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Abstract

In-situ X-ray scattering studies of growth at liquid metal-electrolyte interfaces

Electrochemical growth at liquid-metal electrolyte interfaces was investigated with
in-situ X-ray scattering techniques.

Here, it is presented why liquid-liquid interfaces are intriguing for nanomaterial
synthesis and how interfacial processes such as absorption, condensation, and diffu-
sion are essential aspects of crystal growth. Due to powerful in-situ X-ray techniques,
understanding these mechanisms was possible, allowing access to the buried inter-
faces. Three studies of different combinations of liquid metal working electrodes
and electrolytes are presented.

In the first, a liquid mercury electrode immersed in a solution of NaX + PbX; (X=
Br, Cl, F) was probed by X-ray reflectivity and grazing incidence X-ray diffraction as
a function of applied potential. Phenomenon previously observed at liquid metal-
electrolyte interface in the system NaBr + NaF + PbBr; were confirmed, namely first
ad-layer formation followed by crystal growth. In this study, PbBr, and PbCl; con-
taining solutions showed a defined layer formation at a potential close to the de-
amalgamation region of Pb from Hg. For more positive potential, the systems ex-
hibited quasi-epitaxial growth of bulk crystals of Pb(OH)Y (Y=Br, Cl) oriented with
the c-axis of the precursor layer along the surface normal direction. On the contrary,
growth in the F-containing solution resulted in a more disordered deposit, with ran-
dom crystal orientations on the Hg surface. This study reveals how the ad-layer can
act as a template and determine the orientation of the bulk crystals.

The interface between Hg-Na;B4;O7 and Hg-Na;B4O7 + GeO, was also investigated
in situ with X-ray reflectivity studies. The Hg surface in Na;B4O7 solution displayed
a similar structure to that previously observed for Hg-NaF. Once GeO; was intro-
duced in the system, the data suggested an enriched H,GeO3 and/or HGeO; at
the working electrode’s surface. At positive potentials, an incomplete ultrathin film
was observed at the Hg-electrolyte interface, likely formed by condensation reaction
driven by the concentration of HGeO®~ at the liquid Hg/electrolyte interface.

In order to study alternative electrodes, the deposition of crystalline Ge on different
working electrode compositions Hg;_,In, (for x=0, 0.3, 0.5, 0.7, 1) was investigated.
The focus of the thesis was on the interface of Hg-NayB,O7 and Hg 3Ing.7-NazB4Oy.
Changes were observed in the Ge crystals’ shape, both as a function of potential and
composition. X-ray reflectivity indicates that the very first layer of the liquid elec-
trode is Hg. Thus, nucleation and growth must occur underneath the surface of
the substrate. The crystalline grain morphology is mainly affected by In as a liquid
metal component due to the strong affinity between In and Ge.
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Kurzfassung

In-situ Wachstumsuntersuchung an Fliissigmetall-Elektrolyt-Grenzflichen
mittels Rontgenstreuung

Elektrochemisches Wachstum an Fliissig-Metall-Elektrolyt-Grenzflichen wurde mit-
tels Rontgenstreutechniken untersucht.

Im Folgenden wird dargelegt weshalb Fliissigkeits-Fliissigkeits-Grenzflachen fiir die
Nanomaterialsynthese von Interesse sind und Grenzflichenprozesse wie Absorp-
tion, Kondensation und Diffusion wesentliche Aspekte des Kristallwachstums darstellen.
Dank leistungsfahiger Rontgentechniken war es moglich, diese Mechanismen zu
verstehen und Zugang zu den vergrabenen Grenzflachen zu erhalten. Es werden
drei Studien mit verschiedenen Kombinationen von Fliissigmetall-Arbeitselektroden
und Elektrolyten vorgestellt.

In der ersten Studie wurde eine fliissige Quecksilberelektrode, die in eine Losung
von NaX + PbX; (X= Br, Cl, F) eingetaucht war, mittels Rontgenreflexion und Ront-
genbeugung unter streifenden Einfall als Funktion des angelegten Potentials unter-
sucht. Die zuvor an der NaBr+ NaF + PbBr; Fliissigmetall-Elektrolyt-Grenzflache
beobachteten Phanomene wurden bestétigt, zunédchst die Bildung von Ad-Schichten,
gefolgt von Kristallwachstum. In der hier prasentieren Studie zeigten PbBr;- und
PbClr-haltige Losungen eine definierte Schichtbildung bei einem Potential nahe dem
Deamalgamierungsbereich von Pb aus Hg. Bei positiverem Potential zeigten die
Systeme ein quasi-epitaktisches Wachstum von Kristallen bestehend aus Pb(OH)Y
(Y=Br, Cl), die mit ihrer c-Achse entlang der Oberflichennormalen ausgerichtet sind.
Im Gegensatz dazu fiithrte das Wachstum in der Fluor haltigen Losung zu einer
eher ungeordneten Ablagerung mit zufélligen Kristallorientierungen auf der Hg-
Oberflache. Diese Studie zeigt, wie Ad-Schichten als Schablone fungieren und die
Orientierung der Kristalle bestimmen.

Die Grenzflache zwischen Hg-Na;B4O7 und Hg-NayB4O7 + GeO; wurde ebenfalls
in situ mit Rontgenreflexionsstudien untersucht. Die Hg-Oberfldche in NayB4Oy -
Losung zeigte eine dhnliche Struktur wie die, die zuvor fiir Hg-NaF beobachtet
wurde. Sobald GeO; in das System eingebracht wurde, deuten die Daten auf an-
gereichertes HyGeOs3; und/oder HGeO; an der Oberfldache der Arbeitselektrode hin.
Bei positiven Potentialen wurde ein unvollstdndiger ultradiinner Film an der Hg-
Elektrolyt-Grenzflache beobachtet, der wahrscheinlich von einer Kondensationsreak-
tion herriihrt, die durch die Konzentration von HGeO?~ an der fliissigen Hg/Elektrolyt-
Grenzflache angetrieben wurde. Um im Weiteren alternative Elektroden zu unter-
suchen, wurde die Abscheidung von kristallinem Ge auf verschiedenen Zusam-
mensetzungen der Arbeitselektrode Hg;_,In, (fiir x= 0, 0,3, 0,5, 0,7, 1) untersucht.
Der Schwerpunkt der Untersuchung lag dabei auf der Grenzflache von Hg-Na;B4O7
und Hgp3Ing.7-Na;B4O7. Es wurden Verdnderungen in der Form der Ge-Kristalle



beobachtet, sowohl als Funktion des Potentials als auch der Zusammensetzung. Un-
tersuchungen mittels Rontgenreflexions zeigen, dass die erste Schicht der fliissigen
Elektrode aus Hg besteht. Keimbildung und Wachstum miissen also unterhalb der
Oberflache des Substrats stattfinden. Die Morphologie der Kristallite wird aufgrund
der starken Affinitat zwischen In und Ge hauptsédchlich durch In als Fliissigmetal-
lkomponente beeinflusst.
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1 Introduction

Liquid surfaces and liquid-liquid interfaces play an important role in many modern
scientific fields, such as bioscience, biochemistry, polymerizations, catalysis, electro-
chemistry, material synthesis [1-6]. In recent years there has been a growing interest
in liquid interfaces, especially as a basis for the controlled production of crystalline
nanostructures, such as nanoparticles [7], nanocubes [8] two-dimensional films [9,
10], needles [11], nanowires [12], plates [13, 14], asymmetric particles [15].
Significant advantages of liquids over solid substrates for growth processes, are
the lack of strain and stress, steps, lattice mismatch that strongly affect the crystal
growth process. Liquid substrates have smooth flat interfaces over a large length
scale providing a template for high-quality crystals. Furthermore, a liquid substrate
can act as a solvent for precursors of the synthesis, and later the deposit can be easily
separated from the substrate.

Standard synthesis techniques for crystalline materials such semiconductors include
molecular beam epitaxy, chemical vapor deposition, sputtering deposition. While
these techniques yield high purity and high-quality inorganic semiconductor mate-
rials, these methods are usually resource-intensive as they require high temperature,
low pressures, and expensive instrumentation [16-18].

Similar results can be obtained from liquids with lower temperatures at a liquid-
liquid interface [19], where the deposit is mainly influenced by controllable param-
eters such as precursor concentration in solution and temperature.

In an electrochemical system, it is also possible to control the reaction by adjusting
the applied potential over the interface, which affects the properties of the products,
for example, the form and size of crystals [20, 21]. Despite extensive investigations
of electrochemically controlled processes for the production of crystalline nanostruc-
tures, to date, there are only a few in situ studies of growth at the liquid-liquid inter-
face [22-27].

Most studies to characterize crystalline structure formation at the liquid interface
are limited to ex-situ imaging such as transmission electron microscopy and scan-
ning electron microscopy [28-30], requiring the materials to be removed from the
system in which they were grown. Therefore, a modification of the system cannot
be ruled out. Moreover, the kinetics cannot be investigated.

A detailed understanding of the effects that influence the growth at the interface
between two liquids is a prerequisite for the future use of such systems for upscale
production of low-defect crystalline nanostructures.



Chapter 1. Introduction

Although it is of significant interest to resolve the structure of surfaces and inter-
faces on the atomic scale, the characterization of an interface buried in two liquids
is not accessible for many methods, and it is highly challenging. X-ray scattering,
the focus of this thesis, allows in-situ studies of structural changes on the atomic-
scale at liquid-liquid interfaces [31]. X-ray beams with high photon energy and flux
can penetrate the liquid phase and be employed to investigate the interface, giving
information about the structure of a crystalline phase that is formed and the struc-
ture of the interface itself. Usually, the prerequisites for these experiments are not
achievable in a typical lab source. Hence synchrotron radiation is required. Another
requirement is to direct the beam onto the liquid surface as the liquid sample can
not be tilted. Therefore a diffractometer capable of deflecting a synchrotron beam is
essential. Such as Liquid Interfaces Scattering Apparatus (LISA) at P08 (PETRA 1II,
DESY) [32]. It employs a double crystal monochromator in Bragg condition to tilt the
beam. In this way, performing an X-ray reflectivity is possible without moving the
sample, advantageous for experiments where in-situ sub nanolayer are investigated
and where a mechanical perturbation might influence the nucleation and growth.

The focus of this work was to investigate growth at liquid metal-electrolyte interface
in an electrochemical environment. Here, X-ray scattering techniques such as X-ray
reflectivity (XRR) and Grazing incidence diffractions (GID) are combined with elec-
trochemical methods including cyclic voltamogramm (CV) and potentiostatic. In
order to examine the stages of nucleation and growth and understand the influence
of different solutions or liquid metal composition on the final deposit and the inter-
face. For such studies, a dedicated sample cell was designed and commissioned, as
described in 3.4.

Three different studies will be presented in this thesis:

In Chapter 4, mercury substrate as working electrode was investigated in electrolytes
containing lead-halides species. The goal was to understand the process of a possi-
ble ad-layer formation and crystal growth on the Hg surface. In addition, to examine
similarities to previous studies, where it is reported a formation of a PbFBr unit cell
thick ad-layer accompanied by 3D crystal formation on liquid Hg in a solution con-
taining NaF + NaBr + PbBry. Here the influence of the halide species was studied
by deposition from aqueous electrolytes of composition NaX + PbX2 with X = Br,
Cl, F. Namely electrolytes containing only one halide anion at the time. A system-
atic study of potential-dependent behavior was investigated by a combination of
electrochemistry techniques such as cyclic voltammetry and potentiostatic in com-
bination with X-ray scattering techniques like X-ray reflectivity time-resolved X-ray
reflectivity and grazing incidence X-ray diffraction.

Using the same methods discussed in Chapter 4,a mercury electrode in a buffer so-
lution containing germanium dioxide was studied. This solution is generally used
to deposit crystalline germanium on liquid metals [12, 24, 33, 34]. However, it was
never investigated in-situ. Here the study focus on seeing whenever the surface of
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the working electrode was affected by the precursor prior deposition. First, charac-
terization of Hg in only buffer solution was performed as the benchmark and only
after the GeO, was inserted. Then, we present a complete characterization of the
interface as a function of potential. The details and the complete discussion can be
found in Chapter 5.

In a third experiment (Chapter 6), a Hg-In alloy was chosen as electrode. In collab-
oration with the University of Michigan, we studied electrodeposition of Ge using
different compositions of Hgln alloys at different potentials. The deposit was charac-
terized ex-situ and showed significant differences. To understand them in-situ X-ray

reflectivity investigations of the pristine substrates were performed.

The experimental techniques and basic theory are presented in Chapter 2. Methods
and the instrument used are presented in Chapter 3.






2 Liquid interfaces and
characterization

This chapter will explain the basic properties and structure of liquid interfaces, with
a particular focus on liquid metal and liquid metal electrolyte interface. It will also
outline experimental methods used in this thesis, such as x-ray scattering techniques

and electrochemical methods.

2.1 Structural properties of liquid interfaces

The state of a matter (solid, liquid or gas) depends on the balance between the ki-
netic energy of the individual particles (molecules or atoms) and the intermolecular
forces. The intermolecular forces are attractive forces due to electrostatic phenom-
ena that try to draw the particles together, causing the ordering range of different
states of matter. Long-range order for solid and short for liquid and gas. The kinetic
energy provides the energy required to overcome the attractive forces and increase
the distance between particles. In a solid the intermolecular forces allow the particle
only to vibrate and not freely move. As a result a solid has closely packed particles
and a stable and define volume. On the opposite in a gas the molecules has enough
kinetic energy such that the intermolecular forces are small (zero for an ideal gas).
Therefore a gas has no define shape or volume. The typical distance between neigh-
bouring molecules is much greater than the molecular size. A liquid instead the
particles are loosely packed and they are able to flow, contrary to solid. Liquids
have not define shape but a constant volume.

The properties of a liquid are determined mainly by forces that act between the par-
ticles; i.e. "cohesion" describes the interaction between particles of the same phase
to group them with an attractive force. This interaction includes hydrogen bond in
water and interaction with electron gas with the atomic cores in liquid metals. Inter-
action with different phases is called "adhesion". Different cohesion and adhesion
forces influence the structure and interfaces.

If we consider a molecule within the bulk liquid phase, it is subject to an isotropic co-
hesion force with their neighbors, due to symmetry, resultant force is zero. Instead,
both cohesive and adhesive forces are present on a molecule directly at the interface

with a gas phase or second liquid.
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Figure 2.1: Schematic representation of the formation of the surface tension due to
imbalance of the attractive forces on the molecules at the interface.

2.1.1 Surface tension

A molecule located on the surface of a liquid lacks some neighbouring molecules and
thus, experiences an imbalance of cohesive force. Attractive forces of a molecule to
its remaining neighbors are stronger on the surface of the liquid. As a result, a force
(F) develops directed at the interior of the medium (Figure 2.1). The missing (neg-
ative) binding energy can be viewed as positive energy added to the surface itself.
This cause a liquid to contract to the smallest possible surface area. Mathematically,
increasing the area of an interface with energy density o by an amount dA requires
a work dW equal to the surface energy contained in the extra piece of the interface
[35]:

AW =y -dA (2.1)

The energy density v is also called surface tension.

The positivity of the surface tension guarantees that such interfaces seek towards the
minimal area consistent with the other forces at play, such as gravity. As the cohesion
and adhesion material properties like , depend strongly on the composition of the
two phases.

The shape of the interface is determined by the pressure difference Ap between the
two liquids. In equilibrium condition the work necessary to increase the interface
area A by d A must be equal to the work that is required to change the volume of the
two liquids against the pressure difference follows the Young-Laplace equation [36]:

11
AP =1 (R_1 + R—z) 2.2)

where R; and R; are the local radii of curvature of the interface. Using 2.2, the shape
of each liquid interface can be described theoretically in equilibrium. When the local
curvature of the interface is the same, namely Ry = Ry, the formula can be simplified
to AP = 27%
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B

Figure 2.2: Scheme describing the contact angle. The arrows indicate the surface
tensions.

Contact angle

For the typical case of a three-phase contact between phase A, phase B and a solid
phase C the contact angle x is defined as the angle between the solid and the in-
terface (inside the phase A), see Figure 2.2. The three interfaces will create three
different surface tensions. Let ypc be the surface tension between phase B and the
solid C, yac the surface tension between phase A and C and y4p the surface ten-
sion between A and B. Considering the material adhesion can maintain a tension
normal to the solid phase, the tangential tension has to cancel out at the contact line;

otherwise, it will start to move. Therefore an equilibrium relation can be drawn:

YBC = YAC + YAB COS X (2.3)

Given the three surface tensions, the critical angle can be calculated as:

YBC — YAC (2.4)

cosxy =
X YAB

An example would be water and air against clean glass meeting in a small contact
angle x ~ 0°, whereas mercury and air meet glass at an obtuse contact angle of x ~
140° [35]. Due to its small contact angle, water is very efficient in wetting many
surfaces, whereas mercury tends to contract into pearls. It should be emphasized
that the contact angle is extremely sensitive to surface properties, fluid composition,
and additives.

2.1.2 Liquid metals

Metals in their solid state are part of everyday life, however liquid metals have many
useful applications, in biology, engineering, and chemical. Typical uses include ther-
mometers, thermostats, switches, barometers. In order to exploit them, the basic
concepts and fundamentals have to be understood.

Liquid metals consist of atomic cores surrounded by delocalized electrons. How-
ever, since the vapor phase of the metal consists of neutral atoms, the forces acting

7
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on electrons and atomic cores are strongly anisotropic in the transition region at the
interface [37-39]. Therefore, there is a substantial reduction in the density of delo-
calized electrons in the metal within a transition region of a few atomic diameters.
That is accompanied by a decrease in the effective interaction potential. However,
for dielectric liquids, the interaction between atoms depends mainly on the distribu-
tion of electrons within the atoms and only slightly on the density of the atoms at the
interface. Therefore, these differences in the atomic interactions should lead to dif-
ferent surface and volume structures between dielectric liquid and a liquid metal[38,
40]. The appearance of different surface structures in liquid metals and dielectric
liquids was first theoretically confirmed in the early 1980s based on Monte Carlo
simulations by Rice et al. [40]. While for dielectric liquids at temperatures close to
the freezing point, the density along the surface normal drops monotonically over a
range of about two atomic diameters [41-43], stratification over three to four atomic
layers has been observed for liquid metals [44-48]. Layering on liquid was also ob-
served in a non-metallic liquid such as tetrakis(2-ethylhexoxy)silane [49] and ionic
liquids [50]. Since the layering along the normal direction of the surface influences
its optical properties, methods with spatial resolution along the perpendicular di-
rection are suitable for the characterization and investigation of the interface. X-ray
reflectivity is one of the method which can probe the structure region with atomic
resolution. Liquid metals have a high atomic number and surface tension, which
results in low surface roughness; an advantage for X-ray studies since it reduces
the scattering. However, they are usually relatively non-noble, so the characteris-
tic reflectivity features of the atomic layering can be covered by the formation of an
oxide layer. Oxide formation at the interface between a metal and a gas can be pre-
vented by excluding oxygen from the atmosphere, e.g., inert gas. Alternatively, in
an electrochemical environment, a suitable electrolyte and potential can be chosen
to reduce or dissolve a possible oxide layer.

The atomic layering at the surface has already been demonstrated for numerous met-
als, including K [51], Cs [52], Ga [53, 54], In [55], Hg [56—60] and alloys [21, 61-68]
employing X-ray reflectivity measurements.

2.1.3 Capillary waves

At liquid interfaces in addition to intrinsic roughness, an effective roughness can
be observed, due to thermally induce wave motion of the liquid particles. Two dif-
ferent types of transverse waves occur at the interface between two fluid phases,
distinguished based on the active force. For gravity waves, this force is gravity; for
capillary waves, it is the surface tension. In contrast to gravity waves, the ampli-
tude of capillary waves is generally smaller than their wavelength A, [69]. From the
dispersion relation of the transverse waves, the wave velocity is [70]:

c(Aw) = \/ <g2);” + {ZXU) 2.5)




2.2. Xray scattering

where A, is the wavelength g is the gravitational constant, 7y the surface tension
pm the bulk density of the liquid. It follows that at large wavelength where the
effect of gravity is dominant , the waves are called gravity waves. At small length
scales where surface tension dominates, the waves are called capillary waves. The

threshold wavelength where the capillary waves turn into gravity waves is:

7

Awmax = 27T o (2.6)
The dispersion relation below A,y is abnormal, i.e., the speed of the capillary waves
increases with decreasing wavelength. For the description of the roughness on mi-
croscopic length scales, only the capillary waves are relevant. Since capillary waves
can be excited by the thermal movement of the liquid particles, they also occur with-
out external excitation [69, 71, 72].

2.2 Xray scattering

Wilhelm Conrad Rontgen discovered X-ray radiation in 1895 [73], and it is electro-
magnetic radiation with photons having wavelength from 100 to 0.1 dngstrom. The
application of the theoretical basis was then applied to structural analysis of matter.
That has been used since Laue, Knipping and Bragg [74-76] exploit it to produce
diffraction patterns, for the first time.

Nowadays the theoretical foundation is well known. So only the basics concepts of
the methods used, are briefly explained in the following sections. For more detailed
information and deeper discussion refer to the literature [71, 77-80].

The X-rays are scattered by electrons of the atomic shells. Therefore, the expected
scattering behavior of an electromagnetic wave in matter can be determined if the
electron density distribution is known. Assume to be in the far-field approximation
[77], with an electromagnetic wave with wavelength A so with a wave-vector k =
27t/ A. In the elastic case, with the same wavelength, we can define k' the wave-

vector scattered from a charge distribution (Figure 2.3). So that:
g=kK —k (2.7)

q is called scattering vector. And from the scattering triangle
lg] = 2|k|sinf = (47t/A)sin@ .

If we consider scattering from a single atom with Z electrons, with electron distribu-
tion p(r), with r a space coordinate, we can define the atomic form factor [77]:

£@) = [ ptryear 8)

Where in the limit g — 0, (g = 0) = Z. Instead f°(g — o) = 0. The scattering
intensity I | f(q) |?, this is the intensity measured in the experiments. Hence the
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[

Figure 2.3: Scattering geometry of X-ray refraction in the elastic case.

scattering intensity is proportional to the square of Fourier transform of the distri-
bution of electrons on the sample. Whereby it is easy to understand that the phase
information is lost.

Let us consider now a crystal. The crystal structure can be represent by repeating
unit cells described as the most basic and least volume consuming repeating struc-
ture [80]. The position of the nt" unit cell is define by the vector R,, = nya +nab + nac
with ny, np, n3 € Z and the position of the m!" atom in a unit cell as r,, = mqa +
mayb + mac with mq, mp, mz € Z. So that the position of any atom in the crystal is
given by R, + ;. Thus the scattering amplitude F¥*!@ can be describe as the sum

of the contribution of each single atom:

all atoms

Fcrystal(q) — ; fl([])eiq.rl (29)

where f;(q) is the atomic form factor of the atom in the position r; . The scattering
amplitude can be decomposed into two contributions, from the lattice and from the

unit cell as:

P (g) = Y fil@)e ™ = 3 fi(g)e L e 210
I,m l m

Where the fist sum of the right hand side of the equation is the sum of the scattering
of the atoms in the unit cell called unit cell structure factor and the second the sum
over the lattice sites. The latter sum is of the order unity unless the scattering vector
tulfil the condition :

g X Ry =2nw (2.11)

w is an integer.

The periodicity of the lattice makes possible the mathematical description of the
Fourier transform of the lattice, the so-called reciprocal lattice. The translation vector
R becomes then the reciprocal lattice vector Gy = ha* + kb* + Ic*, where h, k1, € Z

10



2.2. Xray scattering

and

bxc cXa axb
G, P S b*=2m—— Y, e — 2.12
? na-(bxc) na.(bxc) ¢ na-(bxc) 212)
a*, b* and c* are reciprocal basis vectors.
A solution of 2.11 can be found when:

g = Gy (2.13)

This is the Laue condition [79]. The scattered signal from a crystal is measurable
when the scattering vector is equal to a reciprocal lattice vector of the crystal struc-
ture. This condition defines a sphere in reciprocal space, which is called Ewald sphere.
Every point of the reciprocal lattice that lies on this sphere contributes to the scat-
tered signal.

If a scattering vector is observed under the condition § = Gy, this signal comes
from a group of planes that meet the scattering condition and is denoted by (hkl).
The distances between these lattice levels are given by dy; = 27/ | G |. The
scattering condition is thus directly equivalent to the Bragg condition [77]:

Zdhkl sm(29/2) =A (214)
where 26 is the angle between k' and k.

2.21 X-ray diffraction

To understand the observable Bragg peaks on a detector a Ewald sphere concept
needs to be further discussed. As introduced before, the Ewald sphere, or sphere of
reflection, is a sphere (in reciprocal-space) of radius 1/A passing through the origin
of the reciprocal lattice of the sample.

A peak observed on the detector indicates that a reciprocal-space peak is intersecting
with the Ewald sphere.

The crystallites where the Bragg peaks are generated from, could have different
structures. Let us consider three of them: single crystal, 2D powder crystallites ori-
ented along one axis and powder. The three structures will arise to different shape
peaks on the detector. The first one will show well defined spot, ideally a point,
because the Ewald sphere cut the reciprocal space in a single point. Whenever the
sample is rotated, this means exploring g, and g, wave-vector, the signal will change
because the detector will intersect different points in the reciprocal space of the crys-
tal (Bragg condition). An example of the geometry is reported in Figure 2.4 left. Let
us suppose well oriented crystals along the vertical direction, but randomly oriented
in the other two directions. The reciprocal space will look different. In particular, in-
stead of having points describing the reciprocal space of the crystals, we have rings
"piled up" along the g, direction with radius q,, = /4% + q§ because the crystals

11
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detector
Ewald sphere Ewald Sphere qu

reciprocal-
space

Qy

ax

Figure 2.4: Example of different representation of reciprocal space diffraction geom-
etry depending on the crystals structure. Left: single crystal, the recip-
rocal space is represented as ordered points [81], middle: 2D powder,
oriented in the vertical direction, therefore in g-space we obtain rings
piled up along z, right: powder, in this case we have nested spheres.
Intersections of the different shapes arrangement of the Bragg reflections
with the Ewald sphere manifest as different shape diffraction peaks on
the two-dimensional X-ray detector

are oriented along z but randomly oriented along x and y. Due to the anisotropy of
the q,, rotating, the sample will give the same signal on a two dimensional x-ray
detector, namely, ideally a point. The geometry reported in Figure 2.4 middle.

In the third scenario, the reciprocal the Bragg reflections will be represented by con-
centric spheres. Where the radius is given by the total g = /4% + 47 + 42. In this
case, the crystals are oriented randomly along with all direction and can be rotated
arbitrarily about an axis parallel to the incident beam, so the intensity scattered in a
cone [82]. The signal on a two-dimensional detector will be rings since since it is the
shape obtained by intercepting two spheres. These rings are called "Debye-Scherrer
rings".

The energy of the X-ray beam determines the radius of the Ewald sphere. There-
fore, for example, a higher energy will have a bigger Ewald sphere, therefore a more
"flat" surface intersecting the reciprocal lattice of the crystals. More information is

reported in the literature, as example [83].

2.2.2 Grazing Incidence X-Ray Diffraction (GID)

When examining a crystal interface in Bragg geometry, the incident and scattered
wave vectors lie in a plane perpendicular to the interface. When the incident and
exit angles are varied, an intensity maximum can then be observed if the Bragg con-
dition 2.14 is satisfied. However, this method does not provide information about

12



2.2. Xray scattering

Figure 2.5: Grazing incidence diffraction geometry. The incident angle is usually on
the order of the critical angle of the interface under investigation. The
detector collects the intensity at different angles either in plane 6 or out
of plane .

the planes perpendicular to the interface. However, by choosing a very shallow
angle of incidence and rotating the sample about the vertical axis, the Bragg geom-
etry can also be applied to these planes. Because of the slight incidence angle, this
method is called grazing incidence X-ray diffraction (GIXD or simply GID).

The geometry of the experiment is shown in Figure 2.5.

When the incidence angle is smaller than the critical angle (x < a, (see 2.2.4)) a
total reflection occurs. However, this is only correct under the assumption that the
entire intensity is directly at the interface z = 0 is reflected. Part of the incident wave
propagates perpendicular to the surface by a few A to nm, depending on the critical
angle, the penetration depth I'c can be approximated A, ~ 211 [84]. This portion of
the wave is called evanescent wave. The amplitude of the evanescent wave decays
exponentially into the material [85-87]. The penetration depth for angles is « > a. in
the micrometer range [77]. The dependence of the penetration depth on the angle of
incidence can therefore be used to adjust the surface sensitivity of a scattering exper-
iment [88, 89]. In this way, it is possible to obtain information about the structure of
a layer adsorbed on the liquid surface and to keep the contribution of the undesired
scattering by the liquid volume below.

In the case of scattering under grazing incidence, the detector is allowed to move
along 6 and B (Figure 2.5). In this way, components of the scattering vector g in
the x-y plane parallel to the sample surface are obtained. Complementary to the
reflectivity measurement, information about the lateral structure of the surface can
be captured, and films grown on substrates can be investigated for lattice constants,

crystallite size, and deformations [90].

2.2.3 Liquid structure factor

In contrast to the crystalline solids, liquids do not have a long-range order. On short
length scales, however, there is a local order that is caused by the interaction of the
liquid particles with one another. Even in a simple model in which the particles are
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Chapter 2. Liquid interfaces and characterization

Figure 2.6: X-ray reflectivity geometry. The incident angle « is equal to the exit angle
B where the intensity of the specular beam is collected by the detector.

hard spheres with a radius r and the simplistic repulsive interaction potential is zero
when the distance is greater than r and infinity when the particles are closer then
its radius (hard sphere). Each particle has a shell of the particle around itself, and
therefore the distance between them is 27 [91]. Therefore, the radial distribution
function G(r) of the particles has maxima at approximate multiples of 2, localiz-
ing them with r decreases. Analogous to the crystalline structure factor, a liquid
structure factor is defined as a Fourier transform of G(r). When a liquid scatters
an X-ray beam, the liquid structure factor produces broad, ring-shaped diffraction
maxima. The structure factor of water can also be simplified to this model [92, 93].
Let’s take the radius of the water molecule r ~ 1.4A, the expected maximum of the
structure factor in g-space is qs¢(y,0) = %—7: ~22A7". So an increase in scattering is
expected in this region. In all X-ray diffraction and X-ray reflectivity measurements
on liquids, the maximum caused by the liquid structure factor can be observed as

the background intensity, which must be subtracted from the raw data.

224 X-ray reflectivity (XRR)

From X-Ray Reflectivity, information on the electron density profile of the surface
normal can be drawn, therefore details of a layer thickness when present, density
and roughness of the interface. The experiment is performed by recording the spec-
ular reflected beam intensity as a function on the angle of incidence « equal to the
exit angle B. The geometry is shown in Figure 2.6.

The reflectivity is define as the specular intensity normalized by the incidence beam
intensity (primary beam), R(a) = I(«)/Iy. From the relation introduced in 2.7 one

o= =sin (5 8) = Hsinte)

can define:

A A

and therefore define a R independent of the wavelength, namely R(g.). Naturally,
the reflectivity strongly depends on the refraction index of the two media at the

interface.
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2.2. Xray scattering

Index of Refraction

When an electromagnetic plane wave hits an interface, a portion of the intensity is

refracted into the medium, and a part is reflected (Figure 2.3).

The changes can be accounted by considering the refractive index n(r), that for x-
rays is [69]:
n(r) =1-46(r) +ip(r) (2.15)

Where J being the dispersion, B the absorption and r describe a point in space. It
should be emphasized that for X-rays, é(r) is always positive and therefore n < 1.

Now if we consider j atoms per unit volume of a material [69]:

/\2 N f]O —|—f]/
0= e L 2.16)
and , v
_A i _ A
B(r) = ol p(r) j}; 7 = EV(Y) (2.17)

with r, = €2/ (4megmc?) = 2.814 x 1075 A, the total number of electrons Z = %iZj,
the electron density p, the linear absorption coefficient (7). f° is the form factor and
f" and f" are the dispersion correction of it. Those quantities are g-dependent and
it has to be considered whenever measurements over a large g region are analyzed.
However, in the region where glancing incident and exit angles is small (small g),
f]Q ~ Zj. In the case of a homogeneous medium and far away from absorption
edges, one may simplify the expression for the refractive index to:

2 )\2

n(r)y=1- ;\—n rep(r) +i in u(r) (2.18)

From the equation 2.18, it can be seen that n is proportional to the scattering length
density (SLD) of the material , SLD = r, p. That is valid for the region away from
the absorption edge. There the index of refraction changes abruptly.

Critical angle

Let us consider a single vacuum/medium interface, a electromagnetic plane wave
propagating in vacuum falling onto a perfectly flat surface of a material with index
n, with incident angle «; and exit angle a;. The refraction law gives:

COS (j = NQCOS Ky (2.19)

When a; = 0, &; = a is called critical angle. If a; < a. then the intensity is fully
reflected: total external reflection. Therefore the formula 2.19 becomes:

CoS k. = Ny (2.20)
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In the case of small angle and neglecting the absorption, by using the Taylor expan-
sion for cosine and by the formula 2.16 and 2.18, we obtain:

RNy = we &= /20 (2.21)

2
1- %
2

For the interface between two different media A and B, the critical angle results from:

Ne = 2(5A — (SB) (2.22)

When 64 > 5.

2.2.5 Reflectivity of ideal Interfaces

The X-ray reflectivity of an ideal perfectly flat interface between two semi-infinite
media is described by the Fresnel equation.

In reciprocal coordinates, the Fresnel reflectivity is given by [94]:

17'[2
4. — /2 — g2 — TP
gt — - 321”25

Rr(qz) =

(2.23)

where g, = 47” sin a,

The absorption factor is most important at a shallow angle as it can be seen in Figure
2.7).
Unfortunately Fresnel reflectivity fails to describe an actual interface.

2.2.6 Reflectivity of real Interfaces

A real interface is not abruptly flat. Instead, it has an intrinsic roughness and the
distribution of electrons around the atoms, which are described by the atomic form
factor [95]. Both cause a weakening of the specular reflectivity. The roughness con-
tribution ¢ can easily taken into account by considering a "Debye-Waller-like factor"”
[94] exp { i ] So that the reflectivity of the simple slab model can be described as
[96]:

R(g:) = Rp(qz)exp[ fizz } (2.24)

Some example of how roughness absorption affect the reflectivity is reported in Fig-
ure 2.7. Where the absorption coefficient p was changed from 0 to le-7 and the
roughness ¢ was changed from 0 to 1 A. Taking into account this small consid-
erations, the model 2.24 works for simple interfaces, for example water-vapour as
shown in Figure 2.8), where the absorption at 18 keV is on the order of 5e-10 and the

roughness for the given resolution is about ¢ = 2.57A.
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Figure 2.7: Left: Effect of the roughness on the reflectivity. Solid red curve show the
reflectivity profile of a perfectly flat surface, dashed blue with a rough-
ness of 1 A. Inset: electron density profile of the interface with the same
color code for comparison. Right: the effect of absorption. Red with no
absorption (B = 0, dashed blue line with B = 1e — 7). Inset zoom view
of the low angle region to display clearly the effect, dashed-dotted line
indicate the critical angle position.

In the previous section 2.2.5 the reflectivity of an ideal surface has been discussed.
In this part we want to find a model able to describe any interfaces, an in particular
liquid metal-electrolyte interfaces.

A reflectivity from a not ideal surface, with multiple layer for example, can be de-
scribed using a recursive Parrat method [97]. This method takes into account re-
fractions and multiple scattering processes. The main idea of this method is to slice
the substrate in m layers, each with a refractive index n,,. This method gives exact
results down to the region of the critical angle. The problem is that it can be very
computational heavy depending on the chosen widths of the layers. Moreover using
this approach define a model and justify the different parameters are often complex.
In the region of g, > q. where the scattering cross-section is small, refraction and
multiple reflection can be neglected, and the reflection coefficient at each interface
is proportional to the difference of electron density, the reflectivity can be described
in the kinematic approximation. Taking into account the position dependency of
the electron distribution at the interface, which leads to a phase shift of the reflected
radiation, and neglecting the diffuse scattering. The approximation results in the
following description of the reflectivity, called Master formula [77]:

2

(2.25)

R(g:) 1 de@) .
RF<qz>"q’(”’z)'2“pr/ i 0

Where p(z) describes the averaged density profile normal to the interface, Ap is the
difference in electron densities of the two phases at infinity, ®(g. ) is the structure fac-
tor. Note that R(g,) depends on the square of the absolute value. Meaning that all

phase information is lost in an X-ray reflectivity measurement. A unique solution of
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Figure 2.8: X-ray reflectivity of water-vapour interface. Data recorded at 18 keV with

LISA diffractometer at DESY (beamline P08). Red line show a fit with
roughness 2.57 A. Inlet the electron density profile generate from the fit.

the formula 2.25, does not exist [98]. Here lies one of the difficulties in interpreting
X-ray scattering data. Based on physical assumptions, a model for (p(z)) has to be
found. From there by calculating |®(qg;) * the XRR data can be fitted. In the con-
struction of the electron density profiles, it has been neglected that only the position
of the atomic cores is described by the models given. However, the scattering of the
X-rays takes place at their electron shell, so the distribution of the electrons around
the atomic cores must be taken into account. That can be considered by convolution
of the model with the Fourier transform of the atomic form factor introduced before.
That describes the distribution of electrons within the atom. The actual electron den-
sity distribution of a phase is then given by:

p(z,A) = F(z,A) @0/ (2) (2.26)

Now by using the Master formula 2.25 and keeping in mind the derivative of a con-
volution is the multiplication of the derivative:

(o) I
o(g:) = [~ L o a
— [ (FEn @ o)) e
_ oo @ iq,Z
_/_OOF(Z,A)®5Z€ dz

= 8(q2,2) / ‘;ﬁeiqﬂdz.

—o0 0Z

(2.27)

The function g(gz,A) is the atomic form factor corrected by the dispersion term
f' +if" [77], such that ¢(q.,A) = f°(gz) + f'(A) +if"(A) . Value for analytical
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2.2. Xray scattering

approximations of f°(g.), f'(1) and f”()A) can be found in database such as [99] or
online databases [100, 101]. So for each element we want to describe the reflection
R(g-) with the its electron density profile p(z), we need to consider different g(g., A)

functions.

X-ray reflectivity on liquids

Capillary waves has been already introduced in section 2.1.3. Those waves are al-
ways present on a liquid surface/interface. Capillary waves cause fluctuations and
therefore a change of height of the surface or interface and its potential energy.

This leads to a further contribution in the roughness of the system, it can be demon-
strated that the contribution of the capillary wave roughness is described by [78]:

K, T
R e Gmax
Oow = <27T’)’> In (%m‘n) (2.28)

Where K} is the Boltzmann constant, T the temperature of the system, - the surface
tension, g4y the highest wave vector achievable, and it has given by g = 271 /a
(with an atomic or molecular diameter) and g,,;,, is dictated by the instrumental res-

olution. Thus, the overall roughness is then [78]:

07 = ag + By (2.29)
In this thesis, only ¢; will be considered. Where it describes the overall contribution
of intrinsic and capillary wave roughness.

Distorted Crystal Model

From equation 2.25 and 2.27 is clear we need to find a model to describe p(z) in order
to explain the experimental behaviour of R(g;).

For metals, the electron density profile essentially coincides with the density profile
of the ion cores, since most of the electrons are localized in these.

In order to describe the mercury-vapor interface and liquid metal in general, the
distorted crystal model (DCM) was introduced [56]. The DCM describes the strati-
fication of the atomic layer near the surface. As the sum of layers broadens as goes
to the bulk, the distance from the interface increases. In general those layer are de-
scribed by a sum of Gaussians, with the width og the nt" layer being:

on = \/ 0+ no? (2.30)

From equation 2.30 we see two terms: ¢;, common to all the layers and a growing

part \/n 0, to model the decay and broadening of the Gaussians. The amplitude of

Pim
o2
metal”. The distance between each layer is d, typical of the liquid metal. n = 0

the the layer, as a function of n is d , Where the appendix Im refers to "liquid

19



Chapter 2. Liquid interfaces and characterization

100.
1.2F

1.0 r
1072f A 08 A
N o i

Q

\%
. 0.4} !
1074} :

« :
1076} °
1078}

0.0 0.5 1.0 15 2.0 2.5
q-[A71]

Figure 2.9: Simulation of different reflectivity profiles. Red: unmodified distorted
crystal model, it shows a "quasi Bragg-peak" around g, ~ 2.15 A due to
the atomic layer stratification of liquid metals. dashed lines: black slab
model with no roughness, blue with a roughness of 1 A. Inset: electron
density profiles describing the reflectivity curves

describe the interface, the top most layer of the liquid metal.
The electron density profile of a liquid metal could mathematically be described as:

Olm (z—nd—zp)?
exp e

ppcm(z) = Fim © ) (2.31)

=0 On V21T

Where F,, is the Fourier transform of the atomic form factor of the liquid metal, and
for simplicity, zg is set to 0. It means that the interface of the liquid metal, or first
layer, is set to 0 along the z axes.

The density preservation is achieved by multiplying the Gaussian functions with the
layer spacing d. Such that at infinity, the density is equal to the bulk density of the
liquid metal. Moreover, this model can reproduce the liquid metals’ x-ray reflex-
ivity peculiarity, namely the so-called "quasi-Bragg peak". Maximum positioned at
z,peak = % with 7 the atomic radius of the liquid metal, constructive interference
from the atomic laying.

A plot of a comparison between the DCM model and a error function is shown in
Figure 2.9. Equation 2.31 is a simplification of the model used in this thesis.

Liquid metal like mercury does not follow the unmodified DCM, in particular in the
g region smaller than 1.5 Afl [56, 58-60, 102], where the intensity is lower as would
the model prediction.

So it has been modelled by including a Gaussian layer with a width ¢, at position
z,4 over the first layer of the DCM with a significantly lower electron density p,; than
the other layers. The additional layer’s origin is generally attributed to an impov-
erished or incomplete mercury layer [58]. In this thesis the nature of the additional
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2.2. Xray scattering

ad-layer was attributed to Hg, therefore convoluted with its Fourier transform of the
atomic form factor (Fyg).

In this work liquid metal immersed in an electrolyte was studied. To account for
the second phase, an error function with density pp,0, position zy,o and roughness
om0, convoluted with the Fourier transform of the form factor of water (Fy,0) has
been employed. Due to the low concentration of electrolytes used, the assumption
of considering only water is justified.

Thus a modification of the DCM called "ad-layer model", results to be :

p{z)) = Ppbcm\Z Qad,Hg\Z Pelectrolyte\2 .
(p(2)) (z) + (z) + (z) (2.32)
In the specific:
_ o o[ (z—nd)?
N FHg@{nZo e |-
Pad (Z - Zud)2
—_—— 2.
* Tad V27T P [ 202, ] } (2.33)

szO Z_ZHzo
T Fyo® 4 PO [ opf |2 2H0
2 { 2 < [%oﬁ])}

By inserting eq 2.33 in eq 2.25, one obtain the surface structure factor:

¢(9:) = ! {fqug(”/z) + fhg | exp <—%)

g0\ Zne ff{g iq:dpHg (1 —exp (i god — q%;f >)

4 . . 92 0py
Gz 0ad €Xp | =19z Zad >

n f?lzo(fh) + fi,0 |:_PH o exp <iq o 7> (THZO):|
ZHg +f1/‘120 ’ : 2

(2.34)
Where f 0 js the atomic form factor, f' the anomalous dispersion factor [103] and Z Hg
is the atomic number of Hg. It is possible to obtain similar results by modifying the
very first layer of the stacked described in the DCM. In particular, the amplitude (o)
and move the DCM into the bulk liquid by a distance (dy). This idea is also based on
some theoretical works [47, 104]. This model is described in [78] and it is similar to
the model developed by Runge et al. [60], and it is named "one-bump model" or more
commonly "first layer model". The general electron density is:

<p(Z)> = PDCM,, (Z - df) + pf,Hg(Z) + pelectrolyte(z) (235)
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}

d 2
+ /07 exp [—Z] (2.36)

PH,0 Z —ZH,0
+Fr,0 ® 1—erf | ——
’ { 2 ( [ ‘THZO\@] > }

Here the interface (z = 0) is centred at the first modified layer. This first layer has

The electron density profile in details is described as:

(o(2)) = FHg®{ 5P e [_W

amplitude dy - pr and it is shifted from the other stack by d; and the width is fixed
to be ¢;. In this model the ¢ of the m" layer ¢, differs from o, (eq 2.30). Here
Om = \/ O'iz + (m+1) ag . But as the other models the ¢ at the interface (z = 0) is

described by 07, in the second layer (m = 0) ¢ = {/0? + ¢¢ and son on.The surface
structure factor for the "first layer model" is:

93 (o7 +0)
! {f%g<qz)+fﬁg o exp (—H5)

19:dpn
PHg —Pr0 | ZHg + fhg S (1 — exp (i god — 2

P(q:) =

2 2
+iqzppdyexp <_q220>}

fho(a2) + fino . q2 01,0
P 0 [ poos (inmo — £ )]

(2.37)

Using this model to fit experimental data gives almost identical results of the ad-
layer model.

An example is reported in Figure 2.10. Where the same result can be obtained
by changing the ad-layer parameters (p,s and z,4) and the first layer (of and dy).
Namely, a decrease of the very first layer is equivalent to a small accumulation of
density at the interface. The other parameters common to both models, differ in
less than 2%. In this thesis the ad-layer model was used to describe the interface of
mercury immersed in different solutions, where the main focus of study was the for-
mation of ad-layer/crystal on the liquid metal surface. Instead to model Hg-alloy
the first-layer model was used, since the primary effect observed was on the first
layer of the liquid metal.

The surface structure in of the ad-layer model (eq 2.34) and first-layer model (eq 2.37)
were then used to fit the experimental XRR data. Considering that, there is an ana-
lytical solution of the master formula, it is convenient to use it, instead of calculating

the numerical solution of the Fourier transform for each fit.
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Figure 2.10: Comparison of two different variations of the distorted crystal model.
Red the so-called "ad-layer model", Dashed blue: "first-layer model". On
the left a simulated reflectivity profile normalized by Fresnel reflectivity
with no appreciable difference in the models. Right the electron density
profiles plot related to the reflectivity. The slightly different description
of the interface gives the same result.

Reflection from a thin layer

In the previous sections, it has been introduced the reflection of an x-ray beam on
an interface. Nevertheless, the behavior is different whenever there is a thin layer
between the two phases.

As we know, the beam hitting the layer is partially transmitted and partially re-
flected. The transmitted part penetrates the layer and gets reflected from the phase
below Figure 2.11. The coherent superposition of the two reflected waves leads
to constructive and destructive interference, meaning oscillations in the reflectiv-
ity profile, due to the g, dependence of the phase difference of both waves [105].
The oscillations are also called "Kiessig fringes". The thickness of the layer can be
estimated by the period of the oscillations [94]:

27

Ad =
Aqg,

(2.38)

Therefore the period of the fringes is directly related to the thickness of the layer.
Instead, the electron density contrast between layers determines their amplitude.
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Figure 2.11: Representation of the scattering vectors on a surface when a thin layer
is present.

2.3 Electrochemical principles and methods

This section will treat some of the basic principles of electrochemistry and the infor-
mation needed for this thesis. For more extensive and in-depth information, refer to
[106-108]

2.3.1 Electrochemical system

Electrochemistry is defined as the branch of chemistry that examines the phenom-
ena resulting from combined chemical and electrical effects.

In an electrochemical system, the focus is to investigate the processes and factors
affecting the reactions at the interface between chemical phases, for example, an
electronic conductor (electrode) and an ionic conductor (electrolyte). The overall
chemical reaction taking place in an electrochemical cell is made up of two indepen-
dent half-reactions, one on the cathode and one on the anode; a general example is:

Oxidation half-reaction of an ion Z~:
- —wZ+e” (2.39)
Reduction half-reaction of an ion Y+:

Yr4+e =Y (2.40)

Usually, the interest is in only one of these reactions. The electrode where it occurs
is called the working electrode (WE). The current flows between the working elec-
trode and a second electrode, the counter electrode (CE). Charge transport in the
electrodes occurs via the motion of electrons (or holes), instead charge transport in

the electrolyte occurs via the movement of ions (positive and negative). It is possible
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Figure 2.12: Scheme of an electrochemical cell in three electrode configuration.

to investigate the reactions as a function of potential by applying an external volt-
age.

The processes are usually strongly dependent on the potential, but the reactions
can themselves influence the potential across the interface of the working electrode.
Therefore a reference is needed. This role is covered by a third electrode called the
reference electrode (RE). This electrode has a fixed chemical composition where the
reactions occur at a constant potential. It has a role of reference in the potential of the
reaction. The potential is applied between RE and WE through a potentiostat, able
to control the voltage between the two electrodes. All these elements together form
an electrochemical cell: three-electrode configuration like shown in Figure 2.12. Two
electrode configuration is possible when the CE also acts as RE.

In this thesis, only the three-electrode setup was utilized. In general, in an electro-
chemistry cell, two types of electrochemical reactions can occur: ion transfer reaction
and electron transfer reaction. In the fist one, the charge of an ion of the electrolyte is
reduced at the interface of the electrode. As a result, the ion is adsorbed at the elec-
trode or becomes part of an alloy with it, e.g., mercury amalgamation of metals (for
more details see 2.3.6). The reverse process, in which the charge of a particle previ-
ously bound to the electrode is increased so that it is released into the electrolytes, it
is also an ion transfer reaction. An example of an ion transfer process is the reduc-
tion of a species A during adsorption at the metal electrode where z electrons are
involved:

A" (solution) + ne” = A(WE) (2.41)

Eq. 2.41 can lead also to a deposition. This technique is also called "electrodeposi-
tion". More details are explained in section 2.3.8.

In the electron transfer reactions, an ion exchanges one or more electrons with the elec-
trode without being adsorbed:

A" (solution) +ne~ = A(solution) (2.42)

Since electrons can bridge a certain distance through tunnel effects, the ion does not
have to contact the electrode directly.
In general two families of the process can be described. One, in which charges are
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transferred across the interface (electrode-electrolyte). The electron transfer causes
reduction or oxidation to occur. This process is called "faradaic processes", where the
amount of chemical reaction caused by the flow of current is proportional to the
amount of electricity passed, governed by Faraday’s law.

In other processes where the charge does not cross the interface, external currents
can flow (at least transiently) when the potential, electrode area, or solution compo-
sition changes. These processes are called "nonfaradaic processes". Examples could be
absorption and desorption. More complex reactions are also possible as a combina-
tion of them. Under equilibrium conditions, the resulting electrical current through
the electrode is determined by the speed of the slowest sub-process.

Let us consider a faradaic process either eq. 2.41 or 2.42, given the concentration
of A, [A] and of A™F, [A""], with n electrons involved. The equilibrium potential,
respect of the standard hydrogen electrode, can be calculated through the Nernst

¢ RT A
ESi 4= Eo— Eln ([ll”]*]) (2.43)

equation [106]:

Ey is the equilibrium potential of the reaction under standard reaction conditions,
usually tabulated as standard potential of a given reaction. T is the temperature, R
the gas constant and F the Faraday constant. The deviation of the electrode potential
from the equilibrium potential E — E%/,, /4 1s called overpotential 7. The existence
of overpotential implies the cell requires more energy than thermodynamically ex-
pected to drive a reaction. Some reasons for the overpotential could come from the
system’s electrical resistance or the resistance of ion’s ability to transfer to the sur-
face due to diffusion or electrostatic forces at the interfaces. But commonly the most
important reason rely in the charge transfer kinetics.

2.3.2 Electrochemical’s interface structure

When an electrode is immersed in an electrolyte, the so-called "electrical double
layer" is formed at the interface. The surface of the electrode is charged; conse-
quently, the first layer of the electrolyte compensates the free charge with the op-
posite one. A series of layers could explain the structure formed. The first one is
with solvent molecules and other species, ions or molecules, specifically adsorbed.
This layer is called "Helmoltz" or "Stern layer". The place where the first layer is
centered is called the "inner Helmoltz plane" (IHP). Solvated ions of the electrolyte
are outside the IHP. The locus of these nearest solvated ions centers is called the
outer Helmholtz plane (OHP). Beyond this plane, we have the region called "diffuse
layer". The schematic description is reported in Figure 2.13.

The overall charge neutrality of the system can be described by ¢° = ¢ + ¢4 = —¢M

where ¢/ and ¢ is the charge density (4C/cm?) of the inner layer and of the outer
layer respectively, o the charge density of the electrode (Figure 2.13). This structure
can be seen as a voltage-depended capacitor, called "double layer capacitor”. As a
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Figure 2.13: Representation of the electrical double layer

differential capacitance, it is defined as the derivative of the surface charge density
oS with respect to the potential E: C = dE [106].
The potential of zero charge (PZC) is the potential at which the capacitance of the

double layer is zero (in particular ¢° = 0).

2.3.3 Electrocapillarity

Away from the PZC, anions or cations are attracted on the surface due to their po-
larization. That creates forces acting on the electrode surface, which for liquid elec-
trodes, leads to a deformation of the interface, and thus a change of the surface
energy y. This effect can be described by the electrocapillary equation, considering
a surface charge density o, the surface excess of absorbed molecules at the interface
I' and the chemical potential of individual species at the interface y [106]:

dy(E,u) = odE = Y T} (2.44)
i

Eq. 2.44 can be derived from the Gibbs adsorption isotherm by taking into account
the Gibbs-Duhem equation, which describes the relationship between the changes
in the chemical potentials of different species of a thermodynamic system.

As described in eq 2.28 the capillary wave roughness is directly related to the surface
tension, which means that the roughness changes as a function of potential.

2.3.4 Mass Transport Mechanisms

We have already introduced "faradaic processes" and described them. Nevertheless,
it has not been considered that reactions occur locally on the electrode. The species
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participating in the reaction need to be transported to the surface of the electrode.
This process influences the current in a electrochemical system. In particular, it is

dependent upon two things [109]:

1. the rate at which material travels from the bulk of the electrolyte to the elec-
trode, "mass transport"

2. the rate at which electrons can transfer across the interface, or "charge transfer
kinetics".

These processes are entangled together in the flow of current. Furthermore, there
are three mass processes that could occur [106]:

¢ Diffusion: spontaneous movement of any substances due to a concentration

gradient
¢ Migration: the movement of charged particles due to an electric field
¢ Convection: movement due to an imbalance of forces on the solution.

Convection processes in electrochemistry are essentially the movement of solution
species, like stirring or flowing electrolyte. However, this process is not relevant for
the experiments performed in this thesis since steady solutions was used.
The migration contribution is proportional to the charge of the ion, the ion con-
centration, the diffusion coefficient, and the magnitude of the electric field gradient
present. Thus can be effectively eliminated by increasing the conductivity of the so-
lution, namely the ion concentration. It is typically done by inserting a "supporting
electrolyte”, a substance that does not affect the reactions under investigation, but
increase the conductivity of the solution.
The diffusion contribution is related to the concentration gradients that directly re-
sult from the reactions at the electrode’s surface. At the interface, under reaction
conditions, the concentration of the reactants decreases while the concentration of
the products increases.Therefore, the overall reaction rate limit is the rate at which
the reactants diffuse to the interface. In this case, the total mass transport or flux is
described only by diffusion by Fick’s laws [110].
The flux F can then be related to the observed current i at the working electrode with
area A (cm?) by [107]:

= i —uFD (%i’)xo (2.45)
Where D is the diffusion constant (cm?/s), and C; is concentration of the species
(mol /cm®). Such a reaction, in which the diffusion rate alone determines the course
of the reaction, is called "diffusion-limited".
In this thesis, this process was predominant in the reactions treated.
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2.3.5 Absorption

The process in which molecular, atomic, or ionic species of one substance accumu-
late at the surface is called adsorption. It is called adsorbate, the substance which
gets absorbed and adsorbent the substance on which absorption occurs.

There are two types of absorption. When the excess charge at the interface is only
caused by long-range electrostatic forces such as van der Waals forces and it is only
dependent on the radius and the number of charges of the ions, but not depending
on the chemical species, this is referred to as "non-specific adsorption”, also called
"physisorption".

The adsorbate is in solution, therefore surrounded by a solvation shell made of water
molecules. The ions might strip off their solvation shell and form a chemical bond,
i.e., a covalent or metallic bond with the electrode. In this case the process is known
as "specific adsorption" or "chemisorption". It occurs preferentially with anions since
they have comparatively low solvation energies [111]. But in an electrochemical en-
vironment, the strength of the chemical bond between the anion and the electrode
can be adjusted by varying the electrode potential [112, 113].

Neutral molecules can also adsorb on an electrode surface and then directly or indi-
rectly influence Faraday processes.

The ratio of occupied adsorption sites on the electrode to the total number of ad-
sorption sites is determined by the degree of coverage ®. Consider the adsorption
of a species A with concentration c4 in the bulk of the solution. The variation of the
coverage © with ¢4, keeping all other variables fixed, is known as the adsorption
isotherm. Adsorption isotherms can be described as the adsorption of substances
at interfaces. In the simplest case, single species ions adsorb on the electrode, and
the interaction between adsorbed particles can be neglected. Such a process can be
described by Langmuir isotherms [107]. There are different types of isotherms. The
description goes beyond the interests of this thesis.

In many cases, however, adsorption processes are more complex, e.g., the interaction
of the adsorbed particles cannot be neglected, or adsorption of several species takes
place simultaneously (so-called coadsorption).

Another example of coadsorption is the adsorption of one species, which is only pos-
sible through the previous adsorption of another species. Another situation could be
when electrochemically inactive substances are adsorbed, an insulating layer forms
on the electrode surface (inhibition) [114]. Nevertheless, redox reactions often occur
even at such interfaces due to tunneling processes through the adsorbate layer or at
defect sites.

On the other hand, an adsorbate layer can also catalyze other reactions, for example,
the oxidation and reduction of many cations are accelerated by small amounts of
adsorbed anions [115]. The ability of an ion or molecule to adsorb depends, among
other things, on the electrode potential, the type of bond formed, the solvation shell,
and the charge.
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2.3.6 Amalagamation of metals in Mercury

Many metals can form an alloy with mercury [116]; notable exceptions are iron, plat-
inum, and tungsten. These alloys are called amalgams. If we use mercury as an
electrode, metal ions can diffuse into the liquid mercury under the surface. In an
electrochemical cell, this could be controlled by the applied potential. For example,
when a negative potential is applied to the mercury electrode, metal cations M"" can
pass through the electrochemical double layer and penetrate the mercury electrode,
where they are reduced:

M"™ +ne” = Mpq (2.46)

The amalgamation reaction described (eq 2.46) is nothing more than a redox reac-
tion and can be characterized by cyclic voltammetry (details about this method are
explained in the following section 2.3.7).

Another example of amalgamation is when ions dissolve in a liquid metal due to
the solubility of the two components. Once inside the working electrode, the species
could nucleate and start the growth process and only after emerging at the surface.
This is a particular example that happens in the case of electrodeposition of Ge using
a Hg or Hg-alloy as working electrode [12, 21, 117].

2.3.7 Cyclic voltammetry

Cyclic voltammetry (CV) is a powerful electrochemical technique commonly used
to investigate the redox processes of molecular species. CV is also invaluable for
studying electron transfer-initiated chemical reactions, including catalysis or syn-
thesis, which provides information about the thermodynamics and kinetics of these
reactions [106].

CV is performed by applying a repeated triangular shape potential oscillating be-
tween two turning points while monitoring the current flowing between electrodes.
The essential parameters for a CV are the turning points and the scan rate: the rate
of voltage change in the ramp. An example of a CV is reported in Figure 2.14.

The cyclic voltammogram shown in the Figure 2.14 describes a system in which
a redox reaction occurs. The two symmetrical current maxima are characteristic of
such a reaction. From the positions E, of the anodic maximum and E, of the cathodic
maximum the equilibrium potential can be calculated [119] as E®T = %(Ea +E;). In
the case of a reversible reaction, the two current densities J,, and ], are equal, and
their amplitudes are not measured absolutely, but relative to the zero line of the scan
direction, as shown in Figure 2.14. The current densities J,, and ], depend on the
scan rate and the processes. By systematically changing the scan rate, conclusions
can be drawn about the type of processes taking place [120].

At room temperature the absolute difference between E, and E. for reversible one-
electron reactions is about 58 mV [119], this value can be obtained from the Nernst
equation 2.43. For a process in which n electrons are involved, the distance between
the maxima peak-to-peak separation is 58 / n mV. However, this is only the case if
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Figure 2.14: Cyclic voltammogram of a 1 electron redox reaction, simulated with
[118]. On the graph are reported the current peaks ], ; and ], and equi-
librium potential E*.

all parts of the reaction take place at the same potential. In the general case, a super-
position of several maxima is obtained, whereby the distance between the cathodic
and anodic maximum can no longer be specified [121].

A current not equal to zero can be observed positively and negatively of the redox
maxima. The charging of the double-layer capacitance causes a small part of this
current. However, the most significant contribution comes from the ongoing reduc-
tion or oxidation, which is limited in these areas by transporting the reacting species
to the electrode interface. More details on CV can be found [119, 121, 122].

2.3.8 Electrodeposition

Electrodeposition denotes nucleation and crystal growth in electrochemical systems
under the influence of an electric field [123]. Crystallization commonly occurs at
the interface between an electronic conductive substrate and an ionic conductive
electrolyte. Usually, it is possible to divide the process into three stages:

¢ Formation of adatoms on the substrate via absorption

* Nucleation: first stages of formation of two-dimensional and three-dimensional

phase via phase transition
¢ Crystal growth of the 3D bulk phase of the deposit.

Contrary to other synthesis techniques like in vacuum (physical depositions) or
chemical vapor deposition, the electrochemical synthesis is influenced by properties
of the electrolyte phase that strongly affect the structure of the substrate/electrolyte
interface and the kinetics of the process. Factor to consider are, for example, pH and

concentration of solution.
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The classical deposition mechanism is based on the interaction between deposit (D)
and substrate (S). In particular, it can be divided into two main modes:

¢ The binding energy of the adatoms on the substrate is lower than the energy
between the adatoms and D. Consequently, it is favorable to have an "island
growth mode". The deposition starts on different substrate sites and eventually
covers the working electrode. It is also called the "Volmer-Weber mechanism".

¢ The binding energy of the adatoms on S is higher than the energy between the
adatoms and D. Then a two-dimensional phase can be formed. Multilayer ar-
rangements could take place depending on the misfit between the 2D deposit
and the substrate:

— If the mismatch is negligible, the 3D crystallites are epitaxially oriented
followed by a layer-by-layer growth or "Frank-van der Merwe mecha-
nism".

— If the misfit is significant, there is a considerable internal strain on the
2D structure. This leads to unstrained 3D crystallites (island) formation
and growth on top of the 2D layer. This process is called the "Stranski-
Krastanov" growth mode. Usually, the mismatch between 2D and 3D
structures is removed by dislocations.

The process described depends on the kinetics of nucleation and growth and other
parameters of the reactions. Therefore real physical systems may behave differently.
New theories and considerations are still under investigation [124]. However, it is in-
teresting to see how the Stranski-Krastanov mechanism cannot happen with a liquid
substrate (from a strict point of view) since there is no mismatch between substrate
and deposit. Moreover, for heterogeneous nucleations the possible nucleation sites
on a solid substrate are steps, kinks, defects, vacancies. That would lead to defects
in the deposit. This can be avoided on liquid working electrodes.

The growth on liquid substrates is a relatively new technique [12, 117], and a well-
established theory is not developed. Further considerations have to be taken into
account. Liquid metals can act as a solvent for precursors, and therefore adatoms
can be found inside the liquid metal instead of on the surface. Nucleation, the first
stage of growth, may start in the bulk of the substrate, as suggested in [12, 117]. This
phenomenon is also treated in Chapter 6.

To perform electrodepositions, only an electrochemical cell is needed (either two or
three electrodes). The working electrode acts as a substrate where the deposition oc-
curs. The potential drives a reaction where an element M"* in solution gets reduces:

M+ e — MY (2.47)
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As introduced before, the reaction 2.47 occurs at the potential E°, the thermodynamic
potential of the reaction. Like most of the electrochemical process, the reaction 2.47
occurs at the surface of the working electrode when M"™ is in contact with the sub-
strate. For this reason, the reactions involved in the discharge process are the trans-
port of hydrated ions towards the cathode surface, the diffusion in the Helmholtz
layer, followed by adsorption of the ions as adatoms at the electrode surface and
then the nucleation of the deposit [125].

As mentioned before, this effect is typical of a solid substrate, but for liquid metal
substrates or liquid substrates in general, atoms or molecules can be dissolved into
the working electrode, like an amalgamation of metals in mercury (see 2.3.6).

If during the deposition process there is no other reaction in parallel besides reaction
2.47, in principle, it is possible to calculate the amount of material deposited by just
measuring the current in the electrochemical cell.

By assuming that all the MY ions reduced at the surface of the working electrode
stick to this surface, the total amount of electrodeposited material can be calculated
from the charge Q (in coulombs), which represents the product of the total amount
of electrodeposited atoms N times the charge of n electrons Q = Nne. Where
e = —1.6 x 10719C and Q can be calculated from the integral of the current I = I(t)

as a function of time:
Q= / 1(t) dt (2.48)

In order to calculate the thickness of the deposit &, the surface area of the electrode
A is need it. Then the thickness can be calculated as [126]:

MQ

" ndAN,e @8)
Were M is atomic weight of the deposited elements, d is the density of the material,
and N, is Avogadro’s number (the number of atoms in a mole, equal to 6.02 x 10%).
This calculation is a good approximation, but for more precise results, various fac-
tors have to be considered, for example, simultaneous reactions during the deposi-
tion (the most common the reduction of H), the porosity of the deposit, and possi-
ble non faradic processes.
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3 Experimental details

3.1 Beamline P08

The beamline P08 is a High-Resolution Diffraction Beamline located at Petra III
DESY (Hamburg) [127]. The X-ray energy available at the beamline P08 ranges from
5.4 to 29.4 keV, with a flux of 10! to 1012 photons per second, a beam size between
1500% 100 wm? and 20x2 um?. The beamline layout is shown in Figure 3.1. A tun-
able undulator provides a white beam. First, water-cooled high-power slits cut off
the low-energy halo. Then the beam is monochromated at the liquid-nitrogen-cooled
high heat load monochromator (HHLM). Following this, the beam is collimated or
focused using compound refractive beryllium lenses (CRLs) and guided into the ex-
perimental hutch via the Large Offset Monochromator (LOM), which consists of two
crystals. Depending on the energy range, a pair of Ge(331) or Ge(511) (or Si crystals)
is used [127]. After the LOM, the beam enters the hutch through the beam shut-
ter, a fast shutter (FS), a series of slits (sl), an attenuator (blatt), and further CRLs
to focus the beam to the position of the experiment. Through the setup the beam is
monitored by beam position monitors (BPMs). At this point, the beam reaches two
possible diffractometers. A high precision 6-circle diffractometer (Kohzu) with Eule-
rial cradle dedicated for investigations at hard condensed matter samples, or Liquid
Interfaces Scattering Apparatus (LISA).

BPM4 BPM3

monitor
sl2 sl1 ‘
I CRL(exp)  blatt | :

|FS

BPM2 BPM1

undulator

shutter LOM

|
Be-lenses - -~ }gap

HHLM

Figure 3.1: Setup of the optics of P08 beamline Petra IIl in DESY (Hamburg Ger-
many). From right to left: high heat load monochromator (HHLM), beam
position monitors (BPM1-BPM4), compound refractive beryllium lenses
(CRL), large-offset monochromator (LOM), hutch shutter, fast shutter
(FS), slits (sl1, sl2), beam monitor, attenuator (blatt). The green arrows
is the beam path from the undulator to the diffractometers [128].
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3.1.1 Liquid Interfaces Scattering Apparatus (LISA)

LISA is dedicated liquid surface diffractometer installed at PO8, which has been con-
structed by University of Kiel [32, 129]. It was the first liquid diffractometer employs
a tilting double-crystal monochromator in Bragg geometry. This diffractometer al-
lows reflectivity, grazing-incidence scattering small angle scattering measurements
of an immobile mechanically and completely decoupled liquid sample, providing
high mechanical stability. The diffractometer acts as a beam tilter and directs the X-
ray beam onto the horizontal interface of a liquid sample at different angles via two
germanium crystals. Due to the use of two asymmetric crystals, the point of impact
of the beam on the sample is fixed, which means that the sample does not need to
tracked, as in the case where a single crystal is used [78, 130-133] This is made pos-
sible by mounting two germanium (or silicon) crystals on a common rotating stage.
Their axis of rotation must coincide with the horizontal primary beam, with a very
low sphere of confusion. The first crystal (Ge(111) plane) is mounted on the axis of
rotation in such a way that it reflects the incident beam just at the angle of Bragg
reflection 6;. This reflected beam hits the second crystal ((Ge(220) plane) mounted
on the axis of rotation, where it also in Bragg condition (at 6) to reflect the beam (see
Figure 3.2).

By rotating the beam tilter (1) in Figure 3.2), this double-reflected beam moves on
a cone whose tip is located at the position of the sample (see Figure 3.2 top). The
incident angle on the sample position varies between «; = 0 and a maximum angle
Xmax = 2(6 — 61), which depends on the photon energy. Since all the components
are motorized, the instrument can be used with the entire energy range of the beam-
line by just aligning the crystals properly, and a g, range from 0 to ~ 2.45 A can be
examined.

Due to the design, similar to the incident beam, also the reflected from the sample
moves on a cone, so the detector must follow accordingly. Therefore the detector is
mounted on a moveable detector stage ((3) in Figure 3.2) decoupled from the sample
stage, which can be rotated by two angles and moved along the vertical z-direction.
The detector can move in a wide range of angles and distances behind the sample,
allowing GID, small-angle X-ray scattering (SAXS) experiments are also possible in
addition to reflectivity measurements.

The advantage of the set up shown in Figure 3.2, where the three elements (1), 2),(3)
are decoupled from each other, is to increase the stability of each module and to pre-
vent unwanted vibrations from reaching the liquid sample during experiments.

A recent improvement of the set up is a second detector (EIGER2 1M) mounted
closer to the sample stage (~ 30 cm). In such a way a wider reciprocal space can be
accessed, without moving the detector arm. For experiment where more resolution

is needed the other detector positioned at ~ 110 cm can be used.
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Ge(220)
Beam plane
6.Y:
N /x\ ............... af}
Beam 6, Ge(111) Sample

Figure 3.2: Top: Beam path through LISA double crystal beam tilter. At the first ger-
manium crystal the X-ray beam is scattered upwards via reflection with
a Bragg angle 6, then scattered downward using a second germanium
crystal with a larger Bragg angle 0, defining a plane in which The beam
is located [31]. Bottom: Drawing P08 beamline dedicated to liquid scat-
tering experiment. 1 housing containing the beam tilter, 2 sample stage,
3 Detector arm [32].

LISA beam path

The beam reaches LISA after passing through sl2 (Figure 3.1), then the beam size
is defined by a pair of horizontal and vertical slits (monochromator slits ms). The
intensity is monitored with avalanche photodiodes (APD). The beam then enters
the beam tilter, hits the first monochromator crystal (Ge(111)), and is deflected to-
wards the second crystal (Ge(220)). The intensity at this point is monitored by an
ion chamber (ionl), mainly for alignment purposes. From the second crystal, the
beam is diffracted towards the sample. A sample slit (ss) is positioned behind the
second crystal to reduce diffuse intensity around the beam. After that, an ion cham-
ber (ion2) and avalanche photodiodes (APD) monitor the intensity; these monitors
are used to normalize the data since they are the closest to the sample. An absorber
wheel (abs) attenuates the beam before reaching the sample. The sample stage can
be moved in all three dimensions (sx, sy and sz) and rotated around the vertical axis
(sphi). After the sample, the beam is scattered towards the detector mounted on
the detector stage that can be changed in position: rotation around horizontal axis
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Figure 3.3: Scheme of the main modules of LISA[128]. The X-ray beam comes from
the right (continuation of Figure 3.1). Full description reported in the
text.

(drot), height (dh), and rotation around the vertical axis (dtth). A slit (ds1) is placed
before the detector flying tube (vacuum tube) to reduce the background from the
sample. The sketch in Figure 3.3 shows what is described in this subsection.

3.2 X-ray data collection and treatment

3.2.1 X-Ray Reflectivity

XRR data was collected with the XSpectrum Lambda detector, with a beam energy
of 25 keV. A typical macro used to collect the data is reported in the appendix A.
The sample must be aligned before each X-ray measurement. The main goal is to
have the beam hitting the center of the liquid metal pool. Therefore a scan in all
three dimensions (x — y — z) is needed.

First, using the primary beam at « = 0, the high of the sample is aligned, by finding
half high intensity to center the sample in the beam. Then, the angle of incidence «
is increased, and an x and a y scan are performed, in order to scan the sample pro-
file. After an initial alignment of X, y, z the scans are repeated. When no appreciable
change in sample position was detected, the experiment was ready to start.

In reflectivity measurements performed here, the angle of incidence «; and « r are
gradually varied in a q, range from 0 to about 2.45 A™! The upper limit of the range
was chosen so that the intensity maximum caused by the layering of the mercury
at ~ 2.2 A" could be recorded. Since the measured intensity of the reflected beam
ranges over a range of seven orders of magnitude, the intensity for small «;, where
the intensity is highest, had to be reduced to avoid damaging the detector. It is possi-
ble by using an aluminum wheel with different thicknesses (absorbers), which each
one reduces the intensity of the beam by about one order of magnitude before it hits
the sample. It is important to determine the exact absorber factor to normalize the
beam intensity properly. For this purpose, overlapping points on the curve were
recorded when the absorber was changed. The minimum integration time per point
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was 1 s. In the course of the measurements, all absorbers were removed, and it was
necessary to increase the integration time to up to 5 minutes at very high «; > 4°.
As a result, to keep a reasonable duration of the experiment, the point density at the
end of the reflectivity curve has been reduced.

The collected data were then reduced with a custom-written python code (see ap-
pendix). All the XRR data presented in this Thesis was treated the same way. First,
the primary beam channel was localized (PBC) on the detector, then the specular
beam was followed at high angles. If the specular beam moved in the process, a
new PBC,,, was defined as the average of the positions recorded.

A minor misalignment of LISA could cause a shift of the specular beam on the de-
tector, usually less than 4 pixels.

A ROI centered in the PBCpye was set with 0.4 © x 0.08 ° acceptance. The back-
ground was calculated by offsetting the ROI by 0.08 positive and negative in the
parallel direction than the original ROI. The average of the background signal was
then subtracted from the specular intensity. As described in the following equation:

I +1
I = Iyor < bkgs bkg>

> (3.1)

The signal obtained from the extraction described above was normalized to plot R
vs q, with R~1 at q;=0. The primary beam intensity was often inaccurate due to the
mismatch of absorber factors. A possible reason could be a slight shift of the beam
on the absorber wheel when the incidence angle is changed; this effect was already
observed in Runge studies with similar samples [128].

So a different approach was developed. The basic idea is to consider a low qg,-region,
between ~ 2 x g, and q; ~ 0.4/3;71, where the behaviour of the reflected beam in-
tensity normalized by the Fresnel reflectivity follows a decay « exp (42) ( eq. 2.24).
Therefore the data plotted as In (I/If,) vs g2 should have linear behavior, and in
particular, the intercept with the Y axes should be zero. This model implemented
here to normalize the XRR data.

First the coefficient m (slope) of the line was obtained by a linear fit using the equa-

o(155) e

x=q> q.€[2xqc,04]

tion:

(3.2)

Once m wass obtained, the intercept k was set to zero. So from 3.2, the primary beam

Ip was obtained by averaging the point as follow:

i = (10210 63

exp (m x)

This process was done for each curve during extraction. An average of Ip was cal-
culated for each Beamtime and electrolyte to avoid artifacts during the process. The
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beam intensity was normalized by the monitors to exclude intensity fluctuation com-
ing from the instrumentation like PETRA ring of from LISA itself.

3.2.2 Grazing Incidence Diffraction

Also GID data were collected with XSpectrum Lambda detector and treated with
custom-written Python codes (see C for details). Typical GID experiments were per-
formed by scanning the horizontal 26 angle with incidence angle fixed, typically
to 80 % of the critical angle of the system. The detector images obtained in the scan
were then converted from pixels in g-space coordinates. Then, the images were com-
bined together and binned to obtained a single image with three data arrays q, q and
intensity. From these images also, a diffraction profile was possible to obtain by cal-
culating the total § = /42 + g% and plotting the integrated intensity. The binning
was unnecessary for a single detector image, and only a change of coordinates was
needed. Typically, the same scan as blank (e.g., without deposition) was recorded
before the diffraction experiment. Then it was subtracted to the data to reduce the
noise, especially to remove the structure factor contribution of water.

3.3 Electrochemical experiments

Electrochemical experiments were performed with Ametek Solartron Analytical po-
tentiostat (Modulab 2101A), with the controlling software XM-studio ECS.
Controlling the potential of the sample during the whole experiment is crucial. Los-
ing the potential control could cause oxidation of the sample and/or irreversible
reactions like a deposition. Therefore, to avoid open circuit potential (OCP), the soft-
ware was programmed in advance with all the different measurements planned for
the run. Furthermore, the software allows skipping to the next step when the user
desires it. The voltage applied to the cell was implemented as a counter in SPOCK".
So it was possible to synchronize the electrochemical and X-ray data. In addition,
the data was saved on the same file, simplifying the analysis post beamtime.

3.4 Sample cell

On the market there is no standard electrochemical cell dedicated to in—situ scatter-
ing experiments at liquid-liquid interface, therefore the implementation of a suitable
sample cell is required. A new electrochemical cell was designed as part of this The-
sis. The requirements are multiple:

The cell material needs to be resistant to a wide list of chemicals due to the variety

of experiments performed.

1SPOCK is the the command-line interface for sardana to talk to the TANGO devices controlling
the experiment at the beamline
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A diameter big enough is necessary to achieve a flat surface of the liquid metal. A
curved surface scatters the reflected beam at different exit angles due to the geomet-
rical effect. This creates artefacts in the reflectivity profiles [134, 135]. The other way
around, namely, a big diameter leads to an absorption of the X-ray beam and an
increase of scattering due to the massive electrolyte volume. This would make the
data quality drop. Previous experiments show great results with a diameter around
5 cm [22, 23, 59, 60]. Due to the footprint of the X-ray the meniscus effect affects
angles lower than < 0.1 A" for this diameter. The information used in this Thesis is
based on higher angles. So the effect of curvature is negligible. Details information
about the effect of curvature and cell size are described in [128, 136]. As reported
in the literature, further analysis must be performed to tread low angle data on the
curved surface [134, 135]. However, this is beyond the work presented here.

The X-ray windows aperture needs to match the angles spectrum utilized during the

experiments, either normal or parallel to the sample’s surface, to obtain a range of
o —1 o —1

g:upto3A andofg,,upto5A .

Observing the liquid metal surface during the experiment should be possible by

mounting a microscope camera on top of it.
The possibility to exchange electrolytes in situ is necessary.

The liquid metal should avoid contact with the external environment once the setup
is assembled. The reasons are to avoid heavy oxidation that compromises the ex-
periment and for safety reasons. For example, Hg vapors are dangerous, so none of
them should be present at the beamline or laboratory during an experiment.

The cells should have the possibility to be sealed for transportation. Moreover, in
the case of a spill, it should be confined.

There should be the possibility of changing the temperature of the liquid metal pool

in order to investigate metals not liquid at room temperature (e.g., Ga).

It should be easy to clean and assemble. During experiments, this process is repeated
several times.

Our group worked on liquid metal in an electrochemical environment for a decade
and designed and used different cells. However, all of them were missing the pos-
sibility of exchanging the electrolyte in situ, it was not possible to observe the liquid
metal interface, and a vacuum pump was employed to free the cell from oxygen to
avoid oxidation of the liquid metal. An improved cell that meets all the require-
ments was designed and built at the University of Kiel. The cell project is illustrated
in the Inventor drawing in Figure 3.4.

As shown in 3.4 the apparatus has two main components:

e Inner cell: the actual electrochemical cell
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Figure 3.4: Inventor drawing of the liquid metals electrochemical cell for in situ X-
ray experiment. Top: details of the inner cell. Bottom: Outer cell design.
(Credit Dipl.Ing. Matthias Greve)
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Figure 3.5: Liquid metals electrochemical cell photos. Left: arrows indicates the dif-
ferent component of the cell. Right: sample cell mounted on the sample
stage of the beamline P08 at DESY.

¢ Outer cell: an external shell for safety

The inner cell made from PEEK, since the material has high chemical resistance and
thanks to its hardness was possible to create threaded holes able to hold a sealed
system. The inner diameter is 5.5 cm, and it is 3.45 cm tall. The volume of the liquid
metals is around 10-15 ml, and for the electrolyte is therefore, ~ 70 ml. Moreover,
thanks to the properties of the material were possible to create very thin X-ray win-
dows (0.5 mm) to avoid as much scattering as possible. Also, the bottom of the cell
is the same thickness; this helps the heat transfer from the Peltier element beneath it.
Thermoelectric cooling permits to tune the temperature of the sample, also remotely.
However, in order to have correct functioning, the opposite side of the Peltier needs
to be cooled /heated. Therefore, a hollow copper base was designed to allow water
to flow inside of it.

As it can be seen in Figure 3.4, the diameter was chosen to the 5.5 cm. Considering
the typical beam size used (0.4 x 0.1 mm) and energy (25 keV), the theoretical foot-
print matching the diameter is at the angle of 0.1 ° (q= 0.044 Afl), even lower than
the critical angle of Hg-water interface (at 25 keV) 0.145 ° (q= 0.064 A_l). In reality,
the liquid sample has a curvature higher, so the flat surface results to be around 20
mm. However, the diameter size is a good compromise between signal and amount
of liquid metal and electrolyte to be used. Unfortunately, by increasing the diameter
of the mercury surface, the beam path through the electrolyte increases too, and in-
tensity will be lost due to absorption. So a compromise had to be found.

The top window is made of high-quality glass (quartz), but is possible to exchange
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with other materials in case of highly alkaline solutions used, like Poly(methyl methacry-
late) (PMMA), commonly known as plexiglass. Thanks to this design, an optical
microscope or a surface optical reflectivity device were possible to be mounted on
top of the cell. It allows to monitor in situ the evolution of the surface during dif-
ferent experiments, not only at the beamline facilities. The setup was designed to
exchange electrolytes during the experiment, with an inlet connected to a reservoir
and an outlet tube connected to a waste container. The electrolyte was exchanged
by creating a controlled overpressure with an inert gas in the reservoir. The flow
rate was tuned as desired by changing the gas flow rate and outlet valve. The elec-
trolyte volume during the experiment is about 70 ml. A volume of 500 ml of the
new solution was flown inside the cell to obtain the new target concentration. The
procedure is designed to inject the liquid metal while avoiding contact with the ex-
ternal environment. First of all, before inserting any solution into the cell, the fresh
electrolyte was purged with N for at least 30 minutes to remove dissolved oxygen
in it. A glass tube with a porous head connected to the gas line was used for this
purpose (see 3.6). Then the cell is filled with the desired electrolyte, including filling
all the tubes. To do that and avoiding trapped gas bubbles the cell is tilted up to 90
°© with the outlet facing up. Once this step is fulfilled, some droplet of liquid metal
is injected into the waste container to remove the small amount of the liquid metal
that was in contact with air. At this point the liquid metal can be inserted into the
electrochemical cell. This procedure is made manually with a 25 ml syringe acting as
a reservoir of Hg. But a project to connect to a syringe pump controllable remotely,
is currently in progress.

The electric contacts are platinum wire or tungsten with a diameter of 0.5 mm to
connect the working electrode. The counter electrode is a platinum wire bend as a
ring around the inner upper part of the cell.

The outer chamber has a diameter of 34 cm and 53 cm tall. It is mainly made of
plexiglass. It is divided into three main parts. The base where a steel ring with
threaded holes is embossed. The holes allow for mounting metal rods (commonly
used in chemistry laboratories), it is possible to attach clamps to hold the different
glassware, tubes, and camera. The base center is dedicated to placing the inner cell,
the actual electrochemical cell described above. Furthermore there are also two prac-
tical handles for transportation. The other two main parts are hollowed plexiglass
cylinders. These have the primary goal of safety. In the case of a spill, the material(s)
is confided inside the outer cell. It can be removed during the assembly, but it must
be present during experiments. Especially the bottom part. For this reason two wide
Kapton windows were created to allow X-ray to pass through with less absorption
and scattering possible. The upper one is necessary to remove it to operate the cell,
like setting up the microscope camera, exchanging the electrolyte, tuning the liquid
metal level, and connecting the potentiostat to the electrodes. Some photos of the cell
are reported in Figure 3.5. The left one shows the setup mounted without the safety
outer cell. On the right one, the cell is mounted on the sample stage at beamline P08
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Figure 3.6: Electrochemical cell scheme. The electrolyte reservoir is connected with
a gas line to bubble the solution, it has an exhaust valve and a third con-
nection with the inner cell. A syringe acting as Hg reservoir is connected
with a three-way stopcock to the cell and a waste container. The appa-
ratus is also equipped with a electrolyte waste container, a temperature
controller and a microscope camera.

at DESY.

Camera setup

The camera used is a Basler ACE acA1600-20gm with OPTEM Fusion motorized
Zoom system 12.5:1 with Stepper Motor and 15mm Focus Lower Module with Step-
per Motor equipped with a lower lens of 9 cm focal length. The software to record
video and images was Pylon viewer. The setup was mounted on two aluminum
arms specifically designed to hold the camera (Figure 3.5); those were then fixed on
two metals rods. Thanks to the design, the high of de camera could be manually
moved. However, for a more fine adjustment, the motorized system was used.

3.5 Sample preparation

3.5.1 Electrochemical cell cleaning

Before assembly, the sample cell components were cleaned individually. The main
purpose of this procedure was to remove organic residues, which can have a ma-
jor impact on electrochemical measurements and influence the liquid metal surface.
Cell components made of glass, PTFE or PCTFE or PEEK that came into contact with
the liquids metal or electrolyte along with the equipment required for the prepa-
ration (flasks, tweezers, beakers, glass syringes, etc.) were carefully cleaned with
Caro’s acid. To avoid dissolution of PEEK a lower concentration, around 40%, has
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been used. Caro’s acid (H»SOs), was prepared by mixing two to three parts hydro-
gen peroxide and one part sulfuric acid. The components were placed in the acid
for at least six hours. The acid was removed by thorough ultrasonic cleaning and by
rinsing at least ten times with ultrapure water (MilliQ water 18.2 MQ) cm).

3.5.2 Liquid metal preparation

The Hg used for all the experiments in this Thesis was Hg 99.999+ % purchased from
ChemPur. To assure no contamination of liquid mercury, the final volume used was
obtained by a series of cleaning steps. First, the metal was poured into a clean beaker.
Then with a syringe, 3/4 of its volume was collected from the bottom (the bulk of
the sample), and poured into a second container. From here, the mercury used in
the experiment was taken, once again from the bottom of the container, with a clean
syringe.

As mercury is denser than most of the possible contaminations, for example, organic
compounds, oxide, dust; since they rise to the surface. Once in the syringe, the liquid
metal stays sealed until the start of the experiment.

In the case of Hgln alloy preparation, the solid In shots were first weighted and then
mechanically mixed with Hg to achieve the desired atomic ratio . The obtained sam-
ple was then collected with the syringe from the bulk in the middle of the container.

3.5.3 Electrolyte preparation

The electrolyte solution was prepared freshly for each experiment. The solvent was
Milli-Q water (18.2 M()- cm). The solute in powder form with a purity of at least
99.995 % was used without further treatment.
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4 Role of chemisorbing species in
growth at liquid metal-electrolyte
interfaces revealed by in situ X ray
scattering

This chapter is based on a submitted manuscript in which investigation of growth
at the interface of liquid mercury and lead-halides solutions was performed using a

combination of X-ray scattering and electrochemical methods.

List of authors
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L TInstitute for Experimental and Applied Physics, Kiel University,
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D-22607 Hamburg, Germany

4.1 Abstract

Liquid-liquid interfaces offer intriguing possibilities for nanomaterials growth. Es-
pecially, growth at liquid metal surfaces has recently received renewed interest.
Here, fundamental interface-related mechanisms that control the growth behavior
in these systems are studied for the case of Pb halide compound formation at the
interface between liquid mercury electrode and aqueous salt solutions, using in situ
X-ray reflectivity and grazing incidence X-ray diffraction, supplemented by electro-
chemical measurements and optical microscopy. The nucleation and growth of these
compounds at potentials in the regime of Pb de-amalgamation was investigated in
NaX + PbX; (X = F, Cl, Br) to systematically explore the role of the halide species.
X-ray reflectivity studies reveal the rapid formation of well-defined ultrathin precur-
sor adlayers in Cl- and Br-containing solution. This adlayer formation is followed by
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subsequent quasi-epitaxial growth of Pb(OH)X bulk crystals, that are oriented with
the c-axis along the surface normal. In contrast, growth in F-containing solution
proceeds by slow formation of a more disordered deposit, resulting in random bulk
crystal orientations on the Hg surface. A detailed structural analysis of the Pb(OH)Br
and Pb(OH)CI precursor adlayers reveals that they determine the orientation of the
subsequently formed bulk crystals, with the arrangement in the adlayer providing
a template. Together with our previous results on the pseudo-epitaxial growth of
PbFBr on Hg (A. Elsen, et al., Proc.Nat.Acad.Sci., 2013, 110, 6663), these data reveal
the decisive role of the interface chemistry, especially the strong chemisorption of the
anions bromide and chloride, in steering the formation of these textured deposits at

the liquid metal surface.

4.2 Introduction

Liquid metals have attracted large interest in the last years, not only for fundamen-

4-6 such as microfluidics,”?® electronics,’

13,14

tal studies! 3 but also for applications,
10,11 12,13

re-

configurable devices, optics, catalysis, and materials syn’chesis.l“r’*18 Of
particular interest is the use of liquid metals in growth processes, for example, in
vapor-liquid-solid or electrochemical liquid-liquid-solid deposition.! Liquid metals
possess major advantages over the use of solid substrates for such processes, includ-
ing the high mobility of precursors on the surface, the absence of surface defects such
as steps, and the inherent lack of strain, stress, and lattice mismatch that strongly af-
fect the crystal growth process.?’ Moreover, many atomic species can be dissolved
in liquid metals, allowing growth from both sides of the liquid interface, and the
deposit can be easily separated from a liquid substrate. Recent achievements in this

tield are the controlled production of nanostructured materials,>?!

22,23

including two-
and crystalline nanowires.2* Furthermore, the ‘green’ produc-
d. 1519,25-30

dimensional films

tion of Ge, Si, and GaAs at low temperatures has been demonstrate

Despite these achievements, only little is known about the underlying nucleation
and growth processes involved in the deposition at liquid metal interfaces, espe-
cially interfaces to other liquid phases. Most existing studies have been restricted
to ex-situ characterization of the deposit. This is related to the experimental chal-
lenges in obtaining structural data from liquid-liquid interfaces by conventional
materials science techniques. As a result, only very few in situ investigations of
growth at liquid metal-solution interfaces have been reported so far.3!~3* Among
the few structure-sensitive techniques that are capable of accessing liquid-liquid
interfaces, X-ray scattering methods, such as X-ray reflectivity (XRR) and grazing
incidence diffraction (GID) measurements, play a prominent role. XRR has been
utilized extensively since the 1990s to study the atomic-scale structure of liquid
metal-vapor interfaces, for example of Hg,34'35 Ga, 3038 In, 3 and liquid alloys.26'40

These studies showed that liquid metals provide a nearly atomically flat substrate
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with pronounced atomic layering in the near-surface region. More recent applica-
tions of XRR to liquid metal-electrolyte interfaces confirmed these general features
of the liquid metal in the presence of aqueous electrolytes and provided fundamen-
tal insights into the dependence of surface layering and roughness on potential and

’cempera’cure.?"41

In this work, we report a systematic in situ X-ray scattering study of the nucleation
and growth of lead halide compounds at liquid Hg-electrolyte interface. The syn-
thesis of lead halide compounds, especially perovskite, has lately received great
interest, owning to their potential use in highly efficient solar cells.*>~*> In a pre-
vious study, our group reported the nucleation and growth of PbFBr on liquid Hg
from PbBr,-containing aqueous NaF solution.’?34¢ This process was induced by
electrochemical de-amalgamation of Pb from the Hg electrode and commenced with
the rapid formation of a highly uniform “precursor” adlayer with a thickness of one
PbFBr unit cell on the Hg surface, followed by quasi-epitaxial growth of c-axis ori-
ented bulk PbFBr crystals on top of it. This surprising nucleation and growth mecha-
nism was observed over a wide range of growth rates®> and indicates that, similar to
growth on solid substrates, the initial interactions at the liquid substrate surface can
steer the texture and morphology of the deposit. It was not clear, however, whether
this phenomenon is specific to PbFBr or represents a more general growth mode at
liquid metal interfaces.

Here, we present in situ X-ray scattering results for a series of deposition systems, in
which only one halide anion is present at a time. The influence of the halide species is
studied by deposition from aqueous electrolytes of composition NaX + PbX; with X
= Br, Cl, F. We investigate by XRR the presence and structure of “precursor” adlayers
and correlate this with GID data on the formed bulk deposit as well as complemen-
tary electrochemical data and optical microscopy observations. Our results confirm
the important role of the precursor layer in the nucleation and growth process at
liquid metal interfaces and shed light on the influence of the halide species on this

process.

4.3 Results

4.3.1 Electrochemical characterization of the Pb halide systems

Cyclic voltammograms (CVs) of freshly prepared samples in 0.01 M NaX + 0.25
mM PbX; (X = Br, Cl, F) are presented in Figure 4.1 (solid lines). All systems fea-
ture typical oxidation/reduction currents due to Pb dissolution/deposition, with an
equilibrium potential Epy,ppr4 ~ -0.80 V (as estimated from the midpoint potential
between anodic and cathodic peaks in the CV). For potentials E < Epy,py the Pb?*
ions amalgamate into Hg as Pb?, whereas for E > Epy,/pyp de-amalgamation occurs,
where Pb is released into the solution as Pb?>". This process and the equilibrium
potential do not depend on the halide species. The changes in Epy,ppy+, the shape
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of the CV, and the diffusion-limited current density follow the trend, expected for a
simple Faradaic reaction (see Figure 4.1, bottom panel).

:[50 pA/cm?

NaBr + PbBr»

] [MA/cm?]

20 mV/s
L L 1 L L n 1 L " L 1 n n L 1
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Figure 4.1: Cyclic voltammograms of Hg in 0.01 M NaBr + 0.25 mM PbBr2 (brown),
0.01 M NaCl + 0.25 mM PbCl2 (green), 0.01 M NaF + 0.25 mM PbF2, (blue
solid line) and 0.01 M NaF + 0.12 mM PbF2 (blue dotted line). The CVs
(offset for clarity with J = 0 indicated by dashed horizontal lines) were
measured at 20 mV /s directly after immersion of the electrode into Pb-
containing solution (solid lines) and after keeping the potential for more
than one hour positive of -0.8 V (dotted dashed lines).

In CVs in Br- or Cl-containing solution that are measured after keeping the potentials
for longer times positive of Ep,,p,+ (dotted-dashed lines) substantial changes are
observed. In the presence of Br, the cathodic current in the positive going potential
scan exhibits a sharp increase in the range -1.0 to -0.9 V (dependent on sample his-
tory), followed by a nearly linear change in the opposite direction. In Cl-containing
electrolyte, a shoulder emerges in the positive scan at potentials >-0.95 V. Further-
more, a broad additional cathodic peak is found in the negative going scan at po-
tentials that are ~150 mV more negative than the original amalgamation peak. As
shown below, these changes are caused by the formation of Pb halide compounds
on the Hg surface in the potential regime of de-amalgamation. Because these ionic
compounds dissolve only slowly by a chemical process that is coupled to the local
Pb concentration, they partly remain on the surface during the CVs. The additional
electrochemical features thus can be attributed to the presence of Pb halide at the in-
terface (see below). In F-containing electrolyte, such effects are not observed. Here,
no major changes in the CV are found after longer times at potentials > Ep;/pj2+,
indicating fundamental difference from the behavior in Br- and Cl-containing solu-

tion.
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4.3.2 X-ray reflectivity studies of the Hg-electrolyte interface structure

The atomic-scale Hg interface structure was characterized in the different electrolytes
by in situ XRR, which depends on the average electron density profile along the
surface-normal direction. Figure 4.2 shows the obtained reflectivity curves of Hg
immersed in the three different electrolytes, measured at potentials in the amalga-
mation (-1.20 V) and de-amalgamation (-0.70 to -0.90 V) regime. The XRR curves
at -1.20 V (triangles) are identical to those measured in Pb-free 0.01 M NaX solu-
tion (Figure 4.8) and are independent of the halide species. They are characteristic
for a pristine Hg-electrolyte interface without any adsorbed species from the elec-
trolyte, as has been reported in previous studies.>?6323341 Specifically, the measured
reflectivity R(g) is close to that of the Fresnel reflectivity Rr(g;) of a perfectly sharp
interface over a wide range of the surface-normal scattering vector g, indicating a
low interface roughness. With increasing g, we observe first an initial decrease of
R(g;) relative to Rr(g:), followed by an increase towards the so-called pseudo-Bragg
peak at ~2.15 A=, The latter is caused by the well-known stratification of the liquid
Hg into atomic layers near its surface,>*” which decays exponentially into the Hg
bulk within 10-20 A. These data provide clear evidence that the amalgamated Pb
atoms diffuse into the bulk liquid metal, leaving the Hg surface unmodified.

(@) 1o A 0 NaBr10 mM + PbBr; 0.25 mM
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Figure 4.2: (a) X-ray reflectivity and (b-d) XRR normalized to the Fresnel reflectivity
of Hg electrodes in 0.01 M NaBr + 0.25 mM PbBr; (brown symbols), 0.01
M NaCl + 0.25 mM PbCl, (green symbols), and 0.01 M NaF + 0.12 mM
PbF; (blue symbols). Triangles indicate curves measured at -1.20 V, open
circles curves were measured in the potential range of de-amalgamation,
at -0.80 V (brown), -0.90V (green), and -0.70 V (blue). For clarity, the
profiles in (a) are offset by a factor of 1000. Solid lines correspond to the
best fits with the models discussed in the main text.

Quantitative fits of the XRR interface data at-1.20 V were performed by the distorted
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crystal model, which is widely used to fit XRR of liquid metal interfaces (details on
the fitting process are given in the supporting information).>3%343639~41 Within the
tit errors, the obtained structural parameters (Tables 4.1, 4.2, 4.3) depend neither on
the halide species nor on the presence of Pb in the solution. Especially, the Hg layer
spacing and the layer decay parameter, which essentially describe properties of the
liquid Hg itself, had in all fits identical values of d = 2.76 A and o}, = 0.48 A, respec-
tively. These results indicate that at this negative potential the halide anion and the
amalgamated Pb species do not influence the Hg-electrolyte interface structure, as

already shown in our previous studies of the PbFBr system.*?

A very different behavior is found at potentials in the de-amalgamation region (Fig-
ure 4.2, circles), where the XRR curves deviate strongly from those recorded at sim-
ilar potentials in the corresponding Pb-free base electrolyte (Figure 4.8). Here, a
pronounced modulation in the range 0 < g, < 1.8 A~ is observed for NaBr + PbBr;,
NaCl + PbCl,, and NaF + PbF,. This modulation corresponds to typical ‘Kiessig
fringes’, which in XRR experiments indicate the presence of a defined layer on the
probed surface. From the position of the first maxima, a characteristic layer thick-
ness in the range of ~7 A can be estimated. The strong modulation observed in
these XRR curves is only possible, if the layer contains strongly scattering species,
which in this case has to be Pb. All other electrolyte species have scattering length
densities that are ~2.3 (Br), ~5 (Cl), and ~10 (F, H,O) times smaller than Pb and
thus can be neglected in the first order. These observations provide strong evidence
that - similar to the behavior found in our previous studies of the nucleation and
growth of the mixed-halide compound PbFBr - a Pb-containing adlayer forms on
the surface in the de-amalgamation regime in all three studied systems. In addition,
in Cl-based electrolyte the pseudo-Bragg peak is increased in comparison to the Pb-
free electrolyte at this potential (see Figure 4.8), which indicates a reduced interface
roughness. This phenomenon was also reported previously in the presence of the
PbFBr precursor layer. It can be attributed to a damping of the capillary waves of
the interface due to the mechanical rigidity of the precursor layer and indicates that
this layer is crystalline.

In the F-containing electrolyte, the oscillations associated with precursor layer for-
mation were less pronounced, indicating a less defined structure. Furthermore, XRR
curves with noticeable ‘Kiessig fringes” could only be observed at a lower PbF, con-
centration of 0.12 mM. Even in this electrolyte, however, the XRR curves were not
stable in time but slowly changed in subsequently recorded XRRs (Figure 4.8). These
changes can be attributed to a slow continuous growth of the deposit, which most
likely is limited by the availability of Pb ions. This is supported by the measure-
ments in electrolytes containing 0.25 mM PbF,, where no ‘Kiessig fringes” but only
a bulk deposit could be observed (see below).
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4.3.3 Potentiodynamic changes in the interface structure

In all systems, the formation of the precursor adlayer is directly linked to the de-
amalgamation process. This is illustrated by experiments where the reflected X-ray
intensity I(t) was monitored during cyclic voltammograms at a fixed scattering vec-
tor g, where the XRR curves have a pronounced minimum in the presence of the
precursor adlayer (Figure 4.3). Upon sweeping the potential towards positive po-
tentials, I(t) starts to drop at ~ -0.98 V in Br-containing, ~ -0.93 V in Cl-containing
electrolyte, and ~ -0.80 V (depending on sample history) in F-containing solution,
indicating adlayer formation on the Hg surface. This intensity change is reversible,
i.e., the intensity fully recovers when the potential is swept back to a more nega-
tive region, albeit with some hysteresis. This reversible behavior indicates that the
surface returns to the initial state of a clean Hg surface.
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Figure 4.3: X-ray intensity (open symbols) at (a) q, = 0.50 A~1and (b)) q- =0.45 A1,
recorded during cyclic voltammograms (solid lines) of Hg at 20 mV /s in
(a) 0.01 M NaBr + 0.25 mM PbBr», (b) 0.01 M NaCl + 0.25 mM PbCl,, and
(c) 0.01 M NaF + 0.12 mM PbF,. Arrows indicate the directions of the
potential sweeps.

According to the data in Figure 4.3, the adlayer formation occurs in a different man-
ner and at different rate in the studied systems. In Br- and Cl-containing electrolyte,
the drop in X-ray intensity is sharp and occurs within a small potential range of the
sweep, corresponding to a time of several seconds. This potential range is in excel-
lent agreement with that of the additional features in the CV that are found after
longer residence times in the de-amalgamation region. The good correlation indi-
cates that these features are caused by the presence of the precursor adlayer, which
is further supported by the good agreement of the additional cathodic peak in the
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negative sweep with the change back to the initial X-ray intensity. After each de-
crease and increase in X-ray intensity, respectively, a defined steady-state intensity is
reached, indicating that a defined interface structure has formed and then remains
stable.

In F-containing electrolyte, the intensity only starts to decrease positive of -0.90 V
and then decreases much more gradually. Here, the intensity of the corresponding
XRR curve in Figure 4.2 is never reached during the entire CV. Rather, I(t) contin-
ues to decrease also in the subsequent negative potential sweep until Epy,/ppo4 is
reached, where I(t) gradually increases again. This behavior indicates that no well-
defined precursor adlayer is formed. Instead, the data suggest a slower more contin-
uous layer growth which is in agreement with the XRR observations and the slower
growth of the bulk deposit in this system (see below).

The kinetics of the structural transitions at the Hg-electrolyte during such sweeps
are complicated and depend on the precise conditions of the potential sweep and
the sample history. The pronounced intensity changes in Br- and Cl-containing so-
lution are only observed in potential sweeps where the sample was previously kept
in the de-amalgamation regime. For CVs, starting on the pristine Hg electrode, cor-
responding intensity changes were found at similar potentials but of much smaller
magnitude. Furthermore, in the transition region, I(t) occasionally exhibited strong
fluctuations. Similar observations were made in PbFBr nucleation and growth and
could be explained by the lateral movement of deposit islands floating on the liquid
Hg surface and electrocapillary effects, resulting in long-range mechanical deforma-
tion of the liquid electrode.®

434 Growth of bulk deposits at the liquid metal interface

Before we investigate the atomic-scale arrangement within the adlayer in more de-
tail, we first discuss observations on thicker deposits, as they provide valuable clues
to the adlayers composition and structure. Such deposits were formed after keep-
ing the potential for longer times positive of Epy,/ppy+ and could be optically de-
tected. Characteristic microscope images of the deposited film are shown in Figure
4.4. Clear differences in the deposit morphology formed in the three systems under
identical conditions are found. In Br-containing electrolyte (Figure 4.4a), the deposit
appears rough but uniform; in Cl-containing solution (Figure 4.4b), a smoother film
is formed. In contrast to the two former cases, the deposit grown in F-containing
electrolyte (Figure 4.4c) consists of isolated micrometer-sized crystals. From the im-
age, an average crystal size of ~35 ym was estimated. The individual crystals did
not change their positions in subsequent microscope images, indicating that they
were not mobile on the liquid surface but fixed in position relative to each other.
This is attributed to the presence of a surrounding much thinner layer that cannot
be detected by optical microscopy - most likely the initial adlayer. We note that no
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visible bulk deposit (based on optical microscopy and GID data) could be observed
in electrolytes containing only 0.12 mM PbF,.

Figure 4.4: Optical microscopy images of the deposits on Hg electrodes formed by
1 h deposition at -0.60 V in 0.01 M NaX + 0.25 mM PbX, with X being (a)
Br, (b) Cl, and (c) E, respectively.

XRR studies of these bulk deposits were not possible due to the high interface rough-
ness. The deposits were therefore characterized by in situ GID measurements, whose
results are displayed in Figure 4.5. For Br- and Cl-containing electrolytes, discrete
Bragg peaks are observed, indicating that the films consist of crystals with a well-
defined orientation along the surface-normal direction (see Figure 4.9).3% In contrast,
only powder rings are detected for deposits grown in F-containing electrolyte, in-
dicating a random orientation of the formed crystals. By integration of the detector
intensities at identical g=, /q§+qﬁ, with g being the lateral wave transfer vector,
powder spectra I(q) were generated (Figure 4.104.114.12), which were then used to
identify the composition and structure of the crystallites. For this, the diffraction
peak patterns were compared to the crystal structures of Pb halides and other Pb-
containing compounds (see supporting information).

Based on this analysis, the crystal structures of the deposits in Br- and Cl-containing
electrolyte could be unambiguously identified. For the case of Br, an excellent match
with orthorhombic Pb(OH)Br (pnma, with a = 7.385 A,b=4085A,c=10.012 A,
ICSD 404573) was found (Figure 4.6). Pb(OH)Br formation in this solution was al-
ready reported in similar studies.*® For Cl-containing solution, orthorhombic Pb(OH)Cl
(pnma, witha=7.111 A, b =4.020 A, ¢ = 9.699 A, ICSD 28035) provides a good match
to the GID data.*>*® Orthorhombic Pb(OH)Br and Pb(OH)Cl exhibit the same crystal
structure (‘laurionite”), apart from small differences in the bond lengths due to the
different halide species. Less clear is the structure formed in F-containing electrolyte.
Cubic PbF, (fm3m, with a =b = ¢ = 6.002 A, 1CSD 201114) shows a possible match
but not all observed peaks could be attributed to this compound. Probably a hybrid
Pb(OH)F and/or Pb,O,H; structure is present given the lower Gibbs energy for ox-
ides and hydroxides.’! However, in contrast to the case of Pb(OH)CI and Pb(OH)Br,
there is no Pb(OH)F structure reported in the literature up to date.

With the identified crystal structure in Br- and Cl-containing electrolyte, also the
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Figure 4.5: X-ray intensity maps of the deposits formed in (a) 0.01 M NaBr + 0.25
mM PbBr», (b) 0.01 M NaCl + 0.25 mM PbCl,, and (c) 0.01 M NaF + 0.25
mM PbF,. The GID data were measured at incidence angles of 0.122°
and transformed into the reciprocal space coordinates g, and q,,. All
the experiments were recorded after 1 hour deposition at -0.60 V. The
miller indexes of the diffraction peaks for the identified compounds (a)
Pb(OH)Br, (b) Pb(OH)Cl, and (c) PbF; are given in the maps.

orientation of the crystals along the surface normal can be determined from the in-
tensity maps in Figure 4.5. Here, all Bragg peaks were found at g, values of 0 (partly
cut off by the Hg substrate) and at ~0.64 A~'. The latter value is in excellent agree-
ment with that of the (001) peaks in Pb(OH)Br (g, = 0.63 A~1) and Pb(OH)Cl gz =
0.65 A=), indicating a film texture where the c-axis is oriented along the surface
normal. All experimentally observed peaks can be assigned to the (hk0) and (hk1)
peaks of crystals in this orientation (see labels in Figure 4.5a,b).

° 0
cH
L.,

Figure 4.6: Laurionite crystal structure, illustrated for the case of Pb(OH)Br (gener-
ated by VESTA®).

a
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4.3.5 Structure of the adlayer formed in the de-amalgamation regime

The results obtained on the structure and orientation of the bulk deposits provide a
valuable starting point for the determination of the precise structure of the precursor
adlayer from the XRR data. Specifically, we assume in the models employed to fit
the XRR data that the precursor adlayer consists of the same material and has the
quasi-epitaxial orientation as the bulk deposit, as was found in our previous studies
of PbFBr growth.323% The results obtained for the three systems are described in the
following in the order Br-, Cl-, and F-containing electrolyte. In all fits, the Hg layer
spacing d and the layer decay parameter o}, were kept constant to reduce the number
of free fit parameters.

For Br-containing electrolyte, we assume that the precursor adlayer consists of c-
axis oriented Pb(OH)Br (see Figure 4.13). However, the modulation period Ag, ~
0.95 A~1 in the XRR curves corresponds to a thickness of roughly d = 2 71/Ag, ~
6.6 A, which is clearly smaller than a complete Pb(OH)Br unit cell (c =10.012 A) and
indicates that the adlayer is only composed of a fraction of the unit cell. Preliminary
fits show clearly that good fits of the XRR data require two pronounced peaks in the
electron density profile of the adlayer (Figure 4.7a), which we attribute to 2 atomic
planes containing Pb atoms. For a more precise structure determination, various
models and structures were tested but only one was able to provide fits that are in
excellent agreement with the experimental data (for fits by different models see sup-
porting information). In this successful model, the majority of the adlayer consisted
of a section of the Pb(OH)Br unit cell where the Pb planes denoted as A and B (see
Figure 4.6 and S6) correspond to the electron density peaks in the adlayer (denoted
as Pb(OH)Br,;-I in Figure 4.7b). Fits with this adlayer phase alone could not fully
describe the data (see Figure 4.14) but a second minority adlayer phase with a rel-
ative surface coverage of only 7% as compared to the majority phase was required
(denoted as Pb(OH)Br,4-1I). This second phase had a different termination at the Hg
surface, resulting in a smaller vertical distance between the two Pb layers.

The structural parameters obtained for the best fit by this two-phase model are given
in Table 4.1.

Here, terminating anion layers of OH and Br were assumed in Pb(OH)Br,;-I and
Pb(OH)Br,4-11, respectively (see Figure 4.7b). For Pb(OH)Br,4-1, the distance to the
Hg substrate was found to be dyy o =2.86 + 0.03 A, which is comparable to typical
Hg-O distances of 2.2 t0 2.9 A 5253 The distance for the halide-terminated Pb(OH)Br,4-
IT phase was found to be dygp, = 2.03 & 0.10 A. This value is slightly smaller than
values reported in the literature (2.4 to 2.5 A).5%%5 1t is noted that the presence of
these terminating OH or Br anions cannot be directly verified, because their contri-
bution to the total electron density profile is small. Considering only the spacing
between the first Pb and the Hg surface layer, which is a robust parameter in the fits,
rather similar values are found for the two adlayer phases: 3.30 A in Pb(OH)Br,;-I
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Figure 4.7: (a) Electron density profiles obtained from fits of the XRR measurements
in Figure 4.2, corresponding to the interface structure in the potential
regime of Pb de-amalgamation in Br (brown), Cl (green), and F (blue)
containing electrolyte. (b,c) Structural models used to describe the Hg-
electrolyte interface in the presence of Pb-containing adlayers for the case
of (b) Br and (c) Cl anions.

and 3.00 A in Pb(OH)Br,4-II. These distances are sufficiently short to allow also for
direct bonding of the Pb atoms to the Hg surface. The total surface coverage of the
precursor layer (Pb(OH)Br,;-I and Pb(OH)Br,;-1I) is 77% of the whole Hg electrode
for the data shown in Figure 4.2 but varied by +=10% in different experiments. Such
an incomplete coverage of the Hg surface was also observed for the case of PbFBr
precursor adlayers.3>*° In the remaining surface area, the Hg could either be free of
the deposit or covered by three-dimensional Pb(OH)Br bulk deposits, which would
not contribute to the features in the XRR. Considering that measurement of an XRR

curve requires 60 min., the latter appears more likely.

Structural data on the precursor adlayer formed in Br-containing solution *
NaBr + PbBr, Parameter -1.20V -0.80V

o

Hg i [A] 1.01+0.01 1.00+0.01
Pb(OH)Br,4-1 0; 0.72+0.04
drg—pr [A] 2.0340.10
Pb(OH)Br;-11 011 0.0540.02
drg—o [A] 2.8640.03
Solution os [A] 1.00£0.01

Table 4.1: * Results obtained from fits of the XRR data in 0.01 M NaBr + 0.25 mM
PbBr, by the models described in the text. Given are the width of the Hg
surface layer o;, the coverages and distance to the Hg surface layer of the
precursor adlayer phases Pb(OH)Br,;-I and Pb(OH)Br,4-1I, and the width
of the interface to the electrolyte solution ;.
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Structural data on the precursor adlayer formed in Cl-containing solution *
NaBr + PbCl, Parameter -1.20V -0.90 V

Hg 0; [A] 1.014£0.01  0.89+0.01
Pb(OH)Cl,;-1 0; 0.84+0.02
dug—o [A] 2.6340.02
Pb(OH)Cl, ;-1 011 0.16+0.02
dig—o [A] 2.6340.02
Solution os [A] 0.894+0.02

Table 4.2: “ Results obtained from fits of the XRR data in 0.01 M NaCl + 0.25 mM
PbCl, by the models described in the text. Given are the width of the Hg
surface layer o, the coverages and distance to the Hg surface layer of the
precursor adlayer phases Pb(OH)Br,;-1 and Pb(OH)Br,4-11, and the width
of the interface to the electrolyte solution o;.

For the adlayer formed in Cl-containing electrolyte, analogue results were obtained
(Table 4.2).

Also here, a good fit was only possible by a mixture of two different surface phases
(see supporting information). The phase with the larger coverage (denoted Pb(OH)Cl,4-
I) corresponds to the majority phase found in the Pb(OH)Br adlayer, i.e., c-axis ori-
ented Pb(OH)CI that is terminated by OH at the Hg surface (see Figure 4.7c and
4.15). In contrast to the case of Pb(OH)Br, the second phase cannot be described by
a similar c-axis oriented Pb(OH)Cl phase with different surface termination. In par-
ticular, all successful fits of the corresponding XRR require that the peak in the elec-
tron density profile facing the electrolyte is more pronounced than the peak facing
the Hg surface (see Figure 4.7a and 4.16). This can be accomplished by structures
where the outer peak is composed of two closely spaced Pb layers. A phase that
would fulfill this requirement is a Pb(OH)Cl adlayer that is oriented with the a-axis
along the surface normal (Figure 4.7c, Pb(OH)Cl,;-1I). Excellent fits with this model
are possible, with the distance between the terminating OH layer and the Hg sur-
face layer being identical to that in Pb(OH)Cl,;-1. However, also models where this
Pb(OH)Cl,4-II minority phase contains an additional Pb layer at the Hg surface (with
dpy—Hg =2.83 A) or have different Hg-O distances describe the data well. It is further
noted that a good fit can also be obtained by models that assume other crystalline
materials as the minority phase, especially c-axis oriented PbO(H,O). However, the
GID data exclude the presence of a similarly oriented PbO(H,0O) bulk phase. Fur-
thermore, formation of a PbO(H,0O) adlayer would also be expected in the Br- and
F-containing electrolyte, which was not observed. Thus, this alternative explanation
does not seem likely.

Description of the adlayer formed in 0.1 M NaF + 0.12 mM PbF, was even more
difficult than in the Cl- and Br-system. Since the crystal structure of the formed
bulk deposit is unclear and the deposit is powder-like, it was not possible to model
the adlayer by assuming the same composition and orientation as within the three-

dimensional crystals. We therefore employed a more general approach describing
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Structural data on the adlayer formed in F-containing solution *
NaBr + PbF, Parameter -1.20V -0.70 V

o

Hg o;[A]  1.00+£0.01 1.03+0.01
Pb Layer 1 01 0.9640.06
ng—lo[A] 3.1040.10

o1 [A] 1.104+0.15

Pb Layer 2 02 0.47+0.15
dip [A] 3.0940.11

oy [A] 1.20+0.22

Pb Layer 3 03 0.13%0.06
dos [A] 1.35+0.12

o3 [A] 1.28+0.23

Solution s [A] 1.4040.28

Table 4.3: ? Results obtained from fits of the XRR data in 0.01 M FCl + 0.12 mM PbF,
by the models described in the text. Given are the width of the Hg sur-
face layer o;, the coverages, widths, and distances of the Gaussian layers
assigned to Pb, and the width of the interface to the electrolyte solution cs.

the adlayer by simple Gaussian peaks in the electron density profile without any
assumption of the corresponding chemical species. As discussed above, the main
contribution to these peaks will come from the strongly scattering Pb atoms, whereas
the contributions of O and F will be negligible. We thus denote these Gaussian peaks
in the following as Pb layers. Reasonable fits of the experimental XRR curves could
only be obtained by a series of three Pb layers that decayed in intensity (by a factor
>7 from the first to the third Pb layer) and increased in width from the Hg surface
towards the electrolyte (see Figure 4.7a, Table 4.3 and 4.17).

Deconvolution of the Pb layer by the width of the Hg surface layer ¢;, which is
dominated by the capillary wave width, results in effective widths of 0.34 A for the
first, 0.62 A for the second, and 0.76 A for the third Pb layer. These observations
indicate that in contrast to the Pb(OH)Br and Pb(OH)Cl adlayers, the ordering along
the surface normal direction rapidly decays. The distance of the first Pb layer to the
Hg surface (3.10 A) is comparable to that in the two other systems. The distance
between Pb layer 1 and 2 (3.09 A) differs by only 3% from that of the Pb planes
in a PbF; cubic structure, but the much shorter distance between Pb layers 2 and 3
cannot be explained by a PbF, phase. However, the two distances are similar to those
found between the Pb layers in Pb(OH)Br and Pb(OH)Cl. The observed adlayer
could hence correspond to a mixture of PbF, and of Pb(OH)F with laurionite crystal
structure, although the latter phase has hitherto not been observed in the bulk.

As mentioned above, only the vertical position of the first Pb layer is reasonably well
localized, whereas the following layers already have a rather large width. Thus, a
coexistence of crystallites with different orientation is possible, which would be in
agreement with the powder-like bulk deposit structure in F-containing electrolyte.
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In total, the XRR data in electrolyte containing exclusively F anions suggest that in-
stead of a well-defined precursor adlayer only thin crystallites of a three-dimensional
deposit are formed in solution containing 0.12 mM PbF,. This is supported by ex-
periments showing that subsequently recorded XRR curves in this solution are not
stable but continuously change with time (Figure4.18). This indicates slow, kineti-
cally limited growth of the deposit, which is in accordance with the absence of bulk
crystallite formation in the optical microscopy and GID studies. At higher PbF, con-
centration, no distinct adlayer formation but only bulk deposition was found, which
further supports this scenario.

4.4 Discussion

4.4.1 Mechanism of Pb halide growth at the liquid Hg interface

The structural data obtained from the in situ X-ray scattering studies reveal funda-
mental differences in the phase formation processes found in the presence of Br and
Cl anions as compared to those in the presence of F anions alone. Before discussing
the origin of these differences, we first consider the general mechanism of Pb halide
formation on the Hg surface. We assume that this occurs by a controlled precipi-
tation of these ionic compounds that is triggered by electrochemically induced de-
amalgamation, as suggested in our previous studies of PbFBr formation.>** Here, at
potentials negative of Epy,pyp, Pb?T is first electrochemically reduced to Pb atoms
on the Hg surface, which are then dissolved in the Hg bulk, resulting in accumula-
tion of Pb in the near-surface region of the liquid metal. Upon increasing the poten-
tial into the de-amalgamation regime, the dissolved Pb is rapidly released into the
electrolyte. This release leads to supersaturation of Pb>" ions in the electrolyte close
to the electrode surface, up to a point where the Pb?>* concentration exceeds the sol-
ubility product of the Pb halide compounds. As a result, nucleation and growth of
crystallites of these compounds commence.

In principle, this growth occurs by a purely chemical mechanism in solution and the
main role of the electrochemical process is to provide a sufficient local Pb?* ion con-
centration. In the absence of specific interactions with the Hg-electrolyte interface,
one would therefore expect a randomly oriented, powder-like deposit. This type of
behavior seems indeed to be the case in NaF + PbF, solution, where our data indi-
cate direct nucleation and growth of poorly ordered, three-dimensional crystallites.
In the presence of Cl or Br anions in solution, however, Pb halide growth proceeds
by a different route, as shown by our observations in NaCl + PbCl, and NaBr +
PbBr; solution as well as our earlier results in NaF + PbBr; electrolyte®?33. Specifi-
cally, we find in all these systems a well-defined texture of the bulk deposit, where
the crystals are oriented with the c-axis parallel to the surface normal direction. This
quasi-epitaxial growth indicates a steering role of the Hg substrate in the crystal
growth.
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The XRR measurements demonstrate that the occurrence of oriented crystal growth
is strongly linked to the formation of well-defined precursor adlayers in the initial
stages of the deposition process. For Pb(OH)Br and PbFBr formation, the precursors
are c-axis oriented crystalline films with a thickness of two Pb atomic layers, i.e., two
formula units of the Pb halide compound. The subsequent quasi-epitaxial growth
of c-axis oriented Pb(OH)Br and PbFBr, respectively, merely constitutes a continua-
tion of these ultrathin crystals and thus is easily explained. For Pb(OH)CI growth,
the same reasoning holds true for the majority adlayer phase Pb(OH)Cl,;-I, which
is structurally analogue to the Pb(OH)Br ;-1 phase. The further vertical growth of
the minority phase Pb(OH)Cl,;-II seems to be kinetically hindered, as bulk crystal-
lites with the same orientation as in Pb(OH)Cl, ;-1 were not observed in the GID
measurements. The precise reasons for that are not clear at present and require fur-
ther studies. Based on the microscopy investigations, which show that the entire Hg
surface is covered by the Pb(OH)CI film after longer deposition times, the surface
areas covered by the Pb(OH)Cl,;-II phase are either converted into Pb(OH)Cl,;-1
or overgrown by lateral growth of the oriented Pd(OH)CI bulk crystals. The pre-
ferred growth of certain crystal orientations on cost of less favorable oriented nuclei
is a well-known phenomena in thin film deposition and encountered for example in

columnar growth.

4.4.2 Role of the anion species in precursor adlayer formation

Having established that the existence of well-oriented precursor adlayers is the rea-
son for quasi-epitaxial growth, we now address the origin of precursor adlayer for-
mation. According to our data these adlayers form in the presence of Cl and Br
anions but not in electrolytes containing only F (and OH) anions. Chloride and
bromide are known as electronically polarizable (‘soft”) anion species that strongly
chemisorb on metal surfaces. Specifically, the specific adsorption, i.e., chemical
binding, of Cl and Br on Hg electrodes is known since the early days of interfacial
electrochemistry.57'58 In contrast, fluoride is a “hard” anion with strongly bound hy-
dration shell and known for its non-specific adsorption on Hg. Consequently, F an-
ions only reside as hydrated, electrostatically bound species in the outer Helmholtz
plane whereas Cl and Br form chemisorbed adlayers on Hg, which can reach consid-
erable coverages at potentials positive of the potential of zero charge. In our previous

3233 we proposed that these chemisorbed anions stabilize coadsorbed Pb%+

studies,
counter ions on the surface. The latter carry twice the charge as the halide and thus
attract further ions until charge neutrality is reached after in total five atomic layers,

with the last one being a terminating anion layer.

For the systems studied in the present work, the scenario is in principle similar but
the detailed explanation of the formed adlayer structure is more difficult. This is
mainly caused by the more complex crystal structure of Pb(OH)Br and Pb(OH)Cl,
which result from the presence of OH and cannot be understood from simple isotropic
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ion-ion interactions alone. As an example, we briefly consider the majority adlayer
phases, which will be most important phases for the subsequent quasi-epitaxial
growth. Here, the Pb atoms in the two cation layers are interlinked by a buckled
layer, composed of Br anions with an in-plane square arrangement (Figure 4.7b and
Figure 4.13). This structure results from the space requirements of the Br-bound
OH groups, which are located slightly above and below the Pb planes, respectively.
The inner Pb layer appears to be directly adsorbed on the Hg surface layer rather
than bound via an intermediate halide adlayer. In contrast, the minority phase
Pb(OH)Br,,4-1I involves adsorbed Br at the liquid Hg electrode.

Obviously, the stabilization of defined precursor adlayers by coadsorbed cations is
possible in a variety of atomic arrangements on the liquid metal surface. This is in
agreement with the well-known formation of mixed chemisorbed layers of anions
and cations on solid metal electrodes (see Ref. % for an overview). Here, it has
been shown that these species can mutually stabilize themselves on the electrode
surface. Particularly insightful are in situ X-ray surface scattering studies of Wang
and coworkers that reported the presence of mixed adlayers of halides with Tl or Pb
on Au (111) electrodes in acidic electrolyte.* =62 These systematic studies reported a
complex potential-dependent sequence of differently ordered adlayer structures, in
which the stoichiometry changed stepwise from a purely metallic adlayer to a pure
halide layer. In an intermediate potential range, various mixed phases were found,
including phases with a square 1:1 arrangement of halide and metal. The halide
was either coadsorbed with the metal species on the Au surface or resided on top of
the adsorbed metal layer. In both cases, the ad-metal is stabilized on the electrode
surface at much more positive potentials as in halide-free electrolyte. For Pb in Br-
containing solution the transition between the different mixed adlayer phases was
slow, resulting in long-term coexistence of those phases.®> All these observations
closely resemble our findings for the precursor adlayers on liquid Hg electrodes.
The main differences are the presence of a second anion species in the adlayer (F
or OH) and its larger vertical extension, i.e., the presence of 2 Pb and several anion
layers. The former difference can be related to the coexistence of two anions in the
electrolyte and an apparently lower Gibbs energy of formation of these compounds
as compared to more simple salts, such as PbBr; or PbCly.3? The larger vertical ex-
tension was attributed in Ref. 32 to electrostatic effects, resulting from the different
charges of the Pb>* and the monovalent anions and the need to achieve charge neu-
trality in the adlayer. A similar reasoning can be applied to the precursor adlayer
phases observed in this study.

Within the scenario described above, the tendency towards precursor adlayer for-

mation should increase with increasing Gibbs energy of adsorption of the halide on
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the Hg electrode, i.e., in the order F < Cl < Br. This is indeed found in potential-
dependent XRR studies, which show that both formation and dissolution of the ad-
layer start to shift in the same order towards more negative potentials. For exam-
ple, the onset of dissolution in the negative potential scans of the experiments in
Figure 4.3 starts in F-containing solution at -0.80 V, i.e., directly at Epy/ppp, in Cl-
containing solution at -1.0 V, and in Br-containing solution at -1.1 V. This supports
our assumption that chloride and bromide stabilize Pb-containing precursor adlay-
ers on the Hg surface in a wide potential range, from the Pb amalgamation up to
the de-amalgamation regime, where Pb dissolution into the bulk Hg or Pb*" des-
orption would be expected, respectively. In contrast, fluoride anions do not lead to
any stabilization and therefore only bulk precipitates without a defined orientation
towards the interface are formed. The kinetics of adlayer formation and dissolution
exhibits this trend too, resulting in faster and more facile formation with increasing

chemisorption strength of the halide anion.

4.5 Conclusion

Our in situ X-ray scattering studies show that in deposition at liquid metal - elec-
trolyte interfaces, chemisorbing ions, such as chloride and bromide, can serve as sur-
factants that promote the growth of strongly textured deposits. This behavior can be
linked to the formation of well-defined ultrathin precursor adlayers of the deposited
compounds that serve as nuclei for the subsequent quasi-epitaxial growth of ori-
ented crystals of the bulk phase. The mechanistic scenario proposed for this process
should be valid for many materials, provided they contain species that chemisorb at
the interface but are poorly solvable in the liquid metal. The stability and ease of for-
mation of the precursor adlayers scales with the strength of the chemisorption. Even
stronger tendencies for precursor adlayer formation and quasi-epitaxial growth are
therefore expected in the presence of iodide or sulfide anions. This opens up in-
teresting possibilities for the preparation of technologically interesting compound
semiconductors. Already the Pb(OH)Br phase is interesting in that respect, as it was
shown to be chemically convertible into a perovskite material for resistive memory

devices;® for Pbl perovskites an even larger range of potential applications exists.

The growth-steering effects at interfaces to liquid metals and the resulting deposit
texture are stronger than those found at other liquid-liquid interfaces, such as inter-
faces between aqueous and non-aqueous solutions.®* One important reason for this
are the strong chemical interactions of many species with metal surfaces. These lead
to strongly bound adsorbate layers with a high surface coverage, which promote the
formation of oriented precursor adlayers. In addition, the high surface tension of
liquid metals results in atomically smooth interfaces, providing ideal substrates. Be-
cause of these properties, growth at liquid metal interfaces is an interesting route for
the formation of crystalline nanomaterials and thin films. The mechanistic insights
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obtained in this work may help in developing these deposition processes and tun-
ing them, e.g., towards higher crystallinity and optimized morphology. Specifically,
precursor-mediated growth may also allow to further improve emerging methods
employing liquid metals, such as electrochemical liquid-liquid-solid deposition.

4.6 Methods

X-ray reflectivity and GID studies were performed using the LISA liquid interface
diffractometer at beamline P08 of PETRA III (DESY). An X-ray energy of 25 keV
was chosen to have acceptable counts despite the strong X-ray absorption by the
electrolyte. All data were collected with a two-dimensional X-ray detector with 55
pum pixel size (X-Spectrum Lambda 750k GaAs). The acceptance of the detector to
integrate the intensity for XRR was 0.35° vertically and 0.06° horizontally, the back-
ground subtraction was calculated by offsetting the ROI horizontally with the same
acceptance by 0.06°. For the GID studies of the bulk deposit structure, the incident
angle was fixed at 0.122°, corresponding to 85 % of the critical angle for the system.
An in-plane scan of the detector with 50 images was recorded (with 30 s counting
time, 0.40° intervals). From each image, the background, obtained by an identical
scan performed before the deposition, was subtracted, and the resulting 50 images
were then binned with a q,, resolution between 5-10~3 and 5-10~% A~1,

The experiments were performed in a dedicated electrochemical sample environ-
ment, which is described in detail in the supplementary information. It consisted of
a sealed PEEK cell, with an upper quartz window that provides optical access for
the microscope camera (Basler ACE acA1600-20gm with OPTEM Fusion motorised
Zoomsystem). The cell contains a liquid mercury pool (Chempur, 99.999+%) of 23.7
cm? surface area with a Pt wire contact and approximately 55 mL of the electrolyte.
A Hg/Hg2504 (Schott) reference electrode, a Pt counter electrode, and a Ametek
Solartron Analytical potentiostat (Modulab 2101A) were used for potential control.
All potentials mentioned in this publication are given relative to Hg/Hg2SO4. The
sample cell parts that were in contact with the sample were previously soaked for
at least 6 hours in caroic acid, a 3:1 solution of sulfuric acid and hydrogen perox-
ide, and then sonicated and rinsed with Milli-Q water prior to sample preparation.
To clean the PEEK components a 20-30% caroic solution was used to avoid disso-
lution of the cell material. The electrolyte solutions were prepared from NaF (Alfa
Aesar Puratronic®, 99.995%), NaCl (ChemPur, 99.999 %), NaBr (Merck Suprapur®
99.995%), PbF, (abcr, Puratronic®, 99.997%), PbCl, (ChemPur, 99.999 %), PbBr, (Alfa
Aesar Puratronic®, 99.998%), and Milli-Q water. They were purged with N, gas for
at least 30 min before injecting them in the cell to remove O, dissolved in the elec-
trolyte. After initial sample characterization in the pure NaX base electrolyte, the
electrolyte was exchanged by flowing 500 ml of NaX + PbyX solution through the
cell, i.e., more than 9 times the cell volume. All experiments were performed at
room temperature (22.5 °C).

65



Chapter 4. Role of chemisorbing species in growth at liquid metal-electrolyte
interfaces revealed by in situ X ray scattering

ASSOCIATED CONTENT

Additional information on experimental procedures and analysis methods, addi-
tional figures, and additional tables are given in the supporting information.

AUTHOR INFORMATION

Corresponding Author

* magnussen@physik.uni.kiel.de, murphy@physik.uni.kiel.de
Present Addresses

t Mitsubishi Electric Corporation, Advanced Technology R&D Center, 8-1-1 Tsukaguchi-
Honmachi, Amagasaki 661-8661, Japan

Author Contributions

The manuscript was written through the contributions of all authors. All authors
have given approval to the final version of the manuscript.

Funding Sources

The research was supported by the DFG through project MA 1618/18 and funding
for LISA by the BMBF through project K16FK1/K19FK2.

Aknowledgment

The authors acknowledge financial support by the DFG through project MA 1618/18
and funding for LISA by the BMBF through project 05K16FK1/05K19FK2. We ac-
knowledge DESY (Hamburg, Germany), a member of the Helmholtz Association
HGE, for the provision of experimental facilities. Parts of this research were carried
out at PETRA III and we would like to thank Florian Bertram and Rene Kirchhof
for assistance in using P08 and Milena Lippmann for her assistance in using the
PETRA III chemistry laboratory. Beamtime was allocated for proposals 1-20200512,
1-20180496 and 11-20170014. Furthermore, we would like to thank Wulf Depmeier
for his feedback on laurionite crystal structure.

4.7 References

(1) Shpyrko Oleg G.; Streitel Reinhard; Balagurusamy S. K. Venkatachalapathy;
Grigoriev Y. Alexei; Deutsch Moshe; Ocko M. Benjamin; Meron Mati; Lin Binhua;
Pershan S. Peter. Surface Crystallization in a Liquid AuSi Alloy. SCIENCE 2006, 313,
77-80.

(2) Cui, Y,; Liang, F; Yang, Z.; Xu, S.; Zhao, X,; Ding, Y.; Lin, Z.; Liu, J. Metallic
Bond-Enabled Wetting Behavior at the Liquid Ga/CuGa2 Interfaces. ACS Applied

66



4.7. References

Materials and Interfaces 2018, 10 (11), 9203-9210.
https://doi.org/10.1021/acsami.8b00009.

(3) Elsen, A.; Murphy, B. M.; Ocko, B. M.; Tamam, L.; Deutsch, M.; Kuzmenko, L,
Magnussen, O. M. Surface Layering at the Mercury-Electrolyte Interface. Physical
Review Letters 2010, 104 (10), 105501.

https://doi.org/10.1103 /PhysRevLett.104.105501.

(4) Dickey, M. D. Emerging Applications of Liquid Metals Featuring Surface Oxides.
ACS Applied Materials and Interfaces 2014, 6 (21), 18369-18379.
https://doi.org/10.1021/am5043017.

(5) Daeneke, T.; Khoshmanesh, K.; Mahmood, N.; de Castro, 1. A.; Esrafilzadeh, D.;
Barrow, S. J.; Dickey, M. D.; Kalantar-Zadeh, K. Liquid Metals: Fundamentals and
Applications in Chemistry. Chemical Society Reviews. Royal Society of Chemistry
June 7, 2018, pp 4073-4111.

https://doi.org/10.1039/c7cs00043;.

(6) Song, H.; Kim, T.; Kang, S.; Jin, H.; Lee, K.; Yoon, H. J. Ga-Based Liquid Metal Mi-
cro/Nanoparticles: Recent Advances and Applications. Small 2020, 16 (12), 1903391.

(7) Siegel, A. C.; Tang, S. K. Y.; Nijhuis, C. A.; Hashimoto, M.; Phillips, S. T.; Dickey,
M. D.; Whitesides, G. M. Cofabrication: A Strategy for Building Multicomponent
Microsystems. Accounts of Chemical Research 2010, 43 (4), 518-528.

https:/ /doi.org/10.1021/ar900178k.

(8) Ma, K. Q.; Liu, J. Nano Liquid-Metal Fluid as Ultimate Coolant. Physics Letters A
2007, 361 (3), 252-256.
https:/ /doi.org/10.1016 /] PHYSLETA.2006.09.041.

(9) Hammock, M. L.; Chortos, A.; Tee, B. C. K; Tok, J. B. H.; Bao, Z. 25th Anniversary
Article: The Evolution of Electronic Skin (E-Skin): A Brief History, Design Consider-
ations, and Recent Progress. Advanced Materials 2013, 25 (42), 5997-6038.

https:/ /doi.org/10.1002 /adma.201302240.

(10) Rashed Khan, M.; Hayes, G. ].; So, J. H.; Lazzi, G.; Dickey, M. D. A Frequency
Shifting Liquid Metal Antenna with Pressure Responsiveness. Applied Physics Letters
2011, 99 (1).

https://doi.org/10.1063/1.3603961.

(11) Ren, L.; Zhuang, J.; Casillas, G.; Feng, H.; Liu, Y,; Xu, X.; Liu, Y.; Chen, J;
Du, Y,; Jiang, L.; Dou, S. X. Nanodroplets for Stretchable Superconducting Circuits.
Advanced Functional Materials 2016, 26 (44), 8111-8118.

https:/ /doi.org/10.1002 /adfm.201603427.

(12) Vetrovec, J.; Litt, A. S.; Copeland, D. A.; Junghans, J.; Durkee, R. Liquid Metal
Heat Sink for High-Power Laser Diodes. In High-Power Diode Laser Technology and

67



Chapter 4. Role of chemisorbing species in growth at liquid metal-electrolyte
interfaces revealed by in situ X ray scattering

Applications XI; SPIE, 2013; Vol. 8605, p 86050E.
https://doi.org/10.1117/12.2005357.

(13) Liang, S. T.; Wang, H. Z.; Liu, J. Progress, Mechanisms and Applications of
Liquid-Metal Catalyst Systems. Chemistry - A European Journal. Wiley-VCH Verlag
December 3, 2018, pp 17616-17626.

https://doi.org/10.1002/chem.201801957.

(14) Tan, S. C.; Gui, H,; Yang, X. H,; Yuan, B.; Zhan, S. H.; Liu, J. Comparative
Study on Activation of Aluminum with Four Liquid Metals to Generate Hydrogen
in Alkaline Solution. International Journal of Hydrogen Energy 2016, 41 (48), 22663-
22667.

https:/ /doi.org/10.1016 /] IJJHYDENE.2016.10.090.

(15) Carim, A. L; Collins, S. M.; Foley, ]. M.; Maldonado, S. Benchtop Electrochemical
Liquid-Liquid-Solid Growth of Nanostructured Crystalline Germanium. Journal of
the American Chemical Society 2011, 133 (34), 13292-13295.

https:/ /doi.org/10.1021/ja205299w.

(16) Gu, J.; M. Collins, S.; I. Carim, A.; Hao, X.; M. Bartlett, B.; Maldonado, S.
Template-Free Preparation of Crystalline Ge Nanowire Film Electrodes via an Elec-
trochemical Liquid-Liquid-Solid Process in Water at Ambient Pressure and Temper-
ature for Energy Storage. Nano Letters 2012, 12 (9), 4617-4623.

https:/ /doi.org/10.1021/n1301912f.

(17) Fahrenkrug, E.; Gu, J.; Jeon, S.; Alexander Veneman, P; S. Goldman, R.; Maldon-
ado, S. Room-Temperature Epitaxial Electrodeposition of Single-Crystalline Germa-
nium Nanowires at the Wafer Scale from an Aqueous Solution. Nano Letters 2014, 14
(2), 847-852.

https:/ /doi.org/10.1021/n1404228z.

(18) DeMuth, J.; Ma, L.; Lancaster, M.; Acharya, S.; Cheek, Q.; Maldonado, S. Eutectic-
Bismuth Indium as a Growth Solvent for the Electrochemical Liquid-Liquid-Solid
Deposition of Germanium Microwires and Coiled Nanowires. Crystal Growth & De-
sign 2018, 18 (2), 677-685.

https://doi.org/10.1021/acs.cgd.7b01036.

(19) Fahrenkrug, E.; Maldonado, S. Electrochemical Liquid-Liquid-Solid (Ec-LLS)
Crystal Growth: A Low-Temperature Strategy for Covalent Semiconductor Crystal
Growth. Accounts of Chemical Research 2015, 48 (7), 1881-1890.
https://doi.org/10.1021/acs.accounts.5b00158.

(20) Zeng, M.; Tan, L.; Wang, J.; Chen, L.; H. Rimmeli, M.; Fu, L. Liquid Metal: An
Innovative Solution to Uniform Graphene Films. Chemistry of Materials 2014, 26 (12),
3637-3643.

https://doi.org/10.1021/cm501571h.

68



4.7. References

(21) Zeng, M,; Li, L.; Zhu, X,; Fu, L. A Liquid Metal Reaction System for Advanced
Material Manufacturing. Accounts of Materials Research 2021, 2 (8), 669-680.
https:/ /doi.org/10.1021/accountsmr.1c00101.

(22) Jankowski, M.; Saedi, M.; la Porta, F.; Manikas, A. C.; Tsakonas, C.; Cingolani, ].
S.; Andersen, M.; de Voogd, M.; van Baarle, G. J. C.; Reuter, K.; Galiotis, C.; Renaud,
G.; Konovalov, O. v.; Groot, I. M. N. Real-Time Multiscale Monitoring and Tailoring
of Graphene Growth on Liquid Copper. ACS Nano 2021, 15 (6), 9638-9648.

https:/ /doi.org/10.1021/acsnano.0c10377.

(23) Zavabeti, A.; Ou, . Z.; Carey, B. ].; Syed, N.; Orrell-Trigg, R.; Mayes, E. L. H,;
Xu, C.; Kavehei, O.; O'mullane, A. P,; Kaner, R. B.; Kalantar-Zadeh, K.; Daeneke, T.
A Liquid Metal Reaction Environment for the Room-Temperature Synthesis of Atomically
Thin Metal Oxides; 2017; Vol. 358.

(24) Carim, A.IL; Collins, S. M.; Foley, ]. M.; Maldonado, S. Benchtop Electrochemical
Liquid-Liquid-Solid Growth of Nanostructured Crystalline Germanium. Journal of
the American Chemical Society 2011, 133 (34), 13292-13295.

https:/ /doi.org/10.1021/ja205299w.

(25) Fahrenkrug, E.; Gu, J.; Maldonado, S. Electrodeposition of Crystalline GaAs on
Liquid Gallium Electrodes in Aqueous Electrolytes. Journal of the American Chemical
Society 2013, 135 (1), 330-339.

https:/ /doi.org/10.1021/ja309476x.

(26) Pattadar, D.; Cheek, Q.; Sartori, A.; Zhao, Y.; Giri, R. P; Murphy, B.; Magnussen,
O.; Maldonado, S. Evidence for Facilitated Surface Transport during Ge Crystal
Growth by Indium in Liquid Hg-In Alloys at Room Temperature. Crystal Growth
and Design 2021, 21 (3), 1645-1656.

https:/ /doi.org/10.1021/acs.cgd.0c01485.

(27) DeMuth, J.; Fahrenkrug, E.; Maldonado, S. Controlling Nucleation and Crystal
Growth of Ge in a Liquid Metal Solvent. Crystal Growth & Design 2016, 16 (12), 7130-
7138.

https:/ /doi.org/10.1021/acs.cgd.6b01360.

(28) Zhang, T.; Fahrenkrug, E.; Maldonado, S. Electrochemical Liquid-Liquid-Solid
Deposition of Ge at Hg Microdroplet Ultramicroelectrodes. Journal of The Electro-
chemical Society 2016, 163 (9), D500-D505.

https:/ /doi.org/10.1149/2.0691609jes.

(29) DeMuth, J.; Ma, L.; Fahrenkrug, E.; Maldonado, S. Electrochemical Liquid-
Liquid-Solid Deposition of Crystalline Gallium Antimonide. Electrochimica Acta 2016,
197, 353-361.

https:/ /doi.org/

https://doi.org/10.1016 /j.electacta.2015.10.163.

69



Chapter 4. Role of chemisorbing species in growth at liquid metal-electrolyte
interfaces revealed by in situ X ray scattering

(30) Downes, N.; Cheek, Q.; Maldonado, S. Electroreduction of Perchlorinated Silanes
for Si Electrodeposition. Journal of The Electrochemical Society 2021, 168 (2), 022503.
https:/ /doi.org/10.1149/1945-7111/abda58.

(31) Cheek, Q.; Fahrenkrug, E.; Hlynchuk, S.; Alsem, D. H.; Salmon, N. J.; Maldon-
ado, S. In Situ Transmission Electron Microscopy Measurements of Ge Nanowire
Synthesis with Liquid Metal Nanodroplets in Water. ACS Nano 2020, 14 (3), 2869-
2879.

https://doi.org/10.1021/acsnano.9b06468.

(32) Elsen, A.; Festersen, S.; Runge, B.; Koops, C. T.; Ocko, B. M.; Deutsch, M.; Seeck,
O. H.; Murphy, B. M.; Magnussen, O. M. In Situ X-Ray Studies of Adlayer-Induced
Crystal Nucleation at the Liquid-Liquid Interface. Proceedings of the National Academy
of Sciences of the United States of America 2013, 110 (17), 6663-6668.

https:/ /doi.org/10.1073 /pnas.1301800110.

(33) Festersen, S.; Runge, B.; Koops, C.; Bertram, F.; Ocko, B.; Deutsch, M.; Mur-
phy, B. M.; Magnussen, O. M. Nucleation and Growth of PbBrF Crystals at the Lig-
uid Mercury-Electrolyte Interface Studied by Operando X-Ray Scattering. Langmuir
2020, 36 (37), 10905-10915.

https://doi.org/10.1021/acs.Jangmuir.0c01199.

(34) Magnussen, O. M.; Ocko, B. M.; Regan, M. J.; Penanen, K.; Pershan, P. S,;
Deutsch, M. X-Ray Reflectivity Measurements of Surface Layering in Liquid Mercury;
1995; Vol. 74.

(35) Dimasi, E.; Tostmann, H.; Ocko, B. M.; Pershan, P. S.; Deutsch, M. RAPID COM-
MUNICATIONS PHYSICAL REVIEW B 15 NOVEMBER 1998-11 VOLUME; Vol. 58.

(36) Regan, M. J.; Pershan, P. S.; Magnussen, O. M.; Ocko, B. M.; Deutsch, M.;
Berman, L. E. PHYSICAL REVIEW B 1 OCTOBER 1996-11 VOLUME; 1996; Vol. 54.

(37) Regan, M. J.; Tostmann, H.; Pershan, P. S.; Magnussen, O. M.; Dimasi, E.; Ocko,
B. M.; Deutsch, M. PHYSICAL REVIEW B 15 APRIL 1997-11 VOLUME; 1997; Vol. 55.

(38) Regan, M. J.; Kawamoto, E. H.; Lee, S.; Pershan, P. S.; Maskil, N.; Deutsch, M.;
Magnussen, O. M.; Ocko, B. M.; Berman, L. E. Surface Layering in Liquid Gallium: An
X-Ray Reflectivity Study; 1995; Vol. 75.

(39) Tostmann, H.; Dimasi, E.; Pershan, P. S.; Ocko, B. M.; Shpyrko, O. G.; Deutsch,
M. Surface Structure of Liquid Metals and the Effect of Capillary Waves: X-Ray Studies on
Liquid Indium.

(40) Regan, M. J.; Pershan, P. S.; Magnussen, O. M.; Ocko, B. M.; Deutsch, M.;
Berman, L. E. X-Ray Reflectivity Studies of Liquid Metal and Alloy Surfaces; 1997.

(41) Runge, B.; Festersen, S.; Koops, C. T.; Elsen, A.; Deutsch, M.; Ocko, B. M.; Seeck,
O. H,; Murphy, B. M.; Magnussen, O. M. Temperature- and Potential-Dependent

70



4.7. References

Structure of the Mercury-Electrolyte Interface. Physical Review B 2016, 93 (16), 165408.
https://doi.org/10.1103 /PhysRevB.93.165408.

(42) Arya, S.; Mahajan, P.; Gupta, R.; Srivastava, R.; Tailor, N. kumar; Satapathi,
S.; Sumathi, R. R.; Datt, R.; Gupta, V. A Comprehensive Review on Synthesis and
Applications of Single Crystal Perovskite Halides. Progress in Solid State Chemistry.
Elsevier Ltd December 1, 2020.

https:/ /doi.org/10.1016 /j.progsolidstchem.2020.100286.

(43) Yu, B. bin; Chen, Z.; Zhu, Y.; Wang, Y.; Han, B.; Chen, G.; Zhang, X.; Du, Z.; He,
Z. Heterogeneous 2D /3D Tin-Halides Perovskite Solar Cells with Certified Conver-
sion Efficiency Breaking 14%. Advanced Materials 2021, 33 (36).
https://doi.org/10.1002/adma.202102055.

(44) Liu, X. K,; Xu, W,; Bai, S;; Jin, Y.; Wang, ].; Friend, R. H.; Gao, F. Metal Halide
Perovskites for Light-Emitting Diodes. Nature Materials. Nature Research January 1,
2021, pp 10-21.

https:/ /doi.org/10.1038 /541563-020-0784-7.

(45) Pefia, M. A.; Fierro, J. L. G. Chemical Structures and Performance of Perovskite
Oxides. Chemical Reviews. July 2001, pp 1981-2017.
https:/ /doi.org/10.1021/cr980129f.

(46) Murphy, B. M.; Festersen, S.; Magnussen, O. M. The Atomic Scale Structure of
Liquid Metal-Electrolyte Interfaces. Nanoscale 2016, 8 (29), 13859-13866.
https://doi.org/10.1039/C6NRO1571A.

(47) D’Evelyn, M. P; Rice, S. A. A Study of the Liquid-Vapor Interface of Mercury:
Computer Simulation Results. The Journal of Chemical Physics 1983, 78 (8), 5081-5095.
https:/ /doi.org/10.1063/1.445376.

(48) Yu, Y,; Hou, J.; Zhang, L.; Sun, Q.; Attique, S.; Wang, W.; Xu, X,; Xu, E; Cj,
Z.; Cao, B.; Qiao, X,; Xiao, X.; Yang, S. Ultrastable Laurionite Spontaneously En-
capsulates Reduced-Dimensional Lead Halide Perovskites. Nano Letters 2020, 20 (4),
2316-2325.

https://doi.org/10.1021/acs.nanolett.9b04730.

(49) Venetopoulos, C. CH.; Rentzeperis, P. ]J. The Crystal Structure of Laurionite,
Pb(OH)CL. Zeitschrift fiir Kristallographie - Crystalline Materials 1975, 141 (1-6), 246-
259.

(50) Lutz, H. D.; Beckenkamp, K.; Kellersohn, T.; Moller, H.; Peter, S. Neutron and X-
Ray Structure Determination of Laurionite-Type Pb{O(H,D)} X, WithX= Cl, Br, and
I, Hydrogen Bonds to Lead(Il) Ions as a Hydrogen-Bond Acceptor. Journal of Solid
State Chemistry 1996, 124 (1), 155-161.

https://doi.org/10.1006 /JSSC.1996.0219.

71



Chapter 4. Role of chemisorbing species in growth at liquid metal-electrolyte
interfaces revealed by in situ X ray scattering

(51) Wagman, D. D.; Evans, W. H.; Parker, V. B.; Schumm, R. H.; Halow, I. The NBS
Tables of Chemical Thermodynamic Properties. Selected Values for Inorganic and C1 and C2
Organic Substances in SI Units; National Standard Reference Data System, 1982.

(52) Weil, M.; Puchberger, M.; Baran, E. J. Preparation and Characterization of Dimer-
cury(I) Monofluorophosphate(V), Hg2PO3F: Crystal Structure, Thermal Behavior,
Vibrational Spectra, and Solid-State 31P and 19F NMR Spectra. Inorganic Chemistry
2004, 43 (26), 8330-8335.

https:/ /doi.org/10.1021/ic048741e.

(63) Amaro-Estrada, J. I.; Maron, L.; Ramirez-Solis, A. Aqueous Solvation of Hg-
CIOH. Stepwise DFT Solvation and Born-Oppenheimer Molecular Dynamics Stud-
ies of the HgCIOH-(H20)24 Complex. Physical Chemistry Chemical Physics 2014, 16
(18), 8455-8464.

https:/ /doi.org/10.1039/c3cp55339f.

(54) Frey, M.; Leligny, H.; Ledésert, M. Structure Cristalline Du Solvate Hg Br2
C4H8O. Bulletin de la Société frangaise de Minéralogie et de Cristallographie 1971, 94 (5),
467-470.

https:/ /doi.org/10.3406 /bulmi.1971.6610.

(55) Baghan, Z. N.; Salimi, A.; Eshtiagh-Hosseini, H.; Oliver, A. G. Supporting Infor-
mation Hydrogen Bond Synthons Affect Coordination Geometry of D10-Metal Halide Com-
plexes: Synthetic Methods, Theoretical Studies and Supramolecular Architectures; 2021.

(56) Festersen, S.; Runge, B.; Koops, C.; Bertram, F.; Ocko, B.; Deutsch, M.; Mur-
phy, B. M,; Magnussen, O. M. Nucleation and Growth of PbBrF Crystals at the Lig-
uid Mercury-Electrolyte Interface Studied by Operando X-Ray Scattering. Langmuir
2020, 36 (37), 10905-10915.

https:/ /doi.org/10.1021/acs.langmuir.0c01199.

(57) Grahame, C. D.; Parsons, R. Components of Charge and Potential in Inner Re-
gion of Electrical Double Layer - Aqueous Potassium Chloride Solutions in Contact
with Mercury at 25 Degrees. Journal of the American Chemical Society 1961, 83 (6),
1291-1296.

(58) Lawrence, J.; Parsons, R.; Payne, R. Adsorption of Halides at the Mercury-Water
Interface. Journal of Electroanalytical Chemistry and Interfacial Electrochemistry 1968, 16
(2), 193-206.

https:/ /doi.org/10.1016/S0022-0728 (68) 80061-0.

(59) M. Magnussen, O. Ordered Anion Adlayers on Metal Electrode Surfaces. Chem-
ical Reviews 2002, 102 (3), 679-726.
https:/ /doi.org/10.1021/cr000069p.

72



4.7. References

(60) R. Adzi¢, R.,; X. Wang, J. Bromide Adsorption Induced Formation of Thallium
Bromide Adlayers with Varying Composition and Structure on the Au (111) Elec-
trode Surface. The Journal of Physical Chemistry B 1998, 102 (33), 6305-6308.

https:/ /doi.org/10.1021/jp980740i.

(61) Wang, ]J. X.; Robinson, I. K.; Adzi¢, R. R. Formation of Well-Ordered Surface
Compounds by Coadsorption of Thallium and Bromide on the Au(111) Electrode
Surface. Surface Science 1998, 412-413, 374-383.

https:/ /doi.org/10.1016 /S0039-6028(98)00450-6.

(62) X. Wang, J.; K. Robinson, I.; E. DeVilbiss, J.; R. Adzi¢, R. Structural Trends among
Ionic Metal-Halide Adlayers on Electrode Surfaces. The Journal of Physical Chemistry
B 2000, 104 (33), 7951-7959.

https:/ /doi.org/10.1021/jp000759x.

(63) Attique, S.; Ali, N.; Khatoon, R.; Ali, S.; Abbas, A.; Yu, Y,; Hou, J.; Cao, B,;
Wu, H.; Yang, S. Aqueous Phase Fabrication and Conversion of Pb(OH)Br into a
CH3NH3PbBr3perovskite and Its Application in Resistive Memory Switching De-
vices. Green Chemistry 2020, 22 (11), 3608-3614.

https:/ /doi.org/10.1039/d0gc00878h.

(64) Fan, D.; John Thomas, P.; O’Brien, P. Pyramidal Lead Sulfide Crystallites With
High Energy {113} Facets. Journal of the American Chemical Society 2008, 130 (33),
10892-10894.

https:/ /doi.org/10.1021/ja804516q.

(65) Momma, K.; Izumi, F. VESTA 3 for Three-Dimensional Visualization of Crystal,
Volumetric and Morphology Data. Journal of Applied Crystallography 2011, 44 (6),
1272-1276.

https://doi.org/10.1107/50021889811038970.

73



Chapter 4. Role of chemisorbing species in growth at liquid metal-electrolyte
interfaces revealed by in situ X ray scattering

4.8 Supporting information

S1: Fitting process and model

In order to fit the experimental XRR data the distorted crystal model (DCM) was
used. The DCM described the near surface region of a liquid metal by an infinite
stack of layers that continuously broaden with increasing distance from the surface.
Based on this model, the electron density profile of a simple Hg-electrolyte interface
is described by the following equations:

= [ dpng (z —nd)* Pad (2~ zat)”
pr— F _— i
ppcm (z) = Frg ® (};} <(Tn P ( 202 + N T 202,

4.1)
with
Op =/ 0? +n0f (4.2)
_ PH,o i Z = ZHyo
pelectrolyte (Z) — FHZO & (2 (1 erf <0'Hzo ))) (43)
< 1Y (Z)> _ PDCcM (Z) + pelectrolyte (Z) (44)

Poo PHg

Here, d describes the interatomic distance between the atomic layers of mercury, o;
describes the intrinsic width common to all layers, which corresponds to the rough-
ness of the Hg surface layer (n = 0), and 03 determines the rate by which ¢;, increases
with n. The second term of the eq. 1 describes an additional Hg adlayer of lower
density, which is a typical feature of Hg-vapor and Hg-liquid interfaces.!* pj;, and
pH,0 are the electron density of mercury and water respectively. Fyg and Fy,o are
the Fourier transform of the atomic form factor of Hg and H,O. Using the form fac-
tor of water for the description of the electrolyte is justified by the low concentration
of the employed solutions.

In the fits of the reflectivity curves in the de-amalgamation potential regime, ad-
layers of Pb halide compounds were included in the electron density profiles. These
typically consisted of several atomic layers of different ionic compounds (Pb, halides,
OH) that were placed at defined distances. The electron density contribution of each
of these atomic layers is given by:

- 2
pﬂ@=a®<%&map<f2;?>> (4.5)

For the XRR data obtained in Br- or Cl-containing solution, the distances between
the positions of the atomic layers z, and the type of the atomic species (defined
by the Fourier transform of the atomic form factor F,) were fixed to those in the
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corresponding bulk compounds described in the main manuscript. The layer widths
0, were identical for all atomic layers and fixed to that of the Hg surface layer (i.e.,
0y, = 07). Likewise, all layers were scaled by the same coverage factor 6. In the F-
containing solution a more general approach was applied. Here, a sequence of up to
three Gaussian with independently fitted densities p,, widths ¢, and positions z,,
was used (n =1, 2, 3). The sum of all contribution

Poo  PHg

< P (Z)> = L <PDCM (Z) + Pelectrolyte (Z) + an (Z)> (4'6)

was then inserted in the master formula:

R(qz) _

2
(4.7)

1 rd{p(2) .-
Rr(4.) / e dz

oo dz

, where Rp(qg;) is the Fresnel reflectivity of an ideally sharp interface and g the scat-
tering vector in surface normal direction. This expression was used to fit the experi-
mental data R(g.).

The fit model was implemented in a self-written Python code. The first stage of
the fit procedure was to fit all the reflectivity of Hg in NaX (X=Br, Cl, F) where the
interface is pristine. The average bulk parameters of mercury (3, d) were then used
to fit all the rest of the data presented in the manuscript. The first step of each fit was
to set a wide range of boundaries for each parameter, by using a global optimization.
The obtained values were then employed as starting point for a second fit with a
local optimization algorithm. The error function describing the electrolyte solution
has only a small effect on the fit of the Hg-electrolyte interface in the absence of

a layer. Therefore, also the position of the error function was fixed to the average

value.
System Parameter -1.20V -0.60 V
Common values d [A] 2.76 2.76
op[A] 0.48 0.48
zm,0 [A] 1.50 1.50
0.01 M NaBr i [A] 1.014+0.01 0.9740.01

Pad 0.2740.01 0.37-+0.01
zalAl  3.51+0.03 3.25+0.04
0.01 M NaCl oi[A] 1.01£0.01 0.96+0.01
Oad 0.264+0.01 0.35+0.01
zaq [A]  3.48+0.05 3.3440.04
0.01 M NaF oi[A] 1.01£0.01 0.96+0.01
Oad 0.244+0.01 0.38-+0.01

zaa [A]  3.35+0.05 3.3840.03

Table 4.4: Structural data on the Hg-electrolyte interface structure in Pb-free solu-
tions
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Figure 4.8:

Figure 4.9:

— M

(a) Reflectivity profiles (top panel) and reflectivity normalized by the
Fresnel reflectivity Rr(q;) (bottom panel) of the liquid Hg electrode in
pure 0.01 M NaBr (brown), 0.01 M NaCl (green) and, 0.01 M NaF (blue)
solution. Triangles indicate XRR curves measured at -1.20 V, circles XRR
curves measured at -0.60 V. top: The grey dashed lines indicate the Fres-
nel reflectivity Rr(q.), solid lines correspond to the best fit of the XRR
data. For clarity, the individual profiles are offset with respect to each
other. (b) The electron density profiles corresponding to the best fits (de-
tailed structural parameters are given in table S1).

Adz

-

ax

Schematic representation of reciprocal space diffraction geometry for a
two-dimensional powder with the Ewald sphere shown in purple. In-
tersections of the ring-shaped arrangement of the Bragg reflections with
the Ewald sphere manifest as diffraction peaks on the two-dimensional
X-ray detector. In contrast, scattering from a three-dimensional powder
(corresponding to spheres in reciprocal space) would result in powder
rings on the detector.

76



4.8. Supporting information

100

75

50

Intensity [arb.u.]

25

Pb(OH)Br
PbO(H,0)
Pb

PbBr;
NaBr - N I
HgBr, I R | ALII

g I I O T1 00 00
| 1 - 1l 111 LI a1 Iy
' | ll ] 1

PbO, - .

PbO(P4/nmm) . | . - I I
PbO(pbcm) . .

Pbs0,Br,
PbsOsHBr
3PbBr; - 2H,0

Figure 4.10: Powder diffraction pattern obtained by integration of the GID data of
the deposit in Br-containing electrolyte (top), compared to the peak po-
sitions of listed crystal structures (bottom).

100F

S

a5 751

[ =

B,

by 50

(9]

]

= 25 :

= : :
poorct O S 1 1 O 111 (WA T T
Pb(OH)CI(C2/m) B A | I
POOIH:0) - —— i
poct, | S N | P B 0 UE W3
HgCl, N I PR { B S0 | I P I B i
Hg,Cl> il | . T . 10 | IR |
HgO . . - . .

HgO,

Pb,O

Pb,03

PbO,
PbO(P4/nmm)
PbO(pbcm)

302Cl
Pb,CIsHO

Figure 4.11: Powder diffraction pattern obtained by integration of the GID data of
the deposit in Cl-containing electrolyte (top), compared to the peak po-
sitions of listed crystal structures (bottom).
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Figure 4.12: Powder diffraction pattern obtained by integration of the GID data of
the deposit in F-containing electrolyte (top), compared to the peak posi-
tions of listed crystal structures (bottom).
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S2: XRR modelling of the adlayer in Pb-containing solutions

This section describes the different models used in the fitting of the experimental
data.For each system, we first considered an adlayer with a height of one full unit
cell of the identified bulk material, as this was the adlayer structure found in the
case of PbFBr.° That is, c-axis oriented Pb(OH)Br was used for Br-containing solu-
tion, c-axis oriented Pb(OH)Cl for Cl-containing solution, and PbF, for F-containing
solution. Then we removed subsequently single Pb atomic layers (and their neigh-
boring anion layers). For each of the XRR fits shown below (Figure 4.14,4.16, 4.17),
the solid line is the best fit described in the main manuscript and identical to the fit
displayed in Figure 4.2. The dashed line describes the best fit if only the majority
phase Pb(OH)X,;_ (X = Br, Cl) or only two Pb layers (X = F) are considered.

a) Adlayer in Br-containing solution

Pb(OH)Br bulk

Figure 4.13: Top and side view of the Pb(OH)Br crystal structure. On the left hand
side, the bulk structure is shown, on the right hand side, the precursor
adlayer structures used to fit the experimental XRR data at -0.80 V.
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Figure 4.14: (a) X-ray reflectivity (top) and XRR normalized to the Fresnel reflectiv-
ity (bottom) of Hg electrodes in 0.01 M NaBr + 0.25 mM PbBr,. The
solid line describes the best fit by a model that includes two adlayer
phases, Pb(OH)Br ;-1 and Pb(OH)Br,;-11, the dashed line the best fit by
a model with only Pb(OH)Br,;-1. Obviously, fits with a Pb(OH)Br,;-1
adlayer phase alone cannot fully reproduce the oscillations in the XRR
data, making the consideration of a second phase necessary. (b) Electron
density profiles corresponding to the fits in (a).

b) Adlayer in Cl-containing solution
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Figure 4.15: Top and side view of the Pb(OH)CI crystal structure. On the left hand
side, the bulk structure is shown, on the right hand side, the precursor
adlayer structures used to fit the experimental XRR data at -0.90 V.
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Figure 4.16: a) X-ray reflectivity (top) and XRR normalized to the Fresnel reflectivity
(bottom) of Hg electrodes in 0.01 M NaCl + 0.25 mM PbCl,. The solid
line describes the best fit by a model that includes Pb(OH)Cl,;_; and
Pb(OH)Cl,;- 11, the dashed line by a model with only Pb(OH)Cl,;_j, and
the dashed-dotted line by a model with Pb(OH)Cl,;_; and a c-axis ori-
ented minority phase analogue to Pb(OH)Br,4-1I (but an unphysically
large Cl-Hg distance of ~4 A). Obviously, the first model provides the
best description of the experimental data. (b) Electron density profiles
corresponding to the fits in (a).

¢) Adlayer in F-containing solution
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Figure 4.17: (a) X-ray reflectivity (top) and XRR normalized to the Fresnel reflectivity
(bottom) of Hg electrodes in 0.01 M NaF + 0.12 mM PbF,. The solid line
describes the best fit by a model including three Gaussians, representing
Pb atomic layers, the dashed line by a model with two Gaussians. (b)
Electron density profiles corresponding to the fits in (a).
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NaF 10 mM + PbF, 0.12 mM
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Figure 4.18: Series of XRR, recorded subsequently on Hg in 0.01 M NaF + 0.12 mM
PbF; at -0.80 V, -0.70 V, -0.60 V, and again at -0.60 V. Prior to these mea-
surements, the sample had been kept at-1.20 V for 15 minutes. The data
indicate that the adlayer is not stable but slowly changes with time, even
if the sample is kept at the same potential.

S3: Electrochemical cell for in situ XRR and GID studies

A custom-made electrochemical cell was used to collected the in situ XRR and GID
data presented in the manuscript. The cell is made of PEEK and gas tight. Two op-
posite thin sections (0.5 mm) of the PEEK wall act as x-ray windows. Liquid Hg and
electrolyte were inserted via connected PTFE tubings. A similar tubing connected
a glass chamber with the reference electrode to the cell. The counter electrode was
a ring of 0.5 mm thick Pt-wire along the inner circumference of the cell in order to
have an homogeneous electric field at the working electrode. The electrolyte ex-
change was performed by applying an overpressure to the electrolyte reservoir, the
replaced electrolyte was collected in a waste container. The flow was controlled by
a series of valves. The microscope camera was mounted on top of the cell, where a
quartz glass window provided an optical access. The cell also allows for temperature
control but all measurements in this work were done at room temperature.
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Figure 4.19: Sketch of the electrochemical cell used for the experiment.
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5 Detection of Ge-Containing
Adlayers at the Liquid Hg/Water
Interface by In Situ X-Ray
Reflectivity in Aqueous Borate

Electrolytes Containing Dissolved
Ge02

This chapter is based on an published as an article in The Journal of Physical Chem-
istry C [137] obtained in collaboration with the Maldonado group (University of
Michigan). Here is presented systematic X-Ray reflectivity investigation of mercury-
NayB4O7 and Hg-Na;B4O7+GeO; interface as a function of potential in a range where

there are no faradaic redox reactions.

Reprinted with permission from Andrea Sartori, Joshua P. Hazelnis,Quintin B. Cheek,
Rajendra P. Giri, Molly M. Maclnnes, Bridget M. Murphy, Olaf M. Magnussen and
Stephen Maldonado. The article is available via the internet at

https:/ /pubs.acs.org/doi/10.1021/acs.jpcc.2c01671

Copyright © 2022 American Chemical Society
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5.1 Abstract

The local structure of the liquid metal/electrolyte interface for Hg electrodes im-
mersed in aqueous solutions suitable for crystalline Ge electrodeposition was probed
by in situ X-Ray reflectivity. Series of X-Ray reflectivity measurements were collected
in both pure 0.1 M NayB4O7 solution and 0.1 M Na;B4O7 with 0.05 M GeO; at poten-
tials where there are no faradaic redox reactions. Quantitative analysis of these data
indicates that the interface structure in pure NayB4O7 solution is indistinguishable
from that of Hg immersed in NaF solution, suggesting non-specific adsorption of
the borate ions. In GeO,-containing electrolyte, the presence of Ge species could be
detected over a wide potential regime. Between -0.9 and -0.5 V vs SCE, the reflectiv-
ity data revealed the adsorption of dissolved H,GeO3 and/or HGeOj; at a coverage
that appears to be independent of potential. At potentials more positive than -0.5
V, an incomplete ultrathin film of a condensed phase forms via slow nucleation and
growth at the Hg surface. This solid phase is consistent with a form of GeO, and
tentatively assigned to polygermanates. This film likely forms through a conden-
sation reaction driven by the concentration of HGeOj at the liquid Hg/electrolyte

interface at positive potentials.

5.2 Introduction

Room temperature liquid metal interfaces are potent reaction sites for the syntheses
of inorganic, crystalline materials.!® In general, the ductility of a liquid metal facil-
itates mechanical removal of material from its surface.>*1? For the preparation of
ultra-thin oxides, the surface tension of the liquid metal alloys helps dictate the sur-
face oxide composition.? For electrodeposition of crystalline metals, metal salts, and
covalent semiconductors, liquid metals are advantageous because they can serve as

reaction solvents for species electroreduced at the solution/electrode interface.11-16
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Further development of liquid-metal-based material growth and processing requires
detailed insight into the underlying interface structure and interface processes, sim-
ilar to that obtained for growth at the solid-vapor and solid-liquid interface.l”!8
However, atomic-scale data on liquid metal interfaces is currently scarce, mostly
because these interfaces are difficult to access by structure-sensitive experimental

techniques.

One of the few methods that is capable of interrogating liquid metal interfaces is
X-ray reflectivity (XRR). From XRR data, the interface structure along the surface
normal can be directly determined with up to atomic resolution.!® Historically, XRR
measurements were essential in confirming atomic layering within the near surface
region of liquid metals in contact with their vapor.??> More recently, in situ XRR
methods that probe liquid solution-liquid metal interfaces have been realized.?*2°
These methods employ high photon energies, which allow to access these deeply
buried liquid-liquid interfaces due to their penetration depth. XRR measurements
of pristine Hg electrodes in aqueous electrolytes were used to corroborate the elec-
trocapillarity law, i.e. the maximum in surface tension and, consequently, the mini-
mum in roughnesses of liquid metals at the potential of zero charge (E,..), as well as
the polarization of the surface electron density profile according to the Schmickler-
Henderson theory.?” Similarly, the temperature-dependences of factors that govern
the interfacial structure at water/liquid Hg contacts have been identified by XRR.%
Two more recent sets of studies have illustrated the value of XRR in studying elec-
trodeposition processes at water/liquid metal interfaces. XRR measurements com-
bined with grazing incidence X-ray diffraction elucidated the initial steps in the nu-
cleation and growth of lead halide crystals at liquid Hg electrolyte interfaces.®*
Other XRR data have separately identified the surface composition and structure of
liquid Hg-In alloy electrodes used to grow Ge crystals.?’

This study utilizes XRR to determine in situ the interface between liquid Hg and
aqueous NayB4Oy containing dissolved GeO,. This electrolyte is of interest since

14 microwires,?

electrodeposition of Ge nanowires, 0 and epitaxial films®! is possi-
ble with a variety of liquid metals. Still, little is known about the nature of these
water/liquid metal contacts, particularly when under potential control. Given the
wealth of information on Hg interfaces, XRR analysis of liquid Hg electrodes in
this solution is an ideal starting point. Accordingly, the results from a series of
potential-dependent XRR experiments and accompanying electrochemical measure-
ments are presented that provide atomic-scale details on the Hg electrode surface in
NayB4O7(ag), both with and without dissolved GeO,. Notably, persistent adsorption
of a Ge species is identified for the first time on Hg in solutions containing dissolved
GeO,. As demonstrated below, at sufficiently positive potentials, this adsorbate un-
expectedly undergoes a transformation to a condensed phase at the water/Hg inter-

face at positive potentials.
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5.3 Experimental

5.3.1 Materials

Germanium (IV) oxide (99.999%, ChemPur), sodium tetraborate (99.998%, ChemPur),
and mercury (99.999+%, ChemPur) were used as received. Water with a resistivity
>18.2 M()-cm was used throughout.

5.3.2 Potential of Zero Charge Measurement

Measurements of E,.. were performed using a custom-built, pendant-drop optical
measurement system consisting of a digital camera (640 x 480p resolution) posi-
tioned perpendicular to a pendant Hg droplet (r = 695.2 um) immersed in an electro-
chemical cell with a flat optical window. A white-light, LED microscope ring light
with a diffuser was placed opposite to the camera for illumination. Images were
collected and processed with a custom Image] script using an algorithm3*3 for the
surface tension as a function of the drop shape. Estimates of E .. were then obtained
from the maximum of parabolic fits of the potential-dependent surface tension data.
Cell temperature was monitored throughout the course of the experiment (25+ 1 °
C). All reported values were performed in triplicate and the error bars represent the

sample standard deviation.

5.3.3 X-Ray Reflectivity Measurements

XRR measurements of the liquid metal-liquid electrolyte interfaces were performed
using the Liquid Interface Scattering Apparatus (LISA) diffractometer 25 at beamline
P08 of the PETRA III synchrotron source at DESY in Hamburg, Germany. A photon
energy of 25 keV with a beam size of 0.4 mm (horizontal) and 0.1 mm (vertical) was
chosen. Data were collected with a GaAs Lambda detector (1536 x 512 array of pixels
with a pixel height of 55 ym). Beam attenuators were used to ensure that the count
intensity was < 10° counts per pixel. Reflectivities were measured as a function of
the incidence and exit angle a =  of the X-rays impinging on the interface, as shown
schematically in Figure 5.1.

The measured XRR intensity was obtained from integration of a detector area corre-
sponding to a vertical and horizontal acceptance of 0.4° and 0.08°, respectively. The
background intensity from X-ray scattering from bulk Hg and the electrolyte was de-
termined at a 0.08° horizontal offset and subtracted from the main signal. The XRR
curves were obtained by normalizing the background-subtracted detector signal by
the direct beam intensity and are presented as a function of 4., where g, = (471/A) sin

« and A is the wavelength of the X-rays.

The sample was kept in a custom-designed electrochemical X-ray scattering cell sim-
ilar to that described previously,?® where the X-ray beam passed through thin PEEK
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Figure 5.1: Schematic illustration of the electrochemical cell and the X-ray beam path
used for in situ X-ray reflectivity measurements.

windows and the liquid metal electrode was a 2.75 cm radius Hg pool (Figure 5.1).
Electrolyte solutions were purged with N»(g) for at least 30 minutes prior to injection
into the cell. Upon assembly, the Hg electrode was held at a constant potential with
respect to a saturated calomel electrode (SCE) for at least 15 minutes before the re-
flectivity measurements to ensure a stable interface. A digital, computer-controlled
potentiostat (Ametek Modulab) was used throughout. Electrochemical data are pre-
sented in the polarographic (“Texas”) convention, i.e. cathodic currents are plotted as
positive and more negative potentials plotted to the right. All potentials are reported
here with respect to SCE.

For XRR measurements collected at a constant applied potential, at least two XRR
scans were taken. In these experiments, a random sequence of the applied potential
values was used to eliminate the possibility of cumulative, systematic bias. A full
set of angle-dependent XRR data from small (0.04 A_l) to large (2.5 A_l) values
of the surface-normal scattering vector, g,, took between 0.6 to 1.5 hours to collect,
depending on the angle resolution at large 4, and signal integration time.

Fitting of XRR data was performed in a sequential process through custom-written
python scripts. The first round of fitting focused on global optimization, using
pre-defined upper and lower bounds for each fitting parameter. Subsequent fitting
rounds were performed to refine the value of each parameter individually. The un-
certainties in the reported fit parameters were calculated from a least squares anal-
ysis and denote the precision of that parameter towards the total fit rather than a
sample standard deviation.

5.4 Modelling of XRR Data

The experimental X-ray reflectivity curves, R(q;), were normalized by the Fresnel
reflectivity, Rr(q;), of a perfectly sharp interface between Hg and the aqueous elec-
trolyte. The deviations of R(g;) from Rr(g,) contain information on the interface
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structure, in particular the distance-dependent electron density normal to the sur-
face plane,p. (z). The relation between electron density profile and reflectivity is
given by the so-called master formula,*

i / dp@ (Z) eizqzdz
Poo dz

R(qz) _ ?

RF (qz)

where po is equal to the difference in the electron densities of the bulk solvent and
the bulk Hg.

(5.1)

The simplest model employed here to describe p, (z)throughout the electrolyte, in-
terface, and Hg electrode is described by eq 5.2,

Pe(z) = Pelectrolyte (z) + PDCM,Hg (z) (5.2)

where Qeiectroryie(z) and ppcm, Hg(z) represent the distance-dependent contributions
of the electrolyte solution and the Hg electrode, respectively. The electrolyte term is
given by a complementary error function. The near-surface region of the liquid Hg
was described by the “adlayer’® form of the ‘distorted crystal model’.1*? Here, the
outermost atomic Hg layer is given by a discrete Gaussian term and the subsequent
Hg layers by a decay function resulting from an infinite series of Gaussians with
increasing width, 8,23-24,27, 36

1 zZ—2z
Pelectrolyte (Z) = EPe,HZO (erfc (0’[—1201\{}2))) (53)

p (2) = Fig () @ | Pevdiz 1 e,@;gd)z Ly i 6265?11‘25)
DCM,Hg = I'Hg a !
PeHg  0pqV 27 n=0 \/0? 4+ no\/2m
(5.4)

where zp,0, 0H,0 , pH,0 describe the position, width, and electron density of the
electrolyte front. 0, 44— Hg, Oad , Zaa are respectively the amplitude, root mean square
displacement and position of the low density Hg adlayer, d is the spacing between
the atomic layers of Hg, Fy¢(2) is the Fourier transform of the Hg atomic form fac-
tor, 0; is the surface roughness (i.e. the combination of the intrinsic roughness and
the effect of capillary waves),?” and 0;, describes how the roughness of each atomic
layer increases with increasing layer number 1.1% 2 In this presentation, the ratio of
adlayer and bulk electron densities corresponds to a fractional monolayer coverage,
i.e. number of adlayer units per Hg atom on the surface.

Inserting eq 5.2, 5.3 and 5.4 into eq 5.1, we obtain an explicit dependence of %

with g,.
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where fl(_}g (gz) and f;{g are the angle-dependent Hg atomic form factor and the dis-
persion correction, respectively, and Zp; is the atomic number of Hg.

As discussed in the next section, fitting XRR data collected in solutions with dis-
solved GeO; and potentials more negative than -0.2 V with eg 5.2 yielded notably
larger values of p, 44 Hg. Accordingly, eq 5.2 was refined to include a set of addi-
tional Gaussian terms, 0c,0; (z), that constituted an ‘adlayer’ of HyGeO3/HGeO;
(eq 5.13, Supporting Information). HoGeO3; and HGeOj; are the predominant forms
of dissolved GeO, at the solution pH of 9.13.3738 In these fits, the terms that per-
tained to the Hg "adlayer” were fixed at the values determined from the fits of the
XRR data in the blank 0.1 M Na,B407 electrolyte and corresponding potential.

The XRR data collected in the electrolyte with dissolved GeO, at -0.2 V could not
be adequately fit in the same way even allowing for simple refinements to eq 5.2.
Instead, a two-step approach was adopted for fitting. First, a preliminary model was
generated by adding multiple Gaussian terms without specific atomic form factors
toeg 5.2.

p - (Z’Zad,m ) 2

ad,m 202

Pe(2) = Petectrotyte adm  + opcm,He(2) (5.6)
Y Z O \/7 8

The intent of these general Gaussian terms was to assess where excess electron den-
sity was needed to yield a good match to the data to inform a subsequent, structure-
specific model. Eg 5.6 represents the fewest Gaussian terms necessary. Second, a
more structure-specific model was explored based on the formation of GeO; at the
water/Hg interface (vide infra). For brevity, the full expression of the electron density

R(g2)

profile normal to the surface plane and of the resulting - ) for this second model is

given by eq 5.21 in the Supporting Information. Eq 5.7 is presented here to summarize
the essence of this second model,

Oe (Z) - pelectrolyte (Z) + pDCM,Hg(Z) + eGeO2 (Pad,Ge/GeOz (Z) + Pe,GeO, (Z))

(.7)
+ (1 = 06¢0,)Pad,Ge/Hg (2)

Eq 5.7 describes the Hg surface composition as the sum of two separate surface types.
One fraction of the surface, 0,02, was considered as having a solid bilayer of GeO,
deposited on the Hg surface. In this part of the surface, the electron density was
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modeled by 2 additional Gaussian terms with Ge form factors and 6 additional Gaus-
sian terms with O form factors. Based on the results of the preliminary model, the
distances between these Gaussians were chosen to correspond to rutile GeO; ori-
ented with the [110] direction along the surface normal. Furthermore, a third set of
Gaussian terms with Ge and O atomic form factors that described specifically the
accumulation of (solvated) HyGeOs/HGeO;3;~ at the water/GeO, interface was in-
cluded. In the remaining surface fraction (i.e. “1- 85.02"), an identical structure as
Hg at the more negative potentials was assumed. This part of the surface was mod-
eled by a set of Gaussians with Ge and O atomic form factors that described the
adsorption of HyGeO3;/HGeO3;~ on the bare Hg surface.

5.5 Results

Figure 5.2 presents the voltammetric behavior of Hg immersed in either aqueous
0.1 M NayB4Oy7 or aqueous 0.1 M NayB4O7 with 0.05 M dissolved GeO,. In the po-
tential range from -0.1 to -0.9 V, Hg is neither electrochemically oxidized nor does
it readily support H' reduction, as shown by the dashed line in Figure 5.2a. Re-
peated scanning of Hg in the blank electrolyte over this potential range effected no
change in voltammetric response. Although the potential range in Figure 5.2 was
not sufficiently negative to support the 4e~ reduction of dissolved GeO,, addition
of dissolved GeO, to the NayB4O7 electrolyte results in a clear change in the voltam-
mogram (solid line). A sizeable increase in oxidative current at potentials more pos-
itive than -0.2 V was noted in the presence of dissolved GeO,. Similarly, there was
a notable increase in reductive current in the potential range between -0.1 and -0.6
V of the potential sweep to more negative values. The corresponding anodic and
cathodic charge densities (corrected for the contribution of double layer charging)
were of comparable magnitude, i.e. 6.9 uC cm? and 10.5 uC cm? , respectively. The
pronounced hysteresis between anodic and cathodic charge transfer rules out a sim-
ple reversible pseudo-capacitive process, such as electrochemical adsorption, and

suggest a more complex behavior that involves nucleation and growth.

To determine the potential-dependent structure of the electrolyte/Hg interface, in
situ XRR measurements were performed. First, XRR data were obtained in the blank
aqueous NapB4O7 electrolyte and compared with data collected within the same
synchrotron experiment in aqueous NaF. The NaF (ag)/Hg system is arguably the
best studied liquid metal electrochemical system and considered as the prototypi-
cal case of a non-specifically adsorbing electrochemical double layer.*#2 The extant
XRR literature on this system supports this view and suggests that the interface is
atomically abrupt 2#?7 and exhibits a similar surface layering as the vacuum/Hg

interface. 2343

The characteristic electron density profile along the surface normal, p.(z), for NaF
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Figure 5.2: Voltammetric responses for a mercury electrode immersed in 0.1 M
NayB4O7 (ag) (dashed line) and 0.1 M NayB4O7 + 0.05 M GeO;, (ag) (solid
line). Scan rate: 0.02 Vs~ 1.

(aq)/Hg (and similar interfaces between liquid metals and non-specifically adsorb-
ing electrolyte) as shown in Figure 5.3a. p.(z) contains contributions from the atomic
surface layering in the Hg bulk (gray), a lower density Hg adlayer (green), and the
electrolyte solution (blue). For low-Z ions, such as Nat and F~, the X-ray scatter-
ing cross sections are similar to water and the electrolyte can thus be described by a
single complementary error-function profile. Furthermore, Figure 5.3a depicts char-
acteristic positions and widths that are employed as structural parameters in the
models used to fit the data.

In the following, the XRR data are presented in the form of normalized reflectivity
curves, R/Rr, plotted versus the surface normal scattering vector g, (the correspond-
ing experimentally measured X-ray reflectivities, R(q), are presented in Figure 5.9
of the Supporting Information). Figure 5.3b illustrates the characteristic shape of these
XRR curves for Hg immersed in either 0.01 M NaF (aq) or 0.1 M Na;B4O7(aq) at
the identical potential of -0.2 V. As clearly visible, the two curves are equivalent
within the measurement errors over the entire g, range. This observation is in accor-
dance with the weak X-ray scattering of Na;B4O7 and indicates a negligible influ-
ence of these electrolyte species on the Hg surface structure, suggesting the absence
of strong chemisorption. R/ Rp first decays up to g, ~ 1 ~!, reflecting the finite rough-
ness of the interface, and then increases up to a peak at g, ~ 2.2 ~. The latter is the

‘pseudo-Bragg’ peak, caused by the atomic Hg surface layering. 8202427

Quantitative structural data were obtained by fitting the R/Rr curves by the model
function given by eg 5.5, which resulted in the structure parameters given in Table
5.1. We first performed fits of the XRR data for Hg immersed in 0.01 M NaF (ag).
Here, the electrolyte parameters zp,0, pH>0O) and the atomic layering distance in Hg
(d) were set to established values for this system27 while the parameters for the Hg
adlayer (0,4, z,4) and the atomic roughnesses (03, and ¢;) were fitted. The subsequent
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Figure 5.3: a) Schematic depiction of the model function for the electron density pro-
file along the surface normal that was employed in the fitting of the XRR
data. Contributions from the electrolyte, the Hg ‘adlayer’, and bulk Hg
as well as the central fit parameters are indicated. b) Plot of the X-ray re-
flectivity normalized to the Fresnel reflectivity, R/Rr, vs. surface-normal
momentum transfer, g, for a Hg electrode immersed in deaerated 0.1
M NayB4O7(aq) (orange) or 0.01 M NaF(aq) (black) at -0.2 V. Solid lines
denote best fits of the data with the model given by eq 5.5. The resulting
values of the model parameters are listed in Table 5.1. The corresponding
electron density profiles are shown in c).

tit of the XRR data for Hg immersed in 0.1 M Na;B40O7(aq) was performed in a sim-
ilar fashion but with the position of the Hg adlayer fixed at the value obtained in
NaF. Unsurprisingly, the fit parameters (Table 5.1) and the corresponding electron
density profiles (Figure 5.3c) for the NaF and Na;B4O7 datasets are statistically in-
distinguishable. More importantly, the fit parameters here are in good agreement
with a previous detailed XRR study of the NaF (aq)/Hg system.27 Together with the
voltammetric data, this point verifies that the measurements reported here are sound
and free of contaminations. The data in Figure 5.3b,c imply the Na;B4O7(agq)/Hg in-
terface is structurally similar to the NaF (aq)/Hg system despite differences in anion
identity, ionic strength, and pH. As a result, these data support the contention that
XRR data for Hg immersed in Na;B4O7(aq) afford a suitable reference point when
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Electrolyte Potential oo /A o; /A oy /A PecdHy Peiy A Gaa 1A Zad A
0.01 M NaF
02V -095+£0.01 095001 048001 021001 095001 -364x023
0.1 M Na,B,0,
02V -094+0.01 -094 001 049001 024001 094001 3640
05V -097 £0.01 -0.97 £0.01 0.49° 021001 097001 3.64°
07V -1.00 =0.01 -1.00 £0.01 0.49° 0.16 +0.01 1.00+0.01 3.64°
09V 101 £001  -1.01 £0.01 0.49° 0.10 £ 0.01 1.01+0.01 364t
0.1 M Na;B,0,
+0.05 M GeO,
05V -1.00+£0.01 -1.00+£0.01 0.49° 031+0.01 1.00+0.01 3.64*
07V -1.01+£0.01 -101+001 0.49° 027001 101001 3640
09V -1.01+£0.01 -101+001 0.49° 021001 101001 3.64°

Table 5.1: Parameters of the best fits of the XRR data by eq 5.5%"¢. a. The data col-
lected in 0.01 M NaF (ag) and in 0.1 M Na;B407(aq) based electrolyte were
modelled using eq 5.2 and p; 44— g =0.1 p¢,Hg, ZH,0 = -1.00 A ,and d=2.75
A based on Reference 27. The data in 0.1 M NayBsO7+ 0.05 M GeO, (aq) at
-0.2 V could not be described by this model and is thus not included here.
b. For data collected in 0.1 M NayB4O7(aq) base electrolyte, z,; was not a
free fit parameter, but kept constant at its value obtained in fits of the data
in 0.01 M NaF(aq) at-0.2 V.27 ¢. For data collected in 0.1 M Na,B,O7 (aq)
base electrolyte, o, was obtained from the data in 0.1 M Na;B4O7(aq) at -
0.2 V and then used as a constant value for the fits of the data at potentials
<-02V.

changes are made to the electrolyte composition.

Subsequently, we assessed the potential dependence of the XRR curves in 0.1 M
NayB4O7 (ag). Figure 5.4a shows the R/RF data collected at several applied poten-
tials. The best fits by eq 5.5are presented as solid black lines. They were performed
using the same procedure described above but with the same Hg layering decay
(i.e., fixed 03,) as at -0.2 V. The latter was motivated by previous studies that showed
that this decay is a Hg bulk property and not affected by the potential.8 In the corre-
sponding electron density profiles (Figure 5.4b) a characteristic behavior is apparent.
The position of the ‘pseudo-Bragg’ peak at ~ 2.2 ~! is potential-independent but its
intensity decreases towards more negative potentials. A similar behavior was ob-
served previously in the NaF (aq)/Hg system.?” All of the data are well fit by eq 5.5
using parameters for bulk Hg, bulk electrolyte, and the water/Hg interface that are
in good agreement with the parameters reported in the literature for NaF (aq) /Hg.24,
27 On the basis of these fits, the change in the intensity of the layering peak at differ-
ent potentials can be attributed to changes in the interface roughness, 03, and p, 44 Hg
(Figure 5.4b, inset),?+%’
in NaF (aq).3

in accord with previous XRR measurements of Hg immersed

Figure 5.5 shows normalized X-ray reflectivity data collected at the same potentials
as in Figure 5.4 but with dissolved GeO, added to the Na;B4O7(aq) electrolyte. At
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Figure 5.4: a) Plots of the normalized X-ray reflectivity curves for a Hg electrode im-
mersed in 0.1 M Na;B4O7(aq) at -0.2 V (red), -0.5 V (blue), -0.7 V (green),
-0.9 V (purple). Solid black lines denote the corresponding best fits of the
data. Data were normalized to the Fresnel reflectivity. b) Electron density
profiles corresponding to the best fits of the data in (a). Insets show an

enlarged view of the electron density profile in the adlayer region (-5 AT
g —1
<z<-2A ).

potentials equal to or more negative than -0.5 V, the R/Rr curves had the same gen-
eral features as those shown in Figure 5.4. That is, they exhibited a smooth decay
and subsequent rise to the ‘pseudo-Bragg’ peak with increasing g, and are well de-
scribed by the model function given by eq 5.5. However, the measured data differed
quantitatively from the measurements performed in the absence of dissolved GeO;.

Figure 5.6 illustrates this point more directly. At applied potentials of -0.5, -0.7, and
-0.9 V (Figure 5.6a), the differences in the XRR data measured in the absence and in
the presence of dissolved GeO; are larger than the measurement standard deviations
atg, <1 A" The fits to eq 5.5 indicate that the differences in the data can largely
be ascribed to an increase in the electron density of the ‘adlayer’ component (Figure
5.6b, Table 5.1). Figure 5.6b shows the fitted p,qHg values from the data in the
presence and absence of dissolved GeO; as a function of potential. The two datasets
have the same profile but the values in the presence of dissolved GeO, are uniformly
higher. Assuming that the increased electron density results from the enrichment of
some Ge-containing species at the Hg interface, the data collected in the presence of
dissolved GeO, were fit again but with a modified version of eg 5.5 (Supporting Infor-
mation). This modified model includes an additional ‘adlayer’, which corresponds
to a molecule of HyGeO3; or HGeO; (i.e. the dominant species in bulk solution)38
adsorbed at the interface through a hydrogen bond with the Hg surface. This mod-
ified model can not distinguish between H,GeO3 and HGeO3;~ but for simplicity
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Figure 5.5: a)Plots of the normalized X-ray reflectivity curves for a Hg electrode im-
mersed in deaerated electrolyte containing 0.1 M Na;B4O7 + 0.05 M GeO,
(aq) at -0.2 V (red), -0.5 V (blue), -0.7 V (green), and -0.9 V (purple). The
XRR data at -0.2 V were recorded after keeping the potential for 15 min.
at this value. The solid black lines denote the corresponding best fit of the
data. b) Electron density profiles corresponding to the fitted data shown
in (a). Insets show an enlarged view of the electron density profile in the

adlayer region (-5 Al <z<-2 A_l).

we refer to this ‘adlayer” as describing adsorbed HGeO3 ™. In this refined model,
Pead—Hg Was set to the value obtained from the fit of the corresponding XRR data in
neat 0.1 M NaB4O7(aqg) at the identical potential. Accordingly, the difference in elec-
tron density of the Hg ‘adlayer” in Figure 5.6b can be re-interpreted as a coverage
of HGeO; adsorbed at the Hg interface (6pceo3—/Hg)- Over this range, 0yc.03—/Hg
remains constant at a value of 0.20+0.01 monolayers.

The premise of adsorbed HGeOj5 at the Hg interface was further supported by sep-
arate estimates of E;. through surface tension measurements of Hg pendant drops
(Figure 5.6b). The Ep,. value in 0.1 M NayB40O7(aq) was -0.4940.09 V, in close agree-
ment with the reported value of E,.c=-0.441 V in 0.01 M NaF (aq).° The apparent E ..
value shifted negatively to -0.56£0.06 V when GeO, was dissolved in the Na;B4O7
electrolyte, consistent with additional negative charge localized at the solution/Hg
interface.

At -0.2 V, the XRR data are distinctly different. An additional peak is evident, cen-
tered at g, = 0.85 AT , that is less intense than the surface layering peak at g,= 2.2
A'. The prominence of the peak at g, = 0.85 AT depended somewhat on the du-
ration the potential was held at >-0.2 V but was consistently observed when the
applied potential was > -0.2 V. However, independently of the duration, the R/Rr

value at the center of this new peak was consistently below 1. The presence of the
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Figure 5.6: a) Comparison of the normalized X-ray reflectivity curves and corre-
sponding fits for Hg electrodes immersed in either 0.1 M Na;B4O7 (aq)
(solid circles and black solid lines) or 0.1 M Na;B4O7 + 0.05 M GeO»(aq)
(hollow squares and red solid lines) at -0.50 V, -0.70 V, and -0.90 V. b) (top)
Potential-dependent adlayer density determined from fits of the data in
(a). (middle) Normalized surface tension, vy, measurements for Hg pen-
dant drop electrodes (inset) in 0.1 M Na;B4O7 (ag). (bottom) Normalized
surface tension measurements for Hg pendant drop electrodes in 0.1 M
NayB4O7 + 0.05 M GeO; (ag).

new peak implies the formation of a new structural feature at the interface on a
length scale of 271/0.85 ~! ~ 7 A along the surface normal.

Dynamic XRR measurements were recorded during the course of a voltammetric ex-
periment to determine if the differences in the data in Figures 5.4 and 5.5 occurred
instantly or evolved slowly over time. Figure 5.7 shows a cyclic voltammetric sweep
from -0.7 to -0.2 V and back to -0.7 V. In the steady-state experiments shown in Fig-
ures 5.4 and 5.5, the XRR recorded at g, = 0.3 A" was significantly reduced in the
presence of dissolved GeO; when the potential was changed from -0.5to-0.2V (by a
factor of 1.5). Figure 5.7 shows a similar behavior in the XRR signal intensity at g, =
034" during the voltammetric sweep. Specifically, the potential started to decrease
in the negative going scan (red symbols) below -0.4 V, parallel to the increasing cur-
rent in the CV. In the subsequent scan in positive direction (blue symbols), the XRR
signal intensity increased again and reached the original intensity value at ~-0.5 V.
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Figure 5.7: Plots depicting the reflected X-ray intensity at (top) g, = 0.30 A" and

(middle) 0.85 Afl, recorded concurrently with (bottom) the electrochem-
ical current during a voltammetric scan at 0.05 V s~! for a Hg electrode
immersed in 0.1 M NayB4O7 + 0.05 M GeO; (agq). The arrows denote the
voltammetric sweep direction.

The noticeable hysteresis between negative and positive scan mirrors the hystere-
sis in the charge transfer observed in the CV indicates the surface transformation
and restoration processes were kinetically distinct. XRR data were also recorded at
q.=0.85 A_l, at the local maximum in Figure 5.5b. At this g, value, the XRR intensity
is expected to increase at more positive potentials according to the steady-state ob-
servations. Despite the poorer signal to noise at this g, which is caused by the lower
XRR, this behavior is indeed observed in the potential sweep experiments. In total,
these data indicated that the initial changes in the interface structure occur rapidly
upon biasing the Hg electrode. However, the relative intensity changes are at both g,
positions much lower than those that would be expected from a comparison of the
steady-state XRR curves at -0.5 and -0.2 V in Figure 5.5a. This point indicates that
the formation of the interface structure that is responsible for the altered XRRs is a
slow process and is in accordance with the observation that XRRs with a pronounced
peak at 4,=0.85 A are only found after longer waiting times at -0.2 V.

To obtain insight into the atomic-scale origin of the structural changes at the pos-
itive potential limit, several strategies were explored to fit the XRR data in GeO;-
containing electrolyte at -0.2 V. No satisfactory fits could be obtained with eq 5.5 as
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written or by adding a HGeO3 ™ “adlayer” as discussed above. This may be expected,
as the presence of additional features in the R/Rr curve indicates that more complex
interface structures are required to properly describe the data. For this purpose, a
two-tiered fitting approach was adopted to identify the general and specific features
of this solution/Hg interface structure. Based on the qualitative behavior of the XRR
and the electrochemical data we attribute the structural changes to the formation of
an ultrathin layer of a Ge compound at the Hg electrode surface.

P +(z) described by eq 6 P <(z) described by eq 7
Model Component Parameter Value Units Model Component Parameter Value Units
Disto;e:dflrystal P ead He!P o He 0.22+0.01 A Distorted Crstal Mode! P eadHeP o He 0224001 A
O adHe 093001 A G ad He 092+£001 A
£ adits -3.64 A % it -3.64 A
ay 0.49 A Gy 049 A
F -0.93 £0.01 A oy -0.92+0.01 A
d 2.75 A d 275 A
Blectrolyte P e 200 o He 0.10 - Electrolyte P eH20/P e e 0.10 -
ZH20 -9.52 +037 A Zmo -6.55+£0.15 A
oo 290010 A . 0922001 A
1st Gaussian P ead1!0 o He 0.18 £0.01 A HGeO; 'adlayer’ on Hg Z Gal -3.75£0.15 A
Zadl -3.79£0.13 A z oI -2.09£0.15 A
Fadl 0.92 +0.08 A Z o2 -4.60£0.15 A
2nd Gaussian P eat2lP oHis 025 £0.02 A Ge=0p 092001 A
Zad2 -7.05£0.03 A Onge0s /He 0.07+0.02 A
T 092 005 A GeO, Bilayer See1 344025 A
3rd Gaussian B a3l ety 0.15 £0.02 A ZGa2 -6.61+025 A
% ad 3 -13.00 £0.13 A Zo11 2.19+025 A
G ad 3 1.50 £0.14 A Zo12 3444025 A
Z013 -4.69+025 A
zo21 -536+£0.25 A
Z022 -6.61+025 A
023 -T.86+£0.25 A
O GeOZ 0.92+001 A
HGeO; 'adlayer' on GeO, Z Gal -1260=0.12 A
Zar -1094 =012 A
L) -1345=+0.12 A
Ca=0g 0.92+001 A
OnGe0s- / Ge02 0.22+0.02 A
8 ooz 0.27+0.03 -

Table 5.2: Parameters of the best fits of the XRR data collected in 0.1 M Na,B;O7 +
0.05 M GeO; at -0.2 V“. a. The full expressions for I%VS g using eqs 6 or 7
are detailed in the Supporting information as eqs S2 and S11, respectively.

The results of the fits with eq 5.6 for the data collected at -0.2 V are shown in Fig-
ure 5.5 and Table 5.2. This generic fit provided no direct information on the specific
identity of species accumulating at the solution/Hg interface but was useful in iden-
tifying where additional electron density, caused by Ge species at the surface, must
be localized to produce the observed XRR curve (the contribution of oxygen species
is much lower due to the lower Z and can be neglected in this first approach). Specif-
ically, the fit implied a small Ge-Ge spacing of 3.264-0.13 A (Table 5.2) near the Hg

surface, consistent with rutile GeO; that is oriented with the [110] direction along
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Figure 5.8: Interface structure of Hg electrodes in 0.1 M Na;B4O7 + 0.05 M GeO»(aq)
at -0.2 V. a) Schematic depiction of the three-component model (eg 5.7)
used to fit the XRR data at this potential, consisting of a surface frac-
tion with a bilayer of solid GeO, (top) and a Hg surface with adsorbed
HGeO; (bottom). The best fits were obtained with a rutile-like bilayer
structure, oriented with the [110] direction along the surface normal, and
a layer of adsorbed HGeO; on top. b) XRR curve shown in Figure 5.5a
together with best fit by this model (dashed black line), corresponding

to a bilayer coverage of 6.0, = 0.27 +0.01. ¢) Electron density profile
corresponding to the fit shown in (b).

the surface normal (3.17 A ).#*7 A rutile crystal structure seems reasonable, since
this phase is the thermodynamically stable polymorph at ambient temperature and
pressure.*® Attempts to verify the presence of a rutile phase at -0.2 V by in-plane
X-ray diffraction studies were unsuccessful, however. This is not surprising, as the
total amount of material is low (see below) and the crystals would be arranged in
arbitrary in-plane orientation on the liquid Hg surface (i.e., form a two-dimensional
powder), which would result in very weak diffraction peaks. Considering these as-
pects, the second phase of fitting for these data focused on a separate model with

a presumed atomic structure based on GeO; in form of a (110)-oriented rutile poly-
morph (Figure 5.8a).

Fits with a GeO, bilayer that completely covered the Hg surface did provide quali-
tatively reasonable simulated XRR curves but the quantitative agreement was poor,
particularly in the g, ranges of 0.25 - 0.75 Aland1.0-15A47" (Supporting Informa-
tion). However, a suitable fit was obtained when the surface was modelled with a
partial coverage of rutile GeO, (Figure 5.8a). In this model, only a fraction 0¢.0, of
the surface was considered to be covered by a film of solid, crystalline rutile GeO,.
This film was modelled as a rutile bilayer with a layer of adsorbed HGeO3™ on top.
The remaining surface (i.e. ‘1 - 65.02") was assumed to consist of an Hg electrode
with adsorbed HGeO3~, as employed for modelling the XRR data at potentials nega-
tive of -0.2 V. This model satisfactorily fits the XRR data in GeO,-containing solution
at-0.2 'V, resulting in a rutile coverage 05,02 = 0.27 & 0.01 for the R/Rr curve shown
in Figure 5.8b (Table 5.2). Analogous models where the atomic Ge and O positions
reflected a-quartz or other rutile crystalline directions could not be absolutely ruled
out but generally yielded slightly poorer fits.
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The data collectively support the premise that adsorbed Ge species are present on
Hg electrodes immersed in solutions with dissolved GeO,. However, the adsorbed
species are not the same at all potentials. At comparatively negative potentials, the
evidence points to the accumulation of solvated HyGeO3; and/or HGeO3 ™ at the Hg
interface. At more positive potentials, the data implicate the growth of a condensed
phase from the HGeOs;™~ adlayer. The condensation does not appear redox-based
but instead the consequence of HGeO; accumulation on the Hg surface far from
Epzc. These points are elaborated below.

5.5.1 Hg/Electrolyte Interface at < -0.2 V Potentials

Our studies show that Hg immersed in 0.1 M Na;B,07(aq) has a similar E,,. as in
NaF(aq), exhibits only featureless double layer charging in voltammograms, and has
an identical atomic layering within Hg. These observations are consistent with the
premise that Na;B4O7(ag) is not forming strong chemical bonds with the Hg surface
atoms. While fortuitous, this point could not be assumed a priori. Extensive ad-
sorption of B4O3~ on solid metal electrodes is known.*’1 The reasons for the relative
inertness of B4O, anions towards Hg were not explored. Nevertheless, the XRR ar-
gue directly against any complicating chemistry between Hg and B4O2™ within the
potential range explored here, making the Na;B4O7(aq) a suitable base electrolyte
for studies on the adsorption of Ge species.

The changes in the electrochemical behavior upon addition of GeO; to the electrolyte
indicate adsorption of a HyGeO3 /HGeO; species. The negative shift of E,,. would
be consistent with specific anion adsorption but chemisorption of a neutral species
can also not be excluded. At the more negative potentials in the range explored
here, the XRR data provide clear evidence that there is excess electron density at the
water/Hg interface when GeO; is dissolved in the electrolyte. Although the XRR
data are not definitive on the identity of the species, enrichment of the double layer
with HGeO5 and/or H,GeQs is consistent with the cumulative observations. The
chemisorption of HyGeO3/HGeO; at metal electrodes has been noted previously.
At this same pH, molecular adlayers were previously observed on single crystalline
Au electrodes by electrochemical scanning tunneling microscopy.”® Ge-containing
adsorbates in this electrolyte were separately identified on polycrystalline Au by
surface-enhanced Raman measurements.’! In the work here, the specific binding
mode of H,GeO3/HGeOj5 to the Hg surface could not be unambiguously deter-
mined. However, the best fits were obtained with a separation distance of 2.09 A
between the O and Hg electron densities at the interface, suggestive of a bridging
Ge-O-Hg bond. The HGeO; coverage of 0.20 ML (corresponding to a surface area
per molecule of 45 Az) was less than the 0.33 ML (surface area per molecule of 20
Az) found previously on Au(111).>° Considering that the coverage is constant over
a wide potential range from -0.35 V below to 0.05 V more positive of E,,., adsorp-
tion of a neutral species (H,GeOs) appears more likely than adsorption of HGeO; .
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Unambiguous clarification of the adsorbed species is difficult, however, because of
the assumptions involved in determination of the coverage from the adlayer peak in
the electron density profile (see above). Overall, the XRR data here indicate that the
role of chemisorbed H,GeO3;/HGeO; should be considered when determining the

mechanism(s) of Ge electrodeposition with Hg electrodes in this electrolyte.

5.5.2 Hg/Electrolyte Interface at > -0.2 V

In the presence of dissolved GeO,, the XRR and CV data provide clear evidence
for a structural transition at the Hg surface as the potential approaches -0.2 V. This
transition has to be related to a surface phase containing Ge. However, neither Hg
nor HGeO; ™ are redox active at this potential, so a direct, redox-based oxide growth
is difficult to rationalize. One possible interpretation of the voltammetric features in
Figure 5.2 is a potential-dependent change in the protonation state of the adsorbate.
That is, the Bronsted acid/base character of H,GeO3/HGeO3 ™ can be expressed as
follows,3®

OH™ + HyGeO3 = HGeOj5 + Hy0 (5.8)

In homogeneous solution, this reaction favors the products (i.e. deprotonation of
HGeOj, pK, = 8.52) only at more alkaline pH values.?® However, if localized at an
electrode surface, the equilibrium of this acid /base reaction will couple to the elec-
trostatic potential drop across the diffuse layer.> If the rates of protonation/deprotonation
are sufficiently fast and the potential drop between the electrode surface and the ad-
sorbate is negligible, the surface concentrations of HGeO3; and HGeO; ([H2GeOs],
and [HGeOy |, respectively) become dependent on the applied potential in the fol-

lowing manner, 52

. ( [HGeO5 |,

F

RT

where F is the Faraday constant and R is the ideal gas constant.

If both H>GeO3 and HGeOj; do not desorb from the electrode surface as a result of
deprotonation/protonation, differentiating eq 5.9 with respect to potential describes
the rate at which the deprotonation/protonation of the adsorbate occurs as the po-
tential is changed. This rate has the same underlying mathematical form>*°* as the
reduction/oxidation of a redox adsorbate and will elicit an electrochemical current
that describes when the net charge of the adsorbate transitions through protona-
tion/deprotonation states. That is, when the potential relative to Epzc is positive
enough, the adsorbed species will deprotonate, producing a current that is not as-
sociated with a redox reaction but has the same principle features.>>’ This point
is well known for self-assembled monolayers featuring terminal acid groups.®? >> %8
Accordingly, eq 5.9 predicts that HGeO, will be the dominant species at sufficiently

positive potentials, irrespective of solution pH. For example, a potential of 300 mV
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more positive than E . will increase the surface concentration of HGeOj by a factor
of ~10° atpH =9.13and T =25 ° C.

Although eq 5.9 provides a possible rationale for the electrochemical data, changes
in just the protonation state of the adsorbate would not elicit the observed XRR data.
However, the following chemical equilibrium is known for HGeO;, 38

HGeO; (aq)GeOz(s) + OH™ (aq) (5.10)

Eq 5.10 describes the conversion (precipitation) of solvated HGeO; into of solid
GeQO». Mechanistically, such a process involves the formation of a Ge-O-Ge linkage
between neighboring monomers of HGeO; (or a cogener).” We posit that a surface
with predominantly adsorbed HGeO; would be subject to such a condensation reac-
tion and would be consistent with the presented XRR data. That is, when adsorbed
H>GeO3 is de-protonated because of a positive applied potential, the neighboring
and newly formed HGeO; adsorbates undergo eg 5.10 and form a new, defined
phase at the Hg surface.

An electrochemically-coupled acid/base reaction that produces a film by precipi-
tation would likely be limited to small thicknesses. The potential drop across the
double layer would necessarily decrease when a dielectric (GeO,) accumulates at
the surface, thereby stopping the products of eg 5.10 from being favored. Two facts
support this premise. First, the relative dielectric constant of GeO, (5.2) is much
smaller than that of water (80.4).90! Second, extremely long experiments (biasing
at -0.2 V for days) were attempted to grow thicker films of GeO,. In every trial,
no macroscopic quantity of material was produced. This is in accordance with the
XRR studies that find much less than a monolayer coverage even after keeping the
potential for 15 min. at-0.20 V.

The XRR data argue against a description of extended rutile GeO, sheets for the
phase identified by the XRR data, as they show clearly that the condensed phase
formed at -0.2 V is readily removed by moving the electrode potential more nega-
tive than -0.5 V. Bulk rutile GeO; is relatively insoluble in water,?8 so simply shifting
the electrode potential more negative would not necessarily be expected to remove
or dissolve rutile GeO, from the Hg interface. In addition, it is not clear why hypo-
thetical rutile GeO, sheets would be limited to a low incomplete surface coverage,
as indicated by the data. These points suggest that an alternate form of GeO, is more
likely under the investigated conditions.

Polygermanates are a class of macromolecular germanium oxyanions composed of
edge-sharing GeOg octahedra and GeOy tetrahedra.®2%° These oxyanions can exhibit
a variety of sizes and structures, i.e. from linear chains to porous networks.*% In
the solid-state, polygermanates are charge-stabilized by small cations. If the posi-
tive surface charge at an electrode surface, kept at potentials positive of E, simi-

larly stabilizes polygermanate anions, polygermanates may be the relevant species
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indicated by the XRR data. Several points support this general premise. First, mul-
tiple polygermanates feature the same six-coordinate Ge arrangement as in rutile
GeOy, e.g. GeyO%S_ 04,66-67 onsistent with the titting results reported here. Second,
the dissolution/removal of a charge-stabilized polygermanate anion at the Hg in-
terface would be expected at more negative potentials, as observed here. Third, the
XRR fits were consistent with both an incomplete surface coverage and defined bi-
layer structures, i.e. defined stoichiometry between the first and second Ge-O layers.
Porous and cyclic polygermanates are known® that, if adsorbed, could conceivably
still leave a significant fraction of an electrode surface exposed while still maintain-

ing defined positions of the constituent Ge atoms.

Although the formation mechanism of polygermanates was not interrogated directly
in this work, the possibility of their synthesis at liquid metal electrode surfaces is
intriguing. Typically, polygermanates (and oxocondensates more generally) are pre-
pared by heating saturated solutions of dissolved precursors in a closed vessel.%®
Elevated temperatures are necessary to increase solubility and lower activation bar-
riers of formation. The data here could indicate that an alternative reaction route that
doesn’t require high temperatures is possible if the precursor species are adsorbed
onto an electrode. If so, XRR features such as the hysteresis in Figure 5.7 should
also contain information on the energetic barriers of formation, in analogous fashion
to hysteresis analysis in the voltammetry of conventional electrodeposition.®® The
known activation barrier for Ge-O-Ge linkage formation (36 k] mol1)*? in homoge-
neous solution is sufficient to suggest that polygermanate formation/deconstruction
at an electrode surface would not necessarily occur instantly following deprotona-
tion of HyGeOs. The difference in the rates of deposition vs removal indicated by the
hysteresis in the time-dependent XRR data are consistent with a strongly kinetically
hindered nucleation and growth.®7% More work is needed to develop these points

further. Nevertheless, the innate value of XRR for such studies is clear.

5.6 Conclusions

The work presented here provide insights how Ge species in aqueous solution in-
teract with liquid Hg electrodes as a function of potential. Clear evidence for the ad-
sorption of Ge species at the electrolyte-liquid metal interface over a wide potential
range is found in electrolyte containing dissolved GeO,. The collected XRR profiles
atomic-scale data on the interface structure significantly go beyond that obtainable
by electrochemical studies alone. Specifically, the work here illustrates that at least
two different types of adlayers form on Hg in solutions containing dissolved GeO,.
At more negative potentials, adsorbed H,GeO3;/HGeOj persists at Hg electrodes.
At the most positive potentials, a condensed phase forms with atomic spacing con-
sistent with polygermanates with a rutile GeO, sub-structure. The presented data
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suggest accumulation of oxyanions at a liquid metal electrode could present an al-
ternative synthetic route for oxocondensates that are otherwise only obtained by hy-
drothermal reactions.®® Thus, these observations incentivize further in-situ studies
of Hg and other liquid metal electrodes in this electrolyte to elucidate the opera-
tive surface species during material syntheses. In total, the results presented here
provide specific new insights on the surface chemistry of Hg in this electrolyte and
illustrate the advantages of XRR as a tool for in situ studies of liquid metal electrode

interfaces.
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5.8 Supporting Information

Detection of Ge-Containing Adlayers at the Liquid Hg/Water Interface by In Situ
X-Ray Reflectivity in Aqueous Borate Electrolytes Containing Dissolved GeO,

S1. Contents

This document contains supporting information for the manuscript entitled Detec-
tion of Ge-Containing Adlayers at the Liquid Hg/Water Interface by In Situ X-Ray Reflec-
tivity in Aqueous Borate Electrolytes Containing Dissolved GeO,.” Section S2 collects
the raw XRR data shown in Figures 5.3, 5.4, and 5.5 in the main text prior nor-
malization by the Fresnel reflectivity. Section S3 summarizes the explicit form of
the “master formula” using eg 5.6 of the main text for p.(z). Section 54 presents the
explicit form of the ‘master formula” using eg 5.7 of the main text for p.(z) to de-
scribe adsorbed Hy,GeO3/HGeO3 ™. Section S5 presents the full expression for the
distance-dependent electron density profile normal to the surface plane for a Hg
surface featuring a partial coating of GeO,. Section S6 presents an alternate the fit of
data collected at -0.2 V in a solution containing 0.1 M Na;B4O7 and 0.05 M GeO,.

S2. XRR Data Without Normalization

The XRR data presented in the main text are reproduced below as absolute X-ray
reflectivity. In these plots, the dark grey dashed lines indicate the Fresnel reflectivity
of an interface with a monotonic electron density profile with no surface roughness.
The colored dashed lines correspond to the Fresnel reflectivity of an interface with a
monotonic electron density profile with a nominal roughness of 1.00 . These Fresnel
reflectivities were used to normalize the data in Figures 5.3, 5.4, and 5.5 of the main
text.

S3. Refinement to eq 5.2 to Describe Enrichment Hg Interface with General
Gaussian Terms

The following expressions constitute a refinement to the model described by eq 5.5
in the main text. In the approach presented below, additional Gaussian terms were
included to account for the possibility of additional electron density throughout the
solution/Hg interface. These new Gaussian terms do not pertain to any specific
element and so they cannot give precise information of composition or structure. In-
stead, the intent of these general Gaussian terms was to assess where excess electron

density was needed to yield a good match to the data. This information was used to
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Figure 5.9: a) Plots of the absolute X-ray reflectivity vs. momentum transfer per-
pendicular to the surface for a Hg electrode immersed in deaerated elec-
trolyte containing either 0.1 M Na;B4O7(aq) or 0.01 M NaF(aq). These data
were normalized in Figure 5.3 of the main text. b) Plots of the absolute X-
ray reflectivity vs. momentum transfer perpendicular to the surface in 0.1
M NayB4O7(aq) at four different potentials: E = -0.2 V (red circles), -0.5V
(blue circles), -0.7 V (green circles), and -0.9 V (purple circles). These data
were normalized in Figure 5.4 of the main text. c) Plots of the absolute
X-ray reflectivity vs. momentum transfer perpendicular to the surface in
0.1 M NazB4O7(ag) and 0.05 M GeO;. For the data at E < -0.2 'V, the solid
black lines denote the corresponding best fit of the data using eq 5.2, For
the data at E = -0.2 V, the solid black lines indicate the best fit following
the model of eg 5.5. These data were normalized in Figure 5.5 of the main
text. In all panels, curves are offset for visual clarity.

generate the structure-specific model described in the next section.

(2) _1 erfe [ Z—%H0
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Inserting eq 5.11 into eg 5.1 of the main text yields the following result.
2
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S4. Refinement to eq 5.2 to Describe Enrichment of HyGeO3/HGeO3 ™ at
Hg Interface

The following expressions constitute a refinement to the model described by eg 5.5
in the main text. In the approach presented below, additional Gaussian terms were
added that collectively describe a separate ‘adlayer” of HGeO; in addition to the Hg
‘adlayer” term. Figure 6.3 describes the employed model.

SN
—
=

A 4

O
g

Figure 5.10: Pictorial representation of an “adlayer” of HGeO; ions. The gray dashed
lines indicate the layers of atoms that are described by a Gaussian term
with the atomic form factors of either Ge or O, respectively.

In the following expressions, the term 6pc.03— corresponds to the fractional cover-

age of this ‘adlayer’.

(z) = 1 erfe [ Z—2H0
Pe - 2Pe,HzO O'HZO\/E

) i
+ Figg (2) Pe,ad—Hg 1 . 202 e " Z d ez(”?”af)
PeHy  OadHgV/27T =0 \/m\/zn
(o) (5.13)
+Fe (z) ® |© L e
Ge HGeO; /Hgaad NoTs
2
2 1 ‘(z‘zidok)

+F(2)® | Y Opewor /pe——— e o
e

In this expression, Fg.(z) and Fp(z) are the Fourier transforms of the Ge and O atomic
form factors, respectively. The term ®yg.03- /1y has units of and describes the frac-
tional coverage of the HGeO3 ™ adlayer on bare Hg. Notably, the outer O atoms are

twice as numerous as the inner O atoms.
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The result of inserting eg 5.12 in eq 5.1 of the main text is given in eq 5.14, where
£2,(g2) and fé}e are the angle-dependent Ge atomic form factor and the dispersion
correction, respectively, and fQ (9.) and fé) are the angle-dependent O atomic form

factor and the dispersion correction, respectively.
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S5. Description of the Distance-Dependent Electron Density Profile for a
Hg interface Featuring a Partial Coverage of GeO,

The explicit terms in each component of eg 5.7in the main text (reproduced here as
eq 5.15) are presented below in egs 5.6, 5.7, 5.8, 5.9, 5.10. The general definitions
for each term follow the description in the main text, except that subscripts j and i

denote distinct Ge and O atoms, respectively.

Pe (Z) = Peelectrolyte + PDCM,Hg + (1 - QGEOz) Qad,Ge/Hg + QGEOZPad,Ge/GeOZ + 9GEOQP€,GEOZ

(5.15)
1 Z—ZH,0
.Oe,electrolyte = EPE/HZO erfc W (516)
IR T TeITy)
_ eaa—rHg adH 2 o +nz7b
ppcmHy = FHg (2) ® e s+ e
PeHg  Oad,HgV 27T Z 04/0? + nab\/ﬁ
(5.17)
2
1 _(Z_Zzad/Gej)
_ =F- (z2) ® |O® - ¢ PG
Pad,HGeO; /Hg = Fae (2) HGeO5 /Hg Cut eV 2T
2 (5.18)
1 ’(Z*Zud,ol-)
+F k® e Ym0
o Z HGeO3 /GeO; Tt 0 V2
2
1 7(2;;21111 GL’j)
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2
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In these expressions, Oyceos3—/Hgr OHGe03—/Ge02, OGe bi, j, and O y;, jx have units
of . The first terms describe the fractional coverages of the HGeO3; ™ adlayer on bare
Hg and on GeO;, respectively. The last two terms describe the individual coverages
of Ge and O atoms, respectively, that constitute a GeO, bilayer film with a rutile
structure.

The result of the master formula in this case is given in eg 5.21,
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Egseqs 5.6,5.7,5.8,5.9, feature coverage parameters (Opce03- /g and Ongeos— /Geo2)
that are necessarily linked by the rutile structure as shown in Figure 5.11.

9Ge bi,2

9

Obi 1,30

'Obi 2,2
| |

Obi 2,1
Obi 1,2

Figure 5.11: Pictorial representation of a rutile bilayer of GeO, along the <110> di-
rection used in fitting the data collected at E = -0.2 V. The gray dashed
lines indicate the layers of atoms within each of the respective structures
which are described by Gaussian terms with the atomic form factors of
Ge or O, respectively. Each layer is defined by a coverage (©), posi-
tion (z), and roughness (¢). The relative positions of atoms within this
structure are determined by the lattice bond distances and orientation.

Individual layers of atoms that together constitute GeO, are thus described with
Gaussian terms for each atom in each layer that have fixed relative coverages (®)
and positions (z). Roughness values for all Gaussian terms (0,4, and 0,4 0) are set
equal in magnitude to ¢;. The proportionalities for the ® terms are determined by
taking the ratio of Ge or O atoms in a given layer (as denoted by the gray dashed
lines) to the Ge or O atoms in another. From Figure 5.11, the proportionalities of
each coverage term are described in the following expressions.

Ocebit = Oceriz = Oorit2 = Oopiz (5.22)

1
§®Gebi1 = Oopi1,1 = O0opi1,3 = Oopiz,1 = O0bpin3 (5.23)

S6. XRR Fit Assuming a Complete Monolayer Coverage of GeO,

The XRR data collected at -0.2 V in the solution containing 0.1 M Nay;B4O7 and 0.05
M GeO, was also fit with a model where a full monolayer of GeO, was assumed, i.e.
8Geo2 = 1. Figure 5.10 shows the result of this fit, keeping all other model parameters
identical to the values listed in the main text. As seen in Figure 5.12, a high coverage
of GeO; predicts more pronounced local maxima and minima than what is seen in

the experimental data. The quality of the fit is noticeably worse in the g, ranges of
0.25-0.75 'and 1.0-1.5 ~1.
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Figure 5.12: a) Plot of the absolute X-ray reflectivity vs. momentum transfer per-
pendicular to the surface for a Hg electrode immersed in deaerated
electrolyte containing 0.1 M Nay;B4O7 (a9) and a formal concentration
of 0.05 M GeO; at E = -0.2 V (closed red circles). The fit of the data
using eq 5.6 assuming ®¢.02 = 1 and all other parameters listed in Ta-
ble 3 is shown (black line). The Fresnel reflectivity of an interface with
a monotonic electron density profile with no surface roughness is also
presented (grey dashed line). b) The same XRR data as in (a) but normal-
ized to the Fresnel reflectivity. c) Electron density profiles correspond-
ing to the fitted data shown in (b).
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6 Evidence for Facilitated Surface
Transport during Ge Crystal
Growth by Indium in Liquid Hg-In
Alloys at Room Temperature

This chapter is based on an published as an article in Crystal Growth & Design [21].
Reprinted with permission from Andrea Sartori, Dhruba Pattadar, Quintin Cheek,
Yifan Zhao, Rajendra P. Giri, Bridget Murphy, Olaf Magnussen, and Stephen Mal-
donado. The article is available via the internet at

https:/ /doi.org/10.1021/acs.cgd.0c01485

Copyright © 2021 American Chemical Society.

This publication was obtained by the collaboration with the group of Stephen Mal-
donado from the University of Michigan.

One of the focus of prof. Maldonado is the investigation of synthesis of semiconduc-
tor in particular Groups IV and III-V semiconductors on liquid metals. His group
obtained incredible success and they were able to synthesize one step crystalline
semiconductors like GaAs, Ge and Si, with different shapes and size [19, 138, 139].
One of the recent work was the characterization of Ge crystallites on Hgln alloy
substrates. In particular by changing potential and composition of the working elec-
trode as main parameters.

The full description of the system was missing of an essential piece of the puzzle,
the surface structure of the bare working electrode immersed in the buffer solution
used for the process. Access in buried liquid liquid interface is complex and many
techniques are not suitable, especially with atomic resolution. X-ray reflectivity is
one of the best candidates.

Our group in collaboration with the Maldonado team collected a series of X-ray
scattering data, as a function of working electrode and electrolyte composition and
applied potential. A set of data was analyzed and used for this publication [21]. The
remaining data are still incomplete and they are not part of this thesis.
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6.1 Abstract

Room-temperature electrodeposition of Ge
crystallites was investigated by the electro- GO +2H.0
chemical liquid-liquid-solid (ec-LLS) pro- ’ '
cess using a family of Hgl-xInx alloys. The

objective was to determine whether differ-

SOH-
ent liquid metal alloys with nominally the

same bulk solubility towards Ge but poten-

tially different surface character would yield

any differences in the resultant Ge crystallites. Variation of the In fraction in the
these alloys was the control variable. The following details were ascertained from
the cumulative data. First, in accord with thermodynamic predictions, the surface of
Hg,In;_, alloys was strongly enriched with Hg according to X-ray specular reflec-
tivity data. These data further indicated that the surface enrichment was confined
exclusively to a single atomic layer at the liquid metal surface. These properties
of the Hg,In;_, / electrolyte interface structure facilitated the first two steps of the
ec-LLS process. Second, the presence of In influenced the morphology of the resul-
tant Ge crystallites from ec-LLS, in accord with mediated transport of the Ge upon
initial electroreduction. Specifically, X-ray diffraction, Raman, and microscopy data
suggest that a strong affinity between In and Ge that affects the crystal morphology.
This study thus motivates further exploration of both In as a component in liquid
metal solvents to facilitate grain size and more general studies detailing how the
surface structure and composition of liquid metals influence crystal growth. These
findings significantly advance the prospect for preparing technologically-relevant

inorganic crystalline semiconductors at low temperatures.
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6.2 Introduction

Liquid metals are natural media for growing inorganic crystals.!> For crystalline
inorganic semiconductors, elemental liquid metals in vapor-liquid-solid (VLS) and
liquid phase epitaxy (LPE) processes have been explored and utilized successfully.*
In this regard, the choice of the liquid metal is known to strongly influence how the
inorganic solute becomes a crystalline material. So far, the overwhelming majority
of studies have focused largely on just unary liquid metals and the corresponding
binary solvent/solute mixtures. Comparatively few studies have focused explicitly
on exploring the composition space of liquid metal alloys to identify more optimal
solvents for crystal growth. Accordingly, although the chemistry and metallurgy of

liquid metal alloys have been studied intensely and even recently,!0-34

strategies that
exploit this knowledge to design optimal liquid metal alloy solvents for the growth

of target, crystalline inorganic materials are still lacking.

In both VLS and LPE, it is widely understood that crystal growth in a given ele-
mental liquid metal can be improved by adding a second alloying metal to increase
the solubility of the target solute.>> The guiding rationale has been that adding ele-
ments with higher bulk solute solubilities (i.e. type A metals) into liquid metals with
low bulk solute solubilities (i.e. type B metals) lowers the supersaturation attained
during nucleation and crystal growth in the bulk liquid metal alloy. According to

classical nucleation theory and crystal growth models,**37

controlling the supersat-
uration is the most direct way to obtain more pristine, larger solute crystals with
fewer defects. This premise has been described sporadically but it is not clear if
it represents the only or most impactful strategy for designing liquid metal crystal
growth solvents. Specifically in VLS, it is widely accepted that the interfacial prop-
erties during the crystal growth process are important and potentially control is well

established 3840

Previously, identification of how a specific component alters the properties of a
molten alloy during a crystal growth process was complicated by the need for high
temperatures. However, a new liquid-metal-based process for growing crystalline
inorganic semiconductors introduced this past decade offers a simpler alternative.!
By utilizing electrochemical gradients rather than thermal gradients, the electro-
chemical liquid-liquid-solid (ec-LLS) strategy mirrors the nucleation and crystal growth
aspects of VLS and LPE but without any heating or extensive support apparatus.
Simply, a liquid metal acts as the working electrode where oxidized species can be
reduced and then dissolved into the liquid metal at rates dictated by the electro-
chemical reduction reaction, surface chemistry, and rates of dissolution.***> Recent
studies have shown that the liquid metal alloy composition affects the resultant crys-
tal size and morphology,**’ but clear design rules for the liquid metal have yet to
be identified.
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Figure 6.1: a) Binary phase diagram for the Hg-In binary system. The colored dots
represents the specific compositions of Hg-In alloys used for ec-LLS de-
position of Ge in this work. Adapted with permission from Chiarenzelli,
R. V. and Brown, O. L. I Journal of Chemical and Engineering Data, 1962,
7(4),477-478. Copyright 1962 b) A plot of the known solubilities of Ge in
(black dots) liquid In and in (green dots) liquid Hg as a function of recip-
rocal temperature. Data adapted from references 49 and 50, respectively.
The linear regression represents the best fit line for the In-solubility data
only.

In this study, the liquid Hg-In alloy system is a useful testbed for exploring and iden-
tifying aspects that may be relevant to crystal growth in ec-LLS and, by extension, to
other related processes that rely on liquid metal solvents using alloys of only ‘type
B” metals. The Hg;.«In, alloy system is notable since In is a solid at room temper-
ature but can be uniformly dissolved in Hg as a homogeneous liquid phase up to

concentrations of ~70 at.% at room temperature (Figure 6.1a).48

A wide composition range of molten, liquid Hg;.Iny alloys are readily accessible at
room temperature just by mixing predefined amounts of each metal. Here, we use
Ge as the test solute for this family of liquid metals since Ge ec-LLS by the electro-
chemical reduction of dissolved GeO, in water is known for both pure Hg and In
nanodroplets.41' 47 Based on the available metallurgical for each metal >0 the sol-
ubility of Ge in both pure In and pure Hg at room temperature is roughly of the
order of 10* at. % (Figure 6.1b). Although there is some uncertainty in these data,
both from extrapolation in the case of In and from Hg in the spread of the available
experimental measurements,”*>! the data clearly show that neither metal would be
expected to appreciably increase the solubility of Ge in the other. Moreover, neither
In nor Hg form germanicides at any temperature, and the atomic size of each metal

is roughly similar (Table 6.1).4852->3

Accordingly, if bulk solute solubilities are the only important factors in designing
liquid metal solvents, the expectation is that the crystallographic properties of Ge
formed within every composition in the Hg-In alloy family would be the same. In
contrast, these two metals differ notably in their surface properties. For example,
liquid /air surface tensions for Hg and In in Table 6.1 differ noticeably.”*>> More im-
portantly, the wettability of these liquid metals towards Ge differs noticeably. Hg
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Hg In

atomic mass/g mol ! 200.59 114.81
gravimetric density /g cm 3 13.53 7.02
molar density/mol cm 3 0.067 0.061
atomic radius® /A 1.71 1.56
surface tension® / N-m~! 0.47 0.57
melting point® / °C -38.3 156.6
Ge solubility? / atom % 4.6 x 107>¢ 85 x 1075-f

Table 6.1: @ Data from ref 53. ® Data are reported at the melting point in air. © Data
from ref 48. 9 Data from refs 49,50. ¢ Average value from data reported
between 20 and 25 ° C. f Determined by linear extrapolation of data to 25
°C.

does not readily wet a solid Ge surface while molten In readily wets Group IV semi-
conductor surfaces.’®® In fact, molten In at elevated temperatures has been used
previously to grow crystalline Ge by liquid phase epitaxy and by VLS.>%8 Accord-
ingly, if surface wetting of the liquid metal to solid Ge is relevant, a change in the
observable crystal growth would be expected as the liquid Hg..Iny alloy composi-

tion is varied.

Herein, a series of electrochemical, materials characterization, and surface charac-
terization data are presented to describe the Ge ec-LLS process using electrode com-
positions spanning the Hg;.,In, family. The purpose of this work is to evaluate
the hypothesis that adding In into liquid Hg will effect no change in the crystalline
properties of the resultant Ge. Direct insight into the liquid metal / electrolyte inter-
face at which the solute atoms are formed is achieved. We accomplish this by X-ray
reflectivity (XRR) measurements, which provide detailed data on the local atomic
structure (e.g. atomic layering)®*! and composition of the interface. Specifically,
the angle-dependent specular X-ray reflectivities of the two central systems under
study, pure liquid Hg and liquid Hgp 3Ing 7 (i.e., the alloy with the highest dissolved
In content) in contact with the 0.1 M NaB4Oy electrolyte solution were collected in
the potential range of Ge electrodeposition. The cumulative findings are significant
in the context of developing improved strategies to grow technologically important

semiconductors at low temperatures.

6.3 Experimental

6.3.1 Materials and Chemicals

Acetone (ACS grade, Fisher Scientific), Hg (triply distilled, D. F. Goldsmith), indium
(99.99% Gallium Source), germanium dioxide (99.998% Sigma-Aldrich), sodium bo-
rate (>99.5% Sigma-Aldrich), Indium foil (99.998 %, Alfa Aesar), and Pt wire (0.25
mm diameter, Alfa Aesar) were used as received. Nanopure water with a resistivity
>18.2 MQ cm™! (Barnstead Nanopure) was used throughout.
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6.3.2 Electrochemical Details

Both a CH Instruments 420A and a Solarton 1176A potentionstat were used to per-
form cyclic voltammetry and chronocoulometry experiments. A dual compartment,
three-electrode cell was used for all electrodepositions and consisted of a 200 uL lig-
uid metal pool housed within a bowl and contacted from the top by an insulated
Pt wire (working electrode), a graphite rod (counter electrode), and an anodized Ag
wire with a AgCl coating immersed in sat. KCl in a separate fritted compartment
(reference electrode). All potentials in this work are given with respect to this ref-
erence electrode. For experiments featuring solid In as the working electrode, the
Pt wire contact was not used. Voltammetry experiments were performed in solu-
tions containing either 0.01 M NaB4Oy or 0.01 M NaB4O7 with 0.05 M GeO,. After
electrodeposition, the electrolyte was suctioned off by hand with a pipette. Follow-
ing, the liquid metal pool electrode ~ was washed ~ with nanopure water multiple
times until residual salt crystals were no longer visible. Then, electrodeposited Ge
was collected carefully from the liquid pool electrode with a clean plastic spatula,

dried under N», and then characterized.

6.3.3 Materials Characterization

Scanning electron microscopy (SEM) images were obtained using a JEOL JSM-7800FLV
field emission scanning electron microscope (FESEM) operating at an accelerating
voltage of 10.00 kV using an in-lens ion annular secondary electron detector. X-ray
diffraction spectra were collected with a Bruker D8 Advance diffractometer equipped
with a Cu Ka source, parallel beam optics and a LynxEye detector. Raman spectra
were obtained with a Tescan RISE SEM equipped with a Raman spectrometer fea-
turing a 532 nm Ar* laser at a radiant power of 50 yW on the sample.

6.3.4 X-Ray Reflectivity Measurements

X-ray reflectivity (XRR) measurements of the liquid metal/liquid electrolyte inter-
faces were performed using the Liquid Interface Scattering Apparatus (LISA) diffractometer®?
atbeamline P08 of the PETRA III synchrotron source at DESY in Hamburg, Germany.%®
All experiments utilized a beam energy of 25 keV, corresponding to a wavelength of
A =0.4959 A~'. The reflected intensity was recorded with a two-dimensional GaAs
X-ray detector (Lambda from X-Spectrum). The detector was composed of ~1536
X 512 pixels with 55 um pixel size providing a resolution of 3.3 x 10# Al in both
the horizontal g, and vertical g, directions. The background, due to scattering by
the Hg and electrolyte bulks, was measured by offsetting the detector by 0.08 ° hor-
izontally out of the plane of reflection, and subtracting an area with 0.08° horizontal
and 0.4° vertical angular acceptance, from the specular signal. A custom designed
electrochemical X-ray scattering cell with 5 cm diameter was used throughout the
experiments, allowing for the injection of the Hg;.,In, alloy as well as the electrolyte
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solution. Solutions were purged with N, ~ gas for at least 30 minutes prior to injec-
tion into the cell. Liquid metal electrodes were biased for at least 15 minutes before
each reflectivity measurement to ensure a stable interface.

In the XRR data analysis, first the background-subtracted detector signal was nor-
malized by the direct beam intensity and plotted versus the surface-normal scatter-
ing vector, g, (= 47tA ! sina ). The resulting experimental X-ray reflectivity, R(7.),
was normalized by the Fresnel reflectivity, Rr(g;), of a perfectly sharp interface be-
tween the liquid metal sample (Hgp 3Ing 7 or Hg, respectively) and the aqueous elec-
trolyte. Here, the critical scattering vector, q., for total external reflection at the liquid
metal/electrolyte interface was determined from the difference of the total electron
densities of the bulk liquid metals, p, e, which are 3.24 ~ egA for Hg and 2.24
eoA for Hgp3Ing 7, and for the bulk electrolyte (p,,H20 = 0.33 eoA'3). From these val-
ues scattering length densities of 8.177-10° A2 for Hg/0.1 M NaB,O; and 5.364-10"
A2 for HgpsIng7 / 0.1 M NaB4Oy, are calculated, resulting in g, values of 0.064 and
0.052 A, respectively. R/Rr at each g, is a function of the laterally averaged elec-
tron density, , profile along the surface-normal according to the master equation.®*%
R/Rp values were fitted by a modification of the distorted crystal model,®"" ®* which
was previously employed for the interface between liquid Hg and NaF solution.®6-%7
This first layer model treats of the liquid electrolyte/liquid metal junction (normal-
ized by the bulk metal density) as a function of three independent terms, with the
tirst describing the electrolyte, the second representing an explicit atomic layer at the
interface, and the third summation term representing the decaying atomic layering
in the near-surface region of the liquid metal:

(z-zf)?

<Pe(z)> 1P€HZO Z —ZH,0 dpf i
= M —erf | —22 | |+ —————¢ 7

pE,ME 2 pe,ME f O'Hzo\/i pe,Me O'f‘/27-[
[e) d _(z—néi)2
+ e

2172
Here, zy20 and ¢ g0 describe the position and width of the electrolyte front, pr and

(6.1)

0 s are the amplitude and root mean square displacement of the first layer, respec-
tively, d is the atomic layer spacing after the second metal layer, z; is the position of
the first layer, and ‘d - z is the distance between the first and second liquid metal
layers. ¢, is the root mean displacement of the nth layer which increases with z
towards the liquid metal bulk and is given by 0, = y/0? +no?, where o ; is the
intrinsic width common to all sub-surface layers and ¢ ; describes the rate by which

0, increases.tl 64

The model was fitted to the experimental XRRs in a two stage process, using a cus-
tom python script. First, a global optimization was performed, with defined upper
and lower bounds for each fitting parameter. Then, the resulting values were used

as starting point for a local refinement. The parameters describing the electrolyte,
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Figure 6.2: a) Measured and b) RF-normalized X-ray reflectivity of (a,b) liquid Hg
and (c,d) liquid Hgp3Ing7 in 0.1 M NaB4Oy at a potential of -1.4 V. The
dashed lines in (a,c) indicates the Fresnel reflectivity, the solid lines in
(b,d) the best fit by the model described in the text. Insets (a,c): the real-
space profiles of the total electron density along the surface normal vec-
tor. Insets (b,d): Schematic presentations of the interface structure for

each liquid metal.

and , had little influence on the resulting fit and thus were kept at the same values
as for Hg in NaF solution.”” The final fit was determined when x ? was minimized

below a threshold value of 0.1.

6.4 Results

6.4.1 X-Ray Reflectivity
Representative XRR curves are shown in Figure 6.2 a and c.

At low g, the measured data (circles) closely follow the corresponding Fresnel re-
flectivities (dashed lines), indicating that the interfaces are atomically smooth. At
Gz = 2 ~ Al a characteristic maximum is observed in both samples, which corre-
sponds to the well-known quasi-Bragg peak associated with the atomic layering in

the near-surface region of the liquid metal. 6164 66-67

The detailed behavior is more easily discernible after normalizing the XRR data
by the Fresnel reflectivity (Figure 6.2b and d). For the case of pure Hg, the XRR
curves in 0.1 M NaB4O7 strongly resemble those observed for the Hg/0.01 ~ M NaF
interface.%%” Specifically, R(q,) initially decreases up to g, = 1.2 A and then in-
creases again towards the quasi-Bragg peak at g, = 2.22 A"l. Quantitative fits to the
model described in the experimental section provide very similar structural param-
eters and electron density profiles as in NaF solution at the most negative potentials
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(see Figure 6.2b and Table 6.2 of the Supporting Information). In particular, the first
layer density pf /PeMe is very similar for Hg in NaB4Oy and in NaF.

In contrast, a very different behavior is found for the XRR of liquid Hgp 3Ing 7. Here,
the normalized X-ray reflectivity values initially increase, leading to a local max-
imum near g, = 0.6 A", Furthermore, the quasi-Bragg peak is much more pro-
nounced. The initial increase to an R/Rs > 1 is indicative of a higher electron density
at the surface relative to that in the bulk. Similar effects were reported for the free
surfaces of other liquid metal alloys and could be explained by surface segregation
of the higher-Z element.®*70 Accordingly, the X-ray reflectivity data indicates a Hg-
rich surface. This point is supported by the best fit (Figure 6.2d, Table 6.2 of the
Supporting Information), which corresponded to a liquid metal surface featuring a
surface layer that consists almost exclusively of Hg on top of a surface-layered bulk
liquid with a composition of Hgp3Ing 7, as depicted schematically in the inset of Fig-
ure 6.2d. In the surface layer, the concentration of In is no greater than 0.01, whereas
all following atomic layers correspond to the nominal In concentration of 0.7. This
result is also in accordance with the layer spacings. At the depth of second layer and
below, the fitted parameters are identical to that at the surface of molten In at 443 ~
K, % which is understandable taking into account thermal expansion effects and the
high In content of the Hgp 3Ing 7 alloy. In contrast, the spacing of the surface layer to
the subsequent layer is much larger, as expected for a layer consisting of the more
bulky Hg atoms.>” 7! The decay of the atomic layering towards the liquid metal bulk
is comparable to that found in pure liquid Hg and In, albeit a detailed comparison
with the latter is difficult due to the differences in sample temperatures.

6.4.2 Electrochemical Responses

The voltammetric responses of Hg, Hg;.In,, and In electrodes in 0.01 M NaB4O;
were examined in detail at a slow scan rate of 0.01 V s7! (Figure 6.3).

Hg pool electrodes show a featureless steady-state current response when scanned
between -0.4 V and -1.9 V (solid green line, Figure 6.3a). Figure 6.3a also shows
the response when the scan is limited to -0.9 V and -1.9 V (dashed green line). Hj
evolution leads to some mechanical movement of the liquid metals that introduce
noise in the data but the two traces are otherwise identical. Figure 6.3b shows simi-
lar voltammetry for Hgp 7Ing 3. In this case, initiating the scan at -0.4 V resulted in a
large cathodic wave with a maximum at -1.09 V and a peak current density of 0.24
mA cm. Integration of this peak corresponded to a charge density of 3.86 mC cm™.
On the return wave, anodic current onset at -0.87 V with a peak at -0.81 V and a
steady—state anodic current of 0.10 mA cm™ at more positive potentials. Integra-
tion of this anodic current corresponded to a charge density of 0.78 mC cm™. When
the electrode scan was initiated at -0.9 V, i.e. the electrode potential as never allowed
to drift more positive than -1.0 V, the cathodic wave disappeared. Further, the cur-
rent for Hy evolution was consistently higher. Similar observations were noted for
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Figure 6.3: Voltammetric responses of Hgl-xInx electrode immersed in 0.01 M
sodium tetraborate (A, B, C, D, and E) and a mixture of 0.01 M sodium
NaB4O7 plus 0.05 M GeO; solution (F, G, H, I and ]) at a scan rate of
0.01 Vs~ L. Green, blue, magenta, red and black graph represents the Hg,
Hgyp.7Ing.3, Hgp.5Ing.5, Hgp.3Ing.7 and indium foil electrode respectively.
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Hg 5Ing 5 and Hgp 3Ing 7 (Figures 6.3d and 6.3e, respectively). The peak current den-
sities and integrated charge densities of the cathodic wave that preceded the current
onset for Hy evolution when the voltammetric scan was initiated at -0. 4 V did not
track monotonically with bulk In content (Table 6.3, Supporting Information). Data
were also recorded using solid In foil as an electrode (Figure 6.3e). In this case, a
more prominent cathodic wave was observed that again was absent when the po-
tential was held more negative than the onset of anodic current (i.e. -1.3 V in this
case). Notably, although H; bubbles were visibly observed, the current-potential
response lacked any appreciable noise.

The voltammetric responses for these same electrodes at the same scan rate and ini-
tiated at -0.4 V were recorded after introduction of dissolved GeO, at a formal con-
centration of 0.05 M (Figures 6.3f-). The principle observation was that the current
at potentials more negative than -1.1 V were consistently higher, in accord with ad-
ditional current for the reduction of dissolved GeO, (i.e., HGeO3™ + 4e” + 2H,0 —
Ge + 50H"). From these data, a cursory estimation of the faradaic efficiency for
GeO; reduction at -1.4 V and -1.9 V was determined (Table 6.3). The faradaic ef-
ficiencies for GeO; reduction with Hgj.,In, alloys was consistently higher than for
solid In electrodes. A second observation in these data was that the cathodic wave
at more positive potentials for electrodes containing In was consistently attenuated
and shifted towards more negative potential. Similarly, the anodic current profile
was altered.

Figure 6.10 in the Supporting Information contains the amperometric responses of
these electrodes for Ge ec-LLS performed in the same electrolyte at -1.4 and -1.9 V,
respectively. In every case, after the initial charging current dissipated within 100 s,
the faradaic current slowly decayed to different quasi-steady state current densities.
To obtain the target charge density, a total ec-LLS time between 12,500 to 75,000 s
at E = -1.4 V and between 3,000 to 12,000 s at E = -1.9 V was necessary. Notably,

electrodes with lower In content took longer to reach the target charge density.

6.4.3 Raman Spectral Analyses

A black particulate Ge film completely covered the electrode surface after all Ge ec-
LLS trials. Figure 6.4 highlights representative Raman spectra for the as-deposited
Ge crystallites collected with each type of electrode. The LO phonon mode for crys-
talline Ge near but substantially less than 300 cm™ was observed for every sample.

Table 6.4 in the Supporting Information collects and summarizes the peak position
and full widths at half maximum (fwhm) for each ec-LLS experiment. Three general
features were apparent. First, for a given electrode material, the Ge produced at -1.4
V exhibited a smaller fwhm value than the corresponding material produced at -1.9
V. Second, the phonon peak position for crystalline Ge prepared with pure Hg was at
a larger frequency than the phonon peak positions for crystalline Ge prepared with
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Figure 6.4: First-order Raman spectra for Ge electrodeposited on Hgl-xInx elec-
trodes immersed in 0.01 M Na,;B4O7 and 0.05 M GeO, solution and bi-
ased at -1.4 V (a) and -1.9 V (b) with respect to an Ag/AgCl reference
electrode. Green, blue, magenta, red and black graph represents the Hg,
Hgp.7Ing.3, Hgp.5Ing.5, Hgp.3Ing.7 and indium foil electrode respectively.
The spectra have been offset for clarity.

Hgi_«Iny. Third, the phonon peak positions tracked with In content for Hg;.,In, and
In electrodes.

6.4.4 X-ray Diffraction Analyses

Figure 6.5 shows representative power X-ray diffractograms of the ec-LLS deposited
Ge crystal.

The strong diffraction pattern of the as prepared Ge crystal exhibited the reflection
of diamond cubic lattice structure of crystalline Ge. Table 6.5 in the Supporting In-
formation collect and summarizes the diffraction peak positions, full widths at half
maximum (fwhm), corresponding crystal size and average crystal size, peak inten-
sity ratio and lattice parameter for Hg, Hgj.cIn, and In electrodes at two different
applied potential. Two general characteristics were clearly visible. First, the relative
intensities of the peaks in the diffractograms were not the same, indicating some
change in crystal orientation or possible preferred growth direction. Second, the
lattice constant for Ge was clearly a function of In increasing with the increasing
amounts of In (Figure 6.6).

6.4.5 Scanning Electron Microscopy Analyses

Representative scanning electron micrographs of as-deposited Ge crystallites for

each film are presented in Figure 6.7.

As reported previously,*! a leaf-like microstructure was observed on the Hg pool
electrode (Figure 6.7 a) at less negative potentials and a bundle of nanofibers at
more negative potentials (Figure 6.7f).*! However, with increasing In content in the
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Figure 6.5: Powder X-ray diffractograms of Ge electrodeposited on Hg, Hg;_,In,,
and In electrodes at potential a) -1.4 V and b) -1.9 V under the same re-
action condition as described in Figure 6.5. Peaks denoted with * denote
signals from crystalline In. The diffraction patterns are offset for clarity.
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Figure 6.6: Lattice constant value of the crystalline Ge as a function of indium con-
tent (at. %) synthesized on Hg, Hg;_,In,, and In electrodes at potential
-1.4 V (circular dot) and -1.9 V (square dot).

Hgi.<Iny alloys (Figures 6.7b-d,g-i), these morphologies were not conserved. For
Hgp7Ing 3, the leaf-like shape was observed at both potentials, with no evidence of
nanofibers. For Hgg 5Ing 5, faceted grains appeared ~5 ym in size and their structure
was not leaf-like at -1.4 V and only somewhat at -1.9 V. Additionally, sporadically
interspersed in the Ge grains were smooth nanowires. For Hgp3Ing 7, the Ge grains
were larger (>10 pm) at both potentials. Again, a minority fraction of Ge nanowires
were intermixed throughout the ec-LLS product material. These features were in
contrast with the morphologies observed with solid In electrodes (Figure 6.7 e)),
where there were no faceted grains. Instead, the surface was coated with a contigu-
ous, granular film with particles of ~0.2 ym at both potentials. Smaller Ge nanowires
were heterogeneously located on top of the granular surface coating. The contrasting
crystalline Ge morphologies obtained with Hgp 5Ing s and Hgp3Ing 7 are particularly
notable since the total reaction time required to pass the target charge was compa-
rable, indicating that the operative growth rates in these two cases were essentially
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Figure 6.7: Scanning electron micrographs of as-prepared crystalline Ge electrode-
posited with Hg, Hgj,Iny, and In electrodes from solutions containing
0.05 M GeO; and 0.01 M Na;B4O7. Micrographs show crystalline Ge ob-
tained at (a-e) E =-1.4 V and (f-j) E =-1.9 V vs E(Ag/AgCl). Scale bars:(
a f,ej05um;(b,cd g h,ilyum.

identical but the crystal morphology was patently different.

Figure 6.8 shows scanning electron micrographs specifically detailing the Ge nanowires
observed with the Hgp 5Ing 5, Hgp 3Ing 7, and In electrodes.

With the liquid Hg;.«In, alloys, the Ge nanowires were several microns in length
and could approach 1 micron in diameter. Additionally, these nanowires were often
kinked multiple times and sometimes coiled. Almost uniformly, these nanowires
featured an obvious round liquid metal cap on the tip. Elemental analysis indicated
the composition of these caps were 52.6% In, 14.5 % Hg, 20.2 % Ge and 12.6 % O. For
crystalline Ge electrodeposited with solid In electrodes, the nanowires were notice-
ably shorter and much smaller in diameter (~0.1 ym) but still exhibited numerous
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Figure 6.8: SEM micrographs of as-synthesized Ge crystal electrodeposited on
Hgi_yIn, from the 0.1 M Na;B4O7 and 0.05 M GeO; solution. Left side
column image (a-c) obtained at potential -1.4 and right-side column im-
age (d-f) obtained at -1.9 V vs Ag/AgCl. Scale bars: 0.5 um.

kinks.

6.5 Discussion

The presented data support two primary points. First, the surface of Hg;_«Iny alloys
is enriched by Hg but only in the topmost atomic layer of the liquid metal. Second,
the presence of In during Ge ec-LLS did not alter the nucleation and crystal growth
rates but did accelerate the diffusion of Ge along the growing crystal surface, greatly
impacting the resultant crystal morphology. These points are discussed below.

6.5.1 Surface Composition of Liquid Hg;_,In, Alloys

The surface composition of an ideal liquid metal mixture can be determined from the
Gibbs adsorption isotherm. Specifically, in an ideal mixture, the component with the
higher surface energy will have a more dilute fractional composition on the surface

relative to its fractional composition in the bulk mixture,”?

1

A
1;;;]6—;(7;(’7Hg—'¥ln) _|_ 1

(6.2)

X =

where x; is the bulk composition of In in the binary alloy, 7 1, and 7y pg are the
surface tensions for In and Hg, respectively, A is the average area per atom in the
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binary liquid alloy, kg is the Boltzmann constant, and T is the temperature. To es-
timate accurately the surface composition of Hgi.,In, alloys immersed in aqueous
sodium tetraborate, the potential dependence of the surface tensions for each pure
liquid metal in this electrolyte is required. Nevertheless, from surface tensions of
In and Hg relative to vacuum (Table 6.1), the general expectation is that the surface
of Hgy.4Iny alloys should be largely composed of Hg (e.g. xs ~ 0.3 when x; = 0.7).73
The X-ray reflectance data directly confirm this concept, i.e. even the Hgln alloy
with the highest bulk In content is Hg-rich at the electrolyte/liquid metal interface.
Additionally, the collected XRR data provide further structural insight, i.e. the bulk

composition is maintained just beneath the outer, Hg-rich surface layer.

Although XRR data were collected at a single electrolyte composition, the observed
surface features of Hg;.Iny should not depend strongly on the concentration of the
supporting electrolyte. The best fit of the XRR data showed no evidence that ad-
sorption of the supporting electrolyte occurs at the negative potentials of interest.
No suitable fit was possible that included an explicit adlayer at potentials relevant
to ec-LLS. Moreover, the background ion concentration does not appreciably change
the electron density of the electrolyte, further limiting the impact of concentration on
the XRR interpretation. The electrochemical data corroborate the inferences from the
X-ray data. In the blank electrolyte without dissolved GeO,, all the liquid Hg;_«Iny
alloy electrodes exhibited H* reduction current-potential profiles consistent with the
behavior of pure Hg rather than In electrodes. Since the electrochemical reduction
of H* to Hj is an inner-sphere redox process that depends strongly on the electronic
character of the electrode surface, these data are fully in line with these liquid metals

possessing a surface layer of predominantly/exclusively Hg atoms.

The electrochemical data separately indicate that In atoms are still able to partici-
pate in interfacial processes. The appearance of the cathodic redox wave near -1.1
V for Hgi«In, alloys strongly mirrors the reduction of the surface oxide on pure
In,”* even for Hgp7Ing3. The integrated charge under these curves constituted sev-
eral monolayers worth of indium oxide, indicating that the sub-surface In atoms are
readily oxidized in these Hg;.In, liquid metal alloys. The exact mechanism of how
sub-surface In atoms are oxidized is not presently clear but the occurrence and re-
occurrence of indium oxidation suggests x; # 0, in line with the estimate of x; < 0.02
from the X-ray data. In this case, the oxidation of In atoms “getters’ In” from the sut-
face, which are then rapidly replaced by the ample supply of sub-surface In. If the
supply rate of In atoms to the electrolyte/liquid metal surface influences the rate of
In oxide formation, then a difference in electrochemical behaviors at positive poten-
tials would be expected. However, the return sweeps in the voltammetry in Figures
6.4 b-d exhibit oxidation peaks with equivalent positions and profiles. Accordingly,
the exchange rate between surface and sub-surface atomic layers is not assumed to
be limiting in the reactivity of In atoms at the electrolyte/electrode interface.
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The collective data highlight beneficial properties of the Hg.cIn,/electrolyte inter-
face structure for the electrochemical reduction of dissolved GeO, and Ge incorpo-
ration into the liquid metal, i.e. the first two steps of the ec-LLS process. Because
of the strong Hg surface segregation, the electrode surface is Hg-like, substantially
reducing the hydrogen evolution current density and facilitating higher coulombic
efficiency of the ec-LLS process. The limitation of the Hg enrichment to a single
atomic layer at the surface is likewise advantageous relative to a shallow gradient in
the liquid metal composition. The steep Hg enrichment only at the surface ensures
a high In-content already very near to the surface. Thus, the beneficial influence of
In on the Ge transport (vide infra) becomes effective directly following Ge entering
the sub-surface of the liquid metal phase. In addition, our observations indicate that
the surface segregation layer is highly dynamic and apparently does not represent
a barrier for the transfer of species between the interior of the liquid metal and the
electrode/electrolyte interface.

6.5.2 Influence of Hg; ,In, Composition on Ge Crystal Growth by ec-
LLS

The cumulative microscopic, Raman, and X-ray diffraction data separately suggest
that inclusion of In in liquid Hg specifically changed the fate of Ge atoms after initial
electroreduction of dissolved GeO,. Ge crystals grown with pure Hg exhibited clear
dendritic structures, consistent with fast nucleation and crystal growth occurring at
a large supersaturation. That is, because the solubility of Ge in Hg is small at room
temperature, any appreciable amount of Ge dissolved in the liquid metal likely re-
sulted in a large supersaturation, as observed in related ec-LLS processes.”>7® Since
the rates of nucleation and crystal growth are typically proportional to the extent of
supersaturation,”’”? the subsequent crystal growth rates are expected to be corre-
spondingly fast.

When In was included in liquid Hg, especially at low concentrations, the dendritic
structure of the resultant Ge crystals was still evident. This feature is consistent with
the fact that the supersaturation attained during ec-LLS remained unchanged be-
cause In did not increase the bulk solubility of Ge in the liquid metal. However, the
electron micrographs are clear that each Ge dendritic branch became progressively
thicker with increasing In content. Eventually, the apparent grain size still had the
outer profile of the dendrite ‘leafs” but effectively with the inner void space filled in.

As described in Figure 6.9, we posit this observation arises because In can access
the crystal growth front and because the presence of In specifically enhances the
mobility of Ge along the solid Ge surface. The precedent for In acting as a surface
transporter is not known in electrochemical settings but is well established in the
field of vapor deposition of semiconductor films.88! In this latter context, In has
been identified as a ‘surfactant’ that specifically facilitates Ge surface diffusion in

82-84

the case of vapor phase deposition of Ge on Si substrates. A notable difference
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Hg, In,
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Figure 6.9: Schematic depiction of the influence of In on the surface diffusion of Ge
on the resultant morphology of the Ge crystallites as a function of the In
concentration.
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between this prior precedence of In as a surface transporting agent and the work
shown here is the operating temperatures. For vapor phase deposition, the action
of In at a surface is typically understood at elevated temperatures. For the work
shown here, the influence of In as a surface transporting agent was observed at room
temperature.

The notion of In as an agent that affects/catalyzes the surface transport of Ge is
consistent with the other materials characterization data. Specifically, the inferred
crystallite sizes from the X-ray diffraction data do not appreciably change when In is
dissolved in Hg, consistent with the idea that In is not changing the supersaturation
level of Ge in the liquid metal and the corresponding crystal growth rate. Similarly,
the Raman spectra are consistently red-shifted for all liquid metals, indicating that
even though large apparent Ge grains are obtained with higher In content, the Ge
grains are polycrystalline with crystallite domains remaining below the Bohr exciton

radius of Ge (i.e. 25 nm).%°

Presumably, the mediated transport of Ge by In involves a strong interaction be-
tween In and Ge. There are no known stable In-Ge complexes in the reported binary
phase diagram® that would predict the formation of a strong In-Ge bond. However,

758 indicating

molten In at elevated temperatures completely wets crystalline Ge,
that the surface tension of the In/Ge interface is small. Although no direct measure-
ment of the surface tension at this interface is available, an estimate of 0.58 N m™ at
T = 25 °C is possible through Young’s equation and E6tvos” rule.”” By comparison,
the surface tension of the Hg/Ge interface at room temperature is in excess of 1.1 N
m™, since the solid /vapor surface tensions of crystalline Ge are uniformly in excess
of this value®® and the wetting contact angle between Hg and a Ge wafer is signif-
icantly greater than 90 °. These liquid/solid surface tensions, by eq 2, would now
predict an accumulation of In at the liquid metal/Ge crystal interface. Accordingly,
the obvious trend in increasing Ge lattice constants with increasing In content in lig-
uid Hgj.«Iny alloys in the X-ray diffraction patterns is consistent with the premise
that the crystal growth plane is In-rich. Separately, the observation that the liquid
metal droplets on the observed Ge nanowires consistently had a decreased fraction
of In relative to the bulk pool alloy composition, in conjunction with the measurable
In concentrations in these Ge nanowires, indicating that In had a high affinity for

Ge.

The action of In as a surface transporting agent is also in accord with a recent and
separate observation from our group on the growth mechanism of Ge nanowires
using molten In nanodroplets.* In that work, the cumulative data indicated that Ge
crystal growth was limited by the surface transport of Ge to the growth interface.
That work also implied that electrodeposition of crystalline Ge using solid, rather
than liquid, In electrodes may be possible. Here, in this work, we in fact did detect
some accumulation of crystalline Ge with solid In foil electrodes. This observation

stands in stark contrast to our and other groups’ past attempts to perform crystalline
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Ge electrodeposition with solid metal electrodes.*! 878 However, the size of these
Ge crystallites were smaller than for the liquid metal electrodes, their arrangement
was a thin, compact film, and the total quantity was small. Hence, although fast
mobility of electrodeposited Ge atoms on an In surface may still occur, this feature

alone is not sufficient to mimic the crystal growth process in ec-LLS.

6.6 Conclusions

This work rejects the hypothesis that bulk solubilities of solutes are the only relevant
factors in choosing components in the design of a liquid metal solvent for growing
tailored inorganic crystals. Instead, this work demonstrates that the inclusion of In
in binary Hg;.«Iny liquid metal alloys strongly impacts the morphology of the resul-
tant Ge crystals grown by ec-LLS. In pure Hg, the dendritic structure of the resultant
Ge crystals reflects the low Ge solubility and high operative supersaturations dur-
ing nucleation and growth. Upon addition of In into Hg, the dendritic structures
still form initially but then are ‘filled in” with more Ge crystallites. The separate
voltammetric and X-ray reflective data indicate that Hg is strongly enriched in the
first atomic layer of Hgy.In, but that the alloy beneath this surface layer maintains
the bulk composition, enabling In to still participate in interfacial processes while
surficial Hg otherwise facilitates the initial electroreduction step for ec-LLS over Hj
generation. The inferred take away is that once Ge is dissolved beneath the first
atomic layer of the liquid metal, In acts to accelerate Ge diffusion along the solid
Ge/liquid metal interface. These data suggest that In as a liquid metal component
specifically can dictate the crystalline grain morphology by effecting transport at
the growth interface rather than by changing the solute solubility. More generally,
the data argue for further development of liquid metal alloys as optimal solvents
since surface segregation can improve the interfacial properties relevant for crystal

growth.
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6.8 Supporting Information

Introduction

This document contains chronoamperometric responses for Hg, Hgl-xInx, and In
electrodes immersed in 10 mM Na,B4O7; and 50 mM GeO, solution, a tabulated
collection of the fitting parameters used in the first layer model for analysis of the
X-ray reflectivity data presented in the main text as well as the corresponding values
for two relevant comparison fits for liquid Hg and liquid In previously reported in
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the literature, a tabulated summary of the voltammetric features of the data shown
in the main text, a tabulated summary of the Raman spectral features shown in the
main text, and a tabulated summary of the X-ray diffraction data presented in the

main text.
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Chronoamperometric Responses
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Figure 6.10: Amperometric responses for Hg, Hg;_,In,, and In electrodes immersed
in 10 mM Na;B4O7 and 50 mM GeO, solution at a) -1.4 V and ¢) -1.9
V vs E(Ag/AgCl). The corresponding charge passed over time profiles
are shown in b) and d), respectively. Green, blue, magenta, red and
black lines represents the Hg, Hg.7Iny.3, Hgo.5Iny.5, Hgo.3Iny.7 and In
electrodes, respectively.
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Tabulated Data

The parameters resulting from fits of the normalized XRR data using the first layer
modified-distorted crystal model as described in equation 1 in the main paper are
tabulated in Table 6.2. In addition, XRR fit parameters from previously published
XRR data for liquid Hg and liquid In are presented for comparison. The data for
Hg immersed in NaF(aq) are reported for -0.85 V at 294 K are comparable to the
experimental measurements reported here within the error margin. The data for
liquid In in vacuum at the melting point are presented since bulk liquid In in water

at standard pressure is not tenable.
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7 Conclusion

The main aim of this thesis was to investigate in-situ electrochemical induced crys-
tal growth at liquid metals-electrolyte interface and understand how physical and
chemical interface properties affect the synthesis process. The goal was achieved by
combining X-ray scattering, electrochemical methods, and optical microscope imag-
ing. X-ray reflectivity and grazing incidence diffractions are powerful techniques
since they allow structure information at the atomic scale with possible milli-second
time resolution. However, high brilliance is required for a buried liquid interface;
therefore, synchrotron radiation is necessary. Furthermore, given the unfeasibility
to tilt liquid samples, a dedicated instrument such as LISA at beamline P08 PETRA
III (DESY) is required.

To perform such challenging experiments, a suitable sample environment is neces-
sary. Therefore, an improved electrochemical sample cell was developed, with all the
principal characteristics needed for in-situ x-ray experiment, allowing the exchange
of electrolyte and liquid metals, visible access to the interface for a microscope, ease
of assembly, and flexible design to suit different beamlines.

For growth studies, a range of liquid metal electrodes combined with electrolytes
containing metal ions was chosen.

One of these was liquid mercury electrode in aqueous salt solutions containing Pb
halide, with the main focus on understanding how the different halides influence
crystal growth. The Hg electrode was investigated while immersed in a different
solution of 0.01 M of NaX (X=Br, Cl, F) in an electrochemical cell. All three samples
showed features as previously seen for similar electrolyte solutions [59, 60], namely
a change of interfacial roughness as a function of potential due to the capillarity ef-
fect. Notable changes in the behavior were observed once a precursor of PbX; was
introduced to the electrolyte. First, electrochemical current red-ox peaks appeared
due to the reduction and oxidation of Pb>* ions in the solution. Once the potential
was held at a more negative potential of the reduction potential, the Hg electrode
exhibited the same surface structure of a pristine Hg electrode. A stable adlayer was
formed when the potential moved close to the oxidation threshold. That behavior
was common for all the three systems; the same behavior was observed in a previous
study of our group where with a similar system (Hg - NaBr + NaF + PbBry) [22]. For
even more positive potentials, crystal growth occurred. The nature of the crystals
was attributed to a highly oriented, along the surface normal, structure of Pb(OH)X

for the Br and ClI containing solution. However, for the F-containing solution, the

157



Chapter 7. Conclusion

crystals were associated with a powder-like cubic form of PbF,. The combination
of X-ray scattering and electrochemical methods could successfully characterize the
systems and explain the general behavior of liquid Hg immersed in lead-halides so-
lutions. Adlayer formation prior to the crystal deposition appears to be a common
phenomenon. These experiments show how an adlayer acts as a template for quasi-
epitaxial growth of crystals with the same orientation as the adlayer beneath them.
This study also shows the importance of interface chemistry in deposition on liquid
metal, particularly for strong chemisorption anions such as bromide and chloride.
This opens up exciting possibilities for preparing technologically interesting com-
pound semiconductors such as perovskites. In addition, the strong chemical inter-
actions of many species with metal surfaces lead to strongly bound adsorbate layers
with a high surface coverage, which promotes the formation of oriented precursor
adlayers.

To gain an understanding of growth on liquid Hg immersed in GeO; solution, sys-
tematic studies of the interface were performed. GeO; is a potent precursor often
used to synthesize crystalline Ge on a liquid metal substrate. However, there is
a lack of in-situ investigation on how the presence of this precursor influences the
interface of the liquid metals itself. Here, the structure of Hg in a buffer solution
of Nay;B4O7 was characterized as a function of potential and compared with Hg-
NayB4O7+ GeO;. The Hg interface shows no change in the structure once immersed
in the buffer (compared to NaF solution), suggesting non-specific adsorption of the
borate ions. However, the interface structure was altered once the precursor was
added to the solution. Specifically, an adsorbate (most likely described by HGeO%~)
was present at the Hg surface. Interestingly, when the potential was held positive
enough, a condensed layer was observed, attributed to polygermanates with a rutile
GeQ2 sub-structure. The process was shown to be reversible once the potential was
swept to more negative values. The XRR data suggest accumulation of oxyanions
at the liquid metal electrode substrate. This could present an alternative synthetic
route for oxocondensates that are otherwise usually obtained by hydrothermal reac-
tions [140]. The results here provide new insights on the surface chemistry of Hg in
this electrolyte and how this might affect Ge synthesis on the system.

Liquid metal alloys are of interest for the synthesis of crystalline materials, but
knowledge of how to design optimal liquid metal alloy solvents for the growth of in-
organic crystals, such as semiconductors, is still lacking. With our collaborators from
the University of Michigan, we examined the synthesis of Ge in different Hg-In al-
loy compositions. Notably, we observed different crystal morphology as a function
of alloy composition and potential applied. Investigation of the bare working elec-
trode (pure Hg and Hg3Ing 7 in borate solution) clarifies the nature of the interface
and thus the mechanism of growth of the crystallites. The data show that nucleation
and growth cannot start at the interface as the topmost atomic layer of the alloy is
shown to be of Hg. Therefore, the precursor must dissolve into the substrate and
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organize the growth process through diffusion. This work shows how considera-
tions for electrochemical synthesis should not only focus on the solute composition
but also on the substrate, in particular, if the latter is liquid and it could act as a sol-
vent and therefore affect the structure of the deposit. Moreover, the data presented
suggest that indium as a liquid metal component can dictate the crystalline grain
morphology by affecting transport at the interface rather than changing only the so-
lute solubility. Liquid metal alloys are shown to be optimal for crystal growth since
they act as solvents, and surface segregation can improve the interfacial properties
relevant for material synthesis.

This thesis presents how electrochemical growth at liquid-liquid interfaces has unique
properties and a wide field of application. Furthermore, it is shown the importance
of understanding the surface processes that directly affect crystal growth, which is
an essential step for developing upscale production.

Studies of Hg-NayB4O7+ GeO, during and post-deposition have been collected to
understand the nucleation, growth process, and kinetics of Ge synthesis in liquid
mercury. The analysis is in progress.

Our group has already started a deep investigation of the potential and composition-
dependent behavior of liquid mercury-indium alloy. On the same system in-situ x-
ray diffraction experiment during germanium deposition is planned to study the
interface pre, during, and post-synthesis, and how it affects the final deposit.
Preliminary data on in-situ investigation on the liquid gallium-electrolyte interface
has been collected. Since Ga is not toxic and it has a vast interest in industrial ap-
plications [141-143]. The challenge is even more ambitious here since an oxide-free
surface is difficult to obtain. Moreover, in a chemical condition where gallium oxide
is not present, such as an acidic environment, liquid gallium is not stable and dis-
solves in solution. Further investigation is therefore needed it.

Preliminary perovskite synthesis data, e.g., CsPbBrsz on liquid mercury, has already
been successfully collected at beamline P08 in DESY. However, even more, signif-
icant interest is in in-situ studies of Pbl perovskites synthesis due to the extensive
potential application.
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A X-ray Reflectivity Macro

During the years the beamline P08 changed controlling language, from SPEC to
SPOCK. Therefore slightly different macros has been used

A1l SPEC

An example of macro used to record a XRR profile is the following;:

\# === primary beam

umv abs 4
umk 0 0 O
umvr sz -1
point 1

umvr sz 1

\# === reflectivity curve ========
umk 0 0 0.03

umv abs 3 \#stepsize 0.002 (20s)
lscan .04 .08 20 1

umv abs 2 \#stepsize .004 (22s)
lscan .072 .16 22 1

umv abs 1 \#stepsize .01 (10s)
lscan .14 .24 10 1

umv abs 0

lscan .22 .29 7 1 \#stepsize .01 (7s)
lscan .3 .6 12 1 \#(12s)

lscan 0.65 1.0 7 20 \#(140s)

lscan 1.1 1.9 8 120 \#(960s)

lscan 2.0 2.4 4 240 \#(960s)

umv abs 4
umk 0 0 O
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\# === primary beam 2==
umvr sz -1

point 1

umvr sz 1

umv abs 6

It’s worth notice that the macro was checked and changed if needed it every time.
To assure that the detector linear behaviour of the detector. To do so at each angle
where we swap the absorber the counts per pixels were checked to avoid to exceed
60-70 k counts per pixel.

A.2 SPOCK

The following it is an example of macro for XRR for SPOCK. Macros are written
directly in Python.

@macro ()
def lisa_refl_diff_25keV_hgin(self):

self.execMacro(’umv’, ’atten’, 1)

self.execMacro(’umv’, ’abs’, 4)
self.execMacro(’umvqg’, 0, 0, 0)
self.execMacro(’dscan’, ’sz’, -.15, .15, 20, 1)
self.execMacro(’mvsa’, ’stepc’, 0)

)0

primary beam

)

self.execMacro(’umv’, ’abs’, 4)
self.execMacro(’umvqg’, 0, 0, 0)
self.execMacro(’umvr’, ’sz’, -1)
self.execMacro(’pointy’,1)

self.execMacro(’umvr’, ’sz’, 1)

)22

reflectivity

)0

self.execMacro(Pumv’, [[’abs’,4]1])
self.execMacro(’gscan’,0,0, 0,0, 0.025, 0.075, 33, 1)
self.execMacro(’umv’, [[’abs?,3]])
self.execMacro(’gscan’,0,0, 0,0, 0.065, 0.11, 20, 1)
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self.execMacro(Pumv’, [[’abs’,2]])
self.execMacro(’gscan’,0,0, 0,0, 0.09, 0.21, 30, 1)
self.execMacro(’umv’, [[’abs’,1]1])
self.execMacro(’gscan’,0,0, 0,0, 0.18, 0.38, 30, 1)
self.execMacro(’umv’, [[’abs’,0]])
self.execMacro(’gscan’,0,0, 0,0, 0.3, 0.6, 15, 2)
self.execMacro(’gscan’,0,0, 0,0, 0.625, 1, 13, 20) #0.029
self.execMacro(’gscan’,0,0, 0,0, 1.1, 1.8, 8, 120) #0.1
self.execMacro(’gscan’,0,0, 0,0, 1.9, 2.4, 5, 240) #0.1

293

primary beam

)

self.execMacro(’umv’, ’abs’, 4)
self.execMacro(Pumvg’, 0, 0, 0)
self.execMacro(’umvr’, ’sz’, -1)
self.execMacro(’pointy’,1)

self.execMacro(’umvr’, ’sz’, 1)

23

safety first

20

self.execMacro(’umv’, ’abs’, 6)

self.execMacro(’umv’, ’atten’, 1)

The same rules mentioned before apply here. The macro was adapted every time.
The counting time and step size were also adjusted to optimize time or focus on

particular effects of the profile.
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B Data used

The data used are from different beamtimes, all of them at LISA at PO8 beamline
(DESY):

B.1 Hg-NaX + PbX; X= Br Cl, F (Chapter 4)

¢ September 2018 Beamtime ID 11005498
e November 2019 Beamtime ID 11007116

¢ December 2020 Beamtime ID 11009676

B.2 Hg-Na;B;0; + GeO, (Chapter 5)

* May 2018 Beamtime ID 11004537

e November 2019 Beamtime ID 11007023

B.3 Hgln (Chapter 6)

e November 2019 Beamtime ID 11007023
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C Software for data analysis

The data analysis was mainly performed with scripts written in Python program-
ming language. The essential codes used in this thesis are updated on Gitlab.

C.1 XRR extraction

The LISA team developed Python code to reduce the detector images of a reflectiv-
ity profile. Each team member added the part needed for the different experiments.
The code optimized to extract XRR at liquid Hg-electrolyte interface can be found at:

https:/ / gitlab.physik.uni-kiel.de/sartori/xrr-extraction

C.2 XRRfit

Fitting XRR profiles of liquid metal-electrolyte interface can be challenging, and
there is no commercial software available for this scope. So a self-written code was
used. The basic code was developed by a former researcher of the group Sven Fes-
tersen. During the years, the code has been partly rewritten and adapted for differ-
ent tasks, thanks to the help of students like Henning Vogt and Lukas Petersdorf.
The tasks for the software could be even more challenging when an ad-layer at the
interface of the two liquids is present. An example of the software is at:

https:/ /gitlab.physik.uni-kiel.de/sartori /xrr-fit
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Appendix C. Software for data analysis

C.3 GID data treatment

As mentioned in 3.2.2, a scan in 2 6 with multiple detector images was reduced to
a big detector image by binning the detector pixels. First of all, the detector images
were converted from pixels coordinates in q space and then binned together. Then
the data was saved in a different file; in such a way, it is easier to re-plot the data
without reducing them every time. From a 20 scan, it is also possible to obtain a
diffraction pattern such as intensity as a function on q (or 26).

The different codes can be found at:

https:/ / gitlab.physik.uni-kiel.de/sartori/gid-plot
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