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Abstract

Owing to extraordinary high surface-to-volume ratios, porous nanophase metals are actively
studied in various fields, ranging from basic research to technology applications such as
sensing, energy storage or (electro-)catalysis. The present thesis studies property variations
of porous nanophase samples due to electrochemical stimuli. The porous sample materials
are prepared by nanopowder compaction (Pt, Pd) as well as dealloying (Au, Pt, Pd), an
(electro-)chemical etching process in which the less noble component is removed from a mas-
ter alloy by selective etching. By this method nanoporous metals with three-dimensionally
macroscopic outer dimensions can be generated in quasi unrestrained shape.

The optimization of dealloying is an active research topic, since the attractive proper-
ties of the outcoming nanostructures may be sensitively influenced by the parameters of the
etching process. In the present work the dealloying process is studied in-situ by resistometry
for the first time, dynamically monitoring the entire macroscopic sample. During etching,
the resistance increases by about three orders of magnitude due to porosity formation and
concommitant oxide formation. Taking into account the consumed charge, modeling of the
resistance variations shows that the etching proceeds in two stages. These stages denoted
'primary (or bulk) dealloying’ and ’secondary (or ligament) dealloying’ were proposed re-
cently based on ex-situ SEM investigations and could be confirmed by an in-situ study for
the first time in the framework of the present thesis.

Due to their high specific surface areas, porous nanophase metals are also predestined
systems for property tuning by electrochemical charging, since surface modifications may

affect a considerable fraction of the bulk material. In this work the charging-induced actua-



tion and resistance variation are studied in different electrochemical conditions, in particular
in the double layer and oxygen regime. Dealloyed metals show adsorption-driven resistance
variations up to several tens of percents, which are attributed mainly to manipulations of
the interfacial charge-carrier scattering and which by almost one order of magnitude exceed
those observed for the powder compacted samples. The stronger sensitivity of the dealloyed
metals can be attributed to their higher surface-to-volume ratio.

For platinum, also the primary oxide, a strongly oxidized condition formed during dealloy-
ing, is investigated, exhibiting particular properties. Upon charging, primary oxide samples
show an actuation with opposed sign compared to the well-reduced (metallic) condition. In
resistometry even a sign inversion in the resistance-to-charge response is observed during
scanning within the primary oxide regime.

Since Pd is a frequently used model system for hydrogen storage, well known for its
ability to absorb hydrogen from the gas phase as well as by electrochemical charging, the
nanoporous palladium structures were especially investigated with regards to their hydro-
genation characteristics. Both the electrical resistance and the specific volume of palladium
are highly sensitive tools which enable the in-situ monitoring of the hydrogen content during
charging. By suitable loading procedures, hydrogen concentrations up to almost 60 % H:Pd
were obtained, along with a sample thickness increase of about 5 %. The observed reversible
acutation clearly exceeds the values available in the literature, which is most likely due to

the unique structure of np-Pd with its high specific surface area.



Kurzfassung

Das Interesse an porosen, nanophasigen Metallen, welche sich durch ein hohes Verhiltnis
von Oberfliche zu Volumen auszeichnen, ist breit gefachtert. Es erstreckt sich von Themen
der Grundlagenforschung bis hin zu technologischen Anwendungen wie Sensorik, Energiespe-
icherung oder (Elektro-)Katalyse. Die vorliegende Arbeit behandelt elektrochemisch verur-
sachte Anderungen der physikalischen Eigenschaften pordser Metalle. Untersucht werden
hierbei sowohl kompaktierte Nanopulver (Pt, Pd) als auch nanopordse Metalle (Au, Pt, Pd),
hergestellt durch sogeanntes 'Dealloying’, einen (elektro-)chemischen Entlegierungsprozess
bei welchem die unedlere Komponente selektiv aus einer Legierung gedtzt wird. Durch diesen
Prozess lassen sich in quasi uneingeschriankter Form nanoporose Metalle mit makroskopis-
chen Abmessungen in drei Dimensionen herstellen.

Die Optimierung des Dealloying-Prozesses ist ein Thema aktiver, aktueller Forschung, da
die vorteilhaften Eigenschaften der erzeugten Nanostrukturen durch verschiedene Prozesspa-
rameter empfindlich beeinflusst werden konnen. In der vorliegenden Arbeit wurden erstmals
in-situ Widerstandsmessungen wihrend des Entlegierungsvorgangs durchgefiihrt, wodurch
die gesamte makroskopische Probe dynamisch beobachtet werden konnte. Durch die Entste-
hung der Porositit und gleichzeitige Oxidbildung steigt der gemessene Widerstand wihrend
des Atzprozesses um etwa drei Grofenordnungen an. Basierend auf den Messergebnissen
wird ein Modell aufgestellt, welches die Widerstandsdnderung ndherungsweise aufgrund der
Abnahme des Querschnitts der Ausgangslegierung beschreibt. Im Einklang mit friitheren
Ergebnissen aus ex-situ Elektronenmikroskopiestudien konnen wihrend des Atzvorgangs zwei

Subprozesse unterschieden werden: "priméres (oder Bulk-) Dealloying’ und 'sekundéres (oder



Ligament-) Dealloying’.

Aufgrund der hohen spezifischen Oberflache pordser, nanophasiger Materialien lassen sich
ihre Eigenschaften empfindlich durch elektrochemische Beladung beeinflussen, da von ober-
flachlichen Verinderungen ein hoher Anteil des Gesamtvolumens betroffen ist. In dieser Ar-
beit werden Volumen- und Widerstandsdanderungen der Probenmaterialien in verschiedenen
elektrochemischen Zustinden untersucht, insbesondere im Doppelschicht- und Sauerstoff-
bereich. Durch Adsorption kénnen in entlegierten, nanopordsen Materialien Widerstandsan-
derungen bis in den hohen zweistelligen Prozentbereich generiert werden, die hauptsichlich
aufgrund von Anderungen der Ladungstrigerstreuung an der Metall-Elektrolyt-Grenzfliche
zustande kommen und welche jene von kompaktierten Nanopulvern um fast eine Gréfenord-
nung iibersteigen. Diese hohere Empfindlichkeit der mittels Dealloying hergestellten Proben
kann ihrer hoheren spezifischen Oberfliche zugeschrieben werden.

Fiir Platin wurde auch das sogenannte 'Priméroxid’ untersucht, ein stark oxidierter Zu-
stand, der wihrend des Atzprozesses entsteht und der besondere Eigenschaften aufweist.
Eine elektrochemische Beladung fiihrt im Priméroxid-Zustand zu einer Lingenéinderung,
deren Vorzeichen jener einer reduzierten (metallischen) Probe entgegengesetzt ist. Bei der
Messung des Widerstandes wird sogar eine Vorzeichenumkehr der Widerstands-Ladungs-
Charakteristik wahrend der Beladung innerhalb des Priméroxid-Zustandes beobachtet.

Da Pd ein zentrales Modellsystem fiir Wasserstoffspeicherung darstellt, welches Wasser-
stoff sowohl aus der Gasphase als auch bei elektrochemischer Beladung aufnehmen kann,
wurden die nanopordsen Palladiumproben in dieser Arbeit insbesondere auch in Hinblick
auf Wasserstoffeinbau untersucht. Sowohl der elektrische Widerstand als auch das spezifis-
che Volumen von Palladium stellen empfindliche Messgrofen fiir die in-situ Charakterisierung
des Wasserstoffgehalts dar. Durch geeignete Beladeprogramme wurden Wasserstoffkonzen-
trationen von etwa 60 % H:Pd erreicht, verbunden mit einer Lingen&nderung von etwa 5 %.
Diese erzielte reversible Ausdehnung ist deutlich hoher als vergleichbare Werte in der Lit-
eratur, was der einzigartigen Struktur von np-Pd mit einer hohen spezifischen Oberfliche

zugeschrieben wird.
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Introduction

Porous materials are like music: the gaps are as important as the filled-in bits. [1]

This sentence, quoted from the book Nanoporous Materials: Science and Engineering by
G. Q. Lu and X. S. Zhao [1]|, metaphorically describes the fact that porosity significantly
influences the properties and associated functionalities of a material, compared to its bulk
structured counterpart. The variety of porous structures used in science and engineering
covers many material categories, such as polymers, glasses, oxides or metals, and their fields
of application are just as diverse. Generally, porous materials can be divided into two groups,
characterized by open porosity (connected to the surface) or closed pores. While, open pore
structures are used, for example, in catalysis, adsorption or sensing applications, closed pores
are desired in insulating or light-weight structural materials [1].

One particularly interesting sub-category of porous materials are nanoporous materials,
which, due to their nanostructure, possess unique properties, especially a high surface-to-
volume ratio. The term 'nanoporous’ typically refers to large porosities, higher than 40 %,
and pore sizes in the range of 1 — 100 nm [1], which according to the pore size definition of
the International Union of Pure and Applied Chemistry (IUPAC) includes all mesoporous

(2 — 50 nm) but also some microporous (< 2 nm) and macroporous (> 50 nm) materials [2].
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12 Chapter 1. Introduction

The methods to generate nanoporosity can be divided into bottom-up and top-down
approaches. Bottom-up denotes the formation of the final structure by smaller building
blocks. The most simple realization of this approach would be the loose compaction of
a nanopowder, optionally followed by sintering, but also many advanced methods such as
different deposition and self-assembly processes are known in the literature. In top-down
techniques, on the other hand, the nanostructures evolve due to a controlled removal of
material from a solid (bulk) sample. Among them, by far, lithographic methods are most
widely used, however, also several chemical top-down processes are known in the literature
such as thermal decomposition or in particular dealloying [3|, which will be the formation
process of major importance for this thesis.

Dealloying denotes an (electro-)chemical technique in which one or more less noble ele-
ments are removed from a bulk master alloy by selective etching, which results in a nanoscale,
bicontinuous structure of pores and solid network branches (ligaments), consisting of the
more noble component(s) [4]. By this method nanoporous metals can be fabricated in
quasi unrestrained shape, combining nanoporosity-related desirable properties with macro-
scopic size in three dimensions. By far the most intensively studied dealloyed material is
nanoporous gold (np-Au), selectively etched from Ag-Au master alloys, with typical pore
sizes in the range of tens of nanometers. However, also a variety of other dealloyable sys-
tems is known in the literature in some of which, depending on the involved elements and
dealloying parameters, ligament diameters and pore sizes as low as a few nanometers can be
achieved [5].

Dealloyed materials, which exhibit extraordinarily high surface-to-volume ratios, are suc-
cessfully used in many important fields of science and technology, such as sensing [6,7], energy
storage [8,9] or (electro-)catalysis [10-15]. Growing research interest is also placed on the
attractive biological applications of the nanoporous metal structures. Besides pioneering
studies on biosensing [16] and biocatalytic activity [17], dealloyed materials show promising
performance as materials for implantation [18,19] or selective drug release [20,21].

The high surface-to-volume ratio also makes nanoporous materials predestined systems
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for property tuning by electrochemical stimuli, since surface modifications may affect a con-
siderable fraction of the bulk material [22]. Following first studies on nanoporous metals
made by powder compaction [23, 24|, property tuning of dealloyed nanoporous gold has
successfully been demonstrated in the literature, e.g., with respect to various mechanical
properties [25-27] as well as electrical resistance [28,29|.

In the present thesis porous nanophase gold, platinum and palladium are studied. The
major focus lies on electrochemically induced resistance variations, based on previous inves-
tigations in our group by M. Sagmeister et al. [24], representing the first resistance tuning
study of a three-dimensionally macroscopic metallic material, and P. Wahl et al. [29], in
which the highest adsorption-driven resistance variation of a dealloyed material could be
achieved prior to the present thesis. The resistometric results are supported by dilatometry
data as well as by structural and chemical analysis.

The electrical resistance and actuation of the porous nanophase samples are dynamically
monitored in-situ upon different electrochemical charging procedures, especially in the double
layer regime as well as upon specific ad/desorption. For dealloyed metals also the primary
oxide, a strongly oxidized condition due to the etching process associated with peculiar
properties, is investigated in detail. In the case of palladium, a special focus is placed on
the hydrogen absorption characteristics and associated property variations of the porous
nanostructure. Moreover the first in-situ resistometric study of the dealloying process itself
is presented, which is used for the development of a model capable of describing the etching
progress.

A list of publications arising from this work is given on the following pages.
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Basics and State
of the Art

In this chapter, the most important basics as well as modern research forming the basis for
this thesis will be introduced. Such a summary cannot make any claim to be complete, but
should be seen as a brief overview. For more detailed information, selected references are
given in each section. After an introduction to electrochemical surface processes relevant
for this thesis, the fabrication and properties of nanoporous metals, mainly produced by

dealloying, will be discussed.

2.1 Electrochemistry at Electrode Surfaces

The phase boundary between a (liquid) electrolyte and an immersed (solid metal) electrode
also represents a boundary between regions with different conduction mechanisms and charge
carrier concentrations: while in the electrolyte charge is carried by dissolved ions of different
sign, in the metal we find free (negative) electrons and fixed (positive) ionic cores. Depending
on the system, a variety of interactions can take place between these phases. The term
‘electrochemical reaction’ summarizes all redox reactions in which charge is transferred across
the interface. [34]

Since no potential can be assigned to a single redox couple, but only potential differences

between two couples can be measured, a general reference point has to be determined for
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18 Chapter 2. Basics and State of the Art

the comparison of different reactions. The electrochemical series is based on the standard

hydrogen electrode with the redox system

H2 + QHQO g 2H30+ + 2e” (21)

which is associated with an (arbitrarily chosen) potential of 0 V. [34]

The equilibrium potential of a redox couple ¢q is dependent on the concentration of the

electrolytic components involved and can be described by the Nernst equation
RT . [Ox]

= —1
$o = Yoo + AR [Red]

(2.2)

with the standard potential ¢y, the gas constant R, the Faraday constant F', the va-
lence n of the ionic species, the temperature T and the concentrations [x| of the respective
components. The concentration of a pure, solid phase (e.g. metal electrode) equals one. [34]

In general, due to the electrochemical potential difference between the electrode and the
electrolyte, regions of opposite charge accumulation will form on both sides of the interface,
the so-called electrochemical double layer (see figure 2.1A), even if no external potential is
applied to the system. Due to the excellent conductivity of a metal (high density of small,
mobile electrons), the excess charge in the electrode is confined to a narrow surface layer with
a thickness of no more than about 1 A. The charge carrier concentration in the electrolyte
(at common concentrations between 1073 and 1 mol/l) is by orders of magnitude smaller,
which leads to a significantly wider spread double layer in the solution, typically between 5
and 20 A. [34]

In the electrochemical double layer regime no charge is transferred across the interface
and the system electrolyte—electrode can be considered similar to a capacitor, which exhibits
a linear relationship between applied potential and stored charge. In a simplified model
(Helmholtz model) the electrode surface can be considered as covered by a rigid ionic layer,
separated by the solvation shell of the ions. The plane carrying the centers of the solvated

ions is accordingly called the outer Helmholtz plane. [35]
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Figure 2.1: Electrochemical processes at a positively charged electrode. (A) Double layer
formation in Stern model, combining a rigid and a diffuse component. (B) Specific adsorption
of an anion, partially stripping off its solvation shell.

When this simple Helmholtz-model is applied to the picture of the capacitor, the distance
between the electrode surface and the outer Helmholtz layer would represent the separation
of the capacitor plates. This however strongly overestimates the actual capacity of a double
layer as determined experimentally. For an accurate description, a combination of the rigid
double layer (Helmholtz model) and a diffuse electrolytic double layer, decreasing with dis-
tance to the electrode (as proposed by Gouy and Chapman) is necessary, which is given by
the so-called Stern model. [35]

Most electrochemical reactions, characterized by charge transfer across the interface,
involve an ionic adsorption step. For an ion, solvatized in an electrolyte, to ’specifically
adsorb’ at least partially it has to strip off its solvation shell which is illustrated in figure
2.1B. Specific adsorption is particularly favorable for anions due to their larger ionic radii
and therefore weaker bound solvation shells. The plane passing through the specifically

adsorbed species is called the inner Helmholtz plane accordingly. [35]

2.2 Dealloying and Dealloyed Materials

Dealloying is an (electro-)chemical process, in which one or more of the less noble elements

are removed from a master alloy by selective etching. The history of metal processing in
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such a way dates back to Pre-Columbian South America where selective etching of Au-Cu
alloys was applied during the fabrication of different cultural objects [36].

In research, dealloying was studied for a long time mainly with regards to unwanted
selective corrosion, which may lead to an accelerated failure of the affected materials [37,
38]. During the past three decades, however, a rapidly growing interest was placed on the
superior properties of nanoporous metals specifically designed by selective etching, which
were introduced in pioneering works by R. Li et al. [39] and J. Erlebacher et al. [4] and which
have triggered countless follow-up studies, theoretically and experimentally investigating the
etching process itself as well as the properties of the outcoming materials.

A sketch of the evolution of nanoporosity during a dealloying experiment is given in figure
2.2. The underlying mechanisms can briefly be described as follows: At the beginning of an
electrochemical dealloying experiment an alloy, usually a solid solution, in which the more
noble element is present in dilute concentration, is immersed into an electrolyte and set at
a potential, which is suitable for selectively etching the less noble component. During the
etching process, atoms of the less noble component are dissolved into the electrolyte, leaving
behind surface vacancies, while the more noble atoms tend to seek energetically favorable,
low coordinate positions by surface diffusion. In early stages of the etching experiment this
rearrangement leads to the formation of noble element islands on top of the bulk alloy. As
the dealloying proceeds and the etching front penetrates deeper into the bulk, cavities are
formed in between the islands, which finally leads to a bicontinuous structure of a spongy
metallic network, riddled with fine pores. [40]

The branches of the metallic network formed by dealloying, the so called ligaments,
exhibit a composition gradient with almost pure layers of the more noble element near the
surface and higher concentrations of the less noble alloy partner in the middle [13]. The
average distances of the islands formed during dealloying, and in further consequence the
pore and ligament sizes, are characteristic for the elements involved, i.e., strongly dependent
on the surface diffusivities and thus on the melting points of the respective materials. In

fact, it was shown by Chen et al. that the ligament diameters of dealloyed, nanoporous
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electrolyte

etch front

master alloy

Figure 2.2: Schematic illustration of the etching front propagation into an alloy during a
dealloying experiment, leaving behind a nanoporous structure of the more noble element.

materials logarithmically decrease with the melting point of the host reservoir [5].

The etching process itself, with its variety of adjustable parameters, strongly influences
the properties of the outcoming nanostructures. Not only pore- and ligament sizes, but
also macroscopic shrinkage, internal stresses, oxide formation, or the concentration of the
less noble component remaining in the porous network may be affected by the experimental
conditions. In order to achieve a deeper understanding of the underlying mechanisms, the
processes at the etching front are discussed intensively in the literature. Available studies
include computer simulations [4,41], X-ray [42,43] and imaging techniques [44,45]. However
it should be pointed out here, that all mentioned experiments were conducted ex-situ and /or

sensitive to surfaces or thin films with a maximum thickness of several micrometers only.

By far the most intensively studied dealloyed material is nanoporous gold (np-Au) pro-
duced from Ag-Au master alloys, which typically exhibits ligament sizes in the range of
20 nm [46]. Nanoporosity can be achieved by free corrosion, usually in nitric acid (HNOj)
solutions [47], as well as potential-assisted, e.g. in perchloric acid (HCIO,) [39] or neutral

silver nitrate (AgNOj) solution [48]. Successful dealloying requires a suitable composition
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of the master alloy, which for Ag-Au lies between 15 and 40 wt% Au [49]. While the lower
limit is given by a continuous formation of a percolating network, the upper boundary, the
so called parting limit, represents the case of passivation during etching: if the concentration
of the more noble component is too high in the master alloy, the rearrangement processes
during etching will lead to a dense surface layer of the more noble element covering the
master alloy, which inhibits further dissolution processes.

Even though the above mentioned np-Au produced from Ag-Au alloys represents the most
common case, also a variety of other dealloyable systems are known in the literature, e.g.
nanoporous silver [50], platinum [51], palladium [52], copper [53], or nickel [54]. Moreover also
master alloy systems other than binary solid solutions are studied with regard to improving
the properties of the outcoming nanostructures. For example, a stabilizing backbone for the
brittle nanoporous structure can be introduced with multi-phase master alloys (Ag-Pt). [55]
Moreover it was shown that, compared to typical nanoporous gold dealloyed from Ag-Au,
finer porosities can be achieved by dealloying ternary alloys which contain a higher-melting
minor component that inhibits structural rearrangements, as reported for the Ag-Au-Pt
system [56].

In the present work, besides np-Au, nanoporous platinum (np-Pt), produced from Cu-
Pt, [51] and nanoporous palladium, produced from Co-Pd, [52] will be studied with regard
to electrochemically induced property variations. Both systems, which can be etched in sul-
phuric acid (H2SO,) solutions, show extraordinarily fine porosities with ligament diameters

of only a few nanometers due to their high melting points.

2.3 Nanostructured Materials with Tunable Properties

The concept of bulk nanostructured metals with electrochemically tunable properties, which
was proposed by Gleiter at al. in 2001 [22|, makes use of the high surface-to-volume ratio
inherent to porous nanophase structures. When a dense bulk metal is subjected to an

external electric field or, as sketched in figure 2.3 (left), is charged as an electrode immersed
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bulk metal nanoporous metal

\/

Tage e s e  sggeeye

SRR OIS A a0 B

Figure 2.3: Concept of property tuning using porous nanophase metals. While electrochem-
ical surface charging hardly affects the bulk properties of a dense electrode (left), charging-
induced surface effects may alter the macroscopic properties of a nanoporous material (right)
due to the high surface to volume ratio.

in an electrolyte, the concommitant effects will be restricted to superficial regions (sketched
in pink) of the metallic material: Due to the effective screening of metals, associated with
their high conductivity, an applied electric field decays rapidly within only a few surface
atomic layers, while the major part of the charged electrode remains field-free, resulting in

unaltered bulk properties of the material.

Significant effects can be generated, however, when instead of a macroscopically sized,
dense metal electrode a nanophase metal with continuous porosity is used (figure 2.3, right).
In this case all internal surfaces of pores, penetrated by the electrolyte, can be charged by
applying a potential to the metal. Due to the high surface-to-volume ratio, a charging-
induced influence on surface layers affects a substantial volume fraction of the material and

may therefore lead to variations of the macroscopic properties of the material.
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In such a way, a variety of physical bulk properties of metallic conductors can be tuned
reversibly, ranging from optical [57,58] and magnetic [32,59-61] to electrical [24,28-32] and
mechanical [23,27,62] properties. Since the focus of this work lies on the tunable electrical
resistance and actuation behavior of porous nanophase metals, a more detailed literature

overview of the key results regarding these effects will be presented in the following.

Tunable Electrical Resistance

Experiments on charging-induced resistance tuning of nanostructures, including metallic
ones, reach back by far earlier than to the year 2001, when the above mentioned concept
was published by Gleiter et al. [22]. Those early studies were however restricted to thin
film structures or nanoscale wires of (semi-)precious metals, with a strong focus on silver. A
summary in chronological order is given in table 2.1.

A first study, published in 1956, presented the influence of electrostatic charging on the
resistance of silver thin films [63], resulting in resistance variations in the range of 107* %. A
variety of electrochemical resistance tuning experiments followed during the decades, starting
in the 1960s, which investigated resistance variations upon double layer charging as well as
adsorption/corrosion phenomena [64-74|, presenting resistance variations up to 80 % by
corrosion [68] or 20 % upon reversible charging [70]. Moreover, after this initial study of the
resistance senisitivity to the adsorption of different halide ions [70] also sensing applications
based on resistance variations of thin metal films were published [75]. Among the just
mentioned references, a detailed review article by Tucceri |72], representing an excellent
overview on surface resistance measurements in electrochemistry, should be pointed out
particularly.

The first successful resistance tuning of a three dimensionally macroscopic sample ma-
terial following the concept of Gleiter [22] was published by our group in 2006 [24]. In the
experiment presented by Sagmeister et al. a Pt nanopowder pellet with a mass of 120 mg,

produced by compacting commercial Platinum Black, exhibited resistance variations up to



Table 2.1: Charging-induced resistance variations of metal and alloy nanostructures reported in the literature.

Electrochemical
Regimes

Ef é é é Maximum
First Author Year | Material(s) 2 g % 'é’q Variation

é’ o & AR/R %]
Deubner [63] 1956 | Ag thin films (electrostatic charging) 1071
Shimizu |64, 65| 1968 | Pt thin films X | X 10
Dickinson [66] 1974 | Pt thin films X | x| X 12
Tucceri [67] 1990 | Ag thin films X | X 2
Korwer [68] 1991 | Ag thin films X | X | X 80
Hanewinkel |70] 1997 | Ag thin films X 20
Xu [71] 2002 | Au thin wires X | X 10
Tucceri [72] (review) | 2004 | Ag, Au, Pt thin films X | x| X
Schéning [75] 2004 X
Sagmeister [24] 2006 | Pt nanopowder X | X 8
Bansal [76] 2007 | Au-Fe nanopowder X 1.3
Dasgupta [73] 2008 | Au thin films X 1.5
Mishra [28] 2008 | Au, dealloyed X 6
Wabhl [29] 2010 | Au, dealloyed X | X 43
Steyskal [33] 2012 | Pt, dealloyed (present thesis) X 4
Steyskal [32] 2013 | Pt nanopowder (present thesis) X | X 6
Ding |74] 2015 | Pt nanowires X | X 15
Bai [77] 2016 | Ag, dealloyed X | x| X 1100
Steyskal [30] 2016 | Pt, dealloyed (present thesis) X | X 58
Steyskal [31] 2016 | Pd, dealloyed (present thesis) X | X 30
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8 % upon electrochemical charging. Follow-up studies on compacted nanopowders inves-
tigated Au-Fe [76] and, in the framework of this thesis, different electrochemical charging
regimes of Platinum Black, which was published in reference [32].

A particularly interesting group of candidates for property tuning is represented by
nanoporous metals produced by dealloying, which offer a higher freedom of design. Dur-
ing the past few years a variety of property tuning experiments has been published for this
class of materials, with a strong focus on mechanical properties (e.g. see reference [78]).
Resistance variations upon electrochemical charging have been studied in the literature us-
ing dealloyed nanoporous gold [28,29] and silver [77]. In the present thesis R-tuning of
platinum [30,33] and palladium [31]| was investigated. Due to significantly enhanced surface-
to-volume ratios compared to compacted powder pellets dealloyed materials showed strong
resistance variations of 6 % in the double layer (nanoporous gold) 28] and up to 58 % in the
adsorption regime (nanoporous platinum, present work, published in reference [30]) or, in the
case of less noble silver, even a resistance increase by more than 1000 % due to corrosion [77].

In the present thesis, the major focus of resistance tuning experiments will be placed
on the electrochemical regimes of double layer charging and adsorption. In the latter the
observed behavior is exclusively dominated by scattering processes at the metal-electrolyte
interfaces [29], while in the double layer regime also variations in the charge carrier density
give a considerable resistance contribution [24]. Significant resistance variations caused by
electrochemically induced actuation could be excluded in both electrochemical regimes. A
detailed evaluation of the respective contributions for the present data will be given in chapter
5.2.

In the literature also studies of the charging induced resistance changes of various car-
bon materials can be found. A brief overview of the available data is given in table 2.2.
Interestingly, besides high field-induced resistance variations, these materials show a sign
inversion behavior of the resistance variation upon electrochemical charging, similar to that
observed for freshly dealloyed nanoporous platinum (’primary oxide condition’), which will

be discussed extensively in chapter 4.2.2.
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Table 2.2: Charging-induced resistance variations AR reported in the literature for different
carbon materials.

First Author | Year | Carbon Material | AR |%]
Kastening [79] | 1994 | particles 400
Kazaoui [80] 2001 | nanotube films 70
Barisci [81] 2003 | nanotube paper 40
Barisci [82] 2004 | nanotube paper 30
Pollak [83] 2006 | porous films 12
Ruch [84] 2009 | nanotube paper 80
Biener [85] 2012 | porous, amorphous 150

In the context of this summary of literature reports on resistance tuning, also the research
field of ’resistive switching’ should be mentioned briefly. The concept of this method is the
electrochemical formation of a conductive channel between two electrodes immersed in an
electrolyte, which can be deposited or dissolved depending on the desired switching state. In
such a way conductance changes of several orders of magnitude can be achieved reversibly.
Resistive switching represents a very active research field with many technology-relevant
applications. Since however the achievable conductance variations, even though generated
electrochemically, arise from strongly different effects than the charging-induced resistance
tuning investigated in this thesis, a detailed discussion of resistive switching goes beyond
the scope of this introductory chapter. For more information about the topic of resistive
switching the reader is referred to the review articles listed under references [86-88| in this

thesis.

Charging Induced Actuation

Prior to resistance tuning the concept of Gleiter [22] was applied to generate charging-
induced actuation. In a study published in 2003 by Weifmiiller et al., a compacted platinum
nanopowder pellet exhibited a reversible expansion of about 0.15 % upon cyclic voltammetry
in aqueous KOH solution [23]. Follow—up studies were performed on platinum [62] and

palladium [89] nanopowders in different chemical regimes, inducing actuation up to 0.24 % in
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the oxygen regime [62] or up to more than 0.4 % upon hydrogen absorption in palladium [89).

The first actuation application of a dealloyed metal was published in 2003 [90]. In this
study by Kramer et al. the electrochemically induced volume changes were made visible
for the naked eye via macroscopic bending of nanoporous gold cantilevers. Until today,
nanoporous gold by far represents the most intensively studied system with regards to tunable
mechanical properties. Among a variety of studies ranging from tunable strength [27] or
imbibition [91] to piezoelectric effects [92], a detailed work published by H.-J. Jin in 2008 [46],
investigating the actuation behavior of nanoporous gold in different electrochemical regimes,
is of particular relevance for the present thesis. Moreover a well-arranged review about

(electro-)chemically induced volume changes of dealloyed metals is given in reference [26].

Giving a brief summary, the reason for electrochemical actuation can be found in varia-
tions of the surface stress, which arise because charging modifies the atomic bonding forces
at the metal surface. In contrast to a semiconductor, a charging-induced electric field can
penetrate only a few surface layers of a metal, while the interior remains field-free. Within
the metal surface layers affected by charging however, significant amounts of (positive or
negatvie) charge, up to several ten percents of an elemetary charge per surface atom, can
be hosted, which causes high local space-charge densities [26]. It can be shown computa-
tionally (DFT), that such a charging significantly modifies the atomic bonding forces of the
surface, leading to changes in the surface stress f and in further consequence to volume
strain |93, which is illustrated in figure 2.4. The electrochemically induced variation of the
surface stress, which is assumed to be isotropic in the surface plane, is characterized by the

surface-stress charge coefficient ¢ with

_of

(=% (2.3)

For a clean metal surface ¢ exhibits a negative sign in the double layer regime. Thus
metals expand upon positive surface charging, which is shown in references [62] and [46]

for compacted platinum nanopowder and dealloyed gold respectively. Upon adsorption of
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Figure 2.4: Schematic illustration of increasing surface stress due to imposing negative charge
(red) on a metal surface (blue). The electrochemical treatment leads to a volume contraction
of several surface atomic layers (blue and green), compared to the ideal lattice (grey grid).

oxygen as well as hydrogen, an expansion is reported, irrespective of the charge sign of the
adsorbing species leading to ¢ < 0 for OH™ and ¢ > 0 for H' adsorption. The sample volume
variations in these chemical regimes are much higher than those achieved upon double layer
charging. Since this strong actuation is however associated with a large charge transfer
from/to the electrode, the resulting surface-stress charge coefficients are significantly lower

in the chemical regime [62].

A peculiarity is reported for nanoporous gold, covered by the so called primary oxide, that
develops as a byproduct of the dealloying process [46]. Upon pseudocapacitive ’double layer
like’ charging of samples in such an oxidized condition, the surface-stress charge coefficient
exhibits an opposed sign compared to the clean metal surface: The samples expand upon
charging with excess electrons. This behavior is interpreted as most probably being caused
by the less effective screening and therefore deeper penetration of the excess charge in the
oxidized material. If band bending results in a location of the Fermi energy close to the
valence band near the surface, the excess electrons will populate antibonding valence band
states rather than bonding conduction band states. This weakening of the bonding between

atoms would cause an expansion of the sample.
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Besides gold, also other dealloyed materials with actuator properties are known in the
literature, for example nanoporous silver [94] or nickel [95]. An extraordinary high reversible
expansion up to 1.3 % was reported for nanoporous Aug gPtg 2 alloys [78], which are dealloyed
from Ag-Au-Pt master alloys [56]. Due to the presence of the high melting platinum in this
ternary alloy system, the structural rearrangement of the nanoporous network during the
etching process is inhibited compared to conventional Ag-Au dealloying, resulting in finer
porosities and a higher surface-to-volume ratio of the produced material [56], which in further
consequence leads to an enhanced actuation behavior [78|.

Dilatometry can also be used for the characterization of hydrogen absorption into the
bulk of a solid. A frequently used model system for this purpose is Pd-H, which is intro-
duced in chapter 2.4. In the field of dealloyed, nanoporous metals, acutation upon hydrogen
absorption represents a very new, emerging research topic. The few works available in the lit-
erature [96,97| will be discussed in relation to the present results (published in reference [31])

in chapter 5.4.

2.4 Hydrogen Absorption in Palladium

The ability of hydrogen uptake into the bulk metal volume was discovered in the mid-
nineteenth century for palladium by T. Graham [98] and has been in the focus of active
research ever since. In various experimental and theoretical studies H absorption from the
gas phase [99,100] as well as by electrochemical methods [101]| was investigated.

At room temperature two different phases of the Pd-H system may exist: the a-phase, a
solid solution of H in Pd, and the -phase, Pd hydride. The presence of the phases depends
on the amount of hydrogen incorporated in palladium. At very low concentrations up to
an atomic ratio H/Pd ~ 2 % only the a-phase is present in the Pd-H system. When the
hydrogen concentration is increased above this threshold, the wide regime of a-f coexistence
is entered until at H/Pd ratios above 58 % Pd-H exists only in the S-phase. [102]. A phase

diagram of the Pd-H system is sketched in figure 2.5.
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Figure 2.5: Sketch of the Pd-H binary phase diagram, according to reference [102].

Upon hydrogenation of Pd, which is illustrated in figure 2.6, a variety of physical prop-
erties of the host metal are altered. Among them, the sample’s increase in electrical resis-
tance [103,104] as well as the volume expansion [105] with increasing H concentration will
be of particular interest in the present work.

During the past few decades, particular research interest was placed on hydrogen absorp-
tion in micro- and nanostructured metals, including palladium, such as ultrafine—grained
structures [106,107], thin films [108] and most recently the already mentioned nanoporous
palladium [30,96,97|. The available literature ranges from fundamental research questions
to technological applications: For example, crystal lattice defects can be probed due to their
influence on the hydrogen absorption characteristics [109,110]. Moreover Pd nanostructures
were shown to exhibit superior (faster) hydrogen uptake characteristics, advantageous for
technological hydrogen storage [107].

Here it should be pointed out clearly, that Pd itself is not of direct relevance as a future
hydrogen storage material. Besides of its high cost, being a precious metal, it also possesses a
by far too high mass density, which rules out a reasonable applicability e.g. for mobile devices

or as an on-board energy storage medium for vehicles. However due to the long history of
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Figure 2.6: Schematic illustration of hydrogen uptake in palladium, which is associated with
an increase in sample volume as well as electrical resistance.

studies on the hydrogen absorption in palladium with its well-understood characteristics,
Pd is a popular and frequently used model system for studying the potentials of hydrogen

uptake in novel systems such as the nanoporous structures investigated in this work.



Experimental Methods and

Sample Preparation

The key results obtained in the framework of this thesis are the generation and in situ
monitoring of property variations of porous nanophase metals upon different electrochemical
treatments. The methods applied to record these data will be presented in the following. A

list of the samples used in this work is given in section 3.3.

3.1 Electrochemical Methods

All electrochemical measurements were recorded in three electrode geometry. The sample
material, immersed in the electrolyte, was controlled as the working electrode (WE) of a
potentiostat, which is sketched in figure 3.1. For resistometry experiments a Voltalab PGZ-
100 (Radiometer Analytical) potentiostat was used, dilatometry experiments were conducted
with an Autolab PGSTAT204 (Metrohm) potentiostat.

The potential of the working electrodes was measured relative to commercial reference
electrodes (REF), purchased from the manufacturer of the potentiostat used for the respec-
tive measurement. Besides dealloying experiments of nanoporous gold, all used reference

electrodes were conventional Ag/AgCl systems, based on the half cell reaction

Ags) + C’l(_aq)  AgCls +e”

33
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Figure 3.1: Schematic cell setup for electrochemical measurements in three electrode geom-
etry.

and filled with a saturated (Radiometer Analytical) or 3.5 mol/l (Metrohm) aqueous
solution of KCl, which exhibit potentials of +197 mV (saturated) or 4205 mV (3.5 mol/l)
relative to the standard hydrogen electrode. For np-Au dealloying in AgNOj electrolyte, a
double junction reference electrode (Metrohm) with KNOj as salt bridge (outer chamber)
had to be used in order to avoid AgCl precipitation in the measurement cell. When referring
to the potential of the samples, Usg 4401 Will be given relative to the respective reference
electrode in the following.

The potential recorded between the working and the reference electrode without external
charging is called open circuit potential (OCP). If a potential of the WE other than the OCP
is to be adjusted, a third electrode, the counter electrode (CE), is required since currents
between the sample and the reference electrode are undesirable. For the property tuning
experiments (chapter 4.2), counter electrodes with sufficiently high electrochemically active
surfaces were required, which was provided by sheets of highly porous carbon fabric. As
counter electrodes for dealloying, graphite sheets (np-Au) or wires of platinum (np-Pt) or
palladium (np-Pd) were used.

The electrochemical methods used to obtain the majority of the results in this work are
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cyclic voltammetry and chronoamperometry. These methods will be briefly introduced in the
following with Pt in an aqueous solution as examplary working electrode, representing one of
the most intensively studied electrochemical systems. While the sample potential is varied
in a defined manner the concommitant current flowing to/from the samples is recorded.
Charge transfers are determined by integration with the simple trapezoid method, using the

potentiostatic data as corner points.

Cyclic Voltammetry

During cyclic voltammetry (CV) the potential of the working electrode is varied in triangular

characteristics with a constant scan rate

‘%‘ = const. (3.1)

between an upper and a lower limit. This method gives an overview of the electrochemical
behavior of the studied material as a function of U, allowing to distinguish between double
layer and chemically active regimes. An exemplary cyclic voltammogram, recorded for a
compacted pellet of commercial Platinum Black in a 1 mol/l aqueous solution of KOH is
shown in figure 3.1. While the potential is varied with a scan rate of 1 mV /s between
the lower limit —1000 mV and the upper limit +450 mV, both stated versus the Ag/AgCl
reference electrode, the recorded current curve is run through in clockwise direction.

We start the discussion in the double layer region (marked yellow) of the upper branch,
characterized by a rather low current flow. As the potential is scanned towards more positive
values, a strong increase in current occurs when the regime of oxygen adsorption is reached
(marked red). Near the upper potential limit a slight increase in curvature is visible in the
current-curve, indicating the onset of oxygen evolution from the electrolyte associated with
bubbles emerging from the electrolyte, which was preferably avoided during the property
tuning experiments in this thesis.

When the scanning direction is reversed at Ugg/agc1 = +450 mV we enter the lower
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Figure 3.2: Exemplary cyclic voltammogram of compacted Platinum Black powder (com-
mercial) in 1 mol/1 KOH aqueous solution, recorded with a scan rate of 1 mV /s at potentials
Uagsagcr between —1000 mV and +450 mV. While the sample potential is varied with tri-
angular characteristics, the current curve is run through in clockwise direction. Different
chemical regimes are marked: double layer (yellow), oxygen ad-/desorption (red), hydrogen
ad-/desorption (blue).

branch of the CV. The adsorbed oxygen remains stable on the sample surface in a certain
potential range, associated with low currents, until oxygen is desorbed in a prominent peak
with a maximum at about —450 mV. Following the oxygen desorption peak, again low double
layer currents are visible in a narrow potential range (yellow), before the scan reaches the
hydrogen regime marked in blue. Here hydrogen ad-/desorption takes place in several current
peaks, representing the main low index crystallographic planes offering differently attractive
adsorption sites for the small hydrogen atoms [111], finally approaching again the regime of
gas evolution near the lower potential limit.

In order to achieve reproducable electrochemical results, a working electrode is usually

activated by repeated CV cycling prior to an actual measurement. The activation is per-
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formed until stable conditions of a steady state are achieved which is the case when successive
cycles can no longer be discerned.

Even though no exemplary cyclic voltammograms are shown in this section for the other
porous nanophase metals investigated in this thesis (Au, Pd), the peculiarities of these
systems with regards to the hydrogen regime should be mentioned here briefly: While no
hydrogen adsorption prior to Hy gas evolution can be observed for gold, resulting in an
extended potential range of double layer charging, palladium’s ability to absorb hydrogen
into the bulk results in enhanced currents in this regime, compared to Pt (see below, figures
4.32 and 4.26).

Since during a cyclic voltammetry scan the ions tend to adsorb in registry with the surface
atoms, the recorded charge transfer can be used to determine the electrochemically active
surface area of a sample material. In the case of Pt, one complete scan as shown in figure 3.1
is associated with the ad- and desorption of one monolayer of hydrogen, corresponding to
a charge transfer of 210 uC/cm? for polycrystalline Pt as an average value over all relevant
low index crystal faces [112].

For the platinum samples studied in this thesis, the determination of the active electrode
surface areas was performed using the charge flow recorded upon hydrogen desorption, which
had to be corrected for the double layer current. As double layer current the lowest current
value recorded in the double layer regime (upper branch of the CV) is taken, which is assumed
to give a constant contribution throughout the entire potential scan. This double layer
contribution is subtracted from the CV curve before integration by the trapezoid method as

described above in this chapter.

Chronoamperometry

In chronoamperometry mode (CA) the potential of the working electrode (sample) is set
to a constant value. The current ¢ is recorded while the sample approaches an equilibrium

state. The current characteristics of a CA step show an approximately exponential behavior,
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Figure 3.3: Exemplary chronoamperometric charging curves of nanoporous Platinum in
different chemical regimes. Double layer charging (blue) occurs fast and with small leakage
currents, while the oxygen regime (red) is associated with higher time constants and leakages.

comparable to the charging current of a capacitor.

Different chemical regimes can clearly be distinguished by the time constants of charging,
which is illustrated in figure 3.3 for nanoporous platinum produced by dealloying. In the
double layer regime (blue), which is characterized by shifts in the charge carrier density with
no charge penetrating the interface similar to an electrical capacitor, the charging current
rapidly decays, whereas in the oxygen regime (red), associated with chemical reactions at
the solid-electrolyte interface with a concomitant charge exchange, longer charging times

and higher currents are recorded.

One major advantage of chronoamperometric measurements is the correction of leakage
currents. In contrast to the theoretically expected exponential decay of the charging current
towards zero, experimentally a leakage rather than zero current is reached finally, regardless

of the sample, charging time or potential used. Such a leakage current, which is caused
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by chemical electrode reactions and/or electrolysis, is present also in other electrochemical
methods, such as CV, however superimposed to the (usually higher) measurement current.

Since this leakage current does not contribute to the charge transfer associated with the
investigated process, it should be subtracted from the recorded signal for an accurate charge
determination. In an idealized correction for a measurement with the duration t,,,., the

transferred charge

tmaz
Qideal = /0 (Z(t) - tliglo @> dt (3.2)

is determined by subtracting the leakage limiting value for extended times from the
recorded current before integration. In practice a CA measurement is stopped after a mea-
surement time %,,,,, when the current signal ¢ has faded to a flat line, exhibiting variations

only due to noise. The average value ip.q, recorded for the current at times ¢ between

0.9 - thae and t,,4., is assigned to leakages . The corrected charge @) is then calculated as

Qideal = /0 o (i(t) = iLear) dt. (3.3)

Dealloying

The preparation of nanoporous metals by electrochemical dealloying represents a special
application of chronoamperometry in which a master alloy with a dilute concentration of the
more noble component(s) is used as the working electrode. The alloy is held at an anodic
potential, suitable to selectively dissolve the less noble component(s), which results in a
nanoporous structure of the more noble element(s).

An exemplary dealloying curve recorded for a Cuz5Pto5 master alloy platelet is presented
in figure 3.4. The etching experiment was performed in a 1 mol/l aqueous solution of
H,S0, at a potential Uy agci—+1075 mV. The recorded curve shows peculiar characteristics
that significantly differ from the CA curves shown above: At the beginning of the etching

experiment the current increases and reaches a maximum, here at about ¢t=3000 s, before
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Figure 3.4: Dealloying curve recorded for a CuzsPtos master alloy platelet in 1 mol/l1 HoSOy4
at a potential Ugg/agci—+1075 mV.

it shows the typical decay of a CA curve. This behavior is recorded since two concurring
processes influence the charge flow during a dealloying experiment. While the sample is
depleted of the sacrificial element (here Cu) the active surface area of the sample rapidly
grows as nanoporosity evolves. At early stages of the dealloying experiment the latter effect
is dominant which leads to an increasing current. Later the depletion of Cu prevails, causing
the current to decay until it finally fades out at values well below 1 mA.

The dealloying parameters such as electrolyte(-concentration) and applied potential have
to be chosen appropriately for each master alloy system in order to avoid severe damages of
the sample (cracking) or passivation during dealloying. A stagnation of the etching process
can occur due to oxidation or due to a rearrangement of the more noble atoms resulting in a
dense layer of the more noble element covering the sample surface with a substantial amount

of the sacrificial element, or even a remaining master alloy backbone, buried beneath.

In the framework of this thesis, nanoporous (np) gold, platinum and palladium produced
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by dealloying were investigated. The Ag-Au and Cu-Pt master alloys for np-Au and np-
Pt were obtained from the Hamburg-Harburg University of Technology where they were
prepared by arc melting. The Co-Pd master alloy for np-Pd was prepared by electron beam
melting (EBM) at the TU Graz Institute of Materials Science and Welding.

The first set of nanoporous platinum samples investigated during this work, denoted as
samples np-Pt R3-R5, were dealloyed by Prof. Stephan Landgraf at the TU Graz Institute of
Physical and Theoretical Chemistry. All other samples presented in this thesis were etched
directly at our institute (see table 3.1 below).

For the resistometric investigations (chapter 4.1) and modeling of dealloying (chapter
5.1), special demands had to be put on the etching process. Since in the proposed model
the recorded resistance variation is expressed as a function of transferred charge, a reliable
charge determination is crucial. Therefore the choice of dealloying systems was restricted
to those, where no free corrosion takes place at open circuit potential, which unfortunately
does not apply to the most common etching procedure in the literature, namely dealloying
of Ag-Au in nitric acid [4]. In the present work, following reference [48], dealloying of Ag-Au
was performed in neutral silver nitrate solution, where no electroless current component is
observed. Nanoporous platinum and palladium were produced by dealloying Cu-Pt and Co-
Pd master alloys in sulphuric acid solutions. A detailed collection of the applied dealloying

parameters is given below in table 4.1.

3.2 Property Tuning

The property tuning experiments performed in this thesis cover electrochemically induced
variations of the electrical resistance as well as the volume expansion of porous nanophase
metals. The resistometric measurements include samples produced by dealloying as well as
by compaction of metallic nanopowders, whereas the dilatometric experiments were limited
to dealloyed samples. The applied setups with their respective requirements and constraints

will be presented in the following.
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Figure 3.5: Schematic setup of a four point resistance measurement of a nanoporous sample.
Five contact wires are attached to the sample, the middle one serves as working electrode
contact of the potentiostat. The remaining four wires are used for four point resistometry,
the outermost two wires supply the four point measuring current while the remaining two
wires sense the voltage drop.

Resistometry

All resistometric measurements presented in this thesis were performed in four point geom-
etry, by means of which contact resistances between the sample materials and the attached
wires are eliminated from the measurement results. The different material types required
different setups, which will be presented in detail below. In all cases, however, five electrode
contacts were attached to the sample surface in line as shown schematically in figure 3.5.
The mid-positioned wire served as working electrode contact to the Voltalab PGZ-100 (Ra-
diometer Analytical) potentiostat, the other wires were connected to a Keithley 2400 Source
Meter for the four point measurements. The outermost wires connected to the sample were
used for the current supply, as indicated by @4p0in¢ in figure 3.5, the voltage drop AU was

sensed between the remaining two wires.

The four point current was applied in pulsed mode with a period of approximately 2.5
seconds. For accurate resistance measurements during electrochemical charging the four

point current pulses have to be chosen sufficiently high, in the present case 74p0in; =100 mA
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Figure 3.6: Sketch of a PTFE groove, used for the compacted nanopowder pellet samples
nc-Pt and ne-Pd in empty (left) and filled (right) condition.

was used. This causes certain irregularities visible as spikes in the otherwise smooth cyclic
voltammograms (e.g. see figure 4.10), whenever potentiostatic and resistometric measure-
ment points coincide. An influence of the potentiostatic charging current on the resistance
measurements was however thoroughly excluded by means of comparative CA measurements,
which will be presented in detail below (see figure 4.11). When the charge transfers were
determined by a trapezoid integration of CV curves, the spikes caused by the current pulses
were corrected by a linear approximation, which will be shown in chapter 4.2 (e.g. see figure

4.13).

For the compacted nanopowder samples commercial Platinum Black, purchased from
ChemPur with a nominal specific surface area of 20—40 m?/g (sample nc-Pt), and palla-
dium nanopowder, produced by inert gas condensation (sample nc-Pd) were used. The mea-
surement setup was based on earlier measurements by Martin Sagmeister et al. [24]: The
nanopowder was compacted into a groove in a Teflon (PTFE) specimen holder, as sketched

in figure 3.6. The specimen holders were manufactured in the TUG Physics Workshop out
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of prism-shaped PTFE-pieces sized initially about 12 x 12 x 5 mm3. Into these PTFE
pieces, grooves with a depth of about 3 mm were cut, sized 9.5 x 2.5 mm? with rounded
edges, fitting an available anvil. Holes with a diameter of 0.5 mm were drilled through these
specimen holders, to embed platinum wires serving as electrical contacts. After inserting the
wires, the nanopowders were filled into the grooves and compacted carefully with an anvil,
using a hand vise. The masses of the nanoporous pellets produced in this manner are listed
in table 3.6.

In the present work, the sample geometry was improved by the addition of a fifth wire,
compared to the earlier setup where only four wires were embedded in the PTFE groove. In
the setup used earlier, one of the inner two wires was used both as working electrode contact
as well as for sensing the four point voltage drop AU, which caused severe interferences and
therefore limited the measurements to CA mode, where the resistometric data points could be
only taken when the charging currents had faded. By adding a fifth wire, the potentiostatic
charging and four point sensing could be attached to separate contacts, allowing for dynamic
measurements of property tuning and especially expanding the experiments to the important
electrochemical method of cyclic voltammetry by which most of the experiments presented
below were recorded (see chapter 4.2).

For the dealloyed samples, two different setups were employed to monitor the resistance
variations upon electrochemical charging. In early stages of this thesis, as mentioned above,
the dealloying of CuzsPtos was conducted by Prof. Stephan Landgraf at the TU Graz
Institute of Physical and Theoretical Chemistry (samples np-Pt R3-R5, see table 3.1). The
resistance tuning measurements were performed on loose platelets after dealloying, which
required extraordinarily cautious handling due to the extreme brittleness of the nanoporous
metals and lead to a mechanical failure of several samples during preliminary testing. The
contacting method used for these platelets is sketched in figure 3.7A. The np-Pt platelets
were laid on the bottom of a Petri dish and contacted from above by five Pt wire springs of
separately adjustable lengths, guided towards the sample surface through thin glass pipes.

In this geometry, denoted as ’lying, springs’ in table 3.1, the primary oxide condition
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Figure 3.7: Resistometry setups for nanoporous samples produced by dealloying. A: Contacts
attached after dealloying (samples np-Pt R3-R5) by placing five adjustable Pt wire springs on
the surface of the lying sample. B: Contacts attached prior to any electrochemical treatment
by clenching five well annealed wires around the sample platelet and immersing the hanging

sample into the electrolyte.

of freshly dealloyed platinum samples with its characteristic sign inversion could be investi-
gated, however, reducing the samples lead to severe sample damages and/or contact losses.
Therefore, a different setup was required for investigations of the metallic state of nanoporous
platinum. This could be realised by moving the dealloying process into our own laboratory
and attaching the required contacts to the sample prior to any electrochemical treatment.
In this improved setup, denoted as "hanging’ in table 3.1, five well annealed, flattened
wires, consisting of the more noble element of the master alloy, were clenched around the
master alloy in line, as sketched in figure 3.7B. Connecting the samples in such a way provided
a sufficient electrical contact for all measurements on ductile gold. For nanoporous platinum
and palladium, the wires had to be fixed additionally by a droplet of glue (Crystal Bond 509,
Aremco), covering one face of the alloy stripe as shown in the image. This bonding layer
provided both an enhanced electrical contact as well as a certain mechanical stabilization of
the brittle material. To set up the electrochemical cell, the sample was immersed into the

electrolyte while hanging on the wires, by which any mechanical constraints on the sample

were minimized.



46 Chapter 3. FEzperimental Methods and Sample Preparation
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Figure 3.8: Experimental setup for monitoring the actuation behavior of nanoporous samples
in a Linseis LV75 vertical dilatometer. The sample platelet is placed under the dilatometer’s
pushrod and contacted to the potentiostat from below using a flattened, well annealed wire.

Dilatometry

For the dilatometric measurements a Linseis LV75 vertical dilatometer was adjusted for op-
erating with an electrochemical cell in the framework of this thesis. In the used setup, which
is sketched in figure 3.8, a square shaped sample platelet with dimensions of approximately

5x5 mm?

is placed under the dilatometer’s pushrod, which applies a constant pressure of
100 mN. The sample is contacted from below by a well annealed, flattened wire, consisting
of the more noble element present in the master alloy, which serves as working electrode con-
tact to an Autolab PGSTAT204 potentiostat (Metrohm). Like in the improved resistometry
setup, again all connections are set up prior to any electrochemical treatment and a mini-
mum of mechanical manipulations is performed once a sample platelet is dealloyed. During

the following experiments the electrical contact as well as the brittle sample are stabilized

by the slight constant pressure of the pushrod.

For electrochemical measurements the entire sample platform can be immersed into a

beaker filled with electrolyte, which can be raised from below using a laboratory scissor jack.
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The accuracy of the dilatometric measurements recorded in this setup is limited by room
temperature variations rather than by the inherent resolution of the measuring device, which
is, for example, clearly visible by an oscillation overlaying the length change curve shown
in figure 4.12. This limiation makes quantitative evaluations of the actuation behavior
difficult, particularly upon double layer(-like) charging where the variations are very small
(see figures 4.14 and 4.18). The quality of future measurements is expected to be enhanced
significantly by a new improved air conditioning system, which is presently beeing installed

in the dilatometry laboratory.

3.3 List of Samples

An overview of all samples included in this thesis is given in table 3.1. The compacted
nanopowder samples, which were produced as described in section 3.2, are represented by
one pellet for each of the elements (Pt and Pd), denoted by the prefix 'n¢’ (samples nc-
Pt and nc-Pd). For the dealloyed nanoporous metals, which were used in the majority of
experiments in this work, a set of platelets is presented under the prefix 'np’. Samples used
for resistometry /dilatometry are tagged by the notation R/D respectively.

During preliminary testing numerous nanoporous metal samples were used. For the
purpose of clarity and comprehensibility the measurements presented in the following chapter
4 were however limited to a minimum number of samples necessary to exemplarily show the

most essential results.
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Table 3.1: List of samples used in this thesis.

| Compacted Nanopowders

Name Material Mass m | Contacting Method | Figures
comimercial 4.3, 4.4, 4.5, 4.6,
ne-Pt Pt Black 104 mg PLFE groove 1.7, 4.8, 4.9, 5.5
nc-Pd mert gas 90 mg PTFE groove 4.30
condensation
‘ Dealloyed Platelets
Name Master Alloy Initial Contacting Method | Figures
Mass my
. 4.1, 4.31, 4.32,
np-Au R1 Agr3Auy, 86 mg hanging, free 5.2, 5.2, 54
np-Pt R1 CuzsPtos 52 mg hanging, glued 4.2, 5.4
4.10, 4.11, 4.13,
np-Pt R2 CursPtos 163 mg hanging, glued 4.15, 4.16, 4.17,
4.24, 5.5
np-Pt R3 CursPtos 132 mg lying, springs 4.19
np-Pt R4 CursPtos 97 mg lying, springs 4.20, 4.22
np-Pt R5 CursPtos 116 mg lying, springs 4.21, 4.23
np-Pt D1 CursPtos 30 mg dilatometer j;?’ 4.14, 4.18,
np-Pd R1 CoggPd1o 84 mg hanging, glued 4.2, 54
np-Pd R2 CoggPd1o 100 mg hanging, glued 4.26, 4.27
np-Pd D1 CoggPda 87 mg dilatometer 4.26, 4.28
np-Pd D2 CoggPdio 58 mg dilatometer 4.27
np-Pd D3 CoggPd1o 43 mg dilatometer 4.29




Experimental Results

The key results obtained in the framework of this thesis can roughly be divided in two major
topics: on the one hand studies of the dealloying process itself, which will be presented in sec-
tion 4.1, and on the other hand property-tuning experiments for different nanoporous metals
obtained by dealloying as well as for reference materials produced by compacting nanopow-
ders, collected in section 4.2. Section 4.3 is a collection of further results for dealloyed
samples, obtained during this thesis by techniques other than resistometry and dilatometry.
Besides detailed morphological characterizations by SEM and TEM, particular interest was

laid on investigations of the primary oxide inherent to freshly dealloyed samples.

4.1 Resistometry during Dealloying

The system studied most intensively during this thesis with regards to the resistance in-
crease upon dealloying was np-Au etched from an Ag-Au master alloy, which is also the
most common dealloying-system in the literature [4]. All measurements on nanoporous gold
included in this chapter were recorded and already presented in the framework of a master
thesis conducted by Michael Seidl, which I had the pleasure to co-supervise during my dis-
sertation. Figure 4.1 exemplarily shows a measurement for a AgyzAuyy platelet (np-Au R1),
dealloyed in a 0.1 molar aqueous solution of silver nitrate (AgNO3), which was chosen as the

electrolyte in order to avoid free corrosion as described in chapter 3.1.

49
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Figure 4.1: Current i recorded during dealloying a AgrzAug; master alloy at Uag/agcr =
+1300mV in 0.1 M AgNOj3 aqueous solution with the concomitant increase of the resistance
R in linear (B) and logarithmic (C) scale.
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master alloy | mo [mg] | electrolyte | Uag/ager [mV] | CE | Qp [As]
np-Au R1 | Agr3Auyy 86 0.1 M AgNOg +1300 C 74
np-Pd R1 CogsPd;2 84 0.1 M HyS04 +550 Pd 227
Ilp—Pt R1 CU75Pt25 52 1.0 M HQSO4 +1075 Pt 104

Table 4.1: Master alloy compositions, initial sample masses my, electrolytes, dealloying
potentials Uag/ag01 measured versus the Ag/AgCl reference (Radiometer Analytical), counter
electrodes (CE) and recorded charge transfers @ for the dealloying experiments presented
in this section.

The dealloying current ¢ is plotted as a function of time in figure 4.1A, starting at values
of about 8 mA and fading out when the sample is depleted of the sacrificial element Ag.
For detailed dealloying parameters see table 4.1. Concomitantly to dissolving silver from the
master alloy, which results in the desired nanoporosity, also oxygen is transferred to the sam-
ple during the dealloying experiment. Both processes are associated with a charge transfer
of the same (positive) sign, which therefore in the measurement adds up to a total charge
transfer (Qr, amounting to about 74 As in the present experiment. While the nanoporous
structure is formed, the resistance of the sample (figure 4.1B) remains very low for a long
time before it starts to increase strongly, in the present case at about ¢ = 8000 s. The extent
of this increase becomes better visible when the curve is plotted in log-scale as presented in
figure 4.1C, showing the resistance rising by three orders of magnitude.

Similar measurements were also performed during the formation of nanoporous palladium
and platinum, which is shown in figure 4.2. The dealloying parameters are also listed in table
4.1. As clearly visible in figure 4.2, the resistance curves are not as smooth as that recorded
for nanoporous gold (figure 4.1). This indicates that, in spite of fixing the wires on the sample
surface with glue as described in chapter 3, Pt and Pd show a higher proneness to contact
issues due to their lower nobility and ductility, causing increased oxidation and mechanical
disconnections. However, the observed resistance variations exhibit remarkable similarity for

all metals, each showing a resistance increase by about three orders of magnitude.
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Figure 4.2: Dealloying currents ¢ and concomitant increase of the resistances R recorded
during the evolution of np-Pd (left) and np-Pt (right) by dealloying CogsPdi2 at Uagjager =
+550mV in 0.1 M HySO4 and CuzsPtas at Uag/ager = +1075mV in 1 M HySOy respectively.

4.2 Tunable Properties

The focus of property tuning experiments in this thesis lies on electrochemically induced resis-
tance variations of nanoporous metals produced by dealloying. The results are supported by
dilatometry as well as by measurements on compacted nanopowder samples (section 4.2.1).
The majority of experiments was conducted on nanoporous platinum, which is presented

in section 4.2.2. In the subsequent sections 4.2.3 and 4.2.4 property tuning of nanoporous
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palladium and gold is presented. Besides well-reduced (metallic) samples, also the peculiar
behavior of freshly dealloyed samples, covered by the so-called primary oxide, is investigated

for all mentioned nanoporous metals.

4.2.1 Platinum Black

The tunable properties of porous nanophase Pt will be introduced in this section, using
as an example commercial Platinum Black, compacted into pellets, which will be referred
to as nc-Pt in the following. The results obtained for this material were published in the
Beilstein Journal of Nanotechnology, thematic series Advances in Nanomaterials, which is
listed as reference [32]. Comparative measurements regarding the tunability of the magnetic
moment of Platinum Black, which are presented in the mentioned article yet not included
in this thesis, were performed by my colleague Stefan Topolovec. Even though confirmed by
experiments with various samples, all measurements shown in this section were recorded for

one 104 mg nanopowder pellet, compacted into a PTFE groove as described in section 3.2.

A typical cyclic voltammogram for Platinum Black, which will be referred to as overview
in the following, is shown as grey curve in figure 4.3. The CV was recorded at potentials
Uagagcr between —1050 mV and +600 mV, limited by avoiding strong gas evolution. The
surface area of the sample can be determined from the hydrogen desorption in the cyclic
voltammogram as described in reference [112]: the desorption of one monolayer of hydrogen,
as assumed to take place in the CV, is associated with a charge transfer of 210 uC/cm?.
Applied to the present sample this corresponds to an electrochemically active surface area
of about 5 m?/g.

The colored CV curves in figure 4.3 characterize the potential regions, which were investi-
gated in detail with respect to charging-induced variations of the electrical resistance. These
CVs are located in the double layer and oxygen-governed regime (above Uag/agci=—555 mV)

and are shown in steady state. The pink curve shows a featureless double layer CV, recorded

at potentials between —555 mV and —355 mV. The CV between —465 mV and —35 mV
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Figure 4.3: Steady state cyclic voltammograms of a compacted Platinum Black sample in
1 M KOH aqueous solution, recorded at a scan rate of 0.5 mV /s in different potential ranges
from —1050 mV to +600 mV (overview, gray), —555 mV to -355 mV (double layer, pink),
—465 mV to —35 mV (ad-/desorption, green/red) and 0 mV to +500 mV (oxidized, blue).

characterizes the formation (anodic direction, green line) and subsequent removal (cathodic
direction, red line) of a thin oxygen layer to an extent of less than one oxygen atom per Pt
surface atom |113]. The blue CV curve in the higher potential regime (0 mV to +500 mV)

corresponds to the state of further strong oxygen adsorption.

The overview CV is plotted again as a red curve in figure 4.4, along with the concomitant
resistance variation (blue curve). While only small resistance variations can be generated by
hydrogen adsorption and double layer charging, a significantly higher tunability up to about
15 % with a pronounced hysteresis in the resistance-potential-characteristics can be observed
in the oxygen regime. The R-variation with the imposed charge is however hysteresis-free,
which is shown for this measurement in figure 4.5. This indicates a direct relation of R to

oxygen adsorption/desorption, which will be studied in the following.

The CV between —465 mV and —35 mV (green and red in figure 4.3) is shown in more
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Figure 4.4: Relative variation AR/Ry of the electrical resistance of compacted Platinum
Black upon CV in 1 M KOH with a scan rate of 0.5 mV /s between —1050 mV and 4600 mV,
limited by avoiding hydrogen and oxygen evolution. The reference value Ry refers to the
sample resistance in the double layer region. Current i (red) and AR/Ry (blue) are plotted
as a function of potential Uag/ager versus the commercial Ag/AgCl reference.

detail in figure 4.6 along with the corresponding variation of the electrical resistance. The
green- and red-colored data in both curves again indicate the anodic and cathodic scan
direction, respectively. Two subsequent voltammetric cycles are plotted for both signals,
which can hardly be discerned, illustrating the good reversibility of the R-measurements in

the steady-state CV.

The electrical resistance R increases upon positive charging, exhibiting a total variation
AR/Ry of about 6 % in this potential range (figure 4.6). As already seen in figure 4.4,
the variation of R with the potential Uy 4401 exhibits a pronounced hysteresis. The high
sensitivity of R with respect to superficial oxygen adsorption is yet visible better here in
this more detailed view: the resistance steeply increases/decreases right where oxygen ad-

sorption/desorption takes place in the CV. Taking a closer look at the high potential edge,
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Figure 4.5: Relative variation of the resistance AR/Ry of compacted Platinum Black upon
CV-cycling in 1 M KOH at potentials Ugag/agci between —1050 mV and +600 mV with a
scan rate of 0.5 mV/s, plotted as a function of the imposed charge Q).

a further increase in R can be observed when the scan direction is reversed (start of red-
colored curve) as long as the charging current i is still positive. When i finally changes its
sign at about —75 mV, the resistance also starts to decrease. Thus the resistance variation
is proportional to the transferred charge, which is demonstrated by the green and red curve
in figure 4.7, representing the R-(Q)-plot of this experiment: plotting the resistance variation

as a function of the imposed charge results in a hysteresis-free curve.

The pink curve in figure 4.7 shows the resistance variation upon double layer charging at
potentials Ujyg/agci between —555 mV and —355 mV. In the double layer regime, associated
with a featureless CV (shown as pink curve in figure 4.3), the charging currents and thus
transferred charges are small compared to chemisorption. In this regime the resistance
exhibits a hysteresis-free variation with applied potential Uag/agc (not shown) as well as
imposed charge (). Along with a charge transfer of 0.3 As, a resistance variation of about

0.8 % can be observed.
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Figure 4.6: Current ¢ and relative variation of the resistance AR/ Ry of compacted Platinum
Black upon CV-cycling in 1 M KOH at potentials Usg/agci between —465 mV and —35 mV
with a scan rate of 0.5 mV /s. Cathodic scan is indicated by red, anodic scan by green lines.
To demostrate the good reversibility two CV cycles are shown in each curve.

From the R-Q-plots, the charge coeficcients (AR/Ry)/AQ of the respective regimes can
be deduced, which characterize the sensitivity of R to imposed charge. The linear regressions
of the R-Q-characteristics for both regimes are plotted as dashed lines in figure 4.7, showing
the chemisorption regime in black and double layer cycling in pink. For both regimes similar
slopes and thus charge coefficients are observed, which are listed in table 4.2.

The charge-dependence of R is also nicely illustrated by figure 4.8, where the potential

range of oxygen ad- and desorption (potentials Uag/agc1 between —465 mV and —35 mV) is

Table 4.2: Charge coefficients [(AR/Ry)/AQ)] determined upon CV cycling in different
regimes.

g e (As/e) ]

double layer 0.25
ad-/desorption 0.27
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Figure 4.7: Resistance variation AR/ Ry of compacted Platinum Black as function of charge
(), imposed upon cyclic voltammetry in different windows of potential Uagy/agci. The green
and red curve show oxygen ad- and desorption sorption at potentials between —465 mV and
—35 mV, the pink curve shows double layer charging between —555 mV to —355 mV. Dashed
lines show linear regressions of the curves.

scanned by CVs with different rates: while the curves plotted as a function of the applied
potential Uy agcr (figure 4.8A) strongly depend on the scan rate, exhibiting higher currents
and a much larger hysteresis for the faster scan, the AR/Ry-Q curves perfectly resemble

each other, showing no hysteresis and similar slopes.

The dependence of AR/Ry on the imposed charge was also investigated using the elec-
trochemical method of chronoamperometry (CA), where a correction of the leak current is
possible, allowing for a higher accuracy of charge determination. Two different potential
regimes were investigated, which were illustrated as colored cyclic voltammograms in figure
4.3. The regime between —465 mV and —35 mV (green/red), which is identical to that in-
vestigated in the CV-mode studies above (figures 4.6 and 4.8), characterizes adsorption and
desorption, whereas the regime between 0 mV and +500 mV corresponds to pseudocapacitive

charging in the steady state of strong oxygen adsorption (blue).



4.2. Tunable Properties 59

5 B i
z
= o} 7 /
-1 8
5 4
S
-4 4 go
— g
42 <
A — 0.5mV/s
| | WW l s»mwu:'c/” | | | 0.1rr:V/s - 0
-500 -400 -300 -200 -100 0
UAg/AgCI| [mV]
8
A
.
6|
| »"‘J
"y
Y 73
T 4t
o
x
S 2t
ok
— 0.5mV/s
0.1mV/s
2 ] ] ] ] ] ]
0.0 0.5 1.0 1.5 2.0 25

Q [As]

Figure 4.8: Cyclic voltammetry of compacted Platinum Black in 1 M KOH at potentials
Uag/agcr between —465 mV and —35 mV, recorded at scan rates of 0.5 mV /s (black) and
0.1 mV/s (yellow). A: Current ¢ and relative variation of the resistance AR/ Ry as a function
of applied potential Usg/agci- B: Relative variation of the resistance AR/R, plotted as a
function of the imposed charge Q).
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Figure 4.9: Resistance variation of compacted Platinum Black upon adsorption (green),
desorption (red) and pseudocapacitive charging in the regime of strong oxygen adsorption
(blue) in 1 M KOH. AR/ Ry is plotted as a function of charge, transferred in CA steps of 60
minutes each with step intervals of 86 mV (green/red) or 100 mV (blue).

In each potential region, CA measurements were performed in consecutive step intervals
of 86 mV (green/red) or 100 mV (blue). After an equilibration time of 60 minutes at a given
potential, the transferred charge AQ) per sample mass, relative to the first measurement
point in the respective regime, was determined from the monitored charging current and the
electrical resistance was measured. The data AR/Ry in dependence of AQ obtained in this

way are presented in figure 4.9, the corresponding charge coefficients are listed in table 4.3.

Table 4.3: Charge coefficients [(AR/Ry)/AQ)]| determined upon CA cycling in different

regimes.

S 1% (As/e) ]

ad-/desorption 0.31
oxidized 0.14
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Also in figure 4.9 the CA sequence was repeated twice for both chemical regimes in order
to show the good reversibility of the AR/ Ry variations. The measurements in the regime of
ad-/desorption allow for a comparison of the CA- (see figure 4.9) and CV-mode (see figure
4.6), which yield similar, high charge coefficients, both indicating a strong sensitivity of
R to the surface modifications. In the regime of strong oxygen adsorption (blue), besides
a significantly smaller total variation of AR/Ry, also the relative dependence on AQ is

significantly weaker.

4.2.2 Nanoporous Platinum

By far the material most intesively studied in this thesis is nanoporous platinum produced
by dealloying (np-Pt). Besides etching experiments (shown above in figure 4.2) detailed
resistometric and dilatometric studies were conducted on np-Pt both in well reduced (metal-
lic) state and in oxidized conditions. The findings presented in the following were partially
published in two articles, which are listed as references [30] and [33] in this thesis.

Figure 4.10 shows the R-variation of a well-reduced np-Pt sample (np-Pt R2, see chapter
3.3) during CV cycling in 1 M KOH with a scan rate of 0.1 mV /s at potentials Uag/agc
between —1050 mV and +450 mV. Following the procedure described in section 3.1, from
the charge flow associated with hydrogen desorption, corrected for double layer charging,
an electrochemically active surface area of 2.5 m? was calculated. Assuming that the np-
Pt material is free of residual copper, this corresponds to a surface-to-mass ratio of about
30 m?/g.

Qualitatively the charging-induced resistance variation behaves similar to that presented
above for compacted Platinum Black (compare figure 4.4): only small resistance variations
are observed upon hydrogen adsorption and double layer charging. In the oxygen regime the
resistance varies significantly stronger with a hysteresis in the R-U-characteristics (see figure
4.10A). The R-Q-plot shown in figure 4.10B is again hysteresis-free. From a quantitative

point of view, however, the relative variation AR/Ry, which amounts to about 58 %, exceeds
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Figure 4.10: Relative variation AR/ Ry of the electrical resistance of well-reduced np-Pt R2
upon CV in 1 M KOH with a scan rate of 0.1 mV /s between —1050 mV and +450 mV,
limited by avoiding hydrogen and oxygen evolution. The reference value Ry refers to the
sample resistance in the double layer region at —450 mV. (A) Current i (red) and AR/Rq
(blue) as a function of Uag/agci. (B) Presentation of AR/R, data in relation to imposed
charge Q.
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Figure 4.11: Relative variation AR/ Ry of the resistance of np-Pt R2 upon chronoampero-
metric charging steps in 1 M KOH at potentials Uag 4901 With a step time of 60 min and a
step width of 50 mV between —1000 mV and +450 mV. R values are measured at the end
of each potential step. The reference value R refers to the open circuit potential before the
charging procedure.

that observed for Platinum Black in the same potential range by about a factor of five. This

is due to the extremely high surface-to-volume ratio of the samples produced by dealloying.

In order to confirm the validity of the measured data by excluding any possible influence
of the potentiostat’s charging current on the resistance measurements, the R-variation was
also studied using a chronoamperometric charging program. The potential of the nanoporous
sample was varied in CA steps with a step time of 60 min and a step width of 50 mV between
—1000 mV and +450 mV. Data points of the resistance were then taken at the end of each
60 min charging step when the charging current had faded away. The results of this control
measurement, shown in figure 4.11, are in perfect agreement with the data acquired by cyclic

voltammetry.

The observed property tunability of np-Pt upon electrochemical charging is further sup-
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Figure 4.12: Relative thickness variation AL/Lgy of np-Pt D1 upon CV in 1 M KOH with a
scan rate of 0.1 mV /s between —1050 mV and +450 mV, limited by avoiding hydrogen and
oxygen evolution. The reference value L, refers to the sample thickness in the double layer
region at —450 mV. Current ¢ (red) and AL/Lg (green) are plotted as a function of Uag/agci-

ported by dilatometric measurements. An overview CV of sample np-Pt D1 with the con-
comitant length changes is plotted in figure 4.12. The similarities between variations in
sample thickness and resistance are impressive (compare figure 4.10A): the np-Pt platelet
exhibits its lowest expansion in the double layer region. Upon adsorption thickness increases

up to about 0.3 % and 0.7 % were recorded in the hydrogen and oxygen regime respectively.

The dilatometric curve (plotted green in figure 4.12) exhibits slight oscillations with a
periodicity repeated in intervals of approximately 140 mV, which corresponds to a period of
about 20 minutes. For the acutation measurements a direct influence of the measuring in-
struments (potentiostat and dilatometer) on each other, as it is the case during resistometry,
can be excluded. The oscillating signal overlaying the charging-induced length change curve

stems from sample expansion caused by room temperature variations and reflects the cycle
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of the air conditioning system. As clearly visible, the length changes due to electrochemical
charging by far exceed those due to temperature. Therefore the room temperature variations
have no significant influence on the experimental results, however the observed oscillations
demostrate the sensitivity of the measurement.

Since the property variations are rather small in the double layer regime and therefore
hardly visible in the overview CVs presented above, the potential region between —510 mV
and —360 mV versus the Ag/AgCl reference electrode was studied separately in more detail,
which is presented in figures 4.13 and 4.14 for resistometry and dilatometry respectively.
In the double layer CV, both properties increase upon positive charging, showing a linear
variation both with potential Ujagz 4401 and with the imposed charge, as expected owing to
the capacitive nature of charging in this regime.

The electrical resistance (figure 4.13) shows a relative variation AR/Ry of about 1 %,
achieved for an imposed charge of about 0.5 As. For a reliable charge determination, the
spikes in the current curve, which are caused by four point current pulses, had to be corrected
by a linear approximation, which is shown as a dashed line in the CV-plot. The sample
thickness varies only by about 0.04 % in this potential regime (figure 4.14). The strong
signal noise of AL/Lg indicates the limit of the measurement resolution, nevertheless, also
here an increase upon positive charging is clearly visible.

Sample np-Pt R2 was also studied with regards to aging in reduced state, which is shown
in figure 4.15. In this plot the sample resistance in the double layer regime (blue) as well
as the resistance tunability (black) are shown as a function of time ¢, in days after the
first reduction of the as-dealloyed condition (primary oxide), during which the sample was
subjected to various charging treatments.

The plotted values were determined during identical CV runs performed at the given
aging times for the purpose of electrochemical activation. All cyclic voltammograms were
recorded in 1 M KOH with a scan rate of 1 mV /s in the potential range between —1050 mV
and 4+450 mV, where hydrogen and oxygen evolution is avoided. The values Rp; were

taken in the double layer regime at a potential Ujzg/a4ci 0f —450 mV. The black data points
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Figure 4.13: Relative variation AR/Ry of the electrical resistance of np-Pt R2 upon CV
in the double-layer regime between —510 mV and —360 mV, measured with a scan rate of
0.1 mV/s. The reference value Ry refers to the sample resistance at —450 mV. (A) Current i
(red) and AR/Ry (blue) as a function of potential Uag/a4ci. For charge determinations, the
spikes in the CV caused by four point current pulses, are corrected by a linear approximation
(dashed line). (B) Presentation of AR/R, data in relation to the imposed charge Q.
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Figure 4.14: Relative thickness variation AL/Lq of np-Pt D1 upon CV in the double-layer
regime between —510 mV and —360 mV, measured with a scan rate of 0.1 mV/s. The
reference value Ly refers to the sample thickness at the lower potetial edge (—510 mV).
Current i (red) and AL/Lg (green) are plotted as a function of Uag/agc-

ARy 450/ Rpr give the relative increase in sample resistance between the reference point in
the double layer regime and the upper potential edge of the activation CV. As the sample

ages, both quantities tend to decrease, which will be discussed below in chapter 5.2.

Primary Oxide

As already mentioned, all experiments shown above for np-Pt were recorded for a well-
reduced, metallic sample. This however does not represent the as-prepared condition of a
dealloyed sample. This initial state is characterized by a strongly bound primary oxide,
which, once removed by electrochemical reduction, cannot be entirely restored. Detailed
studies of this freshly dealloyed condition, associated with particular physical properties

[29,33,46] will be presented in the following.



68 Chapter 4. FEzperimental Results

50 94
45 | 792
- 90
— 40}
X -{ 88
—
o 35 —_
2 e
2 30 F 484 =
' 8
< 5L —482 X
- 80
20 |
78
15 76
10 | | | | | | | | | | 74

0 2 4 6 8 10 12 14 16 18 20 22
t, [days]
Figure 4.15: Resistance behavior of np-Pt R2 upon cyclic voltammetry, performed in 1 M
KOH with a scan rate of 1 mV /s at potentials Uagagcr between —1050 mV and +450 mV as
a function of sample age t, after the first reduction of the as-dealloyed state. The resistance
variation AR, 450/ Rpr, between the double layer regime (—450 mV) and the upper potential

edge (+450 mV) is shown in black, the absolute value of the sample resistance in the double
layer regime Rpy, is plotted in blue.

Figure 4.16 shows a cyclic voltammogram of the sample np-Pt R2 measured in 1 M KOH
at potentials Uag/agcr between —1050 mV and +450 mV with a scan rate of 0.1 mV/s. The
sample was in as-dealloyed conditon (with primary oxide) before this measurement. During
the first cycle (red) starting from the upper potential limit of +450 mV, reduction of the
strongly bound primary oxide occurs as signified by a prominent peak at about —550 mV.
The reduction is also visible by a change in the sample’s optical appearance: while samples
in as-dealloyed condition are dull and dark, they regain metallic gloss when the primary
oxide is stripped. Subsequent cycles of the CV are in good agreement with typical cyclic
voltammograms of polycrystalline Pt well known from the textbook literature. The noisy
behavior of the current 7 in the oxygen regime indicates temporary contact losses that could

yvet be resolved by continuous cycling. To avoid any sample damage, the resistance variation
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Figure 4.16: CV of np-Pt R2 in as-dealloyed condition with a scan rate of 0.1 mV/s in
1 M KOH aqueous solution between +450 mV and —1050 mV, limited by avoiding oxygen
and hydrogen evolution. Current ¢ is plotted as a function of Ujgg/agci- The first cycle
(red) strongly differs from successive cycles (black) because of the irreversible removal of the
strongly bound primary oxide.

was not monitored simultaneously to charging during this experiment, however, resistance
measurements performed at open circuit potential before and after the CV reveal a resistance

decrease by more than a factor of 10 due to removing the primary oxide.

When cycling a nanoporous platinum sample in as-dealloyed condition in a potential
range where the primary oxide is retained (pseudocapacitive charging of the primary oxide),
the observed property variations strongly differ from those presented above for well-reduced
np-Pt (see figure 4.17 for sample np-Pt R2). At potentials Uag/agci between +50 mV and
+450 mV the electrical resistance varies by about 5 % relative to the resistance Ry at open
circuit potential in the primary oxidized condition (figure 4.17A). The variation exhibits a
sign inversion with an instantaneous resistance minimum at the lower potential edge and

a delayed resistance minimum at the upper potential edge, and resistance maxima in be-
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Figure 4.17: Relative variation AR/R, of the electrical resistance of the primary-oxide-
covered sample np-Pt R2 in the as-dealloyed state upon CV in 1 M KOH. The potential
Uagyagcr is varied with a scan rate of 1 mV/s in the range between +50 mV and +450 mV,
where the primary oxide is retained. The reference value R, refers to the open circuit
potential before the charging procedure. (A) Current i (red) and AR/ Ry (blue) as a function
of Uagjager- (B) Variation of AR/Ry (blue) and Uagjager (gray) with time.
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Figure 4.18: Relative thickness variation AL/Lq of the primary-oxide-covered sample np-
Pt D1 upon CV between +50 mV and +450 mV, where the primary oxide is retained,
investigated with a scan rate of 1 mV /s. The reference value Lg refers to the sample thickness
at open circuit potential before the charging procedure. Current ¢ (red) and AL/Ly (green)
are plotted as a function of Uy a4c1-

tween (figure 4.17B). The potential at which the sign inversion occurs slightly differs from
sample to sample, indicating that it sensitively depends on the oxygen adsorption and/or
oxidation during dealloying. Moreover, the variation of R is also dependent on the direction
of scanning: Upon cathodic scan, the transition between the regions of opposite sign slope
occurs at lower potentials and also the total variation of R is reduced, as shown by a reduced

maximum.

Also the charging-induced thickness variations in as-dealloyed condition, which are pre-
sented in figure 4.18, significantly differ from those in the double layer regime (shown in
figure 4.14). In both cases the variations AL/Lg are very small, however an opposite sign
behavior is observed: upon positive charging, the sample expands in the double layer regime,

while a contraction is recorded for the primary oxide.
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Figure 4.19: Charging sequence for sample np-Pt R3 in the primary oxide regime. Cyclic voltammograms are performed in 1 M
KOH at a scan rate of 1mV /s, as lower CV limit always 0 mV is used, the upper CV limit is varied between 100 mV and 450 mV
in steps of 50 mV. Applied potential Uag/agcr (gray) and resistance variation AR/R, (blue) are plotted as a function of time.
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Figure 4.19 shows a charging sequence performed for sample np-Pt R3 in the primary
oxide regime: cyclic voltammograms are performed in 1 M KOH at a scan rate of 1mV /s with
a constant lower potential limit of 0 mV and a varying upper potential limit. While in the
narrow (low) potential ranges, only the resistance behavior with positive charge coefficient is
visible, the opposite sign behavior at higher potentials appears more and more pronounced
as the potential range of the CVs increases. When the applied potential ranges decrease
again (at longer times), also the initial resistance behavior is reproduced. Superimposed to
this reversible resistance behavior a slight upward drift of the sample resistance is observed,
which occurs most likely due to further oxidation of the sample in this potential regime as
well as possible slight sample damages, reducing the active conductor cross section of the
sample.

The resistance behavior at both potential edges of the primary oxide regime was in-
vestigated in more detail in figure 4.20. In both regimes similar magnitudes of resistance
variations are obtained, however also in this experiment, they oppose each other in sign.
Moreover, while the resistance variation in the low potential regime (left) quasi instanta-
neously changes sign when the CV scan direction is reversed, it exhibits a certain delay at
higher potentials (right), which might be an indicator for a different (chemical) nature of
the property variation in the different regimes.

The rather sluggish response of R to potential variations becomes even more evident,
when CVs are performed with different scan rates, as presented in figure 4.21. While
the positive-sign variations at the lower potential edge (upper images) show similar be-
havior, regardless of the used scan rate, or, upon closer inspection, even a slight onset of the
decreasing- R-process for the slowest scan, a significant scan-rate-dependence is observed at
higher potentials (lower images): for the slowest scan, the resistance variation is nearly in
phase with the applied potential, with increasing scan rate, however, AR/ Ry is increasingly
lagging behind the applied potential. Moreover, the amplitude of the variation of R strongly
decreases with increasing scan rate, by almost a factor of 4 between the fastest and slowest

scan plotted in figure 4.21.
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Figure 4.20: Detailed investigation of the CV behavior of npPt R4 near the edges of the
primary oxide regime. The sample is cycled in 1 M KOH with a scan rate of 1 mV/s. At
lower potentials between 0 mV and 100 mV (left) as well as at higher potentials between
350 mV and 450 mV (right) exhibiting opposite sign of the charge coefficients of the electrical
resistance. Applied potential Usg/agci (gray) and resistance variation AR/Ry (blue) are
plotted as a function of time.

The resistance behavior in the primary oxide condition, characterized by reversible resis-
tance variations with a positive charge coefficient at lower potentials and a negative charge
coefficient at higher potentials (see figure 4.20), can reproducably be switched in sign by
scanning from one regime to the other, which is illustrated in figure 4.22. Also visible in this
plot, recorded over a longer measurement time, is a slight but constant increase in sample
resistance upon scanning. Again, the most likely explanation for this drift lies in the ongoing
oxidation in this high potential (anodic) charging regime. This oxidation does not only cause
the observed drift in the overall resistance of the sample but also results in certain aging

effects regarding the sign inversion behavior, which is shown for sample np-Pt R5 in figure

4.23.

In the initial state the resistance tunability of np-Pt R5 (topmost curve, dash-dotted)

ARIR, [%]
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Figure 4.21: Resistance variation AR/Ry of np-Pt R5 upon cyclic voltammetry in 1 M
KOH with different scan rates near the lower (0 mV - 100 mV, upper images) and higher
(350 mV - 450 mV, lower images) potential edge of the primary oxide regime. Applied

potential Uag/aqci (gray) and resistance variation AR/R, (blue) are plotted as a function of
time.

resembles that presented previously: The variation exhibits a sign inversion with resistance
minima near the CV’s reversal points. The resistance maxima in between are rather weakly
pronounced in the case of np-Pt R5 (similar to sample np-Pt R2, compare figure 4.17),

especially upon negative scan only visible as a small hump. After aging caused by various
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Figure 4.22: Resistance variation AR/Ry of np-Pt R4 upon charging procedures in 1 M
KOH, recorded with a scan rate of 1 mV /s in different potential ranges in the primary oxide
regime. The R-behavior is reversibly switched between positive and negative sign of charge
coefficient.

cycling procedures in the primary oxide regime at potentials Ujag 4401 between 0 mV and
+450 mV, this hump completely disappears (middle curve, dashed). Obviously, in this aged
condition, the variation of R in the entire scan range resembles that typical for the upper
potential edge of a freshly dealloyed sample, namely a negative charge coefficiant of R and
thus a resistance decrease (increase) with increasing (decreasing) potential.

The aging effect clearly demonstrates that the transition to a negative charge coefficient
is related to the oxidation of the sample, which increases upon prolonged exposure to high
potentials. This becomes even more obvious by the fact, that the initial AR/R, behavior
can be recovered (bottom curve), when the oxygen is partially removed (without damaging
the sample) by keeping the sample at a low negative voltage of —50 mV for several hours.

A different kind of regeneration can also be achieved for samples in well-reduced con-

dition: the fundamentally different behavior of the primary oxide can be restored, when a
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Figure 4.23: Aging behavior of the AR/ Ry-variation upon cyclic voltammetry in 1 M KOH
with a scan rate of 1 mV/s between 0 mV and +450 mV shown for np-Pt R5. Applied
potential Uag/agcr (gray) and resistance variation curves AR/R, (blue) are plotted as a
function of time. AR/ Ry curves present: freshly dealloyed condition (top, dash-dotted); aged
sample after various charging between 0 mV and +450 mV (middle, dashed); regeneration
of initial state after keeping at —50 mV for several hours (bottom, solid).

previously reduced sample is held at strongly oxidizing potentials for a long time. Figure
4.24 shows the resistance variations of sample np-Pt R2, which had undergone a removal of
the primary oxide and a subsequent oxidation treatment by holding the sample at a potential
Uag/agcr=+450 mV for 12 hours. From the charge flow of about 28 As, which was measured

during this anodic charging procedure, a transfer of 0.7 oxygen species per platinum atom
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Figure 4.24: Resistance variation AR/ Ry of np-Pt R2 after re-oxidation for 12 h at +450 mV
in 1 M KOH (following primary oxide reduction). CV is restricted to the potential regime
(+50 mV to +450 mV) in which oxygen desorption is avoided (scan rate of 0.1 mV/s). The
reference value Ry refers to the sample resistance after re-oxidation. (A) Current ¢ (red)
and AR/Ry as a function of potential Usg/agci. (B) Variation of AR/Ry and Uag/agci as a
function of time.
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Figure 4.25: Thickness variations AL/ Lg of np- Pt D1 after re-oxidation for 12 h at +450 mV
in 1 M KOH (following primary oxide reduction). CV is restricted to the potential regime
(+50 mV to +450 mV) above which oxygen desorption is avoided (scan rate of 0.1 mV/s).
Current i (red) and AL/Lg are plotted as a function of applied potential Uag/agci-

can be approximated.

After the re-oxidation process, a resistance about twice as high was measured at open
circuit potential. Obviously, both the degree of oxidation and the associated resistance
increase do not reach the condition of a freshly dealloyed sample. Nevertheless, the partic-
ular charging-induced resistance variation (CV range between +50 mV and +450 mV) with
the characteristic sign inversion of AR/Ry could be recovered by the oxidation treatment

(compare figures 4.24 and 4.17).

Such a re-oxidation also restores the charging-induced thickness-variations, characteristic
for the as-dealloyed state presented above in figure 4.18. Sample npPt D1 was subjected
to primary oxide reduction and re-oxidation similar to np-Pt R2. After this procedure,

the sample exhibited an actuation behavior similar to the primary oxide, thus a thickness



80 Chapter 4. FEzperimental Results

decrease (increase) upon increasing (decreasing) potential as shown in figure 4.25.

4.2.3 Palladium

Following the successful experiments on platinum, investigations were also conducted on
dealloying and tunable properties of nanoporous palladium (np-Pd), which is particularly
interesting due to palladium’s ability to absorb hydrogen into the bulk. The essential findings
were published in the Beilstein Journal of Nanotechnology, thematic series Advances in

Nanomaterials II, which is listed as reference [31] in this thesis.

An overview over the property variations of well-reduced nanoporous palladium is given
in figure 4.26. In the presented cyclic voltammograms (CV current shown in subplot A),
performed in 1 M KOH with a scan rate of 1 mV /s between -1000 mV and +400 mV versus
the reference electrode, a potential range again chosen in order to avoid strong gas evolution,
the variations of resistance (B) and sample thickness (C) of np-Pd were recorded as a function
of applied potential Uag/agci-

In the double layer and oxygen regime (potentials between —1000 mV and +400 mV) the
property variations are similar to the observations presented above. The hydrogen regime,
situated at potentials between —1000 mV and —550 mV, however, is associated with stronger
property variations than observed for platinum due to Pd’s ability of H-absorption into the
bulk: resistance variations AR/Ry of approximately 7 % and a thickness increase AL/Lq of
about 0.5 % are observed in this potential range.

The hydrogen regime was investigated in more detail by cyclic voltammetry at a very
slow scan rate of 0.1 mV /s. Figure 4.27 shows the relative variations of electrical resistance
and sample thickness as functions of the imposed charge (), determined by continuously
integrating the charging current, corrected for minor leakages by subtracting a constant factor
determined from the cycle-to-cycle offset. Resistance and length changes reveal remarkable
similarities, both exhibiting two regions of different slope, attributed to hydrogen adsorption

followed by hydrogen absorption at higher imposed charges.



4.2. Tunable Properties 81

-1000 -800 -600 -400 -200 0 200 400
25

20

10 |-

ARIR, [%]

| | | | | | | |
-1000 -800 600 -400 -200 0 200 400

04

03 F

02

ALIL, [%]

01F

00 [ C

-0.1 | | | | | | | |
-1000 -800 -600 -400 -200 0 200 400

UAg/AgCI [mV]

Figure 4.26: Cyclic voltammetry of np-Pd in 1 M KOH aqueous solution, recorded with
a scan rate of 1 mV /s between potentials Uagsager of —1000 mV and +400 mV, shown for
sample np-Pd R2 (A), with concommitant relative variations in electrical resistance of np-Pd
R2 (B) and sample thickness of np-Pd D1 (C).
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Figure 4.27: Charge dependence of relative electrical resistance of np-Pd R2 (A) and sample
thickness of np-Pd D2 (B) upon cyclic voltammetry in the hydrogen regime, performed in
1 M KOH with a slow scan rate of 0.1 mV /s at potentials Uag/agct between —1000 mV and
—550 mV.
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Table 4.4: Dilatometrically monitoring hydrogen absorption upon voltage-controlled charg-
ing procedures at quoted voltages Uagy/44c1 Or current-controlled charging at quoted currents,
resulting in a final H/Pd atomic ratio ¢; associated with a final thickness increase (AL)y/Ly.

parameters | time [min| | ¢y | (AL);/Lo [%]
—900 mV 60 0.12 0.49
120 0.11 0.42
—950 mV 60 0.14 0.54
120 0.14 0.55
—1000 mV 60 0.35 2.90
120 0.45 4.05
—1050 mV 60 0.51 4.71
120 0.57 5.11
—5 mA 60 0.58 5.35
—2 mA 150 0.58 5.06

Since extraordinarily strong actuation properties were reported quite recently for np-Pd
produced by free corrosion [96], the dilatometric measurements were extended to higher
hydrogen concentrations by employing different charging parameters, which are listed in
table 4.4. Before each loading experiment, the sample was activated by a CV similar to
figure 4.26. Hydrogen was absorbed either voltage-controlled at constant potentials Uag/agci
between —900 mV and —1050 mV, or current-controlled by applying a constant current,
and in both cases subsequently desorbed at a constant potential of —400 mV for 120 min.
The stored amount of hydrogen was determined by integrating the current recorded upon
discharging.

The length changes measured along with the hydrogen charging are plotted in figure 4.28.
Upon charging to a H/Pd atomic ratio of almost 60 %, a thickness increase of about 5 %
was observed, representing the highest electrochemically induced actuation reported for a
dealloyed material so far.

Like already presented above for nanoporous platinum, also freshly dealloyed np-Pd pos-
sesses a primary oxide, thus an as-dealloyed condition with peculiar properties, that strongly
differ from those presented above for well-reduced np-Pd samples (figures 4.26 to 4.28). Due

to serious contacting issues with primary oxidized Pd, unfortunately no valid resistance tunig
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Figure 4.28: Thickness variations (AL);/Ly of sample np-Pd D1 upon loading experiments
up to different final hydrogen concentrations, characterized by a final H/Pd atomic ratio ¢
(see table 4.4)

data of samples in as-dealloyed condition could be collected in this work, since resistometric
measurements, as described above, require 5 electrical contacts attached to the sample which
could not be maintained connected stable during the experiments. Therefore the character-
ization of the primary oxide had to be restricted to dilatometric measurements, which is
presented for sample np-Pd D3 as a cyclic voltammogram performed in 1 M KOH, shown
in figure 4.29. While the applied potential Uyg/a4c; is varied with a scan rate of 1 mV /s be-
tween —100 mV and +400 mV, representing the regime of pseudocapacitively charging the
primary oxide, avoiding oxygen desorption, the sample thickness changes with a negative
charge coefficient. This contraction (expansion) of the sample upon positive (negative) scan
again represents an opposite sign behavior compared to the well reduced condition (compare

figures 4.26 and 4.29), similar to the observations for np-Pt presented above in section 4.2.2.

For comparison, resistance tuning experiments were also performed with palladium nano-
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Figure 4.29: Relative thickness variation AL/Lq of the primary-oxide-covered sample np-
Pd D3 upon CV between —100 mV and +400 mV, where the primary oxide is retained,
measured with a scan rate of 1 mV /s. The reference value Ly refers to the sample thickness
at the lower potential edge. Current ¢ (red) and AL/Ly (green) are plotted as a function of

Uag/aget-

powder, produced by inert gas condensation. Figure 4.30 shows a cyclic voltammogram (red)
in 1 M KOH aqueous solution, which was recorded for a 90 mg nanopowder pellet nc-Pd after
compaction into a PTFE groove as described in section 3.2. The measurement was performed
with a scan rate of 1 mV /s at potentials Uag/agcr between —900 mV and +400 mV. The
concomitant resistance variations, plotted as a blue curve in figure 4.30, are qualitatively
of simliar shape as those obtained for np-Pd (compare figure 4.26), however of significantly
lower magnitude (reduced by about a factor of 2). This superior tunability of np-Pd as
well as the higher observed currents, relative to the sample mass, can both be attributed
to the extraordinarily high surface-to-volume ratio of nanoporous palladium produced by

dealloying.
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Figure 4.30: Resistance variation AR/Ry of sample nc-Pd upon CV at potentials Uag/agc
between —900 mV and +400 mV, investigated with a scan rate of 1 mV/s. The reference
value R refers to the sample resistance in the double layer regime at —550 mV. Current
(red) and AR/Ry (blue) are plotted as a function of Uy agci-

4.2.4 Gold

As already mentioned above, during my work I had the opportunity to co-supervise exper-
iments on nanoporous gold, which were conducted in the master thesis of Michael Seidl.
Even though the focus of his master thesis was placed on the dealloying process itself, and
in particular the resistance increase of samples during selective etching, also interesting
results regarding the tunable resistance of nanoporous gold could be obtained with the deal-
loyed gold nanostructures. All measurements presented here were performed with one single
nanoporous gold platelet, indexed as np-Au R1, with an initial mass of 86 mg.

Figure 4.31 shows a cyclic voltammetry curve, recorded with a scan rate of 1 mV/s in
1 M KOH aqueous solution. The potential range was limited to —400 mV up to +800 mV, in

order to avoid gas evolution. Also for this system, the first CV cycle, plotted as a red curve,
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Figure 4.31: Cyclic voltammetry of freshly dealloyed sample np-Au R1, performed with a
scan rate of 1 mV /s in 1 M KOH solution. The current 4 is plotted as a function of Uag/agc-
In the first cycle (red) stripping of the strongly bound primary oxide can be observed, in the
following cycles (black) the curve approaches steady state.

strongly differs from the following ones, exhibiting a stronger oxygen desorption peak which
is shifted to more negative potentials. Again, this behavior can be assigned to the reduction
of a primary oxide, formed during the dealloying process. During the following five cycles,

which are plotted in black, the CV approaches a steady state.

Monitoring the sample resistance during a steady state cyclic voltammogram with this
parameters gives the behavior presented in figure 4.32. The resistance exhibits an extraordi-
narily strong variation up to almost 90 % upon oxygen adsorption and desorption, represent-
ing the highest value achieved for a dealloyed metal so far. At the same time it also shows a
drift towards higher overall values, which arises most likely due to a slight degradation with
damages emerging in the fragile nanoporous network. The excellent tunability observed here

for nanoporous gold should be considered a preliminary result and has not yet been subject
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Figure 4.32: Steady state CV (red) and concomitant resistance variations AR/Ry (blue)
of sample np-Au R1, measured in 1 M KOH aqueous solution with a scan rate of 1 mV/s
at potentials Usg/agci limited to the range —400 mV and +800 mV, in order to avoid gas
evolution. Ry refers to the sample resistance at the lower potential edge.

of detailed investigations. The high sensitivity to charging may arise due to the very small
specific resistance of gold, however also an influence of residual silver from the dealloying

process cannot be excluded completely at this point (see chapter 5.2). Systematic studies of

the AR/R, variations on this promising system should be performed in the future.

4.3 Structural and Chemical Characterization of np-Pt

This section is a collection of further investigations, performed on nanoporous platinum
in order to obtain a more detailed characterization of the sample material. Most of them
represent electron microscopical images (SEM and TEM) of different sample conditions,
partially complemented by EDX analysis. In addition XPS as well as XRD measurements,

both performed to study the primary oxide of np-Pt, will be presented.
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Figure 4.33: Overview SEM micrograph of a fractured np-Pt sample platelet in as-dealloyed
condition, mounted on electrically conductive adhesive tape.

All SEM micrographs presented in the following figures were recorded by Prof. Peter
Polt at the FELMI-ZFE. Figure 4.33 shows as overview a low magnification image of a
fractured np-Pt platelet in as-dealloyed condition (covered by primary oxide). For microscopy
the sample was mounted on electrically conductive adhesive tape. While the surface of
the platelet looks rather smooth, the extreme brittleness of the sample material is clearly
illustrated by the multiply faceted fracture face. Deep cracks, running through the sample,

appear where the grain boundaries used to be located in the master alloy.

Figures 4.34 and 4.35 present more details for this freshly dealloyed sample. Facing the
platelet surface with a more direct angle and higher magnification, the cracks representing
the grain boundaries can also be recognized at the surface, which is shown in figure 4.34 (left).

Several pores in a size range of tens of nanometers are visible, which yet cannot account for

Table 4.5: EDX analysis of np-Pt in as-dealloyed condition (primary oxide), performed at
different spots of the sample. The relative amounts of oxygen, copper and platinum are
given in atomic percent.

platelet surface | fracture face
(Figure 4.34) | (Figure 4.35)

element ¢ [at%] ¢ |at%]
O 49.8 45.7
Cu 7.4 7.4

Pt 42.8 46.9
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Figure 4.34: SEM micrograph (left) and EDX spectrum (right) taken on the surface of an
np-Pt platelet in as-dealloyed condition.

Figure 4.35: SEM micrographs of the fracture face of an np-Pt platelet in as-dealloyed
condition. The highlighted area in the left micrograph is shown in higher magnification on
the right.

the extraordinary high surface to volume ratio of the samples determined electrochemically.
However no evidence for fine porosity can be found in SEM images of the sample surface.
An EDX spectrum of the sample surface area shown in the micrograph is plotted on the
right side of figure 4.34. The corresponding relative atomic ratios of platinum, oxygen and
copper are listed in table 4.5, showing a high degree of oxidation amounting to a value of
about one oxygen species per platinum atom as well as a small amount of residual copper,

which wasn’t removed successfully during the dealloying process.

Very similar EDX data, which are also listed in table 4.5 were collected at the fracture
face (spectrum not shown), confirming a good homogeneity of the successfully etched sample

in final condition. The micrograph of the corresponding fracture face area is presented in
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Figure 4.36: SEM micrograph (left) and EDX spectrum (right) taken on the surface of a
well-reduced np-Pt platelet.

figure 4.35 (left). At high magnifications, as shown on the right side of figure 4.35, the
fracture face appears rough and possibly porous, however no estimation of structural sizes

can be given based on the present SEM images due to the limited resolution.

Figure 4.36 shows the micrograph of a well-reduced sample surface, taken at the same
magnification as used for the primary oxidized sample in figure 4.34. Comparing the images
of the two sample surfaces in different conditions, they look very simliar, however, the cracks
appear deeper and in a higher number for the well-reduced sample, indicating the material
suffered further damages due to the electrochemical reduction process. The EDX spectrum
of the well-reduced sample on the other hand reveals more significant differences compared
to the primary oxide: While the platinum and copper signals as well as the carbon impurities
are similar in both measurements, the oxygen peak, which is strongly pronounced for the

as-dealloyed sample, almost vanished in this spectrum recorded at the well-reduced surface.

Due to the fine porosity of nanoporous platinum, detailed structural investigations, and
in particular a determination of the ligament and pore sizes, require TEM studies of the
sample material, which were performed by Dr. Mihaela Albu at the FELMI-ZFE. Figures
4.37 and 4.38 show TEM images of np-Pt samples in primary oxide and well-reduced condi-
tion respectively. Both samples were prepared for microscopy by grinding the brittle np-Pt
platelets into a fine powder which was then applied to a copper grid. Since the samples in

both images reveal similar features, the reduction of the stabilizing primary oxide does ob-
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Figure 4.37: TEM micrographs of np-Pt in as-dealloyed condition, prepared for microscopy
by grinding. The highlighted area in the left micrograph is shown in higher magnification
on the right.

Figure 4.38: TEM micrographs of well-reduced np-Pt in different magnifications. The sample
was prepared for microscopy by grinding.

viously not lead to significant alterations of the structural sizes in the nanoporous network,

which is probably due to the high melting point and therefore limited diffusivity of platinum.

An enhanced resolution can be obtained by an alternative method of sample preparation:
Figure 4.39 shows two micrographs that were taken from a well-reduced nanoporous platinum
sample which had beed embedded in epoxy resin and subsequently been cut in slices of
suitable thickness by a microtome. The TEM investigations reveal pore sizes in the range of

1-2 nm and ligament diameters of 3-5 nm.

The np-Pt sample embedded in epoxy resin was also subjected to EDX analysis, which
is presented in figure 4.40 and table 4.6. Even though the analysis presented here is by far

more detailed, the major findings are well in line with the EDX data collected during SEM
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Figure 4.39: TEM micrographs of well-reduced np-Pt, embedded in epoxy resin, prepared
for microscopy by microtome cutting.

Table 4.6: EDX analysis of well-reduced np-Pt, embedded in epoxy resin, prepared for
microscopy by microtome cutting. The relative amounts of copper and platinum in the
structure are given in atomic percent.

element | c [at%]
Cu 11.7
Pt 88.3

measurements for samples in primary oxide condition (see figure 4.35 and table 4.5), showing

a small but clearly detectable amount of residual copper in the nanoporous structure.

For a selected ligament, which is highlighted by a green frame in the TEM image in figure
4.40, an EDX map was recorded. Below the micrograph, the elemental maps for the relative
Pt (left) and Cu (right) concentrations are shown as two square-shaped pixel-areas. Each
pixel represents an EDX measurement point, the gray-scales give the relative concentration
of the respective element from 0 % (black) to 100 % (white). Both elements appear to be
distributed uniformly over the entire ligament diameter, which is in clear contrast to results
presented for nanoporous gold in the literature [13], where a strong enrichment of the more
noble component was found near the ligament surfaces. The reason for this difference might

lie in the very small ligament size of np-Pt.

When nanoporous samples are subjected to heat treatment, the enhanced diffusivity of

the atoms leads to a coarsening of the nonequilibrium structure produced by dealloying. As
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Figure 4.40: Left: TEM micrograph of well-reduced np-Pt, embedded in epoxy resin, pre-
pared for microscopy by microtome cutting. The squares below show EDX maps scanning for
platinum (left) and copper (right) in the highlighted area. Right: Averaged EDX spectrum
of the highlighted area.

Figure 4.41: SEM micrographs of a coarsened np-Pt sample revealing the high amount of
free volume in the nanostructure. The highlighted area in the left micrograph is shown in
higher magnification on the right.

a consequence, the structure can then easily be resolved also by SEM, clearly showing the
high amount of free pore volumes in the dealloyed material, which is shown in figure 4.41!.

As a further characterization of the primary oxide condition, np-Pt samples in as-
dealloyed and well-reduced state were subjected to XRD- and XPS-analysis which is shown
in figures 4.42 and 4.43. In primary oxide condition np-Pt appears x-ray amorphous, ex-

hibiting no distinct peaks, which is confirmed by two independent scans (black and red) in

Ishown for a sample exposed to elevated temperatures due to spontaneous heat release under uncontrolled
conditions
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Figure 4.42: XRD analysis of np-Pt in different conditions. The black and red curve show
two independet measurements of one np-Pt sample, both showing an x-ray amorphous be-
havior. The peaks emerging in the blue curve, showing the same sample after electrochemical
reduction, are slightly shifted compared to the database spectrum of Pt (gray).

figure 4.42. XRD measurements after stripping the primary oxide off the sample indicate a
rearrangement of the Pt structure: In the spectrum (blue), peaks emerge which show a clear
correlation to the database values for platinum (gray). The obvious misfit between mea-
sured and database peak positions arises most likely due to the distorted shape of dealloyed
platelets, especially after stripping the primary oxide, and also due to an unavoidable misfit
upon mounting the brittle samples on the holder without applying pressure.

Also XPS spectra, which were recorded by Samantha Zimnik at the Technical Univer-
sity of Munich (FRM II), indicate the presence of a primary oxide (rather than an oxygen
adsorbate): An overview spectrum of Pt is given in figure 4.43 for a reference sample (Pt
foil). The nature of the present oxygen species can be determined from the Ols peak around
955 eV. Here no quantitative evaluation is given. However, while the O1s peaks recorded for
the Pt foil (black) and the well-reduced np-Pt (blue) look very similar, both beeing assigned
to adsorbed O-contamination, the Ols peak of the primary oxide (red), marked by a red

dashed line, is stronger and shifted to the right, indicating a different nature of binding.
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Figure 4.43: XPS study of the primary oxide of np-Pt. A: Overview XPS-spectrum of
platinum, recorded for a Pt foil. B: Detailed investigation of the Ols peak for np-Pt in
primary oxide (red) and stripped (blue) condition, compared to the Pt foil (black, shown in
A) as reference value.



Discussion

5.1 Resistometrical Model for Dealloying

Based on the experimental resistometry data, recorded during the formation of nanoporous
gold, platinum and palladium (see chapter 4.1), a simple model capable of connecting the
resistance increase and the dealloying charge flow was developed in the framework of this
thesis.

During a dealloying experiment, the master alloy cross section decreases at the expense
of the emerging porous network, which is illustrated in figure 5.1. The most simple attempt
to describe the resistance of a sample during this process would be a parallel circuit of the
master alloy backbone (index m) and the porous structure (index p), each characterized by

the resistance

l .
R, = piz i:(m,p) (5.1)

for a sample with the length [ and cross-section A;.

The experimental data presented in section 4.1 (figures 4.1 and 4.2) show, that the
resistances of the samples increases by about three orders of magnitude during dealloying.
Assuming no changes in external dimensions due to dealloying, the specific resistances p; of
the alloy and the porous structure differ by three orders of magnitude as well. Therefore, a

parallel circuit of R, and R, describing the overall sample resistance )|, is dominated by

97
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Figure 5.1: Tllustration of the dealloying process of a sample with an initial cross section A
and resistance Ry. The sample platelet is presented in cross section view, with the notations
used for the model. During the etching process the master alloy backbone (orange) shrinks
in favor of the porous structure (gray), intermediate states are shown according to the simple
and advanced approach discussed in the text. In final condition, associated with a charge
flow Qr and a resistance Rp, the entire cross section is porous.

the master alloy backbone over a wide range of the experiment:

I N ~ m 5.2
R, FRm R 1 s (5:2)

1 1 1 LAy | A\ An
( Pm Pp >

If we assume that the etching front propagates into the master alloy with an initial cross
section Ay, leaving behind the nanoporous structure in its final state, the cross sections A,
and A,, at a given time during the etching process should simply be related to the charge @’

transferred up to this time, if slight volume shrinkages [114] due to dealloying are neglected,

le.:

4 _ @ A, @
AO Qtot ’ AO Qtot

(5.3)

By using the resistances Ry, and Ry;,, measured at the beginning/end of the etching

process, in equation (5.1), the specific resistances can be substituted by pp. -1 = Ro i - Ao,



5.1. Resistometrical Model for Dealloying 99

leading to an expression of (5.2) which uses only measurement parameters:

_ RORfm ~ RO
RO@ + Rfln(]_ - QQtot) (1 - QQtot>

Ry(@) (5:4)

In the approximation made on the right, the sample overall resistance is exclusively given
by that of the master alloy backbone, which is valid as long as the conductance in the porous

structure is negligible compared to the backbone.

Figure 5.2 shows the predicted resistance increase (red, dashed) according to equation
(5.4) without using the approximation in comparison to the data recorded experimentally
(black, solid) for np-Au R1 (the experimental resistometry data were already shown above,
see figure 4.1). Obviously the simple model underestimates the resistance increase mea-
sured experimentally during the dealloying process, which occurs irrespective of whether the

approximation is made or not.

Since the observed increase in sample resistance is entirely determined by the shrinkage
of the alloy cross-section, the discrepancy emerging between prediction and measured data
indicates, that the etching front proceeds through the sample faster than assumed in the
simple model. This is however only possible, if there is a significant, ongoing faradaic trans-
formation process taking place in the porous structure behind the etching front. This finding
agrees with previous ex-situ electron microscopy studies by means of which the progress of
a narrow etching front (referred to as ’primary’ or 'bulk dealloying’) could be distinguished
from further etching processes in the porous network (referred to as ’secondary’ or ’liga-
ment dealloying’) [45]. Thus, the recorded resistance increase is exclusively governed by the

primary dealloying step, which is associated with a decrease in the master alloy cross section.

This means that the assumption of a simple proportionality between charge flow and
relative porous cross section made in equation (5.3) is invalid. In fact, as also illustrated
in figure 5.1, at a given time during dealloying the transferred charge () is smaller than the
charge ()’ that would be necessary to generate the final porous condition in A,. The ratio

of these charges
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Figure 5.2: Comparison of the resistance increase predicted by the simple parallel circuit
model in equation (5.4) (red dashed lines) with experimental dealloying data recorded for a
Agr3Aug; master alloy (sample np-Au R1) in 0.1 M AgNOj solution (black curves) in linear
(A) and logarithmic (B) scale.

@ _ _¢ @ (5.5)

a = — =
QI Qtotﬁ_g Qtot(l - %)

gives an average value to what extent the nanoporous network has reached its final
condition, which in the following will be referred to as degree of dealloying. Given a simple
proportionality of A, with charge transfer, the degree of dealloying would equal 100 % during

the entire etching process. Figure 5.3 shows the actual behavior: a increases steeply at the
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Figure 5.3: Average degree of dealloying a during the etching process of sample np-Au R1,
determined from equation (5.5).

beginning and then becomes approximately constant over a wide range of the experiment,
here approximately between 5 C and 45 C, before it starts to increase again until the structure

reaches its final state with a = 100%.

While a is constant, the progress of the etching front can be considered proportional to
the charge flow. The limits of this regime have to be determined individually for each set
of dealloying parameters. In the present case of np-Au, the degree of dealloying reaches a
constant value at a charge transfer QQ/Q of about 10 %. However, since the resistance
changes are very small in the early stages of dealloying, a can approximately be considered
as constant from the beginning of the experiment until an upper limit characterized by a
charge flow Q. is reached. In the present case this upper limit lies at Q./Qr = 60 % (i.e.
at a ~ 60%), associated with a resistance R, = 26.6 m{). Below this limit, the porous
cross section Ay is considered to grow proportionally to the charge flow, along with a linear

decrease of the master alloy cross section A’ which yields
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A Q
2, LT

Am,c
Ao

Q Ry
)=1- 5 0= 7). (5.6)

In this regime where a is constant, also the averaged specific resistance pj, of the porous
structure is constant, but has not yet reached its final condition (p} < p,). However a simple
estimation shows that even if p; were an order of magnitude smaller than p,, the resistance
contribution by the porous structure would amount to less than 10% of the total resistance
while A%/Ay < 90%. Therefore the overall resistance of the sample can still be reasonably
considered as dominated by the master alloy backbone, which leads to an improved resistance
prediction’

Ao Ro 1

A T1-g0-)

\*\(Q) = Ry

(5.7)

in the regime of constant a. This advanced model is plotted along with the data recorded
during the formation of np-Au (sample np-Au R1) in figure 5.4 A, showing excellent agree-

ment.

Figures 5.4B and C demonstrate, that the model is not only applicable to gold, but also
agrees well with the dealloying curves recorded for palladium and platinum, respectively. As
already described in section 4.1, both of these cases do not possess the smoothness of the
comparable signal recorded for nanoporous gold (figure 5.4A). Nevertheless, the modified
parallel circuit model shows also good agreement with the recorded data and, especially in
the case of platinum, the model is applicable over a very wide range of the measurement up
to Q./Qr = 90 %. This difference of the upper limit between Pt and Au can be interpreted
as caused by the higher melting point and therefore lower mobility of Pt atoms. Because
of this, the primary dealloying process is more pronounced for Cu-Pt due to the formation
of smaller ligaments, associated with a more thorough removal of Cu, which is in good

agreement with the EDX measurements presented above (see chapter 4.3).

!For comparison with the simple model (equation (5.4)) it should be noted, that in the simple model

Q=0
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Figure 5.4: Comparison of the predicted resistance (blue, dashed), according to the improved
parallel circuit model given in equation (5.7), with experimental data (black, solid) recorded
during the dealloying process of np-Au R1 (A), np-Pd R1 (B) and np-Pt R1 (C) upon

dealloying according to table 4.1.
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The presented model is also rather stable towards thickness variations of the master
alloy backbone along the sample, that might arise during the etching process. In a linear

approximation small variations |[AA| < Ay do not affect the resistance.

5.2 Tunable Resistance of Metallic Samples

The origin of the resistance tunability of porous nanoscaled metals can be considered to
arise mainly from manipulations of the charge-carrier scattering at the metal-electrolyte
interface. As discussed in previous studies [24,29] the effect of a charging-induced actuation
of nanoporous metals [23,25,27, 78| or of a variation of the charge carrier density on the
resistance turned out to be insignificant. Following references [24] and [29] this will briefly
be demonstrated in the following, using double layer charging of np-Pt R2 as an example. In
the experiment shown in figure 4.13, the sample exhibited a resistance increase of about 1.1 %

upon imposing a charge of approximately 6 As/g (positive charge coefficient (AR/Ry)/AQ).

Actuation

The expected resistance variation due to the actuator behavior can be calculated from

=y K (5.8)

with the bulk modulus K = —Ap - (AV/V;)~! of 278.3 GPa and the pressure coefficient
v=Ap~' - AR/R of —2.07 x 1075 bar~! [115] for platinum. In the investigated potential
range, sample np-Pt D1 exhibited thickness variations AL/Lq of only 0.04 % (see figure
4.14), leading to an expected resistance variation no higher than 0.2 % in the investigated
regime, which is more than a factor of 5 smaller than the observed value and which, therefore,

can not account for the observed effect.
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Charge Carrier Density

Imposing a positive charge Q=0.5 As/g to a material, as observed in the double layer region
of np-Pt R2, corresponds to a removal of free charge carriers An = Q/e = —0.3 x 10'? g~!

with e being the elementary charge. Using the relationship

Ao 2An
—_ - (5.9)
o 3 n
taken from reference |63], an estimate for the resistance increase caused by a reduced charge
carrier density can be given. However, assuming a contribution of 0.55-0.6 charge carriers
per platinum atom [116], a resistance increase of only 0.012% would be expected due to the

reduced number of electrons, which is two orders of magnitude smaller than the observed

variation. Therefore a significant influence of this effect can be ruled out as well.

Scattering at the Metal-Electrolyte Interfaces

Concludingly the resistance is assigned to an increasing scattering probability of electrons
at the crystal-electrolyte interface with positive charging, which was described for thin films
by Tucceri and Posadas in 1990 [67]. As discussed intensively in the first work on resistance
tuning of a three-dimensionally macroscopic sample, published by M. Sagmeister et al. [24],
scattering is particularly important in the case of platinum due to its partially filled d
band: The resistance of Pt sensitively depends on the scattering probability of conducting
s electrons into available d band states, which strongly varies upon d band filling due to
interfacial charging.

An attempt of an estimation given in [24], however, shows that the resistance variations
due to variations in the density of states at the Fermi edge in the d band cannot be approxi-
mated in a simple manner. In the mentioned case, the resistance variation was overestimated

by about a factor of 6 compared to the experimental results. This difference probably arises
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due to some oversimplified assumptions made for the estimation, especially neglecting any
contributions to the sample resistance other than interfacial ones. [24]

Nevertheless, even though a quantitative estimation is obviously difficult, a strong influ-
ence of interfacial scattering on the resistance tuning is evident simply by a comparison of
the structure sizes of the porous, nanophase metals with the electron mean free paths in the
respective elements. In fact, the pore and crystallite/ligment sizes of the structures used in
the aformentioned articles [24,29] as well as in the present work (e.g. see figures 4.37 and
4.38) are in the range of or even smaller than the bulk mean free paths As of the investigated
metals: A p; ~ 11 nm [117], Af 4, = 31 nm [117], Apg ~ 25 nm [118].

In the free electron model of conductivity [119]

(5.10)

with the elementary charge e, charge carrier density n and the electron mass m, the bulk

conductivity of a metal is inversely proportional to the scattering rate 71

_I_UF

=3, (5.11)

T

which in this simple model only depends on Ay and the Fermi velocity vp.

In the present case of a porous nanophase solid with structural sizes in the range of
As, scattering at the interfaces gives a strong contribution to the scattering rate. Therefore
interfacial manipulations, such as electrochemical charging, may strongly influence the elec-
trical resistance. This picture is particularly supported by the fact, that for all investigated
samples the strongest resistance variations could be generated in the oxygen regime (e.g. see
figures 4.4, 4.10, 4.26 and 4.32). As already described in chapter 2.1, anions show a stronger

tendency for specific adsorption due to their larger ionic radii and therefore weaker bound
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Figure 5.5: Resistance variations AR/Ry of np-Pt and nc-Pt upon imposing charges AQ in
different electrochemical regimes. The linear regressions of the obtained data are given by
dashed lines. The inset (lower right corner) shows a magnification of the resistance variations
at small charge transfers.

solvation shells, forming additional scattering centers close to the sample surface.

For a systematic discussion of the present results, a summary of resistance variations
and charge coefficients obtained in this work is given below in table 5.1, along with selected
values from table 2.1 for comparison. Generally it can be said that significantly higher R
variations could be obtained for the dealloyed materials compared to compacted powders.
This finding can be attributed to the high surface-to-volume ratios obtained by dealloying
and therefore higher achievable charge densities. A detailed discussion of possible influences,

particularly relevant for dealloyed materials, will be presented in the following.

Structural Sizes and Charging Capacity

The most detailed resistometric investigations were performed for dealloyed, nanoporous

platinum (np-Pt) and compacted Platinum Black (nc-Pt) in this thesis. The dependence of
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the electrical resistance on imposed charge, observed for both sample types upon CV cycling
is visualized in figure 5.5, each for the double layer regime (red: np-Pt, green: nc-Pt) and

the regime of specific adsorption (blue: np-Pt, black: nc-Pt).

Due to the extremely high charging capacity of more than 300 As/g and the associated
strong resistance increase that can be achieved for the dealloyed material in the regime of
specific adsorption, the other curves can hardly be recognized in a full scale image of this
plot. Therefore, an inset showing the resistance variations at small charge transfers is given
in figure 5.5. Even though the achieved absolute resistance variations are smaller for nc-Pt,
the slopes of the linear regressions (dashed lines), which represent the charge coefficients,
show a higher sensitivity of R to imposed charge (stronger slopes) for the compacted powder
(compare table 5.1), which will be adressed in the next subsection. The yet observed 4-fold
increase of (AR/Rg)mas of np-Pt compared with nc-Pt simply arises from the much higher
charging capacity upon adsorption/desorption (imposed charges as high as 300 As/g) which

is possible due to the high surface-to-volume ratio of the dealloyed structures.

The values listed under 'oxidized’ denote a steady state condition of Platinum Black well
above the oxygen desorption peak where reversible charging is performed entirely within the
oxygen adsorbed steady state without removing it.? Cycling nc-Pt in this condition results
in a featureless, steady-state CV similar to that of the double layer regime of the sample
(see figure 4.3). Therefore the charge transfer in this regime can be considered as ’double
layer like” charging of a previously oxygen-covered surface. This results in a weaker response
of the resistance, because charging does not directly affect the underlying platinum surface.

This explains the lower charge coefficient of 0.7 -107° mol/As observed in this regime.

When nanoporous metals are subjected to charging treatments for elongated times, cer-
tain aging effects are observed, which was presented for sample np-Pt R2 in figure 4.15. With
increasing lifetime, the sample resistance measured in the double layer regime as well as the

resistance tunability tend to decrease, which occurs most probably due to slight structural

2Please note that the sign inverted resistance variations observed for the primary oxide and re-oxidized
condition of dealloyed np-Pt samples will be treated separately in chapter 5.3.
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Table 5.1: Maximum resistance variations (AR/Rg)ma. and charge coeflicients (AR/Ry)/AQ
of porous nanophase metals.

(AR/Ro)ma  (AR/Ro)/AQ
(%] [107° mol/As]
Double Layer Charging
nc-Pt  this work 0.8 1.3
np-Pt  this work 1 0.9
np-Au this work 5 5.2
nc-Pt  Sagmeister et al. [24] 8 1.5
np-Au  Wabhl et al. [29] 4 11.2
np-Au  Mishra et al. [28] 6 -
Specific Adsorption/Desorption
nc-Pt  this work 15 1.6
nc-Pd  this work 14 1.4
np-Pt  this work o8 1.0
np-Au this work 88 1.5
np-Pd  this work 26 2.6
np-Au  Wabhl et al. [29] 43 4.6
Oxidized Sample (Pseudocapacitive Charging)?
nc-Pt  this work 1 0.7

coarsening: if the ligament diameters in the porous structure grow due to rearrangement
of the Pt atoms, the resistance, which is dominated by charge carrier scattering events at
the metal-electrolyte-interfaces, is reduced. This reduction of the surface-to-volume ratio is

associated with a weaker response to property tuning.

Residues of the Sacrificial Elements

As mentioned above, a comparison of the data recorded upon charging np-Pt and nc-Pt
shows, that even though much higher resistance variations could be obtained for np-Pt, the
charge coefficient (AR/Ry)/AQ), representing the sensitivity of R to imposed charge, is lower
for the dealloyed material. This means, that the higher (AR/Rg)mae values simply arise from
a higher charging capacity (see above).

Compared to np-Au also the resistance variations observed for the np-Pt samples are

rather low: With (AR/Rp)ma: =88 % the strongest resistance variation achieved so far by



110 Chapter 5. Discussion

ad-/desorption on a nanoporous metal could be recorded for np-Au in the framework of this
thesis. The charge coefficient (AR/Ry)/AQ of np-Au is also higher than that recorded for
np-Pt in this work (see table 5.1), however, it is reduced by a factor of 2 to 3 compared to
previous studies on np-Au available in the literature [28,29]. To understand these trends,
besides the ligament sizes of the nanoporous structures, also the specific resistances of the
respective pure metals and possible influences by residues of the sacrificial elements have to
be taken into consideration.

Even though the bulk resistivity of (pure) Pt is higher by a factor of 5 compared to that
of Au [117], the relative resistivity increase due to residual Cu or Ag in np-Pt or np-Au,
respectively, may be considered to be similar if one assumes that similar amounts of Cu
or Ag remain after dealloying. This is because bulk Pt and Au exhibit a similar relative
resistivity increase of about 10 % per 1 at% of doping [120,121]. In fact, due to the low
Cu-concentrations that remain in np-Pt (see tables 4.5 and 4.6), a reduction of the charge
coefficient by dopants would even be expected to be less significant for np-Pt compared to
np-Au, which is in contradiction to the observed trends. Therefore, irrespective of residual
concentrations of the sacrifical elements, the different charging sensitivities of the relative
resistance in np-Pt and np-Au are presumably caused by differences in the electron mean
free path.

Due to the above discussed s-d-scattering, the electron mean free path A p; in pure
coarse-grained Pt at ambient temperature is lower by about a factor of three than in Au
(Af,4x—31 nm), which is also reflected in the five-fold higher bulk resistivity. Because of the
shorter mean free path, scattering processes inside of the ligaments of the porous structure of
np-Pt add more strongly to the overall scattering rate. Therefore the influence of charging-
induced variations of the scattering at the metal-electrolyte interfaces is smaller compared
with np-Au.

While the differences in the charge coefficients of Pt and Au obviously do not arise from
remaining sacrificial alloy components, residues may yet be the reason for the abovemen-

tioned differences arising between nanostructures of the same element, produced by different
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procedures: comparing np-Pt with nc-Pt, the slightly reduced sensitivity of np-Pt with re-
spect to charging may be caused by a higher matrix resistance of np-Pt due to incompletely
etched copper.

Also for np-Au, the reason for the extraordinarily strong resistance variations (AR/Ro)maz
as well as the relatively small charge coefficients (AR/Ry)/AQ obtained in the present work
may be found in the preparation method: while the samples in the reference studies [28,29|
were dealloyed in diluted HNOj3 or HCIOy, representing the acids most commonly used for
etching Ag-Au master alloys in the literature, a neutral silver nitrate solution (AgNO3) was
used in this work in order to prevent free corrosion. Dealloying in AgNOj3 is known to result
in smaller ligament sizes (4-6 nm) but also higher amounts of residual silver [48], compared
to conventional systems. This agrees very well with the present findings, since a higher
amount of residual silver causes an increased matrix resistance and in further consequence a
lower senisitivity to surface charging due to increased internal scattering, equivalent to the
differences between nc-Pt and np-Pt discussed above.

With regard to AR/ R, the reason for the strong resistance variations up to 83 %, observed
for np-Au, may be again be found in the small structural sizes (ligaments) and therefore high
surface-to-volume ratio associated with high charging capacities: Similar to the results for
np-Pt, charges up to about 300 As/g could be imposed to the np-Au samples in this thesis. At
this point, however, also a resistance contribution by dissolution and redeposition of residual
silver cannot be excluded, which might also be the reason for the slight drift towards higher
R during repeated cycling (see figure 4.32) due to a loss of material by incomplete silver
redeposition and therefore increasing porosity. Since the preliminary results obtained here
promise an excellent tunability of the resistance of np-Au dealloyed in silver nitrate solution,
these effects should be investigated in detail in future studies.

While the trends of the charge coefficients (AR/Ry)/AQ observed for differently prepared
gold and platinum samples can be explained by the concentration of impurities, the results
obtained for palladium cannot: nc-Pd exhibits a behavior very similar to Platinum Black

with a charge coefficient of 1.4 x 1075 mol/As upon ad/desorption, for the dealloyed np-Pd
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a charge coefficient almost twice as high (2.6 x 107° mol/As) is determined. This represents
an opposite trend compared to dealloyed and powder compacted platinum (or also dealloyed
np-Au with different Ag concentrations), where the sensitivity of R to charging was slightly
reduced due to residues of the sacrificial element.

In the case of np-Pd as well as np-Pt, a dissolution/redeposition effect of the sacrificial
elements (Co and Cu) appears rather unlikely. In contrast to np-Au dealloyed in AgNOs,
the preparation methods applied for the platinum and palladium samples result in low con-
centrations of the less noble alloy component, which was demonstrated in the present work
for np-Pt (see table 4.5) and reported in the literature for np-Pd [52]. Moreover no signal
of the sacrificial elements (exposed to the electrolyte) is visible in the cyclic voltammograms
of the respective samples (see figures 4.10 and 4.26). Therefore a significant influence of
dissolution /redeposition on the R-variation of np-Pd or np-Pt can reasonably be excluded

and the high charge coefficient of np-Pd must be caused by a different effect.

Network Connectivity

Recently the influence of network connectivity, thus broken or dangling ligaments, was dis-
cussed in the literature with regards to the mechanical properties (strength and stiffness)
of nanoporous gold [122]. This property certainly also influences the resistance behavior of
nanoporous materials and may give an extraordinarily strong contribution for the present
np-Pd samples: Since the master alloy used here for np-Pd was extremely dilute in Pd
(20 wt% Pd, 80 wt% Co =~ 12 at% Pd, 88 at% Co), which is only half as much as the
concentration of the more noble elements in the master alloys used for np-Au and np-Pt,
the nanoporous structure resulting after the dealloying process may contain strong damages
on different scales. This may not only result in a complicated handling of the, even for a
dealloyed material extraordinarily brittle, samples, which can even in primary-oxide condi-
tion hardly be grasped by tweezers without cracking, but also lead to (dis-)connections of
cracks due to actuation. An expansion/contraction of the sample upon positive/negative

charging may open/close electrical contacts in the nanoporous network which may in further
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consequence lead to additional leaps/drops in the resistance with a rather fuzzy behavior as

observed in figure 4.26.

Even though a contribution of crack-opening/-closing cannot be excluded completely in
the case of np-Pt and np-Au, it can reasonably be assumed to be of minor significance, since
opposite trends of the charging coefficients as well as smooth resistance variation curves
were recorded upon charging. Moreover nanoporous gold and platinum were produced from
master alloys with concentrations of the noble component being twice as high and the samples
showed a significantly enhanced mechanic stabilty upon handling, compared to palladium,

indicating reduced damage in the structure.

5.3 Primary Oxide of Dealloyed Materials

The primary oxide of dealloyed samples is associated with a characteristic behavior that
strongly differs from the well-reduced condition. The actuation of (primary) oxidized np-Pt
and np-Pd (see figures 4.18, 4.25 and 4.29) exhibits an opposite sign compared to well-reduced
samples, which matches previous results obtained for compacted Pt nanopowder [62] as well

as dealloyed np-Au [46].

The resistance behavior of nanoporous Pt in primary oxide condition is even more pecu-
liar. Even though of slightly different shape from sample to sample - most probably sensi-
tively dependent on the dealloying process - the resistance variation shows a characteristic
sign inversion: upon positive as well as negative CV scan, R first increases and subsequently
decreases. Thus relative resistance minima near the reversal points of the cyclic voltammo-
gram are observed with maxima in between (e.g. figures 4.17 and 4.19). The sign inversion
behavior of AR/ Ry is considered to arise from the electronic structure of PtO that is present
in the oxidized state. Several other possible effects could be excluded, which will be discussed

briefly in the following.
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Residual Copper

Similar to the possible dissolution/redeposition of rather high amounts of silver present in
np-Au after dealloying in AgNOj (see previous chapter 5.2), an influence of residual copper
on the behavior of np-Pt in primary oxide condition should be discussed here. Compared to
platinum nanopowders, thin films or also well-reduced dealloyed samples cycled repeatedly
in steady state, freshly dealloyed samples may contain higher amounts of Cu, which might

be dissolved and redeposited in an - at least partially - reversible manner.

As shown for electrolytic Cu deposition on platinum thin films by Fujihara et al. [123],
the development of a copper layer would provide additional charge carriers and thus cause
a decrease of resistance. The dissolution/redeposition of metal atoms would therefore lead
to a resistance increase/decrease upon positive /negative scan (as it is observed for the well
reduced samples, see above). The behavior observed in the primary oxide, however, exhibits
an opposite sign, showing a pronounced resistance minimum at the higher potential edge.

Therefore residual copper can be ruled out as a reason for the sign inversion.

Cracks

The most simple explanation for the observed behavior would be a reversible opening and
closing of cracks, like discussed for np-Pd. Even though this hypothesis can not easily be dis-
proved completely, it appears rather unlikely. In this picture, a resistance increase/decrease
would be directly related to an expansion/contraction of the sample. A sign inversion in
the resistance would therefore require a sign inversion in the actuation as well, which is
yet not observed in the investigated potential range (see figure 4.18). Moreover a fuzzy
behavior of the resistance, as observed for np-Pd (see figure 4.26), would be expected upon
(dis-)connecting cracks. The R-characteristics of np-Pt in the primary oxide however is

reproducible and smooth.
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Oxygen Coverage

For thin copper layers it has been shown in the literature, that O, adsorption from the gas
phase can influence the electrical resistance by almost 10% [124]. As sketched in figure 5.6,
adsorbing oxygen to a clean copper surface at first causes an increase of resistance due to
increasingly diffuse charge carrier scattering at the surface. At a certain oxygen coverage,
which will be referred to as diffuse scattering coverage in the following, the fraction of diffuse
charge carrier scattering and thus the resistance, reaches its maximum. Further adsorption
of oxygen will reverse this trend and make the resistance decrease again, as the adsorbate is

approaching a smooth layer geometry, thus reducing diffuse scattering.

Applying these findings to the present data might bring up the suggestion, that the
oxygen coverage of np-Pt in as-dealloyed condition lies slightly below the diffuse scattering
coverage at the lower edge of the investigated potential range. When the oxygen coverage is
increased by positive charging, in this picture the transition between positive and negative
sign of charge coefficient (resistance maximum) would be associated with a surface oxygen
coverage at which the most diffuse scattering occurs. Further positive charging associated
with O-adsorption would then lead to a drop in resistance. In this context the slightly
different R-characteristics observed from sample to sample might be understood as slight
variations in the amount of oxygen induced during dealloying: the higher the initial oxygen

coverage, the smaller the potential range of positive (AR/Ry)/AQ.

This hypothesis can however be ruled out based on the measurements recorded for well-
reduced samples. Within the scanned potential range (e.g. shown for sample np-Pt R2 in
figure 4.10), the oxygen adsorption on the sample clearly goes beyond one monolayer [113].
Since in the above presented picture a maximum of diffuse charge carrier scattering is associ-
ated with a semimonolayer coverage of oxygen and a minimum with an oxygen monolayer, a
resistance maximum (semimonolayer coverage) followed by a resistance minimum (monolayer
coverage) and finally an increasing resistance at higher adsorpiton would be expected upon

scanning through the oxygen regime. The recorded resistance curve (figure 4.10) however
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Figure 5.6: Schematic of the resistance variation of Cu thin films upon O, adsorption from
the gas phase as described in reference [124]. Starting from a clean surface the electrical
resistance increases by adsorption until at semimonolayer coverage the fraction of inelastic
scattering processes reaches a maximum. By further adsorption the adsorbate layer is in-
creasingly smoothened resulting in a decreasing resistance, which reaches a local minimum
with ab adsorption of one monolayer. Stronger adsorption causes again a resistance increase.

constantly increases with O-adsorption during the entire positive scan.

Semiconducting Nature of PtO

After excluding the above discussed factors, the sign inversion behavior of np-Pt is assigned
to the electronic structure of platinum monoxide (PtO). As shown by DFT calculations [125],
PtO exhibits a minimum of the density of states (DOS) at the Fermi edge similar to graphite,
which is sketched in figure 5.7. In graphite, due to this minimum, the DOS increases and,

hence, the resistance decreases upon charging in both directions [81]. The same appears to
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apply to the charging of the oxidized Pt sample: the resistance maximum observed upon
positive as well as negative scan can be explained by passing through the DOS minimum.
The exact potential of the maximum depends on the Fermi edge of the uncharged sample

and thus the degree of oxidation.

As already mentioned above, the fact that the charging-induced property tuning sub-
stantially changes upon the removal or generation of a surface oxide has been known before
for mechanical properties. For porous nanophase platinum produced from compacted Pt
nanopowder, Viswanath et al. [62] reported on the opposite sign of the surface stress-charge
coefficients®, when reversibly switching from double layer charging (positive strain-charge
response) to charging in the oxide layer regime (negative strain-charge response) by appro-
priate electrochemical treatment. Also here, the particular behavior of the oxide covered

sample was considered to be associated with the electronic properties of PtO [62].

At this point it should be mentioned, that in spite of various attempts of oxidation
including different charging sequences as well as electrolytes, no sign-change in the resistance
tunability of powder compacted nc-Pt could be achieved in the present work. After strong
oxidation the sample showed pseudocapacitive charging characteristics in the oxidized state
with a reduced but still positive charge coefficient, as shown in figure 4.9 and discussed above
in chapter 5.2. However it seems likely, that this discrepancy arises not due to monitoring
different measurement parameters (actuation in [62], resistance here), but is rather caused by
the fact, that the Platinum Black samples investigated in the present work had a significantly
lower specific surface area compared to reference [62]. A high surface-to-volume ratio may,
however, be crucial to obtain a sufficient oxidation per Pt atom in order to achieve the typical
PtO behavior.

On the other hand for the np-Pt samples produced by dealloying, owing to an extraor-
dinarily high specific surface, the behavior observed before removing the primary oxide can,

at least partially be recovered by suitable re-oxidation, as demonstrated in figures 4.24 and

3not to be intermixed with a sign inversion within one CV scan as observed for the resistance in the
present study
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Figure 5.7: Sketch of the density of states of platinum monoxide (PtO) as obtained by DFT
calculations in reference [125]. PtO exhibits semiconducting behavior with the Fermi Energy
Er located in a DOS minimum.

4.25. At the potential applied for strong oxidation (Uag/agci=-+450 mV), site-exchange steps
of adsorbed oxygen with underlying platinum atoms can be expected [126], which may affect
a substantial portion of the sample, taking into account the fine porosity of the sample. With
the recorded charge transfer of 0.7 oxygen species per Pt atom, the resulting nanoporous
structure may become goverend by the behavior of PtO, exhibiting a qualitatively similar
resistance behavior as in dealloyed state, while nc-Pt in the same potential regime preserved

metallic conduction behavior.

Finally the primary oxide behavior of np-Pt will also be compared to previous studies
on freshly dealloyed nanoporous gold. Also for np-Au, strongly different property-to-charge
responses have been reported before and after reduction of the primary oxide [29,46]. For
the reistance variation of np-Au, a change in the magnitude, yet not in sign of the charge co-
efficient upon removing the primary oxide was observed [29]. The electrochemically induced
length change of np-Au even showed opposing sign behavior of the surface stress-charge
coefficients before and after reduction [46]. In both experiments on np-Au, however, once

the primary oxide had been removed, the as-dealloyed behavior could not be regenerated by
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re-oxidation in contrast to np-Pt.

This difference in behavior may again be related to the pore and ligament sizes of the
respective nanoporous metals, which emerge due to differences in the atomic diffusivities
that scale with the strongly different melting temperatures: While dealloyed gold is known
for structural rearrangement during and after dealloying [4,47,48]|, coarsening processes are
suppressed in np-Pt. This not only causes the extraordinarily fine porosity of dealloyed np-
Pt [5] but also makes Pt applicable as a minor component in ternary dealloying systems to
yield finer porosities [48].

Due to the low diffusivity of Pt, it can also be assumed that a reduction of the primary
oxide of np-Pt may lead only to minor reordering. This assumption is supported by electron
microscopy as shown above in figures 4.37 and 4.38. The retained, fine porosity enables
re-oxidation conditions similar to those upon dealloying, at least partially regenerating the

characteristics of the primary oxide, in contrast to np-Au.

5.4 Hydrogen Absorption in Nanoporous Palladium

For nanoporous palladium the focus of the investigations was placed on the hydrogen regime
in this work, since the ability of Pd to absorb hydrogen into the bulk promises interesting
effects with regards to property tuning. By cyclic voltammetry in the hydrogen regime
at potentials Uyg/agci between —1000 mV and —550 mV property variations up to about
AR/Ry=10% and AL/Ly=0.6% could be generated, which was presented in figure 4.27. For
dilatometry (figure 4.27B) these results agree fairly well with the behavior of consolidated
palladium nanoparticles, which was discussed within a model of electrocapillary coupling by
Viswanath and co-workers [62].

For the resistance variation, the total charge flow of about —1.2 As recorded upon cycling
at the said potentials arises from a transfer of about —0.3 As in the adsorption and —0.9 As
in the absorption regime. Converting the latter into the absorbed hydrogen concentration

¢ yields a H/Pd atomic ratio of about 5% associated with a variation of R of about 9.6%,
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which corresponds to a resistance coefficient (AR/Ry)/c of about 1.9. At such low hydrogen
concentrations, the electrical resistance of bulk Pd is known to be particularly sensitive to
hydrogen absorption. Values for the resistance coefficient deduced from the literature range
from 1.8 [127] to 2.3 [103].

The fact that the resistance coefficient (AR/Ry)/c determined here for np-Pd lies in
the range of values recorded for bulk samples is, however, surprising: Since nanoporous
metals possess a high initial resistance, governed by surface scattering processes [29], a lower
sensitivity to additional scattering centers inside the crystal due to absorbed hydrogen would
be expected. According to the small R variations observed in the regime of adsorption (see
figures 4.26 and 4.27), a significant resistance contribution due to adsorbates (in analogy to
the oxygen regime of porous nanophase metals |29, 32]), which might be superimposed to
the absorption-related resistance increase, seems unlikely.

In analogy to the discussion of the resistance behavior in the oxygen regime (see chapter
5.2), a possible explanation of the strong R-variation may also here be found in the actua-
tion behavior (compare the striking similarities between AR/Ry and AL/Ly, figure 4.26).
An expansion during hydrogenation may disconnect electrical contacts in the nanoporous
network, leading to a resistance increase. Such a mechanical effect would also explain the
noisy R-signal due to immediate resistance changes caused by opening/closing connections
at various scales, such as broken ligaments or cracks, in the nanoporous network.

The dilatometric investigations were extended to higher hydrogen concentrations. The
strong hydrogen loading, which was performed in chrono-amperometric and -potentiometric
modes, is presented in table 4.4 and figure 4.28. Upon absorbing hydrogen up to an atomic
ratio H:Pd of about 0.6 into the nanoporous structure, a strong actuation behavior up
to more than 5% could be observed, representing the highest electrochemically induced
actuation reported for a dealloyed material so far. This variation is significantly higher
than predicted by literature data for bulk Pd [105], according to which an approximately
linear variation of only about 3.5% would be expected at this concentration. Moreover,

the maximum hydrogen solubility as well as the relative sensitivity of actuator response to
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hydrogen loading obtained here also exceeds that recently reported for nanoporous palladium
produced by free corrosion of an Al-Pd master alloy, which showed an actuation of about
3.3 % upon loading to a maximum hydrogen concentration of about 0.49 [96].

While the observed differences in the hydrogen solubilities most likely simply arise due
to different hydrogenation parameters, such as the chosen electrolyte and charging proce-
dure, the strong sensitivity of the sample expansion to hydrogenation is a material property,
directly related to the nanoporosity of np-Pd, i.e., its high surface-to-volume ratio. Since
nanoporous Pd possesses very fine pore sizes of 5-20 nm [5,52,128|, which strongly depend on
the dealloying parameters, a significant fraction of the total H absorption takes place on sites
close to the surface. Being subjected to significantly lower constraints than atomic layers
inside the bulk, superficial planes may show stronger outward relaxation during hydrogen
uptake, similar to the surface-chemistry-driven actuation behavior known for nanoporous

gold, which is caused by alterations in the atomic bindings in superficial layers [25].






Summary and

Conclusions

In the present thesis, porous nanophase metals were studied with regards to electrochemically
induced variations of their physical properties, especially the electrical resistance. The major
focus was placed on nanoporous platinum prepared by dealloying, but also nanoporous gold
and palladium as well as compacted nanopowder samples of Pt and Pd were investigated.
The key results can be grouped in four major topics: resistometric studies of the dealloying
process, the tunable resistance of metallic nanoporous samples in the double layer as well
as the O-adsorption regime, the primary oxide of materials prepared by dealloying, and the

hydrogen absorption properties of nanoporous palladium.

Resistometric Studies of Dealloying

The resistance increase of samples upon electrochemical dealloying could be dynamically
measured in-situ for the first time. During etching, the resistance increases by about three
orders of magnitude due to nanoporosity evolution and concomitant oxide formation. It was
shown, that etching proceeds in two stages, which are called ’primary (or bulk) dealloying’,
characterized by the progress of the etching front into the bulk master alloy, and ’secondary
(or ligament) dealloying’, referring to further etching in the already formed ligaments. The
present findings represent the in-situ experimental confirmation of these processes proposed

by Ye et al. in 2014, based on ex-situ electron microscopy [45].
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A variable called the degree of dealloying a was introduced, characterizing the average
etching progress in the already porous structure. This averaging approach, capable of de-
scribing dealloying over a wide range of the etching process of a macroscopic sample, perfectly
complements earlier studies performed ex-situ and/or for microscopic portions of material.
As long as the value of a is approximately constant, the resistance behavior can be very well
described as governed by a reduction of the master alloy cross section, which is proportional
to the transferred charge. Conductivity contributions of the parallel-connected nanoporous
structure can be reasonably neglected due to its high specific resistance. The developed
model was applied to three different alloy systems, yielding excellent agreement with the
experiments in all cases.

To give a brief outlook on this particular topic, following these first results on the feasi-
bility of a resistometric characterization of dealloying, the level and range where the degree
of dealloying remains constant during the process should be investigated systematically with
regards to alloy systems and etching parameters in future studies in order to gain a deeper

understanding to the dealloying process.

Tunable Resistance of Metallic Porous Samples

The tunability of the electrical resistance of porous nanophase metals is governed by scat-
tering processes at the metal-electrolyte interfaces. Therefore, dealloyed materials exhibit
particularly strong resistance variations upon electrochemical charging due to their extraor-
dinarily high surface-to-volume ratio. While for the samples produced by compacting a
nanoporous powder, the highest generated resistance variations ranged around 15 % (nc-
Pt), resistance variations of dealloyed metals due to reversible ad-/desorption reached up to
about 25 % for np-Pd, almost 60 % for np-Pt and as high as 88 % for np-Au, representing
the highest value reported for a nanoporous metal so far.

The reason for obtaining the strongest variation in the case of gold, even though np-Au
exhibits significantly larger pores and ligaments than np-Pt and np-Pd, is interpreted to lie

in the lower bulk resistivity and longer electron mean free path. In Pt and Pd, scattering
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processes inside of the ligaments add more strongly to the overall scattering rate. These
materials, therefore, react less sensitive to variations in interfacial scattering, compared to
Au.

Dealloying-specific effects were evaluated by drawing a direct comparison between powder-
compacted nc-Pt and dealloyed np-Pt. Interestingly, even though significantly higher relative
changes could be generated for np-Pt than for nc-Pt, the charge coefficients (AR/Ry)/AQ,
thus the relative sensitivity of the material’s resistance per imposed charge, show an oppo-
site trend. This difference in sensitivity is interpreted as caused by residues of the less noble
element (here Cu) in the case of the dealloyed material, causing a higher matrix resistance,
which makes the resistance less sensitive to interfacial scattering, while the strong absolute
R variation in np-Pt simply arises from an enhanced absolute charge transfer due to the

higher specific surface area.

Primary Oxide

Due to the dealloying process, nanoporous metals are strongly oxidized. This as-dealloyed
condition, which is associated with material properties that fundamentally differ from well-
reduced samples, is called the primary oxide. Carefully avoiding reduction, primary oxidized
samples were studied with regards to actuation and resistance variations.

The charging-induced actuation of np-Pt and np-Pd in primary oxide condition was found
to exhibit an opposite sign, compared to the reduced state of the samples, thus a contraction
upon positive charging. This observation agrees well with previous reports on nc-Pt [62] and
np-Au [46], where this behavior was discussed as being caused by less effective electronic
screening in the oxidized material. This allows for a deeper penetration of an electronic
excess charge imposed due to the electrochemical treatment, which weakens atomic bonds
in surface-near layers and thus causes an expansion of the sample.

The resistance behavior of as-dealloyed np-Pt is even more peculiar: upon CV cycling
in the primary oxide regime, the variation exhibits a sign inversion. The resistance reaches

relative minima near the scan’s reversal points and maxima in between, which is assigned to



126 Chapter 6. Summary and Conclusions

the electronic structure of PtO. The observed resistance maximum is interpreted as beeing
associated with a minimum density of states at the Fermi edge, as shown by DFT calculations
for PtO [125]. In this case, a resistance decrease upon charging in both directions can be
expected, similar to graphite [81].

Upon reduction of the primary oxide the conductivity of the nanoporous metal samples is
strongly enhanced, in the case of np-Pt by about a factor of ten. The behavior characteristic
for the primary oxide, can to some extent be regenerated for previously reduced samples. In
fact, after re-oxidation under suitable conditions, the sign-inversion in the resistance variation

is recovered, although with reduced amplitude.

Hydrogen Absorption in Nanoporous Palladium

Resistometry and dilatometry have proven as two efficient, independent methods to char-
acterize the hydrogen concentration of np-Pd in-situ during electrochemical charging. The
hydrogenation-induced expansion of the sample material was investigated in different charg-
ing sequences. The observed actuation up to 5 % is stronger than expected based on literature
data, which may be due to the high surface-to-volume ratio of the present dealloyed samples.

Resistance variations of almost 10 % were observed upon H-absorption up to an atomic
ratio of approximately 5 % H:Pd during cyclic voltammetry. Since this represents an unex-
pectedly strong dependence, besides charge carrier scattering processes also possible resis-
tance contributions by actuation in the nanostructure were discussed.

To give a brief outlook, the influence of different master alloy compositions on the hy-
drogenation behavior of np-Pd is currently under investigation. Moreover, higher hydrogen

concentrations might be achieved by using different electrolytes.
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