemistry points of view. No concentration changes can
be observed during electrochemical dealloying process, leaving only the potential to control the
final ligament size. As the concentration of the LNE needs to be controlled and the composition
across the whole sample is expected to be homogenous in the present thesis, the parameters
to control the dealloying process should be as simple as possible. Therefore, electrochemical
dealloying is employed in the present thesis where dealloying process can be easily controlled
by changing the dealloying potential. Especially, when the dealloying potential is close to the
critical dealloying potential, a high LNE retention is observed after dealloying process. The
LNE retention shows a strong dependence on the dealloying potential. The high LNE retention
is a prerequisite to perform a second dealloying process which is the central issue for the purpose
of a two-step dealloying strategy.

Recently, a new method using metallic melt as the dealloying solutions is introduced to dealloy
Cu-Ti alloy in a Mg melt to form a nanoporous Ti [22]. The Mg melt will dissolve Cu while
leaving Ti which is similar as the dealloying in aqueous solution. By removing the cooled Mg
in an acid, a nanoporous structure will form. The metallic melt approach is a new dealloying
strategy which has a potential to prepare new nanoporous materials, especially, those can be
dissolved easily in aqueous solutions.

1.1.2  Gold hierarchical structure by dealloying

Hierarchies can be observed everywhere including biological systems such as woods and bones
[37], building blocks for example which make up the eiffel tower. The hierarchical order of a
structure or a material may be defined as number (n) of levels of scale with recognized structure
[38]. For instance, the material is viewed as a continuum for analysis of physical properties
when n = 0; n = 1 (first order) may represent a latticework of continuous ribs or the atomic
lattice of a crystal [38]. The blocks that build up those hierarchical structure can be divided into
three catalogues: 1D fibers, 2D layers, and 3D pores.

Over the last two decades, significant interest has been devoted to the synthesis and applications
of hierarchically structured porous materials. Porous materials are defined as materials that
contain a porous structure consisting of interconnected pores on different length scales from
micro- (< 2 nm), meso- (2-50 nm) to macropores (> 50 nm) based on [TUPAC definition. Porous
materials can also show a hierarchical porous structure, which means that pores of different
dimensions, at least 2 dimensions, should be present in the same material.
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Several approaches to render a bimodal structure or hierarchical structure by dealloying have
been reported. Basically, those approaches can be divided into the following four categories:

* Deposition Since almost all the LNE is removed during dealloying process, if one wants
to perform a second dealloying process it is reasonable to deposit a certain amount of
LNE onto the surface of newly formed ligaments by electrochemical, electroless plating
or nanocasting techniques. Thereafter, letting the LN and MN elements form an alloy
through solid diffusion by annealing, and meanwhile the large structure is also formed.
Finally, a second dealloying will remove the deposited LNE thus new pores will be cre-
ated.

Ding et al. [3] employed an electroless plating method by using a reduction agent to
convert Ag* into Ag. After that the sample was annealed at a certain high temperature to
allow the full diffusion of Ag and Au atoms to form an alloy, meanwhile, the ligaments
started coarsening which also constructs the large ligaments. Finally, a second dealloying
process will dissolve the deposited Ag which results in the formation of the small liga-
ments. The corresponding microstructure is shown in Figure 1.1a. A similar process was
developed by Xing et al. [8], and the hierarchical structure is shown in Figure 1.1b. They
used an electrochemical deposition process to deposit Cu onto the surface of ligaments.
After that the sample is treated by annealing to tune the large ligaments. Finally, the de-
posit Cu was removed by another dealloying process. Owing to the slow solid diffusivity
of metals at low temperature, it is hard to allow the Ag and Au to form a homogenous
solid solution alloy during annealing process. Therefore, the deposition approach may not
be able to produce a complete nanoporous structure after the second dealloying process,
which means the fine ligaments may only form on the outer surface of large ligaments.
On the contrary, a higher annealing temperature is helpful in getting a homogenous solid
solution but it will lead to an extreme large ligament size.

* Intermetallic phase Zhang et al. [6, 9] found out that the initial structure of starting
alloys, mainly the alloys contain intermetallic phases, can be inherited after dealloying
process which generates a nanoporous structure with bimodal pore distribution, as shown
in Figure 1.1 ¢ and d. Considering that most of alloys form an intermetallic compound,
this approach has a potential to prepare various combination of two different structures.
However, this technique to control the distribution of microstructure during rapid solidi-
fication process restricts its shape to thin foils. A bulk sample prepared by normal solidi-
fication process can only produce a grain size of tens of microns, thus it is doubtable that
whether this method can get a large channel with several hundreds of nanometer from a
bulk sample.

* Ternary alloy system Another strategy to produce hierarchical nanoporous metals is by
using a ternary alloy system. The introduction of a third element could establish the
idea of dealloying step by step. That is to say, first one element is removed, then the
nanoporous alloy is modulated by annealing to form the large pores, and finally the second
element is removed by further dealloying while leaving the third element to form the
small pores. The prerequisite for the ternary alloy system is that three elements must have
different corrosion properties towards acid attacks or potential difference to dissolve the
two LNEs step by step. Although several binary alloy system can form a solid solution
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Figure 1.1: Hierarchical or bimodal nanoporous gold prepared by various methods: a), thin gold
leaf by a dealloying-Ag deposition-dealloying process [3]; b), a dealloying-electrodepostion-
dealloying process [8]; ¢), bimodal nanoporous gold by dealloying an intermetallic Al;Au alloy
[6]; d) bimodal nanoporous AuPd alloy by dealloying a ternary AlAuPd alloy[9]; e), ternary
Cu-Ag-Au alloy by a dealloying-annealing-dealloying process, and note the small ligament
size is more than 100 nm [4, 5]; f), an eletrodeposition and sputtering onto porous carbon
template-dealloying process [10]; g) a silica or polystyrene (PS) template electrodeposited by
a Ag-dealloying process [5] and h), Ag, Au and NaCl powders sintering with a compression-
dealloying process [7]. Reprint with the following permissions [39].
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system, as miscibility gaps tend to prevent homogenization, suitable ternary alloy systems
that can be formed as uniform bulk solid solutions have yet to be identified [4, 5]. Figure
1.1 e shows the SEM image of hierarchical porous gold made from a ternary Cu-Ag-Au
alloy. Note even the small ligament size is larger than 100 nm. This ligament size can not
be strictly classified as nanoporous any more.

* Template Templates can be used to prepare hierarchical nanoporous gold. This approach
requires filling the template with an alloy. Either by keeping the template after dealloying,
or by reprinting the structure of the template. Reprinting means that by fully occupying
the porous space of the template with the target alloy, the large pores are formed by re-
moving the template. For the first case, the alloy is added onto the template which is kept
after the hierarchical structure forms. For example, using a porous carbon as a backbone,
an alloy with the target noble metal was sputtered onto the template [10]. This method
can prepare a highly ordered structure distribution, as shown in Figure 1.1f. For the sec-
ond case, the template is removed after the alloy formed. For instance, this approach is
used to make nanoporous hollow balls, as shown in Figure 1.1g. A similar approach was
reported where NaCl was mixed with Ag and Au powders, then processed by powder
densification and sintering to form a bulk material [7]. When NaCl was dissolved by
water, only Ag-Au alloy remained. The space where once NaCl occupied now became
the large pores. The large pore distribution of this approach is, however, unpredictable
because to have a homogenous mixture of the powder is not easy. Furthermore, Lee [11]
used a new colloidal Bijels as the skeleton, then using nanocasting technique to fill this
skeleton with Ag-Au alloys, and followed by removing the skeleton template and finally
the additional Ag. The large pores in those hierarchical structures are a replica of the
template. The microstructure of samples produced by templates is highly dependent on
the shape of templates. To fully deposit an alloy into a bulk sample is difficult, especially,
for the systems with complex porous structures.

The above mentioned methods to prepare hierarchical or bimodal nanoporous metals do not ful-
fill the preparation of those structures with a bulk size, namely all three dimensions should be at
least larger than 1 mm. For fundamental science and practical applications, bulk materials with
a nanostructure have more interesting properties can be explored than thin films. For instance,
mechanical test of bulk nanoporous metal can be measured on a micron indentor compared with
thin films where only nano indentor is available for this purpose [40]. In order to achieve the
goal of precise control of the microstructure over a bulk sample with hierarchical structure, a
new fabrication approach should be developed to meet this requirement.

1.2 Work scope and structure

The present work focuses on the fabrication of hierarchical nanoporous metallic structure with
a self-similar structure by dealloying and characterizing the corresponding properties of those
novel structures. A new two-step dealloying approach with two different alloy systems has been
proposed in this thesis.

A brief introduction of fundamental electrochemistry is introduced in Chapter 2, since the fab-
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rication and characterization are mainly using electrochemical methods. Fundamental issues
about dealloying which are related to this thesis are introduced. Additionally, the background
of small angle X-ray scattering is also introduced in this Chapter.

The experimental details are shown in Chapter 3 including sample preparation, characterization
techniques and relevant brief introductions of those techniques.

In Chapter 4, a new strategy is developed to fabricate nested-network nanoporous gold (N3PG)
with two levels of self-similar ligaments via dealloying a dilute Ag-Au alloy from a bulk sam-
ple. Using scanning electron microscope (SEM) equipped with energy dispersive X-ray spec-
trum (EDS), the microstructures during different preparation stages were investigated. Cyclic
voltammetry with different scan speeds was conducted in the double layer region and also gold
oxidation reduction peaks were calculated to evaluate the surface area of N3PG. Choronam-
perometry with step potential jump was used to study the charging kinetics in the hierarchical
nanoporous gold. Nanoporous gold (NPG) with only one level pores made by Agz; Aug; alloy as
reported in literature [41] was employed as a comparison to evaluate the effect of pore structure
on transport in solution.

In Chapter 5, a N3PG with ultrafine lower hierarchy level ligaments from a Pt doped Ag-Au al-
loy was successfully prepared by a similar two-step dealloying strategy. Normally, the residual
Ag retention is less than 10 at.% in Ag-Au alloy when the Au composition is higher than 10
at.%, which is also verified in Chapter 4. Here, the results confirm that the Ag retention can
be controlled to 46 at.% when only 1 at.% of Au is replaced by the Pt in the AggyAuy, alloy.
The master alloy composition was examined by energy dispersive X-ray spectroscopy (EDS)
and wavelength dispersive spectroscopy (WDS) to ensure a homogenous elements distribution.
Scanning electron microscope (SEM) was performed to investigate the microstructures dur-
ing different preparation stages. X-ray diffraction was carried out to study the crystallographic
information at each stage. Small angle X-ray scattering (SAXS) was performed to verify the ex-
istence of the ultrafine lower hierarchy level ligaments. Electron backscatter diffraction (EBSD)
were used to study the crystal orientation and grain size.

Finally, the findings in the present thesis are summarized and a brief prospect on future work is
given.






Chapter 2

Theoretical background

The fabrication protocols, most of characterization methods and the corrosion analysis are based
on electrochemical methods. Therefore, the fundamental principles of electrochemistry will
be introduced in this Chapter, which are mainly based on Bard et al.’s textbooks [42, 43].
Fundamental issues of dealloying that are related to the present thesis are introduced. Small
angle X-ray scattering (SAXS) is used to evaluate the average lower hierarchy level ligament
size, therefore basic principles of SAXS are also introduced based on literatures [44, 45].

The reuse of figures and text extracts from the textbooks [42, 43 ] are with Permissions of "Elec-
trochemical Methods: Fundamentals and Applications, 2nd Edition” Copyright(2001) John
Wiley and Sons and ” Electrochemical Dictionary, 2nd Edition” Copyright (2012) Springer.

2.1 Fundamentals of electrochemistry

2.1.1 Standard electrode potential

The standard electrode potential, £°, stands for the equilibrium potential of an electrode under
standard-state conditions, that is, in solutions with the relative activities of all components being
unity and a pressure of 1 atm = 101 325 Pa at temperature 7". It is measured with solutes
concentration of 1 mol L1, a pressure of 1 bar = 10° Pa was recommended as the standard
value to be used in place of standard atmosphere 1 atm. The temperature is normally at 25 °C.
The hydrogen electrode is used as the reference in collections of tabulated standard potentials
for aqueous solutions which is defined as 0 V. The standard electrode potential of metals that
are used to prepare Ag-Au and Ag-Au-Pt alloys are listed in Table 2.1.

2.1.2 Faradaic and nonfaradaic processes

Two different types of processes can occur at electrodes. One of them is the faradaic pro-
cess which involves reactions, in which charges (e.g., electrons) are transferred across the
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Table 2.1: Standard electrode potential of metals used in the present thesis.
Half cell E° [V]
Agt+e-=Ag +0.7996
Pt?* +2e- =Pt  +1.188
Aud* +3e- = Au  +1.52

metal/solution interface where electron transfer causes oxidation or reduction happens. Such
reactions are governed by Faraday’s law:

dQ dN
] = — = F—= FA . 21
F dt Ne dt e v ( )

where [ is the faradaic current, () is the total charge, ¢ is the time, /V is the amount of reactant,
n. is the number of electrons exchanged, F' is the Faraday constant, v is the reaction rate and A
is the surface area.

On the contrary, these processes, with no current involved reaction occurred, are defined as non-
faradaic processes. In these processes, the electrode/solution interface has no charge-transfer
reactions within a range of potentials, because such reactions are thermodynamically or kineti-
cally unfavorable. However, processes such as adsorption and desorption can occur, as a result,
the structure of the electrode/solution interface can change accordingly with changing potential
or solution composition.

2.1.3 Electrical double layer

When an electrode is immersed in an electrolyte solution, a specific interfacial region at the
electrode/electrolyte interface is formed. To make it easier to visualize this, a solid is cho-
sen as the electrode. At the double layer interface, charges are located between the solid and
electrolyte: on the solid side, it is the surface charges (either positive or negative), which are
balanced by an opposite excess of equal magnitude charges on the electrolyte side. The charges
are not uniformly distributed in the electrolyte, but are expected to be concentrated at the solid
interface.

The electrolyte side of the double layer is thought to be made up of three layers as shown in
Figure 2.1. The closest layer to the electrode is the inner layer which contains solvent molecules
and sometimes other species (ions or molecules) that are deemed to be specifically adsorbed.
This inner layer is known as the compact Helmholtz, or Stern layer. The distance x; is the place
of the electrical centers of the specifically adsorbed ions is referred to as the inner Helmholtz
plane (IHP). The total charge density from specifically adsorbed ions in this inner layer is ¢* (1
C cm2). The place of centers of these nearest solvated ions is called the outer Helmholtz plane
(OHP) in which solvated ions can approach the surface only to a distance x,. The diffuse layer
also known as Gouy layer is a three-dimensional region of scattered ions which extends from
the OHP into the bulk of the solution. The excess charge density in the diffuse layer is ¢, hence
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Figure 2.1: Schematic diagram of the electrical double layer region under conditions where
anions are specifically adsorbed: compact and diffuse layers with solvated cations and anions in
the electrolyte. M = metal surface; IHP = inner Helmholtz layer; OHP = outer Helmholtz layer.
[43]

the total excess charge density on the electrolyte side of the double layer, ¢°, is given by ¢% =
q'+q% = —qM where ¢M is the total charge density at the metal surface.

2.1.4 Chronoamperometry method

Chronoamperometry is a technique where the current is measured as a function of time along
with the application of a potential step perturbation. When a potential is applied on the sample,
the faradaic current, caused by electron transfer, decays as described in the Cottrell equation:

7= nFAC?\/Dj
Vit

where, [ = current, in unit A; n = number of electrons (to reduce/oxidize one molecule of analyte
j, for example); F' = Faraday constant, 96,485 C mol~!; A = area of the (planar) electrode in

(2.2)



14 Chapter 2 Theoretical background

— |a E; _“b

> <

& =) h
= | Ei =

S =

& @)

t [s] t [s]

Figure 2.2: A typical waveform of the potential step (a) and the respective chronoamperometric
response (b). E; is initial value and E; is the potential where no reduction of O occurs or some
other potential of interest.

cm?; ¢} = initial concentration of the reducible analyte j in mol cm™*; D; = diffusion coefficient
for species j in cm? s7! ¢ = time in s.

A typical step potential excitation waveform and the resulting current response versus time are
presented in Figure 2.2. When the potential jumping from an initial state, E;, to another value,
E1, the resulting current changes gradually and becomes stable after certain periods.

2.1.5 Cyclic voltammetry

Cyclic voltammetry (CV) is the most widely used technique for acquiring qualitative informa-
tion to study electrochemical reactions. A schematic diagram of CV is shown in Figure 2.3.
The voltammogram is capable of stating the potentials at which electrochemical processes oc-
cur. The working electrode is subjected to a potential sweep, where the potential varies from a
start value E; to a final value Ey then returns back to the start potential at a constant potential
sweep rate. The sweep rate applied during those scans can vary from a few millivolts per second
to a hundred volts per second. The current measured during this process is often normalized
to the electrode surface area and referred to as the current density. The current density is then
plotted against the applied potential, and the result is referred to as a cyclic voltammogram.
A peak in the measured current is seen at a potential that is the characteristic of any electrode
reaction taking place. The peak width and height for a particular process may depend on several
parameters: the sweep rate, the electrolyte concentration and the electrode material.

The redox reaction taking place in the solution can be expressed as: O + ne~ = R where O
and R are the oxidized and reduced forms of the redox couple, respectively. The corresponding
peak positions of the redox reaction are shown in Figure 2.3.
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Figure 2.3: Schematic diagram of cyclic voltammetry for a reversible reaction. The positions of
a redox reaction are also labeled in this Figure.

2.1.6 Tafel equation

The Tafel equation is an important equation in studies of electrode kinetics which describes
the relationship between the overpotential and the faradaic current. Its empirical expression is
shown in Eq.2.3:

Net = A+ Blog |je| 2.3)

where 7., is the charge transfer overpotential and j.,; is the charge transfer current density.

The Tafel equation is actually an approximation of the Butler-Volmer equation at sufficiently
large overpotentials 7. The Butler-Volmer equation under conditions where there is no effect of
concentration gradient

. . ankF 1-a)nF
Jet = Jo {eﬂfpﬁnct —erp - %%t} 2.4)

can be simplified if one of the two exponential terms becomes sufficiently small.

The dependence of the charge transfer overpotential 7., on the charge transfer current density
Jet can be described in semilogarithmic form:
Anodic process:

RT . RT )
Net = ——=2.3logjo — ——=2.3l0g || (2.5)
ank’ ankF’
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Cathodic process:
RT

Net = m 2.3log |jct| (2.6)

RT
2.3logjp — ————=
0970 (1-a)nF
This form is equivalent to the Tafel equation. It closely resembles the general type of an Eq 2.3.
Figure 2.4 shows a schematic diagram of the Tafel plot. By measuring the linear sweep voltam-
metry of the electrode from cathodic to anodic direction, the current behavior dependent on the

potential is obtained. Taking the logarithm of the absolute value of current density, a Tafel plot
which obeys the Tafel equation is obtained.
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Figure 2.4: Illustration of schematic diagrams of a), linear sweep voltammetry from cathodic
to anodic direction and b), the corresponding Tafel plot by log the absolute value of current
density, j.

The Tafel plot is widely used in corrosion science to study the property of a sample. The Tafel
plot is normally used to identify corrosion information, such as: rate of pitting, passivity and
corrosion susceptibility.

2.1.7 Nernst equation

The Nernst equation describes the dependence of the equilibrium electrode potential on the
composition of the contacting phases. The Nernst equation can be derived from the potential of
the cell reaction E..; = AG/nF where AG is the Gibbs energy change of the cell reaction, n is
the charge number of the electrochemical cell reaction, and F' is the Faraday constant. For the
cell reaction 0 = ¥v; A;, where A; symbolizes the species taking part in the chemical reaction
and v; 1s for the respective stoichiometric numbers, the following equation can be written:
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Ecell =F°- (RT/TLF) Z vilnai (27)

where E° = AG°/nF is the standard potential of the cell reaction, R is the gas constant, T
is the temperature (in K), a; is the chemical activity for the relevant species. Eq. 2.7 is also
called Nernst equation. When the cell reaction is at equilibrium, i.e., AG = 0, E.y = 0 :
E° = (RT =nF)/InK where K is the equilibrium constant of the cell reaction.

For a solution containing the oxidized (O) and reduced form (R) of a redox couple O + ne = R
at activities ap and ag, respectively, the redox potential () is given by the Nernst equation, as
follows:

2.303RT
popes B0 g 2380, a0 2.8)
nF ag nkF agr

where E° is the standard potential of the redox couple.

2.1.8 Pourbaix diagram

Potential-pH diagrams are related to the electrochemical and corrosion behavior of any metal
in water which are obtained from a compact summary of thermodynamic data. It is also known
as Pourbaix diagrams and for most of the common metals those diagrams are in the database.
They have the advantage of showing at specific conditions of potential and pH under which the
metal either does not react (immunity) or can react to form specific oxides or complex ions; that
is, Pourbaix diagrams indicate the potential-pH domain in which each species is stable.

In practice, Pourbaix diagrams are useful data for studies of corrosion, electroextraction, elec-
troplating, hydrometallurgy, electrolysis, and electrical cells since they are electrochemical
maps indicating the domain of stability of ions, oxides and hydroxides. This map provides
the information of the regions measured as potential and the acidity and alkalinity of species
measured as the relationship of pH. Thus, any reaction involving hydroxide OH™ ions should be
written in terms of H* ion concentration, which in turn is converted into pH. Besides the possi-
ble reactions that may occur in an electrochemical system, a simplified Pourbaix diagram gives
important areas for designing and analyzing electrochemical systems. These areas are known
as corrosion, passivation, and immunity. However, the drawback of a Pourbaix diagram is that
it does not include corrosion rate, which is essential in kinetic studies.

An example of a Pourbaix diagram is shown in Figure 2.5, as in this thesis Ag is the less noble
element (LNE) that is dissolved during dealloying. In a Pourbaix diagram, three possible types
of straight lines can be found as follows:

(1) Horizontal lines, which are for reactions involving only the electrode potential £ (but not
the pH),

(2) Vertical lines, which are for reactions involving only the pH (but not the electrode potential
E),

(3) Slanted lines, which relate to reactions involving both the electrode potential £ and the pH.
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Dashed lines enclose the practical region of stability of the water solvent to oxidation or reduc-
tion.

Regions or fields between the various lines where specific chemical compounds or species
are thermodynamically stable existing are also shown in Pourbaix diagrams. When the sta-
ble species are dissolved ions, the region on the Pourbaix diagram is labeled as a region of
“corrosion”. When the stable species are either solid oxides or solid hydroxides, the region on
the Pourbaix diagram is labeled as a region of “passivity”, in which the metal is protected by a
surface film of an oxide or a hydroxide. When the stable species are the unreacted metal species
themselves, the region is labeled as a region of "immunity”. According to those classifications,
the regions of Ag are listed in Table 2.2.
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Figure 2.5: Pourbiax diagram of the system Ag-O-H. Ag = 10719, 298.15K, 10> Pa. Reprint
with Author’s permission (Dr. Naoto Takeno).

Table 2.2: Region classification based on Pourbaix diagram of Ag.

Region Species

Corrosion Ag*, Ag(OH);
Passivity ~ AgOH(aq), Ag20-[s], Ag2O3(s]
Immunity Ag(s)
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2.2 Fundamental issues on dealloying

2.2.1 Critical dealloying potential

Even though the fundamental issues of dealloying have been studied for years, there are still
some unsolved issues, such as the ambiguity on determining the critical dealloying potential,
E'c. The relationship between potential and current of a metal is determined as the polarization
curve Figure 2.6a shows the scheme diagram of an alloy’s polarization behavior. Figure 2.6b
shows the polarization results of a series of Ag-Au alloy. It can be found that the initial deal-
loying potential increases with increasing Au content. When a sufficiently positive potential is
applied on the alloy that can be dealloyed, the LNE dissolution occurs. The dissolution rates de-
pend on the potential applied and also on the passivation behavior of the alloy in the solution. If
the potential applied is sufficiently small, a current decay obeys the power law can be observed
and a surface enrichment of noble element will passivate the surface from further dissolution.
The potential value at which the passivation turns into dissolution is the F¢. Experimentally,
two approaches have been discussed in literatures [46—49] on how to determine it. One ap-
proach rests on anodic polarization curves, identifying F¢ with the potential at current density
j =1mA cm~2. The second approach uses chronoamperometry to identify the lowest potential
that gives a steady corrosion current over extended periods of time. Eventually, a nanoporous
structure forms all across the sample.
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Figure 2.6: a), Schematic illustration of polarization behavior of a metal and the critical deal-
loying potential. b), A series of Ag-Au alloys anodic polarization curve in 1 M AgClO4 + 0.1
M HCIO, solution [46]. E( is the critical dealloying potential. The Figure is adopted from
Ref[46] with permissions of Copyright (2002) Electrochemical Society.

The potential difference between the two approaches may be only dozens of millivolts. From a
practical point of view, the determination of E is not critical for making nanoporous metals by
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potential-controlled dealloying, since normally several hundred millivolts overpotential above
E¢ is applied. Moreover, a higher overpotential equals to a fast dealloying rate which needs
less dealloying time and produces a fine ligament size. There are some studies suggest that the
cracks formed during dealloying are highly dependent on the dealloying potential [50]. Cracks
are not desired by applications as actuators and mechanical test where a body with integrity is
recommended. For other applications such as catalysts, the cracks may not be a vital issue as
powder samples are preferred. However, the determination of E, a true dealloying potential,
is of critical importance for the present thesis where the Ag retention, ;e A5, Shows a strong
dependence on F¢. As a high Ag retention is the prerequisite to perform a second dealloying.
Therefore, the two methods are compared to determine E- to decide which method reveals the
true Ec.

2.2.2 Alloy composition selection for dealloying
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Figure 2.7: Phase diagram of the binary Ag-Au alloy. Three regions are classified based on the
initial alloy composition to prepare nanoporous gold. [51, 52]. Reprinted with permission of
ASM International. All rights reserved. www.asminternational.org.

Figure 2.7 shows the phase diagram of binary Ag-Au alloy, and it is divided into three differ-
ent regions based on the alloy composition to prepare NPG by dealloying: dilute composition
region, standard composition region, and parting limit region [48, 52].
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For all the alloys that can be dealloyed, a parting limit can be observed. The parting limit is
a boundary where dealloying stops at a certain depth due to the MNEs passivation when the
composition of MNEs exceeds a certain value during dealloying. Typically, it is close to 50
at.% Au for Ag-Au alloy which is shown in Figure 2.7 as parting limit. The origin of parting
limit is that the enrichment of MNEs will block the pathway which connects the electrolytes
and LNEs. Therefore, the whole dealloying process is hindered by the passivation of MNE
enriched surface and no more dissolution of LNEs. The parting limit determines the upper limit
of content of MNE:s that can be selected to prepare NPG by dealloying. When the Au content
is higher than the parting limit, it is in the parting limit region.

The standard composition region refers to that a monolithic body of nanoporous structure can
be prepared from this composition region with an empirical composition range of 16 - 50 at.%
Au [52]. It is the composition region between parting limit and low limit. For Ag-Au solid
solution system, crack-free NPG can be fabricated from this composition range which is an
ideal candidate for mechanical test [40, 41, 53].

When the Au composition is lower than 16 at.%, the samples tend to fall into small pieces
during dealloying, therefore, losing its integrity [52]. Here, this composition range is defined
as the dilute composition region which is below the low limit showing in Figure 2.7. Normally,
this composition range is not desirable in making NPG. Interestingly, Ateya et al. studied the
corrosion of dilute noble metal alloys, focusing on the example of Cu-Au alloys [54, 55]. They
found that an abnormal Cu retention up to 40 at.% was observed in those dilute Cu-Au alloys.
If this is a universal evidence for the binary solid solution system, it is promising to control
the LNE retention at a composition higher or close to the parting limit from the dilute Ag-Au
alloys.

In Chapter 4, a series of Ag-Au alloys within the dilute composition range are used to examine
whether a high Ag retention after dealloying can be maintained. The compositions of z 4, =5,
10 and 15 are shown in Figure 2.7. If it is also working for the dilute Ag-Au alloys, it assures to
maintain a high Ag retention which is a prerequisite to perform a second dealloying. The high
Ag retention is the key to the successful preparation of hierarchical NPG.

In Chapter 5, a Pt doped Ag-Au alloy within the standard composition range is selected to
obtain a high Ag retention. It is actually out of expectation that such a high Ag retention can
be maintained starting with a Au content within the standard composition region. However, the
results suggest that this Ag-Au-Pt alloy benefits from two different ways by replacing 1 at.% Au
by Pt. First, starting out with a high initial Au content which means a small volume shrinkage;
second, Pt has a slow surface diffusivity therefore ultrafine lower hierarchy level ligaments are
created.

2.2.3 Structure control of nanoporous metals

One advantage of nanoporous metals is that their pore size can be modulated by several methods
which can change the chemical/physical performances that are highly related to the surface area.
Especially, chemical reaction and mass transport require different levels of porosity, namely,
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Figure 2.8: Porous size modulation by different annealing temperatures and time from top to
bottom: as-dealloyed sample (15 nm), after annealing at 300 °C for 2 min (50 nm) and after an-
nealing at 300 °C for 30 min (150 nm), respectively. Note the self-similar ligament structure af-
ter annealing process [56]. The Figure is adopted from [56] with permission of Copyright(2013)
John Wiley and Sons.
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small pores for functionality and large pores for mass transport. Therefore, many options can
be selected to satisfy different application requirements by tailoring the pore size.

Those methods to modify the pore size can be categorized into the following five approaches:

* Dealloying potential Dealloying potential has a stong influence on the formation of lig-
aments, namely, a higher dealloying potential results in smaller ligaments and a lower
dealloying potential corresponds to larger ligaments [41]. It can, however, only produce a
ligament size with a length scale of less than 100 nm. Furthermore, the Ag retention after
this process is normally lower than the amount that is needed to perform another deal-
loying process. Typically, less than 10 at.% Ag retention can be found for the standard
composition range of Ag-Au alloy.

* Post-dealloying coarsening When the dealloying process finishes, the ligament size can
be modified to a larger size by simply allowing the samples to be soaked in concentrated
acid solution compared with newly formed ligaments. The reason accounts for this post-
dealloying coarsening is that the diffusion at metal/electrolyte interface remains very high
[35, 36]. Therefore, it has a high driving force towards a fast surface diffusion. As a result,
the ligament size becomes coarsened. However, a high Ag retention cannot survive from
a concentrated acid solution.

* Temperature Since the surface diffusion is highly related to the formation of ligaments
and pores, temperature plays an important role in changing diffusivity of MNEs. Two
types of methods based on temperature can be used to control the pore size: post-dealloying
annealing and controlling the dealloying temperature.

Post-dealloying means changing the pore size by annealing the samples at various tem-
peratures after the nanoporous structure formed [56, 57]. It can increase the pore size
from its initial size to microns until fully close the pores depending on the annealing tem-
perature and time. A typical example of tuning the ligament size by annealing is shown
in Figure 2.8.

Dealloying temperature is another approach which can also affect the final ligament size.
As in this approach temperature is also used to tune the ligament size while the ligament
formation. It can reduce the ligament size by using a lower temperature to slow down
the surface diffusivity of MNEs [21]. On the contrary, increasing the temperature during
dealloying will definitely increase the ligament size, but not more than 100 nm [58]. The
dealloying temperature has a similar effect as the postpone annealing process but at a
relatively low temperature. For safety reasons, the temperature for dealloying should not
be higher than 100 °C.

* Effect of halogen ions Dursun et al. [49] systematically studied the effect of halogen ions
on the diffusivity of Au atoms during the formation of naonporous structure. Their results
show that the diffusivity of Au in the presence of different halogen ions is in the following
order: bare HCIO, solution < Cl~ < Br~ < I". The results of halogen ions suggest that
the formation of nanoporous structure is strongly affected by the ions in the solution by
changing the surface diffusivity. However, this method can only coarsen the ligament size
to about 100 nm. Moreover, it is hard to remove the halogen ions after dealloying as a
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result of strong absorption of halogen ions on Au surfaces. Therefore, it is critical for the
next step applications where a clean sample surface is required.

* Low-diffusion metal addition The last possibility to control ligament size is to use some
low-diffusion metal to partly replace the target noble metal. The low-diffusion metal will
slow down the diffusivity of the target noble metal. For instance, Snyder et al. [59]
investigated the addition of Pt to Ag-Au alloys and found that the ligament size can be
as small as 5 nm. Jin ef al. [27] also found out a similar small ligament size in their
Ag-Au-Pt alloys. Furthermore, the Pt added nanoporous structure shows an excellent
performance against thermal annealing which results in the ligament coarsening even at
673 K for 3 h where the ligament size is still as small as 10 nm.

It appears that the postpone annealing is the best option to control the ligament size of the upper
level hierarchy structure in the present thesis. Typically, the upper level hierarchy structure
can be modulated from its initial size to microns. This allows to modulate the properties of
hierarchical NPG via its upper hierarchy level ligament size, for instance, different molecular
sizes require different pore sizes for an optimized mass transport. The dealloying potential
offers a possibility of tuning the lower hierarchy level ligament size.

2.3 Small angle X-ray scattering
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Figure 2.9: A schematic diagram showing the scattering of radiation to small angles by a sample.

Small angle X-ray scattering (SAXS) is a powerful analytical technique to study the structure
and interactions of systems with the size on the order of 10 to 1000 A (Figure 2.9). In the
diffraction experiment, the minimum size that can be measured is equivalent to \/2, however,
Bragg’s law does not predict a maximum size. Bragg’s Law predicts that information pertaining
to nano-scale structures will be seen below 6° 26 in the diffractometer trace (A~ 1.0 A). By
examining X-ray scattering between 0 and 6° 26, the information that is directly proportional
to the size and shape of nanometer sized objects is measured. The characteristics of materials
at these larger size scales are fundamentally different than those at atomic scales. Atomic scale
structures are characterized by high degrees of order, i.e. crystals, and relatively simple and
uniform building blocks, i.e. atoms. On the nanoscale, the building blocks of matter are rarely
well organized and are composed of rather complex and non-uniform building blocks. The
resulting features in X-ray scattering from diffraction are sharp peaks in the X-ray diffraction
range and comparatively nondescript diffuse patterns in the SAXS range.

In X-ray diffraction, the atomic scattering factor, f2, is equal to the square of the number of
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electrons in an atom at low angles, n2. Additionally, the intensity of scattering is known to be
proportional to the number of scattering elements in the irradiated volume, [V,,.

I N,n? (2.9)

In small angle scattering, one can consider a generalized rule that describes the behavior of
scattered intensity as a function of Bragg size ”r” that is observed at a given scattering angle
20, where r = 1/q and where q is 47 sin(f)/\. All scattering patterns in the small angle regime
reflect a decay of intensity in ¢ and can be described by considering that the decreasing size
reduces the number of electrons in a particle in a given volume, while the number of particles
increases with 1/volume. The scattered intensity (Eq. 2.9) is proportional to the decay of the
particle volume with size. This analysis implies that the definition of a particle () does not
necessarily reflect a real domain, but reflects the size, r, of a scattering element that could be a

component of a physical domain.

2.3.1 Porod’s law

Porod’s law is concerned with wave numbers ¢ that are small compared to the scale of the usual
Bragg diffraction; typically g$ 1 nm~!. In this range, the sample must not be described at an
atomistic level; one rather uses a continuum description in terms of an electron density or a
neutron scattering length density. In a system composed of distinct mesoscopic particles, all
small angle scattering can be understood as arising from surfaces or interfaces.

If the interface is flat, then Porod’s law predicts the scattering intensity
I(q) ~ Sq™* (2.10)

where S is the surface area of the particles, which can be experimentally determined in this way.
The power law ¢=* corresponds to the factor 1/sin*6 in Fresnel equations of reflection [45].

2.3.2 g-range

A schematic diagram of three different g-range includes high ¢ domain, intermediary zone and
low g domain is shown in Figure 2.10. ¢ is called length of the scattering vector or momentum
transfer. The dimension of ¢ is one over length (e.g. [1/nm]) and this explains that a scattering
pattern is usually called "the structure in reciprocal space”, and the corresponding particles have
a structure in real space which can be measured in units of length (e.g. [nm]).

High g domain: The window is very small: there is a contrast only at the interface between the
two media. This domain, called the Porod’s region, gives information about the surfaces.

Intermediary zone: The window is of the order of the elementary bricks in the systems. The
form factor P(g) can be measured (size, shape and internal structure of one particle).

Low ¢ domain: When the observation window is very large, the structural order can be obtained:
it is the so-called structure factor S(g), which allows to calculate the interactions in the system.
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Figure 2.10: A schematic diagram showing the high ¢ domain, intermediary zone and low g
domain, respectively.

2.3.3 Debye formula

The Debye formula is:
[(q):/[/dV-ffz(r)-e‘iqr 2.11)

where [ is the scattered intensity, V' is the volume, r is the distance between volume elements
of average scattering density p while the scattering vector q.

The well-defined structural length scale of nanoscale network structures made by dealloying is
known to give rise to an interference peak in small angle scattering [60, 61] that is reminiscent
of interference in spinodally decomposed fluids [62]. A simple estimate for the characteristic
spacing between ligaments in the network may be obtained from the Debye formula for the
interference between randomly oriented pairs of scatterers with a characteristic distance d. The
formula links d to the value, ¢,.x, of ¢ at the maximum of the interference peak via [63]

s 12350 2.12)
d
The g-range thus translates into a resolution of structure sizes in the order of 4 - 100 nm. X-ray
transparent samples were obtained by crushing the nanoporous bodies through gentle grinding
in a mortar, followed by spreading of the powder on adhesive tape. The nonuniform thickness
of the samples prevented a meaningful reduction of the scattering intensities to absolute units.
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Experimental procedures

3.1 Dealloying setup

The dealloying setup used in the present thesis is illustrated by a schematic diagram as shown in
Figure 3.1. A typical three electrode system was employed to perform dealloying. The working
electrode (WE) was the sample, an inert Pt plate with a larger surface area than WE served as the
counter electrode (CE), and a home-made Ag/AgCl reference electrode (RE) as illustrated later
was isolated by a Luggin capillary to ensure a stable potential output. Other electrochemical
measurements were performed in a similar three electrode system but with different cells.

3.1.1 Reference electrode

The homemade RE was used for the electrochemical dealloying experiment. It is called pseudo
Ag/AgCl RE. The pseudo Ag/AgCl RE was prepared by oxidizing a Ag wire (0.5 mm diameter,
Ag 99.99%, ChemPUR) at 0.9 V for about 120 s in 1 M (mol L) aqueous HCI (ACS grade,
Merck) solution until a layer of AgCl formed on the Ag surface. Another Ag wire was served
as both RE and CE while making those REs. The potential of this pseudo Ag/AgCl RE with
respect to the standard Ag/AgCl in saturated KCI solution is 0.33 V measured in 1 M HCIOy,
and, therefore, its potential versus Standard Hydrogen Electrode (SHE) is 0.53 V positive. Table
3.1 shows the comparison of commercial REs and this home-made RE compared relative to SHE
[42].

Table 3.1: Equilibrium potentials (£) of the commercial reference electrodes and the homemade
Ag/AgCl reference electrode compared relative to Standard Hydrogen Electrode (SHE).

Reference electrode E vs. SHE [ V]
Ag/AgCl, KCI (sat’d) 0.197
Hg/Hg,Cl,, KCl (sat’d) (SCE) 0.241

Ag/AgCl, 1 M HCIO, 0.53
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Figure 3.1: Scheme diagram of a typical three-electrode dealloying setup through potential
controlled dealloying process. The working electrode (WE) is the sample, an inert Pt plate
serves as the counter electrode (CE), and the home-made Ag/AgCl is used as the reference
electrode (RE).

3.1.2 Luggin capillary for dealloying process

Due to the electrical resistance of the electrolyte, an ohmic voltage drop occurs between the
working and reference electrodes, and the shorter the distance between the two electrodes the
smaller the voltage drop is. To keep the distance between the WE and RE as small as possible,
the RE is connected to the WE via a Luggin capillary. This is of great importance for all
measurements under current flow. Another advantage of this Luggin capillary is that the RE
potential is well guaranteed by separating the RE and working electrolytes where the dissolved
metal ions cannot affect the RE potential with Luggin capillary. Especially, in the present thesis,
the dealloying potential shows a huge impact on controlling Ag retention during dealloying
process. Thus, a steady potential output is of vital importance in the present thesis. The Luggin
capillary is shown in schematic diagram Figure 3.1.

The tip of the Luggin capillary near the WE is open to the test solution. RE senses the solution
potential at this open tip. Note that the Luggin tip is significantly smaller than the RE itself.

3.2 Sample preparation

For the dilute Ag-Au alloys, master alloys of the following composition Ag(;o-,)Au, with z =
5, 10 and 15 were arc melted (Compact arc melter MAM-1, Edmund Biihler, as shown in Figure
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Figure 3.2: Mini arc melter used to prepare alloys in present thesis.

3.2) from Ag (99.95%, ChemPUR) and Au (99.995%, ChemPUR) under argon atmosphere
(with a purity of 99.9995%) for 3-5 times to ensure the alloy was fully melted. Afterwards the
alloy was homogenized at 850 °C for more than 100 h in evacuated and sealed quartz tubes in
a resistance furnace. The whole chamber was evacuated for 5 min and then filled with argon.
The above process was repeated at least 3-5 times in order to have a clean atmosphere before
igniting the arc. A titanium ball, used as a getter to remove oxygen during alloy preparation, was
in the chamber. Before melting the metals, the titanium ball was melted at least for 5 s in order to
remove the residual oxygen as the vacuum pump only offers a medium vacuum condition (~10-2
mbar). The samples were cooled down spontaneously on a water flowed copper plate when the
arc was turned off. The ingots were then rolled to 1 mm in thickness by a rolling machine, and
subsequently cut into cuboids with a dimension of 1 x 1 x 2 mm3 using a diamond wire saw
(Well diamond saw, Model 3032) and annealed for recovery in vacuum furnace (MILA-5000,
ULVAC) at 650 °C for 3 h to remove the residual stress during the rolling and cutting process.
The vacuum condition of this vacuum furnace is ~10~6 mbar. The vacuum condition for the
following experiments using this vacuum furnace is the same.

Samples for anodic polarization measurements were rolled into a sheet form with a thickness
of 0.2 mm. After that, the sheet was punched on a home-made stamping machine to form a
disc shape with a diameter of 3 mm. All the disc samples were grinded on one side with a
sequence of 800, 1000, 2500 and 4000 mesh abrasive grinding papers, respectively. Then, the
sample was annealed at 650 °C for 3 h to remove the effect of residual stress introduced by
grinding. A copper wire was connected with the ungrinded surface by conductive silver paint.
A nail painting (Lacomit, Agar Scientific), which is normally used for insulating the metal from
electrolytes, was employed to cover the ungrinded surface and the part of copper wire which will



30 Chapter 3 Experimental procedures

be immersed into the electrolytes, leaving only the grinded surface exposes to the electrolytes.
Therefore, the surface area that is exposed to electrolytes is fixed during measurements.

Master alloys of the following composition AggoAu;9Pt; were prepared from pure Ag (99.995%,
ChemPUR), Au (99.995%, ChemPUR) and Pt (99.95%, ChemPUR) with the same melting ap-
paratus as the dilute Ag-Au alloys. In order to ensure a homogenous elements distribution, the
alloy was prepared as the following sequences: first Au and Pt were melted as an intermediate
alloy during which the Au was gradually added to Pt, followed by mixing this intermediate al-
loy with Ag. After each melting process, the samples were flipped over, and this process was
repeated for 5-8 times to ensure the alloy was fully melted and homogenized at 950 °C for more
than 100 h in evacuated and sealed quartz tubes. When the annealing process was completed,
the ingots were directly quenched in water to prevent phase segregation. After that, the ingots
were directly cut into cuboids 1 x 1 x 2 mm?3 in size using a diamond wire saw.

The sample for wavelength dispersive X-Ray spectroscopy (WDS) measurement was cut from
the ingot and then was supported with epoxy. The epoxy was hardened for one day in order to
let the epoxy gives the best mechanical support. The sample was polished by abrasive grinding
papers with the following sequence 800, 1000, 2500 and 4000 meshes. Each step was performed
at least 20 s until the last grinding trace was removed. After each step, the sample was cleaned
with flushing distilled water and immersed in water in an ultrasonic bath for 2 min to remove the
particles from the abrasive grinding paper and make sure that no large particle residuals from
this step which may damage the surface can be transferred to the next step. The sample was
examined under a light microscopy (Lecia) after each grinding process in order to examine the
grinding results. The grinding machine was also cleaned with flushing water and clean paper
every time when changing the abrasive grinding paper.

3.3 Dealloying protocol and structure modulation

All the electrolytes were prepared by ultrapure water (18 M €2 cm, Arium 611, Sartorius). In
order to ensure accurate measurements, in some cases a standard cleaning solution (5 volume
parts concentrated 98 % H>SO4 (ACS grade, Merck) + 1 part 30% H>0, (ACS grade, Merck))
was used to clean the glassware by immersing it for 24 hours and then rinsed thoroughly with
ultrapure water to remove adsorbed ions.

For the dilute Ag-Au alloy, cuboid samples were dealloyed at room temperature (~ 20 °C) under
potential control in 1 M HCIO, (Superpur, Merck). Dealloying experiments were performed
through a typical three electrode system via a potentiostat (Autolab, PGSTAT100N). The Pt
plate CE with sufficient surface area shared the cell (volume 300 ml) with the WE. Potentials
were measured relative to Ag/AgCl RE in the same solution. All potentials in this thesis are
specified relative to the home-made Ag/AgCl RE. In order to find out the relationship between
the Ag retention and the dealloying potential, the disc samples with a thickness of 0.2 mm and
a diameter of 3 mm were dealloyed at 300, 400, 500 and 600 mV, respectively. The critical
dealloying potential (see Chapter 2) was determined by potential holding experiments based
on the results obtained from the anodic polarization measurements. Samples used to prepare
hierarchical nanoporous gold (NPG) were dealloyed at 300 mV for the first dealloying step.
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Samples after dealloying were rinsed in ultrapure water for several times, then with alcohol and
finally dried in a glove box. The dealloying process was carried out until the current decays to a
value of less than 10 pA. Coarsening treatments used a vacuum furnace at 300 °C for 3 h with
10-% mbar. The second dealloying process was performed with the same setup at 750 mV until
the current decays to a value of less than 10 pA. The resulting hierarchical nanoporous gold
is designated as nested-network nanoporous gold (N3PG). Reference samples of conventional
NPG used a master alloy of Agr5Aus; were prepared as in Ref [64], dealloying potential of 750
mV for the single dealloying step, and otherwise identical procedures as above.

For Ag-Au-Pt alloys, other dealloying setups were identical as the dilute Ag-Au alloys. Based
on the results of the dilute Ag-Au alloys, the critical dealloying potential of the Ag-Au-Pt alloys
was determined directly by potential holding experiments. Dealloying potential of 650 mV was
performed at the first dealloying step until the current value reaches less than 10 pA.

The nanoporous Ag-Au-Pt alloy samples were annealed at 400, 500 and 600 °C for 0.5 h with
the same vacuum furnace which generates the upper hierarchy level ligaments with different
sizes. After the annealing process, a second dealloying step was performed at 1000 mV until
the current decays to a value of less than 10 p A to create the lower hierarchy level ligaments.

Both the sample preparation steps of the dilute Ag-Au and Ag-Au-Pt alloys are shown in Table
3.2.

Table 3.2: Sample preparation protocols.

Sample First step dealloying Annealing parameter Second step dealloying
AgosAus 300 mV 300 °C,3h 750 mV
AggoAulgptl 650 mV 400 or 500 OC, 0.5h 1000 mV

3.4 Electrochemical measurements

Anodic polarization curves are normally measured to evaluate the corrosion behavior of met-
als in electrolytes. This method was used to determine the critical dealloying potential when
the value of current density reaches 1 mA cm=2. One research work [46] has shown that the
scanning rate shows a strong dependence on scan rate. Faster scanning rate will shift the anodic
polarization curve to more negative potentials. Normally, a low scan rate less than 5 mV s~!
was employed in several studies in determining the critical dealloying potential[49, 65-67]. In
this thesis, anodic polarization curves were measured by positive-going potential sweeps at a
slow scan rate of £/ = 1 mV s~1. Those measurements were performed in the dealloying solution
consistently.

In order to evaluate the specific surface area, CV was performed in the double layer region starts
from 0 to 0.6 V at a series of scan rates from 10 to 100 mV s~! with an increment of 10 mV in
1 M HCIO,. The double layer region is recognized by the CVs of NPG and N3PG which will
be introduced later.
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The specific surface area was characterized by the capacitance ratio method [68], using 1 M
HCIO, as the electrolyte and a NPG sample as the counter electrode. The capacitance value, c,
of Au in the double-layer region of the voltammogram was taken as cq; =40 uF cm=2 [69]. With
m the sample mass, the current, /, was taken to obey [ = cdlammE which, all other quantities
being known, can be solved for the mass-specific surface area, av,,.

As a comparison, the electrochemically active surface area is also evaluated by calculation of
the reduction peak of Au oxides. The specific charge equivalent of 220 mC cm~2 [70] was used
for converting the charge passed during the gold oxide reduction to a total surface area, which
was then divided by the mass of the NPG electrode in order to obtain a specific surface area per
unit mass. CVs of NPG and N3PG which start from 0 to 1 V with a scan rate of 1 mV s~! were
measured.

In orders to evaluate the charge transport within NPG and N3PG, chronoamperometry studies
of electrochemical charging kinetics were performed. It started with a 600 s hold at the initial
potential, Eq, here 0 V, before the jump to the final potential, E;. E starts from 0 V with an
increment of 50 mV to 1 V.

3.5 Structure characterization

3.5.1 X-ray diffraction

X-ray diffraction is a relatively fast and indestructive technique to study the material’s struc-
ture information. X-ray diffraction can also be used to determine strain, preferred orientation,
crystallographic structure, and grain size of crystalline materials.

The relationship between X-ray and crystal can be described by the famous simple equation
known as Bragg’s law:

nA = 2dsinf (3.1

where n is an integer (whole number), A is the wavelength of the incident beam, d is the spacing
between the planes in the atomic lattice, and 6 is the angle between the incident ray and the
scattering planes.

The present X-ray diffraction experiments were performed on a powder diffractometer with
CuKa radiation, A = 0.15406 nm, 40 kV, 40 mA (Detector: LYNXEYE XE, Bruker) using a
convergent beam. The scan range was from 26 30 to 80° with a scan time period of 4 h using a
0-0 mode. The sample after each process was directly measured without crush it into powders.

3.5.2 Small angle X-ray scattering

Small angle X-ray scattering (SAXS) used a Bruker NanoStar setup with a sealed Cu microan-
ode (IuS, wavelength A = 0.1542 nm) and an area detector (performed by Dr. Ulla Vainio,
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DESY). With the magnitude of the scattering vector defined as ¢ = 4msinf/\, where 0 is half of
the scattering angle, the resolved ¢-range was 0.07 nm~! < ¢ < 2 nm~!. Scattering angles were
calibrated by means of a silver behenate standard.

3.5.3 Scanning electron microscopy

The scanning electron microscopy (SEM) is a powerful tool that is used to image the sample
surface by scanning it with a high-energy beam of electrons in a raster scan pattern. The elec-
trons interact with the atoms that make up the sample producing signals that contain information
about the sample’s surface topography and composition.

Several types of signals produced by electron beams include secondary electrons, back scattered
electrons, characteristic X-rays, and transmitted electrons. In principle, the SEM can achieve a
high resolution of 1 to 5 nm, certainly operational parameters play an important part on getting
a high resolution image. SEM images also offers a very large depth of field which yields a char-
acteristic three-dimensional appearance that is helpful for understanding the surface structure
of a sample.

In this thesis, structural characterization used scanning electron microscopes (SEM, Zeiss,
SupraS5 and Leo 1530) at an accelerating voltage of 10-20 kV for the morphologies of dif-
ferent stages. The working distance was 4-8 mm which is depending on the image mode that
is used. For the SEM used in the present thesis, the theoretical resolution is 1 nm. In order to
get a high resolution image, the in-lens detector was preferred in the present thesis. For high
resolution SEM images of Pt doped samples, it was performed on a Leo 1550 (performed by
Mr. Andreas Kornowski, Hamburg University) at an accelerating voltage of 20 kV. Similarly, a
in-lens detector was used. The samples were broken from the middle then they were transferred
onto the Al stub covered with carbon tape. In order to increase the electron conductivity, silver
paint was used to cover the edges of the nanoporous samples. Before each measurement, the
samples for SEM was placed in a glove box for at least one overnight to remove the absorbed
species from the nanoporous structure.

3.5.4 Energy dispersive X-ray spectroscopy

The fundamental principle of energy dispersive X-ray spectroscopy (EDS) is that each element
has a unique atomic structure which excites independent characteristic X-rays of an individual
element. Those characteristic X-rays contain different energies which are used to identify the
corresponding elements.

EDS is capable of distinguishing elements from atomic number (Z) 4 (Be) to 92 (U), though
it is difficult for some instruments to detect ’light’ elements (Z < 10). Qualitative analysis is
fairly straightforward due to the simplicity of X-ray spectra. Quantitative analysis (determina-
tion of the concentrations of the elements present in the sample) is based on the integration of
characteristic peaks with respect to the calibrated standards.
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The composition analysis was performed in the SEM (Leo 1530 and Zeiss Supra VP55) using
energy dispersive X-ray spectroscopy (EDS, Oxford INCA, Aztec) to determine the residual Ag
retention in each stage. The working distance was 8 mm with an accelerating voltage of 20 kV.
Before performing measurements, a standard reference sample was measured to calibrate the
system, here a cobalt reference was used. The accuracy of quantitative EDS analysis in theory
could reach a value of ~ 0.1 %.

3.5.5 Wavelength dispersive X-Ray spectroscopy

Wavelength dispersive X-Ray spectroscopy (WDS) also uses the characteristic X-rays gener-
ated by elements to enable quantitative analysis (down to trace element levels) to be measured
at spot sizes as small as a few micrometers. Unlike EDS which produces a broad spectrum
of wavelengths or energies simultaneously, WDS reads or counts only the X-rays of a single
wavelength at a time with respect to a special crystal. WDS is extremely good in distinguish
the nearby elements where characteristic energies are overlapped which makes the result of
quantitative analysis is deviated from its true values [71].

In order to check the master alloy composition of the AgggAu;oPt; alloy, a WDS measurement
was performed on the Zeiss VP 55 SEM, due to the reason that Au and Pt are neighboring ele-
ments which cause a overlap peak at Lo thus hard to distinguish one from the other. Moreover,
the Pt content is relatively low compared with the other two elements. The working distance
was 8.5 mm with an accelerating voltage of 20 kV. Before performing the WDS measurements,
the system was calibrated with pure Ag, Au and Pt elements standards.

3.5.6 Electron backscatter diffraction

Electron backscatter diffraction (EBSD) is a useful technique to study crystal structure, crystal
orientation and grain boundary. The electron beam from the SEM gun hits the tilted sample by
70° which generates diffracted electrons. The diffracted electrons which form Kikuchi pattern
(also known as electron backscatter patterns, EBSP) are collected on a fluorescent screen. A
software is used to process and index those EBSPs.

The inverse pole figure map is an orientation imaging map filled with pixels color-coded ac-
cording to the orientation illustrated in the unit triangle of the inverse pole figure. An inverse
pole figure of a certain direction describes the position of this sample direction with respect to
the crystal reference frame.

In the present thesis, N3PG obtained by dealloying the Pt doped Ag-Au alloy was examined by
the EBSD technique to study whether the grain size remains the same as in the master alloy.
The EBSD system is attached to a SEM (Zeiss, VP55). The working software is Aztec, Oxford.
The EBSD measurements were carried out by Dr. Martin Ritter (TUHH). The measurements
were conducted with a working distance of 15 mm and an accelerating voltage of 20 kV. The
sample for EBSD measurements was imbedded in an epoxy resin. Using a Ultramicrotome (EM
UC7, Leica), the sample was first trimmed to a size of ~ 0.4 x 0.3 mm? and then cut until the
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sample surface was exposed. After that the sample was cut with the following cutting step size
of 500, 100, and 20 nm, respectively. Several cuts were made for one cutting step until at least
two times distance of last step was removed. After all the cutting process, the bulk block was
used for EBSD measurements.






Chapter 4

Nested-network nanoporous gold from
dilute Ag-Au alloy

The results of this Chapter have been partly published in the following article "Z. Qi, J.
Weissmiiller, ACS Nano, 2013, 7, 5948-5954". The reuse of figure and text is from Ref. [72]
with permission of Copyright (2013) American Chemical Society.

In this chapter, a dilute Ag-Au alloy is used to fabricate nanoporous gold (NPG) with two levels
of self-similar hierarchical nanoporous structures. As stated in the Chapter 2, the Ag-Au alloy
composition can be divided into three categories based on the fabrication of NPG: the dilute
composition, the standard composition and the parting limit. Inspired by the dilute Cu-Au alloy
where a high Cu retention was found after dealloying [54], the dilute Ag-Au alloy was investi-
gated in this Chapter to clarify whether a high Ag retention can be maintained after dealloying,
as Ag-Au alloys also form a solid solution. The results suggest that a high Ag retention can be
kept in the dealloyed NPG, therefore, it is promising that a hierarchical structure can be gen-
erated from this special master alloy. Subsequently, the strategy of annealing was adopted to
coarsen the structure to form the first level of ligaments and pores (large). Thereafter, dealloy-
ing again to form the second level of ligaments and pores (small). The specific surface area
of nested-network nanoporous gold (N*PG) was estimated by two electrochemical methods. A
simple charging experiment was carried out in the double layer region to evaluate the charging
kinetics of N®PG. As a comparison, NPG with similar ligament size as lower hierarchy level
ligament was also prepared.

4.1 Experimental results

4.1.1 Determination of critical dealloying potential

In order to determine a proper method to measure the critical dealloying potential (see Chapter
2), E¢, the existing methods were examined as there is still a controversy on determining F.
Furthermore, when the dealloying potential is close to the true E it is expected to control more
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Ag retention. Two approaches towards E¢ have been discussed in the literature [46—49]. One
approach rests on the anodic polarization curves, identifying ¢ with the potential at current
density j = 1 mA cm~2. The second approach uses chronoamperometry to identify the lowest
potential that gives a steady corrosion current over extended periods of time. That potential
marks the transition from passivation to the formation of a bicontinuous porous structure. For
ease of distinction the first measure for F¢ is designated as the "massive dealloying potential”
(MDP) and the second as "’loss of passivation potential” (LPP) in the present thesis.
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Figure 4.1: Signatures of the corrosion behavior of pure Ag and of the master alloys AggsAus,
AggoAug and AggsAuys in 1 M HCIOy. a), Current/potential graphs at a scan rate of 1 mV s=1.
and b), the corresponding Tafel plots.

First, the corrosion behavior of the master alloys Ag,_,Au, with the Au fraction extending
from a more concentrated alloy with za, = 0.25 down to the dilute x,, = 0.05, focusing first
on F, is inspected. Figure 4.1a shows the linear sweep voltammetry measurement for all three
alloy compositions and pure Ag in 1 M HCIO, solution at a slow scan speed 1 mV s~!. It can
be found that the dealloying potential increases with increasing Au content which is consistent
with previous study [46]. The corresponding Tafel plots are shown in Figure 4.1b. From those
Tafel plots, the Nernst potential can be clearly observed as the turning points in the curves. The
Nernst potential shifts to the negative direction. When x5, is higher than 10 at.%, a passivation
region started from the Nernst potential to the dealloying potential is well distinguished. On
the contrary, pure Ag and AggsAu; alloy show a nearly similar corrosion behavior in which no
passivation behavior can be found. This is in good agreement with Ateya’s observations that the
dilute Cu-Au alloys show a similar corrosion behavior as pure Cu [54, 55].

Figure 4.2a shows the two measures of £ for the master alloys with zx, =5, 10 and 15%. The
scan rate has an important influence on the linear sweep voltammetry curve [46]. The results
are relative to the Nernst potential of pure Ag measured from the Tafel plot in Figure 4.1. A fast
scan rate will shift the corresponding anodic polarization curves towards the negative direction.
Even though a quite slow scan rate was chosen for recording the linear sweep voltammetry
curves of those alloys, it is apparent that the two definitions yield considerably different values
of E¢. This applies especially to the alloys with more Au, where the difference exceeds 100
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Figure 4.2: a), Overpotential (relative to the Nernst potential, Fnengy Of pure Ag) at the loss
of passivation (LPP) and at the massive dealloying (MDP) versus the Au fraction, x,, in the
master alloy. b), Residual Ag content, xa, res, versus dealloying potential, £y, for dealloyed
material made from the master alloys alloys indicated.

mV. Clearly, the LPP is much close to the true E-. Therefore, the present E¢ is determined by
LPP.

Samples were dealloyed at various potentials, Ep, above their LPP, and Figure 4.2b shows the
resulting Ag retention, xag res plotted versus Ep. The master alloys with 10 and 15 at.% Au
yield zag res # 10 at.%, similar to previous reports for Cu-Au [73] and too small for the intended
two-step dealloying strategy. By contrast, T ag res in the Aggs Aus increases from 11 to 48 at.%
when Ep is decreased from 600 to 300 mV. This brings the composition of the nanoporous
Au-Ag alloy close to the parting limit. The other conditions of the samples have a very small
silver content, below the parting limit, and therefore it is doubtable that whether they can be
dealloyed again. Additionally, this again suggests that the LPP is a better method to determine
the true F¢ as the LNE content is highly dependent on £, where 100 mV difference will make
the two-step dealloying strategy become impossible.

4.1.2 Current decay of the Agy;Au; alloy at different potentials

The current decay results of the Aggs Aus alloy at £, of 300, 400, 500, and 600 mV, respectively,
are shown in Figure 4.3a. It can be found that the initial dealloying current value increases with
increasing deallloying potential, which is in good agreement with the linear sweep voltammetry
curve of AggsAu; alloy (Figure 4.1a) where a higher potential represents a higher current value.
The current maintains a steady decay from the initial dealloying stage, then a knee of the curve
can be observed where a rapid current decay happens. Samples dealloyed at 300 mV have the
lowest dealloying current and thus the longest time period which is 10 times more than that is
needed for samples dealloyed at 400 mV to finish the whole dealloying process. It should be
noted that samples dealloyed at 400 mV have already fallen into several pieces. The higher the
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Figure 4.3: a), Current decay experiments of AggsAus alloy at various potentials (300, 400,
500 and 600 mV) and b), the corresponding charge accumulation during this experiment by
integration of current versus time.

Ep is the more pieces will form. This is consistent with previous study [52] where the dilute
Ag-Au alloys cannot form a monolithic sample after dealloying. Artymowicz et al. [74] argue
that dealloying a AggsAu; alloy will lead to a well-adhered, albeit highly cracked structure.
This is true for samples dealloyed at above 400 mV. However, the sample dealloyed at 300 mV
maintains its integrity as shown in the inset of Figure 4.4b.

Based on the current decay curves, the total charge transferred during dealloying can be cal-
culated by the current decay results. The charge accumulated compared with total charge that
is transferred during Ag dissolution at different potentials of AggsAus alloy is shown in Figure
4.3b. Using these total charge results, they can be converted into the amount of Ag atoms that
is dissolved during the dealloying process. By dividing the amount of Ag atoms by total time,
an estimated mean Ag dissolution rate (average) can be obtained. The corresponding results are
listed in Table 4.1. Ag dissolution rates of samples dealloyed at above 400 mV are two orders
of magnitude than that of samples dealloyed at 300 mV. A similar finding is found in dealloying
of the Ag-Au alloy from the standard composition range [41]. That is a higher £p will result in
a finer ligament size albeit more cracks formed and vice versa.

Table 4.1: Mean Ag dissolution rate based on current decay experiments. N, represents the
mean Ag dissolution rate.

Dealloying potential [mV] Ag dissolution rate [ Na, s7!]

300 7.8 x 1014
400 1.0 x 1016
500 1.2 x 1016

600 2.6 x 1016
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4.1.3 Formation of nested-network nanoporous gold

The schematic diagram of the present strategy to fabricate hierarchical NPG with self-similar
structure is shown in Figure 4.4a. The central issue regarding the present strategy is to obtain
a high Ag retention in NPG after the first dealloying step. Once it is possible to get this inter-
mediate nanoporous Ag-Au alloy, the ligaments of the upper hierarchy level can be tuned by
annealing. Thereafter, a second dealloying will create the ligaments of the lower hierarchy level
within the ligaments of the upper hierarchy level. Figures 4.4 b)-d) display the overview SEM
images of the microstructure in the corresponding stages of preparation with same magnifica-
tion. The as-dealloyed material (Figure 4.4b) is a nanoporous AusyAg,s alloy with a ligament
size of ~ 16 nm which is clearly shown in Figure 4.5. Upon annealing at 300 °C for 3 h, this
microstructure coarsens to reach a ligament size of 200 nm. Figure 4.4c) displays this state,
in which the upper hierarchy level is already expressed. In order to form the lower hierarchy
level, the coarsened porous Ag-Au alloy is subjected to the second dealloying step. Here Ep =
750 mV was chosen which is similar to what is typically used for dealloying massive Ag-Au.
Figure 4.4d) shows the resulting, final microstructure. As can be seen in Figure 4.4d, the mi-
crostructure after the second corrosion step consists of a fine network of nanoscale ligaments
nested within each ligament of the coarser network structure.

Figure 4.5: SEM image showing the cross section view of the nanoporous Aus,Agys alloy at a
higher magnification.

Figure 4.6a shows details of the final microstructure. The two hierarchy levels of the nested-
network structure of the solid are reflected in a complementary and geometrically similar pore-
channel structure, with ~ 200 nm size upper hierarchy channels and ~ 15 nm size lower hierarchy
channels.

The reference to the nested-network structure as “hierarchical’ is suggested by the presence of
the two well-defined length scales. As is visible in Figure 4.6, the sizes of the two levels are
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Figure 4.6: Scanning electron micrographs showing the microstructure of hierarchical
nanoporous gold. Graph b) highlights the cross section of an upper hierarchy level ligament.
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not only well separated, but the topology on each of the two levels is geometrically similar to
that on the other. A cross section view of an upper hierarchy level ligament is highlighted in
Figure 4.6b. The micrograph confirms that the entire ligament is porous and composed of lower
hierarchy level ligaments.

Figure 4.7: SEM image showing the cross section view of an overview of the nanoporous
Au52Ag4g alloy.

Optical micrographs of the macroscopic sample geometry in different preparation stages are
shown in the insets of Figure 4.4b-d. A large volume shrinkage which leads to a considerable
stress while dealloying is found. The initial dimension of the sample is 1 x 1 x 2 mm3. Com-
paring sample dimensions before and after the corrosion, a volume contraction to ~ 39 % of the
original size and the development of cracks at the scale of 20-100 pm during the first dealloying
step are found. Figure 4.7 shows the overview of a sample after the first dealloying process.
Cracks are already formed during this process, especially, at the outer part of the sample. More
clear cracks formed when this sample was treated after annealing process as shown in Figure
4.8. A granular structure can be found with a size of tens of microns after annealing. The fol-
lowing dealloying preparation step does not give rise to noticeable extra shrinkage or cracking.
As can be seen in Figure 4.4d, the final nested-network structure takes the form of a monolithic
bulk sample.

The advantage of the present strategy is to modulate the size of the upper hierarchy level lig-
aments by annealing. Here, another annealing temperature at 500 °C was chosen to produce a
larger upper hierarchy level ligament size. The corresponding SEM images are shown in Figure
4.9. It can be seen that the sample after annealing at 500 °C for 3 h, the upper hierarchy level
ligament size increases to ~ 400 nm, which is in good agreement with that a higher annealing
temperature means a more coarsened ligament size [56, 57]. Similar to the sample annealed
at 300 °C, two well distinguished levels of structures can be clearly observed. The present re-
sults suggest that the upper hierarchy level ligament size can be modulated by tuning annealing
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Figure 4.8: SEM image showing the cross section view of an overview of the nanoporous
AusoAgys alloy after annealing at 300 °C for 0.5 h. Note the cracks along the granular structure.

temperature.

4.1.4 Surface area evaluation of nanoporous structure

In recent studies on evaluating surface area of NPG [70, 75, 76], the reduction peak of gold
oxidation was employed to calculate electrochemically active surface area (EASA). As a com-
parison for the capacitance measurement, a CV study on both NPG and N3PG was performed
as shown in Figure 4.10. Two regions can be identified from those CVs: the double layer region
(from 0 to 0.6 V) and gold oxidation/reduction region (from 0.6 to 1 V). According to the gold
reduction peak, EASAs are Sypg = 6.0+ 0.1m? g~! and Syspg = 3.9+ 0.1m? g~!. The EASA
in the present work is comparable to above studies [70, 75, 76].

The net surface area of the N3PG samples can be measured by means of the electrochemical
capacitance ratio method [68]. Figure 4.11a and b show cyclic voltammograms (CVs) in the
double layer region at different scan rates. The corresponding averages of the capacitive cur-
rents, /., at the center of the CVs are shown in Figure 4.11 c and d. The current values scale
with the potential scan rate, implying that the mass-specific surface area, o,,, may be deter-
mined as introduced in Chapter 3. For N3PG ay, = 3.0 + 0.1m? g~! is found. By means of
comparison, a NPG sample made by conventional one step dealloying was selected. This sam-
ple is nanoporous, but lacks the upper hierarchy level. Figure 4 shows the results, here implying
o =4.0£0.1m?2 g1,

The results of capacitance measurements are quite consistent with the EASA results. They have
a similar magnitude, except the value of EASA is about 1.5 times larger than that of capacitance
measurements.
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Figure 4.9: Scanning electron micrographs showing the microstructure of hierarchical
nanoporous gold annealed at 500 °C for 3 h then dealloyed at 750 mV. Graphs in a), at a low
magnification and b), at a high magnification.
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Figure 4.10: Cyclic voltammetry of a), NPG and b), N3PG measured from 0 to 1 V at a scan
rate of 1 mV s~!. The peak O represents the Au oxidation peak and peak R represents the Au
reduction peak. The Au oxidation region starts from ~ 0.6 V and below that potential is the
double layer region.

4.1.5 Charging kinetics comparison

As a test for the impact of the structural hierarchy on the ion transport kinetics in the pore space
a series of step potential measurements were performed, comparing the kinetics of double layer
charging in N3PG and in a NPG reference sample. The capacitance ratio data show that these
samples had comparable specific surface area values and, therefore, comparable ligament size
(at the lower hierarchy level in the case of N3PG). The sample size of N3PG in this experiment
was 0.7 x 0.7 x 1.6 mm3, while that of NPG was 0.9 x 0.9 x 1.8 mm?3. Figures 4.12a and b
show current transients after potential steps. On the log-linear scale of the figures, the graphs
of current versus time exhibit points of inflection. Studies of transport kinetics of planar gold
electrode surfaces show closely similar behavior (yet with much shorter time constants); the
inflection points there separate regimes in which the diffusion of different ions controls the
kinetics [77]. Irrespective of these details, the data show that under all conditions the current
decay in N3PG is strongly accelerated as compared to that in NPG. For instance, when the
potential is stepped within the double layer region, the current in N3PG has decayed to half of
its initial value in less than 2 ms. By contrast, NPG reaches the same state after about 0.3 s. In
the oxygen adsorption region, N3PG needs ~ 1 s for the current to reach its final inflection point,
while NPG needs ~ 100 s. In other words, the charging kinetics in N®PG is faster, by factors of
150 in the double layer region and 100 in the oxygen species adsorption region, compared with
NPG. The double layer region and oxygen adsorption region can be seen in Figure 4.10. Before
the rise of an oxidation peak it is double layer region. On the contrary, it is oxygen adsorption
region. As a particularly simple process, Figure 4.12¢ inspects a potential jump from 0.1 to 0.2
V, within the double layer region, in detail. The graphs represent chronoamperometry results
of current versus time for N3PG and NPG. The time, t%, for I to decay to 50 % of its initial
value is a measure for the transport kinetics, and for the switching rate in applications as an
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Figure 4.11: Electrochemical characterization of nanoporous gold (NPG) and nested-network
nanoporous gold (N3PG). a), cyclic voltammograms of current I versus electrode potential F in
the nominally capacitive regime using different scan rates as labeled in the figures. Solid lines,
NPG, dashed lines, N3PG. b) mean current magnitude, /-, at £ = 0.3 V versus the scan rate.
The data allow estimates of the mass-specific surface area.
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Figure 4.12: Charging kinetics of the porous materials. Transients of current, I, versus time, ¢,
following potential steps from the starting electrode potential £, =0 V to the final potential F.
Graphs in a) and b) show experiments with Er increasing from 0.05 to 1 V with an increment of
0.05 V Note the different charging kinetics in capacitive versus oxygen species electrosorption
regimes. Graphs in c) compare current transients after jumping form £y = 0.1 V to Er = 0.2
V for the two materials. Charging kinetics may be measured by time, ¢ 1 required for charging

current [ to decay to 50 % of the initial current, I. Dashed line indicates I/ = 0.5.



50 Chapter 4 Nested-network nanoporous gold from dilute Ag-Au alloy

electrochemically functionalized material. The 1 = 1.3 ms for N3PG, which is nearly 200

times faster than the 250 ms in NPG, is found.

1
2

4.2 Discussion

4.2.1 Less noble element retention

The present findings for the LNE retention during dealloying of the dilute solid solutions at
low overpotential connect to the underlying mechanisms and driving forces of dealloying. As
a prerequisite for enabling the second dealloying step which is inherent to the present strategy,
sufficient LNE retention is also the key to the synthesis strategy. This motivates the focus, in
this discussion, on the LNE retention.

Ateya et al. have studied the corrosion of dilute noble metal alloys, focusing on the example of
Cu-Au alloys [54, 55]. These authors observed a critical dealloying potential only for x A, > 0.1.
Yet, in their study of Ag-Au alloys, Sieradzki et al. [46] reported that the critical dealloying
potentials for x 5, as low as 0.05, in agreement with the present findings. The results by Ateya et
al. [54, 55] do agree with the present findings inasmuch as the retention of a considerable LNE
fraction is found after dealloying of dilute solutions, including Cugs; Aus alloy. The observations
are discussed in terms of pore walls which are Au-rich rather than pure Au [54]. Recently, the
dilute AgysAus; alloy dealloying was studied by Artymowicz et al. [74] motivated by Pickering’s
work on CuggAuyg alloy. Unlike the AggsAus alloy fully dealloyed in the present thesis, they
only dealloyed a certain thickness of the sample and find a high LNE retention within those
layers which decreases with increasing dealloying potential. In that respect it is noteworthy that
dilute solutions can be dealloyed at low overpotential. In acidic solution they are then likely
free of oxygen adsorbate layers so that surface diffusion and, hence, coarsening behind the
dealloying front are fast. This in turn implies the exposure of LNE atoms from the native alloy
in the interior of the original ligaments to further dissolution. The high LNE retention in the
experiment is therefore remarkable.

The LNE retention is more readily reconciled with the established observations when one adopts
a phenomenological point of view. As the alloy becomes more concentrated in Au, the Nernst
potential, Enermnst, Of the LNE will increase and the driving force for dissolution decrease. For
any given value of Fp, the LNE dissolution must therefore stop at a finite LNE concentration.
It is then instructive to inspect the variation of Fengs With composition, here for the example
of Ag-Au alloy. Since solid solutions of Ag and Au have practically no misfit strain energy,
their molar enthalpy of mixing, Ah,,;,, may be approximated by that of the molten alloy. Drop
calorimetry data in Ref. [78] imply a nearly parabolic variation, Ah,,;, = —17.3 kJmol~! z(1 -
x), for the melt. When this term is adopted in a regular solution equation of state for solid
Ag-Au, one obtains for the Ag chemical potential

;uAg :“&g-ﬁ-AhmixCBiu‘i‘RT}n(l —.CUAu) (41)
and, consequently, for the Ag Nernst potential

ENernst = EI(\)Iernst - [Ahmwx2Au + RT hl(l - xAu)]/F (42)
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where the superscript ”0” denotes values for pure Ag. R, T, and F' denote, respectively, the
gas constant, temperature, and Faraday constant. The equation yields an increase in Enengt Y
63 mV between pure Ag and the equiatomic solution. Since the critical dealloying potentials
are at Ep 2 EY . + 300 mV, equilibrium thermodynamics cannot explain the observed LNE
retention under the acting corrosion conditions. Yet, the increase of Enepnst implies a reduction
in overpotential which is significant if one accounts for kinetics of corrosion, and specifically

for the steep variation in the corrosion flux with the overpotential.

The above argument is consistent with the well-established variation of £ with the alloy com-
position, see, for instance, Ref. [79] and the present results in Figure 4.1. The experimental
observation here applies to corrosion which propagates throughout the material, in other words,
to a macroscopic phenomenon. Nonetheless, it has been shown [14] that the empirical vari-
ation of F¢ with the composition is consistent with results of an analysis of the local atomic
rearrangements in the corrosion surface. This analysis considers the competition between dis-
solution on the one hand and passivation by lateral rearrangement of the MNE on the other [14].
It then seems natural to assume that, as Ag dissolution enriches the outermost layer at the cor-
rosion surface in Au, the potential required for maintaining dissolution at a significant rate will
rise. Eventually, the corrosion process will become so slow as to effectively stop even before
all less noble metal is dissolved.

Snyder and Erlebacher [47] have analyzed the kinetics of corrosion from a different atomistic
perspective, taking the nucleation of vacancy islands on crystal terraces as the rate-limiting step.
Their atomistic model implies that the overpotential required to maintain a given nucleation rate
increases with the noble metal content, in agreement with the composition- and overpotential-
dependence of the dissolution flux in their experiments in nonaqueous solution. The steady-state
dissolution flux, Jsg, was found to vary with the composition as [47]

Jsg o< exp — 4.3)

T
kgT
with the nucleation energy

Er=2.25eVzp, +0.53eV(1l - zay). (4.4)

When applied to the temperature, 300 K, of the present experiment, Eqs (4.3) and (4.4) imply
that Jgg decreases by the factor ~ 1000 whenever z,, is increased by 10 at.%. This is again
consistent with the kinetic stabilization of a significant LNE content when dealloying uses the
low dealloying potentials that are feasible in dilute alloys. Note, however, that the reasoning
is based on a de facto phenomenological application of a rate equation that, being based on
vacancy island nucleation on a given alloy, contains in its derivation no mechanism to arrest the
dissolution at final LNE content. The argument is therefore not strictly self-consistent.

In summary, the discussion focuses on the finding of considerable LNE retention during the
dealloying of dilute solid solutions of the MN element at low overpotential. This finding is
qualitatively consistent with previous empirical data for the reduction of the corrosion rate and
of the critical dealloying potential with reduced LNE content. The atomistic models of those
latter findings are also compatible with a trend for corrosion to slow down when the LNE content
drops, preventing full LNE removal during finite time. Yet, while those same models connect
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to the removal of LNE on crystal terraces as the elemental corrosion step, they appear not to
expose an atomic-scale process that would arrest the corrosion of any given terrace at a finite and
substantial LNE-content. In fact, the available theory does not afford a prediction of the amount
of LNE retention at a given value of the dealloying potential and master alloy composition.
Dedicated numerical studies of the phenomenon, along with detailed experiments on dilute
alloy corrosion would seem to be required for a clearer understanding of the factors that control
LNE retention.

4.2.2 Nanosized ligament dealloying

Another issue that will be discussed here is the effect of nanosized ligaments on the dealloying
of nanoporous Ag-Au alloys. According to the parting limit of bulk Ag-Au alloys, nanoporous
AusyAgys alloy is already within the range of the upper range of parting limit which might cause
a passivation and thus hinder the formation of the lower hierarchy level. However, based on
recent studies on Ag-Au alloy nanoparticle dealloying [80, 81], a remarkable feature between
nanoparticle and its bulk counterpart is that no parting limit is observed. That is to say, the
nanoparticles with the composition above the parting limit can also be dealloyed. The two
observations are quite analogous, and the present findings for ligaments are consistent with
those of the nanoparticles.

The stability of nanoparticles is a crucial issue during their applications as electrocatalyst es-
pecially under an applied potential which might be sufficient to dissolve the nanoparticle. It
is generally believed that nanoparticles normally have a negative shift of oxidation or dissolu-
tion potential compared with their bulk counterparts which have been verified in many studies
[82-84]. The present nanoporous alloys also show a negative shift of dealloying potential. In
pioneering works [85—-88], Henglein and Plieth first explored the electrochemical properties of
metal nanoparticles. The Gibbs-Thomson effect predicts that nanoparticles of radius r dissolve
at lower electrochemical potentials than bulk materials. Based on the Gibbs-Thomson effect,
nanoscale particles show a negative shift towards oxidation.

pop-2% 4.5)
nq

Here E is the reversible potential for the flat surface,  is the isotropic solid/electrolyte interfa-
cial free energy, (2 is the atomic volume, n is the number of exchanged electrons, and k (k = 727)
is the curvature of nanoparticles.

Dimitrov et al. [81] systematically studied the impact of shape and composition on the dealloy-
ing behavior of Au,Ag(;_,) alloys with different shapes which include nanoparticle, polycrys-
talline and well ordered (111) oriented Ag-Au alloys. According to their results, the relationship
between alloy composition and E¢ with different shapes is plotted to show the shape effect on
the dealloying potential. It should be noted that their methods to determine £ seem not so pre-
cise as L¢ is determined by the MDP method. It can be found that nanoparticle shape Ag-Au
alloys exhibit an obvious decrease of E¢ of about 300-450 mV depending on the composition,
and well ordered Ag-Au alloys show a slight increase of E¢ of around 30-40 mV as shown in
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Figure 4.13: The relationship between the critical dealloying potential, E¢ and the composition
of nanoparticle, ploycrystalline, and (111) orientated Ag-Au alloys based on Dimitrov’s results
[81]. E shows the following trend for the same composition: (111) orientated > ploycrystalline
> nanoparticle.

Figure4.13. This suggests that the shape factor plays an crucial role on E¢ of the same alloy
composition. E¢ for the same shape Ag-Au alloys increases with increasing Au content. Using
the values y=1.0to 1.6 Jm=2, Q2 =1.6 x 102 m3, n = 1, and ¢ = 1.6 x 10'° C to Equation 4.5,
one calculates negative potential shifts on the order of 50 to 60 mV when the particle size is 10
nm for the redox potentials of metal nanoparticles. The curvature of nanoparticles only plays
a part on the reduction of E- compared with 300-450 mV. Therefore, factors that are beyond
the curvature also contribute to the negative shift of £¢. One factor might be used to explain
the negative shift of nanoparticle refers to their much larger surface area which results in more
atoms expose to the electrolyte during dissolution.

It is particularly interesting to compare E¢ of the present nanoporous Ag-Au alloys with E¢s
from Dimitrov’s [81] findings of nanoparticle Ag-Au alloys and Sieradzki’s results on the bulk
Ag-Au alloys [46]. Ec¢ of the present nanoporous Ag-Au alloys is used the data of AggsAus
alloy with differen dealloying potentials as shown in Figure 4.2b. For Dimitrov’s [81] and
Sieradzki’s [46] results, E¢s are extracted using the MDP definition. A Ag/AgCl reference
electrode is used in this thesis and they used a Ag/Ag™ reference electrode. The Nernst potential
of pure Ag should be nearly the same, thus the reference potential can be deemed as nearly
the same. The size of their nanoparticles in Ref [81] is about 10-15 nm which is very close
to the ligament size after the first dealloying. The corresponding results are shown in Figure
4.14. The E¢ values of bulk, nanoparticle and nanoporous shape Ag-Au alloys follow a linear
relationship depending on the Au content. It also predicts that F¢ of pure Ag nanoparticles
shows a negative shift in comparison to the corresponding bulk alloys which has been verified
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Figure 4.14: The critical dealloying potential, F- comparison between different forms of Ag-
Au alloys. The data of bulk Ag-Au alloys are obtained from Ref [46], the data of nanoparticle
Ag-Au alloys are obtained from Ref [81] and the data of nanoporous Ag-Au alloys are from the
present thesis. The lines showing there are fitting curves.

by Ivanova [83]. For the nanoporous Ag-Au alloys, it is shown that the E¢ is exhibiting the
same negative shifting trend as nanoparticle shape. The FE¢ of bulk AgssAus, alloy can be
deduced based on Sieradzki’s results [46] where they show the relationship between the Au
content and E¢ as Fa(x) = Fc + xay x 20 mV where x5, represent the Au content. The hereby
estimated F¢ for bulk AgysAuss alloys is more than 1000 mV (vs. Ag/AgCl). This value is
700 mV higher than that of the corresponding nanoporous shape alloys. Therefore, it can be
concluded that nanoporous shape alloys also show a remarkable negative F¢ shift compared
with bulk shape samples. It should be noted that the slope of bulk sample E¢ is much more
pronounced compared with that of the nanoparticle and the nanoporous shapes. The values of
E¢ of nanoparticle and nanoporous shapes show a similar linear relationship.

In summary, nanosized Ag-Au alloy dealloying leads to a similar behavior as nanoparticle Ag-
Au alloy dealloying, that is, a negative shift of £ from the bulk Ag-Au alloy. The Gibbs-
Thomson effect only accounts for part of E¢ negative shift. Owing to the present theoretical and
experimental constraints, further work should be carried out to examine which is the possible
reason to the negative shift of E.
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4.3 Conclusion

This Chapter demonstrates that dilute alloys of Au in Ag can be dealloyed at low overpotential
so as to produce a massive nanoporous alloy in which roughly 50 % of Ag is retained. It is
shown that the microstructure of the alloy can be made to coarsen by annealing, and that the
material can subsequently be subjected to a second dealloying step which removes the LNE
almost completely, producing a nanoporous noble metal structure that consists of self-similar,
nested networks on two quite distinct length scales.

By control of the annealing and second dealloying conditions, both length scales can be in-
dependently tuned. N3PG shows a faster charge transport rate than NPG, suggesting a faster
switching in applications as a material with electrochemically tuneable properties. The two-step
dealloying strategy has potential in fabrication of hierarchical porous structure in bulk form with
precise control over two levels of pore size.

It is shown that the nested-network microstructure of the material accelerates the signal transport
into the pore space by more than two orders of magnitude, as compared to conventional NPG
with comparable mass-specific surface area. Nested-network porous solids may therefore open
the way to electrochemically functionalized materials that have a greatly improved response
time and switching frequency.






Chapter 5

Nested-network nanoporous gold with an
ultrafine ligament size

In this chapter, a Pt doped Ag-Au alloy is chosen to fabricate nested-network nanoporous gold
(N3PG) which has a self-similar hierarchical structure with an ultrafine (less than 10 nm) lower
hierarchy level ligament size. The strategy is the same as the dilute Ag-Au alloy which is also
a two-step dealloying strategy. The purpose of using this Pt doped Ag-Au alloy is that Pt addi-
tion can stabilize a high Ag retention after the first dealloying. This guarantees an enough Ag
amount for the second dealloying process. Both energy dispersive X-ray spectroscopy (EDS)
and wavelength dispersive X-Ray spectroscopy (WDS) were preformed due to the overlap of
characteristic peaks of Au and Pt and only 1 at.% Pt is present in the master alloy. Starting out
with a Pt doped Ag-Au alloy, the initial Au content can increase to the standard composition
range, here 20 at.% Au. Therefore, a less volume shrinkage compared with the dilute Ag-Au
alloy in Chapter 4 is expected. The upper hierarchy level ligament size is tuned by annealing. A
second dealloying will generate the lower hierarchy level ligaments within the upper hierarchy
level ligaments. The advantage of Pt addition is that an ultrafine lower hierarchy level ligament
size formed as a result of the slow surface diffusivity nature of Pt. X-ray diffraction was per-
formed on the samples at each stage. Electron backscattering diffraction (EBSD) was carried
out on the samples after the second dealloying process to study the crystal orientation. Using
small angle X-ray scattering (SAXS), the lower hierarchy level ligament size was verified to
be 6 nm which is in good agreement with scanning electron micrograph observations. The Pt
effect on stabilizing the Ag retention is discussed.

5.1 Inspiration

Snyder et al. [59] found a remarkable Ag retention for their Ag-Au-Pt alloys after dealloying
in a neutral solution where Ag oxides form to assist pinning Ag from dissolution. Vega and
Newman [89, 90] systematically studied the electrochemical dealloying of Ag-Au-Pt alloys with
a variation of the Au:Pt ratio and the Pt segregation effect upon annealing. A high Ag retention
was found in the dealloyed layer which is up to 50 at.%. They attributed this phenomenon to
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Pt segregation to the ligament surface which forms a passivation layer together with Au and
Ag, leaving a Ag enriched layer underneath. Recently, Jin ef al. [91] systemically investigated
the relationship between the dealloying potential and the residual Ag content in a series of
Agi_p(AugsPts), alloys where p=0.05, 0.1, 0.15, 0.20, and 0.25. The corresponding results are
shown in Figure 5.1. It can be found that a high Ag retention is well preserved after dealloying.
For Au content (xa,) less than 10 at.%, a remarkable Ag retention which contains almost 60
at.% Ag was found. Furthermore, a useful finding which is helpful in making hierarchical
nanoporous gold (NPG) is that a high Ag-content nanoporous alloy with x4, higher than 10
at.% can be maintained. While for Ag-Au alloys without Pt doping where only 10 at.% Ag
retention was found when x4, is higher than 10 at.% from the results of dilute Ag-Au alloys
in Chapter 4. Those Pt doped Ag-Au alloys also show that the decrease of Ag retention with
increasing dealloying potential is similar to that of the dilute Ag-Au alloy. From those findings,
the AgspAuy9Pty alloy is identified as a suitable candidate to get a high Ag retention nanoporous
Ag-Au-Pt alloy. The reasons to choose this alloy composition lie in that it has a high Ag
retention which is close to the parting limit (enough to perform a second dealloying) and a
high initial Au content (small volume shrinkage).

Residual silver [at.%]

0.7 08 09 1.0 1.1 12 13 14 15
E vs SCE [V]

Figure 5.1: Residual Ag content versus dealloying potential of Ag;_,(AugsPts), alloys in 1 M
HCIlO, soluton versus a saturated calomel electrode (SCE) reference electrode. Here p = 0.05,
0.10, 0.15, 0.20 and 0.25. Data extracted from Ref [91].
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5.2 Experimental results

5.2.1 Master alloy composition distribution
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Figure 5.2: Upper part: scanning electron micrograph of the AggoAu9Pt; alloy before dealloy-
ing. Yellow line shows the linear scanned area. Lower part: the corresponding energy dispersive
X-ray spectroscopy linear scan showing the composition of Ag (red), Au (green) and Pt (light
blue) with atomic percent (At%), respectively.

Due to the fact that Pt has a high melting temperature of about 1768.3 °C whereas Ag is 961.78
°C and Au is 1064.18 °C, one should be cautious about inhomogeneous element distribution
during Ag-Au-Pt alloy sample preparation, especially, for very low Pt constituent. In fact, dur-
ing the experiments, an inhomogeneous elements distribution among some of the samples was
observed. The inhomogeneous elements distribution will lead to an inhomogeneous ligaments
distribution, especially, during annealing process. Also the less noble element (LNE) content in
some regions may be too low to perform a second dealloying process. Therefore, the inhomoge-
neous element distribution will lead to a direct failure of the present two-step dealloying strategy
as a high Ag-content nanoporous Ag-Au alloy is the prerequisite to perform another dealloy-
ing. Therefore, a step by step alloy preparation process as described in Chapter 3 was used
to prepare a homogenous alloy. Still it is necessary to examine the master alloy composition
distribution before performing the next step dealloying experiments. Due to the fact that only
1 at.% Pt is in the master Ag-Au-Pt alloy and Pt and Au have a very close characteristic X-ray
at both L and M shells which are overlapped, energy dispersive X-ray spectroscopy (EDS) may
not be a suitable technique to acquire the correct composition. Wavelength dispersive X-Ray
spectroscopy (WDS) has a significantly higher spectral resolution and enhanced quantitative po-
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tential compared with EDS, as it measures or counts only the X-rays of a single wavelength at
a time. WDS offers a better resolution to distinguish the two close elements which have similar
characteristic X-rays. Therefore, WDS was also selected to examine the element distribution in
the master AgggAui9Pt; alloy. A comparison between the results of those two techniques for
the AggoAu;oPt; alloys is shown in Figure 5.2 and 5.3.

EDS measurement was carried out on the AgggAu,9Pt; alloy first. Figure 5.2 shows a linear
EDS scan with a range of approximate 80 ym scanned on a random position at the sample. It
can be found that the Ag, Au and Pt distributions are homogenous along the scanned region.
Little composition fluctuation can be found. The Ag, Au and Pt compositions in the master
alloy are 78 + 2, 18 + 2, and 4 + 1 at.%, respectively. The results were calculated based on at
least 5 random spots from the same sample. Ag and Au compositions are consistent with the
master alloy composition, while Pt composition exceeds the expected value, since only 1 at.%
Pt is in the alloy. It is not true that an amount of Pt around 4 at.% can be found in the present
AggoAuygPt; alloy. Clearly, there is an error on reading the correct Pt content by EDS. From
the EDS spectrum of a selected area as shown in Figure 5.3, the characteristic peaks of Au and
Pt are overlapped due to the fact that they have very close characteristic X-ray energy range,
especially, at low energy range. That is because the spectral resolution for EDS is 150 eV while
that of WDS is 5 eV. Pt characteristic peaks are overlapped by Au peaks as their characteristic
peaks are close to each other during EDS measurements and therefore the determined Pt content
is not correct.

After calibrated with the standard reference targets of pure Ag, Au and Pt, the WDS measure-
ments with the same sample at standard working parameters were performed, see details in
Chapter 3. Using WDS, the composition of AggyAu;gPt; alloy was measured and the result
shows a composition of Agrg 3Aug 9Pty s. From the WDS spectrum, the Au and Pt characteris-
tic peaks are well recognized at less than 1.5 A which is highlighted in the inset of Figure 5.3
and they are well distinguished from each other. The EDS and WDS measurements confirm
that the master AggoAu;9Pt; alloy composition is homogenous and accurate.

5.2.2 Structure evolution

Now a homogenous master AggoAu;gPt; alloy is obtained. The next step is to decide the deal-
loying potential for this AggoAu;oPt; alloy. As stated and verified in Chapter 4, loss of passi-
vation potential (LPP) offers a much more accurate method to measure the true F¢. Therefore,
the determination of F is performed directly by using the LPP method. In this way, the appro-
priate dealloying potential for the first dealloying step was determined as 650 mV (vs. Ag/AgCl
reference electrode).

Figure 5.4 shows the SEM images of the AggoAu;oPt; alloy after dealloying at 650 mV. After
removing part of Ag content from the master alloy by dealloying, a typical nanoporous structure
can be found as shown in Figure 5.4a. The ligaments are uniformly distributed all over the
sample. The corresponding ligament size is ~ 22 nm from Figure 5.4b at a higher magnification.
An EDS analysis was performed on this sample, and the EDS results suggest a composition of
Agis5Auys.9Pts ¢ at this stage. Here, only the Ag retention is the main interest, therefore, EDS
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Figure 5.3: Upper part: a typical energy dispersive X-ray spectroscopy spectrum of the master
AggoAugPty alloys. Lower part: a typical wavelength dispersive X-Ray spectroscopy (WDS)
spectrum of the master AggoAuy9Pt; alloys. The low wave length part is enlarged in the WDS
spectrum to clearly show the well resolved Au and Pt peaks.
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is sufficient to quantify the Ag content. Now, a high Ag retention nanoporous Ag-Au-Pt alloy
is obtained. It is, therefore, promising to first tune the upper hierarchy level ligament size by
annealing and followed by performing a second dealloying to create the lower hierarchy level
ligaments.

Figure 5.4: Scanning electron micrographs showing the cross section view of the AggoAu;oPt;
alloys dealloyed at 650 mV. a), an overview and b), at a higher magnification.

The samples after the first dealloying were annealed to generate different sizes of the upper
hierarchy level ligaments. Figure 5.5 shows the samples first dealloyed at 650 mV and after that
annealed at different temperatures with the same time period. The ligament size increases with
increasing annealing temperature as shown in Figure 5.5 a, ¢ and e. The ligament size is ~ 110
nm after annealing at 400 °C for 0.5 h as shown in Figure 5.5b. When the sample was annealed
at 500 °C for 0.5 h, the ligament size is ~ 200 nm (Figure 5.5d). For the samples annealed at
600 °C for 0.5 h, the ligament size is coarsened to ~ 300 nm (Figure 5.5f). It should be noted
that a densification of the pores is observed at samples annealed at 600 °C for 0.5 h. Therefore,
the second dealloying process is only carried out on the samples annealed at 400 and 500 °C.

After the annealing process, the samples were dealloyed again at 1000 mV to further remove
the Ag retention, resulting in the formation of the lower hierarchy level ligaments. Figure 5.6
shows the SEM image of the N3PG annealed at 400 °C. It can be found that the upper hierarchy
level ligament feature is well preserved and the lower hierarchy level ligament size is quite small
(Figure 5.6a). From the cross section view, the lower hierarchy level ligaments are only visible
at fracture surfaces while no obvious fine pores can be found on the surface of upper hierarchy
level ligaments.

SEM image at a higher magnification is shown in Figure 5.6b to reveal the lower hierarchy level
ligament size. The lower hierarchy level ligaments are contained within the upper hierarchy
level ligaments. It shows that the lower hierarchy level ligament size is ~ 6 nm. This is in good
agreement with previous studies on single NPG doped by Pt where the ligament size varied from
4-6 nm depending on the Pt content [27]. Considering only 5% Au is replaced by Pt, Pt addition
seems to highly affect on slowing down the fast Au solid diffusion compared with NPG without
doping, for instance N3PG obtained from the dilute Ag-Au alloy only has a lower hierarchy
level ligament size of about 15 nm [72]. To date, the finest ligament size reported from a bulk
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Figure 5.5: Scanning electron micrographs showing the cross section view of the as-dealloyed
AggoAugPty alloys with different annealing temperatures. a and b), 400 °C for 0.5 h. ¢ and d),
500 °C for 0.5 h. e and f), 600 °C for 0.5 h. The ligament size is a highly dependent on the
annealing temperature.
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Figure 5.6: Scanning electron micrographs showing the microstructure of hierarchical
nanoporous gold which is obtained by annealing at 400 °C for 0.5 h. a), hierarchical struc-
ture with two distinguished ligament structures is revealed. b), highlights the cross section of an
upper hierarchy level ligament in which the lower hierarchy level size is recognized as ~ 6 nm.
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precursor alloy without Pt is 9 nm [50]. For NPG with hierarchical or bimodal structure, to date
no ligament size less than 10 nm has been reported.

Figure 5.7 shows the SEM images of the N3PG annealed at 500 °C. The upper hierarchy level
ligaments are also well preserved after the second dealloying process. The lower hierarchy
level ligaments size is similar to the samples annealed at 400 °C after dealloying which is ~ 6
nm. This suggests that the upper hierarchy level ligament size can be modulated via selecting
annealing temperature and time which is a typical method to create different ligament size [56].
Moreover, the lower hierarchy level ligaments are observed on the surface of upper hierarchy
level ligaments as shown in Figure 5.7b.

Figure 5.8 shows the cross section overview of N3PG with ultrafine ligaments. Compared with
N3PG as shown in Figure 4.8, no granular structure with a size of tens of microns compared
with the dilute Ag-Au alloys can be found in this sample. Only some large cracks can be found
which might be caused during cutting the sample. This suggests that the present sample has a
good integrity when the hierarchical structure formed.

Figure 5.9 shows the macroscopic view of the samples at each stage. It can be found that the
samples at each stage do not show an obvious volume shrinkage compared with the dilute Ag-
Au alloys where 80 wt.% weight is removed during the first dealloying process which results
in a volume shrinkage of 60 % [72]. Here, the weight loss is only 50 wt.% during the first
dealloying process which is equivalent to the weight loss observed during dealloying the stan-
dard composition Ag-Au alloys used to prepare NPG. After the first dealloying, stage I, the
volume shrinkage is only 20 % for the present Pt doped Ag-Au alloys. After annealing, stage
II, the sample show no obvious change. Also, the samples keep their integrity and no volume
shrinkage can be found after the second dealloying process, stage III, as shown in Figure 5.9.

5.2.3 X-ray diffraction study

X-ray diffraction was carried out on the samples at each stage. Figure 5.10 shows the X-ray
diffraction pattern of the master AggoAui9Pt; alloy. The observed peaks can be indexed ac-
cording to the crystallographic structure data of the solid-solution Ag-Au crystals. This alloy
shows no preferred crystal orientation since the corresponding peak intensities agree with the
ones given in the X-ray diffraction PDF database. There are some small peaks can be found
in this pattern. Considering Pt and Ag do form intermetallic compounds, there may be some
precipitations formed if there is an inhomogeneous elements distribution. Another possibility
that can cause the present small peaks is tungsten oxide may be introduced to the alloy during
melting process as the electrode is tungsten which may be oxidized during melting process.
However, none of them can be identified to the known phase from the X-ray diffraction PDF
database.

X-ray diffraction patterns of the samples at all three stages are shown in Figure 5.11. The
characteristic peaks at 26 38, 44, 64 and 77° can be easily recognized as the 100, 111, 200 and
220 crystal planes. The crystal orientation is well kept after each step. The sample at stage
I shows broaden peaks which can be attributed to the formation of nano-sized ligaments. The
pores modulate the radial distribution function in such a way as to selectively reduce the number
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Figure 5.7: Scanning electron micrographs showing the microstructure of hierarchical
nanoporous gold which is obtained by annealing at 500 °C for 0.5 h. a), the cross section
view of the hierarchical nanoporous gold. b), highlights the cross section of an upper hierarchy
level ligament in which the lower hierarchy level size is recognized.
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Figure 5.8: Scanning electron micrographs image showing the cross section overview of hier-
archical nanoporous gold doped by Pt.

Figure 5.9: Macroscopic view of the AgggAui9Pt; alloys at different stages from left to right
which are: the master alloy (alloy), dealloyed at 650 mV (stage 1), followed by annealing at 400
°C for 0.5 h (stage II) and finally dealloyed at 1000 mV (stage III) to create the lower hierarchy
level ligaments. The scale bar in the image is 1 mm.
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Figure 5.10: A typical X-ray diffraction pattern of AgggAu;9Pt; alloy before dealloying.

of nearest neighbors at intermediate and long distances from a central atom. That contributes to
the peak broadening.

After annealing, the peak width of sample at stage II becomes narrow due to the formation
of large sized ligaments. The X-ray diffraction peak shapes of sample at stage III remain the
same as stage 1I. The extremely sharp reflections in stages II and III indicates that pores only
make a moderate contribution to the peak broadening. It then appears natural to assume that
microstrain makes a major contribution to the broadening. However, whether this is true or not
comes from the fact that the higher order diffraction peaks do not look that much broader than
the 111. That observation is more consistent with a size induced broadening (loss of coherency)
than that with microstrain. The issue of X-ray diffraction line profiles of porous single crystals
may not be adequately treated and understood in the existing literature [92, 93].

5.2.4 Grain size study by electron backscattering diffraction

Figure 5.12a shows the overview SEM image of the hierarchical NPG doped with Pt samples
with the upper hierarchy level ligament size of 110 nm for EBSD measurements. An obvious
feature is that the integrity of the sample is well kept. The sample is of high quality which is
entirely free of cracks. Figure 5.12b exhibits a clear view of grain boundary junctions. Sev-
eral grains meet at those junctions and they have different orientations as indicated by the color
differences. It can also be found that the grain size is in the order of tens of microns. The
detail explanation of the color interpretation is introduced in Chapter 3. Considering the sam-
ple preparation for the master alloy is similar to Jin’s work [40], in which the original alloy’s
grain size is in the same range. Therefore, the present results is consistent with their results.
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Figure 5.11: X-ray diffraction patterns of the AggyAu;9Pt; alloys at each stage during the forma-
tion of hierarchical structure. Stage I is the sample dealloyed at 650 mV, followed by annealing
at 400 °C for 0.5 h to coarsen the structure marked as stage II, and finally a second dealloying
of the sample at 1000 mV to form the lower hierarchy level ligaments marked as stage III.
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Figure 5.12: Scanning electron micrographs and electron backscattering diffraction (EBSD)
measurements of the hierarchical nanoporous gold which was first dealloyed at 650 mV, fol-
lowed by annealing at 400 °C for 0.5 h and finally dealloyed at 1000 mV. a), the overview of the
scanning electron micrograph. b), EBSD orientation map with a scanned area of 100 x 100 ym?
at a step size of 0.5 pm which clearly shows a grain size of 20-100 xm and the grain boundaries.
¢), scanning electron micrograph showing the corresponding EBSD measurement scanned area
of 5 x 4 um? within one single grain. d), the corresponding EBSD orientation map at a step
size of 0.05 um. e), the corresponding local misorientation map. f), the corresponding local
misorientation distribution histogram to e). The local misorientation is smaller than 5°. and g),
the inverse pole figure color code.
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The grain orientation of the present sample is well preserved after the hierarchical structure has
formed. Figure 5.12¢ shows the SEM image for which the EBSD measurement was performed
with a scanned area of 5 x 4 ym? within one single grain. Figure 5.12d shows the correspond-
ing EBSD orientation map scanned with a step size 0.05 gm. The nanoporous feature of the
sample is resolved by EBSD as the pixels cannot be indexed which represent the large pores
(upper hierarchy level). Figure 5.12¢ is the local misorientation map which indicates a very
small misorientation within one single grain. Figure 5.12f shows the corresponding histogram
showing the local misorientation which is less than 5°.

5.2.5 Small angle X-ray scattering study on lower hierarchy level pore
size

During preparing this Pt doped Ag-Au alloy, the lower hierarchy level ligaments were hard
to be characterized with SEM as their size is only ~ 6 nm which is close to the resolution
limit of SEM. Also the low contrast between solid ligaments and pores leads to a low quality
image which cannot resolve the fine structure. Therefore, in order to confirm the existence of
lower hierarchy level ligaments, small angle X-ray scattering (SAXS) which is normally used
to evaluate porous materials, was performed to determine the pore size.

Figure 5.13 shows the results of a SAXS experiment on a sample prepared under identical
conditions as above mentioned three stages. A representation in a log-log plot of 7¢? versus ¢
is adopted, which emphasizes both interference phenomena and the high-q power-law behavior.
The reason to use this expression is to emphasize the small peaks to make them much more
obvious. In stage I, the AggpAu;9Pt; master alloy has been dealloyed at 650 mV. The SAXS
graphs exhibit a clear maximum around ¢ = 0.29 1/nm. Equation 2.12 links this to an inter-
ligament spacing d = 27 nm. This is slightly larger than the ligament diameter, L = 22 nm
inferred from the SEM images. The finding d 2 L is not unexpected, as the solid fraction is less
than unity. The SAXS data are thus in good agreement with the ligament size determined via
SEM. Beyond the interference peak, the intensity decays as I o< ¢g~*, consistent with the notion
of a uniform electron density in the ligaments and discontinuous surfaces. The SAXS graphs
labeled “stage II”” refer to the structure after annealing, where the SEM analysis indicates L
= 110 nm. This ligaments size it outside the resolution of the present SAXS experiment, and
indeed the scattering data show a Porod behavior throughout the entire ¢g-range of Figure 5.13.
However, the signature does again change after the second dealloying process (“’stage I117).
Figure 5.13 shows the emergence of an interference signature in the form of a hump well above
the extrapolated Porod part, near the upper ¢-limit of the experiment. The position of the hump,
near ¢ = 1.2 nm~!, suggests d ~ 6.5 nm. This is again compatible with the ligament size of
~ 6 nm observed from SEM images. The good agreement with Porod’s law at the lower ¢
indicates that the structure of the nanoporous network with each upper-hierarchy-level ligament
is uniform.



72 Chapter 5 Nested-network nanoporous gold with an ultrafine ligament size

g [1/nm]

Figure 5.13: Display of small angle X-ray scattering data, showing the intensity / multiplied
by the square of scattering vector magnitude ¢ versus ¢ on a log-log scale. Graphs refer to
successive stages of synthesis, after initial dealloying (stage 1), after subsequent coarsening
(stage II), and after the conclusive second dealloying step (stage III). Dash-dotted lines have
slope -2 on the scale of the graph, illustrating the Porod-behavior. Arrows denote interference
maxima from the initial ligament structure (stage I) and from the lower hierarchy level of final
nested network structure (stage III). Coarser structures in stages II and III, forming the upper
hierarchy level, are not resolved. Parameters: master alloy AggoAuyPt;, first dealloying step at
650 mV, annealing at 400 °C for 0.5 h, second dealloying step at 1000 mV.
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5.3 Discussion

5.3.1 Less noble element retention by Pt

The high Ag retention is attributed to Ag buried in the ligaments like a core-shell structure, here
Ag in the core, thus Au passivates the surface [89, 90]. Although only a certain layer thickness
was dealloyed and characterized, a remarkable finding is that a high Ag retention is found after
dealloying. It was also proposed that the composition gradient is less pronounced due to the
Pt addition compared with binary Ag-Au alloys which is good for composition control over a
large range. Experimentally, this result proved that a high Ag retention can be obtained from
the Ag-Au-Pt alloys in acid solutions using a potentiostat to control the dealloying process.

A constant current density output in the above studies was conducted which means a higher
dealloying potential compared with the present case which is a constant potential output. In
order to maintain a constant current density, the potential needs to be increased to compensate
the current loss during the dissolution process. As proved by the dilute Ag-Au alloy and the
Ag-Au-Pt alloy, the Ag retention is highly sensitive to the dealloying potential. It is expected
that more Ag retention is maintained by selecting the dealloying potential much more closer to
E¢ and a constant potential output. It is confirmed in the present Chapter that the dealloying
of Ag-Au-Pt alloys leads to a high Ag retention which is able to control the LNE retention not
only in a certain layer thickness but also throughout the bulk sample.

Pt segregation onto the surface is discussed as the reason for the high Ag retention in Ag-Au-Pt
alloys after dealloying [59]. This phenomenon might be explained by the anodic segregation
such as P during dissolution of austenitic stainless steel [94]. In Jin’s work [27], a pronounced Pt
reduction peak compared with Au was observed from cyclic voltammetry measurements which
indicates a Pt enrichment on the surface. The Pt reduction peak and Au reduction peak are
well resolved. The possible explanation for the pronounced Pt reduction peak is also attributed
to the formation of the Pt surface segregation. A similar dealloying protocol was used in the
present study. Therefore, it is reasonable to use the same explanation to explain the present
high Ag retention in the Ag-Au-Pt alloy after dealloying. This suggests that the present high
Ag retention in Ag-Au-Pt alloy lies in the Pt addition which benefits from Pt segregation and
its slow diffusivity. The Pt addition will slow down the surface diffusion of Au, therefore,
preventing a postpone coarsening where more Ag atoms tend to be exposed to the electrolytes
and dissolve which in return stabilizes the Ag retention.

5.3.2 Ciritical ligament size to form nanoporosity

The ligament size after the first dealloying is ~ 22 nm as shown in Figure 5.4. The lower
hierarchy level ligament size is about 6 nm. Could it be possible to create the lower hierarchy
level ligament within the ligaments of 22 nm in size? That is to say, direct dealloy the newly
form nanoporous Ag-Au-Pt alloy without annealing process to tune the ligament size. To test
this, two samples of AggoAu9Pt; alloy were made to study the critical ligament size to form a
nanoporous structure on a nanosized ligament. One AggoAu 9Pty alloy was directly dealloyed
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at 1000 mV which is designated as Condition I and another sample was first dealloyed at 650
mV and after the first dealloying an additional dealloying at 1000 mV was performed to further
remove Ag which is designated as Condition II.

Figure 5.14 shows the cross section view of Condition I. It can be found that the ligament size
is quite small which is also about 6 nm. SEM image of the cross section view of Condition II
is shown in Figure 5.15 as a comparison. No lower hierarchy level ligaments can be observed
from the present SEM image. In order to verify the presence of the lower hierarchy level liga-
ments, the SAXS measurement was performed to examine the porous structure in the sample of
Condition II.

Figure 5.14: Scanning electron micrograph showing the cross section view of a AgggAui9Pt;
alloy dealloyed directly at 1000 mV.

The corresponding SAXS result is shown in Figure 5.16. As a comparison the data of the
sample dealloyed at 650 mV is also shown in the same figure. It is seen that only one peak
appears at the region close to the sample dealloyed at 650 mV and no hump can be found at
the low ¢ range which indicates that no fine structure below 10 nm can be found in the present
sample. The ligament size estimated from the present SAXS results is ~ 27 nm which is the
same ligament size as the sample dealloyed at 650 mV. The SAXS results are consistent with
the SEM observation. Thus, no lower hierarchy level ligament was created during the second
dealloying for the sample without the annealing step. Therefore, it is suggested that a critical
upper hierarchy level ligament size exists as a threshold above which the lower hierarchy level
ligaments can be created. Similar findings were reported in Jin’s work [91]. The nanoporous
Ag-Au and Ag-Au-Pt alloys were obtained by controlled dealloying. The results suggest that
no porosity can be found after dealloying of those nanoporous alloys.

Recently, Li ef al. [95] investigated the formation of nanoporous structures from the different
sizes of nanoparticles. An interesting finding is that the formation of a nanoporous structure
within a nanoparticle shows a strong dependence on the nanoparticle size. Nanoporous struc-
ture forms when the nanoparticle size is larger than 25 nm, whereas only Ag dissolution is found
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Figure 5.15: Scanning electron micrograph showing the cross section view of AggoAu;oPt; alloy
first dealloyed at 650 mV and after the first dealloying an additional dealloying was performed
at 1000 mV to further remove the Ag retention.

with nanoparticles who have smaller size. Kinetic Monte Carlo simulations were applied to the
Ag-Au alloy nanoparticles to understand their dealloying behaviors [96]. An increase of the
dealloying potential towards the formation of nanoporous structure in a nanoparticle with small
size was found. Here, they mean that at least 50 % of porosity should form in the nanoparticle,
otherwise, it is just dissolution of Ag without a pore formation. Based on the facts of those
nanoparticle dealloying experiments and simulations, the initial ligament size of nanoporous
Ag-Au-Pt alloy is ~ 22 nm which is below the size for nanoparticles to form a nanoporous
structure. Additionally, Pt will passivate the surface due to its slow diffusion nature and segre-
gate to the surface which forms a Pt enriched layer hindering the Ag dissolution. Therefore, it is
expected that no nanoporous structure could be created from its initial ligament size. By anneal-
ing to coarsen the ligaments to a larger size, nanoporosity forms on those coarsened ligaments
after dealloying.
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Figure 5.16: Small angle X-ray scattering curves of one AggyAuy9Pt; alloy dealloyed at 650 mV
(black), and another first dealloyed at 650 mV and after the first dealloying directly deallyed at
1000 mV (blue).
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5.4 Conclusion

In summary, another similar two-step dealloying approach like the dilute Ag-Au alloy towards
fabrication of N3PG with an ultrafine lower hierarchy level ligament size is proposed. Starting
out from a Pt doped Ag-Au alloy, a high Ag retention (46 at.%) which is close to the parting
limit is maintained. By tailoring the annealing temperature and time, the upper hierarchy level
ligament size can be modulated. A second dealloying step creates the lower hierarchy level
ligaments. Compared with the dilute Ag-Au alloy where a volume shrinkage is up to 60 %
occurs, the volume shrinkage of the Pt doped Ag-Au alloys is only 20 % which is within the
range of NPG shrinkage prepared from the standard composition range. The lower hierarchy
level ligament size is as small as 6 nm. The electron backscattering diffraction results suggest
that the grain size remains the same as the master alloy when the hierarchical structure formed.
Small angle X-ray scattering results confirm the existence of the ultrafine ligaments and the
estimated ligament size is in good agreement with the SEM results. The present strategy is
capable of producing bulk samples with a small volume shrinkage and ultrafine lower hierarchy
level ligaments.






Chapter 6

Summary and outlook

6.1 Summary

Various strategies have been reported to prepare bimodal or hierarchical nanoporous gold (NPG).
However, none of the present methods is capable of fabricating NPG with two levels of ligament
size with a self-similar structure starting from a bulk sample. The contribution of the present
thesis is that a novel two-step dealloying strategy towards fabricating hierarchical NPG starting
with a bulk form alloy has been developed. The hierarchical NPG obtained by the present two-
step dealloying strategy is defined as nested-network nanoporous gold, N3PG. By deliberately
controlling the dealloying process, a high Ag retention alloy which is close to the parting limit
can be obtained. The high Ag retention is the core requirement to perform a second dealloying.
The high Ag-content NPG is followed by coarsening the structure via annealing which results
in the formation of the upper hierarchy level ligaments. Those are then treated by a second deal-
loying to yield the lower hierarchy level ligaments. The main findings of the research covered
in this thesis can be summarized as follows:

i) Dilute Ag-Au alloy

A crucial issue to control the Ag retention is the correct choice of the dealloying conditions.
To clarify the ambiguity of the determination of the critical dealloying potential, linear sweep
voltammetry measurements and loss of passivation potential (LPP) by potential holding exper-
iments were carried out to determine the true critical dealloying potential. It is found that the
LPP is close to the true critical dealloying potential. By controlling the dealloying potential
of the dilute Ag-Au alloys, the Ag retention can be controlled accordingly. A remarkable Ag
retention up to 48 at.% can be found by dealloying the AggsAus alloy. The high Ag retention
is a prerequisite to conduct a second dealloying step to create the lower hierarchy level liga-
ments. The Ag retention decreases with increasing dealloying potential. A volume contraction
to ~ 39 % of the original size and the development of cracks at the scale of 20-100 pm during
the first dealloying step are found. Considering more than 80 wt.% of the original weight was
removed from the alloy during dealloying, it is without doubt such a huge volume shrinkage
can be observed.
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Through selecting proper annealing parameters, the upper hierarchy level ligaments can be
tuned from its initial size to several microns. By applying a second dealloying step, the lower
hierarchy level ligaments are created with a ligament size of ~ 15 nm. The upper hierarchy level
ligaments were well preserved after the second dealloying step, no further shrinkage was ob-
served during this step. The corresponding hierarchical NPG shows a nested network structure
with self similar ligaments in two length scales. Using two different electrochemical methods
including the capacitance in the double layer region and the Au oxidation reduction peak, the
surface areas were evaluated. The results show that both methods proved the N3PG (3.0 m? g~1)
has a specific surface area as large as NPG. A simple charging experiment was performed in the
double region, N3PG shows an acceleration of the signal transport into the pore space by more
than two orders of magnitude, as compared to conventional NPG with comparable mass-specific
surface area.

ii) Pt doped Ag-Au alloy

Inspired by Jin’s work [91], another two-step dealloying strategy towards fabricating N3PG with
an ultrafine ligament size was developed from the Pt doped Ag-Au alloys. By replacing 1 at.%
of Au by Pt, a significant less noble element retention is found. One advantage due to Pt doping
is that the volume shrinkage becomes less, only 20 % compared with the dilute Ag-Au alloys.
Crack free sample can be prepared from the Pt doped Ag-Au alloys after dealloying. The critical
dealloying potential of the Pt doped Ag-Au alloys was determined directly by the LPP method.
The ligament size after the first dealloying step is ~ 22 nm. A high Ag retention was found after
the first dealloying which is up to 46 at.%. Similar to the dealloying of dilute Ag-Au alloys, the
upper hierarchy level ligaments can be modulated by annealing. After the second dealloying
step, an ultrafine ligament size is observed to be as small as 6 nm which greatly increases the
surface area. The ultrafine ligament is related to the Pt addition where the fast diffusivity of Au
is slowed down [27, 97]. X-ray diffraction results suggest that the lattice planes remain the same
at each stage. Electron backscattering diffraction measurements confirm the crystal orientation
is well maintained from the master alloy. The ultrafine ligaments were also characterized by
small angle X-ray scattering which suggests that the lower hierarchical ligament size is ~ 6.5
nm.

6.2 Outlook

The present thesis demonstrates that the two-step dealloying strategy of fabricating N3PG with
self-similar structures from two alloy systems: the dilute Ag-Au alloys and the Pt doped Ag-Au
alloys. Several issues are worth noting as future work:

The universality of the high less noble element retention in the dilute binary solid solution alloys
is an interesting issue for understanding the role of the less noble elements during corrosion. The
dilute Cu-Au alloy [54] is the first evidence to verify this observation, although only a certain
thickness of dealloyed material was examined. The present results support these findings. It will
be interesting to explore to use the dilute Cu-Au alloys as a candidate for making hierarchical
NPG with self-similar structures, because a large atomic size mismatch between Cu and Au
atoms where a less volume contraction is expected.



6.2 Outlook 81

It is well known that NPG has various applications such as catalysts, sensors, actuators and
etc. To explore the potential applications of the N3PG in this context would be the topmost
work to be done in the future. It is expected that this hierarchical NPG is a good candidate
towards catalyst and sensor applications since it can enhance the mass (gas or ions) and charge
(in electrolyte) transport, therefore, accelerate the chemical reactions at the interface and the
speed of signal transmission.

The effect of the third element towards stabilizing the less noble elements in the ternary alloy
systems, especially, those with a low surface diffusivity such as Pd, is expected to be an potential
work upon developing new alloy systems to fabricate hierarchical structures with an ultrafine
lower hierarchy level ligament.

Using a neutral solution AgNOj as the dealloying solution, as stated by Snyder’s work [59, 97]
where Ag oxides formed which assists pinning the less noble elements, a high less noble element
retention is expected to be maintained after the dealloying. This strategy can start with a high
initial Au content within the standard composition range to prepare NPG in the master alloys.

NPG shows potential applications in automotive emission control even at low temperature. It
has been suggested [98] that the distribution of Ag in NPG could have a strong influence on
the catalytic mechanism. However, there are no relevant studies on of Ag residues effect on the
catalytic properties for CO oxidation. Since the amount of Ag in NPG can be controlled, the
present study shows how nanoporous metal with high Ag content can be synthesized, thereby
opening a pathway towards answering this question.
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