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Abstract

Via impregnating a nanoporous metal with a liquid ionic conductor (electrolyte) a hy-
brid material with two capacitively connected charge-transport paths is created. Thus,
space-charge layers along the large internal interface of the hybrid material are coupled
to electric potential differences between the phases. The space charge is connected to
mechanical deformation of the hybrid material via electrocapillary coupling.

In this work active strain-sensing with a nanoporous-metal electrolyte hybrid material
is presented for the first time: Via cyclic deformation of the macroscopic body particu-
larly robust potential- and current responses can be obtained. The investigated hybrid
material exhibits a large longitudinal charge-load coupling parameter d@Q)/dF|g, which
is determined as 1.5pCN~! under quasi-static conditions. Furthermore, a quantitative
analysis of the results via the effective potential-strain coupling parameter, ¢*, is given for
this type of material. ¢* is linked thermodynamically to an electromechanical coupling
parameter for actuation and to elastic properties of the material. This relation, derived
from phenomenological thermodynamics in this work, leads to good agreement between
experiment and theory. The potential-strain coupling parameter, which is experimentally
determined as ¢* = —50mV, is even exploited to gain insight into the microscopic de-
formation mechanisms. Furthermore, the influence of network features, such as structure
size, are investigated and indicate a decrease of ¢* with increase in structure size.

All experiments were performed in an in situ electrochemical cell implemented in a dy-
namic mechanical analyzer, especially designed for sensing measurements on volumetric
nanoporous metal-electrolyte hybrid materials. The experiments show that this class of
material behaves phenomenologically equally to piezoceramics although the underlying

microscopic mechanisms are completely different.






Kurzbeschreibung

Durch das Tranken der Poren eines nanoporosen Metalls mit einem fliissigen Ionenleiter
(Elektrolyt) entsteht ein Hybridmaterial mit zwei kapazitiv verbundenen Ladungstrans-
portpfaden. Die Raumladungsschichten entlang der groflen inneren Grenzflache des Hy-
bridmaterials sind mit elektrischen Potentialunterschieden zwischen den Phasen gekop-
pelt. Die Raumladung ist mit der mechanischen Verformung des Hybridmaterials iiber
Elektrokapillarkopplung verbunden.

In dieser Arbeit wird zum ersten Mal aktive Dehnungs-Sensorik mit einem nanoporosen
Metallelektrolyt-Hybridmaterial gezeigt: Durch zyklische Verformung der makroskopis-
chen Probe konnen robuste Potential- und Stromsignale erzeugt werden. Das untersuchte
Hybridmaterial zeigt einen groflien longitudinalen Ladungs-Last-Kopplungsparameter
dQ/dF|g, der als 1.5nCN~! unter quasistatischen Bedingungen bestimmt wird. Dariiber
hinaus wird eine quantitative Analyse der Ergebnisse mittels des effektiven Potential-
Dehnungs-Kopplungsparameter ¢* gegeben. ¢* ist thermodynamisch mit einem elek-
tromechanischen Kupplungsparameter fiir Aktorik und den elastischen Eigenschaften des
Materials verkniipft. Diese Beziehung, abgeleitet in dieser Arbeit aus der phédnomenol-
ogischen Thermodynamik, zeigt eine gute Ubereinstimmung zwischen Experiment und
Theorie. Der Potential-Dehnungs-Kopplungsparameter, experimentell als ¢* = —50mV
bestimmt, wird auch genutzt, um Einblicke in die mikroskopischen Verformungsmecha-
nismen zu erhalten. Dartiber hinaus wird der Einfluss von Netzwerkeigenschaften wie
Strukturgrofe untersucht; eine Abnahme von ¢* mit zunehmender Strukturgrofie wird
beobachtet.

Alle Experimente wurden mittels einer in einer dynamischen mechanischen Analyse in
einer implementierten elektrochemischen Zelle durchgefiihrt, die speziell fiir die Messung
von volumetrischen nanoporésen Metallelektrolyt-Hybridmaterialien entwickelt wurde.
Die Experimente zeigen, dass sich die Materialklasse aus Metall-Elektrolyt Hybridmateri-
alien phanomenologisch wie die Klasse der Piezokeramiken verhalt, obwohl die zugrunde

liegenden mikroskopischen Mechanismen vollig verschieden sind.
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1 Introduction

1.1 Nanoporous metals and piezoceramics -

phenomenologically equal?

By immersing a material into an aqueous ionic conductor (electrolyte) a solid-liquid in-
terface is created. In electrochemistry, such interface is called an electrode surface. For
metals, such as gold or platinum, the electrode surface can be polarized and exhibits a
capacitance depending on the surface area of the electrode. The coupling phenomena in
metal-electrolyte interfaces connect capillary forces to the electric potential of the metal
surface as stated in Refs. [1,2]. Due to this coupling mechanical deformation changes
the potential or charge of the electrode. In previous publications the electromechanical

coupling of planar gold electrodes to surface strain has been investigated [3-5].

ol /de OE [de
—~ 2 ; i i Y 1 3 '] 12 <
v 2 ] 1o ©
— 20]" ' i i i ' - 119 _
£ o0 - ]
=~ -20 4 19 ~

_.05 0.5

> =3

Eoof o IAMAMNNNs 2

= =
0.5 0.5

0O 10 20 30 40 50 600 20 40 60 80 100
t[s] t[s]

Figure 1.1: Electrochemical responses of a planar gold electrode to cyclic strain. §I/de: While
keeping the potential, F, constant, (below) a current response, I, (middle) to an applied cyclic
strain, e, (above) can be observed. Inversely (0F/de), a potential response, E, (below) is induced
by a cyclic strain (above), when keeping the charge constant, i.e. I = 0, middle. Reproduced
from [5] with permission from the PCCP Owner Societies.

A representative result is depicted in Fig. 1.1: Via applying a sinusoidal strain, e(t), to
the gold electrode a current response, I(t), i.e. displacement of charge, was obtained if
the potential, F, was held constant (see §1/de). If the charge is kept constant, i.e. I =0,

the electrode responds to strain via a potential variation (see E/de). The efficiency of
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the capillary coupling on planar electrodes is quantified by the potential-strain response
parameter ¢ = dE/del,, which yields —2.0V for gold in experiments and simulation [5,6].
Via increasing the surface area of the metal electrode a higher capacitance and more avail-
able sites for chemical reactions can be achieved. A possibility to obtain a larger surface
area is to prepare nanoporous metals, which also exhibit further beneficial properties and
a straightforward synthesis procedure as described in the following:

Nanoporous-metal specimens consisting of a uniform network of nanometer-sized
“ligaments” can be synthesized via dealloying, i.e. removing one or more components
of an alloy [7-9]. Such nanoporous bodies are monolithic, have macroscopic dimensions
of mm or c¢m, and exhibit good mechanical properties [10]. The ligaments can achieve
dimensions down to 5 nm [11,12]. Thus, nanoporous metals consist of an extremely large
internal surface and exhibit a high surface area-to-volume ratio. The specimens in this
work displayed a surface area-to-volume ratio, which is indicated by the specific surface
area, a, of ~ 6 x 10"m™! or the surface area per mass ratio, o, of ~ 11 x 10°mkg?.
Therefore, in such porous materials the contribution of surface area plays an important
role regarding the behavior of the macroscopic body [13]. By imbibing nanoporous metals
with an electrolyte an electrolyte-metal hybrid material containing huge internal surfaces
which are separated by only a few nm can be created [14]. Polarizable sites are almost
homogeneously distributed at the interface of the hybrid material.

An equivalent behavior as observed at planar gold electrodes is expected from a
nanoporous gold-electrolyte hybrid material: By exposing a macroscopic sample to an
effective strain, ¢*, charge accumulates at the surface (at constant potential) or a po-
tential variation can be detected (at open circuit and constant charge). However, the
microscopic picture of this effect, i.e. the coupling between effective strain and the local
strain field on the ligaments is under discussion (see Refs. [10,15,16]).

Besides the coupling phenomen leading to strain-sensing, nanoporous metal-electrolyte hy-
brid materials attract attention in the community of electrochemists concerning catalysis,
e.g. the catalytic oxidation of carbon monoxide (CO) with molecular oxygen (Os) [17-19]
or methanol oxidation [20]. Moreover, it was found out that via changing the surface
charge density of a nanoporous-metal electrode, one can indeed observe resulting elastic
strain, €*, induced by a capillary force [1,2,21]. The first experimental demonstration
of this connection via electrochemical actuation exploited nanoporous platinum samples
prepared by solidifying platinum nanoparticles. Figure 1.2 a) shows a scanning electron
micrograph of the structure, whereas b) sketches the metal surface, which is polarized
against the surrounding electrolyte. Strain amplitudes in the order of 0.1% were re-
ported [14]. A few years later, reversible strain amplitudes in excess of 1 % were achieved

in similar measurements using nanoporous metals prepared by dealloying [12]. Further-
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Figure 1.2: Actuation with a nanoporous metal-electrolyte hybrid material. a) shows a scanning
electron micrograph of a fracture surface of nanoporous platinum. The nanoparticles as well
as the pore-space are interconnected. A schematic of the structure imbibed with electrolyte is
depicted in b). Reprinted from Weissmiiller et al., Science, 300(5617):312-315, 2003. Reprinted
with permission from AAAS.

more, the actuation ability of a nanoporous material could be improved by covering the
metal skeleton with a conducting polymer. Two examples will be mentioned here exem-
plarily: Polyaniline (PANI) lead to an improvement by a factor of three compared to the
nanoporous gold skeleton exploited in the same work [22] or polypyrrol (PPy) increased
the performance more than tenfold [23]. These experiments, among others, employ the
above-mentioned polarization of metal-electrolyte interfaces. The surface stress is changed
by polarization and therefore the material responds to potential variation by macroscopic
expansion or contraction [12,14,24-26].

However, the most common and widely discussed sensor/actuator materials are piezo-
ceramics, such as quartz (SiO) or lead zirconium titanate, (Pb(Zr,Ti)O,, PZT). Since
the discovery of piezoelectricity in the end of the nineteenth century piezoelectricity is
a very relevant topic in science and piezoceramics are found in various applications. In
2007, for example, the Guide to Literature of Piezoelectricity and Pyroelectricity, which is
a bibliography that contains references published during 2004 and 2005 on piezoelectric
and pyroelectric materials and their applications, listed 2235 journal articles, patents, and
dissertations [27].

Piezoelectricity is distinguished in two phenomenons, the piezoelectric and the converse
piezoelectric effect. The latter effect corresponds to actuation phenomena, i.e. stress or
deformation under an applied electric field/charging [28].

Figure 1.3 depicts a schematic of the piezoelectric effect: The ability of a material to de-
velop electric displacement as a result of an applied mechanical stress. The name derives
from the combination of the greek terms “piezo” (TéCw) or “piezein” (7ttéCewn), which
means to squeeze or to press, and from “electric” or “electron” (fyektpov) whose literal

translation is amber, an ancient source of electric charge [30]. In piezoelectric crystals,
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Figure 1.3: Schematic of actuation with a piezoceramic material. Illustration of the piezo-
electric effect in a quartz crystal, SiO,. Si-atoms exhibit a lower electronegativity than Oo-
molecules resulting in dipoles with charges that are compensated by the crystal lattice. Si-
atoms (Og-molecules) are indicated by red (blue) circles and furnished with a “4” (“—”)-sign
to demonstrate the charge, respectively. Charges at the surfaces are induced due to mechan-
ical compressive (left) and tensile deformation (right) depicted by the green arrows along the
electrical X-axis. Schematics reprinted from Ref. [29] ©IOP Publishing. Reproduced with
permission. All rights reserved.

such as quartz, electricity is coupled to mechanics on account of the polarization of each
crystallographic unit cell via strain. Figure 1.3 depicts the effect for one unit cell of quartz
in compressive (left) and tensile (right) deformation along the electrical X;-axis, respec-
tively. Compression “sqeezes” the unit cell in one distinct direction by displacement of
atoms and leads to a polarization of the cell as well as a charging of the respective surfaces
(left). Since the effect is linear, “elongation” of the cell along the X;-axis (right) leads to
a reverse polarization. As indicated before for one crystallographic unit cell, the charges
on the materials’ surface appear due an internal electric field in the crystal. However,
the conduction electrons in a metal screen electric fields and prevent bulk polarization.
Thus, piezoelectricity is expected to emerge uniquely in insulators. This fact contradicts
the proposition of this thesis, that from a phenomenological point of view, nanoporous
metal-hybrid materials are expected to behave quite analogously to a piezoelectric solid,
even though the underlying mechanism is quite different. Compared to piezoceramics
nanoporous metal-electrolyte hybrid materials are novel and thus have a large develop-
ment potential. For example, mainly noble nanoporous metals, such as platinum [14] or
palladium [31] (and of course gold, [8,32-34]) have been synthesized and investigated so
far. Yet, there are experiments on the synthesis of more affordable materials, such as
nanoporous copper-nickel [35] or titanium-based alloys [36].

Via the investigation of nanoporous gold as a model material valuable insight into the
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mechanisms of electromechanical coupling and deformation behavior at small scale is
gained. Specifically, nanoporous metals would be future candidates for a novel type of
active strain sensor. Owing to their very large internal surface area and to the large
capacitance of electrode surfaces, such strain sensors would be able to create particularly

robust electric signals.

1.2 Research aims and experimental approaches

In this work the concept of electromechanical coupling is explored in experiments on
nanoporous gold specimens immersed in electrolyte.

The first aim is a proof-of-principle of active strain sensing with nanoporous gold and the
quantification of sensing experiments via determining the effective potential-strain cou-
pling parameter ¢*. Secondly, a thermodynamic description of the underlying phenomena
that link the novel sensing effect to established observations on actuation has to be derived
theoretically and to be verified by experiments. Since the properties of nanoporous gold
are tunable, the influence of structure characteristics such as ligament size might play an
important role in sensing efficiency and will thus be investigated.

As an experimental approach to obtain meaningful results the measurement strategy ex-
ploited on planar gold electrodes had to be implemented in a setup for volumetric samples.
Therefore, a dynamic mechanical analyzer was equipped with an electrochemical cell for
i situ experiments and the electronics, e.g. a Lock-In amplifier, were implemented re-

spectively [5].

1.3 Outline of thesis

The thesis is organized as follows:

Chapter 2 gives the theoretical background for interpretation and discussion of the re-
sults obtained in this work. It introduces nanoporous gold and provides basic aspects of
metal-electrolyte interfaces and the processes that determine the characteristics of such
interface. The electromechanical coupling, the mechanism which governs the sensing be-
havior of nanoporous gold is introduced via fundamental thermodynamics, followed by the
example of a planar electrode, and resulting in a description of microscopic and macro-
scopic stress in a nanoporous gold network. Subsequently the measurement techniques
exploited in this work are presented.

Chapter 3 describes the synthesis of nanoporous gold samples. Additionally a descrip-
tion of the experimental procedures and measurement techniques employed in this work

is given.
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In Chapter 4 the results of actuation and active strain-sensing on nanoporous gold are
presented. It starts out with the actuation measurements and gives a detailed com-
pendium over the performed strain-sensing experiments. The sensing Section begins out
with showing the proof-of-principle, then going further into detail via determining the ef-
fective potential-strain coupling parameter, ¢*, of the investigated nanoporous gold spec-
imen. This parameter quantifies the electromechanical coupling and thus, the sensing
efficiency of the sensor. The later Sections deal with the dependence of the electrome-
chanical coupling on frequency and structural properties such as connectivity and surface
area.

Chapter 5 provides the discussion of the results in a more general context and gives a
classification of the sensing efficiency of nanoporous gold via theoretical predictions and
comparison to high-performance piezoceramics.

Chapter 6 summarizes the results of this work and gives a short outlook, pointing to-

wards future applications of nanoporous metals in sensing devices.



2 Theory

2.1 Fundamentals of electrochemistry

This Section deals with the fundamentals of electrochemistry that are exploited through-
out this work. Starting with very basic concepts, more evolved procedures and approaches

will be discussed in the following Sections.

2.1.1 Electrochemical cell

In general, the investigated electrochemical systems consist of at least two electronic con-
ductors (electrodes) and one ionic conductor (electrolyte). These so-called electrochemical
cells contain collections of interfaces that separate the different phases. The system can
be characterized by the potential difference measured between the electrodes. This po-
tential takes differences in electric potential between the electrodes and the electrolyte in

the cell into account.

2.1.2 The ideal polarized electrode and electrical double layer

An ideal polarized electrode (IPE) is an electrode which metal-solution interface behaves
ideally analogous to a capacitor, i.e. only capacitive processes take place. A capacitor

can be described via

g _
=C . (2.1)

where ¢ denotes the charge stored on the capacitor, £/ the potential across the capacitor,
and C the capacitance. Due to an applied potential E charge is accumulated on the metal
plates of the capacitor until equation (2.1) is fulfilled. A current flows during this charging
process. The charges on a metal electrode Q™ and in solution Q° exist at a given potential,
with QM = —Q° at all times. Figure 2.1 depicts how the charges are distributed at an
metal-electrolyte interface. QM is allocated in a very thin layer (< 0.01 nm) on the metal
surface, whereas Q% consists of excess cations or anions in vicinity of the metal surface.
The whole array of charges at the metal-electrolyte interface is called the electrical double

layer.
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Figure 2.1: Schematic of electrical doublelayer under conditions where anions are specifically
adsorbed, adapted from Bard et al. [37]. A metal electrode M is immersed in electrolyte. Eyy,
Ey, and E3 denote metal, inner Helmholtz plane (IHP), and outer Helmholtz plane (OHP)
potentials, respectively. The excess charge of the IHP, ¢, and of the diffuse layer, ¢, add up to
the solution charge @Q°, which is —QM (excess charge of metal electrode).

As indicated in Fig. 2.1, the Helmholtz plane consists of the inner Helmholtz plane (IHP)
and the outer Helmholtz plane (OHP). The IHP contains ions or molecules that are
specifically adsorbed, i.e. the electrical centers are at a distance x; from the metal surface,
whereas the OHP contains solvated ions of which the electrical centers of the closest ions
are located at a distance x, from the metal surface. The OHP is extended to the bulk
solution by the so-called diffuse layer due to thermal agitation of the solution. The total
charge of the solution is given via ¢! + ¢¢ = @5, where ¢' and ¢ are the excess charges of

the IHP and the diffuse layer, respectively. The total ionic concentration in the solution
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influences the thickness of the diffuse layer, which is less than ~ 10nm for concentrations
greater than 1072 M [37].

2.1.3 Faradaic and capacitive processes

Variations of the superficial charge density, i.e. charge per surface area of the electrode A,
include capacitive or pseudo-capacitive processes. In capacitive processes charge is stored
via ion accumulation in the diffuse layer, whereas in pseudo-capacitive processes charge is
stored via ion accumulation in the inner Helmholtz layer. The superficial charge density,

¢, is linked to the superficial excess, I';, via [38]
0=q¢"+ % FT; (2.2)

where z; denotes the valency of the ions in solution and F' denotes the Faraday constant.
The superficial excess I'; includes excess species located in the inner and outer Helmholtz
layer and its definition does not distinguish between both. When an ion (e.g. a proton)
is specifically adsorbed, a charge transfer between electrode and adsorbed ion converts
the adsorbate effectively into a neutral atom. This local process does not change the net
charge on the electrode, hence the adsorbed atom still takes part in I'; and, therefore, in ¢*.
When the adsorbed atom is desorbed (e.g. in a cyclic process), the proton goes in solution
and is restored with the extra electron in the metal surface. On that note the charge stored
via the adsorbate is recoverable, although specific adsorption/desorption typically is not
reversible in a thermodynamic sense. The pseudo-capacitive current density, j,., which is

given by the expression [38]
- dt
e =

includes the above mentioned pseudo-capacitive processes, as well as purely capacitive

(2.3)

processes.
The Faraday current density, jr, corresponds to interfacial reactions. It is connected to
the not-recoverable transfer of charge and thus, it is unrelated to ¢®. Specifically, jp is
assumed to be specified by the electrode potential, E. The net current, j, (i.e. the sum of
the pseudo-capacitive variations of the interfacial charge density ¢* as well as the reaction
current) is then given via [38]

dg?

J= ¥ +Jjr(E) . (2.4)



2 Theory

2.2 Electromechanical coupling

This Section deals with the theory of electrochemical actuation and sensing with

nanoporous solids.

2.2.1 Thermodynamics of electrodes

A thermodynamic description of the interface of an electrode in contact with electrolyte re-
garding mechanics and electrochemical phenomena is given following the chapter “Electro-
capillarity of Solids and its Impact on Heterogeneous Catalysis” in the book “Electrocatal-
ysis; Theoretical Foundations and Model Experiments, Volume 14” [38], and the study
“Balance of Force at Curved Solid Metal-Liquid Electrolyte Interfaces” by Weissmiiller
and Kramer [2].

Here, a polarizable metal-electrode (B) immersed in a fluid electrolyte (F) is considered.
The solid electrode is an elastic material that transfers charge via electronic transport; no
exchange of matter with the electrolyte occurs and only isothermal processes are consid-
ered. The thermodynamic potential of choice is the free energy §, since the temperature,
T, is held constant. The net free energy, §, is composed of the contributions from the

bulk phases, B and F, and the interfacial contribution, S:
F=3°+3+3% (2.5)

The free energy densities (per corresponding volume V') W8 and WF represent the ener-
getics of electrode and the electrolyte, respectively. The superficial free energy density,
1 (per area A of the electrode surface) expresses the corresponding contribution of the

electrode-electrolyte interface. The total net free energy from Eq. (2.5) emerges as [39]

F= / UBdVg + / TFAVE + / PdA (2.6)
B F S

where Vg and Vg denote the volume of the bulk electrode and liquid, respectively.
Throughout this work the volume V' and area and A are stated in Lagrangian coordi-
nates, i.e. V and A are investigated in a strain-free reference state. Thus, in purely
elastic deformation A does not change. The densities, such as ¢, for any configuration
of the surface are defined as the energy of the actual state, per area of the surface in its
undeformed state.

The free energy density function of the electrode is constitutively assumed as
VB = UB(T| E), and the free energy density of the electrolyte is constitutively assumed
as UF = UF(T, p;), where E denotes the strain tensor and p; the densities of the compo-

nents 7 in the electrolyte. As stated before, only isothermal processes are discussed here,

10



2.2 Electromechanical coupling

therefore T will not be displayed in the following. The fundamental equation of the bulk
electrode W® is then given via dUB = SdE and the fundamental equation of the bulk
electrolyte is d¥F = 1,dp;, where S is the stress tensor and j; is the chemical potential
of component 1.

To analyze the interface of the system appropriate state variables have to be identified.
In a general approach the superficial free energy density ¢ depends on the state of the
bulk phases in contact, i.e. their state variables, the strain in the solid phase, E, and the
densities in the fluid phase, p;.

Considering a surface with a sufficiently high symmetry the capillary forces in the plane
are isotropic [40]. This assumption is only valid for isotropic surfaces and one has to
define an arbitrary referential state, e.g. where e = 0. Under these assumptions e, defined
via de = 5121/ A, is a suitable state variable concerning strain. 5121/ A denotes the relative
change in physical area during the deformation.

It can be shown for fluids far from a critical point that 9¢/dp; = 0. Thus, the surface
free energy §° cannot explicitly depend on the composition of the fluid.

The surface free energy density ¥ depends on I';, which is the superficial excess per area
measured of species ¢ including adsorbed atoms (ions) as well as extra ions in the diffuse
layer. Via Eq. (2.2) T; and the charge density ¢* are related everywhere on the interface.
A general constitutive equation for the surface is now formulated as ¢ = &(Fi, e), follow-
ing the above stated assumptions. Furthermore, it is assumed that no exchange of matter
with the bulk is possible and that the chemical potentials u; are constant for every state
of strain. Under these assumptions I'; and ¢”* are monotonic functions of the electrode
potential E£. Thus, E can be taken as the state variable, instead of considering the I';
for each species i separately. The energy-conjugate variable to E is ¢®, which leads to

U(Dy,e) = (g™, e). The fundamental equation is then derived as follows
dy = Edg™ + fde (2.7)

where the energy-conjugate variable to e is the scalar surface stress f = %trS [2].

2.2.2 Electromechanical coupling parameter

The surface stress at a clean surface is not negligible. As indicated in Fig. 2.2 a) truncating
a bulk crystal creates dangling bonds at the newly formed surface (shown in Fig. 2.2 b)).
These bonds relax and form strengthened bonds in the plane of the surface. Due to this
strengthened bonding, a closer interatomic spacing in the surface plane compared to the
bulk of the underlying crystal is favored. The arising stress induced by the bulk lattice

preventing a closer lattice spacing is identified with the surface stress (see Fig. 2.2 ¢)).

11
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This microscopic behavior exhibits the general trend of positive surface stress of metals,

i.e. the underlying lattice is compressed tangentially [38].
a) b) c)

surface stress

%ﬁ ® 6 O — -—

- AN AN AN /N7 N\ 7\
® 6 0O ® 6 0O o-0-0-0
N/ N/ \/ N/ N/ \/ N/ N/ \/

Z N\ /7 \ /7 \ Z N\ /7 \ /7 \ Z/ N\ /7 \ /7 \

Figure 2.2: Schematic of the microscopic origin of surface stress. a) Cross section of bulk
crystal, blue circles depict atoms and pink ovals depict interatomic bonds. If the crystal is
truncated as indicated by the dashed black line a new surface will be created. b) shows the
unrelaxed and as-truncated surface exhibiting dangling bonds. These bonds will relax and form
new bonds, as indicated in ¢). The new-build bonds correspond to the bonds in surface plane
that strengthen the in-plane bonding. Therefore, interatomic spacing of the surface atoms is
preferably decreased compared to the bulk. This leads to stress on the bulk crystal that is
induced by the surface atoms. Schematics according to Ref. [38].

To describe the interface thermodynamically the fundamental equation of the superficial
free energy density, 1, with §° = fs 1dA was defined in the previous Section 2.2.1.

The second derivative of ¢, given via
¢ =dE/de|a (2.8)

represents a fundamental materials parameter of the electrode surface. The electrocapil-
lary coupling parameter ¢ expresses the coupling between potential and strain. Via the

following Maxwell equation
dE

ey _ df
de

= 2.9
L (2.9

one can identify ¢ also as the surface stress-charge coefficient, that expresses the mechani-
cal response to changes of the superficial charge density [1,2,4]. The surface-stress charge
coefficient is accessible via measurements and ab initio calculations and has been evalu-
ated as approximately —2'V for planar (111)-oriented Au electrodes [5,6].

Although simulation and experimental data agree well for Au, the microscopic origin of
the surface-stress charge response is not quite understood yet. The different coupling
coefficients ¢ of different metals have not been related to attributes of excess charge den-
sity distributions and charge-induced relaxation. Michl et al. in Ref. [41] focused on Al,
Mg, and Na that exhibit simple, sp-bonded surfaces and investigated the electrocapillary

coupling via ab initio simulations. The key finding of these studies is that a generalization
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of the interaction of an electric field with the electronic structure of the metal via simple

models is elusive.

2.2.3 Nanoporous metal networks as electrodes and their

electromechanical coupling

In an interconnected network of nanoscale objects, such as nanoporous gold (np-Au), the
stress and strain contributions are more complex than in a planar electrode. A scanning
electron microscope micrograph of the structure is shown in Fig. 2.3 a). Here, the charge-
induced change in surface stress changes the compensating bulk stresses. The average of
the stresses depends on the geometry of the microstructure via the orientation distribution
of the surfaces [21]. The modification of the bulk stress leads to a strain throughout the
bulk. By projecting the resulting local strains onto the direction of the load-bearing paths
in the network an effective macroscopic linear strain, £*, (relative change in sample length)

is obtained. The effective strain emerges as [39]

. 200

where K denotes the bulk modulus of the solid phase, « the specific surface area (o =
S/Vzonia), and © a dimensionless parameter that depends on Poisson’s ratio, v, and on the
microstructure of the solid. *

As indicated in Figures 2.3 a) and b) the np-Au network can be approximated as an
idealized geometry where the ligaments are represented by cylindrical wires. For this
simplified microstructure © = 3(1 — v)/(1 — 2v) or & 7.0 is found (for gold, v = 0.44),
whereas O is found to be 5.5 from a molecular dynamics simulation with more realistic
geometry for np-Au [39].

The thermodynamic Maxwell relation (2.9) relates the charge-response of f to the response
of the electrode potential, E, to tangential strain for a planar electrode. The consequences
for the idealized np-Au geometry are shown in Fig. 2.3 ¢) and d). c¢) depicts the actuation
scenario: Charging the surface leads to expansion or contraction of the ligaments in np-
Au. The reverse case is shown in d): straining of the ligament leads to accumulation
of charge (at constant potential) or to potential variation (at open circuit and constant

charge).

'Equation (2.10) is derived via continuum mechanics. No general relation between the mean stress and
the macroscopic dimensional change could be identified, although one can tailor the relation via ©.
By Weiimiiller et al. in Ref. [39] an array of cylindrical voids, of spherical voids, a granular solid, and
a network of fibers have been discussed und © has been evaluated for such structures.
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Ligament

Electrolyte

Sensing

Figure 2.3: Schematic of sensing and actuation mechanism of a nanoporous hybrid-material.
a) Scanning electron micrograph of nanoporous gold (np-Au) fraction surface. Red box indi-
cates the resemblance of a single ligament with a cylindrically shaped wire shown in b). b)-d)
Schematic illustrations of single ligament immersed in electrolyte. b) shows a circular wire that
represents a ligament of size L. In ¢) the actuation mechanism is depicted: By imposing a charge,
dq, a contraction (green arrows) of the wire is induced. The strain acting on the ligament is
indicated by green arrows. Charge flows between the counter electrode (CE) and the wire. d)
shows the sensing mechanism: By imposing an axial strain, de, a spontaneous accumulation of
electric charge at the wire surface is observed, if a constant potential is applied. Green arrows
indicate strain and the potential is controlled between reference electrode (RE) and ligament.
Schematics adapted from Stenner et al., see Ref. [42]. The different electrodes, RE and CE, will
be introduced in the following Chapter.
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2.2 Electromechanical coupling

The effect depicted in d) has been predicted [2]|, but not experimentally demonstrated
on np-Au so far (first publication see Stenner et al., Ref. [42]). The microscopic picture
introduced in this work does not allow a precise prediction of the potential- or charge
response to strain at the macroscopic level.

This is due to the non-uniformity of e in the solid network: A macroscopic deformation
of the structure results in a heterogeneous local strain field, therefore e differs from the
macroscopic strain. The macroscopic approach that points towards a solution for the

problem is part of the results of this work will be discussed in the following Chapters.
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3.1 Nanoporous gold

Nanoporous metals can be synthesized from a master alloy via dealloying. Dealloying
signifies selective dissolution of one or more components out of an alloy. The constituents
that are not dissolved form a sponge-like structure that is characterized by open porosity
with a distinct ligament size [43].

In this work the material of interest is nanoporous gold, prepared via electrochemical
corrosion from a silver-gold master alloy. The as-prepared structure size is typically in
the order of ~ 5nm [11]. The internal structure size can be tuned via coarsening of the

ligaments e.g. by thermal or electrochemical annealing of the sample [44,45].

Figure 3.1: Scanning electron micrograph of fraction surface of nanoporous gold specimen. The
micrograph shows the interconnected network of ligaments with a size of 40 nm.
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Figure 3.1 shows a scanning electron micrograph of a specimen prepared from an AugsAg.-
master alloy, i.e. the alloy is composed of 25at.% gold and 75at.% silver. Due to elec-
trochemical annealing the ligament size is found to be 40 nm. For convenience of sample
handling in the performed experiments the macroscopic specimen has a size of a few mil-
limeters. The solid fraction, ¢, of the sample has been determined as 0.26. The effective
Young’s modulus of such samples has been found to be approximately 900 MPa. The
techniques of sample characterization will be introduced in the following Section.

One widely discussed concept, the Gibson-Ashby scaling relation, involves the Young’s
modulus, Y*, of the solid phase and the solid fraction, ¢, to predict the effective Young’s
modulus of a porous solid [46]. However, nanoporous gold exhibits a much lesser Y* than
theoretically expected based on the scaling relation. An explanation of this deviation,
which is suggested by literature (see Refs. [10,47]), involves the concept of disconnected
ligaments or so-called dangling ligaments: Some ligaments are disjointed and therefore
they are not participating in the deformation of the load-bearing backbone of the struc-
ture. Thus, these dangling ligaments have no influence on strength or stiffness of the
macroscopic material. By removing these broken ligaments one would obtain a “mechan-
ically equivalent” network consisting only of load-bearing ligaments. The structure would
exhibit a strength and stiffness identical to that of the initial structure. A possible ap-
proach to synthesize such structures is to dealloy from master alloys with a higher gold
fraction [48], than the commonly exploited AugsAg,- alloy, e.g. AusgAgy,, which is used
in this work.

However, the most characteristic feature of nanoporous gold is not the overestimated
stiffness by Gibson-Ashby, but the very high surface area-to-volume ratio. Due to this
feature the properties of nanoporous metals are mainly determined by their interface [14].
By impregnating the nanoporous metal with electrolyte, one obtains a huge metal-liquid
interface that can be accessed electrochemically. This new class of materials opens up
further possibilities for exploiting the structural features of nanoporous gold, as will be

discussed in the following.

3.2 Measurement techniques

In this Section the employed measurement techniques and corresponding devices will be

introduced and discussed.

3.2.1 Three electrode setup

In a three electrode setup the current I is flows between the working electrode (WE) and

a counter electrode (CE). The electrochemical properties of the CE should not affect the
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behavior of the WE. Therefore, the material of the CE is typically chosen as a material
that does not produce substances by electrolysis that could reach the WE surface and
cause reactions there. The WE potential E is controlled relative to a separate reference
electrode (RE), positioned with its tip nearby. A schematic of the arrangement is depicted
in Fig. 3.2.

Power
supply

(o N
O |
Working Counter electrode (CE)
electrode (WE) A

Reference

electrode (RE)

()
U/

Figure 3.2: Schematic of three electrode setup used in experiments throughout this work.
The current I is monitored between counter (CE) and working electrode (WE), whereas the
potential F is measured between reference electrode (RE) and WE. The power supply, usually
a potentiostat, has a high input impedance to inhibit current flowing between WE and RE.
Schematics adapted from [37].

Due to the high input impedance of the device (potentiostat) used to determine and
control the potential difference between WE and RE a negligible current flows through the
RE [37]. This three-electrode arrangement is used in all electrochemical setups throughout

this work.

3.2.2 Reference electrodes

To standardize the reactions taking place in an electrochemical cell the reference electrode
(RE) has to have a fixed composition leading to a constant RE potential. Only under
this condition the working electrode (WE) is accountable for any changes in the cell.
Since the potential of the WE is controlled with respect to the RE, the potential of the
RE has to be quantified. The internationally accepted primary reference is the standard
hydrogen electrode (SHE), which potential is defined via the reduction of protons at a
platinum electrode, 2H" 4+ 2e~ — H,. This reaction indicates the current standard for
zero potential, i.e. Esyg = 0. All other commonly used REs have an offset with respect
to SHE, which can be determined via measuring the potential difference (AFE) between

RE and a standardized reference with an known potential vs SHE [37].
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Ag/AgCl
SHE (homemade)
0 0.405 E [V]

Figure 3.3: Offset of quasi reference electrode (Ag/AgCl) compared to a standard hydrogen
electrode (SHE) in 0.5 M H2SOy,.

The reference electrode used throughout this work is the (homemade) silver silver-chloride
Ag/AgCl quasi reference electrode. Its bias vs SHE is indicated in Fig. 3.3 for a solution
of 0.5M HySO,4. In 1M HCIO, the offset was determined as 0.510V. All potentials in

this work are specified vs the quasi Ag/AgCl reference electrode if not stated otherwise.

3.2.3 Chronoamperometry

By applying a potential step via an external voltage source a current flow can be induced at
the electrode. In chronoamperometry experiments this current is recorded as a function

of time. Figure 3.4 shows an exemplary measurement of a potential step applied to a
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Figure 3.4: Chronoamperometry on a system representing an IPE. The potential is varied in
three steps, F1, Eo, and Fj3, indicated by the blue lines. The black lines show the resulting
current.

system representing an IPE, i.e. no faradaic currents exists. In the first regime, £, both
the potenial and current are zero. By increasing the potential to E5 > 0 in one step, the
current increases and then decreases exponentially. The same behavior is observed in Fs,

where £/ < 0 and the current flow is therefore of opposite sign. The shape of the curve
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is typical for a RC circuit, i.e. a circuit governed by capacitive behavior (here R = 5kQ
and C' = 1uF).

3.2.4 Cyclic voltammetry

To characterize the thermodynamic and kinetic properties of electrodes cyclic voltammetry
is widely applied. It is a consequence of chronoamperometry; the potential is increased or
decreased stepwise! (or even linearly) whereas the corresponding current I is recorded as
a function of the potential E. The results are compiled in a cyclic voltammogram (CV).
Reaction potentials, e.g. for oxidation or reduction, can be identified in a CV, as well as
regions of capacitive charging, i.e. where no reactions take place. The shape of the CV is
highly dependent on the scanrate, v, since it defines the measurement time at each step
and therefore the current flow that is measured.

Figure 3.5 shows a CV performed on a nanoporous gold sample immersed in 1 M HCIO,.
The potential is swept stepwise to a potential £y and then backwards to F; at a constant
scanrate v. The triangular shaped potential progression is shown in the inlet of Fig. 3.5.
The current [ induced by the potential sweep on a nanoporous gold electrode is indicated
by the dark red line in Fig. 3.5, the arrows show the scanning direction. This cyclic
voltammogram is divided in three regimes, I) (blue), II) (yellow), and III)(red). Regime
I) is the capacitive or double layer regime, where charge is accumulated or depleted at
the electrical double layer. In positive scan direction a peak appears in regime III) at
~ 1.25V indicating anion adsorption (here: OH™). The distinctive peaks that correspond
to specific surface facets of np-Au and therefore lead to the shape of the adsorption profile
have been investigated by Wang, et al. in Ref. [50]. For a similarly prepared specimen as
shown here, it was found that the highest peak at &~ 1.26 V corresponds to the oxidation
of {111} facets, whereas the smaller peak ~ 1.4V corresponds to the oxidation of {100}
facets and/or step/kink sites.

During the backward scan starting from Fs a dip at ~ 1.1V at regime II) is observed. It
corresponds to desorption of the oxide film. The processes taking place during a CV are

highly time dependent, therefore one has to choose a suitable scanrate [37,50,51].

In staircase cyclic voltammetry the current is usually determined at the end of each potential step.
Here, the total charge that was measured during each potential step was integrated yieling in a total
current per step, i.e. faradaic and capacitive components are taken into account. The staircase cyclic
voltammetry technique is employed throughout this thesis, since very small scanrates v = 9Z can be

dt
applied [49].
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Figure 3.5: Cyclic voltammogram of nanoporous gold specimen in 1 M HCIO4. Background col-
ors blue, orange, and red indicate the capacitive I), oxygen-desorption II), and oxygen-adsorption
regime III), respectively. Scanrate is ¥ = 1mV s~! and the red arrows indicate the scanning di-
rection. The inlet shows the applied potential versus time (blue line). The potential is measured
versus the standard hydrogen reference electrode, as indicated by the subscript Espg.

3.2.5 Impedance spectroscopy

A frequently used circuit to describe an electrochemical cell for impedance spectroscopy,
the Randies equivalent circuit, is shown in Figure 3.6.

The parallel elements are introduced because the total current through the electrolyte-
metal interface is the sum of distinct contributions from double-layer charging and faradaic
process, i.e. ic +15. The double-layer capacitance is represented by the pure capacitance,
C'. The faradaic process is taken into account as a general impedance, Z;. The faradaic
impedance can be considered in various ways, e.g. as a combination of polarization resis-
tance and a pseudocapacitance or a charge-transfer resistance and an impedance repre-
senting a resistance to mass transfer. The components of the faradaic impedance are not
ideal, because they change with frequency, w. Since all of the current has to pass through
the solution resistance of the electrolyte, Rp, it is inserted as a series element [37]. There
are many examples of equivalent circuits for more complex geometries, such as porous

materials [52] or metals with organic coatings [53].
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Figure 3.6: Randies equivalent circuit of electrochemical cell. The circuit consists of a resis-
tance Rp, representing the ionic resistance of the electrolyte in series with a parallel circuit. The
parallel circuit is composed of a capacitance C, representing the capacity of the electrochemical
double layer and an impedance Z; representing the faradaic impedance. A sinusoidal potential
is applied to measure the current response composed of faradaic and capacitve currents, iy and
ic, respectively. Schematics adapted from Ref. [37].

Nevertheless, in the following impedance spectroscopy will be discussed by means of the
Randies equivalent circuit: Via applying a sinusoidal potential excitation to an electro-
chemical cell represented by the circuit shown in Fig. 3.6 one can induce current responses
that will be discussed in the following.

As stated before, the capacitance follows equation (2.1). A sinusoidal potential can be

expressed as F = Eye™?, with excitation amplitude Ej, complex number 4, and frequency

dQ
dt

can substitute Eq. 2.1 by I = Ci—f. Therefore, the impedance Zo = E/I is then given

w. The current response is analogous with addition of a phase shift. Since [ = one

via it .
Oe’LUJ
wC Eget  qwC (3-1)

This leads to the following expression for the impedance Z +,C parallel of the parallel part

Zc

of the equivalent circuit

4
Z arallel — 7 . > ~ 3.2
Z;,C parallel 1+ iwZ,C (3.2)
Thus, impedance of the whole circuit, parallel part plus solution resistance can be calcu-
lated as
Z—Rp+—2 (3.3)
~ P T 1 tiwz0 '
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This expression can be simplified and written in the form of a complex number
(Z =27"+iZ") as follows

Zf . (A)Z]%O
Z=R - 3.4
Pr v wezier T Tr i (34)

Via eliminating w one can obtain the following relation from Eq. (3.4) between the real

and imaginary part of Z [53]:

{Z’ — <RE + %)} 2 +(Z")? = (%)2 (3.5)

In a simplified and special case with very high frequencies, one can consider Z; as a pure
resistance related to the charge transfer, R.. This assumption leads to the complex-plane

plot shown in Fig. 3.7 a).
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Figure 3.7: Complex-plane plots of equivalent circuit at high frequencies and nanoporous gold.
a) Complex-plane plot of equivalent circuit shown in Fig. 3.6 for high frequencies w. The shape
of the curve is a semi-circle, which characteristic properties depend on the solution resistance,
Rp, the charge transfer resistance, R, and the doublelayer capacitance, C. Adapted from
Ref. [53]. b) Impedance data obtained from measurements on nanoporous gold in 1M HClO4
at a potential of 0.3 V.The semi-circleat high frequencies is enlarged in the inlet.

The diagram shows a semi-circle with radius R./2, where the imaginary part of the
impedance approximates zero for infinite frequency, since Z” emerges solely from C and
its contribution falls to zero at high frequencies (see Eq. (3.1)). All current is charging
current, and the only impedance it ohmic resistance. As the frequency decreases, the
finite impedance Z¢ yields in a maximum of Z” at w(max) = 1/(R4C). At very low
frequencies, the capacitance C' leads to a further increase in impedance Z¢, thus current

flows mostly through R.; and Rg. Therefore Z” decreases. In general, one expects to see a
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departure from this plot in the lower frequency regime, since the approximation Zy ~ R
is only valid for high frequencies [37]: As indicated in Figure 3.7 b) the behavior of np-Au
differs strongly from the before-mentioned special case. The semi-circle is indicated by
the inlet and the deviation from the shape of plot a) starts at lower frequencies (w/2m ~
160 Hz). The linear correlation between Z’ and Z” at lower frequencies point towards a

diffusion-controlled electrode process [37]. The phase shift between potential and current
is defined as [54]

"

tan(¢) = A

Considering an ideal polarizable electrode (IPE), the impedance Z; vanishes and thus, the

(3.6)

equivalent circuit is represented by the capacitance C' and the solution resistance Rg in
series. Hence Zy ¢ in series 15 governed by the capacitance for small w and by the resistance
for large w [55], Ry is identified as the real part, Z’, and (wC)~! as the imaginary part,
Z", of the impedance. Considering only low frequencies an effective capacitance of an
IPE can be calculated from the applied sinusoidal potential excitation and the resulting
current response via C' = Iy/wEj.

One can also obtain the raw data from impedance measurements, i.e. the applied potential

oscillation and the resulting current responses. The traces of these curves are shown in

Fig. 3.8.
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Figure 3.8: Representative potential and current signals obtained via the impedance spec-
troscopy module. a) A potential modulation with an amplitude of E = 100 pV and a bias
of 400mV at a frequency w/2m = 76 Hz is applied to a np-Au sample. The resulting current
response is shown in b). The measurement was performed in 0.5 M HSOy.

Here, a potential oscillation with a frequency of 76 Hz was applied between a np-Au

specimen (WE) and a RE. A resulting current oscillation with the same frequency is

measured between WE and CE, which corresponds to a purely electrochemical excitation.
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3.2.6 Fundamentals of Lock-In amplifiers

Lock-in amplifiers (LIA) are used to detect and measure alternating current (AC) signals
even under high noise and high background conditions. Figure 3.9 shows a simplified
block diagram of the LIA used in this work.

Differential
Voltage amplifier Signal processing
A = ===
o—N | '
Bo— ~ 1Al Y > . Low
CTTTT T pass
90° phase shift filter DC gain
N\ \ Y out
>< > | O
. . PSD
Signal processing
Reference [——————————— -
. | \ X out
mn O-FD— — — 'e)
| = \;[\_ L J| >< /
PSD Low DC gain
pass
filter

Figure 3.9: Block diagram of Lock-In amplifier (LIA). An AC signal E(¢) is applied via the ports
“A” and “B” of the LIA and further processed (“Signal processing”). FE(t) is then multiplied
with a reference signal (“Reference in”, enhanced by “Signal processing”) via a phase-sensitive
detector (“PSD”). The resulting signal passes a low pass filter and an amplifier (“DC gain”)
before it can be extracted from “X out”. The signal extracted from “Y out” is generated by
multiplying the reference signal with a phase shift (“90° phase shift”) before being multiplied
(“PSD”) with the processed input signal and passing low pass filter and DC gain. Adapted from
Ref. [56].

A sinusoidal voltage, E(t) = E4(t) — Ep(t) = Eggsin(wsgt), is entered into the ports
“A” and “B” of the LIA, then the signal is enhanced via a differential amplifier. The
signal is processed furthermore (“Signal processing”), e.g. the line frequency and higher
harmonics are notched out. To determine phase and amplitude of the resulting signal, a
reference signal, Eief(t) = Eersin(wrert + O), with a given frequency wyes and phase shift
© regarding E(t), has to be exploited from the measurement setup (“Reference in”). The

reference signal is further processed through an amplifier and internally stabilized via
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the LIA (“Signal processing”) before E(t) and E,(t) are multiplied via a phase-sensitive

detector or multiplier (“PSD”). The resulting signal can be simplified ? as follows:

1
X(t) = §EsigEref [cos([wsig — Wref] t — O) — cos([wsig + Wret] t + O)] . (3.7)

The resulting AC signal, X (¢), passes a low pass filter that inhibits all AC components
of X(t). However, under the condition wsy = wref a direct current (DC) signal, X,
proportional to amplitude of the measurement signal and cosine of the phase shift is
obtained:

X = %EsigErefCOS@ (3.8)

X is enhanced via an amplifier (“DC gain”) and can be extracted from the port “X out”.
By adding a second PSD with a reference oscillator shifted by 90° (“90° phase shift”),
ie. Erep(t) = FErepsin(wept + © + 90°), the out-of-phase part of the signal, Y (with
Y & Eg,sin®), is generated after passing the low pass filter. Y is enhanced via an
amplifier (“DC gain”) and can be extracted from the port “Y out”.

Therefore, one can obtain the amplitude of the signal, Eg,, as well as in-phase (X, cos ©)
and the out-of phase (Y, sin©) information. The in-phase part corresponds to the real
part of the signal, whereas the out-of-phase part can be identified as the imaginary part.
Thus a LIA serves as phase-sensitive measurement device which determines amplitude
and phase shift of an AC signal via a reference signal. Furthermore, the LIA has a very
high input impedance (10 MQ || 2.5 pF) in order to minimize the current drawn from the

measurement setup and reduce noise [56].

3.2.7 Dynamic mechanical analysis

Dynamic mechanical analysis is widely used to determine materials’ parameters, such as
storage modulus Y’, loss modulus Y”, and damping factor tan(d). Here we will only
inspect compression mode, where a (cylindrically shaped) bulk sample is cyclically com-
pressed in uniaxial direction. The dimensions of the sample are defined as follows: Ag
is the cross sectional area and Iy the sample height, (see Fig. 3.10 a), above). In or-
der to obtain material parameters a load consisting of a static and a dynamic compo-
nent, F(t) = Fyat + Faynsin(wt), is applied to the sample via a pushrod, as shown in

Fig. 3.10 a), below. Simultaneously the dynamic displacement agy, is measured.

%using the following trigonometric relation: sinzsiny = 3 (cos(z — y) — cos(z + y))
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From the raw data and the geometric proportions of the sample one can calculate the
stress, 0ayn = Fuayn/As, and strain, e4yn = aayn/lo. Figure 3.10 b) compiles both traces of
the stress and strain signals of a representative measurement performed on a nanoporous

gold specimen.

a) Ag b) Tdyn
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Figure 3.10: Dynamic mechanical analysis setup and representative measurements. a)
Schematic of cylindrically shaped sample with cross sectional area, Ag, and height, Iy, above.
Below: Sketch of measurement setup for this geometry adapted from [57]. A dynamic load, F'(t),
is applied to the sample via a pushrod. b) Representative signals measured on a nanoporous
gold specimen via DMA at a frequency f = 27w /w = 20Hz. The calculated stress, o, from the
applied load is indicated vs. time ¢ (orange line). The green line depicts the induced strain, e.
Stress and strain have dynamic amplitudes of o4y, and e4yn, respectively. In this measurement
the phase shift between both signals is approximately zero, i.e. § = 0.

As a measure of elasticity the storage modulus Y” in this geometry is ideally equivalent to
the Young’s modulus, Y. Thus, Y’ can be estimated as an “effective Young’s modulus”

Y™ and is calculated as follows:

Y = (Odyn) cos(d) (3.9)
Edyn
where 0 denotes the phase shift between applied load and induced strain. The loss modulus
Y”, also called the imaginary modulus, is determined via Y = (04yn/€dyn) sin(d). From
both moduli the damping, which indicates how efficiently the material loses energy to
internal friction and molecular arrangements, can be calculated by
"

tan(0) = 2 (3.10)
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Due to its definition tan(d) is independent of geometry effects. The damping is used
to determine the phase shift between load and strain and to validate the measurement
results [58].

3.3 Sample preparation

3.3.1 Master alloy preparation and dealloying

The precursor (master alloy) ingot composed of 75at.% silver and 25at.% gold was al-
loyed by melting wires (Ag > 99.99 %, Au > 99.99 %, Sigma-Aldrich) in Ar atmosphere
using an arc melter (MAM-1, Edmund Biihler). Another composition synthesized for the
experiments was 70 at.% and 30 at.% gold.

The masteralloy-ingot (&~ 2 — 3g) was sealed in an evacuated (1072 bar) quartz tube and
homogenized at 875 — 925°C for 120 h (furnace RHF1600, Carbolite). The homogenized
ingot was then drawn into a wire with (1.3 +0.1) mm diameter via a wire-drawing ma-
chine. Afterwards, the wire was cut into cylindrically-shaped samples with a length of
(2.1 £0.1) mm by a diamond wire saw (Model 3032-4, Well) and annealed for 3h at 650 °C

in an evacuated furnace (Mila-5000, Ulvac-Riko) for stress relief.

a) potentiostat b)

O

/7 |
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RE % CE
------------- »

/1
Luggin capillary

Figure 3.11: Dealloying setup. a) Schematic of elctrochemical cell with Ag/AgCl quasi refer-
ence electrode (RE), AuAg specimen in goldbasket as working electrode (WE) and silver wire
as counter electrode (CE). The luggin capillary decreases the ohmic drop of potential between
workung and reference electrode. b) Photograph of AuAg specimen before dealloying (left) and
nanoporous gold sample after dealloying (right).
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The cylindrical specimens were dealloyed in a three electrode setup as shown in
Fig. 3.11 a). 1M HCIO, (Emsure®, Merck and ultrapure water (18.2MQ cm)) served
as electrolyte. A homemade silver/silver chloride (Ag/AgCl) electrode was used as refer-
ence electrode (RE), the offset of this kind of RE versus a standard hydrogen electrode
(SHE) is 0.395V in 1 M HCIO,4. A wound up silver wire served as counter electrode (CE).
The working electrode (WE) consisted of up to 6 AuAg specimens in a gold basket. All
electrodes were connected to a potentiostat for chronoamperometry. Between WE and
RE a potential of 0.75V vs Ag/AgCl was applied until the current between WE and CE
dropped below 1011A. The Luggin capillary depicted in a) decreases the ohmic drop cal-
culated as I Rg, where [ is the current flowing between RE and WE and R is the ohmic
resistance due to ionic transport in the electrolyte. Since R depends on the distance
between RE and WE, the tip of the capillary has to be placed very close to the WE [37].
As shown in Fig. 3.11 b) the specimen changes color during this process, from silver shiny
(left) to black (right). After that step a potential of 0.85V for polarization was applied
until the current dropped below 10 pA. In order to dealloy master alloys of a composition
of AuzpAgy, the electrolyte was heated in a double-walled cell to a temperature of 50 °C
via a thermostat and a potential of 0.78 V vs Ag/AgCl was applied until the current
dropped below 101A. The polarization potential was 0.83V and was also applied until
the current dropped below 10mV. Then the cell was cooled down to room temperature.

A typical dealloying and polarization process of 6 specimen took 5 days.

3.3.2 Electrochemical and thermal annealing

For the reduction of the oxide layer that was formed during dealloying [34], 20 cyclic
voltammograms (CVs) were performed between —0.4V and 1.1V at a scanrate v of
5mV s~t. This procedure is called electrochemical annealing. The oxide layer influences
the mechanic properties [59] and inhibits a clean metal surface. For the removal of the
oxide layer and for further reduction of the residual silver content the samples were po-
larized at 0.85V for 20 min and subsequently 10 CVs with the same parameters as before
were performed. The samples were then rinsed with ultrapure water and dried over night.
After the electrochemical procedures the samples had a diameter of (1.20 + 0.05) mm and
a length of (2.00 £ 0.05) mm, as measured via an optical microscope. The mean ligament
size L of the specimens synthesized from the AugsAg;; was found as (40 £ 10) nm by
scanning electron microscopy and the residual silver content was determined to be below

1at.% by energy-dispersive X-ray spectroscopy. Calculated from the measured mass and

macroscopic volume of the sample the solid volume fraction was ¢ = V‘?“pd ~ (.26, here
cylinder
the volume V,, of the nanoporous sample is calculated via Vi, = Msample/pau- The vol-

ume of the cylinder is given via Vigiinder = 7r2ly, with r and Iy radius and length of the
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macroscopic cylindrically shaped sample, respectively.

After these procedures some of the specimens were thermically annealed under nor-
mal atmosphere at 300°C for 5min. This leads to an increase in ligament size to
L = (100 £ 30) nm.

The samples synthesized from the AugyAg,, master alloy exhibited a ligament size of
(30 + 10) nm, the solid volume fraction was ¢ ~ 0.3 and the residual silver content was

determined to be approximately 5 at.%

3.4 Measurement setup

As measurement setup served a dynamic mechanical analyzer (DMA; BOSE ElectroForce)
with an implemented customized electrochemical cell for in situ electrochemical measure-
ments as shown in Fig. 3.12. Figure a) shows an overview of the DMA device, whereas in

b) the electrochemical cell is enlarged.
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Figure 3.12: Dynamic mechanical analyzer (DMA) setup for in situ electrochemical mea-
surements. a) Electrochemical cell mounted in DMA test setup. b) Electrochemical cell for
in situ measurements. Fused-silica pushrod to apply constant, linear or sinusoidal force. Sil-
ver /silver chloride (Ag/AgCl) reference electrode (RE), carbon cloth counter electrode (CE) and
nanoporous gold specimen on platinum plate as working electrode.
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3.4 Measurement setup

Actuation and sensing measurements were performed in 0.5M HySO, prepared from
H,SO, (Suprapur®, Merck) and ultrapure water (18.2MQ cm). Prior to the measure-
ments the solution was deaerated with Argon. Before filling with sulfuric acid the cell
was cleaned with Piranha solution® and rinsed with ultrapure water. In all experiments an
Ag/AgCl pseudo-reference electrode, which is + 0.405V vs. the standard hydrogen elec-
trode (SHE), served as reference electrode (RE). All potentials of this work are specified vs.
Ag/AgCl if not stated otherwise. A carbon cloth was used as counter electrode (CE), due
to its large surface area (specific surface area 1200 - 1750m? ¢~!, Kynol Europa GmbH)
and low reactivity. For electric contact the nanoporous gold (np-Au) specimen was placed
on a platinum plate connected to the potentiostat (Autolab) via a gold wire. A fused- sil-
ica rod was attached to the pushrod of the DMA to transfer the load to the sample, since
the stainless steel pushrod of the device is not suitable for electrochemical measurements.
Prior to actuation and sensing experiments, all samples were “pre-deformed” in situ to
a plastic strain ~ 0.15 at a rate ¢ = 107 s7!, see stress-strain diagram (Fig. 3.13). This
served to ensure uniform contact at the load surfaces, as indicated by the less pronounced
rise in the stress-strain diagram. Furthermore, an increase in effective Young’s modulus
with plastic deformation was observed in FEM and MD simulations on np-Au [16, 60].
After pre-deformation the samples were unloaded, as indicated by Fig. 3.13.
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Figure 3.13: Representative stress-strain curve from load-unload experiment of nanoporous
gold specimen. Red area indicates the yield stress, oyielq, that can be estimated as ~ 21 MPa
from this measurement.

3Piranha solution was obtained via mixing concentrated sulfuric acid, HoSOy4, (Merck, 96 %) with hy-
drogen peroxide, HoOo (Merck, 30 %), in a ratio of 8 : 2, respectively. The products are water and
H,SO;5 (Piranha solution), which is strongly acidic, a strong oxidizer and dehydrates organic residues
immediately. Therefore, it is widely used in chemistry labs for cleaning glassware and materials that
exhibit a high tolerance to acidity.
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3.4.1 Determination of surface area

The quasi-static value of the capacity, C' of each sample was measured via cyclic voltam-
metry. To ensure a linear variation of charging current with potential scan rate as in [34]
only a small potential window was scanned with different scanrates v, see Fig. 3.14 a).
From Eq. (2.1) one can calculate the dependence of C' on current I and scanrate as follows
d@ dE
=CFEF —» [=—=0C—=Cv. 3.11

¢ dt dt ( )
Note, here I = I,,, the mean current flowing for each scandirection. Therefore, the
capacity is defined as the slope of I,,, vs. v, as indicated in Fig. 3.14 b). Before and after
each experiment, the net surface area, .S, in the sample was determined by the capacitance

ratio method, S = C'/c [61] using the double layer capacitance value of a clean Au surface,

¢ =40pF cm™? [62].
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Figure 3.14: Determination of quasi-static capacity. a) Cyclic voltammograms of np-Au spec-
imens in 0.5M H3SO4 in the double layer region at differnt scanrates, v. b) Determination of
quasi-static capacity, here: C' = 33 mF with a corresponding surface area of 840 cm3.

3.4.2 Sensing experiments

After the pre-deformation and determination of surface area, sensing experiments were
performed. Therefore, the specimen was loaded to an elastic pre-strain ; = 0.015 by a
static force Fy = —9.2N (negative-valued for compression), whereas the force amplitude
F was 2.85N. The total applied strain was controlled at a constant frequency w, with an

additional elastic strain, *, versus time, ¢, given by

(1) = &} + &* sin(wt) . (3.12)
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The strain amplitudes £€* were varied from 0.001 to 0.0025. The resulting stresses (maxi-
mum applied stress of 11 MPa) were well below the yield stress, 21 MPa (see Fig. 3.13). For
potential-response measurements (0E/de) as well as for current-response measurements
(01/6¢) a constant potential of 0.4V was applied between sample (working electrode) and

the pseudo reference electrode via a potentiostat.
a) b)
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Figure 3.15: Schematic of in situ sensing measurement setup. Working electrode (WE) con-
sisting of np-Au specimen on a platinum plate, reference electrode (RE), and counter electrode
(CE) are immersed in electrolyte. All electrodes are connected to a potentiostat. The np-Au
specimen is cyclically strained with an effective strain ¢* via the pushrod, force and displacement
are measured simultaneously. a) Setup for potential-modulation measurement, d E'/de: A Lock-
In amplifier (LIA) is connected between WE and RE. Rp indicates the “delay resistance”, which
is connected in series with potentiostat and WE. b) Setup for current-modulation measurement,
01/6e: A LIA is connected parallel to the shunt resistance Rg, which is connected in series with
potentiostat and CE. The connections of the LTA are denoted by “A” and “B”.

Electric signals were processed by a Lock-In amplifier (Oxford instruments/Stanford Re-
search Systems) using the load cell signal of the DMA as the reference signal. A schematic
of the measurement setup is shown in Fig. 3.15.

For potential-strain response measurements (0E/de) a “delay resistance” Rp = 5MQ
was inserted between working electrode and potentiostat, as indicated in a). Due to Rp
the time constant of the control electronics is increased so that the compensation of the
sensing potential variation is prevented [5]. The potential-strain response is sinusoidal,
such as E(t) = E sin(wt — ¢) where ¢ represents a phase shift with regard to the applied

strain. The amplitude F of the potential response to strain was determined via the Lock-
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In amplifier (LIA) connected between working and reference electrode. The ports of the
LIA are depicted as “A” and “B” in Fig. 3.15, here Ej,,n = E4 — Ep. From the input
potential Fi,,.. the LIA generates two direct-current (DC) signals (X and Y, see Section
3.2.6), proportional to the real (£’ o« X) and imaginary part (E” o Y) of E(t). Since

the values are read out externally one has to convert the obtained signals as follows [56]:

V2 x sensitivity x X

E =
10V

(3.13)

A factor of v/2 translates the signal from root mean square to the amplitude of the signal.
The sensitivity of the LIA is connected to the amplitude of an input sine which results
in a full scale DC output and can be set manually at the device. The 10V correspond to
the full scale of the output and has to be adjusted for each LIA type [56]. The amplitude

of the potential variation can be calculated via
E=VE?+E"? (3.14)

For current-strain response experiments, Rp was removed and a shunt resistance,
Rg = 47Q), connected in series with the counter electrode. The LI was connected par-
allel to Rg, as shown in Fig.3.15 b). The amplitude I of the current-strain response was

measured via the potential drop over the shunt resistance, Rg,

= (W) /Rs . (3.15)

3.4.3 Actuation experiments

For actuation experiments the in situ setup shown in Fig. 3.12 was exploited. The poten-
tial was swept cyclically from —0.1V to 0.4V vs the Ag/AgCl reference electrode with a
scanrate of 2mV s™! (including the bias potential for sensing at 0.4 V). All experiments
were performed in the capacitive part of the cyclic voltammogram (see Subsection 3.2.4),
thus the chosen potential range was always below the potential for OH electrosorption,
0.75V. The capacitive behavior in this potential range was confirmed via cyclic voltam-
metry. The electrocapillary coupling at gold surfaces is strongest near the potential of
zero charge (pzc), [5,63] which has been evaluated as =~ 0.5V vs. SCE [64], this is ~ 0.3V
vs. our Ag/AgCl quasi RE, for Au (111) in solutions containing HySO?. Hence the pzc
is within our potential scan range. During a potential sweep a constant compressive force
of —0.5 N, resulting in a compressive stress of 0.11 MPa was applied. Simultaneously the

effective strain £* is measured via DMA.
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3.4.4 Machine stiffness

Since the DMA exhibits an inherent limited stiffness the raw measurement data had to
be calibrated. Therefore, a measurement of stiffness with the empty electrochemical cell
was performed, see Fig. 3.16. At a constant force F{ oscillations with different amplitudes
den were applied and the resulting displacement amplitudes a4y, were recorded. From
the slope of the resulting graph one can calculate the machine stiffness as 0.7 MNm™!.

All data in the following have been corrected with the corresponding machine stiffness.
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2 L Cp/ machine stiffness
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Figure 3.16: Dynamic force amplitude den versus dynamic amplitude of displacement aqy,, at

a constant applied force of —9N. The machine stiffness emerges as 0.7 MNm~! from the slope
of the curve in the linear range.
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4 Results

4.1 Thermodynamical description of the system

4.1.1 Sensing-actuation relation

For the thermodynamical description of the system the microstructure is ignored and an
effective medium is considered. V denotes the total sample volume (and pores) in the
strain-free reference state and () is the net electric charge. An uniaxial load F' applied
to the sample in direction of the longitudinal cylinder axis results in an uniaxial external
traction, T' (load per area of sample cross-section). Thus, mechanical work can be per-
formed via the effective elastic linear strain * in load direction. Suitable state variables
for the net Helmholtz-type free energy § are £* and @), as discussed in Section 2.2.1. §
also depends on the constant V', therefore § can be expressed in terms of volume-specific
quantities: § = V¥(qY,e*) with ¢V = Q/V the volume-specific charge and ¥ a free energy

density function. The fundamental equation for ¥ is
d¥ = Edq¥ + Tde*. (4.1)

To describe the actuation ability of the material an effective strain-charge coefficient A*
can be defined as
A= 9 (4.2)
=), :
One can combine this equation with Eq. (2.10) to obtain the following relation:

2g

A= ———
9K ¢

(4.3)

where ¢ is the electrocapillary coupling parameter, K is the bulk modulus and ¢ the

volume fraction of the solid phase. © denotes a dimensionless parameter that depends on
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Poisson’s ratio, v, and on the microstructure of the solid.

In the following instance of the triple product rule !

dT
dgV

B dT
de*

de*
qv dg"

(4.4)

)
e* T

one can identify the effective potential-strain coupling coefficient (potential variation per

strain at open circuit),

dE
* = 4.5
° de* | v ’ (45)
via the following Maxwell relation
dT dE
— = . 4.6
dqv e* dg* qV ( )
The effective Young’s modulus Y* is defined at open circuit as
dT
Y* = 4.7
de*| v (47)
q
Thus, one can write Eq (4.4) as
¢F=-Y"A". (4.8)

Equation (4.8) was derived from the fundamental equation (4.1) without further assump-
tions. It relates the potential-strain coupling coefficient ¢* to the actuation coefficient A*
via the effective Young’s modulus. Via this equation one can estimate the magnitude of
electric sensing signals (¢*) generated in response to load from actuation experiments (A*).
In addition, Y* offers further insight into the issue of local versus macroscopic/effective

strain in porous media.

4.1.2 Charge-load coupling parameter and the corresponding

piezoelectric coefficient

The coupling between net charge on a nanoporous body and strain can be estimated
from the following approach: Whereas C' = d@)/dE denotes the net differential sample
capacity, ¢ = dg®/dE identifies the local differential capacitance (capacity per area) of

the metal surface. Thus, the coupling of net charge and strain emerges as

d@ dQ| dFE
_ 9% — O = caoVY A 4.9
der |, dE|. e, ¢ T ’ (4.9)
las stated in Ref. [65]: %‘Z = —%|Y %’X
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with ¢ the solid fraction and «, the the specific surface area (area S per volume of the
solid phase, Vopiq, i.e. S/pV). As indicated above, the charge transferred per strain scales
with the actuator volume, V.

From the following equations the respective coupling strength, i.e. the charge-load coeffi-

cient for a cylindrically shaped nanoporous body (cross-sectional area Ag and height ly)

is derived: 4 L d L d 4
d@) 1 d@) 1 d@) de (4.10)
dFE AS dTE Agd&T*EdTE
Combining equation (4.10) with equation (4.9) and the approximation * Y* = 4L o
gg; 1 the following expression for the charge-load coupling coefficient is obtained:
d@ caps™
—| ~——=1 4.11
dF |, y« 0 (4.11)

where the volume of the specimen is substituted by V' = Ag [, and equation (4.8) is
applied.

Equations 4.9 and 4.11 suggest that the charge per strain in a nanoporous metal scales with
volume and the charge per load scales with the thickness of the material, respectively.
In order to further compare piezoelectric to nanoporous-metal sensors the longitudinal
piezoelectric coefficient ds3 is introduced. Under conditions of a small electric field, the

constitutive relations for a piezoelectric material are [66]

D el d4
e|  |de sP
where D, with a size of (3 x 1), denotes the electric displacement, ¢ is strain (6 x 1), E
is the applied electric field (3 x 1), and T indicates the stress (6 x 1) . The dielectric

permittivity e’ (3 x 3), the piezoelectric coefficients d? (3 x 6) and d° (6 x 3), and the

elastic compliance s¥ of size (6 x 6) are the piezoelectric constants. The piezoelectric co-

E

| (4.12)

efficient d€ gives strain per unit field at constant stress and d? gives electric displacement
per unit stress at constant electric field. The superscripts ¢ and d indicate the difference
between the converse (actuation) and direct (sensing) piezoelectric effects, in practice,
however, these coefficients are numerically equal. The superscripts T' and E imply that
the corresponding parameter is measured at constant stress or constant electric field, re-

spectively. Equation 4.12 can be simplified to describe the sensing effect in piezoceramics.

dT

2Tt can be shown that the closed- and open-circuit Young’s moduli are related by e le = d7

B de gy~
cV(s*)2. With the experimental data for the volume-specific capacitance ¢V and for the coupling
coefficient ¢* of our material, the two elastic constants are found differ relatively by less than 107%.
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The material is exposed to a stress field and generates a charge in response. When the

applied external electric field E is zero, Eq. 4.12 can be expressed as follows [66]:

o
T
D, 00 0 0 dy 0] |
Dol=10 0 0 dy 0 O T3 (4.13)
Dy dsi dgp dsz 0 0 O !
T
Ts

where the coefficients ds;, d3z and ds3 connect the normal strain in 1, 2, and 3 (i.e. z, v,
and z) direction parallel to the poling axis, respectively. The coefficients d;5 and dy, are
related to shear strain. This equation depicts the principle of the piezoelectric sensing
effect. A stress field 7" induces an electric displacement D as a result of the direct piezo-
electric effect [66].

The figure of merit for comparison with a nanoporous-metal senor is the coefficient ds3 in
longitudinal direction. ds3 is be defined as charge displaced per load, F, (unit: [CN™!],
with F' = AgT where Ag denotes the cross-sectional area), thus it is the equivalent param-
eter of dQ/dF|g of a nanoporous-metal hybrid materials. In that case (i.e. an isotropic
piezoceramic under uniaxial load in z-direction) Eq. 4.13 simplifies to D3 = d33T5.

As indicated in eq. (4.11) the charge-load coefficient of a nanoporous body scales with its
thickness. Thus, the charge-load coefficient can be tailored via geometry, whereas dsz of

a piezoceramic is independent of the geometry.
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4.2 Experimental results

4.2.1 Actuation with nanoporous gold

Actuation experiments were performed on millimeter-sized, cylindrically-shaped
nanoporous gold specimen infiltrated with electrolyte in a DMA test machine setup as
shown in Fig. 3.12. The samples were exposed to a constant compressive stress by the
pushrod to obtain contact while the potential was swept cyclically. Simultaneously the
resulting effective strain €* was measured in situ. For more detailed information, see
Subsection 3.4.3.

Representative results of one measurement cycle on one sample for electrochemical actu-
ation are shown exemplarily in Fig. 4.1. During each measurement cycle, five subsequent
potential scans (—0.1V to 0.4V at scan rate 2mV s~!) were performed while the effective
strain £* and resulting charge () were recorded simultaneously. As shown in fig. 4.1, the
sign of the potential-strain coupling, expansion during positive-going potential scans and
contraction during negative-going potential scans agrees with previous experiments on
nanoporous gold [34,67,68].

From actuation measurements the effective strain-charge coefficient A* was calculated via
Eq (4.2). Therefore, the data from Fig. 4.1 was averaged over the performed 5 poten-
tial sweeps, separately for positive and negative-going sweeps and the resulting effective
strain, €*, and volumetric charge density, ¢¥ were determined. The obtained data is shown
in Fig. 4.2, in which the averaged strain versus ¢V is plotted. Via linear regression of this
data the actuation parameter A* = (0.0471 £ 0.0004) mm?® C~! is calculated. On aver-
age over the three samples in this study A* = (0.0475 4 0.0010) mm?3 C~! is found. An

excellent sample-to-sample reproducibility is implied by the small variance.
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Figure 4.1: Actuation measurement. Left: Five representative potential sweeps on one spec-
imen. Increasing or decreasing the potential (lower part, blue line, measured vs. a Ag/AgCl
pseudo-reference electrode) leads to an increase or decrease of the effective strain £* (middle,
green line) and the charge @ (upper part, light red line), respectively. Sketches on the right
illustrate the electromechanical coupling corresponding to elongation (above) and contraction
(below) of a wire-shaped ligament. Adapted from Stenner et al., see Ref. [42].
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Figure 4.2: Averaged effective-strain e* versus volumetric charge density ¢V for the data of 4.1.
Dashed black line represents linear fit. Adapted from Stenner et al., see Ref. [42].
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4.2.2 Strain-sensing with nanoporous gold: Proof of principle

For sensing experiments the sample was exposed to a cyclic strain with an effective am-
plitude £* at a constant offset of €j;. The corresponding electrical signals were recorded at
a constant electrode potential of £ = 0.4V vs. the Ag/AgCl pseudo-reference electrode,
i.e. in the capacitive regime. More experimental details can be found in Subsection 3.4.2.

Figure 4.3 shows oscilloscope traces for two separate sensing experiments at a constant
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Figure 4.3: Measurement signals obtained via an oscilloscope. The potential E is modulated
(straight blue line) by an applied effective strain €* (green line) with a frequency of 5 Hz, while
the current I is constant (dashed blue line). b) The current I is modulated (straight rede line)
by an applied effective strain * (green line) with a frequency of 5Hz, while the current E is
constant (dashed red line). Data has been published by Stenner et al., see Ref. [42].

frequency. The measurements are representative and were obtained without further am-
plification, nevertheless, the oscilloscope exhibits a high input impedance (1MQ). To
determine the potential variation with strain, §E/dc* (see Fig 4.3 a)), the strain was
modulated at a frequency of w/27m = 5 Hz, and the potential variation was recorded under
conditions of zero current. Strain amplitudes in the order of 1% induce variations in
potential with amplitudes in the order of 1001V. The potential variation seems to be
phase shifted by 180° with respect to the strain. However, in Ref. [69] the observed phase
shift from straining planar gold electrodes is discussed as follows:

As stated before, ¢* = E/é*| v and the applied strain follows £*(t) = & + &*sin(wt). The

static strain €f is negligible in the following. We can summarize both equations to

E(t) = ¢"e" sin(wt + Of) (4.14)
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4.2 Experimental results

which is equivalent to
E(t) = ¢¥e*sin(wt) + ¢*"* cos(wt) (4.15)

where the real and imaginary part of the experimental potential-strain coupling coefficient

are denoted as ¢’ and ¢”, respectively. Thus, O is calculated as

x//

tan(Og) = :

¢+

(4.16)

In this convention, which is equivalent to the data evaluation in this work, a delayed
response is indicated by oppositely-signed values of ¢’ and ¢” as well as a negative phase
shift ©g. Since ¢* of nanoporous gold is negative, the signal appears phase-shifted by
180°.

To determine the current variation with strain, 61/0e* (see Fig 4.3 b)), the strain was
modulated at the same frequency as above (5 Hz), and the current variation was recorded
under conditions of zero potential. Strain amplitudes in the order of 1% induce current

variations, with amplitudes in the order of 10 pA.

4.2.3 Strain-sensing with different strain amplitudes

Sensing experiments with different applied strain amplitudes at the same frequency were
performed to characterize the coupling between potential (current) and strain. At a con-
stant prestrain of £;; = 0.015 the specimen was deformed cyclically with strain amplitudes
£* varying from 0.001 to 0.0025 at a frequency of w/2m = 20 Hz. The amplitude E of the
potential response was recorded simultaneously to the strain oscillation, afterwards the
amplitude of the current response I was recorded in situ in the setup shown in Fig. 3.15.
Both signals were obtained via a lock in amplifier and processed as discussed in Sub-
sec. 3.4.2.

The results of repeated measurements on six samples are compiled in Fig. 4.4. A linear
variation in both, potential and current amplitudes, as well as a high sample-to-sample
reproducibility is found in these measurements. The set of data shown in the graph con-
sists of calibrated data of three specimens already published in 2016 by Stenner et al. [42]
and repeated measurements on three identically synthesized specimens in 2018. Note the
very good sample-to-sample reproducibility.?

The data displayed in Fig. 4.4 suggest an effective potential-strain coupling parameter
¢* = E/§*|qv of (—46.4 £ 1.3) mV. To validate whether the signal strength from the above

3The deviation from the data published in 2016 (see Ref. [42]) is due to a measurement procedure
improvement. The here-presented values have been calibrated with the machine stiffness (whereas
those in Ref. [42] have not been calibrated) and exhibit a higher ¢* than the published data. The
data points from 2016, which have been retrospectively corrected agree very well with the new data
from 2018.
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Figure 4.4: Electric signals from sensing experiments with strain amplitude variation at fre-
quency w/2m = 20Hz. (a) Potential amplitude E versus strain amplitude é*. Effective strain-
potential coupling parameter ¢* can be calculated from slope of the curve, as indicated by the
triangle. (b) Current amplitude I versus strain amplitude £*. Black dashed lines indicate linear
fits.

described sensing experiments at 20 Hz is quantitatively consistent with the quasi-static
actuation measurement Eq (4.8) is explored. It links sensing experiments to actuation via
the effective Young’s modulus. Before each sensing cycle and each actuation experiment
the effective Young’s modulus Y* was determined as the storage modulus in the DMA.
Y™ remained constant during the measurements and the average over all samples was
Y* = (900 £+ 100) MPa.

As basis for the validation the potential-strain coupling parameter ¢* is taken into ac-
count. Equation (4.8) indicates that the parameter can be either calculated from sensing
experiments (as the strain-derivative of the potential at constant charge (Fig. 4.4 (a)), or
from actuation experiments (as the product of effective Young’s modulus and actuation
coefficient (Fig. 4.2)).

The small variances in ¢* underline the high sample-to-sample reproducibility, even
between two different batches of samples. The coefficient determined from sensing,
¢ =F [y = (—46.4+1.3)mV, yields excellent agreement with the one determined
from actuation, ¢* = —Y*A* = (—42.8 £ 5.7)mV. Both values coincide within their er-
rors. This observation provides strong support for the analysis of sensing and actuation
mechanism in terms of electrocapillary coupling, see Section 2.2, and will be discussed in
the following Chapter.

The net quasi-static capacity, C' = (51.2 4+ 3.0) mF, and the net surface area, S ~ 1280 cm,
calculated from C, (see Chapter 3) were determined to characterize the specimens and
check the sample-to-sample comparability. All samples had identical mean ligament size,

the different variance in C'is consistent with slightly different macroscopic volumes and lies
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4.2 Experimental results

within the error of sample volume determination. The capacity per volume is ~ 20 F cm ™3
consistent with previous reports on np-Au based supercapacitors [70]. The high net capac-
ities of 40-50 mF emphasize the extremely large internal surface area and the abundance
of polarizable sites in the hybrid material.

The data shown above was obtained via alternating sensing and actuation measurements,
and only interrupted by determination of the Young’s modulus via DMA. The measure-
ment cycles were repeated 5 times for each sample, the samples were not removed from the
electrochemical cell during the experiment. The investigation of each specimen consists
of 1.2 x 10° load cycles in sensing plus 25 actuation cycles. Quasi-static measurements

indicate that the surface areas were reduced by = 30 % after the investigation.

4.2.4 Dependence of potential- and current responses on

strain-frequency

It is also of interest in how far the induced potential change and the resulting charge
transfer is affected by the frequency of the excitation. Therefore the applied frequency
f = w/2m was swept from 0.5 Hz to 100 Hz at constant strain amplitude. Three specimens

were repeatedly measured for determination of the following data.
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Figure 4.5: Dynamic mechanic analysis measurements performed at constant effective strain
amplitude £*. a) Storage modulus Y’ versus applied frequency, f = 27 /w. b) Phase shift tan(9)
between applied load and strain versus f.

Figure 4.5 depicts representative DMA results obtained from one sample by sweeping the
frequency up to 100 Hz and back to to 0.5 Hz. The storage modulus Y is constant from
0.5 to 100 Hz, as shown in a). The phase shift § between applied load and induced strain

in that frequency range is very small (0 < 4.3°) and constant for frequencies below 10 Hz,
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4 Results

see b). The results point towards a reliable and stable measurement in the range of 0.5
to 100 Hz.

The frequency sweeps at constant prestrain of ¢j = 0.015 and a strain amplitude of
£* = 0.0025 were performed simultaneously with the DMA tests shown above. All sensing

results were obtained via a Lock-In amplifier as described in Subsection 3.4.2.
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Figure 4.6: Potential response from sensing experiments with frequency variation at constant
strain amplitude. Symbols indicate potential amplitude F versus frequency f = w/27.

As indicated in Fig. 4.6 the amplitude of potential modulation E tends to stay constant
within the variance over the frequency range of the experiment. The same observation is
made for the amplitude of the current modulation I, see Fig. 4.7 a) (dark red symbols).
The bright red symbols indicate a measurement performed with the impedance spec-
troscopy module of the potentiostat, where a potential modulation with an amplitude
E = 100V was applied to the specimen. The frequency of this modulation was swept
from 1 to 90 Hz and the resulting oscillation of current was recorded (see Subsec. 3.2.5).
This corresponds to a purely electrochemical excitation without mechanical influences.
In the investigated frequency range both data agree well, however, the impedance data
suggests an increase in amplitude with increasing frequency for f > 50 Hz. The slightly
higher absolute values of the impedance data originate from the higher potential modula-
tion amplitude: As shown in Fig. 4.6 the amplitude of the induced potential response, E ,
obtained from sensing experiments is ~ 801V, whereas E in the impedance experiment
was set to 100 V.

In Fig. 4.7 b) the phase shift, ©;, between the potential oscillation imposed by the

impedance module and the resulting current of one representative measurement is shown.
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4.2 Experimental results

The mean phase shift between strain and current over the frequency range of the exper-
iment can be estimated as (—10 4+ 5)°, assuming an negligible phase shift O between
strain and potential as indicated by the oscilloscope traces and the discussion in Sub-
sec. 4.2.2.

20

15 145

Zx 10 | 0.‘ :* lo &
— ® ywv e
5 §;+§Q v ' b 45~
0 . . . .
1 10 100 1 10 100

f [H7] f [H7]

Figure 4.7: Current responses from sensing and impedance-spectroscopy experiments with
frequency variation at constant strain/potential amplitude. a) Current amplitude I versus fre-
quency f = w/2w. Dark red symbols indicate response-signals from sensing experiments and
bright red symbols indicate 1mpedance spectroscopy data. The impedance data was obtained by
applying a potential variation E =100 pV comparable to E ~ 80 1V measured in sensing experi-
ments. b) Phase shift between potential and current ©; determined via impedance spectroscopy.

Fig. 4.8 displays the charge amplitude Q over the applied frequency f. The sensing data
(purple symbols) agree well with data from impedance spectroscopy (pink symbols). A
decrease of charge transfer with increasing frequency is observed. An explanation for this
observation can be found in the ionic transport resistance in the pores of the specimen.
For further confirmation of this behavior quasi-static measurements (cyclic voltammetry)
as well as sensing and impedance-spectroscopy experiments at 20 Hz were performed. As
a suitable parameter for comparison the effective capacity C' was determined.

The potentiostat’s impedance module was used to impose a potential modulation to mea-
sure an effective capacity from the ratio of current- and potential amplitudes (see Sub-
section 3.2.5, C' = I / wE) For an applied frequency of 20 Hz a capacity of Chony; ris =
1.02mkF, 50 fold less than the quasi-static capacity (Cyuasi static = D0 mF) was found. The
quasi-static capacity was measured via cyclic voltammetry, see Section 3.4.

To determine the effective capacity from strain-sensing experiments at 20 Hz, a strain
modulation was applied and I (at constant E) as well as £ (at constant Q) were mea-

sured separately. From the ratio of both values Copy; sensing Was calculated as 0.88mF.
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Figure 4.8: Charge response amplitude Q from sensing and impedance-spectroscopy experi-
ments with frequency variation at constant strain/potential amplitude. Purple symbols indicate
response-signals from sensing experiments and pink symbols indicate impedance spectroscopy
data. The impedance data was obtained by applying a potential variation F =100 pV compa-
rable to £ ~ 80 1V measured in sensing experiments.

Both capacity values at 20 Hz, Co0z; sensing and Cooz; w18, agree well. This consistency
shows that the reduced charge transfer of the sensor at high frequencies is a result of
the electrochemical impedance, which can be understood as an ionic transport resis-

tance in the pores.

4.2.5 Charge-load coupling at finite and quasi-static frequencies

The coupling, dQ/dF|g , between net charge on the sample and external load near equi-
librium was explored in a quasi-static sensing experiment at a very low frequency. The
sample was prestrained by a static force Fy = —9.2N (negative-valued for compression,
corresponds to a static compression stress of 8.1 MPa) and the load was modulated at
frequency 10 mHz with a force amplitude of 2.9 N (stress amplitude of 2.5 MPa).

Figure 4.9 shows that the charge varies linearly with strain. Linear regression yields
dQ/dF|g = (1.933 £0.003) ptCN~'. From the corresponding measurements at 20 Hz
dQ/dF|g was calculated from the load- and current amplitudes of Fig. 4.4 (b) as
34nCN~'. From Eq (4.11) dQ/dF|g using ¢* and Cyy, from the sensing experiment
yields dQ/dF|g = 84nCN~!, again in the same order of magnitude.
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4.2 Experimental results

Figure 4.9: Quasi static sensing experiment performed at a frequency of 10 mHz at constant
applied potential. The charge increases linearly with applied force (red line). Linear fit is
indicated via dashed black line. Adapted from Stenner et al., see Ref. [42].

4.2.6 Dependence of potential- and current responses on

connectivity density and ligament size

To investigate the influence of structural properties of the nanoporous specimen on the
effective electromechanical coupling parameters experiments on samples with different
ligament sizes L and different connectivity of ligaments were performed. The connec-
tivity is a topological characteristic and describes the number of non-redundant handles
within a three-dimensional body. Since the connectivity itself depends on the volume
of the sample, a more meaningful parameter, the connectivity density (i.e. connectivity
divided by volume), is introduced and multiplied by a cubed structural size measure to
normalize the parameter with the length scale of the structure. For samples prepared
from AugsAg,s precursors the scaled connectivity density is found to be proportional to
the inverse cubed ligament size, L3, in finite element simulations and thus decreases
with increasing ligament size L [71]. The dependence of the connectivity density on the
precursor alloy composition was investigated via finite element simulation by Soyarslan
et al., see Ref. [48]. The results point towards an increase in connectivity density with

increasing gold amount in the master alloy.
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The samples were prepared from different master alloys, AuggAurg and AussAuzs, of which
one batch was thermally annealed (see Sec. 3.3). The three different types of samples are
compiled in the SEM micrographs in Fig. 4.10, the expected /measured increase/decrease

in connectivity density/ligament size is indicated by the arrows, respectively.

connectivity density

ligament size

Figure 4.10: Scanning electron micrographs of nanoporous gold samples with different ligament
sizes and network connectivity densities. As indicated by arrows the connectivity density in-
creases from left to right, whereas the ligament size decreases, respectively. All surfaces shown are
fracture surfaces. A: Specimen with high expected connectivity density prepared from AusgAurg
master alloy with a ligament size of approximately 30nm. B and C: Specimen with lower con-
nectivity density prepared from AusgsAuys master alloy. Ligament sizes of approximately 40 nm
and 100 nm, respectively.

The increase in connectivity density is indicated by the effective Young’s modulus, Y*
which is 1700 MPa, 900 MPa, and 400 MPa of samples A, B, and C| respectively. Due to
the resulting increase in strength and the difficulty of a perfect parallel alignment of the
measurement setup and the samples, specimens A were predeformed only to a maximum
strain of 0.08. Above this value failure of the samples was observed in the electrochemical
setup. The increase in Y* might also be influenced by the decrease in ligament size L
(“smaller is stronger”) [44].

The electrochemical measurements, however, exposed surprising results that will be pre-
sented here and discussed in the following Chapter. The quasi-static capacity C' of samples
A and B yielded ~ 50 mF for both samples, which indicates a comparable electrochemi-

cal surface area of ~ 1200 cm?. Via energy-dispersive X-ray spectroscopy the amounts of
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residual silver were determined as < 1at.% in specimens B and C, whereas A presented
a very high amount of 5at.%. The results of sensing experiments performed on the three
different types of specimens are compiled in Fig. 4.11. The samples were pre-strained
with a static strain of €* = 0.015 and cyclically strained at a frequency of 20 Hz. The
effective strain amplitudes £* were varied between 0.001 and 0.0043. Each data point is
the result of averaging measurements that were performed repeatedly on three samples.

The values of specimens B have already been presented and discussed in Subsec. 4.2.3.
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Figure 4.11: Electric signals from sensing experiments with strain amplitude variation at fre-
quency w/2m = 20Hz. a) Potential amplitudes E versus strain amplitude £*. Effective strain-
potential coupling parameter ¢* can be calculated from slope of the curve, as indicated by the
triangle. Orange pentagons, blue circles, and pink hexagons indicate data of specimen A, B, and
C, respectively. Black dashed line indicates linear fit of results from specimens B. b) Current
density amplitudes j versus strain amplitude £*. Yellow pentagons, blue dark red, and violet
hexagons indicate data of specimens A, B, and C, respectively. Black dashed line indicates linear
fit of results from specimens B.

Figure 4.11 a) shows the potential responses to strain of the three different types of sam-
ples. C exhibits a low potential response (¢ = dE/de*|, & —5mV) as expected, due
to its small surface area and low connectivity density [45,71]. Since specimens A and B
exhibit comparable ligament sizes but different network connectivity densities, a higher
potential-strain coupling parameter ¢* is expected for sample A as a result of higher con-
nectivity density. However, the values ¢} = (—49.0 £ 0.6) mV and ¢}; = (—46.4 + 1.3) mV
nearly coincide.

Figure 4.11 b) shows the current responses normalized to the sample surface for the dif-
ferent specimens. The normalized current-strain response parameters d;j /dé*| g approxi-
mately coincide, since the data points are nearly positioned on a line. This leads to the
conclusion that the current response is proportional to the surface area S and that by

increasing S one might directly be able to increase I.
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5.1 Quantification of sensing-actuation relation

Nanoporous gold (np-Au) specimens imbibed with electrolyte respond to elastic mechan-
ical deformation by exhibiting readily measurable potential changes and by actively gen-
erating electric current, similarly to piezoelectric solids. In Section 2.2 one can find the
explanation of this behavior based on the phenomenon of electrocapillary coupling at
metal-electrolyte interfaces. Local elastic deformation at the surfaces of the internal liga-
ment network of np-Au are caused by a macroscopic elastic straining of the specimen. A
subsequent local variation of potential or charge-density is dominated by the electrocap-
illary coupling parameter ¢ of the gold surface.

The ability of the nanoporous metal-electrolyte hybrid material to generate electric sig-
nals in response to macroscopic strain depends on the magnitude of ¢, on the net surface
area, and on the efficiency with which the macroscopic deformation converts into local
tangential strain at each surface segment.

In a thermodynamical description of the system for actuation and active strain sens-
ing with np-Au, two parameters were defined to afford a quantification of the material’s
performance in the macroscopic picture: The effective sensing coefficient ¢* evaluates po-
tential variation per effective applied strain and the actuation coefficient A* measures
strain per charge in actuation. A link between the two coefficients that also involves the
effective Young’s modulus, Y*, of the porous material was predicted via Eq (4.8). Each
of the three parameters (¢*, A*, and Y*) were determined independently. For comparison

¢* was measured in strain-sensing experiments (¢} ) as well as calculated from A* and

sensing
Y* (¢ ation)- The results yield good agreement with Eq (4.8), since both values coincide

*
sensing

*

~ .
relation *

within variance, i.e. This confirms the previously given phenomeno-
logical description of the effective materials behavior to macroscopic deformation.

This conclusion is further validated by the comparison of the experimental value of
A* (i.e. effective strain per volumetric charge density, de*/dq¥|r) to the prediction in
Eq (4.3): This equation connects the local electrocapillary coupling strength at the sur-
face and the local elastic response in the bulk of the ligaments with the effective (macro-

scopic measurable) actuation coefficient A*. With K = 217GPa [72], © = 5.5 [39],
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¢ = —2.0V [4-6,63,69] and ¢ = 0.26, Eq (4.3) computes A* as 0.0433 mm?3 C~!. This
value agrees well with the mean experimental A* = 0.0475mm? C~! determined in this
work. The accordance confirms furthermore that sensing and actuation behavior are both
expressions of the same microscopic coupling process. As stated before, this process is
governed by the local electrocapillary coupling parameter <.

The actuation experiments in this work used switching times of several minutes and ex-
plore therefore a quasi-static scenario. Applicable sensors require a possible charge trans-
fer at higher frequencies. The sensing experiments performed at 20 Hz showed an effective
capacity C' considerably below (factor 50) the quasi-static one. The deceleration of charge
transfer as a result of ionic transport in the pore space implements a natural explanation
of this observation. This conclusion is also promoteded by electrochemical impedance
spectroscopy on np-Au [73]. The data in Table 5.1, however, show the potential varia-
tion during constant-charge sensing at 20 Hz (¢* = E/ £*|,v) in excellent agreement with
the quasi-static actuation results (¢* = —Y*A*), indicating that the material provides

relevant signals even at finite frequency as an active strain sensor.

Table 5.1: Effective potential-strain coupling coefficients ¢* determined in two independent
ways: ¢F = E‘/é*| v 18 obtained from potential and strain amplitudes in sensing experiments;
¢* = —Y*A* is obtained from quasi-static actuation experiments and Young’s modulus via
Eq (4.8). All sensing experiments were performed at constant potential and at a frequency of

20 Hz. Also shown: ligament size L, and solid fraction, ¢, of the specimens.

L © ¢t = E/é*|qv ¢F=-Y*A*
masteralloy [nm] ] (mV] (mV]
AugsAgys 40 £ 10 0.26 —-46.4+1.3 —42.8 £ 5.7

5.2 Sensing efficiency of nanoporous-metal electrolyte

hybrid materials

The experimental value of ¢* for the nanoporous gold structure fabricated from an
AugsAg,. master alloy (ligament size of 40nm) is found as (—46.4 £ 1.3)mV. Thus,
a strain of 1% results in a potential variation of 460 pV. Piezoceramics can reach much
higher potential responses to strain than the specimens investigated in this work. Nev-
ertheless, np-Au active strain sensors exhibit a extremely large surface area and, thus, a
large electric capacity compared to piezoceramics. Consequently, a readout circuitry in
a conceivable application can be designed to be comparatively inexpensive and simple,

although the generated voltage is small.
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5.2 Sensing efficiency of nanoporous-metal electrolyte hybrid materials

Active strain sensing with np-Au yields in robust electrical responses (potential or cur-
rent) as a result of the abundant active sites at the extremely large internal surface. All
active sites contribute to the potential change or to the charge displacement and there-
fore take part in the electric response. In order to verify this statement the results of the
experiments on np-Au are compared to a high performance piezoceramic, see summary
in Fig. 5.1.
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Figure 5.1: Comparing the charge-load response of nanoporous gold- (np-Au-) based hybrid
material to that of lead zirconium titanate (PZT). The response dQ/dF|g of np-Au at frequency
20 Hz is 75 fold larger than the piezoelectric charge-sensor constant dsz of PZT [74]. Under quasi-
static conditions, dQ/dF|g of np-Au is even higher, almost 4000 fold larger than dss of PZT.
Graph adapted from Stenner et al., see Ref. [42].

A suitable parameter for comparison is the piezoelectric charge-sensor con-
stant ds3 in longitudinal direction. For lead zirconium titanate (PZT, here:
(Pbo.gsBag.15)0.9025 Lag.0os (Zr0.50Ti0.48) O3) dss is found to be 410pC N1 [74]. In quasi-
static measurements with our material yield a mean (averaged over three samples) lon-
gitudinal coupling parameter of dQ/dF|g = 1.5pCN~1. This value is almost 4000 times
larger than dss of PZT. Whereas at a frequency of 20Hz, dQ/dF|g = 31nCN™!, is
fifty fold less, but nevertheless almost two orders of magnitude larger than dss of PZT.
However, even at finite frequencies like 20 Hz one can tailor the longitudinal coupling
parameter, and therewith the electric response of np-Au the sensor: dQ)/dF|g scales with

the thickness. By contrast, dss is a materials’ constant of a piezoceramic composition and
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cannot be tailored by the design of the sensor geometry. Near equilibrium the coupling
between net charge on the sample and external load was investigated in quasi-static sens-
ing experiments at frequency of 10 mHz. Nanoporous-metal based sensors and actuators
display similar phenomenological behavior as piezoelectric solids. As discussed above,
the performance is not in all details identical. Nevertheless, phenomenologically, in both
materials a mechanical deformation generates voltage or electric charge, and conversely
an applied potential or charge generate mechanical deformation.

However, the underlying microscopic mechanisms are very different. In piezoelectric crys-
tals symmetry-breaking strain that displaces electric charge in each crystallographic unit
cell is induced by the applied load. Via this displacement the lattice becomes polarized
and thus charge accumulates at the external sample surface. By contrast, as described in
Sec. 2.2, straining of the porous metal network leads to a change in chemical potential of
the conduction electrons [6]. The entire internal electrode surface has then to be polar-
ized to counterbalance this change and to maintain the electrode potential a constant. In
order to create space-charge layers at internal interfaces throughout the porous material
long-range charge transport is required. Unfortunately, long-range charge transport limits
the sensing efficiency at elevated frequency. However, as shown for the frequency range
explored in this work there is no such considerable limitation: Up to an applied frequency
f = w/2m of 100 Hz the electric responses stay constant, although the transferred charge
decreases. Regardless of the applied frequency, the large number of internal interfaces
entails that the net amount of charge which is transferred in nanoporous metal sensors in

response to strain is much larger than the charge displayed in piezoceramics.

5.3 Local and macroscopic strain

There is an ongoing discussion in the community about the influence of ligament size and
connectivity density on the mechanical properties of nanoporous gold (see e.g. Refs. [10,
33,47,48]). Due to the so-called dangling ligaments in a structure with less network
connectivity density (i.e. less load-bearing ligaments within the specimen) one expects a
higher stiffness and strength than the mechanical parameters that are actually observed.
Thus, stiffness and strength are predicted to increase with increasing connectivity density
[47]. This prediction coincides with the observed increase in effective Young’s modulus
Y™ with increasing connectivity density in this work.

Furthermore the ability of sensing or actuation with nanoporous metal depends on how
macroscopic strain couples into local strain at the surfaces of the ligaments. Table 5.1
points towards a surprising effect: For a higher connected network of ligaments (specimens

A) we did not observe as expected a higher potential-strain coupling parameter ¢* but a
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similar one. This is unexpected, since specimen A exhibits smaller ligaments (30 nm) and
a higher solid fraction ¢ ~ 0.3 compared to B (L = 40nm and ¢ ~ 0.26) while having
the same macroscopic size. One would expect that |[¢| > |¢f| since one might expect
that a higher number of load bearing paths should lead to a higher number of strained
ligaments and therefore to an increased surface stress at the same effective applied strain
£*. However, the distribution of surface stresses in a nanoporous network is complicated
as many factors can affect surface stress.

The link between local and macroscopic elastic behavior of np-Au has been debated with
regards of scaling relations [9,75]. One scaling relation, the Gibson-Ashby scaling relation,
for porous solids concerning the Young’s modulus is Y* = Y¢?, where Y expresses the
Young’s modulus of the solid phase [46]. The Gibson-Ashby scaling relation and Eq (4.3)
can be inserted into Eq (4.8), thus, with Y = 3K (1 — 2v) for isotropic elastic media, one

obtains the following prediction for the effective potential-strain response parameter:
¢ =2(1—-2v)Ocyp (5.1)

With v = 0.44 [72] and with the values of ¢ and ¢ as in Sec. 5.1, Eq (5.1) yields ¢* =
—240mV, for specimens B (¢ = 0.26) and —280mV for specimens A (¢ = 0.3). These
values are about 5 fold larger than the experimental value. In this case, however, the
discrepancy is expected, considering that the scaling relations overestimate the stiffness
of macroscopic np-Au samples more than by a factor of ten [16].

Another scaling relation for nanoporous networks is proposed by Soyarslan et al., in
Ref. [48] via finite element simulations. This scaling relation is modified from the one that
Roberts and Garboczi suggested in Ref. [76] and takes systematic changes in connectivity

=25
P
1—oF

function Cy = 2.03, the percolation threshold ®£ = 0.159, and m = 2.56. m and C5 have

been determined via linear regression. By inserting the scaling relation and Eq (4.3) into

m
density into account. The relation emerges as Y* = Y (5 [ } with a correlation

Eq (4.8) (analogously to the discussion of the Gibson-Ashby scaling relation) the following

prediction for the effective potential-strain response parameter is obtained:

C!
¢F = %(1 — 21/)@§—2 {

(5.2)
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With the values as stated above ¢* emerges from Eq. (5.2) as —60mV, for specimens A
and —30mV for specimens B, which is in the same order of magnitude as the experimen-
tal values. Thus, the modified scaling relation from Soyarslan et al. leads to a better
agreement between theory and experiment than the Gibson-Ashby scaling relation.

Dangling ligaments, that do not cooperate in the deformation of the loadbearing paths

within the solid network, have been suggested as the origin of the discrepancy between
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5 Discussion

Gibson-Ashby and the macroscopic behavior of np-Au [10]. This suggests that by im-
proving the connectivity density of the nanoporous solids up to an ¢deally interconnected
network of ligaments one could tailor the sensing efficiency and thus theoretically increase
it fivefold. Theoretically, one more method to enhance the sensing efficiency is to increase
the solid fraction. With regard to Eq (5.1) and Eq. (5.2), increasing ¢ improves the elec-
tromechanical coupling, as well as the mechanical strength, since a higher solid fraction
also implies a higher mechanical strength. Both are desirable for applications.

Following Refs. [15,16,45,77-79]' a qualitative discussion of the influence of structural
properties as connectivity density and ligament size will be given here:

Capillary forces drive a local yielding even in the absence of external load [16, 77, 78].
Thus, as-prepared specimens exhibit lattice defects depending on the synthesis and struc-
ture size. The influence of each preparation protocol on lattice effects has not been
evaluated.

The elastic behavior of a nanoporous specimen under uniaxial compression may be gov-
erned by ligament bending. Thus, one part of the ligament surfaces are strained in com-
pression while others are in tension. The corresponding induced electric signals would
partly cancel out each other. Furthermore, the node thickness or the ligament length
affects the tendency of torsion of a ligament under load. The longer the ligaments, the
more torque is created. This implies that not only the thickness of the ligament but also
structural parameters account for different surface stresses [15].

During compression of a comparable nanoporous gold specimen as B (¢ & 0.26) a contin-
uous loss of free surface was observed. Although most of the surface reduction was found
at higher strains than in the experiments presented in this thesis, (gyye > 0.1 & €*), dur-
ing pre-deformation strains of 0.15 were reached. The loss of surface area during straining
is on account of cold coalescence of ligaments. Compression pushes ligaments towards
cach other, thus, some of them will touch and coalesce at surface sites [79]. One might
expect this will happen at lower strains for higher solid fraction networks (i.e. specimens
A with ¢ = 0.3), since there is more solid material at same volume, i.e. less distance
between each ligament. This might lead to a decrease in surface area at lower strains.
Cold coalescence might also improve the connectivity density of the lower solid fraction
samples.

However, these observations aim at different effects and base mainly on finite element
and atomistic simulations (e.g. Refs. [15,16]). One has to be very careful to transfer the
results one to one to the experiments performed in this work.

This study shows, however, that even via an increased solid fraction and smaller ligament

Most of the studies focus on the influence of surface stress on Young’s modulus, yield stress or compli-
ance, not vice versa. Nevertheless, surface stress and these parameters are interconnected, thus it is
sufficient for a qualitative discussion.
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5.3 Local and macroscopic strain

size L, which lead to more mechanical strength and higher connectivity density, the effec-
tive potential-strain response parameter could not be enhanced, but remained constant

(see table 5.2).

Table 5.2: Effective potential-strain coupling coefficients ¢* obtained from sensing experiments
for three different sample types. All sensing experiments were performed at constant potential
and at a frequency of 20 Hz. Also shown: solid fraction, ¢, net capacity, C', net surface area, S,
and residual silver amount of each sample.

denomination, ¢* © C S residual silver
master alloy, ligament size  [mV] -] [mF] [em?]  [at. %]

A, AugoAgry, 30 nm 490406 030 4842 1200 =5

B, AugsAg,., 40nm —-464+13 026 5H1x3 1280 <1

C, AugsAgys, 100nm ~50+10 026 1543 370 <1

Nevertheless, the specimens with a high solid fraction (¢ ~ 0.3) investigated in this
work exhibit a higher amount of residual silver (5at.%) than the other samples. Al-
though energy-dispersive X-ray spectroscopy does not support information whether the
Ag-atoms are located in the bulk or at the surface of the np-Au, the unexpected small
capacitance C' point towards a change in surface properties that could lead to a decrease

in C, S, and ¢* (comparison between specimens A and B, see table 5.2).
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6 Summary and Outlook

This work demonstrates the proof-of-principle for active strain-sensing with a hybrid ma-
terial made of a nanoscaled-gold skeleton and electrolyte. Via cyclic deformation of mm-
sized specimens robust and reproducible electrical signals that are measurable without
further amplification were obtained. Three different types of nanoporous gold (np-Au)
samples were investigated: the connectivity density and ligament size, L, was varied
between them. The potential- and current responses of the specimen with different sam-
ple characteristics increase linearly with the applied macroscopic strain. The effective
potential-strain coupling parameter is determined as ¢* = dE/ ds*\(\l/ ~ —50mV for sam-
ples with comparable structure size (L = 30 — 40nm) but different connectivity density.
Increasing the ligament size to 100 nm leads to a decrease of ¢* by a factor of 10. The
frequency f = w/27 within the range of 0.5 to 100 Hz exploited in this work showed a
negligible influence on current and potential responses, the transferred charge, however,
decreased with increasing f.

A macroscopic sensing-actuation relation, Eq (4.8), is derived from phenomenological
thermodynamics. This relation leads to excellent agreement with the experimental re-
sults from sensing, actuation, and elasticity measurements. The basis of the analysis of
the material’s behavior is the electrocapillary coupling at the pore surfaces in the mate-
rial. The sensing efficiency represented via ¢* is consistent with the prediction based on
that concept.

The charge-load coupling coefficient of the nanoporous gold-electrolyte hybrid material,
dQ/dF|g, can reach values that are several orders of magnitude higher than the equivalent
parameter, dsz3, of a high performance piezoceramic. Thus, the np-Au sensor is capable
of generating significant electric current in response to strain as a result of its extremely
large internal surface area.

Although the microscopic nature of the charge-load response differ between a nanoporous
metal and conventional piezoelectric solids, charge couples to load, and elastic strain
creates polarization in each case. Moreover, the macroscopic phenomenology of piezoelec-
tricity, i.e. the displacement of charge induced by an external load, is the same in both
materials. Since nanoporous metals exhibit particularly robust signals, this class of mate-

rials might be an easily imaginable alternative for piezoceramics as active strain-sensing

65



6 Summary and Outlook

components with high strain-induced charge densities.

By replacing gold with a more affordable metal the sensor will become cheaper while
the synthesis process of nanoporous-metal hybrid materials is straightforward and might
make this class of material attractive for future applications. Nevertheless, a clean sur-
face is crucial for the functionality of the sensor. Even a small amount of residual silver
(=~ 5at.%) might be the reason for an impaired sensing efficiency, thus one has to evaluate
possible materials carefully.

Another route to increase the sensing and actuation ability of the material is the intro-
duction of a polymer-layer to the metal skeleton, as shown in Ref. [23] by Wang, Stenner
and Weifimiiller. Via maintaining a well-defined gold surface covered with polypyrrole

(PPy) the actuation efficiencies could be increased considerably, see Fig. 6.1.

—NPG —— NPG-PPY 15nm
= NPG-PPY50nm —— NPG-PPY80nm

0 1000 2000 3000
At [s]

Figure 6.1: The actuation efficiency can be tuned via coating the nanoporous metal surface
with a polymer (here: polypyrrole, PPy). SEM micrographs a) and b) show the nanoporous
gold structure with a ligament size of (250 & 50) nm without PPy and with a (80 & 20) nm
thick PPy layer, respectively. c¢) Actuation experiments performed on np-Au sample shown in
a) (green line) and b) (brown line). By covering the structure with 80 nm PPy, the observed
effective strain in actuation could be enhanced by a factor of 12. Red and blue lines correspond
to actuation signals obtained from samples covered with a 15nm and 50 nm thick PPy layer,
respectively. The yellow line indicates the applied potential. Graphics adapted from K. Wang,
C. Stenner, and J. Weissmiiller, Sensors and Actuators B: Chemical, 248:622-629, 2017 with
permission from Elsevier.

Additionally, the induced strain amplitude increases linearly with the thickness of

the PPy layer. Therefore, one can increase the actuation efficiency furthermore via

a thicker PPy layer. The actuation coefficient A* = de*/d¢"|r was calculated as
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(0.0675 + 0.0004) mm? C~! for a layer thickness of 80 nm, which is higher than the value
obtained from pure nanoporous gold in this work, A* = (0.0475 #+ 0.0010) mm? C~!.

To increase the lifetime of the nanoporous-metal hybrid material sensor, one might con-
sider to alloy Au with Pt, since Pt is known to stabilize the structure of nanoporous AuPt
against coarsening and to inhibit the surface area reduction [11,12]. However, a constant
sensing and actuation efficiency was found after 1.2 x 10° load cycles in sensing plus 25

actuation cycles performed in this work.
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