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Synopsis
In nanomaterials, the fraction of atoms residing at the surface is very high as compared to
their bulk counterpart. Hence, materials with large surface area or structures of smaller
dimensions play a decisive role in controlling or enhancing their functional properties.
Technical advances in nanomaterials development contribute tremendously to the
progress of nanotechnology. Nanoporous metallic materials are a class of nanomaterials,
possessing specific functionalities and exhibit novel physical, mechanical and catalytic
properties sensitive to the surroundings. The basic microstructure in nanoporous metallic
materials, resulting in their modified properties, consists of interconnected nanometer
sized open network channels with similar sized dense continuous metallic struts. In such
novel self-assembled nanoporous architecture, the open network channels and the dense
continuous metallic struts are commonly called pores and ligaments. The typical size of
pores or diameter of ligaments evolved in nanoporous metallic materials ranges from a
few nm to a few tens of nanometer. Interestingly, the dimensions of the porous and
ligament microstructures can be easily modified or controlled up to micrometer
dimensions without affecting their skeleton porous-ligament morphological habit.
Among the nanoporous metallic materials, nanoporous gold (np- Au) has gained
significant attention in recent years due to its novelty and potential functional applications
as sensors, piezo-resistors and actuators [1]. Nanoporous Au exhibits novel materials
characteristic features viz., chemical stability, biocompatibility, high conductivity and
ultra-small structural features with high surface area and hence is used extensively in
reactive fluids and gaseous medium is high. Nanoporous Au is ideally suited to
investigate the scaling effect on physical and mechanical properties with structure size
because of its unique annealing behavior: the length scale of both pore and ligaments can
be easily adjusted by a thermal treatment over a wide range from 5 nm to the micron
xvii

length scale. Collectively, the inherent properties of Au, combined with the possible
effects due to porosity, make the np- Au a potential candidate material for both
fundamental and applied research.
Designing a material from the atomic level to achieve a tailored response in
extreme application is a grand challenge in materials research. An easy way to achieve
np- Au with large surface area (10 – 70 m2/g) is electrochemical dealloying. Dealloying
method has the advantage of producing bicontinuous nanoporous structures with an
assembly of interconnected ligaments and three-dimensional pores. However, to obtain
such a nanoporous Au assembly upon electrochemical dealloying, a monolithic Au based
starting alloy system is pre-requisite, because the porosity evolution is determined by a
competition among the kinetic processes of selective removal of less noble metal atoms,
and a capillary driven surface diffusion of Au [2]. In this context, Ag-Au binary alloy
system satisfies the above requirements where the solubility of Ag and Au is uniform
throughout the binary alloy phase. We have used Ag75Au25 binary alloy system as the
master alloy to synthesis np- Au samples. It is a facile way to synthesis np- Au with a
uniform distribution of ligaments with the diameter d, of ~ 5 nm.
Nanoporous Au with distinctly different surface states and high density of defects
in the ligaments attract more attention in the functional materials field. The atomic defects
in np- Au, retained during the evolution of nanoporosity, often play an important role in
the variation of electronic, optical, catalytic, sensor and mechanical properties. Over the
past few decades, many techniques have been developed with wider analyzing abilities to
study the nature of lattice defects and chemical stoichiometry of surface and near-surface
layers. Among all, positron annihilation spectroscopy has been widely used for the
determination of atomic defects, including vacancies, vacancy cluster, dislocation,
stacking faults and micro-voids [3].
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In order to produce and understand the nature of distinct surface states of np- Au,
electrochemical characterization coupled with microstructure studies were carried out. In
electrochemical methods, Cyclic Voltammetry (CV) and Electrochemical Impedance
Spectroscopy (EIS) are surface sensitive, which provides microscopic finger print of
various electrochemical processes that occur during the dealloying and electrooxidation/reduction processes from the current-voltage curves and Nyquist plots,
respectively [4]. The vacancies and encased voids reside in the ligaments [5] and the
associated lattice strain or stress field affects the mechanical robustness of np- Au. Thus,
the microstructure of np- Au is of key importance for many engineering applications.
Conventional electron microscopy study of nanoporous structure provides insufficient
information about defect present in the ligaments. Hence, high-resolution Transmission
Electron Microscope (HRTEM) along with Electron Energy Loss Spectroscopy (EELS)
was used to study microstructure of np- Au with distinct surface states.
In addition to the importance of microstructure in np- Au with different surface
states, quantification of the surface area is also of equal importance. A proper
quantification of the surface area of np- Au is necessary for better understanding of the
surface and size dependent properties since their specific surface reactivity depends on
the delocalized atom density at the pore surface and their co-ordination with the
interacting medium [6]. Here, we report the accurate measurement of specific surface area
of np- Au using the double layer charging. These results are compared by using gas
adsorption isotherms, electrochemical adsorption/desorption method and a geometrical
model.
The study of defects in np- Au is of interest, given both fundamental research
perspective and technological development. Due to the large concentration of atomic
defects present in np- Au, a wide variation in catalytic and mechanical properties is
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observed in np- Au as compared to bulk Au [3]. Not much information is available in the
literature on the generation of atomic defects during the formation of np- Au and their
evolution with increase in annealing temperature. The defects evolved in ligament or
ligament/pore interface during thermal coarsening is investigated using the techniques
positron annihilation spectroscopy (PAS), high-resolution transmission electron
microscopy (HRTEM) and scanning electron microscopy (SEM). In order to investigate
the defect environment as a function of sample depth, variable energy positron Doppler
broadening line shape measurements were recorded on different temperature annealed npAu with the variation of positron beam energy. The positron diffusion length obtained
from the analysis of the Doppler broadening line shape measurements provide
information on the behavior of positron that is influenced by the presence of defects in
np- Au samples [7]. Information on positron diffusion behavior in np-Au can also be
obtained using a low energy positron beam experiments by looking at the spectral
signatures for three-photon annihilations from positronium, (a positron-electron bound
state). The fraction of impinging positrons that diffuse back to the entrance surface and
annihilate as a positronium can be estimated from the measurement of relative fraction, f,
of the 3/2 yields. Measurement of positronium fraction f(3γ/2γ) provides precious
information on surface state effects of the np- Au samples.
In nanomaterials, the scaling behavior of mechanical properties with structure size
is often studied to verify the phenomenon “smaller is stronger”. A Hall-Petch exponent of
-0.3 has been obtained for np- Au, with ligament diameter d, which is at variance with
conventional Hall-Petch exponent of -0.5 reported for bulk Au. The decreased exponent 0.3 obtained has been rationalized by invoking the constrained motion of dislocation
along the ligaments [8]. This suggests that apart from the ligament diameter in controlling
the plasticity in np- Au, the concentration of defects evolved in the ligament networks
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also plays a key role in governing the mechanical behavior in np- Au, in particular the
Hall-Petch scaling exponent value. In order to understand further about the correlation
between the mechanical behavior and strain field of vacancy defects, we extended the
defects and mechanical property studies to irradiated np- Au samples also. Studying the
defects and mechanical behavior of pure and irradiated np- Au is necessary to understand
the contribution of the defects that are generated in the ligaments towards mechanical
behavior in the geometrically constrained three dimensional porous-ligament network
architects.
The thesis is organized into seven chapters, and the contents of each chapter are outlined
briefly:
Chapter 1 presents a brief introduction about nanoporous materials, in particular
nanoporous Au and its physical, mechanical and chemical properties and potential
applications. A comprehensive literature survey has been provided on nanoporous Au.
Positron interaction with solids and nanoscale materials are discussed briefly. A dedicated
section discussing the advancements in the mechanical behavior of nanoporous Au and its
scaling behavior has been presented.

Chapter 2 contains brief description about electrochemical dealloying method and
electrochemical characterization techniques. The experimental techniques positron
lifetime spectroscopy and variable energy Doppler broadening spectroscopy to study the
defect structures and the positron diffusion behaviour in the porous-ligament network
architect are detailed briefly. The important characterization tools required for
morphological, structural, and elemental analysis are also discussed. The principle of
nanoindentation technique to analyze mechanical properties of np- Au is also introduced.

xxi

Chapter 3 includes detailed description about the synthesis of np- Au from Ag75Au25
binary alloy using electrochemical dealloying method and development of np- Au with
distinctly different surface states viz., as-dealloyed, oxygen reduced and oxidized surface
states achieved by cyclic voltammetry and electrochemical impedance spectroscopy
measurements. Electrochemical measurements combined with HRTEM coupled EELS
have been performed to follow the microstructural changes in np- Au. The microscopy
results reveal that different types of lattice defects such as SFT are present in np- Au and
oxide formed np- Au. It is shown that Au inter-planar spacing for Au (111) and Au (200)
in the defect-concentrated regions in as- dealloyed np- Au has increased by 8 %,
compared to clean metallic (oxygen reduced) np- Au. Noticeably, the stacking fault
tetrahedral defects have disappeared in the oxygen reduced clean metallic np- Au sample.

Chapter 4 mainly deals with on measurements of the specific surface area of np- Au
carried out both experimentally and analytically and the results obtained are compared
with "geometrical ball-stick model." Nanoporous Au was investigated for temperature
dependent properties like specific capacitance Cs and specific mass surface area αm. An
electrochemical double layer capacitance ratio method was employed to carry out these
studies. It is shown that for reduced clean metallic nanoporous Au sample, the variation in
ln (Cs) versus 1/T plot is almost linear, which supports the negative temperature
coefficient predicted by the double layer model. This observation is in direct contrast with
positively charged as- dealloyed nanoporous Au that did not reveal any such trend. We
compare the specific-mass surface area αm of nanoporous Au values with the geometrical
surface area g, obtained by using the “ball-stick geometrical model” coupled with
scanning electron microscopy images. Evolution of ultra-small nanometric structures
during dealloying renders positively charged as- dealloyed nanoporous Au vulnerable to

xxii

oxidation and ligament coarsening upon its oxygen reduction. The validation of the
specific-mass surface area obtained from the capacitance ratio method was confirmed by
Brunauer-Emmett-Teller (BET) analysis and the process of adsorption/desorption of OH
adsorbed species on pore surfaces in reduced clean metallic np- Au.

Chapter 5 explains positron interaction in np- Au using positron lifetime spectroscopy
and low energy positron Doppler broadening spectroscopy. Positron lifetime in asdealloyed np- Au samples indicated two-lifetime components, with different
concentration of defects, identified with annihilation at vacancies within the ligaments
and at the ligament-pore interface. The variation of these lifetime values with annealing
temperature indicates that the vacancy type defects that migrated towards the ligament
surfaces are prone to coarsening of the ligaments. Low energy positron Doppler
broadening spectroscopy studies were also carried out to measure the Doppler line shape
S- parameter with annealing temperature. The results show that the Doppler S-parameter
increases gradually with increasing annealing temperature up to 473 K, after which it
decreased and reached the bulk Au value at 1073 K. These stages are assigned to the
initial growth of voids, followed by their breaking up associated with the ligament
coarsening. The effective positron diffusion length Leff in nanoporous gold has been
extracted from the S-parameter versus incident positron beam energy plot using the
VEPFIT code. The variation of Leff with the ligament diameter, d, scales as d1/3 that point
to the diffusion of positrons along the ligament length. This is also substantiated by
measurement of the positronium fraction.

xxiii

Chapter 6 explains the correlation of the role of defects and its concentration with
mechanical hardness behavior of both np- Au and bulk Au under irradiation conditions.
Nanoindentation technique is used to measure the hardness in irradiated and bulk regions
of the samples. Degree of hardness increased tremendously in np- Au compared to bulk
Au under irradiation. This indicates that the dislocation motion is limited in irradiated npAu compared to irradiated bulk Au. To understand the reason behind the hardness
variation after irradiation, low energy positron beam Doppler broadening spectroscopy
studies are carried out for probing the variation of defects concentration with annealing
temperature. The linear correlation obtained between hardness and square root of vacancy
concentration clearly explains that vacancy have significantly larger effects on
mechanical behavior in np- Au. The slope of hardness H, vs. square root of vacancy
concentration Cv0.5 plot is high for irradiated np- Au compared to as- dealloyed np- Au
and irradiated bulk Au, which indicates the strain field associated with the atomic defects
is higher in irradiated np- Au.

Chapter 7 summaries the salient features of the thesis and discusses the outcome of the
described work. It also presents the scope of the results on np- Au discussed in the present
thesis for future technology.
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Chapter 1
Introduction
1.1.

Nanoporous materials
In nanomaterials, the fraction of atoms that resides at the surface is very high

compared to their bulk counterpart. Hence, materials with large surface area or structures
of smaller dimensions play a decisive role in controlling or enhancing their functional
properties. Technical advances in nanomaterials development, contribute tremendously to
the progress of nanotechnology used today. In metal nanoparticles, the fraction of metal
atoms residing at the surface region is very high compared to the bulk metal. Hence, the
physical and chemical properties are controlled by the structure size and larger surface
area of the metal nanoparticle wherein bulk material properties are controlled by volume.
Introducing fine porosity into the bulk metal materials is a way to create such a
characteristic feature [9]. Based on the pore dimensions and the features evolved during
the formation of porosity, materials with pores can be subdivided into three categories, set
out by IUPAC (International Union of Pure and Applied Chemistry) [10] Microporous
materials: 0.2-2 nm; Mesoporous materials: 2-50 nm; Macroporous materials: 50-1000
nm. Hence, from IUPAC standpoint, the term nanoporous brings out an intrinsic size
scale that goes from 1- 100 nm. Such a new class of low-density materials with complex
morphology has received more attention in recent years.
Nanoporous metallic materials are a class of nanomaterial that possesses specific
functionalities and exhibit physical, mechanical and catalytic properties sensitive to the
surroundings. The basic microstructure in nanoporous metallic materials resulting in their
modified properties consists of interconnected nanometer sized open network channels
with similar sized dense continuous metallic struts. This novel self-assembled
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architecture, of a three-dimensional bicontinuous network of randomly interconnected
metal nanoparticles are commonly called pores and nano-struts are commonly called as
ligaments [2]. The typical size of pores or diameter of ligaments evolved in nanoporous
metallic materials ranges from few nm to few tens of nanometer. Interestingly, the
dimensions of the porous and ligament microstructure structures in nanoporous materials
can be easily modified or controlled up to micrometer dimensions without affecting its
skeleton porous-ligament morphological habit. Among the nanoporous metallic materials,
nanoporous Au (np- Au) has gained more attention in recent years due to its novelty and
potential functional applications as sensors, piezo-resistors, catalysts and actuators [1].

1.2.

Nanoporous Au
Nanoporous Au exhibits novel material characteristic features viz., chemical

stability, biocompatibility, high conductivity and structural features with less structure
size and high surface area. Hence, it is extensively used in reactive fluids and gaseous
medium. In addition, np- Au is ideally suited to investigate the scaling effect on physical
and mechanical properties with structure size because of its unique annealing behavior:
the length scale of both pore and ligaments can be easily adjusted by a thermal treatment
over a wide range from 5 nm to the micron length scale. Collectively, the inherent
properties of Au, combined with the possible effects due to porosity, make the np- Au a
potential candidate material for technology, especially in the field of catalyst [11],
sensors [12] and actuators [13,14].
Two dealloying routes have been mostly used to form np- Au: free corrosion
dealloying [15,16] and electrochemical dealloying [1]. The former method refers to the
process in which the alloy is submerged in an oxidizing electrolyte (typically aqueous
nitric acid- HNO3) that facilitates the dissolution of less noble element. In the
electrochemical dealloying, on the other hand, the selective removal of the less noble
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element is facilitated by introducing an electric potential to the system. A three electrode
electrochemical cell is employed for the dealloying process. It consists of a working
electrode, a counter electrode and a reference electrode and an electrolyte (aqueous
perchloric acid – HClO4)[14]. Generally, a binary alloy system used for producing
nanoporous structure by the dealloying process containing one element has to be less
noble and electrochemically reactive. In Ag-Au binary alloy system, Ag is the less noble
element, and Au is considered as highly noble. The driving force for dealloying is the
difference in standard potential ∆E of the constituents Ag and Au. Two additional
parameters that are essential to consider for the dealloying process are the so-called
critical potential and the composition threshold or parting limit. Pickering, in his
pioneering work, was the first one to introduce the relationship between the applied
potential and dissolution rate that characterizes the electrochemical dealloying
process [18]. Erlebacher showed via scanning electron microscopy (SEM) that dealloying
Ag-Au produces ligament size around 5-10 nm [2] and their Monte Carlo model
explained the mechanism involving the selective silver dissolution and gold diffusion
during the dealloying [19].
Volume fraction (fraction of actual solid material in a given volume) of Au atoms
in np- Au, or its relative density are substantially high compared to polymeric foams or
commercial Aluminum foams. It is generally expressed as ρ*/ ρs, where ρ* denotes the
density of the porous material and ρs is that of the corresponding dense material. Typical
relative density for np- Au ranges between 0.25-0.42 with enlarged nodes at which the
ligament connects. Figure 1.1 shows the scanning electron microscopy image of an asdealloyed np- Au obtained from Ag75Au25 alloy [20]. It is worth to note that such a
porous-ligament interconnected morphology is important when considering the
deformation mechanics and mechanical properties of np- Au.
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Typical scanning electron micrograph image of np- Au microstructure
synthesized by dealloying alloy Ag75Au25 [20].

Crystal defects including vacancy and vacancy cluster, dislocations, twins, and
stacking faults [3,5,17] have been observed in the dealloyed np- Au. Generally, the
dealloyed samples by electrochemical dealloying process have a high density of crystal
defects in comparison with np- Au samples prepared simply by a free corrosion process.
This is probably because of the presence of potential controlled excess charge flow across
the electrode surfaces in the electrochemical dealloyed np- Au.
Nanoporous Au is an excellent candidate to study the size effect due to its unique
temperature annealing nature in which both the ligaments diameter and pore diameter can
be varied from 5 nm to few micron scales. It is observed that the ratio of the ligament to
pore dimension can be easily adjusted without changing the macroscopic dimension of
the sample (ligament connectivity, sample shape). Figure 1.2 shows the typical scanning
electron microscopy images of np- Au in two length scale obtained by thermal
annealing [21].
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Fig. 1.2
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Typical micrograph images of np- Au in two different length scales [21].

Viswanath et al. [3] identified the open volume defect presents in the ligament
network using positron annihilation lifetime spectroscopy (PALS) coupled with scanning
electron microscopy (SEM). The variation of positron annihilation lifetime parameters in
np- Au with annealing temperature is shown in Figure 1.3. The results in Figure 1.3
summarizes that the thermalized positrons annihilated at vacancies within the ligaments
and the ligament-pore interface [3]. The variation of lifetime parameter with annealing
temperature shows distinct changes that correlate the migration of vacancies to the growth
of ligaments. The same authors have demonstrated further the scaling behavior of
hardness with ligament diameter and vacancy concentration in np- Au using Vickers
hardness data and PALS [8].
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Variation of positron lifetime parameters. a) τ1 b) τ2 c) I2 and d) τ3 with
annealing temperature in np- Au. The right ordinate in panel c) shows the
increase in the ligament diameter, L with temperature as obtained from SEM
studies. The vertical dotted lines mark the distinctive stages, inferred from
positron experiments, corresponding to the migration of vacancies at 85ºC,
instability at the surface of ligaments at 175ºC and the transition to closed
pore structure at 500ºC. Adopted from Ref. [3].

In nanomaterials, the scaling behavior of mechanical properties with structure size
is often studied to verify the phenomenon of "smaller is stronger." Hall-Petch exponent of
-0.3 has been reported for np- Au, with ligament diameter d, which is at variance with
conventional Hall-Petch exponent of -0.5 reported for bulk Au [8] . The decreased
exponent -0.3 obtained has been rationalized by invoking the constrained motion of
dislocation along the ligaments, shown in Figure 1.4.
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Fig. 1.4

Functional properties of nanoporous Au: Role of defects

Plot of ln(HV) versus ln(L/D) for np- Au. Straight lines in the figure are the
best empirical fit of the relation between hardness HV and ligament size, L
with a slope of -0.3 for np- Au and between hardness HV and grain size, D
with a slope of -0.52 for bulk Au. Adopted from Ref. [8].

This suggests that apart from the ligament diameter in controlling the plastic
deformation behavior in np- Au, the microstructure evolved in the ensemble of porousligament network is also a critical parameter in governing the mechanical behavior in npAu, especially its Hall-Petch scaling exponent value.

1.3.

Functional properties of nanoporous Au: Role of defects
Since the present thesis deals with different kind of defect studies in nanoporous

metallic materials, it is helpful to give a brief introduction on defects classification by
their dimensionality. It is worth noting that point defects have distinct features compared
to other defects in crystal systems and their entropy will also be increased by the increase
in the density of point defects. Therefore, open volume defects, including point defects
are highly sensitive to functional properties than other high-dimensional defects.
Although over the past several decades, physical and chemical properties have dominant
applications by nanostructured materials, considerable attention has been paid recently
towards the defect studies on metal nanoparticles. The structure size and surface area
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correlate with defects in the metal nanoparticles and significantly alter physical, chemical
properties in contrast to their macroscopic bulk counterparts.
There are very few experimental techniques that can identify and quantify the
lattice defects which are classified as direct and indirect methods. The group of direct
techniques consists of microscope methods, such as transmission or scanning electron
microscopy (TEM or SEM) and electron back scattered diffraction (EBSD) is very useful
in the study of grain boundary structure and its defects. Electrical resistometry [22], X-ray
line profile analysis (XLPA) [23] and positron annihilation spectroscopy (PAS) [7] are
typical examples of indirect methods. Lattice defects such as dislocations and stacking
faults can be observed in TEM images due to contrast caused by their strain fields. XLPA
method is very effective to study defects by analyzing the breadth and shape of the
diffraction peak profiles. The X-ray diffraction peak profiles broaden mainly due to
crystallite size, dislocation and planar defects especially stacking faults and twin
boundaries. The electrical resistivity measurements of metallic crystalline materials find
out the vacancies, interstitials, dislocation, defect-impurity complexes, stacking faults and
grain boundaries due to scattering of conduction electrons by phonons. Among all above
techniques, positron annihilation spectroscopy (PAS) is a non-destructive characterization
technique, which can probe material on the atomic scale (10-7 - 10-4) and can be used to
identify all kinds of open volume defects. Furthermore, in a PAS experiment, it is
possible to derive certain defect-specific annihilation parameters that can be used to
distinguish between various types of defects like monovacancy, dislocation loops and
vacancy clusters [24].
This method enables the determination of vacancy concentration as well as type
and density of dislocations. PAS technique includes different techniques such as positron
annihilation lifetime spectroscopy (PALS), angular correlation of electron-positron
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annihilation radiation (ACAR) and Doppler broadening spectroscopy (DBS). DBS
measures the momentum distribution of the annihilating positron-electron pair by
measuring the energies of the annihilation photons and is suitable for probing the
chemical surroundings of the defects. To analyze the surface and subsurface defects in
thin film and irradiated materials, energy controlled positron beam is used by variable
energy positron Doppler broadening spectroscopy. Positron annihilation lifetime
spectroscopy on nanomaterials appears as a unique tool to study the interfacial structure
of solids. Schafer and Würschum [25,26] performed positron lifetime measurements on
the nanocrystalline metallic samples and proposed that positron gets trapped effectively in
crystalline interface and interface intersection regions.
Defects present in Au ligaments influence significantly the volumetric effect (size
effect) in np- Au and the defects that are localized on the ligament surface or
ligament/pore interface (surface effect) serve to alter or modify its functional properties.
A volumetric shrinkage of ~ 30% in np- Au was reported by Parida et al. [17]. The
authors relate the volume shrinkage effect observed in np- Au during in-situ dealloying
process to plastic deformation and indicated that detailed micro characterization of npAu is needed to understand further the potential importance of np- Au for functional
applications.
Microstructural characterization studies using high resolution transmission
electron microscopy HRTEM and scanning electron microscopy will be effective tool to
understand the role of defects in the governance of materials functionality. Rosner et al.
conducted high-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) study on as- dealloyed np- Au leaf and reported that individual Au
ligaments contain encased voids [5]. Evolution of the ligament structure in np- Au
through dealloying route is known to create lattice strain. Petegam et al. studied the
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internal strain in np- Au using X-ray diffraction technique in in-situ and ex-situ
conditions and reported that the np- Au has similar grain morphology and orientation as
that of the parent alloy sample used for the dealloying experiments [27].
Microscopically, the ligament structure adopts a unique configuration in which the
atomic defects and oxygen-containing species interact together with the Au atoms and
contribute to the overall functioning of the ligament-porous network structure. Recent
studies exploring the catalytic effect in np- Au suggested that Au is catalytically active
not only in its chemically pure form but, also, holding variety of catalytic reactions in the
presence of easily reducible oxygen adsorbed species [28–30]. It has been demonstrated
recently that nanoporous Au / oxide hybrid electrodes (Li-O2, MnO2, etc.,) performs as
pseudo-capacitor and indicated that their charge transfer and storage efficiencies depend
on structure size and accessible surface area of nanoporous network [31]. This implies
that np- Au with modified Au ligament surfaces is suitable as electrodes for supercapacitor applications [32].
Bulk Au has very poor catalytic activation of H2, O2, CO [33]. However, when
gold is dispersed in the form of nanoscale particles, it behaves as a good catalyst. Further
investigation on nano scaled Au may shed light on the origin of catalytic property of
gold [11]. Unlike the nanoparticulate catalysts, dealloyed np- Au with high density of low
coordinated Au atoms on ligament surfaces and defects like edge and kinks show
excellent catalytic properties. Liu et al., have studied np- Au using the high-angle annular
dark-field scanning transmission electron microscopy and reported that weaklycoordinated Au surface atoms residing at the ligament surfaces contribute intrinsically to
the catalytic property of np- Au [28]. In line with discussion on intrinsic microstructure
variations in np- Au to the catalytic properties, Zugic et al., have demonstrated, based on
in-situ electron microscopy studies, that variation of oxygen-Au stoichiometry and atomic

10

Chapter 1

Functional properties of nanoporous Au: Role of defects

restructuring effect have a direct influence on various catalytic reactions, especially for
selective alcohol oxidation reactions [29]. Although many reports point out that np- Au
ceases to behave as a catalyst due to the existence of atomic defects in the ligaments, our
practical goal is to develop mechanically stable np- Au for use in applications that require
some mechanical integrity.
Most important parameters in controlling the mechanical properties of np- Au are
structure size or ligament diameter and relative density or porosity. Li and Sieradzki
investigated the presence of a ductile-brittle transition based on the ligament size in npAu [34]. Balk et al. observed dislocation activity with nucleation followed by gliding of
the dislocation along the ligament in np- Au during the in-situ mechanical indentation
studies using transmission electron microscope (TEM) [35]. Gliding of nucleated
dislocation defects within the ligament initiates plasticity. As regarding the plastic
deformation behavior, Hodge et al. showed that the hardness of np- Au measured by
nanoindentation decreases with the increasing characteristic length of the foam structure
[36]. Figure 1.5 shows the compiled ligament yield strength data obtained with different
relative densities and length scale of np- Au using the Gibson-Ashby relation [37], which
is commonly used to study the mechanical strength of porous medium.
The plastic deformation in a confined sample volume can be realized through the
nucleation and motion of newly generated dislocations and not by interaction or storage
of existing dislocations as in the case of bulk. In solids with such small volumes high
stresses are required for populating new dislocations. The scaling equation, developed by
Gibson and Ashby, for conventional porous materials is used to obtain the ligament yield
strength [37].
( 1.1 )

( )
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Here (ρ*/ ρs) is the solid fraction (≤ 0.3), wherein ρ* denotes the density of porous
materials, and ρs denotes the density of the dense metal counterpart, n = 1.5 is a density
exponent, and C is a proportionality constant ~ 0.3. Biener et al. explained from the
analysis of nanoindentation data that np- Au is a high yield strength material and at 15 nm
ligament diameter, the yield strength value is estimated as 1.5 GPa, close to the
theoretical strength Au [38]. Further, Biener et al. demonstrated the variation of hardness
of np- Au with relative densities ranging from 0.25-0.42 and ligament sizes from 10-100
nm thus bringing together the size and porosity dependent mechanical properties [39].

Fig. 1.5

Ligament yield strength of np- Au as a function of ligament diameter.
Compiled experimental data were collected from different studies on npAu. Adopted from Ref. [36] with most available data added.

It has been reported that mechanical properties (yield strength, hardness) of npAu depend upon ligament size and relative density and that np- Au can be as strong as
bulk Au. The yield strength of ligament in np- Au approaches the theoretical yield
strength of Au. Along the same line of investigations, Volkert et al. showed that the yield
strength of np- Au with 15 nm ligament size approaches the intrinsic strength of bulk
Au [40]. Individual ligaments of np- Au with relative density of about 36% achieved a
yield strength value of 1.5 GPa, which is close to the theoretical shear strength of bulk
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Au. Hakamada et al. suggest that np- Au undergoes deformation similar to those of Au
nanowires [41,42]. Consistent with the suggestion by Hakamada et al., results obtained
from various experimental studies on np- Au in the present study also point out that the
deformation of individual ligament is similar to the one of Au micropillars and
nanowires [43,44].
Designing nanostructured metals with higher surface area to attain tailored
response in extreme conditions such as nuclear radiation is a grand challenge in
nanomaterials field because they provide the larger interfaces with smaller structure size
that attract, absorb and annihilate defects. Radiation-induced defects diffusing quickly to
surface and annihilating are the key factors in reducing the damage and imparting
stability in certain nanomaterials. On account of that, nanoporous metals are considered
as the best candidate materials for radiation tolerance because their large free surfaces act
as sink to maximize defect recovery [45]. Since surfaces are perfect sinks, nanoporous
metals, due to their high surface to volume ratio, have the potential to become a new class
of radiation tolerant materials [46,47]. Bringa et al. have framed the optimum length scale
for retaining radiation resistance behavior in np- Au using molecular dynamics (MD)
simulations and basic experiments [48]. When the ligament or filament diameter is less
than cascade length scale, the ligament melts and breaks with increase of radiation dose.
On the other hand, if the ligament diameter is higher than the cascade length scale, the
ligament behaves as a bulk material and tends to accumulate damage.
Results on radiation hardening in metallic materials using nanoindentation have
been reported often in the literature [49]. Despite the abundant ongoing research on
mechanical behavior on np- Au, there is limited knowledge available in the literature
about the correlation between the mechanical properties and strain field of vacancy
defects in as-prepared and irradiated np- Au. Study of the defects and mechanical
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behavior of pure and irradiated np- Au is found necessary to discern the contribution of
the defects that are generated in the ligaments, to the mechanical behavior in the
geometrically constrained three-dimensional porous-ligament network.
With the introduction as mentioned above, the present thesis motivates to
synthesis np- Au using an electrochemical route, study the temperature dependent surface
area in np- Au, microstructural features evolved in np- Au with ligament diameter, role of
defects in the coarsening of np- Au skeleton ensemble, and size and defects coupled
mechanical behavior in pure and Fe+ ion irradiated np- Au.
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Experimental methods
This chapter deals with the experimental methods and characterization techniques
used for the present thesis. Initial part of the chapter discusses in detailed manner about
the fabrication and electrochemical characterization of nanoporous Au samples. Later part
of the chapter describes experimental techniques that have been employed to investigate
the physical, structural and mechanical properties of nanoporous Au samples.

2.1.

Methods of sample preparation

2.1.1. Alloy preparation
A bicontinous metal void structure, i.e., nanoporous (np-) metal fabricated through
selective dissolution (dealloying) method [2,14]. In this thesis work np- Au samples were
prepared by electrochemical dealloying method from the master alloy Ag 75Au25 (at.%).
The AgAu binary alloy system was used to achieve np- Au because both of Au and Ag
have face-centered-cubic structure with similar lattice parameter (4.08 Å) and exhibit
solid solubility across the entire composition range [50] and no phase separation occurs
during dealloying [17]. Figure 2.1 shows the binary phase diagram of AgAu alloy system.
The master alloy of composition Ag75Au25 was prepared by arc melting method
where the high purity Ag (99.99%) and Au (99.99%) were obtained from Alfa Aesar ®.
Electric arc-furnace chamber, evacuated to create a vacuum (10-6 mbar) and filled with
Argon gas to avoid oxidations, used during alloying to melt and mix the pure metal
components. The arc-melting process was repeatedly carried out until the master alloy
acquires a button shape. After melting, the alloy ingots were vacuum sealed in quartz
ampoule and homogenized by annealing at 800⁰C for 20 hrs. After homogenization, the
master alloy ingots were subjected to cold-rolling to form a 200 µm thick foil. Prior to use
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in the dealloying process, the foils were cut into 2 cm x 2 cm samples by a diamond
cutting machine. These master alloy samples were annealed at 700⁰C for 10 hrs to
remove frozen stress and then subjected to electrochemical dealloying studies.

Fig. 2.1

Phase diagram of binary AgAu alloy system [50]. Based on initial alloy
composition three regions are classifies to achieve nanoporous Au
structure [51]. Reprinted with permission of ASM International. All rights
reserved. www.asminternational.org.

2.1.2. Dealloying method
Dealloying is one of the most important methods to fabricate nanoporous
materials. It is a common corrosion process which is defined as the selective electrolytic
dissolution of electrochemically more active or less noble element from homogeneous
binary alloy solid solution leaving uniform, random, and bicontinuous skeleton material
that consists of almost more noble elements [12]. In this thesis, the Ag75Au25 master alloy
is used where Au is a more noble element, and Ag is a less noble element. Here, the
selective removal of Ag is driven by the applied electrochemical potential in the
electrolyte (1M HClO4), which is used to control the pore and ligament size compared to
free corrosion methods [15,16]. The fine ligament size and pore size achieved by
applying an electrochemical potential above the critical value [52].
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Fig. 2.2
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Schematic illustration of the I-E behavior of pure metal Ag and Au
dissolution and corresponding AgxAu1-x alloy dissolution [53]. The dashed
lines indicated the typical ambiguity in defining a critical potential.

Figure 2.2 shows schematic illustration of I-E curves for Ag, Au and AgAu binary
alloy [53]. The difference in Standard reduction potential, determines the electrochemical
activity of the alloy components, above 0.5 V (vs. SHE). In our system the difference in
standard electrode potential of Ag and Au is:
( 2.1 )
To avoid surface passivation and produce mechanically stable structure, the
precursor alloy composition range of more noble (Au) element present in the master alloy
should be within 16-50 % [19,51]. While dealloying, four possible mechanisms involves
the formation of nanoporous metal from the binary alloy system:
(1) Simultaneous process of dissolution-restructuring mechanism: Dissolution of
less noble element followed by restructuring of more noble element [2,54].
(2) Surface diffusion mechanism: only less noble element dissolves and atoms of
more noble element cluster by surface diffusion. The coarsening was achieved by surface
diffusion of more noble elements [55].
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(3) Volume diffusion: to explain dealloying in bulk layers, Pickering and
Wagner [56] suggested volume diffusion, where injection of vacancies into bulk to
transport less noble element to the surface.
(4) Percolation model: Sieradzki et al. proposed this model where the
continuously connected cluster of the less noble metal element must exist to facilitate
dissolution [57]. Electrolyte penetrate into the bulk interior through the pathway provided
by these less noble metal clusters
During dealloying, volume shrinkage would take place; usually, over 50% of their
compositional atoms are dissolved. Parida et al. reported volume shrinkage up to 30%
during electrochemical dealloying of master alloy Ag75Au25 alloy [17]. This volume
shrinkage affects the relative density of the porous metals which is the most important
determining parameter in the mechanical behavior of porous metal. A schematic of all the
above mechanisms is given in Figure 2.3.

Fig. 2.3

Schematic illustration of dealloying mechanism of AgAu binary alloy.
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Dealloying set-up
A typical three-electrode system was suggested to prepare the nanoporous metal

samples through electrochemical dealloying process. The working electrode (WE) was
master alloy Ag75Au25, Counter Electrode (CE) was the Ag coil, and Reference Electrode
(RE) was pseudo Ag/AgCl electrode, and the 1M HClO4 was used as the electrolyte.
2.2.1. Reference electrode preparation
The reference electrode (RE) was prepared by the electrochemical method, and it
is called as pseudo Ag/AgCl reference electrode. The pseudo Ag/AgCl RE was prepared
by oxidizing a pure Ag wire (0.5 mm thickness) at 0.90 V for about 120 s in 1M (mol L-1)
aqueous HCl solution. In this setup, WE is an Ag wire which will be used as pseudo
Ag/AgCl RE in dealloying experiment and CE is another pure Ag wire. The pseudo
Ag/AgCl coated RE is immediately rinsed with ultra-high pure deionized 18 MΩ water.
The potential of pseudo Ag/AgCl versus standard Ag/AgCl (3M Saturated KCl) is -0.198
V and Standard Hydrogen Electrode (SHE) is -0.398 V.
2.2.2. Electrochemical Cell
The three-electrode cell configuration setup is adopted in this thesis to synthesize
the np- Au sample, as schematically shown in Figure 2.4. In this configuration, the
applied electrode potential of WE is maintained relative to the RE and the resulting
current then passes between the WE and CE [58]. The general requirement for a RE is a
reliable reference for potential control includes stability over time and temperature and
reproducible electrode potential [59]. The lab made pseudo Ag/AgCl RE was chosen for
low cost, nontoxic components and its compact size in the small cell arrangements
compared to other electrodes.
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A typical three electrode cell setup for dealloying process. WE: Ag75Au25
binary alloy; RE: Ag/AgCl electrode; CE: Ag coil in the HClO4 electrolyte.

In the electrochemical dealloying process, all three electrodes are immersed in the
electrolyte with separate distances in an electrochemical cell made by glassware. The
dealloying is performed using chronoampeometry technique (CA) by applying a
reduction potential of 0.80 V vs. pseudo Ag/AgCl RE controlled using a commercial
potentiostat (PGSTAT 302N Metrohm Autolab e.v.) and monitoring dealloyed current.
The dealloying potential increased stepwise up to 0.90 V slowly and the process is
performed until the cell current decays to 10 μA and by this time all the silver atoms
would have dissolved from the master alloy Ag75Au25. The dealloyed nanoporous Au
sample had taken out from the cell and rinsed with ultra-high pure deionized water.
Hereafter, electrochemically dealloyed np- Au sample will be subjected to as a working
electrode (WE) for all electrochemical techniques such as Cyclic Voltammetry and
Electrochemical Impedance Spectroscopy.
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Electrochemical techniques

2.3.1. Cyclic Voltammetry
Cyclic Voltammetry (CV) is a dynamic in-situ electrochemical technique to
measure anodic and cathodic current as a function of potential [58]. It is used to study the
electro-oxidation/reduction events on noble metals and tune the interface behavior at the
electrode surface [4]. The potential applied on WE, between upper E2 and lower E1,
vertex potentials, is varied in a triangular wave manner with a scan rate υ = dE/dt within
the potential window and measuring the resulting current. The scan direction is reversed
when the potential reaches E2, returning to the initial value E1. The resulting current I
plotted versus potential E for the anodic and cathodic potentials scans constitutes one
cycle of the cyclic voltammogram. CV method offers the opportunity to understand the
mechanism of electrosorption (adsorption/desorption) processes on noble metals,
particularly formation of surface oxidation [4].
2.3.2. Electrochemical Impedance Spectroscopy
Electrochemical Impedance Spectroscopy (EIS) is a powerful tool to get insight of
the electrode-electrolyte interface behavior [58]. WE is subjected to a sinusoidal AC
signal with a defined frequency and a small amplitude, which is superimposed on the cell
DC potential or current and resulting total impedance (Z) obtained from Nyquist plot (real
(Ζ’) vs. imaginary (Ζ”) part of impedance at corresponding frequency), Bode plot (phase
angle (ϕ) vs. frequency), and frequency dependent capacitance [59]. In the absence of
faradic reaction, EIS measurement can be interpreted via electronic circuit, containing a
resistor in series with a capacitor element, where both elements represent the ohmic
solution resistance and the capacitance of the double layer, respectively.
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The investigation of the structure and lattice defects in nanoporous materials is of

high interest for material science. These atomic defects in nanoporous solids often play an
essential role in the electronic, optical, catalytic, sensor and mechanical properties. Over
last few decades, many techniques have been developed to analyze surfaces, near-surface
layers and interfaces to study the lattice defects and its chemical environment changes,
large number of experimental methods have been developed with widespread analyzing
abilities. Among all, Positron techniques have been developed and applied in many
different fields. Positrons provide a unique tool for non-destructive solid-state material
characterization and have been used in different experimental techniques to study defects
ranging from individual missing atoms to micro-voids [60]. In recent years, positrons
have increasingly been used as a tool for investigating solids to get information on depth
wise distribution of defects in porous materials such as nanoporous Au [7].
The positron is the antiparticle of the electron, in that it has the same rest mass,
spin (1/2), and the same magnitude of electric charge, though with the opposite sign. In
vacuum, it is stable and having the same lifetime as an electron. The existence of the
positron was first proposed by Dirac [61,62] in 1928 as an explanation for the negative
energy solutions obtained from the relativistically invariant wave equation. Soon after,
the positron was discovered by Anderson in 1932 [63]; he observed that cloud chamber
particle tracks resulting from the passage of cosmic rays which, when subjected to a
magnetic field, showed a curvature identical to that expected for a particle with the massto-charge ratio of an electron but in the opposite direction. When positron interacts
strongly with its antiparticle, the electron, mutual annihilation occurs. The mass-energy of
the two particles is completely converted into two, or with a distinctly smaller probability
(1/370) three gamma photons. These annihilated gamma rays reflect the information
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about electronic properties and chemical nature of the annihilated site, i.e., leaves a
fingerprint in the annihilation radiation [64].
The positron characterization depends on the local density and local electron
momentum. As discussed above the positron eventually annihilate with an electron with
the emission of two anti-parallel 511 keV gamma rays. Detection of these annihilation
events has led to the development of various positron annihilation spectroscopy
techniques. However, we used two major techniques in this thesis; Positron Annihilation
Lifetime Spectroscopy (PALS) and Doppler Broadening Spectroscopy (DBS). The
positron lifetime is inversely dependent on the local electron density whereas the Doppler
broadening spectroscopy on the local electron momentum [24].
2.4.1. Positron Sources
Positron can be produced either by pair production or by β+ decay from
radioactive nuclides.. Radionuclides (22Na, 58Co, 64Cu, 68Ge) are the most commonly used
positron sources for experiments. Among all,

22

Na isotope is the most suitable for the

positron annihilation experiments with relatively high positron yield of 90.4% and halflife of 2.6 years [65].
( 2.2 )

Fig. 2.5

a) schematic diagram of positron emission from 22Na. b) Energy distribution
curve of emitted positron from 22Na (reproduced from Ref. [66])
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22

Na ( 10 μCi) source enclosed between thin ( 4 µm) Ni foil has been used as the

positron source for the conventional positron annihilation experiments. The decay scheme
is shown in Figure 2.5 a). The 2+ excited state is

22

Ne de-excites to ground state by

emitting γ-ray of energy 1274 keV. The half-life of the excited (2+) state in 3.7 ps, which
is much smaller than the positron lifetime in the matter. Thus, the near simultaneous
emission of 1274 keV γ-ray is considered as the birth signal of the β+ particle (positron).
The energy spectrum of

22

Na source extends up to an end point energy of 545 keV [66],

as shown in Figure 2.5 b).
2.4.2. Positron interaction with matter
2.4.2.1.
Implantation and Thermalization
An energetic positron incident on a solid surface will either backscatter or will get
implanted into the matter. An implanted positron will get thermalized, during the
implantation process, and then diffuse through the lattice until it eventually encounters an
electron with which it will annihilate. Before reaching thermal equilibrium, it penetrates
the material to an average depth ̅, which is dependent on the implanted positron energy
Ep, and sample density ρ. It means positron can probe the bulk of solid with an energy
distribution as shown in Figure 2.5 b). Positron energy is lost during the implantation via
various interaction mechanisms; it participates several ionization processes, exciton
formation, and positron phonon interaction until it reaches thermal equilibrium. The
kinetic energy of positron entering the solid is much larger than the thermal energy of
diffusion, independent of the origin of the positron. The difference between this energy is
dissipated in the crystal within the few picoseconds. The whole process is called
thermalization. The implantation profile is a probability distribution which represents the
depth at which positrons will thermalize. The positron interaction with matter is shown in
Figure 2.6.
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Fig. 2.6
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Schematic of positron interaction with material.

While probing near surface region of samples with low energy positron beam,
quantitative description of the implantation profile is needed, which is the depth
distribution of the implanted positrons before diffusion. The distribution of positron or
implantation profile P(z,Ep) varies with implantation energy Ep, and the material density.
The positron implantation profile is generally represented by a Makhovian implantation
profile [67] given by,
(

)

[ (

)]

( 2.3 )

where z is the depth from the sample surface, m = 2.0 for Si and z0 depends on the
positron energy Ep through relations,
( 2.4 )
(

)
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where Γ is gamma function and ̅ is the mean implantation depth, ρ is the density of the
sample in g/cc. n = 1.6 and A = 4.0 µgcm-2keV-n for most of the metals and
semiconductors. The mean implantation depth ̅ can be calculated [68,69] by using,
( 2.5 )
̅

Increasing energy positron energy increases the mean implantation depth and width of the
positron distribution for Au is shown in Figure 2.7.

Fig. 2.7

Makhovian profile of positron implantation at various energies for Au. The
dotted line shows the mean implantation depth ( ̅) for various positron
implanted energies.

2.4.2.2.

Diffusion and Trapping

When positron reaches thermal energies, they start to diffuse through the lattice
and behave as a charged particle driven by electrostatic interactions and diffuse randomly
as long as it is in a delocalized Bloch-state. Due to their positive charge, the positrons are
repelled by nuclei and have their largest probability density in interstitial regions. This
positron will have the following behaviors: (1) annihilate with an electron in bulk (2)
trapped by the defect site and (3) diffuse back to the surface for the cases in which
implantation energy is < 20keV.
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The positron diffusion can be approximated by a steady state one-dimensional
diffusion equation [24] given as,
(

( 2.6 )

)

where n(z) is the positron probability density, D+ is the positron diffusion coefficient, T is
the temperature, ε(z) is the electric field, e is the positron charge and n0(z) is the positron
stopping rate at depth z which is independent of the implantation profile given in equation
(2.6).
The positron diffusion length L+, is defined as,
√

( 2.7 )

where τb is the defect-free bulk sample.
The thermalized positron reaches a defect site and it can be trapped i.e. the
transition from the delocalized state to the localized state is called positron trapping [70].
The positron trapping rate κ describe how fast positron trapped to a defect d,
( 2.8 )
μd is the specific trapping coefficient (1014- 1016 s-1 at room temperature), Cd is the
concentration of defects.
2.4.3. Positron Annihilation Lifetime Spectroscopy (PALS)
Positron lifetime in the material is characterized by the time distribution of
annihilation events, and each event is defined as the time interval between the emission of
1274 keV and annihilation line of 511 keV. The annihilation rate of positron (λ) which is
inverse of the lifetime(τ) of positron inside the solid and is directly proportional to the
overlap of positron (n+(r)) and electron (n-(r)) densities and given as [24],
( 2.9 )

∫
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is the enhancement in electron density around the

positron due to Coulomb attraction, r0 is the classical electron radius, and c is the speed of
light. When a vacancy is created by the removal of positive ion core, the net reduction in
the local electron density is reflected as an increase in the lifetime of positron trapped at
the site. The intensity of such a lifetime component gives the concentration of defect sites.
The experimental lifetime spectrum can be understood with simple rate equations
provided trapping of non-thermalized positron which is negligible and the non-interacting
defects are homogeneously distributed in the sample. Under these conditions, the timedependent positron diffusion equation for a sample with only one defect type can be
written as,
( 2.10 )

( 2.11 )

The solution to the coupled differential equation is the decay spectrum which is expressed
as,
⁄

⁄

( 2.12 )

Here nb is the fraction of positrons annihilating from the Bloch like delocalized
state,

⁄

the defect d, and

is the annihilation rate in the defect-free State, κ1 is the trapping rate of
⁄

annihilation rate in the defect site which has nd fraction of

positrons annihilating from it. τd is the positron lifetime pertaining at defect d. I1 and I2 are
the intensities of these two annihilation sites such that I1+ I2 = 1.

⁄

is the

reduced bulk lifetime in the presence of defect site. The actual lifetime spectrum is the
absolute value of the time derivative of the expression shown in equation (2.12). Through

28

Chapter 2

Positron annihilation spectroscopic techniques

the lifetime measurements, one tries to identify these lifetime components and thus get an
idea of the defect species and their concentration in the sample.
To obtain the exponential decay spectrum composed of multiple slopes, i.e.,
multiple trap sites are present, the time difference between the birth of positrons (tagged
by the 1274 keV gamma emission by Ne de-excitation) and death of positrons (tagged by
511 keV from e-e+ annihilation) is measured for each event. The generated spectrum is
fitted with multiple exponentials which are convoluted with the Gaussian resolution
function of the spectrometer. For n distinct sites of annihilation, n annihilation rates exist
and the decay spectrum. Therefore, a spectrum can be written as [24],
∑

(

)

( 2.13 )

N(t) is the number of positron in the solid at the time t. Ai is constant in the
positron state i, λi is the annihilation rate in the positron state I and G(t) is Gaussian
instrumental resolution function.
The experimental setup for this is a fast-fast positron lifetime unit represented by
the block diagram shown in Figure 2.8. A BaF2 scintillator - photomultiplier tube
(SCIONIX Holland) combinations are used as the gamma detectors. The gamma-photon
induced scintillation happens mainly via a fast de-excitation process with the emission of
220 nm photons from the BaF2 scintillator [71]. The photons are coupled to PMT having
a photo cathode to produce photo electrons, which are amplified by a set of dynodes and
finally collected at anode to produce a fast voltage pulse. Energy discriminated signals
from each constant fraction differential discriminator (CFDD) are validated using a fast
coincidence unit which is used to trigger time-to-amplitude Converter (TAC) to process
only true events of each annihilation process. The resulting voltage pulse from TAC is
energy discriminated output as corresponding to 1274 to 511 keV. The time of arrival for
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each pulse is also generated via constant fraction algorithm [71] using the same CFDD
units. The fast pulses from each CFDD are processed in the TAC to generate voltage
pulse with amplitudes proportional to the time difference between the two gamma rays.
The voltage pulses are collected and analyzed using PC based MCA (multichannel
analyzer) unit, and the decay spectrum is generated. Time calibration is done to convert
channel numbers to time scale using delay cables with known delay time.

Fig. 2.8

Schematic diagram of fast-fast positron lifetime spectrometer.

The obtained decay spectrum is fitted with multiple exponential decay functions
using LT9 program [72] which takes care of Gaussian resolution function, obtained by
analysing a standard reference sample, usually iron or nickel. A time resolution of 260 ps
is obtained for the present experimental setup. Figure 2.9 shown measured lifetime
spectrum of annealed bulk Au and fitted curve using LT9 program.
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A typical lifetime spectrum of annealed bulk Au sample.

2.4.4. Doppler Broadening Spectroscopy (DBS)
Doppler-broadening Spectroscopy is used to characterize sample based on
the principle of energy and momentum conservation of annihilating electron-positron
pair, resulting in emission of two gamma rays at nearly opposite direction. The frequency
of the photons is shifted due to Doppler Effect. This causes a shift in the energy (or
momentum) of the gamma-ray described by ΔE =

⁄

where pz is the

momentum parallel to the direction of annihilation gamma, and c is the speed of
light [24]. Prior to annihilation, the positrons are thermalized. Since, the momentum of
the thermalized positron is much smaller than the momentum of the electron, the
momentum information derived from annihilation process describes momentum of
electrons. Information about the electron momentum obtained from the annihilation
radiation from both bulk and defects sites can be broadly split into two major contribution
viz., (1) arising from low momentum valence electrons and (2) high momentum core
electrons. In defect site, the fraction of the valence of electron involved in the annihilation
process increases compared with that of core electrons. The Doppler broadening spectrum
is measured using high purity Germanium (HpGe) detector. The broadening in the
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annihilation peak was studied by line-shape parameters called S (shape or valence
electron annihilation parameter) and W (wing or core electron annihilation parameter)
which are defined as,
∫

( 2.14 )
∫

∫

∫

( 2.15 )

∫
where Es, Ew1, and Ew2 are chosen such that sensitivity of S and W to changes in defect
type and concentration is optimum. The typical values are Es = 1 keV, Ew1 = 3 keV and
Ew2 = 5 keV. N(E) represents the Doppler-broadened spectrum, and thus the denominator
in each expression represents total counts in the spectrum. Figure 2.10 shows a typical
schematic diagram of area normalized Doppler broadening spectra. S and W parameters
are highly sensitive to the open volume defects [7].

Fig. 2.10

A Doppler broadened 511 keV peak obtained, using HpGe detector, of well
annealed bulk Au and as- dealloyed np- Au sample. Shaded regions
represent areas used for S and W line shape parameters.
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Variable low energy positron beam based Doppler broadening
Spectroscopy

Apart from depth resolved S and W parameters, obtained from low energy
positron beam experiments, positron diffusion length and positronium fraction, f3γ/2γ
provides an opportunity to obtain insight of the positron behavior in thin films, irradiated
materials and pore architecture of porous materials, e.g. np- Au. The endpoint energy of
the positron emitted from the 22Na is about 545 keV which penetrate over a depth of few
hundred micrometers. To investigate defects in depth resolved manner, positron energy
need to be controlled. The discovery of the negative work function for positrons shown
by certain metals [73] made this possible. A thermalized positron reaching the surface of
negative work function materials would be emitted from surface with energy equal to
work function of these materials and this process is called as moderation. This is achieved
in most of the positron beam system, worldwide by using well annealed W (100) single
crystals of thickness < 1μm [74], which is having moderation efficiency of 10-4 to 10-5. If
these low energy positrons can be velocity filtered from the fast unmoderated positrons,
then further control of implantation energy is possible. Figure 2.11 shows the moderated
β+ spectrum with moderating energy of 2.8 eV (negative work function of W
(100)) [66,75].
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Energy distribution curve of emitted positron from 22Na and after
moderation. The β+ decay spectrum reduces to a narrow curve centered at
2.8 eV after moderation in W (100) foil. (Adopted from Ref. [66])

The process of velocity control is achieved in a high vacuum system where
positron fall on to the thin moderator such that many thermalized near to surface of the W
(100), from where they are emitted with work function energy of ~2.8 eV. These low
energy positrons are transported electrostatically into the transport region which also
contains the velocity filter. The filter can be a magnetic bend or electric field – magnetic
field transverse combination (E x B filter) which allows only positrons of specific energy
to cross the filter [76]. The slow mono-energetic positron is separated from un-moderated
fast positron by transport through 180⁰ U-bend magnetic solenoid tube, whose axial
magnetic field is sufficient to bend the low energy positron, while fast positron travel
straight and are lost at the bend. The filtered positrons are accelerated to the required
energy, which can be varied from 235 eV to 22 keV by applying a high voltage to the
sample and implant them to different depths [60]. The annihilation gamma-ray spectrum
was recorded using High purity Germanium (HpGe) detector having energy resolution of
1.40 keV at 662 keV gamma line of

137

Cs. The analysis of S and W parameters as a

function of controlled positron energy provides a powerful approach to interpret the depth
profiling data, especially concerning identification positron diffusion in nanoporous
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materials. Figure 2.12 is shown the photograph of Low energy positron beam Doppler
broadening spectroscopy technique facility used in this thesis work. Figure 2.13 is shown
the schematic diagram of the low energy positron beam facility.

Fig. 2.12

Photograph of low energy positron beam Doppler broadening spectroscopy
technique facility.

Fig. 2.13

Schematic representation of a low energy positron beam set-up using a
radioactive source 22Na
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The experimentally observed S-parameter at a positron energy E can be
approximated written as,
( 2.16 )
where fs, fd, fb represents fraction of positron annihilating in the surface, defected
and bulk layers respectively and Ss, Sd, Sb represents S - parameter of the surface, defected
and bulk layers respectively. VEPFIT code is used to fit the experimental S vs. Ep data
and gives the fraction of positrons annihilating in various layers as a function of depth of
the sample [77]. It involves solving positron diffusion equation taking into the account
the positron implantation profile, diffusion, trapping and annihilation in the sample.

2.5.

Ion implantation
Before discussing ion implantation procedure, the interactions of energetic ions

with crystalline solid are briefly discussed. A schematic of ion-solid interaction is shown
in Figure 2.14.

Fig. 2.14

Schematic illustration of ion beam interactions with a crystalline solid [78].

Ion-solid interactions are mainly depend on energy and mass of incident ions.
Low energy ion (10-100 eV) comes to rest at surface of solids and form epitaxial layers.
A 1 keV heavy ion sputters the solid surface due to large energy transfer to target. At
higher energies (100-300 keV) ion comes to rest around 100 nm depth in a disordered
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lattice created by its passage. The 1 MeV light ions are used for ion beam analysis of
solid state materials [78].
In ion implantation process, high energy ions (hundreds of keV to few MeV
energy) are bombarded in to a solid using an ion accelerator which results in the
introduction of desired atoms into the surface layer of a solid substrate. Ion implantation
is a non-equilibrium process which is alternative method to equilibrium process of
introducing dopant atoms into the lattice. Range distribution of implanted ions in
substrate is approximately Gaussian in shape and they are characterized by projected
range, Rp, and a straggling, ∆Rp, about this mean value, which is pictured in Figure 2.15.
For simulation of ion and damage profiles, the stopping and range of ions in matter
(SRIM) software is used [79].

Fig. 2.15

The depth distribution of implanted atoms in an amorphous target for the
cases in which the ion mass is (a) less than the mass of the substrate atoms
or (b) greater than the mass of the substrate atoms. To a first approximation,
the mean depth, Rp, depends on ion mass, M1, and incident energy, E,
whereas the relative width, ∆Rp/Rp, of the distribution depends primarily on
the ratio between ion mass and the mass of the substrate ion, M2. (adopted
from Ref. [80])
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2.5.1. Accelerator used for ion implantation
In present thesis work, 1.7 MV tandetron accelerator (HVEE, The Netherlands)
was used for ion implantation. Ion energy ranging from 200 keV to 15 MeV could be
obtained from this accelerator depends upon charge state of the ions. The photograph and
parts of the accelerator are shown in the Figure 2.16. First, negative ions of desired
atomic species are produced by ion source of the accelerator. The 1.7 MV tandetron
accelerator has a high brightness duoplasmatron ion source which is used for the
production of H+ or He+ ions and a sputter ion source SNICS (Source of Negative Ions by
Cesium Sputtering) for producing negative ions. The positive ion produced by the ion
source is converted to negative ion by passing through a charge exchange region which is
filled with lithium vapor. The ions produced in the ion source are focused by electrostatic
einzel lens to the axis of the mass analyzing magnet. A high resolution magnet is used to
select the required ions from the ion source and injected to the accelerating tube. The
resolution (M/∆M) of the magnet is 190.
The Cockroft – Walton type capacitive coupled parallel-fed solid state power
supply is used for the generation of high voltage to the terminal (voltage from 100 kV to
1.7 MV with a voltage stability of 100 V). The ion entering into the accelerating tube
will gradually gain energy due to the applied voltage in the power supply at the middle of
the accelerating column. The voltage is set,
( 2.17 )

where Ereq is the required energy, Epre is the preinjection energy of the ion, q is the charge
state of the ion. The accelerating tube and power supply are maintained with a base
pressure of 1x10-7 mbar. The entire accelerating structure consisting of the accelerating
tube, the high voltage terminal and the power supply is enclosed in a pressure vessel filled
with SF6 gas at 6 kg/cm2 for achieving high voltage insulation.
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Schematic of the 1.7 MV tandetron accelerator at IGCAR Kalpakkam and
its various components.

The stripper canal present at the centre of the accelerating tube converts the
negative ions into positive ions with different charge states of the ions. The charge
conversion of ions takes place by interacting with the inert gas filled in this canal. A turbo
molecular pump powered by a motor generator at the canal has been installed for the
recirculation of the stripper gas. The ions emerging on the high energy side of the
machine are focused by electrostatic quadrupole lens to the axis of the energy analyzing
magnet. The high energy analyzing magnet selects the ion beam according to the energy
of the ions and switches the beam to the experimental ports located at ±10º and ±30º
angular positions. An implantation beam line with the beam sweep system, neutral trap,
beam profile monitor and retractable slits for beam collimation has been installed at the
+10º port of the switching magnet. All the controls of the accelerator are done from the
PC through optical fiber cables. The number of implanted ions is given by the product of
the ion flux (ion/cm2.s) and the implantation time, t. The flux of charged particles can be
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measured by a current integrator, which is connected to the sample. The number of
implanted ions can be calculated using the following equation,
( 2.18 )

where Q is the collected charge (measured by the current integrator), q is the charge
state of the ion and A is the cross sectional area of ion beams.

2.6.

Microstructural characterization

2.6.1. Scanning Electron Microscopy and Energy Dispersive X-ray analysis
The Field Emission Scanning Electron Microscopy (FESEM) and Energy
Dispersive X-ray (EDX) analysis are the most popular imaging techniques to analyze
surface morphology, elemental composition analysis [81] of np- Au samples and ligament
size of np- Au using ImageJ software. In FESEM, an electron beam is generated by
applying the voltage to the electron emitting filament. When the beam of electrons of
energy 30 keV impinges on sample, it undergoes either elastic or inelastic scattering. The
emitted electron after scattering with the energy of < 30 eV is called as secondary
electrons the elastically scattered electrons with angle > 90º are referred as back scattered
electrons. The secondary and backscattered electrons are carrying information of zcontrast, topography, and composition of np- Au. Heavy element (Au) backscatter
electrons more strongly than less heavy element (Ag) from the master alloy Ag75Au25 and
this can be useful to distinguish different chemical phases. The resolution of FESEM is
few nm, where magnification can be varied from 10 to 400 kX. Inelastic scattering of
electron beam by sample in SEM system is utilized in elemental characterization. High
energy electrons can knock of core shell electrons by inelastic energy transfer, which
result in characteristic X-ray emission from elements present in the sample. These X-rays
are detected using semiconductor detector. Energy dispersive analysis of X-rays (EDX)
yields quantitative information about elements present. In the present thesis, FESEM
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(SUPRA 55, Zeiss) was used to examine the morphology and structure of np- Au and
EDX (FEI Helios Nanolab 600i) was used to examine elemental analysis of np- Au
samples.
2.6.2. Transmission Electron Microscopy
Transmission electron microscopy is a versatile and indispensible tool in the study
of material due to its high spatial resolution. In TEM, the image is formed by electrons
passing through the sample. The principle of operation almost same as that of an optical
microscope. However, TEM has magnification and resolution capabilities that are over a
thousand times beyond that offered by the optical microscope. TEM is able to analyze the
morphology, localized crystal structure and defect structure with high spatial resolution
leading to an understanding of material property.
When an electron is accelerated from an electron gun with a high voltage of range
100-400 kV towards a thin specimen, it will be unscattered (transmitted through
specimen), elastically scattered (diffracted by specimen) and inelastically scattered by the
specimen in which specimen loaded in the Copper grid. The diffracted electrons follow
the Bragg’s law
( 2.19 )
where d being atomic spacing, θ being the angle of incidence, λ being the
wavelength of incident electron and n is the integer. Selected area electron diffraction
(SAED) pattern achieved by selecting the diffracted beam from a selected area on the
specimen which is similar to X-ray diffraction [82]. The major components of the TEM
can be categorized into the illumination system, the objective lens/stage, and the imaging
system. By adjusting these three systems and selecting the appropriate scattered electron
beams from the specimen, several types of TEM images can be obtained which includes,
bright and dark field images, SAED pattern, high resolution (HRTEM) images and Fast
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Fourier Transform (FFT) images. The schematic diagram explains the function of this
system in Figure 2.17.

Fig. 2.17.

A ray diagram of TEM showing the diffraction mode operation (left side)
and standard imaging mode operation (right side) with major components of
the system.

High-resolution transmission electron microscope (HR TEM) studies on np- Au
samples were carried out with HR TEM (LIBRA 200FE Zeiss) operated at accelerating
voltage of 200 kV to provide compositional and crystallographic information.
2.6.3. Electron Energy-Loss Spectroscopy
The electron energy-loss spectroscopy (EELS) measurement based on the energy
distribution of transmitted electron through the specimen due to inelastic scattering [83].
It is a very sensitive technique for low atomic elements (Z ≤ 10). The inelastic scattering
of an incident electron leads to several interactions in the specimen such as inter- and
intra-band transitions, plasma interactions, ionization, ionization of core-shell electrons
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(K, L, M, N) and plural scattering. In order to obtain the characteristic energy-loss of
incident electrons the transmitted electron beam is directed towards a high-resolution
electron spectrometer, shown in schematic Figure 2.18

Fig. 2.18

A schematic diagram of a TEM-EELS system having in-column second
order corrected omega energy filter.

. EELS spectra consist of zero loss peak (due to the elastically scattered electron),
low energy-loss peak (due to plasmon transitions within valence band and stimulated
collective oscillation of electron sea field), and high energy-loss peak (due to the inner
shell ionization). EELS studies carried out using a HR TEM (LIBRA 200FE Zeiss) with
200 kV and in-column second order corrected omega energy filter type spectrometer with
an energy resolution of 0.7 eV.
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2.7.1. Nanoindentation
The mechanical behavior of 3D interconnected metallic porous materials differs
from their bulk counterpart due to the complex structure [84]. In this thesis,
nanoindentation hardness measurements were carried out using ultra nanoindenter with
Berkovich tip (size 30 – 50 nm), which has the shape of a three-sided pyramid [85].
Although nanoporous materials are fragile and weak in macroscopic scale, the hardness
of the nanoporous material is found to be high due to the dense connectivity and small
ligament size. Nanoindentation is used for measuring mechanical properties such as
hardness and Young’s modulus at a nanoscale level. This leads to the application of
nanoindentation to extract the mechanical properties of nanoscale specimens; such as thin
film, single grain and irradiated samples. Whereas classic indentation methods such as
Vickers, Brinell, and Rockwell use loads in the hundreds of newton, nanoindentation uses
load of 0.2 – 100 mN. The nanoindentation technique is based on the mechanism of
simple hardness testing, where the probing indenter on the material is loaded into the
material. The used load Pmax together with the contact area between indenter and sample,
Ac, is then used to calculate the hardness of the material.
( 2.20 )

The load (P) and indentation displacement (h) are measured during both loading
and unloading cycles shown in Figure 2.19. There are three important quantities that must
be measured from the load-displacement curves (P-h curves). The maximum load (Pmax),
maximum displacement (hmax), and Stiffness (S = dP/dh), equaling the slope of the upper
portion of the unloading curve are determined. The loading is the mixture of elastic and
plastic process, and the unloading is an elastic recovery process, so Young's modulus can
be calculated from the unloading curve.
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a) A schematic diagram of nanoindenter loading on sample and
corresponding affected plastic zone of the sample. b) Schematic illustration
of indentation load – displacement data of indentation parameters.

2.7.2. Oliver-Pharr method
Determination of contact area between indenter and sample makes the difference
between conventional hardness testing and nanohardness testing. In conventional method,
the contact area is calculated from direct measurement of residual impression of the
indenter and this is not possible with nanoindentation where the intented area is very
small to be measured accurately. To overcome this, we have used known indenter
geometry and corresponding contact area can be calculated by Oliver-Pharr method [86].
Figure 2.20 shows a typical load-displacement curve recorded during experiment. During
unloading of the indenter, the elastic displacement recovers and the final indentation
depth hf remains as shown in Figure 2.20.

Fig. 2.20

Schematic illustration of the unloading process showing parameters
characterizing the contact geometry (adopted from Ref. [106])
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Determination of hardness and Young’s modulus from the indentation
experiments as proposed by Oliver-Pharr method to obtain the contact area Ac for
calculating hardness using equation (2.20), it is essential to calculate the contact depth, hc,
( 2.21 )
where hmax is the maximum displacement, hs is the displacement of the surface at
the perimeter of the contact as shown in Figure 2.20. The hs depend on the indenter
geometry and can be determined using Sneddon’s elastic contact theory
( 2.22 )

where ε is a geometric constant which depends on the indenter geometry (for a
Berkovich indenter = 0.75) and S is the contact stiffness which is obtained from loaddisplacement curve. Using equation (2.22) to approximate the vertical displacement of the
contact periphery, hc is determined as,
( 2.23 )

The contact area is obtained from the area function, also sometimes called the
indenter shape function,
( 2.24 )
Then hardness is estimated from equation (2.20).
Determination of elastic modulus follows from its relationship to contact area and
the measured unloading stiffness through the relation,

√

( 2.25 )

√

Where Eeff is the effective elastic modulus defined by,
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( 2.26 )

The effective elastic modulus takes into account the fact that elastic displacement
occur in both the specimen with Young’s modulus E and Poisson’s ratio υ and the
indenter with elastic constants Ei and υi.
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Development of nanoporous metallic
materials
Chapter 3 discusses the synthesis and microstructure results of nanoporous Au
(np- Au). The experimental methodology involved in the synthesis of np- Au using
electrochemical dealloying method will be discussed in the beginning of this chapter. The
later part of this chapter describes the microstructure results obtained on np- Au in three
different pre-conditioned stages such as as- dealloyed, oxide covered and reduced clean
metallic states. Electrochemical measurements combined with high resolution
transmission electron microscopy studies have been used to follow the microstructure
changes in np- Au subjected to electro-oxidation and oxygen reduction reactions.

3.1.

Introduction
The purpose of the present chapter is to synthesize np- Au and to study the

microstructure and chemical information in nanoporous Au towards electro-oxidation
(initial stages of oxidation and oxide formation) and oxygen reduction in aqueous
medium. This proposed study is substantiated based on the fact that the electrochemical
charging/discharging behavior and the manifestation of potential dependent changes at
the electrode surface depend, in many cases, on whether the electrode-electrolyte
interface is polarized positively or negatively with respect to the potential of zero charge
(pzc) [4,87,88]. For instance, when the potential applied to the electrode is around the pzc
where the specific adsorption based interaction between the electrode surface and the ions
in the electrolyte remains absent or relatively weak, then, the net charge transfer across
the electrode - electrolyte interface depends mainly upon the electrostatic force mediated
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ion mobility at the electrode surface. This renders the double layer interface formed on
the specific adsorption free electrode surface to be capacitive [89,90]. The electrodeelectrolyte interface structure behaves as pseudo-capacitive in potentials between onset of
electro-oxidation and onset of oxide formation. In the pseudo-capacitive region, the
potential controlled charge dipoles in place at the electrode surfaces [32,91]. Due to such
an in-separable combination of charge transfer resistive components formed by redox
process in association with capacitive double layer charging, the pseudo-capacitive to
ideal capacitive electrode-electrolyte interface structure can be obtained by sweeping the
applied electrode potentials from the oxidation region towards cathodic reduction region
through the pzc. Unlike the process of initial stage of electro-oxidation as mentioned, in
cases where the end potential applied to the electrode in anodic direction is more positive
than the pseudo-capacitive potential intervals, apart from intrinsic electrochemical
oxidation process, metal oxide layers in specific stoichiometry develop at the electrode
surfaces [92] and the oxide formation process occurs can be described by the model of
oxide growth [93].
Conway [4] provides an overview of the state of art in electro-oxidation/reduction
studies on different electrode surfaces, including Au (111). Angerstein-Kozlowska et
al., [94] reported on Au that transformation to Au oxide takes place along multiple charge
transfer reaction steps viz., double layer charging, surface oxidation to place exchanged
Au hydrous oxide and oxide layer formation in the anodic scan direction and their
resulting oxygen reduction reactions and double layer discharging to Au in the cathodic
scans. In addition to the current understanding of the np- Au/1M HClO4 through
electrochemical characterization, several recent articles have reported np- Au catalyst for
oxidation reactions. Liu et al., [28] have studied np- Au using the high-angle annular
dark-field scanning tunneling electron microscopy and reported that weakly-coordinated
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Au surface atoms residing at the ligament surfaces contribute intrinsically to serve np- Au
as a catalyst. In line with discussion on intrinsic microstructure variations in np- Au to the
catalytic properties, Zugic et al., [29] has demonstrated, based on the in-situ electron
microscopy studies that the variation of oxygen-Au stoichiometry and the atomic
restructuring effect influence directly to different catalytic reactions, especially for
selective alcohol oxidations. Even though majority of the reports suggest structural
changes and surface composition in np- Au give rise to catalytic activity, important
microstructure that drive np- Au for various catalytic oxidation reactions are not well
understood. Detailed microstructure investigations on np- Au under various
electrochemical pre-conditions and in-situ monitoring of the changes at the ligament/pore
surface in contact to the electrolyte in selected potential intervals are therefore important
to explore the reasoning for the existence of catalytic activity in np- Au.
Electrochemical treatment on np- Au in HClO4 solution would be of particular
interest since the changes that occur at the Au ligament – electrolyte interface induced by
the initial stage of oxidation, oxide formation and oxygen reduction processes can be
clearly distinguished. Electrochemical characterization using cyclic voltammetry and
impedance spectroscopy studies have been carried out to shed insights on the changes at
the np- Au/1M HClO4 interface. Microstructure analysis was carried out on the
electrochemical pre-treated np- Au samples ex-situ using high resolution transmission
electron microscopy (HRTEM) coupled with electron energy-loss spectroscopy (EELS)
to achieve the objective.

3.2.

Experimental methods

3.2.1. Preparation of Ag75Au25 binary alloy for dealloying Experiments
Arc melted polycrystalline alloy ingots with nominal composition Ag75Au25 was
used for dealloying experiments. The master alloy specimens were prepared using the
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starting high pure elemental materials Ag (99.99%) and Au (99.99%) obtained from Alfa
Aesar®. The arc melted alloy pieces were heat treated in vacuum-sealed quartz ampoules
at 800oC for 20 hrs for homogenization of the alloy composition. This ingot was coldrolled into shape to disc form with dimensions of 1.5 cm diameter and 0.2 cm thickness
using standard mechanical roller machine. Discs obtained from these samples were
annealed at 700oC in high vacuum (10-6 mbar) to remove the cold work induced defects.
The results obtained from the Energy-dispersive X-ray spectroscopy (EDX-ray)
measurements are shown in Figure 3.1. Figure 3.1 a) shows the selected SEM image of
Ag75Au25 binary alloy in which the elemental point analysis has been performed. The
typical EDX spectrum collected during this analysis is shown in Figure 3.1.b).
Quantitative analysis of this energy spectrum indicate that the chemical composition
obtained at various locations is Ag75Au25 (at.%) within ~ 1% deviation.

Fig. 3.1

EDX-ray elemental point analysis of Ag75Au25 alloy. a) Compositional
elemental point analysis characterization using EDX spectroscopy of master
alloy Ag75Au25. b) Typical energy spectrum collected during EDX-ray point
analysis. c) and d) Full-scan elemental mapping showing the spatial
distribution of elements Ag and Au present in the Ag75Au25 alloy used for
the dealloying experiments.
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3.2.2. Synthesis of nanoporous Au using electrochemical dealloying method
Electrochemical Dealloying experiments were performed on well annealed disc of
Ag75Au25 electrodes in a glass electrochemical cell by applying a constant potential of
0.8 V versus pseudo Ag/AgCl reference electrode in 1M HClO4 electrolyte. Figure 3.2
illustrates the electrochemical cell configuration before and after the dealloying of
Ag75Au25. Noticeable changes were observed in the cell during the dealloying process.
The most important observation was the change in color of the dealloyed sample after Ag
gets dissolved. The dealloyed sample turns into brownish black from the original silvery
color of master alloy. The dealloyed samples could be easily removed from the cell. The
nanoporous Au samples were cleaned with 18 MΩ ultrapure water and used for further
experiment. Figure 3.3 a) shows photographic image of master alloy Ag75Au25 disc prior
to dealloying and np- Au powders after dealloying and microstructural and elemental
characterization are shown in Figure 3.3 b-d).

Fig. 3.2

Fabrication details of nanoporous Au. The figure shows the photograph of
electrochemical cell, prior to dealloying process (left side) and after
completion of dealloying process (right side)
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a) Photographic images of master alloy Ag75Au25 disc prior to dealloying
and np- Au disc after dealloying. b) A typical scanning electron micrograph
image (fracture surface) and c) HRTEM image of np- Au powders after
dealloying in 1M HClO4 electrolyte. d) Typical EDX-ray of np- Au
confirming the removal of Ag below the detectable limit of EDX.

3.2.3. Microstructure studies of np- Au
Nanoporous Au specimens required for microstructure studies have been prepared
according to the experimental procedure as described below. In brief, arc melted
Ag75Au25 alloy fine debris specimens were dealloyed in 1M HClO4 electrolyte at 298 K
by applying a potential of 0.80 V versus Ag/AgCl reference electrode and silver coil
served as auxiliary (counter) electrode as shown schematically in Figure 3.4. The
selective dissolution of Ag from the Ag75Au25 alloy led to formation of Au sponge with
interpenetrating ligaments and continuous pores of dimensions ~ 5 nm. A commercial
potentiostat (PGSTAT 302N, Metrohm Autolab e.v.) was used for the dealloying and
subsequent electrochemical experiments. Hence prior to study the initial stage of electrooxidation in np- Au, the as- dealloyed np- Au in HClO4 electrolyte were
electrochemically reduced by potential cycling in a wider intervals viz., -0.3 < E < 1.05 V
successively till to achieve the characteristic cyclic voltammetry behavior of Au [4,32].
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The procedure followed for the reduction of as- dealloyed np- Au is described in details
in Chapter 4. In order to create oxide layer on the Au ligament surfaces, the as dealloyed
np- Au samples were used directly.
The ultra-fine debris collected from the as-dealloyed, oxide formed and reduced
(oxygen desorbed) np- Au were dispersed onto Cu grids coated with ultra-thin carbon
films and studied in a high resolution transmission electron microscope (LIBRA 200FE
Zeiss) operated at an accelerating voltage of 200 kV to explore their microstructure
features. Analyses have also been carried out in selected regions in the high resolution
TEM images using electron energy-loss spectroscopy EELS to access the oxygen
contents in different electrochemical pre-conditioned np- Au.

Fig. 3.4

3.3.

Schematic view of electrochemical cell in three-electrode configuration used
for preparing np- Au samples for TEM measurements. The ultra-fine
Ag75Au25 alloy powders, Ag coil and Ag/AgCl wire served in the cell as
working, counter and reference electrodes.

Results and discussion

3.3.1. Electrochemical behavior in np- Au: Effects on Microstructure
3.3.1.1.

Initial stage of oxidation in np- Au

Figure 3.5 shows the cyclic voltammetry (CV) scans for reduced np- Au in 1M
HClO4 recorded at scan rate of 1 mVs-1 in the temperature interval 298 ≤ T ≤ 368 K. It is
seen that the features corresponding to initial stages of electrochemical oxidation develop
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at potentials positive to the small constant current flow region in the anodic scan where
double layer charge prevails dominantly at the np- Au/1M HClO4 interface. The
noticeable features present are three successive current peaks at potentials EP1 ~ 0.93 V,
EP2 ~ 1.0 V and EP3 ~ 1.04 V. It is safely assumed that these three current peaks in order
present in the positive anodic potentials are qualitatively similar to those reported on
(100), (110), (111) oriented single crystal Au surfaces [94,95].
First, the three oxidation peak plateaus EP1, EP2 and EP3 present in the anodic part
of the cyclic voltammetry scans of reduced np - Au as depicted in Figure 3.5 a) will be
discussed. Results from the analysis of the voltammetry scans and based on the literature
reports, it is considered that the overall appearance of the three peak plateaus in the
voltammetry scans of Figure 3.5 is due to the adsorption of oxygen containing ads-species
in the electrolyte on three different atomically co-ordinated sites on Au ligament/pore
surfaces. A closer look at the voltammetry scans of Figure 3.5 a) reveals that the
oxidation current under the peak plateaus EP1, EP2 and EP3 is significantly affected with
cell temperature. It is seen that as the cell temperature increases, the current density under
the peak plateau EP1 and EP2 decreases, whereas that corresponds to the peak plateau EP3
shows an increasing trend. Importantly, at 363 K, the oxidation peak plateau EP3 present
at 1.04 V becomes high intense and sharper. From the above results, it can be
undoubtedly inferred that the changes in the current density under the peaks EP1, EP2 and
EP3 with temperature can be attributed to the creation of certain kinds of diffusion
controlled atomic rearrangements at the np- Au/1M HClO4 interface. For a better
understanding of the changes in the current variations under the peak plateaus EP1, EP2
and EP3 with temperature, the net charge transferred across the Au ligaments in reduced
np - Au were quantified from the CV scans of Figure 3.5 a). The results are summarized
in Figure 3.5 b), and c). The decreasing trend in the Q value with the increase in cell
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temperature can be understood in terms of ligament coarsening in reduced np- Au [96–
98].

Fig. 3.5

a) Results of cyclic voltammetry measurements for reduced np- Au in 1M
HClO4 electrolyte in the initial stage of electro-oxidation potentials. The
figure shows a series of cyclic voltammetry curves recorded at 298, 328,
333, 343, 353, 363 K. at a scan rate of 1 mV/s. b) Net charge transferred Q
in reduced clean np- Au with electrode potential E, evaluated from
temperature dependent variations in the cyclic voltammetry curves depicted
in sub figure (a). c) Plot of Q versus specific surface area m of reduced npAu. Mass of the sample used: 10.4 mg. It may be noted that Ag/AgCl
reference electrode used here had a shift of - 198 mV with respect to the
standard hydrogen electrode.

Ligament coarsening in np- Au with temperature is rather conspicuous. Therefore,
it is worthwhile to use Q versus temperature results to compute the net charge required
for the adsorption of oxygen bearing ads-species on the ligament surface in reduced np -
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Au. For this purpose the Q value in C g-1 is plotted as a function of their specific surface
area m in m2 g-1 which is shown in Figure 3.5 c). The slope of the Q versus m plot
obtained from the linear regression analysis is a measure of surface charge density
 [20]. It gives 245 C cm-2. To verify the significance of the surface charge density 
results and to identify the microscopic processes involved in the evolution of the three
current peaks in the anodic scans (cf. Figure 3.5 a)), the surface charge density results
reported previously on bulk Au were examined. Kozlowska et al., [94] from their
voltammetry studies on Au (111) in HClO4 reported a surface charge density value of 222
C cm-2 for a coverage of one monolayer of oxygen bearing ads-species on Au by a
charge transfer of 1 e-/Au surface atom. The excellent agreement of data between the
present study and the literature report emphasizes that the physical reason for the
pronounced three current peak plateaus appeared in the anodic scans of Figure 3.5 a)
corresponds to the adsorption of oxygen containing ads-species on three energetically
favorable Au crystal planes on the ligament/pore surfaces [99]. Concurrent with the
presence of different energetic atomic sites interfaced with two-dimensionally coordinated oxygen ads-species at the np- Au/1M HClO4 interface, one can be confident to
summarize that the one electron charge transfer reaction,
( 3.1 )
occurred during the initial stage of electro-oxidation process is surface specific and
depends highly on the details of atomic structure of Au ligament surfaces in contact to the
electrolyte. This one electron charge transfer reaction persists on ligament surfaces in npAu is consistent with the microscopic model proposed by Conway [4] and Jerkiewicz et
al., [92] for metal surfaces in aqueous electrolytes.
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Oxide formation in np- Au

Now we inspect the voltammetry features evolved in as- dealloyed Au/1M HClO4
during oxide formation reactions. The CV spectra recorded in two selected potential
intervals, 1.1 < E < 1.3 V and 1.1 < E< 1.7 V, are depicted in Figure 3.6 a). In these CV
scans, the lower vertex potential was fixed to 1.1 V for preventing the oxygen reduction
reaction,
( 3.2 )
As shown in the CVs in Figure 3.6 a), there is almost a constant current flow
region between 1.1 and 1.3 V. It points to the persistence of pseudo-capacitive double
layer structure at the ligament surfaces in as- dealloyed np- Au. This observation is
consistent with the previously reported results on positively charged np- Au where the
current flow across the electropositive Au ligament surfaces are symmetric in terms of
charge balance in the anodic and in the cathodic scans [20,100]. It is seen from the CVs
in Figure 3.6 a) that there is an upsurge in the current flow above 1.1 V. This pronounced
rising edge of the current wave in the positive anodic potential sweep is a clear indication
that oxide formation reactions occur in as- dealloyed np - Au above 1.1 V. It should be
noted that we restrict the anodic upper vertex potential to 1.7 V to avoid vigorous steady
state gas evolution.
To get further insights about the oxide formation behavior, CV measurements
were carried out in the potential interval 1.1 < E < 1.7 V at elevated temperatures. Four
hundred voltammetry transient curves were recorded. Of all the four hundred CV scans,
the first 55 scans were recorded at 273 K and the remaining scans were recorded at 343
K. In order not to obscure the plot, ten voltammetry curves (scans 10, 20, 25, 45, 55, 70,
110, 155, 235 and 400) are depicted in Figure 3.6 b). Subsequent to the completion of
each CV run as shown in Figure 3.6 b), electrochemical impedance spectra were recorded
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at 1.15 V to find the nature of oxide formed region at the np - Au/1M HClO4 interface.
Figure 3.6 c) shows the Nyquist plots obtained for the oxide formed np- Au in 1M HClO4.
On the analysis of the impedance spectra using electronic models, it is found that the
impedance spectral features of as- dealloyed np- Au /1M HClO4 change during the
repeated cyclic voltammetry scans. For example, a single semicircle and a loop appeared
in the Nyquist plots after the lapse of 55 cyclic voltammetry scans. The appearance of the
loop at lower frequencies is attributed to the presence of inductive behavior caused by the
distorted nature of the electrode surface in contact with the electrolyte [101,102]. It is
seen that the diameter of the single semicircle corresponding to oxide formation
resistance ROx increases gradually with repeated CV scans. To get an idea about the
variation of ROx with potential cycling, the ROx value obtained from the analysis of the
impedance spectra in Figure 3.6 c), is plotted as a function of the scan number NOx, as
shown in Figure 3.6 d). An increasing trend of ROx value with NOx is found. The
voltammetry and the impedance results as discussed reveal that the pseudo capacitive
electrochemical interface structure formed originally in positively charged as- dealloyed
np- Au /HClO4 has transformed into a resistance dominant electrochemical interface
structure during the formation of oxide layer in np- Au. This subtle variation in the
resistance value ROx with pre-cyclic voltammetry scans NOx is a clear indication that
oxide growth kinetics at the ligament/pore surface in oxide formed np- Au/1M HClO4
interface increases with measurement time.
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a) Room temperature cyclic voltammetry curves for as- dealloyed np- Au in
1M HClO4 recorded at a scan rate of 1 mV/s in two selected potential
intervals, 1.1 < E < 1.3 V and 1.1 < E < 1.7 V. b) Voltammetry curves
recorded in the potential interval, 1.1 < E < 1.7 V in 343 K. Ten
voltammetry curves depicted in the figure are representative of the overall
behavior of 400 successive voltammetry scans. In order not to obscure the
plot, ten selected voltammetry curves from the 400 successive scans (scan
nos.: 10, 20, 25, 45, 55, 70, 110, 155, 235 and 400) are depicted. c) Nyquist
plots for oxide formed np- Au in 1M HClO4 recorded at 1.15 V in 343 K.
These plots are obtained subsequent to completion of each voltammetry
scans in sub figure (b). The arrow indicates the direction of measuring
frequency . d) Variation of charge transfer resistance ROx corresponding to
the formation of Au oxide as a function of pre-cyclic voltammetry scan
number NOx. Inset in sub figure (d) shows cumulative charge Qc transferred
in four hundred successive pre-cyclic voltammetry scans of as- dealloyed
np- Au in 1M HClO4 in the oxide formation potential intervals, 1.1 < E < 1.7
V. A Ag/AgCl reference electrode used here had a shift of - 198 mV with
respect to the SHE.

Even though the electrochemical experiments can easily differentiate the
microscopic variations between electro-oxidation and oxygen reduction reactions at np-
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Au/1M HClO4, the microstructure details at the ligament surfaces in as-dealloyed, oxide
formed and reduced np- Au are not well understood. It is suggested to use high resolution
transmission electron microscopy to envisage this critical issue. In fact, it becomes
necessary and important to identify whether the repeated cyclic scans in the oxide
formation potential intervals 1.1 < E < 1.7 V modify the microstructure and chemical
stoichiometry at the ligament surfaces in np- Au.
Despite the electrochemical charge transfer behavior discussed in np- Au towards
the initial stage of electro-oxidation, the present results provide some important clues: Au
surface in as- dealloyed np- Au is in hydrated form [20,103], Au oxide (Au2O3) layers
reside in the ligament surface or pore region in oxide formed np- Au and Au surfaces in
oxygen reduced np- Au is chemically inert. It is evident from the analysis of the high
resolution TEM images (cf. Figures 3.7, 3.8 and 3.9)) and based on the independent
microstructure studies performed to assess the electrochemical pre-treatment effect on npAu by scanning electron microscopy (SEM) that the ligament diameter in as- dealloyed
and oxide formed np- Au are found to be the same. For instance, the ligament diameter
determined from the analysis of SEM micrographs is 6 ± 2 nm for as- dealloyed np- Au
and 5.5 ± 2 nm for oxide formed np- Au and these values do not vary simply with the
variation of temperature below 363 K. These observations are in a direct contrast with the
existence of prominent ligament coarsening effect in oxygen reduced np- Au (cf. Figure
3.8) where the SFT like defect structures that have appeared in as- dealloyed (cf. Figure
3.7) and oxide formed np- Au (cf. Figure 3.9) are found to be absent. It should be noted
that one of our earlier work, where the temperature effect on the surface area in np- Au is
discussed, demonstrated the role of oxygen ads-species to the weakening of the ligament
coarsening in as- dealloyed np- Au. An exciting question in these situations requiring
attention is whether the weakening in the ligament coarsening phenomenon in oxide
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formed as- dealloyed np- Au is related either due to the generation of SFT defect structure
or due to oxygen species (oxygen ads-species and oxides) present in the ligaments.
Finding the explanation starts looking first how the oxide layer resides at the ligament
surfaces contribute for the prevention of ligament coarsening and later discuss what is the
role of defects in oxide formed np- Au might do for preventing the ligament growth [20].
If it is assumed that the oxide layer surrounded the ligament surfaces is
contributing for the weakening of ligament coarsening, then, one would expect that the
oxide formation passivates the diffusivity of oxygen into the underlying lattices. Since the
oxygen diffusion behavior in hydrated as- dealloyed np- Au being unclear and the oxide
formation process in np- Au becomes more effective at more positive potentials (E > 1.4
V), for understanding, a set of four hundred cyclic voltammograms recorded in the oxide
formation potential intervals 1.1 < E < 1.7 V [cf. Figure 3.6 b)] were analyzed. The
analysis of these voltammograms yielded cumulative charge Qc value for the repeated
cyclic scans. The results are shown in the inset in Figure 3.6 d). The Qc values depicted
were obtained after subtracting the irreversible component developed during the
successive scans. It includes any trace amount of Au that might be dissolved
simultaneously with the oxide formation reactions [104]. For the scan number NOx = 1 55 (measurement temperature 273 K), the variation of Qc value with NOx is found to be
small. When the scan number NOx exceeded 55, the Qc value increases rapidly at the
beginning, followed by a decrease in the variation with NOx. It is seen that in the range
NOx = 56 - 400 (measurement temperature 343 K), the variation of the Qc value is found
logarithmic with the scan number NOx. Based on the logarithmic oxide growth behavior
obtained from the Qc versus NOx plot (cf. inset in Figure 3.6 d)) and the trivalent oxidation
state of Au formed on the ligament surfaces as confirmed from the analysis high
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resolution TEM images we attempt to explain that the oxide formation on as- dealloyed
np- Au proceeds initially through the place exchange process according to the reaction,
( 3.3 )
and followed by a conversion and growth of Au2O3 on top of AuO by a chemical
reaction,
( 3.4 )
These cascade reaction steps involved in the development of Au2O3 are in favor to
the literature reports that the hydrated Au surface electrochemically oxidizes with higher
valence state [99,105].
3.3.1.3.

Effects on microstructure

The high resolution TEM results obtained on as-dealloyed, reduced and oxide
formed np- Au samples are summarized in Figures 3.7, 3.8, 3.9, respectively. The low
magnification TEM images of as-dealloyed, oxygen reduced and oxide formed np- Au are
as shown in Figures 3.7 a), 3.8 a) and 3.9 a), respectively. The images illustrate the
typical microstructure of nanoporous materials of nanometer sized ligament networks and
interconnected pore space. Dark regions appeared in these micrographs illustrate the
overlap of the ligament structure in the two-dimensional projection. Careful analysis of
high resolution TEM image obtained in the marked area in Figures 3.7 and 3.9 showing
several sub atomic defect structures viz., SFTs, and SFs and twinning in as- dealloyed and
oxide formed np- Au. Detailed analysis has been able to reveal the structural features
present in the nanoporous ligament networks. Interestingly, triangular shaped image
contrast of dimensions 2 to 3 nm, representative of stacking fault tetrahedron (SFT)
defects are found in a number of places in the projected image along (011) zone axis. It is
worth noting that the lattice defect structures in as- dealloyed and oxide formed np- Au
are presented uniquely in all samples investigated and their appearance is close or similar
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to the defect features reported in fcc metals under different processing conditions viz.,
irradiation, severe plastic deformation, quenching from temperatures close to their
melting point [106–108]. Remarkably, SFT defects that are creating obstacles for the
deformation activity in metallic systems [8] are found to be absent in the reduced np- Au.
This implies that the SFTs are annealed out in reduced np- Au during the reduction
process through ligament coarsening shown schematically in Figure 3.10 [4].

Fig. 3.7

a) Low-magnification TEM image of as- dealloyed np- Au, showing typical
nanoporous microstructure of nanometer sized interconnected ligament
networks and continuous pores. b), c) High resolution TEM images of
selected areas in sub figure (a). Au (111) and Au (200) crystallographic
arrangements and the presence of various lattice defects viz., SFT, SF,
twinning are marked in these sub figures. No oxide phase can be detected in
the analysis of these high resolution TEM images. d) FFT pattern of the
selected area electron diffraction image in sub figure (b) showing the
presence of Au (111) and Au (200) planes with their inter-planar spacing of
2.55 Å and 2.15 Ǻ, respectively.
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The Fast Fourier transform FFT pattern (Figure 3.7 d)) of the selected area in the
high resolution TEM image as shown in Figure 3.7 b) revealed the presence of Au (111)
and Au (200) planes with inter-planar spacing of 2.55 Å and 2.15 Ǻ, respectively, in asdealloyed np- Au . The FFT pattern of the selected area in Figure 3.9 a) which
corresponds to oxide formed np- Au revealed the presence of two crystalline phases, Au
and Au oxide. The crystallographic planes identified in np- Au in the oxide passivated
condition (cf. Figure 3.9 b), c)) are Au (111), Au (200) and Au2O3 (111) with inter-planar
spacing of 2.35 Å, 2.08 Å and 3.5 Å, respectively [109]. It should be noted that the interplanar spacing for Au (111) and Au (200) in reduced and oxide formed np- Au samples
are identical (cf. Figures 3.8 b) and 3.9 c)) and this striking observation provide some
important clues for understanding the origin of the larger Au-Au inter-planar spacing
yielded in as- dealloyed np- Au .

Fig. 3.8

a) Low-magnification TEM image of reduced np- Au, showing typical
nanoporous microstructure of nanometer sized interconnected ligament
networks and continuous pores. b) High resolution TEM image of a selected
area in sub figure (a). Typical Au (111) crystallographic arrangement with
inter-planar spacing of 2.35 Å is seen from the analysis of the high
resolution TEM images.
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a) Low-magnification TEM image of oxide formed np- Au, showing typical
nanoporous microstructure of nanometer sized interconnected ligament
networks and continuous pores. b) - d) high resolution TEM images of the
selected area in sub figure (a). Au (111) and Au (200) crystallographic
arrangements with the presence of various lattice defects viz., SFT, SF,
twinning are marked in these sub figures. Noting that a thin Au 2O3 (111)
oxide layer with inter-planar spacing of 3.5 Å formed at the ligament
surface. Inter-planar spacing for Au determined from the FFT pattern of the
selected area in the high resolution TEM images are 2.35 Å for Au (111) and
2.08 Ǻ for Au (200).

Next, the electron energy-loss spectroscopy (EELS) results obtained for all three
samples are summarized. Figure 3.11 shows the electron energy-loss spectra recorded
close to O-K edge at selected area in the high resolution TEM images of as- dealloyed
(black line), oxide formed (red line) and reduced (blue line) np- Au. It is seen that the
oxygen contents are higher in the oxide formed np- Au. According to the high resolution
TEM results of oxide formed np- Au, the oxide layer spreads over the ligament/pore
surfaces (cf. Figures 3.9 c), d)). This observation is in line with the reported results by
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Zugic et al., [29], that the np- Au subjected to ozone gas treatment results in the formation
of 1 - 2 nm Au oxide layer at the surface of the ligaments. Also, it is seen from the high
resolution TEM images (Figure 3.9) that the oxide layer gets detached in several places
from the Au ligaments. This indicates that under strong oxidation potentials (> 1.6 V), the
Au oxide layer experiences electrochemical dissolution.

Fig. 3.10

A schematic representation of defects present in as- dealloyed np- Au. These
defects are annealed out in reduced np- Au.

Fig. 3.11

Electron energy-loss spectra of np- Au recorded in as- dealloyed (black
line), oxide formed (red line) and reduced (blue line) conditions.
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The structural results obtained from the high resolution TEM images (cf. Figures
3.7, 3.8 and 3.9) indicate that the inter-planar spacings for Au (111) and Au (200) planes
in as- dealloyed np- Au are not identical with those obtained in oxide formed np- Au or in
reduced np- Au or in bulk Au reported in Ref. [109].
We have observed that oxygen ads-species in place with the Au atoms acts as
charged dipoles and promote for the weakening of inter-ligament interactions [20].It is
inferred from a series of positron annihilation studies on as- dealloyed np- Au, which
demonstrates the evolution of defect structure with annealing temperature [3,8,21], that
vacancy defects that are generated in the ligaments, during the formation of nanoporous
structure, migrate towards the ligament/pore surfaces and agglomerate in the form of
vacancy clusters. On correlating the reported positron annihilation results with the present
high resolution TEM results, it is inferred that the vacancy clusters that generate in the
ligaments by the aggregation of vacancies relaxed in the form of SFT defect structures.
Notably, these SFTs present in oxide formed np- Au are not affected by the generation of
Au2O3 oxides at the ligament surfaces as revealed by Figures 3.7 and 3.9. This implies
that, irrespective of the chemical modifications at the ligament surface, the SFTs
generated through vacancy agglomeration is found to be stable in both as- dealloyed and
in oxide formed np- Au. It has been identified from the analysis of the high resolution
TEM images, the inter-planar Au (111) and Au (200) spacing in as- dealloyed np- Au is
largely by 8% (cf. Figure 3.7) in comparison to that obtained in oxide formed (cf. Figure
3.9) and reduced np- Au (cf. Figure 3.8). Microscopically, such differences emerge
because np- Au samples used for the investigations were treated under different
electrochemical potential conditions. The absence of such a swelling effect in the oxide
formed np- Au are suggesting that weakly coupled oxygen ads-species with the Au atoms
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in the bulk might have detached and dispersed out during the formation of Au2O3 oxide
layer.
Since the three different pre-conditioned np- Au samples investigated above have
shown the characteristic nanoporous microstructure, an ensemble of interconnected pores
with three-dimensional coherent ligament network with highly non-uniform curvatures, it
is suggested that the fine structural features evolved in np- Au are highly sensitive to
specimen geometry and local structure [8,17]. In this phenomenological sense, it is
believed that the lattice swelling effect emerged in as- dealloyed np- Au may be caused
by the combined effect of Au lattice defects and the presence of coupled oxygen adsspecies. Apparently, this suggests that the oxygen species in as- dealloyed np- Au bind,
albeit weakly, on Au atoms in the presence of lattice defects and modify the structural
properties in the ligament - pore network. Microscopically, the ligament structure adopts
a unique configuration in which the atomic defects and oxygen containing species
interacts together with the Au atoms and contribute to the overall functioning of the
ligament-porous network structure. Recent studies exploring the catalytic effect in np- Au
suggested that Au is catalytically active not only in its chemically pure form, but, also,
holding variety of catalytic reactions in the presence of easily reducible oxygen adsorbed
species [28–30]. In the above kinds of situations, there are good reasons, related both
oxygen present in the ligaments and the lattice defects that are emerged in as- dealloyed
np- Au to the prevention of ligament growth. This in-turn depends on how effectively the
oxygen species and defects present contributing to prevent the ligament coarsening in asdealloyed and oxide formed np- Au, which in principle does not happen in reduced npAu because Au is chemically considered as inert in its reduced form.
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Conclusion
The results presented in this chapter show how the electrochemical technique

combined with transmission electron microscopy can be used to obtain the microstructure
and chemical information of np- Au towards electro-oxidation (initial stage of oxidation
and oxide formation) and oxygen reduction reactions in aqueous medium. Pseudocapacitive double layer structure develops explicitly at the as- dealloyed nanoporous
Au/HClO4 interface. In contrast, the electrochemical interface structure at the reduced
nanoporous Au/HClO4 interface is capacitive. Initial stage of electro-oxidation
corresponding to the monolayer adsorption of oxygen containing species occurs on the
ligament surfaces in reduced np - Au in three potentials and their separation on the
electrode potential scale depends substantially on the energetically favorable Au lattice
sites present on the ligament surfaces. The formation of oxides in as- dealloyed np - Au
occurs in a sequential conversion of Au - OH dipoles to AuO and subsequently by a
conversion and growth of Au2O3 on top of AuO. Formation of oxide on the ligament
surfaces in as- dealloyed np- Au follows logarithmic growth process.
The inter-planar spacing for Au (111) and Au (200) in as- dealloyed nanoporous
Au has increased by 8% in comparison to those obtained in reduced nanoporous Au or in
bulk Au. The occurrence of such unusual lattice swelling effect evolved in as- dealloyed
np- Au, in contrast to reduced np- Au or bulk Au may be attributed to the binding of
oxygen ads-species, albeit weakly, in the presence of lattice defects. The results obtained
from the present study are suggesting that the modified properties in np- Au in
conjunction with the variation of electrochemical pre-treatment conditions depends highly
on the atomic and microstructure features present locally in the ligament network. In
addition, we have also demonstrated through combined electrochemical impedance and
transmission electron microscopy investigations that the microscopic features evolved
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during the formation of nanoporosity are stabilized in both as- dealloyed and oxide
formed np- Au samples and these observations are important for the use of np- Au based
materials in irradiation and high temperature environments. Since the field of np- Au
catalyst spans a wider range of applications starting from energy to medical resources, the
results discussed in this thesis may be also useful for the design and development of
smaller scale metal catalyst.
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Measurement of specific surface area of
nanoporous Au
The specific surface area measurement on nanoporous materials play a major role
in the optimization of fabrication processes of nanoporous based devices to achieve
desired physico-chemical properties. In this chapter the specific surface area
measurements of nanoporous Au using the electrochemical double layer charging
methods and adsorption methods (Oxygen adsorption/desorption, BET) are described.
The experimentally measured surface area results obtained are compared with the
geometrical surface area of nanoporous Au.

4.1.

Introduction
The strategies in the design of nanoporous metals for functional applications

depend on a number of parameters. The important ones are surface area, geometry of the
pore-ligament interconnects and chemical nature of atomic layer present at the pore
surfaces and their interaction with surroundings, be it in fluidic or gaseous
media [1,14,110]. Among these, the dominant interest has been focused on the surface
area of nanoporous metals since their specific surface reactivity depends on the
delocalized atoms at the pore surfaces and their co-ordination with the interacting
medium. For instance, the electric field induced mechanical actuation effect has been
observed in nanoporous metals [13,14,100]. There is an increased grafting density of
biological molecules on np- Au [111]. Also, the nanoporous Au surfaces exhibit
unexpected catalytic activity [1,14,30,112].
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Electrochemical measurements like electrosorption of hydrogen and oxygen
adsorbed atoms [113], under potential deposition (UPD) of metal atoms on test
substrates [114,115] and Brunauer-Emmet-Teller (BET) method [116,117] have been
used regularly for the determination of surface area in solid materials. Despite the
advantages of surface area measurement techniques based on the analysis of
adsorption/desorption isotherm, there are difficulties on using these techniques for the
determination of true surface area in nanocrystalline metallic materials such as
nanoporous metals where the atom diffusivity in the surface layer is quite high at room
temperature. The reason is mainly became of the formation of surface diffusion controlled
reconstruction rather than a simple atomic displacement, bond breaking, facets and
atomic coarsening processes that occur during heat treatment. STM measurements by
Magnussen et al. have revealed that anions chemisorbed with metal electrodes weaken the
bond strength between metal atoms and facilitates surface atom transport [118,119]. Liu
et al. pointed out that the thickness dependent kinetics of UPD layer formations in
nanoporous metals affect the determination of their true surface area [115]. Various other
molecular adsorption methods such as CO, H2 and H2-O2 titration can also be used to
throw light on the surface area in nanoporous solids. Of all these methods,
electrochemistry based techniques offer advantages as the preparation of the nanoporous
samples and the determination of surface area can be carried out at under ambient
conditions in an electrochemical cell without exposure of the probe samples to other
environments. In the backdrop of above, the present chapter strives to bring forward a
development of an in-situ electrochemical experimental method for determination of
surface area of nanoporous metals such as np- Au.
We used double layer capacitance ratio method [113] to study the temperature
effect on the variation of surface area in np- Au. In the electrochemical double layer
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interface, the net charge transferred across the electrode surface occurs mostly by the
coupled influence of diffusion of ions in the electrolyte and electrostatic forces [32,120].
Since the important contribution to the double layer charging originates from the
electrode surfaces, electrochemical capacitance method determines accurately the surface
area

of

the

probed

materials

from

the

knowledge

of

the

net

charge

transferred [32,113,120] . In addition to the capacitance ratio method, the surface areas of
np- Au samples have been measured using the standard BET method and the process of
adsorption/desorption of OHads species.

4.2.

Determination of surface area of np- Au

4.2.1. Electrochemical method
Figure 4.1 summarizes the typical cyclic voltammogram of Au in aqueous acidic
electrolyte. It has the advantage of resolving the charge layer on top of the Au surface,
called as double layer capacitance and the charge layer that formed at the adsorbed Au
surface, which is known as pseudocapacitance.

Fig. 4.1

Room temperature cyclic voltammetry for Au in HClO4. Typical
voltammogram of Au in a wider potential interval showed features of
weakly ion adsorbed double layer dominant pseudocapacitance region and
double layer dominant region.
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The schematic view of the double layer and pseudocapacitive layer formed on the
Au surface is shown in Figure 4.1. While the double layer capacitance forms across the
metal surface at electrode-electrolyte interface, in the case of pseudocapacitance
component the capacitive layer forms across the adsorbed oxygen containing ads-species
of metal surface. The cyclic scan shows oxidation/reduction plateaus at the positive
anodic potentials and a featureless constant anodic/cathodic current flow at lower
potential region. This indicates that double layer charging became dominant in the lower
potentials of the cyclic scan and the adsorption process occurred significantly at higher
potential. Since the characteristic features in the voltammogram are well resolved. It has
the advantage of separating out the charge corresponding to the double layer component
and the pseudocapacitive component in

the oxidation/reduction region. The

electrochemical charging or discharging of the double-layer capacitance arise at all
electrodes/electrolyte interfaces due to electron/ion charge separation across the interface
and

voltage

dependent

solvent-dipole

orientation

in

the

electrode/electrolyte

interface [19].

Fig. 4.2

Room temperature cyclic voltammograms CVs of specific current I versus
electrode potential E versus pseudo Ag/AgCl electrode for Au in two
distinct capacitive behavior a) double layer capacitance and b) pseudocapacitance. Insets figures 4.2 a) and b) shows the double layer formation on
two distinct surface states.
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The typical CV behavior for Au corresponding to the double layer charging and
pseudocapacitance charging is shown in Figure 4.2 a) and b) respectively.
4.2.2. Cyclic voltammetry during reduction sweep
It may be worth to note that the open circuit potential (OCP) value obtained on asdealloyed np- Au is ~0.85V versus Ag/AgCl pseudo reference electrode. It is roughly 600
mV higher in the positive anodic potential than that obtained on polycrystalline planar Au
electrode [121]. It indicates that the as- dealloyed np- Au contains considerable amount of
adsorbed species that are retained in the nanoporous structure during the dealloying
process. To remove the adsorbed species, the as- dealloyed np- Au is immersed in HClO4
and potentially cycled successively in a wider potential interval, between -0.3 and 0.9 V,
at a scan rate of 1mV/s. This cyclic voltammetry reduction sweep helps to attain clean
metallic Au surface [cf. Figure 4.3 a)]
Figure 4.3 displays the time-dependent changes in the cyclic voltammograms for
as- dealloyed np- Au samples in 0.1M HClO4 electrolyte. Twenty one successive cyclic
current I versus E scans are depicted in the Figure 4.3 a). The cyclic voltammograms
showed the electrochemical characteristic features of Au, such as plateaus corresponding
to the adsorption and desorption of oxygen containing species at the positive end (ca. 0.5
– 0.9 V) and a constant current passed double layer interval (between - 0.3 and 0.5 V) for
Au surfaces after the first broad reduction peak in the cathodic scan. The start potential Es
for the cyclic scans displayed in Figure 4.3 a) is close to the open circuit potential (OCP)
value 0.85 V versus Ag/AgCl pseudo reference electrode for the as- dealloyed np- Au
sample. Figures 4.3 b) and 4.3 c) show the changes in applied potential E and the net
charge transferred Qn during the twenty one successive potential cycles.
On assuming the concentration of oxygen containing adsorbed species in asdealloyed np- Au to be virtually equal to zero after the successive cyclic scans between 0.3 and 0.9 V, we determine the net charge transferred that corresponds to the complete
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desorption of adsorbed oxygen containing species from the transferred cumulative charge
Qc(1-21) estimated from Qn versus t plot [cf. Figure 4.3 c)]. Figure 4.3 d) shows Qc
value as a function number of cyclic scans. It is seen that the Qc(1-21) value reached 3.23
C. This observation offers an opportunity to validate the reduction process involved
during the transformation from as- dealloyed np- Au surface to reduced np- Au surface.
Now, it is worthwhile to comment upon the possibility of transformation from as- dealloyed
np- Au to reduced np- Au during the electrochemical reduction. Such a process is expected
to proceed by the gain of one electron or more than one electron per surface atom. To gain
insight into this scientifically sensitive issue, we analyze the charge Qdiss corresponding to
the dealloying current Idiss for Ag dissolution and the cumulative charge Qc transferred
from each cyclic scan.
The dealloying current Idiss measured during Ag leaching out from the alloy
Ag75Au25 is found to decrease exponentially with dealloying time t. This decreasing trend
can be understood, as there is a continuous removal of Ag atom flux from the alloy
Ag75Au25 with time. The dealloying behavior observed is very similar to the previous
experimental observations and theoretically simulated reports [19]. If the current Idiss
measured during the dealloying event is solely due to electrochemical Ag oxidation
reaction Ag0  Ag+ + e-, then the net charge Qdiss value of 12.76 C determined from Idiss
versus t plot, using the relation, Q = ∫ I. dt, should provide the information about the
number of Ag atoms removed from the alloy Ag75Au25 of mass 16.5 mg. With 55.86 x
1020 Ag atoms present in one gram, the amount of Ag atoms NAg removed from the
original alloy Ag75Au25 can be calculated. As compared to QAg value of 9.16 C obtained
from the amount of Ag atoms dissolved NAg by the oxidation reaction Ag0  Ag+ + e-,
the net charge Qdiss value of 12.76 C, determined from the dissolution current Idiss is
rather large having an extent close to 35 %. This implicates that the net dissolution charge

78

Chapter 4

Determination of surface area of np- Au

Qdiss is a function of two different variables: the charge QAg corresponding to the
amount of dissolved Ag atoms NAg and the charge QOads corresponds to the amount of
oxygen containing Oads species present in as- dealloyed np- Au. Therefore, the charge that
corresponds to the Oads species present in as- dealloyed np- Au may be estimated as,
QOads = Qdiss - QAg. The presence of Oads species in as- dealloyed np- Au is originally
discussed by Wang et al. [110], Zeis et al. [30], and Wittstock et al. [11].

Fig. 4.3

Results of electrochemical reduction process in as- dealloyed np- Au. a)
Twenty one successive cyclic voltammograms of as- dealloyed np- Au
recorded in a wider potential interval -0.3 to 0.9 V at a scan rate of 1 mVs-1.
b) and c) Changes in applied cell potential E versus Ag/AgCl and net charge
Qn transferred during the twenty one successive scans of figure a),
respectively. Since the charge Qn transferred in the first cathodic scan is
much higher the charge values in the subsequent oxidation/reduction scans
are not balanced to Qn = 0 in the y-axis. d) Cumulative charge Qc
transferred at the end of each successive reduction scan.

By inspection of the charge values obtained from the dealloying and the reduction
events, it is seen that the estimated charge QOads value 3.6 C corresponding to the Oads
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species present in as- dealloyed np- Au sample is nearly equal to the measured charge
Qc(1-21) value 3.23 C that corresponds to complete reduction of Oads species in reduced
np- Au. As a verification of reproducibility, similar experiments were performed on three
more samples in identical experimental conditions. The consistency in the results
obtained from trail experiments strongly suggests that oxygen containing species in the
electrolyte are coupled with all the diffused Au atoms originally from the alloy phase
during the evolution of nanoporous Au architecture. Its reduction during the
transformation from as- dealloyed np- Au surface state to reduced np- Au surface state is
mostly governed by one electron transfer process.
It is noteworthy to mention that as shown in Figure 4.3 c) the charge Qn
transferred in the first cathodic scan, is much more than the net charge transferred in the
remaining cyclic scans. This clearly indicates that majority of the adsorbed Oads species in
as- dealloyed np- Au get desorbed during first reduction scan. The current I versus
potential E behavior depicted in 2 - 21 cycles of Figure 4.3 a) are typical for surface
evolution with systematic increase in ligament coarsening. The cumulative charge Qc(221)

corresponding to the reduction reaction on ligament surfaces of np- Au during the

successive cyclic scans 2 to 21 gives 0.34 C for a 6.3 mg sample. For the value Qc(2-21) =
0.34 C, the coarsened surface area is calculated as αc = Qc(2-21) NA/Fds. NA is the
Avogadro’s number, F denotes Faraday constant and ds is the areal density of surface
atoms. This density is 1.53 x 1019 atoms m-2 for fcc metals. It gives 22.5 m2 g-1. As it was
previously mentioned majority of as- dealloyed np- Au containing a significant amount of
Oads species gets desorbed during first reduction scan. A close inspection of Figure 4.3,
suggests that the coarsened behavior in as- dealloyed np- Au during the first cathodic scan
is not clearly understood since the amount of desorbed Oads species that contributes to
modify the porous-ligament surface structure is exactly not known. Due to these facts, it
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is difficult to quantify the true coarsened surface area which relates to the as- dealloyed
np- Au to reduced np- Au transformation.
The present results are discussed on the basis of established phenomenology of
oxidation/reduction of metals as reported in Ref. [122]. We safely assume that the
electrochemical reduction of positively charged metal surfaces recovers to pure metal
surfaces. The current indicative of the transformation of positively charged metal surfaces
to the reduced clean metal surfaces involve rearrangement of surface metal atoms [123]
since the electrode-electrolyte interface inevitably try to bring in equilibrium. This
strongly suggests that, when the cell potential sweeps in more negative in the cathodic
scan, the diffusivity of Au atoms at the pore surfaces became more effective which
initiates ligament coarsening. To this, our experimental sequence aims towards
investigating as- dealloyed np- Au and reduced np- Au surfaces in their double layer
potential region to determine their surface area value.
4.2.3. Double layer capacitance ratio method
Electrochemical double layer capacitance ratio method was used to measure the
absolute surface area of nanoporous metal samples. In the electrochemical double layer
interface, the net charge transferred across the electrode surface occurs mostly by the
coupled influence of diffusion of ions in the electrolyte and electrostatic forces. Cyclic
voltammetry (CV) at different scan rate, υ, were recorded in the potential region where
dominantly the double layer charging taking place at Au electrode. The mean current,
Imean, was plotted as a function of scan rate is shown in Figure 4.4.
The potential E developed at the double layer interface changes linearly with
time for a constant current I flow, i.e.


( 4.1 )

∫ 

and therefore double layer capacitance Cdl
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( 4.2 )

It can be expressed as,
⁄

Fig. 4.4

( 4.3 )

Room temperature cyclic voltammograms CVs of specific current I versus
electrode potential E versus pseudo Ag/AgCl electrode for Au in two
distinct capacitive behavior a) double layer capacitance and b)
pseudocapacitance at different scan rates 10 – 30 mVs-1. Mean specific
current Im obtained from the CVs of c) double layer capacitance and d)
pseudocapacitance with function of scan rate. Arrow indicates the increasing
of scan rate.

The double layer capacitance value can be easily obtained from the analysis of
cyclic current I versus potential E scans. Figure 4.4 shows a typical double layer charging
and discharging behavior of metal electrode and oxygen ads- species (OH-) covered
metals electrode in an aqueous acidic electrolyte.
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Since , Au has two different surface states such OH- covered and reduced clean
metallic, the surface area of Au can be obtained using the Jellium model [32]. This
corresponds to capacity of 40µF/cm2 in the case of double layer charging and 20µF/cm2
in the case of pseudo double layer charging for having surface atom density of 1.5
x1015/cm2.
Specific surface area, αm, is calculated from dividing surface area (SA) by sample
mass, m.
Specific surface area,
( 4.4 )
4.2.4. Determination of Surface area of np- Au using adsorption methods
4.2.4.1.

OH- adsorption/ desorption method using Cyclic Voltammetry

Adsorption/desorption of oxygen ads-species (OH-) is one such method to
determine surface area by adsorption of the metal electrode [58,113]. If OH ad-layer
(OHads) forms a monolayer on the electrode surface with intermediate formation of one
electron transfer product of M(OHads) by a charge transfer reaction,
( 4.5 )
then the specific surface area will be,
( 4.6 )

here,
where, na is the amount of oxygen adsorption in the monolayer, F is the Faraday constant,
NA denotes Avogadro’s number, Ds denotes density of surface atoms, δQads-de is the
magnitude of charge transfer. Cyclic voltammetric I-E curve for pure Au electrode in 1M
HClO4 electrolyte recorded at room temperature is shown in Figure 4.5.
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Room temperature cyclic voltammetry for Au in HClO4. A typical
voltammogram for Au in a wider potential interval showed features of OH
adsorption/desorption reaction and double layer charging.

The magnitude of charge transfer can be obtained from the following expression,


( 4.7 )

∫ 

and it can rewrite as,
∫ 

( 4.8)

The δQads-de can be calculated by integrating the net charge transferred. It is worth
noting that the capacitive current from double layer region extends over the whole
potential window. Hence the exact contribution of charge corresponding to OHadsorption/ desorption can be calculated as,
( 4.9 )

∫ 

where δQdl is associated to double layer capacitive processes in the OH- adsorption/
desorption region.
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4.2.4.2.

Experimental details

Adsorption isotherm based Brunauer Emmet Teller (BET) method

The specific surface area is determined by physical adsorption of gas or vapor at a
definite pressure in a closed container at a given temperature [116,124]. Physical
adsorption results from relatively weak forces (Vander Waals force) between adsorbate
gas and adsorbent surface of the sample. This determination is usually carried out at the
temperature of liquid nitrogen. At low pressure, a monolayer of the gas is formed on the
surface and as pressure increases, excess gas is adsorbed and it forms multilayers. The
adsorption phenomenon follows the adsorption isotherm equation,

*

(

)+

( 4.10 )

( )

Where P/Po is the relative pressure, C is the constant related to the enthalpy of
adsorption of adsorbate gas on the sample, Va is the volume of gas adsorbed at standard
temperature and pressure (STP) and Vm is the volume of adsorbed gas at STP to produce
an apparent monolayer on the sample surface. The values of slope and intercept from the
equation 4.10 are used to calculate the monolayer adsorbed gas. From the values of Vm (1/
(slope + intercept)) and C ((slope/intercept) +1), the specific surface area,αm, (m2/g) is
calculated by the equation,
( 4.11 )

Where Na is the Avogadro no. (6.023 x 1023 mol-1), m is the mass of the sample.
Thermo Scientific Surfer gas adsorption porosimeter (Thermo Fisher Scientific S.p.A)
was used to measure the specific surface area.

4.3.

Experimental details
The electrochemical experiments were performed in a commercial potentiostat

(PGSTAT 302N, Metrohm Autolab e.v.). All electrochemical experiments in this study
were performed under potential control using Ag/AgCl pseudo reference wire electrode.
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There is a shift of -198 mV to the standard Ag/AgCl/3M KCl electrode and -398 mV with
respect to the standard hydrogen electrode SHE. The latter study also used the scanning
electron microscopy technique to investigate the evolution of surface morphology of the
np- Au samples. ImageJ software was used to analyze the SEM images of the np- Au
samples from which the ligament size d was obtained by averaging the diameter of fifty
selected ligaments.
The temperature dependent electrochemical double layer experiments on asdealloyed np- Au and reduced clean metallic np- Au samples were carried out in constant
current passed anodic/cathodic regions around the cell open circuit potential (OCP) in a
temperature interval of 298 – 363 K. Open circuit potential is the potential difference that
develops in a cell when potential applied to the cell is disconnected. The temperature was
controlled using a bath thermostat having an accuracy of  0.2 K shown in Figure 4.6.

Fig. 4.6

Schematic of Electrochemical cell in water bath set-up. WE is np- Au, RE is
Ag/AgCl wire electrode and CE is porous gold of surface area larger than
the WE. Cell temperature was monitored by using a glass thermometer.

To remove the adsorbed species that are retained in the as- dealloyed np- Au and
for obtaining characteristic electrochemical features of clean Au surfaces, the asdealloyed np- Au immersed in HClO4 was potential cycled successively in a wider
potential interval, between - 0.3 and 0.9 V, at a scan rate of 1 mVs-1.
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BET surface area measurements were carried out on two samples of as- dealloyed
np- Au having masses of 239 mg and 400 mg. The nitrogen adsorption/desorption
isotherms were recorded on these samples after degassing the samples at temperatures
below 523 K. Degassing treatment under conditions of dynamic vacuum is a pre-requisite
for creating clean high vacuum environment prior to acquisition of nitrogen adsorption
isotherms at 77 K. Thermo scientific surfer gas adsorption porosimeter (Thermo Fisher
Scientific S.p.A) was used to record the nitrogen adsorption/desorption isotherms. The
BET surface area results were obtained from the lower limit in initial adsorption
isotherms (0.05 < p/p0 < 0.35) where the coverage of nitrogen on the free surface of asdealloyed np- Au extends only to one monolayer [117].

4.4.

Results and Discussion

4.4.1. Double layer voltammetry on different surface states of np- Au
Double layer charging/discharging behavior of different surface states such as
reduced and as- dealloyed np- Au in HClO4 electrolyte is summarized in Figure 4.7. The
reduced np- Au state from as- dealloyed state is achieved by cyclic voltammetry
reduction sweep process (c.f. Figure 4.3). Figures 4.7 a) and b) shows the cyclic
voltammograms, recorded on reduced np- Au state in 0.1M HClO4 and 1M HClO4 in the
capacitive potential region at different scan rates. The cyclic scans in Figures 4.7 a) and
b) are recorded in the constant current passed region centered around their OCP values
0.27 and 0.34 V, respectively. It is seen that the voltammetry curves displayed in Figures
4.7 a) and b) are symmetric in terms of charge balance in the anodic and in the cathodic
scans. In a similar way the pseudocapacitance value can also be obtained for asdealloyed state in 1M HClO4 in a potential interval 0.84 < E < 1 V as shown in Figure 4.7
c). This is around its open circuit potential (OCP) value of 0.85 V versus Ag/AgCl pseudo
reference electrode. As indicated in the experimental section, the dependence of OCP
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value to the surface state of polarizable electrodes seems to be particularly noteworthy
since the electrochemical parameters can alter electrode surface properties. Similar to the
Figures 4.7 a) and b), the areas under the anodic and cathodic scans in Figures 4.7 c) is
equal.
The pronounced rectangular shaped specific current i versus potential E loops
appearing in Figure 4.7 c) is indicative of the fact that the adsorbed oxygen containing
species in as- dealloyed np- Au during electro-corrosion of the Ag75Au25 alloy remain in
place during the cyclic scans in the potential interval 0.84 < E < 1 V. Jin et al. also
reported that as- dealloyed np- Au surfaces are covered with oxygen containing adsorbed
species which is consistent with our present observations [100]. On considering the
weakly bonded oxidative species on the pore surfaces in as- dealloyed np- Au, the
electrochemical charge transfer process across as- dealloyed np- Au can be stated to be
mostly pseudo-capacitive [89] which is schematically shown in Figure 4.1.
Their square shape appearance and absence of features corresponding to reversible
surface redox reactions point to the dominant contribution of equilibrium capacitive
charging. Cyclic voltammetry (CV) at different scan rate , were recorded in the potential
region where the double layer charging dominant process taking place at Au electrode.
The mean specific current, im, was plotted as a function of scan rate. It is seen that the
current value in both anodic and cathodic sweeps in the cyclic scans increases with the
scan rate ν and the variation of mean specific current im, is found to be a linear function
with ν. Figures 4.7 d) - f) display the result of mean specific current im of the constant
current passed in the anodic and cathodic scans for reduced and as- dealloyed np- Au
samples as a function of measurement scan rate .
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Room temperature cyclic voltammograms CVs of specific current i versus
electrode potential E versus pseudo Ag/AgCl electrode for np- Au in two
distinct surface states, reduced and as dealloyed recorded in their double
layer region at different scan rates 10 – 30 mVs-1. a), b) CVs for reduced npAu in 0.1M HClO4 and 1M HClO4, respectively c) CVs for as- dealloyed
np- Au in 1M HClO4 [91]. It is worth noting that the absolute i value
increases as the scan rate increases in all the sub Figures. Mean specific
current im obtained from room temperature CVs with scan rates ν; the results
for d) reduced np- Au in 0.1M HClO4 and e) reduced np- Au in 1M HClO4
and f) as- dealloyed np- Au in 1M HClO4.

Figures 4.7 d) - f) shows im versus scan rate curves obtained from the room
temperature cyclic voltammograms depicted in Figures 4.7 a) - c). Figure 4.7 d) and e)
represent the results for reduced np- Au in 0.1M HClO4 and 1M HClO4 and Figure 4.7 f)
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represent the results for as- dealloyed np- Au in 1M HClO4. It is seen that all the three im
versus  curves in Figure 4.7 d-f) are linear. As the quantity of double layer charge Qdl
transferred across the electrode surface is directly proportional to the surface atoms
density, the value of specific capacitance CS for the np- Au samples can be determined by
dividing the slope obtained from the linear regression of im on the variable  in Figures
4.7 d) - f) by mass m of the sample. In order to verify, whether the determined surface
area value in np- Au samples is reasonable, the cyclic voltammetry studies were
performed on a planar Au foil (purity 99. 99%) in its double layer dominant potential
region. The specific-mass surface area m value for planar Au obtained from the analysis
of the cyclic voltammograms yields 2.725 x 10-4 m2g-1, which is in close agreement with
its geometrical surface area g having a value of 2.688 x 10-4 m2g-1. The consistency in
the data between m and g values for planar Au emphasizes the validity of double layer
capacitance measurement method for the purpose determination of surface area for
nanoporous Au samples.
4.4.2. Evolution of specific-mass surface area with temperature
Temperature dependent specific-mass surface area m value for as- dealloyed npAu and reduced np- Au samples has been determined from the specific capacitance, CS
values. The microstructure results are discussed in chapter 3 reveals that nanoporous Au
is highly sensitive to the surrounding temperature. Thermal effects are therefore important
in the design and use of nanoporous metals at elevated temperatures. The results obtained
are summarized in Table 4.1 and in Figure 4.9. It must be mentioned that the specific
surface area, m value for as- dealloyed np- Au is significantly larger compared to that
obtained for reduced np- Au. Here, it is important to note that, there is a systematic
decrease of true surface area of np- Au during desorption of oxygen containing adsorbed
species in as- dealloyed np- Au, inferred from Figure 4.3.
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Based on the above results and the knowledge acquired from the literature, it is
emphasised that in an aqueous electrochemical environment, the diffusivity of Au atoms
in oxidized Au surface is lower as compared to that of a reduced clean Au surface [100].
This phenomenon is consistent with electronic theory which explains that the solid
surfaces exhibit different surface states in terms of electronic screening. Let us consider a
positively charged dipole covered metal surface with weak electronic screening. The bond
strength between the surface metal atoms is expected to decrease due to the reduction in
conduction electron density. In such a scenario, the excess charge that accumulates at the
electrode surfaces redistributed towards the inner bonds and populates it into the
bonding/anti-bonding orbital [122]. This supports the notion that the highly efficient
electronic screening on clean metal surfaces tends to increase surface diffusivity as well
as bond strength among surface metal atoms [122,125].
While the above arguments lend strong support to the notion that the capacitive
charging behavior in np- Au with different surface state can be understood in terms of
their surface diffusivity, it may be worthwhile to find out the variations of the specific
capacitance CS and the specific-mass surface area m values in as- dealloyed and reduced
np- Au samples with temperature. Cyclic voltammograms were recorded on as- dealloyed
np- Au and reduced np- Au samples at various temperatures in the temperature range 298
- 363 K in their double layer potential region. It must be mentioned that the temperature
dependent double layer capacitance results are discussed. This discussion intends neither
to elucidate the mechanism involved in the electrochemical potential variations at the
double layer interface nor to verify the double layer theories. The investigations are rather
directed towards unraveling the variation of important surface parameters like specific
capacitance CS and specific-mass surface area m, in as- dealloyed and reduced np- Au
samples with temperature. Figures 4.8 a) – c) show the im versus scan rate curves for as-
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dealloyed np- Au in 1M HClO4, reduced np- Au in 1M and 0.1M HClO4 electrolytes at
various temperatures. The symbols □, ■, ◇, ▼, ✶, ○ in the Figures 4.8 a) – c) identify
the measurement temperatures 298, 323, 333, 343, 353, 363 K, respectively.

Fig. 4.8

Mean specific current im obtained from the cyclic voltammograms (CVs) for
reduced np- Au and as- dealloyed np- Au in HClO4 at various temperatures.
(a), (b) Mean specific current im versus scan rate ν results for reduced np- Au
in 1M HClO4 and 0.1M HClO4, respectively, at different temperatures below
363 K. (c) Mean specific current im versus scan rate ν results for asdealloyed np- Au in 1M HClO4 at various temperatures below 363 K. The
symbols □, ■, ◇, ▼, ✶, ○ in the Figures a) – c) indicate the measurement
temperatures 298, 323, 333, 343, 353, 363 K, respectively.

Figures 4.9 a) and b) show the variations of specific capacitance CS value in
logarithmic scale and specific-mass surface area αm with reciprocal temperature,
respectively. The symbols ▽,○, □ in the Figures represent results for reduced np- Au in
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0.1M HClO4 reduced np- Au in 1M HClO4 and as- dealloyed np- Au in 1M HClO4,
respectively. It is seen that ln (CS) and αm data for reduced np- Au samples decrease with
increase in measurement temperature. This decreasing trend is consistent with the
previous reports on temperature dependent variations of double layer capacitance in metal
surfaces in contact with aqueous electrolytes [126]. No such noticeable temperature
dependent variation in ln (CS) and αm data was observed for as- dealloyed np- Au sample.

Fig. 4.9.

Variations of (a) specific capacitance CS and (b) specific-mass surface area
m for np- Au in HClO4 electrolyte with reciprocal temperature. The
symbols ▽, ○, □ in the sub Figures (a) and (b) represent the results for
reduced np- Au in 0.1M HClO4 and reduced np- Au in 1M HClO4 and asdealloyed np- Au in 1M HClO4 respectively
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Results of ligament diameter d, specific capacitance CS, specific-mass surface area
αm, geometrical surface area αg for as- dealloyed np- Au in 1M HClO4 and reduced
clean metallic np- Au samples in 0.1M and 1M HClO4, respectively, at room
temperature.
Sample
details

d (nm)
from SEM

CS (mF)
(expt.)

αm (m2 g-1)
(expt.)

αg ( m2 g-1)
(model)

as- dealloyed
np- Au
1M HClO4
reduced np- Au
0.1M HClO4

51

10190

51.16

26.5

20 ± 2

2680

6.69

6.63

reduced np- Au
1M HClO4

19 ± 2

2990

7.67

7.72

4.4.3. BET surface area in np- Au
Figure 4.10 a) shows two numbers of nitrogen adsorption/desorption isotherms
recorded on a 400 mg as- dealloyed np- Au sample. These isotherm curves were obtained
after degassing the sample for 2 hrs at 298 (indicated by black line) and at 323 K (indicated
by navy blue line). The closed and open circles in the isotherms represent adsorption and
desorption branches, respectively. The average ligament diameter of these samples
determined from the analysis of SEM images is 5 ± 1 nm and 5.5 ± 2 nm, respectively. The
BET surface area characterization shows the isotherms obtained are of the type IV
according to the classification scheme of International Union of Pure and Applied
Chemistry IUPAC. It is seen that the adsorption curve in these isotherms terminates almost
at a relative pressure value p/p0 of equaling-unity. This indicates the complete filling of
nitrogen adsorbed atoms inside the pore capillaries. The BET surface area in np- Au was
deduced from the initial linear part of the isotherms (0.05 < p/p0 < 0.35). The slope and the
intercept values obtained from the respective p/Vads (p0-p) versus p/p0 linear curves are
shown in Figure 4.10 b). These were used for the determination of BET surface area.
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Fig. 4.10

Results and Discussion

a) Two numbers of nitrogen adsorption/desorption isotherms recorded on a
400 mg as- dealloyed np- Au. The closed and open circles in the isotherm
curves represent the adsorption and desorption branches, respectively. b)
Linear part of the low relative pressure nitrogen adsorption curves obtained
from the isotherms in sub figure (a). The slope and intercept obtained from
the best linear fit of the data as shown in the Figure were used to determine
the BET surface area.

4.4.4. Geometrical and specific-mass surface area with ligament diameter
We follow an analytical approach to verify the specific-mass surface area m in
np- Au samples by combining the geometry of porous - ligament assembly coupled with
the ligament diameter d. We used a ball–stick model [127] for the determination of the
geometrical surface area, g of porous – ligament network assembly in np- Au. A drawing
as shown in Figure 4.11 provides a schematic view of the geometrical ball-stick (B-S)
model. With this configuration, we calculate the geometrical surface area g for 30 %
dense Au structure from the known material density 19.3 g cm-3 and from the surface area
Ag for single ball-stick structure,
(

)

( 4.12 )

R denotes radius of the spherical node. l denotes the length of the ligament and it
is equal to L-2R. r is the radius of the ligament and x is the area under the node-ligament
interconnected. The first, second and third terms in the right hand side of the equation
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corresponds to the area of spherical node and area of ligament region which shares each
node and area of curved ligament-node in interconnected region. The important
geometrical control parameters in nanoporous metals viz number of ligament
interconnects, ligament diameter and aspect ratio of the ligaments (ratio of ligament
length l to ligament diameter d) were adjusted for a constant ratio of ligament radius to
node radius (2/3) to find the matching geometrical surface area g to the experimentally
measured specific-mass surface area m. We find from the analysis that the specific-mass
surface area m and the geometrical surface area g values converge closely for the
ligament aspect ratio l/d value of 1.33 and in a sharing of each ligament with two nodes.

Fig. 4.11

Schematic view of a single ball-stick structure. R denotes radius of the
spherical node. l = L-2R is the length of ligament that touches node surface.
L is the length of ligament from the centre of two interconnected nodes. r
(= d/2) is the radius of ligament. x is the area under the node-ligament
interconnects which is equal to (1-1/√3) R.

Figure 4.12 a) shows the evolution of microstructure in as- dealloyed np- Au and
reduced np- Au at various temperatures. The left column in the figure represents the SEM
images for the as- dealloyed np- Au and the right column in the figure represents the SEM
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images for reduced np- Au samples. The SEM images of as- dealloyed and reduced npAu samples were taken after the double layer experiments at various temperatures. It is
seen that the SEM images for all the heat-treated np- Au samples show the characteristic
nanoporous microstructure of bicontinuous interpenetrating pores and ligaments [2]. The
changes in the ligament diameter d with heat treatment were obtained from the analysis of
SEM images and the results are shown in Figure 4.12 b).

Fig. 4.12

a) Evolution of ligament-porous microstructure in as- dealloyed np- Au
(images in left column) and reduced clean metallic np- Au (images in right
column) at various temperatures below 363 K. b) Results of temperature
dependent variations of ligament diameter d in reduced np- Au (symbol ◐ )
and in as- dealloyed np- Au (symbol ◓) samples obtained from the analysis
of SEM images.

Since the structure size is a fundamental surface parameter and enables one to
determine the surface area of solids, we plotted the specific-mass surface area m and
geometrical surface area g data for both as- dealloyed and reduced np- Au samples as a
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function of ligament diameter d as shown in Figure 4.13. The symbols ◓ and ◐ in the
Figure 4.13 represent the specific-mass surface area m for as- dealloyed and reduced npAu samples, respectively. The continuous solid line represents their geometrical surface
area g obtained using the ball-stick model. The results summarized in Figure 4.13
suggest that irrespective of different nature of the surfaces (as- dealloyed or reduced) the
specific-mass surface area m and the geometrical surface area g values increase with the
inverse size of ligament diameter. This behavior [cf. Figure 4.12] is found to be similar to
the size dependent surface area results reported for other nanocrystalline and nanostructured
materials [128]. Figure 4.13 contains also the BET surface area results on two as- dealloyed
np- Au samples of mass 239 mg and 400 mg (indicated by symbols ☆ and ⊕,
respectively). In addition, the BET surface area results on three different np- Au
samples [1,96] (indicated by symbol ⊡) are also shown in the Figure 4.13.
According to the literature reports, oxidation process in clean metal – electrolyte
interface consists of two successive charge transfer steps with intermediate formation of
one electron transfer product of M (OH)n by a charge transfer reaction, OH- + M ↔ M OHads + e- [114,129]. Since simultaneous transfer of two electrons being unlikely during
the formation of electrochemical surface oxidation on clean metals, we have resorted to
use adsorption/desorption of OHads species based on electrochemical cyclic voltammetry
for further validation of the np- Au ligament size dependence of surface area.
Adsorption/desorption of OHads on the pore surfaces in reduced np- Au was carried out by
recording the cyclic voltammetry scan between 0.3 and 0.95 V at different temperatures
below 363 K to determine the net charge QOH(ads-de) transferred with temperature. This
charge transfer corresponds to OH adsorption/desorption reaction in reduced np- Au
having ligament diameter d. For estimating the magnitude of charge transfer QOH(ads-de),
the current due to pure electrostatic charging that extends over the electrode surfaces
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during the adsorption/desorption processes is subtracted from the total current passed
across reduced np- Au. The adsorption/desorption of OHads species on Au surface being
an one electron process [114], the magnitude of charge transfer QOH(ads-de) could be
successfully used to obtain specific-mass surface area m of 10.4 mg reduced np- Au. The
symbol ► in Figure 4.13 represents the specific-mass surface area m of reduced np- Au
determined using the cyclic voltammetry results of OH adsorption/desorption events as a
function of ligament diameter d.

Fig. 4.13

A plot of specific-mass surface area m and geometrical surface area g
versus ligament diameter d for np- Au. The symbols ◓ and ◐ and the
continuous solid line represent the specific surface area m for as- dealloyed,
reduced np- Au samples and the geometrical surface area g obtained using
the ball-stick model, respectively. The symbols ☆ and ⊕ represent the BET
surface area data on 400 mg and 239 mg as- dealloyed np- Au samples
degassed in a dynamic vacuum at 273, 328, 383 and 523 K. The symbol ⊡
represents the BET data of np- Au reported in the literature [1, 40]. The
symbol ► represents the specific-mass surface area of a reduced np- Au
sample obtained from the process of adsorption/desorption of OHads species
on pore surfaces in reduced np- Au.
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It is shown in Figure 4.13 that the BET surface area value in np- Au decreases with
ligament diameter d and the decreasing trend is found to be similar to the variation of m
obtained from the capacitance ratio method. However, the surface area values obtained
from these two methods deviate significantly for ligament diameter below 15 nm. A
systematic study of above described and the documented literature report [115] suggests
that the discrepancy in the surface areas obtained from BET and double layer capacitance
methods for smaller ligament dimensions (below 15 nm) must be due to experimental
uncertainty in the measurements. The most plausible explanation for this inconsistency in
the specific-mass surface area values below the ligament diameter 15 nm could be due to
the generation of micro cracks due to mechanical stress [51,96]. For np- Au samples with
ligament diameter beyond 15 nm, the m values obtained from all the three experimental
methods overlap with the geometrical surface area g results (cf. Figure 4.13). The
consistency with the geometrical ball-stick model and comparable m values exhibited at
ligament dimensions beyond 15 nm confirm that ligament-pore microstructure and
chemical surface state in np- Au are important control parameters needed for quantifying
specific surface area of np- Au architecture. This architecture consists of continuous
interpenetrating Au ligament networks that yield a three-dimensional porous structure.
Here, it is worth mentioning that the temperature dependent capacitance (cf.
Figure 4.9) of as- dealloyed np- Au with oxygen containing adsorbed species shows
distinctly different trend on compared to reduced np- Au surfaces, with respect to charge
development at the Au-electrolyte interface. This difference in the temperature
dependence of specific capacitance CS behavior for as- dealloyed and reduced Au
surfaces is one of the possible diagnostic tools to understand the effect of oxygen
adsorbed species at the metal-electrolyte interfaces to the modified materials properties.
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Conclusions
In summary, we demonstrate that the electrochemical double layer capacitance

ratio method accurately determines the temperature dependent variation of specific
capacitance CS and specific-mass surface area m in nanoporous Au in its two distinct
surface states, as dealloyed and reduced clean metallic. It is interesting to note that the
serendipitous property in as- dealloyed np- Au does not change its CS and αm values,
suggesting that the adsorbed oxygen containing species are weakly bonded with Au
during the evolution of nanoporous architecture with temperature. This phenomenon in
the pore surfaces prevents ligament coarsening upon heating. This observation is in
contrast to the pronounced ligament coarsening with temperature that exists on reduced
clean metallic np- Au. Though the as- dealloyed np- Au samples can have pronounced
anti-coarsening effect with temperature, an in-depth theory and experimental knowledge
on temperature dependent coarsening phenomenon in nanoporous Au in the presence of
different dipole interactions is essential to promote np- Au materials for high temperature
catalytic and energy conversion applications.
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Positron diffusion behavior in nanoporous Au
Positron annihilation spectroscopy is an applied nuclear physics non-destructive
experimental technique to study the vacancy like defects (atom fraction of 10-7-10-4) and
micro voids in solids. Positron lifetime, Doppler broadening line shape measurements,
angular correlation of annihilation photons are the three major techniques available in this
positron annihilation spectroscopy studies. The positron lifetime is commonly used to
study the open volume type of defects in materials. Low energy positron beam Doppler
broadening spectroscopy technique is used to study open volume defects distributed in
near surface region (<1µm). In this chapter evolution of defects during the formation of
nanoporous Au and its annealing behavior will be discussed using the low energy
positron beam Doppler broadening spectroscopy technique. Study of nanoporous metals
like np- Au using the positron annihilation spectroscopy offers an opportunity for
understanding the positron interaction with defects in the nanoporous Au assembly.

5.1.

Introduction
As discussed in the previous chapters, np- Au has two-phase microstructure

consisting of interpenetrated nanometer sized metallic Au ligament networks with threedimensional continuous pores [2,5,14]. The three dominant interests which motivate me
to study the positron annihilation in np- Au are as follows. First, to understand the
mechanism for the evolution of bi-continuous open pore structures with ligaments of
nanometric dimensions during the electrochemical dissolution process and how these
structures coarsen with thermal annealing [3]. An understanding of this will help in
tailoring the nanoporous morphology through additional alloying elements or thermal
annealing. Second, to find the effect of open volume defects such as vacancy and stacking
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fault tetrahedra (SFT), that are retained inside the ligaments during electrochemical
dealloying [130], to the positron diffusion in the nanoporous Au ensemble [21]. To find
the mechanism of coarsening and positron interactions in the np- Au ligaments, low
energy positron beam measurement studies have been carried out. Third, despite progress
has already been made on the investigations of positron diffusion behavior in dense
metallic solids [131,132], no exact results have been reported on the positron diffusion
behavior in nanoporous metallic counterparts.
It is the purpose of the present chapter to explore the role of defects, if any, on the
evolution of nanoporous Au morphology using positron lifetime experiments and the
positron diffusion behavior in np- Au with ligament diameter using low energy positron
beam Doppler broadening spectroscopy.

5.2.

Experimental procedure
The synthesis procedure for np- Au was discussed in chapter 2. In brief, the np-

Au samples used for the study were made by electrochemical dealloying of arc melted
Ag75Au25 binary alloy [3,20]. Disc shaped np- Au samples with dimensions ~ 1.5 cm in
diameter and ~ 0. 2 cm in thickness were used for this study. The positron annihilation
spectroscopy has been widely used to study vacancy, micro-void and grain boundary
defects in metallic materials [133,134]. The analysis of low energy positron beam
experiments in terms of positron diffusion length and positronium fraction, f3γ/2γ provides
an opportunity to obtain insight on the positron behavior in nanoporous Au and depthwise defect distribution in Au ligament - pore network. Low energy positron beam
experiments were performed on np- Au as a function of annealing temperature. Positrons
are produced in an encapsulated 50 mCi 22Na radioactive source and moderated in a thin
(thickness ~1 m) single crystal W(100) foil in transmission geometry [135]. The
positron beam diameter collimated for implantation on the samples was 8 mm. In order to
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investigate the positron annihilation at various positron incident energies and to identify
the defect environment as a function of sample depth, Doppler broadening line shape
spectra were recorded with the variation of positron beam energy in the range 0.2 - 15
keV. High-purity Ge detector having an energy resolution of 1.4 keV at 662 keV gamma
line of Cs137 was used for the data collection.

5.3.

Determination of positron diffusion length

5.3.1. Positron trapping model
Positrons capture in open-volume defects during diffusion in the material, is used
to demonstrate in the simplest trapping model [24]. After thermalization process, the
diffused positron may annihilate in the defect-free bulk of the samples with the
annihilation rate λb. If the concentration of the open-volume defect is sufficiently high, a
certain fraction of positrons diffuse through the samples may be trapped in the defects
with the trapping rate κd. The rate equations used in the positron trapping model are
described in chapter 2. It is considered that the positron capturing process occurs only
after thermalization and the trapped positron does not detrap from the defects. This
assumption satisfies for open-volume defects [133]. Concentration of open volume
defects calculated by positron diffusing through sample and trapped with the trapping
rate, κd.
( 5.1 )
where µd is the specific trapping coefficient and C is the defect concentration.
The scheme of positron trapping model is shown in Figure 5.1. When using two
state trapping model for the data analysis, the first lifetime component τ1 equals to the
bulk lifetime τb minus the contribution from trapping rate κ. The second lifetime can then
be allocated to a defect with the lifetime τd. In more complex materials more than one
kind of defect can be expected. Figure 5.1 is shown positron trapping model with two
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distinct defect states. If the bulk lifetime cannot be separated numerically from one of the
defect lifetime, then the following cases can be distinguished according to
Hautojarvi [64].

Fig. 5.1

Scheme of the two state positron trapping model with more than one defect
type. After Thermalization, the positron may annihilate from the defect-free
bulk with the annihilation rate λb. Alternatively they may be trapped in the
defect with the trapping rate κd and annihilate with the smaller annihilation
rate λd.

(1) For saturation defect where no positron in free state can be detected, all positrons
annihilate in a defect (trapped state). The trapping rate is given by,
( 5.2 )

I1exp and I2exp are the intensities of resolved lifetime components τ1exp and τ2exp
respectively obtained from experiment. κd1 and κd2 are trapping rates for two types of
defects
(2) If τ1exp consists of two lifetime components (bulk and one defect) and τ2exp is well
separated. This is the case when simultaneously point defects and defect clusters exist.
The lifetime components are given by
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⁄

( 5.3 )
⁄

⁄

( 5.4 )

⁄

( 5.5 )

⁄

⁄

With intensities
( 5.6 )
( 5.7 )

( 5.8 )
And trapping rates will be
( 5.9 )

( 5.10 )

Positron diffusion length L+ is calculated from the above trapping model findings.
The positron diffusion length is limited due to the finite lifetime of positron in defect-free
bulk, τb
√

( 5.11 )

In the presence of defects in as- dealloyed nanoporous Au, the positron trapping
rate, κd was taken into account, resulting in the effective positron diffusion length Leff ,
will be,
( 5.12 )

√
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where D+ is the positron diffusion coefficient, λb is the positron annihilation rate in defect
free state site and κd is the positron trapping rate in defect site.

5.4.

Results and Discussion
Figure 5.2 shows typical microstructure results for np- Au with different ligament

sizes. Scanning electron microscopy (SEM) was used to examine morphology evolution
subsequent to different stages of ligament coarsening. Figures 5.2 a) – e) show the SEM
images made on few selected nanoporous Au samples heat treated at a prescribed
temperature in the range 298 - 1073 K. Figure 5.2 f) shows the mean ligament diameter d
versus annealing temperature obtained from the analysis of the SEM images using the
software ImageJ. It is seen that the ligament diameter increases with annealing
temperature. The evolution of microstructure, e.g. ligament diameter d with coarsening,
as summarized in the Figure 5.2 is important parameter since the present study correlates
the positron diffusion limited processes in np- Au with ligament diameter d.
Results obtained from the microstructure investigations revealed that the
ligament-pore network assembly in np- Au is monolithic [20,130]. In this skeletal
monolithic framework, it becomes important to understand the variation of positron
diffusion length Leff with ligament diameter d as the annealing temperature increases.
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Fig. 5.2

Results and Discussion

Scanning electron microscopy results of np- Au with temperature treatment.
The as- dealloyed np- Au samples were heat treated at various temperatures.
a) 298 K, b) 398 K, c) 428 K, d) 523 K, e) 873 K. f) The mean variation of
ligament diameter d for np- Au with annealing temperature.

5.4.1. Low energy positron beam Doppler broadening spectroscopy measurements
Positron lifetime results in as- dealloyed np- Au reported in ref. [3] have identified
two lifetime components with values 1 ~ 209 ps and 2 ~ 439 ps. The lifetime 1 is
associated with the annihilation of positrons in vacancies present in the ligaments and the
lifetime 2 corresponding to the annihilation of positrons at the ligament-pore interface. It
was shown that these lifetime values in np- Au change systematically with annealing
temperature, and in particular, the lifetime value corresponding to the annihilation at the
ligament-pore interface shows signature of ligament instability [3,136]. In the following,
we try to understand the implications of the above changes in lifetime parameters on the
evolution of the morphology of np- Au with annealing. In the present study, we have
carried out low energy positron beam experiments to investigate the evolution of defects,
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associated with the change in morphology of np- Au with annealing temperature. It must
be mentioned that from a measurement of the Doppler broadened line shape parameter as
a function of the incident positron energy, S(EP), one is able to obtain information on the
evolution of open volume defects with annealing temperature. Further, the S(EP) variation
is also amenable to extract information on the diffusion length of the positron in the
medium, that is sensitive to the presence of defects [7]. Thus, in the present study, we
follow the variation of the defect sensitive S - parameter and also estimate the variation of
positron diffusion length to obtain insight on the evolution of defects with temperature in
np- Au.
Figure 5.3 a) shows the typical positron beam Doppler broadening spectra for
incident positron beam energy of 15 keV, obtained in as-prepared np- Au (symbol ○)
compared with those in annealed at 473 K (symbol ∆) and 1073 K (symbol □) and defect
free bulk Au (symbol *). It is seen in the Figure 5.3 a) that dominant changes that occur in
the Doppler broadening spectra are at low momentum region where positron wave
function in the localized vacancy state has a greater overlap with that of valence
electrons. To understand the significance of the changes in the Doppler broadening
spectra at lower momentum region, the peak line shape parameter (S - parameter ) was
estimated and plotted as a function of incident positron beam energy EP as shown in
Figure 5.3 b). S - parameter is defined as the ratio of counts in the central energy E
region of 511± 1 keV to the total counts under the peak energy E range of 511± 10 keV.
The dependence of line shape S - parameter with positron beam energy EP can be
obtained from the fitting of data with sequence of different homogeneous layers using
VEPFIT program [77]. The relative change in S - parameter values of np- Au with
temperature annealing conveys information about defects contributing for positron
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trapping or positron annihilation sites S ( EP )  f i ( EP )Si , where f i is the fraction of
positron annihilation in layer i and Si is its characteristic S – parameter [7].

Fig. 5.3

a) shows the typical positron beam Doppler broadening spectra recorded at a
beam energy of 4 keV in as-prepared np- Au (symbol ○) compared with
those in annealed at 473 K (symbol ∆) and 1073 K (symbol □) and defect
free bulk Au (symbol *). S - parameter is defined as the ratio of counts in the
central energy E region of 511± 1 keV to the total counts under the peak
energy E range of 511± 10 keV. Figure 5.3 b) shows the measured positron
annihilation line shape S - parameter versus incident positron beam energy
EP for np- Au annealed at various temperatures. The dependence of line
shape S - parameter with incident positron beam energy EP is analyzed using
the standard VEPFIT code [77].

Since the microstructure of np- Au comprises of an ensemble of three-dimensional
interconnected nanometer sized interpenetrating ligament network with interconnected
free volume, we used the frequently applied layer model [77] for the analysis of S(EP)
curves, depicted in Figure 5.3 b). Best fitting of the S(EP) curves was achieved with two-
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layer component, with the first layer corresponding to annihilations in the near surface
region and the second layer corresponding to the bulk of the np- Au. The solid lines in
Figure 5.3 b) are the fits to the experimental data. In an attempt to understand the
atomistic process involved in the variation of S - parameter with annealing temperature,
we also include in Figure 5.4, the salient results from our earlier positron lifetime
measurements [3]. Associated low energy momentum annihilation fraction with vacancies
and voids in metallic systems is well established [137,138].
In Figure 5.4 a), we show the variation of the S - parameter value corresponding
to the annihilations from the second layer, with annealing temperature. Owing to the
lower momentum of positron annihilation in open volume defects [139,140], the increase
in S - parameter with annealing below 473 K indicating that the vacancies that are
originally present in the as- dealloyed np- Au start migrating and form a vacancy
clusters/voids. In order to understand these results, we take the support of our earlier
investigations on the variation of positron lifetime parameters with annealing
temperature [3], and these are summarized in the bottom panel of Figure 5.4 a). The
initial increase in S - parameter, as also the concomitant variation of 2, with annealing
upto 473 K may be attributed to the growth of vacancy clusters arising due to the
aggregation of thermally migrating vacancies, as this also coincides with the stage
corresponding to a decrease in lifetime 1 with annealing temperature. Indeed the
presence of encased voids in the ligament bulk and near to the proximity of ligament
interconnects was reported in high resolution transmission electron microscopy studies on
as- dealloyed np- Au [5]. It may be mentioned that early resistivity measurements on
quenched Au – Ag alloys [141,142] have also indicated annealing of vacancies in this
temperature with a migration energy of 0.85 eV. In support of the formation of vacancy
clusters, we also present the results of TEM experiments on as- dealloyed np- Au,
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annealed at 363 K. HRTEM (LIBRA 200FE Zeiss) was used to obtain the TEM
micrographs. The ligament structure can be discerned in low resolution micrograph
shown in Figure 5.4 b), and the high resolution image in Figure 5.4 c), shows triangular
contrast of ~ 3 nm, associated with stacking fault tetrahedra (SFT) defect structure [143].
It is seen that these SFTs are present in proximity to ligament interconnects.

Fig. 5.4

a) Positron beam Doppler broadening S - parameter in np- Au (symbol ●) as
a function of annealing temperature. Our earlier positron lifetime values 1
(symbol ▲) and 2 (symbol *) in np- Au with thermal annealing reported in
Ref. [3] are shown in the bottom panel of the figure. Error bar values are
within the width of the data points. Lines with short dash dot as shown in the
curves are guide to eye. b) Low magnification TEM image of 363 K
annealed np- Au. c) High resolution atomic resolution image taken from the
selected area in sub figure b) showing an image of about 3 nm sized SFTs,
identified by arrows.

When the annealing temperature exceeds 473 K, both S - parameter and lifetime

2 start decreasing [cf. Figure 5.4 a)]. It must be mentioned that in the annealing
temperature interval (473 – 1073 K) at which the S- parameter decreases is in the
temperature region where the variation of ligament diameter d becomes faster [cf. Figure
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5.2 a)]. It is noted that this rapid decrease in the S - parameter and lifetime 2 coincides
with the rapid increase in the ligament diameter [cf. Figure 5.2 a)] in the temperature
range from 473 to 1073 K.
The above results on the annealing out of defects, associated with the rapid growth
of ligaments, is in support of the large scale kinetic Monte Carlo simulations carried out
by Erlebacher [136], that has indicated that the coarsening of ligaments involve complex
changes in topology associated with the reduction of genus via both ligament pinch-off
and void formation. Closure of the pores is also occurred partially in this annealing
interval due to the creation of inter-ligament contacts [cf. Figure 5.2 c)]. These
observations are close agreement with our previously reported ligament coarsening
studies on np- Au which indicated that defects present in the ligaments play an important
role for ligament coarsening [3,127].
In addition to obtaining the defect sensitive Doppler broadening line-shape
parameter, S, the low energy positron beam experiments also provide an opportunity to
evaluate the positron diffusion length that is influenced by the presence of defects. The
effective positron diffusion length Leff was extracted from the layer fittings of S(EP) plot
using the VEPFIT code [77]. Figure 5.5 a) shows the effective positron diffusion length
Leff values in np- Au as a function of annealing temperature. It is seen that initially there is
a marginal decrease in the Leff value up to 473 K, followed by a rapid increase as the
annealing temperature increases, and finally reaches the value corresponding to annealed
Au, viz., 120 nm, as indicated by the dotted line. The positron diffusion length in
annealed Au was estimated using the relation

√

, where b is the positron

annihilation lifetime in annealed Au, and D+ is the positron bulk diffusivity in Au at room
temperature [144]. The variation of positron diffusion length with annealing temperature,
shown in Figure 5.5 a), is consistent with the variation of S - parameter and lifetime [cf.
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Figure 5.4 a)] in that it arises due to an initial growth of vacancy clusters upto 473 K,
followed by their break up with the increase of annealing temperature.

Fig. 5.5

a) Variation of positron effective diffusion length Leff in np- Au as a function
of annealing temperature. b) Variation of positron effective diffusion length
Leff in np- Au with ligament diameter d. The initial decrease changes to an
increase for ligament diameters greater than the positron diffusion length in
bulk, indicated as a vertical dashed line. Solid line as shown in sub figures a)
and b) are guide to eye. Dotted line at L+ =120 nm in sub figures a) and b),
corresponds to the estimated positron diffusion length, L+, in bulk defect free
Au.

Apart from providing results in support of the S - parameter variation on the
evolution of defects with annealing temperature, the analysis of the low energy positron
beam experiments in terms of the positron diffusion length provides an opportunity to
obtain insight on the positron behavior in np- Au of varying diameter. This is presented in
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the following. In Fig, 5.5 b), we plot the variation of Leff, as a function of ligament
diameter, using the results on the variation of ligament diameter with temperature from
SEM measurements, as shown in Figure 5.2. In Figure 5.6, we plot the variation of Leff
with d on a logarithmic scale. It is seen that the positron diffusion length scales with
ligament diameter d with a power law dependence Leff  d 1/3. Also shown in Figure 5.6 is
the positron diffusion length obtained from the lifetime data of Ref. 2 using the relation
Leff  D (   ) , where κ is the defects trapping rate and λ is the annihilation rate of

defects [70]. This is obtained by applying the two stage trapping model to the variation of

1 [cf. Figure 5.4 a)], as it straddles between 209 ps and the annealed value 116 ps.

Fig. 5.6

Plot of ln (Leff) versus ln (d) for np- Au obtained from Doppler broadening
line shape measurement data (symbol ●) and from lifetime measurement
data corresponding to average of vacancy and vacancy cluster/void defects
(symbol □). Straight dash dot lines are best linear fit of the relation between
Leff and d with a slope of 0.3.

The present experiments on np- Au indicate that the positron diffusion length
varies with the physical size of the sample, viz., the diameter of the ligaments, and scales
as d1/3. Basically, the underlying reason for the increase of the diffusion length, towards
the bulk value of 120 nm is the decrease in density of vacancy defects, as the ligament
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grows with the increase of annealing temperature. The observed exponent of 1/3 can be
rationalized as indicative of positron diffusion along the length of the ligaments, based on
dimensional arguments, as indicated below. We first note that the positron diffusion
length is given by L  D (   ) , where k is the trapping rate proportional to the
12

vacancy concentration Cv, that decreases as the annealing temperature increases. Given
that the positron trapping rate at vacancies is given by   Cv , L+ scales as (Cv)

-1/2

.

Assuming that the positron diffusion taking place along the length of the ligaments, the
operative defect density controlling the diffusion length is the defects along the length l of
the ligament, that is given by C v ~ 1 d 2 l  , that in turn leads to L ~ d1/3 . Thus, the
1/ 3

observed d1/3 behavior of the positron diffusion length is indicative of one-dimensional
diffusion along the ligament length l. This confining effect of positrons along the
ligament length may be due to the confining potential felt by the positron at the surface of
Au ligaments in np- Au.
Further support for this one dimensional diffusion of positrons in np- Au is
obtained from the measurements of positronium fraction, as presented below. Information
on positron diffusion in the medium can also be obtained in a low energy positron beam
experiments by looking at the spectral signatures for three photon annihilations from
positronium, which forms at the entrance surface by the back diffusion of impinging
positrons. The fraction of impinging positrons that diffuse back to the entrance surface
and annihilate as a positronium can be estimated from the measurement of the relative
fraction, f, of the 3/2 yields [139]. Figure 5.7 shows the 511 keV gamma-ray spectra
region which is used for estimating of the positronium fraction, 3/2. Z is the total
energy spectra counts and P is the photo peak energy spectra counts
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The 511 keV gamma-ray spectrum measuring using HpGe detector. The
region used for calculation of the positronium fraction. Z is the total energy
spectra counts and P is the photo peak energy spectra counts.

We have monitored the positronium fraction f in all annealed np- Au samples by
the analysis of -ray energy spectra according to the relation f  (Z  P) / P , where P is
the peak counts from the Doppler broadened two gamma annihilation spectrum at 511 
10 keV, and Z is the integrated counts in the total annihilation gamma ray energy
spectrum, corrected for Compton scattering and other background signals [7,70].
The results of the variation of f3/2 with EP are presented in Figure 5.8, for np- Au
samples, annealed at various temperatures. It is seen that the variation of f3/2 with EP is
nearly the same for all samples, including in a defect-free Au foil. The interesting
observation is that the positronium fraction is same for all samples with diameters varying
over a wide range, from a few nm to 2500 nm [cf. Fig 5.2], suggests that diffusion of
positron is along the length of the ligaments. For otherwise, in np- Au having diameters,
less than the bulk positron diffusion length of ~ 120 nm, thermalized positrons would
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have been emitted from the surface of ligaments, and the results of f3/2 with EP in Figure
5.8 would have qualitatively different behaviors for small and larger diameters. This is
not seen, and in fact the variation of f3/2 with EP is similar, irrespective of the ligament
diameter. It is seen that the variation of f3/2 with EP is nearly the same for all samples,
including the bulk Au which is defect free. Thus, the experiments on the measurement of
positronium fraction provide an independent evidence for the one-dimensional diffusion
of positrons along the ligaments, and complement conclusion drawn from the scaling
behavior, shown in Figure 5.6.

Fig. 5.8

Positronium fraction f3/2 determined from Doppler broadening S parameter in different annealed np- Au (color lines) as a function of positron
beam energy in the range 0.1 to 15 keV. The measurement temperature was
293 K. The f3/2 versus EP behavior obtained for bulk Au is also depicted in
the figure for comparison (black line).
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Conclusion
The role of point defects to ligament coarsening process in np- Au and the

positron diffusion behavior in nanoporous Au skeletal structure have been studied using
low energy positron Doppler beam broadening spectroscopy measurements on np- Au. In
low energy positron beam experiments on nanoporous Au, the variation of the defect
sensitive Doppler broadening line shape parameter, S, is consistent with the earlier
positron lifetime results. The low energy positron beam experiments have also been
analyzed to extract the positron diffusion length. The variation of positron diffusion
length with temperature correlates with the variation of Doppler broadening line shape S parameter. The positron diffusion length increases with the ligament diameter, obtained
from SEM measurements and scales according to d1/3, that points to diffusion of positrons
along the length of the ligaments. This is also substantiated by the measurement of
positronium fraction, through 3/2 experiments that is seen to be independent of the
annealing temperature / ligament diameter.
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Defects correlated mechanical behavior of
nanoporous Au using positron annihilation
spectroscopy

6.1.

Introduction
The microstructure of nanoporous Au (np- Au) is in the form of a skeletal

structure consisting of inter-connected nanometer scaled Au ligaments, and threedimensional continuous pores. This bi-continuous structure has been evolved by a self diffusion process during the selective dissolution of Ag from a binary Ag-Au alloy phase.
It is well known that microstructure in nanoporous Au has a significant effect on the
mechanical behavior such as hardness and yield strength, similar to that obtained in ultrafine grained materials. Several studies have been reported [36,38,40,145] on the
deformation mechanism and ligament strength of np- Au based on ligament size and
relative density of the Au metal foam. Investigations via experiments revealed that there
is a systematic increase in hardness and yield strength with the reduction of ligament
diameter and these values approached the theoretical value for a ligament diameter of 5
nm [3]. Li et al. have investigated the mechanical behavior of np- Au with various
ligament size using a three-point bending method and reported ligament size driven
ductile-brittle transition at smaller dimensions [34]. Mechanical testing of np- Au
performed by the most often used nanoindentation technique indicated that although npAu appears fragile and weak macroscopically, the technique measures the hardness value
accurately from the skeletal ensemble of ligaments and pores [40]. The scaling law
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formulated by Gibson and Ashby [37] have been used extensively to compare the
mechanical properties of np- Au obtained by different techniques [39,146].
The mechanical behavior of np- Au obtained from various techniques viz.,
nanoindenter and axial compression provide the unique information that as the ligament
diameter decreases, the hardness and yield strength in np- Au increased. Based on such a
data compilation on ligament size dependent yield strength and hardness behaviors in npAu, it has generally been suggested that ligament diameter is the most important
parameter controlling the mechanical behavior of np- Au [145]. In contrast, the present
results highlight the fact that as the deformation activity in np- Au is constraining more
and more along the ligament with the reduction of ligament diameter, the increased
vacancy concentration along the ligament network structure influences significantly for
attaining higher ligament network strength. Such a directional motion of vacancy defects
is currently of particular interest in recent research. Viswanath et al. have investigated the
Hall-Petch exponent of np- Au from the Vickers hardness data and obtained an exponent
of -0.3 with ligament diameter, instead of the scaling exponent  value -0.5 reported in
materials of reduced dimensions such as nanomaterials, thin films and multilayers [8].
This suggests that apart from the ligament diameter in controlling the plasticity in np- Au,
the concentration of defects in the ligament networks is also a key parameter in governing
its mechanical behavior in np- Au.
Stacking fault tetrahedra (SFT) is the most common type of vacancy clustering
defect formed in face-centered-cubic (FCC) metals like Au, Ag, and Cu [107,147,148].
The results obtained from the computational work claimed that SFT is the stable and
energetically more favorable defect formed in the metallic ligaments and influences the
mechanical behavior of the metal foams [149]. Caro et al. reported that the radiationinduced SFTs act as an obstacle to dislocation motion in np- Au and giving rise to a
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higher hardness value [150]. Another mechanism reported for the materials strengthening
is substitutional solid solution strengthening observed in Au-Fe alloy [151,152]. The
effect of solute Fe atoms in the Au-Fe alloy offers greater resistance to dislocation
motion. This suggests that the mechanical properties could be easily influenced by Fe+
ion irradiation [153,154]. In order to understand further about the issue of correlation
between the mechanical behavior and strain field of vacancy defects, the np- Au samples
were irradiated with Fe+ ions using the accelerator facility available in our research group
and studied the variation of nanoindentation hardness in np- Au and compared with
measurements in un- irradiated np- Au and bulk Au. It is seen that the measured
nanoindentation hardness scales with the vacancy concentration within the ligaments, as
Cv0.5, pointing to the interaction of lattice dislocations with vacancy clusters in the skeletal
np- Au.

6.2.

Experimental procedure
The fabrication of disc-shaped np- Au samples of dimension (15 mm x15 mm x 2

mm) with a pore density of 70% (np- Au density 5.79 g/cc) were achieved by
electrochemical dealloying of Ag75Au25 alloy as described previously [20]. Similarly, a
thin Au foil (purity 99.99%) of thickness few tens of µm and 2 cm diameter was prepared
and annealed at 800 oC in 10-6 mbar vacuum. The Au foil and np- Au samples were
irradiated with 900 keV Fe+ ions to 10 dpa (displacement per atom) at room temperature
with a fluence of 2 x 1015 ions/cm2 in a 1.7 MV tandetron accelerator. The corresponding
damage profiles were calculated using SRIM 2008 [79] which simulates the damage
profile produced by irradiated energetic ions. Depth profile mechanical, and defect
studies using nanoindenter and low energy positron beam techniques were carried out for
all the samples at room temperature, respectively. Nanoindentation testing was performed
using a compact platform Ultra Nanoindentation Tester (M/s Anton Paar, Switzerland)
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equipped with a three-sided pyramidal diamond (Berkovich) tip with an end radius of 30
nm. The nanoindentation hardness tester provides the hardness values as a function of
indenter depth. The details of low energy positron beam experiments and measurement
methodology were discussed in chapter 2.4 [21].
Depth-resolved low energy positron beam experiments were performed on
irradiated np- Au samples as a function of annealing temperature. The low energy
positron beam is derived using a 50 mCi Na22 source coupled with W(100)
moderator [60]. The low energy positron beam energy was varied in the range of 0.2 to 22
keV with steps of 0.5 keV. The positron annihilation Doppler broadening spectrum was
collected with each EP value using a high purity Germanium (HPGe) detector having
resolution of 1.4 keV at 662 keV of Cs137. Depth-wise defect/ defect free sites in np- Au
samples can be identified from the analysis of positron annihilation Doppler broadening
line shape parameters as a function of positron beam energy.

6.3.

Result and discussions
Left panels in Figures 6.1 a) and b) show the typical Fe and vacancy distribution

profiles for 900 keV Fe implanted bulk Au and np- Au obtained from the simulation using
SRIM 2008 software, respectively. The right panel in the Figures 6.1 a) and b) show the
schematic illustration of the plastic region formed in-depth underneath to the Berkovich
indenter. In bulk Au sample, the Fe ion distribution and vacancy profile distribution peaks
occur at 215 nm and 140 nm, respectively. In the case of np- Au sample, the Fe ion
distribution, and vacancy distribution peaks occur at 740 nm and 510 nm, respectively.
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Fe and vacancy distribution behaviors in 900 keV Fe+ ion irradiated a) bulk
Au and b) np- Au. The right panel in the figure illustrates the schematics of
plastic region formed underneath to the Berkovich indenter.

Figure 6.2 shows a typical nanoindentation load-displacement (P-h) curve
obtained from the 900 keV Fe+ ion irradiated np- Au sample using Berkovich tip. The
hardness values are obtained using Oliver-Pharr method as discussed in chapter 2.7 (cf.
Figure 2.19 b)).
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Fig. 6.2

A typical load versus displacement curve (P-h) of 900 keV Fe+ ion irradiated
np- Au sample using Berkovich tip

Fig. 6.3

Plots of depth-dependent hardness of Fe+ ion irradiated samples. (a)
Irradiated bulk Au (b) irradiated np- Au at various annealing temperatures.
Horizontal solid line in both graphs indicates the mean hardness value of unirradiated samples.

Figure 6.3 summarizes the experimentally measured nanoindentation hardness
results for 900 keV Fe+ ion irradiated bulk and nanoporous Au samples. Figure 6.3 a)
shows the hardness behavior of Fe+ ion irradiated bulk Au and Figure 6.3 b) shows the
hardness behavior of Fe+ ion irradiated np- Au with annealing temperature of range 298 1073 K. The horizontal solid line at 0.94 GPa in Figure 6.3 a) and 253 MPa in Figure
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6.3 b) corresponds to the measured mean hardness value for bulk Au and as- dealloyed
np- Au, respectively. It is seen that there is a significant enhancement in hardness value in
Fe+ ion irradiated bulk and nanoporous Au in comparison to their un-irradiated
counterparts. It is worth noting that the indent depth at which the hardness reached a
maximum is in the region where the concentration of Fe+ ions is higher. This strong
hardening effect obtained in the Fe+ ions irradiated Au samples might be related to the
population of excess number of vacancies around the localized Fe sites and the associated
Fe solute – vacancy interactions.
To understand the reason behind the significant enhancement in hardness at the Fe
rich layer, depth-resolved low energy positron beam Doppler broadening spectroscopy
experiments were carried out. We have already reported that positron diffusion length Leff
scales with ligament diameter d with a power law dependence Leff  d1/3. It indicates that
the thermalized positrons in np- Au are diffusing along the Au ligaments [21]. Since, the
positron beam studies help to understand the Fe implanted region, the dependencies of the
S - parameter on the positron incident energy EP for Fe+ ion irradiated and un-irradiated
np- Au and bulk Au were analyzed. The mean implantation depth ̅ of the positron for the
given energy EP is calculated [69,70] (the top X-axis) from the equation, ̅

⁄

where A = 3.67 mg.cm-2keV-n, n = 1.6 is the empirical constant, and ρ is density of the
given sample (5.79 g/cc for 30% dense np- Au and 19.3 g/cc for dense Au).
Figures 6.4 a) and b) shows the dependence of the S - parameter with positron
beam energy for the pre and post-irradiated np- Au and bulk Au samples at different
annealing temperature, respectively. It is seen from both Figures 6.4 a) and b) that the
variation of S-parameter, which is sensitive to lattice defects, with EP, is different for Fe+
irradiated samples in comparison to their un-irradiated counterparts. This indicates that Fe
implantation enhances the generation of vacancy clusters extending from sample surface
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to deeper region. This is close to 600 nm for np- Au and 300 nm for bulk Au.
Importantly, a plateau-like region develops in the S-parameter versus EP curves around
the beam energy EP value 15 keV for both irradiated bulk Au and np- Au and these
abnormal deviation occurs in the sample depth where the Fe+ ion induced vacancy
concentration is higher. This indicates that the defects that are generated in the ligaments
during the evolution of porosity interact with Fe atoms and forms Fe-vacancy complex
clusters.

Fig. 6.4

S - parameter versus positron incident beam energy EP for Fe+ ion irradiated
and un-irradiated a) bulk Au and b) np- Au samples at various temperatures.
Solid lines passes through the data points in both sub figures represent the
best fit to the data using the VEPFIT code.

The average concentration of defects Cv can be deduced from the fitted S(EP)
curves if specific trapping rate and bulk life time of the Au are known for the following
equation [24],
[

]

( 6.1 )

where Sb and Sd are S - parameter corresponding to the bulk and defect,
respectively. Here, are assume a specific trapping rate µv = 1.35 x 1014 s-1 for vacancies in
Au and positron bulk lifetime τb for Au (122 ps) [3].
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In Figure 6.5 a), we show the annealing temperature dependent average defect
concentration Cv of as- dealloyed np- Au, irradiated np- Au and irradiated bulk Au. It is
seen that the concentration of defects in as- dealloyed and irradiated np- Au samples
increases significantly up to 473 K and after which the Cv value decreases monotonically
and falls back to the value close to that of bulk Au. It must be mentioned that the Cv
versus annealing temperature behavior shown in sub figure 6.5 a) is similar to that
obtained from the S(EP) plots on un-irradiated np- Au (cf. Figure 5.3 b) in Chapter 5.
With the support of literature reports and based on our previous microstructure studies on
np- Au [130], we infer that the initial increase in the Cv value with annealing temperature
shown in Figure 6.5 a) may be attributed to formation of additional Fe-vacancy clusters.
The decreasing trend in the Cv versus annealing temperature obtained above 473 K might
be indicative of dissociation of Fe-vacancy and vacancy annealing associated with the
rapid growth of ligament diameter with increasing annealing temperature [21].
In order to understand the implications of the variation in the hardness and the
evolution of vacancies in irradiated np- Au with annealing, we have plotted the peak
hardness of irradiated np- Au samples with annealing temperature and compared with
measurements in irradiated bulk Au and un-irradiated np- Au (Figure 6.5 b)). Among all
the peak hardness results depicted in Figure 6.5 b), the Fe ion irradiated np- Au shows the
highest hardness value. We have taken the peak hardness value for the present discussion
because of the fact that the depth at which the hardness value reached maximum
corresponds to the region where the concentration of Fe-vacancy clusters is higher.
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a) Concentration of vacancies Cv in as- dealloyed np- Au, Fe+ ion irradiated
np- Au and Fe+ ion irradiated bulk Au computed from positron beam
Doppler broadening S - parameter with annealing temperature. b) Peak
hardness obtained from figure 6.3 with annealing temperature for as
dealloyed and irradiated np- Au and irradiated bulk Au. c) Relationship
between the nanoindentation hardness and the square root of vacancy
concentration in irradiated np- Au and irradiated bulk Au.

Irradiation induced hardening in metal has been extensively studied for decades using
experiments and simulations [155–158] but several issues still requires better
understanding. Positron annihilation spectroscopy coupled nanoindentation could offer
the possibility to understand the nature of defect structure that is responsible for the
higher hardness value in Fe+ ion irradiated np- Au. If the irradiation induced vacancy
clusters in np- Au is responsible for the strengthening, then it is of interest to examine the
correlation between the hardness and the vacancy concentrations. The correlation
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between the experimentally obtained depth-wise defect structure and the indent-depth
dependent hardness values allow to understand the atomic level changes that are
responsible for the higher hardness value obtained in irradiated np- Au. It is shown that
the hardness value depicted in Figure 6.5 c) is related to the defect concentration in the
ligaments and scales as Cv0.5. Chang et al. also reported similar observation that the
obstacle to the pinning dislocation caused by dislocation-point defect interaction leads to
a square root dependence of the yield strength on the defect concentration according to
the relation, HV = 6γµCv0.5, where µ is the shear modulus (27 GPa for bulk Au [159]), γ is
a coefficient and is less than unity, which depends on the strength of the interaction and
Cv is the defect density [160,161]. The slope of linear correlation between hardness and
Cv1/2 gives the hardening rate or hardening coefficient of the material. It can be seen that
the irradiated np- Au is more effective hardener than irradiated bulk Au. Moreover, the
defect density and dominant defect are different at elevated temperature. The vacancy
defect and its cluster impede the dislocation motion results the higher hardness upto 400
K and these defects are no longer stable at higher temperature which means the generated
point defects annihilated through the absorption by dislocations makes the hardness
decreases. The present and our earlier positron annihilation studies have summarized the
implanted Fe atoms interacts with negatively charged vacancies and forming complex
Fe-vacancy clusters. Based on the above facts, one can be believed that the higher
hardness value obtained in both irradiated np- Au and bulk Au might be due to the
formation of large density of Fe solute-vacancy clusters and the resulting hindrance to the
impeding dislocation motion underneath to the indentation.
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Conclusion
The low energy positron beam Doppler broadening spectroscopy combined with

Nanoindentation hardness measurements offer a clear picture of defect dislocation
interaction in irradiated layer. Nanoindentation measurements have successfully shown
the effect of ion-irradiation on the mechanical properties of np- Au and bulk Au. Defect
concentration and its complex interactions with dislocation around the Fe implanted
region, confirmed by significant increase of S - parameter, contributes significantly for
the enhancement of hardness values in irradiated np- Au and bulk Au samples. The
correlation between the experimentally obtained depth-wise defect structure and the
indent-depth dependent hardness values allow to understand the atomic level changes that
are responsible for the higher hardness value obtained in irradiated np- Au. More studies
towards this direction are highly essential for further understanding the atomic level
changes that occur during the formation of complex Fe-vacancy cluster structures around
the Fe implanted region in nanoporous Au.
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Summary and Future scope
The present thesis discussed about the development of nanoporous metallic materials,
investigation of microstructure coupled defect evolution during fabrication, and defect
correlated mechanical behavior of nanoporous metallic materials. The thesis started with
the investigation on a model nanoporous metallic material, nanoporous Au using positron
annihilation spectroscopy which provides the new insights about ligament-pore interface
properties. Understanding of defects and their evolution has yielded a better
understanding of the underlying mechanism in the evolution of nanoporous Au and
structure coarsening with effect of atomic defects presents in ligament-pore network. A
brief, chapter-wise summary of the thesis along with the scope for future study, is
outlined.

7.1.

Key findings of the thesis

The results from the development of nanoporous Au and microstructural evolution with
chemical information of np- Au towards electro-oxidation/reduction as discussed in
chapter 3, are summarized as follows.


Successfully produced nanoporous Au through electrochemical dealloying method
with ligament diameter of 5 nm.



Pseudo-capacitive double layer structure develops explicitly at the as- dealloyed
nanoporous Au/HClO4 interface where the reduced nanoporous Au/HClO4
interface is capacitive in nature.



Initial stage of electro-oxidation corresponding to the monolayer adsorption of
oxygen containing species occurs on the ligament surfaces in reduced np – Au.
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The formation of oxides in as- dealloyed np - Au occurs by a sequential
conversion of Au - OH dipoles to AuO and subsequently by a conversion and
growth of Au2O3 on top of AuO by a chemical reaction 2AuO + H2O  Au2O3 +
2H+ + 2e-.


The inter-planar spacing for Au (111) and Au (200) in as- dealloyed nanoporous
Au has increased by 8% in comparison to those obtained in reduced nanoporous
Au and in bulk Au. The occurrence of such unusual lattice swelling effect evolved
in as- dealloyed np- Au, in contrast to reduced np- Au and bulk Au is attributed to
the binding of oxygen ads-species, albeit weakly, in the presence of lattice defects.

The results from the measurement of specific surface area of nanoporous Au, as discussed
in chapter 4, can be summarized as follows:


Electrochemical double layer capacitance ratio method accurately determines the
temperature dependent variation of specific capacitance CS and specific-mass
surface area m in nanoporous Au for two distinct surface states viz., as- dealloyed
and reduced clean metallic.



As- dealloyed np-Au does not change its CS and αm values, suggesting that the
adsorbed oxygen containing species weakly bonded with Au during the evolution
of nanoporous architecture and prevents ligament coarsening upon heating. This
observation is in contrast to the pronounced ligament coarsening with temperature
that exists on reduced clean metallic np-Au.



Determined the specific surface area of np- Au through electrochemical (double
layer charging / OH adsorption-desorption) and analytical (BET) methods and
compared with the geometrical ball-stick model successfully. The master plot m
vs. d, successfully brought out the complementary nature of various methods used
in this study.
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The results obtained through positron diffusion behavior in nanoporous Au, as discussed
in chapter 5, can be summarized as follows:


The role of defects in the process of ligament coarsening with temperature have
been studied using low energy positron Doppler beam broadening spectroscopy
measurements.



The low energy positron beam experiments have also been analyzed to extract the
positron diffusion length.



The positron diffusion length increases with the ligament diameter and scales
according to d1/3, which points to the dominance of defects localization along the
length of the ligaments.

The results of defect correlated mechanical behavior of nanoporous Au and bulk Au, as
discussed in chapter 6, are summarized as follows:


The low energy positron beam Doppler broadening spectroscopy combined with
nanoindentation hardness measurements offered a clear picture of defect
dislocation interaction in irradiated layer.



The influence of ion-irradiation on the mechanical properties of np- Au and bulk
Au was studied by nanoindentation method. Higher hardness value was obtained
on Fe+ ion Irradiated np- Au.



The observation of hardness of np- Au increasing linearly with Cv0.5 probably
caused by the presence of SFTs in the ligaments and ligament interconnects which
impede the motion of dislocation.



Vacancy cluster (void, SFT) - solute complexes enhance the stress field required
for plastic deformation in irradiated np- Au samples.
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Schematic view of key finding of the present thesis.

The key findings of this thesis are schematically shown in Fig. 7.1. Mechanically
stable skeleton nanoporous Au samples were prepared by electrochemical dealloying
method. High density of atomic defects populates in the ligaments during the evolution of
metallic Au skeleton structure. Microstructural characterizations were carried out on npAu with different surface states to understand the influence of subtle variation of surface
states on microstructural evolution. Surface area of np- Au was determined using both
experimental and geometrical methods. To identify the nature of defects that are
responsible for the ligament coarsening in np- Au, positron annihilation spectroscopy
measurements were carried out. The role of defects in the variation of mechanical
behavior in np- Au with annealing temperature and with ion irradiation has been studied.
The linear correlation obtained between hardness and square root of vacancy
concentration predicts that vacancy-type defects have larger effects on mechanical
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behavior in np- Au. The aforementioned results are the key findings of this thesis research
work.

7.2.

Future scope

 Designing of reduced nanoporous Au as positron moderator material.
 Study of positron diffusion and positronium fraction in reduced np- Au samples.
 Study of positron lifetime behavior of reduced nanoporous Au with respect to
annealing temperature.
 Developing other nanoporous metals like Pt, Pd and W for potential applications.
 Electrochemically coating metal oxides on nanoporous Au to enhance their
functional properties.
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