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Electrochemical Dynamics Investigated by Small Angle Scattering

by Gilles Ernest Heinrich Karl Möhl

Electrodeposition has been proven a viable tool for the making of nanostructures (tem-
plate electrodeposition), which are most promising in achieving novel properties through
nanoscale effects. In this work, Small angle X-ray and neutron scattering is applied
to study the structural properties of electrodeposited materials due to its suitability
for operando electrochemistry experiments. Firstly, Grazing Incidence Small Angle X-
ray Scattering (GISAXS) is used to investigate the arrangement of electrodeposited
Au particles on a bare TiN electrode. This system represents a simplification of the
configuration needed for template electrodeposition of nanomaterials and it is used
to explore the arrangement of the deposits without the constraints of a physical tem-
plate, showing their non-random arrangement. The understanding gained from this
first study is then applied to the non-aqueous electrodeposition of bismuth telluride
from dichloromethane, which is observed through in situ Grazing Incidence Neutron
Scattering (GISANS). Neutrons are chosen in order to decouple the observations from
processes happening within the electrolyte solution, but require a suitable electrochem-
ical cell with unusually large electrodes. No evidence for the individual deposition of Bi
and Te is found for deposition times longer than 1 s. Another route undergone in this
work is the investigation of Electrochemically Assisted Surfactant Assembly (EASA)
using operando GISAXS. EASA represents a reliable technique for the making of ver-
tically aligned mesoporous silica films, which in turn are applicable to template elec-
trodeposition. Its limitations in applicability arise from the unwanted formation of
surface aggregates and the narrow range of available pore sizes. The operando exper-
iments give the first time-resolved insight into the EASA process, showing film and
aggregate formation under real conditions. A novel route for reduced aggregates using
an electrolyte-free sol is presented. Lastly, nanostructured HPd pH sensors are made
and used to monitor the hydroxide concentration in the vicinity of a TiN electrode un-
der electric potential, showing that hydrogen, water and oxygen reduction dominate
the formation of the gradient, and that its relaxation time widely exceeds typical depo-
sition times.
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Chapter 1

Introduction

Electrodeposition is an effective way to modify a surface by depositing a layer of a
new material, which is then chemically bound to that surface and hence results in very
well-adhered coatings. The technique, which has been in use for over 200 years, plays
a major role in the making of protective or decorative coatings, ranging from gold coat-
ing jewellery to nickel-plated strings for electric guitars up to chrome plated car parts.
The beauty of the process lies within the high deposition rates and the possibility to
coat ”around corners”, as well as being of lower cost than classic coating procedures
which require vacuum/high temperature conditions.1–4

Nowadays, interest has grown around the use of electrodeposition to form nanopar-
ticles, where the size and number density of the nuclei depend on the chosen ex-
perimental parameters. The study of nucleation in electrodeposition has a long his-
tory with significant advances being made in the 1950s.5 Much of the fundamental
description of electrochemical nucleation was established in the 1980s and 1990s,6–13

nevertheless there still remain areas of disagreement and continued development.14–16

Scharifker and Mostany were the first to report a general theoretical description of the
current transients obtained during three-dimensional electrochemical nucleation on a
finite number of active sites, taking into account the overlap of growth centres dur-
ing diffusion limited growth.12,13 This model was refined by Sluyters and Rehbach,7

and further by Heerman and Tarrallo.8 The essential element within the theoretical
considerations is the concept of planar diffusion zones and their overlap, using so-
called nucleation exclusion zones around the nuclei. Scharifker et al. later described
the spatial distribution of nucleation rates around growing spherical nuclei in which
zones of reduced nucleation are the result of calculating the realistic rate distribution
around nuclei. Their explanation includes the broadening of size distributions from
overlapping diffusion fields, which were then demonstrated experimentally by Liu et
al. using conditions of decoupled growth in order to achieve narrower size distribu-
tions.10,11,17,18 They showed through simulations that the nearest neighbour distances
for the 1st, 2nd and 3rd neighbours differ from random nucleation. For Pb, Ag and
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Cu this was later shown experimentally using electron microscopy, where the nearest
neighbour distance followed a geometrical progression.19,20 From a theoretical view-
point, this mechanism was recently described analytically by Tomellini, who elucidated
how the nearest neighbour distribution of particles evolves from Poissonian to non-
random pair correlations during progressive nucleation.21

Further detailed advances were made in 2013 with Ustarroz et al., proposing a gener-
alised aggregative growth mechanism for electrochemical deposition.22 The model was
derived from TEM experiments performed on carbon coated TEM grids, on which Ag
and Pt were electrodeposited respectively on a time scale ranging from 1 ms to 1000 s. It
states, that instead of classical Volmer-Weber dynamics, an aggregative growth mech-
anism governs the deposition. Nucleation of nanoclusters takes place initially, which
then grow until reaching a critical size at which they remain stable versus redissolv-
ing. Consecutively, surface diffusion driven by electrochemical potential leads to the
aggregation of clusters, where the extent of partial or full coalescence dictates the oc-
currence of further growth by direct attachment. The study shows that the critical size
reached by stable nanoclusters does not depend on potential or time of the deposition,
but on the employed materials. Their morphology however depends on the nucleation
rate and surface mobility, which both react to the applied overpotential. Similarly, the
coalescence kinetics are potential dependent and hence determine whether a structure
evolves in a dendritic fashion (low coalescence) with small particles, high porosity and
surface coverage or to full recrystallisation with island-like particles of less number.
In a later study, this model was implemented into finite element simulation of the elec-
trochemical process by Mamme et al., which focuses on the influence of overpoten-
tial and surface mobility.23 Using a random walk algorithm for modelling, the study
shows that the surface mobility of nanoclusters has greater influence on the deposi-
tion nature than the applied overpotential. By showing that nucleation kinetics alone
are not sufficient to describe the evolution of the number of clusters over time, the
model was modified to take cluster aggregation into account. This leads to the emer-
gence of two regimes, in which either nucleation or aggregation dominate the process,
which corresponds to the findings of the study mentioned previously.22 In the same
year, Macpherson et al. undertook similar work aimed at the tracking of single atoms
evolving to crystalline nanoparticles during electrodeposition, showing the movement
of atomic Au-clusters on the surface of a boron-doped diamond electrode and their
transition to crystalline nanoparticles.15 Even surface-mediated Ostwald ripening was
observed, were atoms are exchanged between sufficiently close ordered nanoparticles
and disordered atomic clusters, with atoms travelling from the atomic cluster to the
nanoparticle, a process during which the initially ordered nanoparticle becomes disor-
dered, only to recrystallize once the process is nearly finished.
These studies have added important considerations to the classical electrochemical
model and show the importance of experiments targeting the structural properties
of electroplated materials. This in turn requires further development of experimental
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techniques within the field, allowing for deeper analysis of the underlying processes.

This introductory chapter contains general background information on theory and meth-
ods relevant to this work. Not everything described was practically used for this thesis,
but it is required to build the general context.
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1.1 Classical electrochemical theory

The first equation one encounters when approaching electrodeposition or electrochem-
istry, is the general charge transfer reaction (Eq. 1.1), where species O are reduced to
species R by receiving a number of n electrons or species R are oxidised to species O by
giving away n electrons:

O(aq) + n · e−(m)⇐⇒ R(aq). (1.1)

Nernst showed that the potential at an electrode in a standard electrochemical system
is given by (Eq. 1.2):

Ee = EΦ +
RT
nF

ln(
aO

aR
) (1.2)

where the Equilibrium potential Ee depends on the standard electrode potential EΦ and
the activities of aO and aR at the electrode surface (R denote ideal gas constant, T the
temperature, F the Faraday constant, and n the number of electrons). For the case of
depositing a metal Me on any substrate S, the overpotential ηc (the difference between
electrode potential and reaction potential) needed for the metal to crystallize on the
surface can be written as24

ηc = E− EMe/Mez+ = −RT
zF

ln(
aMeads

a0,Meads

), (1.3)

with aMeads and a0,Meads denoting the activities of Meads when E does not correspond to
the Nernst equilibrium potential (z: oxidation state according to Me → Mez+ + z e−).
This departure from equilibrium conditions. This definition requires that all contribu-
tions involved in the process are sufficiently fast to be treated as being in thermody-
namic equilibrium. Deposition of the metal Me happens whenever ηc < 0 or ∆µ > 0
(cathodic region, supersaturation), stripping occurs when ηc > 0 or ∆µ < 0 (anodic
region, undersaturation). The difference in chemical potential ∆µ, which describes
the amount of energy to be released/absorbed by a given species through a change in
their concentration, can be used to rewrite Equation 1.3. Using the chemical potential
µi = µ0

i + (RT)ln(ai), we obtain the equation:

∆µ = µMeads − µMe0,ads = zF(E− EMe/Mez+), (1.4)

with the standard chemical potential µ0
i for component i. While the dissolution of

Me can happen wherever atoms are more loosely bound to the crystal, the deposition
happens mostly at so-called ”kink” sites, which are for example defects on the sur-
face. Budevski et al.24 describe all of this in detail, including the fact that depending
on the cluster morphology (2D/3D), under- and overpotential deposition can occur.
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FIGURE 1.1: a) Volmer-Weber island growth b) Frank-van der Merwe layer-by-layer
growth and c) Stranski-Krastanov (island growth on strained layers).Redrawn.24

They also distinguish between different mechanisms for the deposition of metals on
a substrate, depending on the binding energy of atoms on ”foreign” or ”native sub-
strates”: if the binding energy Ψ of the deposited atom is lower to the substrate than to
its own kind, deposition occurs according to the ”Volmer-Weber” (3D island growth)
model, independently of the crystallographic misfit between substrate and deposit. If
the binding energy Ψ is higher to the substrate than to its own kind, ”Frank-van der
Merwe” (2D layer-by-layer) growth happens for combinations with small crystallo-
graphic mismatch (hetereoepitaxial growth), whilst ”Stranski-Krastanov” growth dom-
inates when the mismatch is large, resulting in the initial growth of strained layers with
island growth on top of them (3D on 2D). Figure 1.1 illustrates the mentioned growth
mechanisms. All three rely on the initial formation of clusters/particles on the surface,
driven by the deposition potential. Any particle that exceeds a certain dimension will
begin to grow, having undergone so-called nucleation before. As shown by the Gibbs
energy of cluster formation (Eq. 1.5)

∆G(N) = −Nze|η|+ Φ(N), (1.5)

every electron transfer induced by the formation of a nucleus (N atoms) decreases the
Gibbs energy of the system, but at the same time some of the energy has to be invested
into the formation of new interfaces, represented by Φ(N). Equation 1.5 shows that,
depending on the energy needed to create the interfaces of formed nuclei, the process
might be spontaneous or not, regardless of the presence of any overpotential η: for
small nuclei, the second term of the equation dominates, resulting in a positive ∆G(N).
Therefore, the formation of small nuclei can in this case only occur within a fluctuation
of energy only. For sufficiently large nuclei, the first term dominates and a negative
∆G(N) is achieved to form a particle, which does not dissolve again. The critical change
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in Gibbs energy needed for the formation of a spherical nucleus is given by:

∆Gcrit =
σAcrit

3
=

Ncritze|η|
2

, (1.6)

with the surface energy σ and the critical surface Acrit, which illustrates why at higher
overpotentials, less atoms are needed to nucleate a particle. From the previous equa-
tion, the rate of nucleation r can be written as:

r = A · exp(−∆Gcrit

kT
), (1.7)

which is the Volmer-Weber equation (1926) (with the rate constant k and the pre-exponential
factor A).
One of the major advantages of electrodeposition compared to chemical or physical
vapour deposition is the possibility of using the electrical response of a system in or-
der to follow its behaviour. The recording of the system’s potential or current resulting
from any applied electric signal can be used to determine important properties. For the
special case of nucleation, chronoamperometry has been extensively used and several
articles include models describing the current transients resulting from the application
of a potential step to an electrochemical system.24–33 As discussed previously, the ap-
plied potential does not only affect the rate of nucleation and therefore the occurrence of
instantaneous or progressive nucleation but also the size of the deposited nuclei, their
number density on the surface and equally importantly, the driving of secondary reac-
tions that might affect deposition (water splitting/electrolyte decomposition). Whilst
there have been many articles dealing with theory behind diffusion-controlled growth
during electrodeposition, a coherent model for both short and long times12,34 was de-
rived only in 1999 by Heerman and Tarallo.8 They cleared up the discrepancies that
had arisen from two articles prior to theirs, where models for short and long times had
been presented individually. The essential element to be extracted from their article is
the dimensionless equation (Eq. 1.8) for the current density J during diffusion-limited
deposition (with the constant k = (2π)3/2D(Mc/ρ)1/2(N0/r), describing the growth
rate of diffusion zones, where D denote diffusion coefficient, M molar mass of the de-
posit, c concentration, ρ density and N0 the density of active nucleation sites):

J(rt) =
1

(rt)1/2
Φ
θ

(1− exp(−krtθ)). (1.8)

Here, θ is the fractional coverage, Φ a function related to a Dawson’s integral (tabu-
lated). For high values of rt, Φ → 1 and instantaneous nucleation occurs. For small
values of rt, Φ → 2

3 rt and we deal with the case of progressive nucleation. A very
common technique to graphically distinguish between instantaneous and progressive
nucleation is to plot the current transients in a dimensionless form t/tm vs I/Im alto-
gether with the theoretical curves of both limiting cases in order to see which one has
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the higher resemblance to the data.12 Heerman and Tarallo have also proposed a tech-
nique including non-linear regression of the current transients and an iterative fitting
procedure using the Levenberg-Marquardt algorithm.35 This is used for the extraction
of nucleation rate constant and site density from experimental data, but brings a num-
ber of issues to the table as to its validity, as discussed in the following section.
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1.2 Current understanding of electrochemical nucleation dy-
namics

In recent years it was found, that the current and particle number from experimental
surface analysis systematically deviate from the values expected from current transient
analysis. Classical models for electrochemical phase formation lack the inclusion of
dynamic (time/space) nucleation rates, as well as the effect of surface movement and
aggregation of nuclei, and the dynamic nature of nucleation sites. One has to bear in
mind that the measurable current is a convolution of several electrochemical processes,
which can lead to similar transients even with fundamentally different mechanisms
governing individual reactions. This underlines the importance of a combined analysis
of electrochemical data as well as a detailed surface analysis in order to resolve clas-
sical and non-classical effects occurring. In 2018, Ustarroz. et al. proposed the a new
approach to determine the temporal evolution of cluster number, including especially
the effect of cluster surface mobility and comparing numerical simulations with experi-
mental data. The number of clusters versus time after the application of a step potential
is given by:23

N(t) = N0[1− exp(−A0 · (t− tind))], (1.9)

with N0 being the nucleation saturation number density, A0 the nucleation rate constant
and tind the induction time, which takes into account processes happening before the
formation of stable nuclei. Equation 1.9 relies on the assumption that a stable nucleus
remains immobile on the electrode surface following its successful formation. When
including the aggregation of nuclei, their number can be described as (Eq. 1.10)

NNuclei(t) = Nin f · (1− exp[−ANuclei · (t− tind)]), (1.10)

which in turn allows for the number of clusters on the surface NClusters(t) to be ex-
pressed by (Eq. 1.11):

NCluster(t) = NNuclei(t) · B · (1 + exp[−AAGG · (t− tind)]). (1.11)

Nin f is the nucleation number density at saturation, ANuclei the real nucleation constant,
B (0¡B¡0.5) a correction factor limiting the saturation number density of bigger clusters,
AAGG the aggregation rate constant which depends on the surface diffusion coefficient

D = D0 · Nα
adatoms, (1.12)

of a cluster (D0: surface diffusion coefficient of an adatom, Nadatoms: number of adatoms
in a cluster, α : relative surface mobility factor). As shown in Figure 1.2 (top), the equa-
tion not taking aggregation into account (yellow curve) is only valid for ”longer” times,
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FIGURE 1.2: (top) Visualisation of different N(t): (amber) the total number of nuclei,
(green) the number of clusters including aggregation and (blue) the number of nu-
clei when omitting aggregation. (bottom) Plotting NClusters(t) for a variation of AAGG

using a fixed nucleation rate . Redrawn.23

which however can reside in the millisecond range depending on the applied condi-
tions. It can be seen, that even without considering nucleation itself from an energetic
point of view, the surface mobility of cluster does significantly influence their number
density. Figure 1.2 (bottom) shows that, for a fixed ANuclei the effect is not significant
for slow surface mobility compared to the formation of new nuclei.

The general influence of mobile aggregates on the process of phase formation can be
summarised as follows: A high overpotential η leads to larger clusters with large size
distribution if the surface mobility is high (low α), whereas a low surface mobility gen-
erally leads to a higher number of clusters of smaller size and narrower distribution.
Figure 1.3 shows an illustration of the phenomenon for the combinations of high and
low values of η and α.
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FIGURE 1.3: Schematic drawing of adatom deposition and aggregation during elec-
trodeposition and the effect of overpotential (η) and relative surface mobility factor

(α) on the distribution of nanoclusters. Redrawn.23

1.3 Gold electrodeposition

One of the earliest electroplating experiments to be reported, was the deposition of gold
onto silver coins done by Brugnatelli in 1803.36,37 Nowadays, electrolytic deposition of
gold is a fairly well established method for the making of gold coatings in various
fields of interest, e.g. electronics, cars, telecommunication, biomedical processes, etc.
due to the material’s outstanding corrosion resistance and electrical conductivity. Gold
is ideal for the making of contacts, bonds and other high reliability conductors. In the
field of catalysis and optoelectronics, an appreciation of the size-dependent properties
of gold nanoparticles has increased over recent years.38–41 Gold nanoparticles can be
produced in a variety of shapes using self-assembling surfactants,42 or e.g. by elec-
trodeposition.43–48

Gold deposition can be done using K(AuCl)4 as the source of gold ions in a chloride
bath, as done in this work. KCl, HCl or KNO3 are typical supporting electrolytes. The
reactions have been established as the following:49–52

[AuCl4]− + 3e− � Au0 + 4[Cl]−. E0 = 802 mV vs Ag/AgCl (1.13)

[AuCl4]− + 2e− � [AuCl2]− + 2[Cl]−. E0 = 726 mV vs Ag/AgCl (1.14)

[AuCl2]− + e− � Au + 2[Cl]−. E0 = 951 mV vs Ag/AgCl (1.15)

The electrochemical nucleation and growth of gold has been the focus of multiple stud-
ies, using a variety of deposition baths and substrates. Oskam et al. used scanning
transmission electron microscopy and electrochemical analysis to show that the depo-
sition of gold on silicon substrates follows three-dimensional island growth.53 Con-
cerning the observation of non-classical effects, Dudin et al. reported a systematic de-
crease of particle number over time when studying the nucleation and growth of gold
on single walled carbon nanotubes.50 Very recently, McPherson et al. investigated the
nucleation and growth of Au at an atomic lengthscale, describing the dynamics as a
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combination of surface movements and structural changes of clusters and nuclei de-
pending on their surroundings.15 These studies show that even a system as widely
and sucessfully used as the electrodeposition of gold, still has unknown aspects to be
discovered.

1.4 Bismuth Telluride electrodeposition

Thermoelectric materials allow for the conversion of electricity into heat or vice versa.
Big effort was and is still put into finding materials with a high figure of merit value
ZT, which is defined as (Eq. 1.16):

ZT =
S2σT

κ
, (1.16)

with the Seebeck coefficient S, the electrical conductivity σ, the absolute Temperature T,
and thermal conductivity κ.54 The ideal material would hence have a high Seebeck coef-
ficient and electrical conductivity, while conducting heat poorly: Goldsmid calculated
the ratio of electrical and thermal conductivity in an article published 1954,55 using the
relationship for electronic mobility previously described by Shockley and Bardeen,56

and thermal conductivity elucidated by Peierls.57 Further applying the theory led to
the identification of Bi2Te3 as the best candidate for thermoelectric refrigeration, as it
is a semiconductor with high mean atomic weight and reasonably simple preparation
routes.58 A variety of classic methods (metallurgy, vapour deposition, . . . ) have been
used to synthesise this compound,59–64 but an especially cost-effective route for syn-
thesising Bi2Te3 films is electrodeposition, allowing for the controlled formation of the
material at room temperature.65–68 Magri et al. used an aqueous electrolyte solution
made from a mixture of Bi3+ and [HTeO2]+ solutions, where the deposition reaction
consisted of the electroreduction of Te ions in the presence of a Bi salt:65

3HTeO+
2 + 9H+ + 12e− → 3Te + 6H2O (1.17)

3Te4+ + 2Bi3+ + 18e− → Bi2Te3. (1.18)

With electrodeposition being recognised by the thermoelectric community, deeply in-
vestigating the deposition processes has become even more essential in order to achieve
perfect control.69–73 This is especially important regarding the intrinsic flexibility of
the technique regarding composition and morphology of deposits under various con-
ditions. Therefore, efforts were made to further optimise the system. For example,
dimethyl sulfoxide (DMSO) can be used as a solvent instead of water,74 as this increases
the solubility of Bi and Te and also the electrochemical window, which allows for de-
position at lower potentials before encountering the decomposition of the electrolyte.
Another alternative was recently reported by our colleagues Meng et al., who described
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the deposition of Bi2Te3 in the weakly coordinating solvent dichloromethane (DCM).75

Using this kind of solvent can facilitate the electrodepositon into nanotemplates, espe-
cially when their dimensions reside below 10 nm.76,77 This shows the great general in-
terest around gaining a better understanding of the electrodepositon of not only Bi2Te3

but chalcogenides as a whole, for a wide range of electronic applications.78–83

Bismuth Telluride nanowires Bi2Te3 compounds are commercially available ther-
moelectric materials with their figure of merit ZT typically approaching a value of 1
at room temperature, limiting their application to specialised needs of power gener-
ation in laboratory equipment or space missions.84,85 The material could be a much
more promising candidate for thermoelectrics when made as a nanomaterial, where
strongly enhanced properties have been predicted.86–89 Again, a multitude of ways ex-
ists to fabricate nanowires: e.g. solvothermal approaches90 or the, in this context more
relevant, electrodeposition into nanostructured templates,91 e.g. using anodic alumina
(AAO) templates92–95 or track etched PMMA membranes.96 Sander et al. describe the
deposition into AAO templates with a pore size of 25, 50 and 75 nm.97 Used is an aque-
ous electrolyte made of 0.075 M Bi and 0.1 M Te in 1 M HNO3. This electrolyte system,
which bases on the electrochemical reduction of Bi3+ and HTeO+

2 in acidic solution
has been successfully used for the fabrication of Bi2Te3 nanowires and films.98–103 A
recent review on Bi2Te3 nanowire fabrication came to the conclusion, that the figure of
merit ZT increases from 0.58 to 1.16 through the use of nanoscale morphologies, which
however had its focus on techniques other than electrodeposition.104 Decicated stud-
ies on electrodeposited Bi2Te3 nanowires have shown, that e.g. the filling ratio of the
template, which strongly influences the electronic conductivity, plays a strong role re-
garding the performance of such nanowire arrays.105 Mavrokefalos et al. reported, that
another very important factor is precisely controlling the chemical composition, as con-
taminations of the deposition environment can lead to dramatically lowered ZT values
of nanowires compared to their bulk counterparts, as impurities can result in parasitic
doping, which decreases the thermoelectric performance.95

1.5 Template electrodeposition

A promising technique for the making of nanostructured materials, is the so-called
”template electrodeposition”.106 Briefly summarised, the technique comprises the ap-
plication of a non-conductive but nanostructured material on the target electrode, much
like a structured resist would be used for lithography. A variety of materials is used as
such, ranging from oxide based materials,107–111 track etched polymer membranes,112–114

surfactant/polymer templates,115–117 spherical particles in the micron/nano range,118–120

and even dynamic templates such as of gas bubbles forming layers on an electrode dur-
ing deposition.121–124 After filling the pores with the material of choice, the template is
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removed by etching/calcination in order to obtain the target nanomaterial.
The electrolyte solution aside, template electrodeposition requires specialised tuning
of the applied conditions in order to achieve uniform growth throughout the whole
template regarding filling of pores and desired composition. A common method used
is pulsed electrodeposition, where the ”on” and ”off” time are tuned to achieve the
required growth behaviour.125–128 Other approaches focus on radically changing the
physicochemical environment, e.g. using a supercritical fluid in order to minimise
surface tension and enhance precursor diffusion into the template,76,129,130 or a deep
eutectic solvent.131 Despite the variety of available techniques, template electrodepo-
sition remains a challenge for every set of electrode/electrolyte system and is hence a
promising candidate for deeper investigations, especially involving time resolved ex-
periments.132,133
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1.6 Electrochemically Assisted Surfactant Assembly (EASA)

The making of structured materials through template surfactant assembly is a nowa-
days widely used technique, because it allows for the fabrication of materials with
specifically tailored properties.134 Films, powders and fibres can be made this way in
order to match their specific application. A major field of interest lies within structured
thin films, which have use in the realms of optics, electronics, electrochemistry and
as sensing devices. Evaporation induced surfactant assembly (EISA) relies on the for-
mation of a structured film through the self-assembly of a surfactant/precursor (silica)
network during solvent evaporation.135,136 This sol-gel based process can be carried out
using spincoating, dipcoating and inkjet printing and has led to significant advances
in the field of mesoporous nanostructures. A caveat of the technique however is, the
restriction to flat surfaces when used with spin coating or dipcoating. Additionally,
there is no selectivity as the entire substrate will be covered with the film except when
using printing. The most prominent issue however is that apart from 3D structures
(cubic), the most common structure found in 2D-hexagonal silica films are pores which
are aligned parallel to the substrate, which inhibit the transport of material. Pore align-
ment and morphology remain the most challenging tasks within this practically simple
technique.
In 2007 Walcarius et al. reported on a process which enables the formation of verti-
cally aligned mesoporous silica structures through electrochemistry.110 This so-called
Electrochemically Assisted Surfactant Assembly (EASA) uses the application of a po-
tential difference (potentiostatic) between two electrodes to induce the self assembly
of a cationic surfactant on a conductive substrate. The current flow during deposition
results in a local change of pH from acidic to alkaline which catalysis the condensation
of silica species to form a mesostructured gel. The fundamental difference of EASA
silica deposition to EISA methods and other techniques using cathodic metal deposi-
tion around polymeric templates is the controlled growth of a sol-gel network from
the surface and the fact that the species generated at the electrode are not incorporated
into the film.137 Walcarius et al. showed the applicability of the procedure on a variety
of conductive substrates such as indium-tin oxide (ITO), gold, carbon, platinum and
even on non-conductive substrates using high electric fields.138 For the deposition, a
pre-aged solution of tetraethyl orthosilicate (TEOS) and cetyltrimethylammonium bro-
mide (CTAB) in 1:1 ethanol/water at pH=3 is used. A sufficiently negative potential
applied to the working electrode is then needed to induce film formation through the
local increase of pH at the electrode surface. The locally increased pH leads to the poly-
condensation of the silica sol and hence yields a surfactant templated film. Depending
on the substrate material the optimized potential value can be different.
The proposed mechanism for EASA is shown in Figure 1.4. As soon as the cathodic
potential is applied, hemispherical micelles form on the electrode surface.139–141 Due to
the use of an ethanol/water mixture as medium, the hydrocarbon chains of the CTAB
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assemble inside the hemimicelles leaving the TEOS on their outside. With increasing
time the micelles grow vertically to channels. Following deposition, the surfactant is
removed by calcination or Soxhlet extraction, leaving a mesoporous film with verti-
cally aligned pore channels. The argument given as proof that only the applied poten-
tial leads to micelle formation is the reported critical micelle concentration (CMC) of
30 mM [CTAB] in 1:1 water/ethanol with142 as reference, although the article does not
obviously contain that information and a value of 22 mM was reported by Li et al.143

Interestingly, below and above the CMC, vertically aligned structures can be obtained.
This was reported by Goux et al., who investigated the effect of sol composition on
the obtained structure.137 The dramatic effect of the sol composition and especially the
CTAB/TEOS ratio is known for EISA (different mesophases, orientations). For EASA,
this effect is limited to either forming vertically aligned hexagonal structures, or barely
any structure at all. Ordered silica structures can be obtained over a wide range of sur-
factant concentrations where especially its ratio to the TEOS is important for successful
film fabrication. An optimized ratio of CTAB/TEOS is 0.32, which still depends on the
total concentration of TEOS and cannot be chosen arbitrarily.137 The lattice parameter
of CTAB derived silica structures resides around 3.8 nm for C14TAB up to 4.6 nm for
C18TAB, where the structure expands when made with a longer surfactant. One prob-
lem arising when using EASA is the formation of unwanted aggregates on the film.
Their presence can be attributed to the quickly expanding hydroxide diffusion layer,
reaching dimensions much larger than the actual film thickness. This way, the change
in pH does not only drive polycondensation of silica at the electrode surface, but also in
the bulk solution above. This effect was shown to be increasing with deposition time,
but is also related to the use choice of counterion as well as sol ageing time.144,145 With
increasing CTAB/TEOS concentrations it has been found that more surface aggregates
are formed due to the enhanced gelification speed. Taking all of these factors in mind,
optimized values for EASA deposition of mesoporous silica films can be summarized
as the following:137

• Short deposition times (10-20 s)

• [TEOS] < 125 mM

• [CTAB]/[TEOS] = 0.32

Silica films can be made through EASA under potentiostatic as well as galvanostatic
conditions. The film thickness is limited by the enhanced formation of surface aggre-
gates with increasing depositions time.
Further investigating the mechanism behind EASA is a very interesting field. The
fact that the quickly growing diffusion layer leads to the formation of ordered films
in the first couple hundreds of nm, while nucleating (porous) aggregates above it at
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FIGURE 1.4: Schematic drawing of the proposed mechanism behind the EASA method
used to fabricate vertically ordered mesoporous silica films. Adapted from.138

conditions both above and below the CMC leads to many open questions. The verti-
cal alignment should require surface effects in addition to the electrochemical process
(surface CMC140), but it doesn’t explain why the ordered film formation in vertical di-
rection would stop in favour of aggregates. Another possibility could be that secondary
products of the polycondensation reaction inhibit the continuous deposition of aligned
pores, an effect that would increase in magnitude with deposition time. Understanding
the exact conditions at which vertically aligned silica pores are formed should enable
the precise tuning of the deposition conditions to ones where it is possible to deposit
thick films with no aggregates.
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Chapter 2

Instrumental methods

This chapter contains details on all experiments done for this thesis. All reagents were
used as received unless stated otherwise. Table 2.1 lists the reagents used for the exper-
iments shown in this work. Whenever aqueous solutions were made, deionised water
(resistivity> 18 MΩ cm) from a Suez Select Fusion was used.

TABLE 2.1: Reagents used for the experiments.

Name Chemical Formula Manufacturer Use
Ammonia solution (35w%) NH3(aq) Fisher Silica sol

Ammonium tetrachloropalladate 12%wt. (NH4)2PdCl4 Sigma pH sensor
Dichloromethane (DCM) CH2Cl2 Fisher Bi2Te3 deposition

Dichloromethane(deuterated) CD2Cl2 Eurisotope Bi2Te3 deposition
Ditetrabutylammonium tellurium hexachloride [nBu4N]2[TeCl6] Reid Group Bi2Te3 deposition

Ethanol C2H5OH Fisher Silica Sol
Heptane 2%wt. C7H16 Sigma pH sensor

Hexaamine ruthenium chloride Ru(NH3)6Cl3 Sigma Redox probe solution
Hexadecyltrimethylammonium bromide [(C16H33)N(CH3)3]Br Sigma Silica sol

Hydrochloric acid HCl Fisher silica sol/pH experiments
Mesitylene C9H12 Sigma Silica sol
Nitrogen N2 BOC Solution degassing

Octadecyltrimethylammonium bromide [(C18H33)N(CH3)3]Br Sigma Silica sol
Octaethylene glycol monohexadecyl ether C16EO8 Sigma pH sensor

Potassium chloride KCl Fisher Supporting electrolyte
Potassium hexacyanidoferrate K4[Fe(CN)6] Sigma REF calibration
Potassium hexacyanoferrate K3[Fe(CN)6] Sigma REF calibration
Potassium tetrachloroaureate K(AuCl4) Sigma Au deposition

Tetrabutylammonium chloride [nBu4N] Sigma Bi2Te3 deposition
Tetrabutylammonium bismuth tetrachloride [nBu4N][BiCl4] Reid Group Bi2Te3 deposition

Tetraethyl orthosilicate Si(OC2H5)4 Sigma Silica sol
Sodium hypochlorite NaClO Fisher REF fabrication

Sodium nitrate NaNO3 Timstar Silica Sol
Sulphuric acid H2SO4 Fisher pH sensor
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FIGURE 2.1: Schematic drawing of the three-electrode deposition setup, including
counter (CE), Working (WE)and reference (REF) electrodes.

2.1 Electrochemical setup

For all electrochemistry experiments, a standard three electrode geometry (see Figure
2.1) consisting of working (WE), counter (CE) and reference electrode (REF) was used.
Micro-disk electrodes (MDE) were additionally used for pH profiling experiments, as
shown later in this chapter. The following potentiostats were used to drive the electro-
chemical reactions: Biologic SP-150 and VSP, MetrOhm Autolab.

2.1.1 Working electrodes (WE)

All working electrodes used in this work are essentially sputtered thin film electrodes,
with silicon wafer as the substrate. The production was fully done by fellow researchers
in Electronics and Computer science.

TiN thin film

The TiN electrodes were made by sputtering 200 nm of TiN onto a 700 µm thick Silicon
wafer (Buehler Helios, rate: 0.135 nm/s), which results in surfaces with a roughness of
1 nm (H=0.349, lateral correlation length=20.72 nm. The measurements are consistent
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with data from Kirchner et al.146 Standard substrate sizes are 8x20 mm and 5x30 mm,
depending on the application. For the neutron experiment, a custom made wafer with
5 mm thickness (Si-Mat) was used to make substrates of 54x10 mm, coated with 200 nm
of TiN.

2.1.2 Counter electrodes (CE) & Reference electrodes (REF)

Pt gauze/thin film

Pt gauze was used as counter electrode material, with a typical area of 10x20 mm. For
the neutron experiment, a thin film Pt electrode was used, which consisted of 200 nm
Pt on Si wafer (10x54 mm). Prior to any experiment, the gauze electrodes were cleaned
by flame.

Ag/AgCl&silver rod pseudoreference

The standard reference electrode used in this work was [Ag]/[AgCl] in 4 M KCl. The
silver wire was prepared by leaving it in sodium hypochlorite over night. When a DCM
electrolyte was used, the reference electrolyte solution was changed to 0.1 M [nBu4N]

in DCM.
For the EASA experiments, just the silver wire part of the electrode was used in order
to avoid the potential blockage of the electrode frit (pseudo-reference).
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2.2 Potentiometric pH measurements

Nowadays, glass electrode pH-meters are part of a standard laboratory inventory.147

The earliest use of the glass electrode was reported more than 100 years ago by Fritz
Haber and Zygmunt Klemensiewicz,148 just after the conceptual introduction of the pH
scale by S.P.L. Sörensen in 1909. While this type of pH meter has proven its utility for
common everyday scientific routines, there is a multitude of PH sensors available to-
day. These range from pH responsive polymers to ion sensitive field effect transistors
and optical method based sensors.149,150 The different approaches allow for specific
characteristics as e.g. scaling down sensor dimensions, or very fast response times. A
particularly interesting procedure reported by Bartlett et al.151 and later applied for
time resolved pH measurements by Serrapede et al.152,153 is the use of nanostructured
Pd films on a microelectrode as potentiometric sensor.

2.2.1 Properties of nanostructured Palladium hydride

The discovery of its ability to take up significant amounts of hydrogen in the 1860s154

has put palladium very much within the scope of research.155 When subjected to hy-
drogen, palladium forms α, β and a transition phase of α + β. During the latter, the
open circuit potential (OCP) of the electrode is merely dependent on the ambient pH,
making it a pH sensor.156,157 This stage only lasts until the palladium hydride composi-
tions reverts to only the α-phase being present and it necessitates the prior ”loading” of
the material with hydrogen. This is typically done in solution by either potentiostatic
or galvanostatic means of electrolysis, were the latter does not require any knowledge
of the ambient pH in the first place. This is done until the phase transition from the α +
β, to the β-phase is observed. After that, the sensor is left to stabilise in its ”plateau re-
gion”, during which it can be used as a sensor. The ”life time” of the sensor depends on
its volume (area x thickness of the Pd film), the degree of loading, and most importantly
on the chemical environment it is put into, as e.g. the presence of air/oxygen increases
the loading time, while decreasing its life time. It has been shown that this kind of sen-
sor can be applied in conditions at which glass electrodes fail to work (ph>12), and its
fabrication as a microelectrode allows for very local and also time resolved measure-
ments.153

2.2.2 pH sensor fabrication

The pH sensors used in this work consist of a Pt-microdisk electrode (Pt-MDE) coated
with a nanostructured Pd layer, which is galvanostatically loaded with hydrogen until
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PtMDE2 

Top

Profile

FIGURE 2.2: Profile and top view optical microscopy of a home made Pt-MDE in soda
glass enclosure with 25 µm Pt wire. Rglass/Rwire < 4

reaching a composition at which the open circuit potential of the sensor depends on the
ambient pH only.

Pt microdisk electrodes Pt-MDEs were fabricated in house through the following
method: Pt wire of desired diameter 25 µm was cut to a few cm length and inserted
into the tip of a soda glass pipette. After flame-sealing the wire into the glass tip, a
homemade heating/suction setup was used to further seal the glass around the wire
along a length of roughly 1 cm. Attention was paid to obtaining a bubble free enclosing
of the wire. Abrasive paper of increasing grit (P80-P1200) was then used to shape and
flatten the electrode tip to minimise the amount of glass body around the wire at the
most shallow angle possible. Figure 2.2 shows microscopy images of profile and top
view of such an electrode were the fraction of the radius of glass body and Pt wire lie
below 4 (Rglass/Rwire). Once successfully shaped, the Pt-MDE was wet-polished using
alumina powders of 1, 0.3 and 0.05 µm size for 1, 2, and 4 minutes respectively. After
that, cyclic voltammetry in 1 M H2SO4 was performed using Pt gauze as counter and
a saturated mercurous sulphate electrode (SMSE) as reference until a stable voltammo-
gram was achieved.

Pd plating procedure The procedure for the making of nanoporous Pd films requires
a plating mixture. In preceding work done by Bartlett et al., the following composition
was used: 12%wt. (NH4)2PdCl4, 39%wt. H2O, 47%wt. C16EO8, and 2%wt. C7H16,151

which was adopted for this work. In practise, 1 g of mixture was prepared at once,
meaning that the amounts given can be read in units of g. (NH4)2PdCl4 was firstly
dissolved in H2O, yielding a dark brown liquid. Next, C16EO8 was added while stir-
ring with a spatula, as the high amount of added C16EO8 leads to a mixture with high
viscosity. Following the addition of C7H16, the mixture was heated to 40◦C using oil
or sand bath for 30 min and then cooled down in an ice bath for 3 min (beaker sealed
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FIGURE 2.3: Illustration of the Pd plating setup, showing the Pt-MDE working and
the reference electrode sunk into a small amount of Pd mixture, which in turn rests on

the Pt gauze counter electrode.

with parafilm). The heating and cooling cycle was then repeated twice more, whereby
the mixture was stirred using a spatula after each cooling period. This process, called
”annealing”, is necessary for the formation of the desired hexagonal phase within the
mixture, which is needed as the template for subsequent deposition of nanoporous pal-
ladium.151

Pd deposition was done using a three electrode setup consisting of the Pt-MDE as
working, Pt gauze as counter and Ag/AgCl as reference electrode, as shown in Fig-
ure 2.3. For the assembly, one spatula of Pd mixture was placed on the flat-laid Pt
gauze. Both reference electrode and Pt-MDE were immersed in the mixture from above,
whereby it was made sure that the reference electrode tip was free from any droplets
of storage electrolyte. As described by Serrapede et al.,153 the Pd deposition procedure
was performed by applying 0.4 V (potential in double layer region) vs Ag/AgCl for 5 s,
followed by 0.1 V until reaching a charge passed of 10 µC, corresponding to 2 mC/cm2.
Figure 2.4 a) shows a cyclic voltammogram (3 rounds) of a Pt-MDE in Pd plating mix-
ture at 2 mV/s between 0.05 V and 0.4 V vs Ag/AgCl (setup as shown in Figure 2.3),
while Figure 2.4 b) shows the previously mentioned plating procedure. During the
initial 5 s in the double layer region, virtually no current is recorded, whereas when
switching to 0.1 V a clear current transient corresponding to the deposition of Pd can
be seen. As the nanoporous Pd film still contains the organic template at this stage, the
Pd-MDE was put in water over night.

Characterisation and calibration of PdH sensors After washing out the organic tem-
plate from within the Pd film using deionised water, the electrode needed to be electro-
chemically activated. This was done once again by cyclic voltammetry in 1 M H2SO4
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a) b)

FIGURE 2.4: a) Cyclic voltammogram (3 rounds) of a Pt-MDE in Pd plating mixture at
2 mV/s between 0.05 V and 0.4 V vs Ag/AgCl. b) Potentiometric electroplating of Pd
on Pt-MDE, consisting of 5 s at 0.4 V, followed by applying 0.1 V until reaching 10 µC

or 2 mC/cm2.

(SMSE reference and Pt gauze counter electrodes) at 100 mV/s. During the experiment,
it was clearly visible that there was still some amount of organic template left within the
Pd film, as the electrochemical response gradually increased until reaching the classic
shape of palladium (roughly 10 cycles needed). This observation is in clear agreement
with the ones made by Serrapede et al.153 Figure 2.5 a) shows a comparison of both, Pt-
(blue) and Pd-MDE (green) at 100 mV/s vs SMSE and with Pt gauze counter electrode.
The current of the blue line was multiplied by 10 in order to make the shape visible
on the same scale as the green line. As expected, the nanoporous Pd film leads to a
great increase in electrochemical area, a larger current and hence better visibility of the
voltammetric features (which have been described to great length in previous work153).
Figure 2.5 b) shows the same Pd-MDE cycled at 10 mV/s, exhibiting the signature fea-
tures of Pd in the cathodic region which are the result of the adsorption/desorption
of hydrogen (i,vi), its insertion/extraction from the α-phase (ii,v) and β-phase of HPd
(iii,iv). This step typically concluded the pH sensor preparation process and the elec-
trodes were stored in deionised water until used.

Calibration According to Serrapede’s work, the palladium hydride sensors exhibit
Nernstian behaviour when used in oxygen free solutions (argon purged), and that the
calibration curve (pH vs OCP) becomes more shallow the higher the amount of oxygen
in the system. As means of comparison, calibration measurements were performed for
the Pd-MDE. These were done in aqueous buffer solutions (Fisher Scientific, used as
received), as shown in Figure 2.6 for Pd-MDEs 5 and 6 which were used in experiments
that will be described later in this work. Both sensors were calibrated by galvanostatic
loading at -18 nA in a pH buffer with a value of 4, 7, 10, and 13 until fully loaded.
The buffer solutions were not deareated as this would not be possible with an actual
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FIGURE 2.5: a) Comparison of both, Pt-(purple) and Pd-MDE (green) at 100 mV/s vs
SMSE and with Pt gauze counter electrode. b) Pd-MDE cycled at 10 mV/s using the
same setup as in a). Roman numbers depict: (i,vi) adsorption/desorption of hydrogen,

(ii,v) insertion/extraction from the α-phase (iii,iv) and β-phase of HPd.

silica sol (foaming of the surfactant) and would hence decrease the comparability of
measurements dramatically. Open circuit potential (OCP) was measured until the sen-
sor returned to its initial potential. The measurements were repeated at least thrice for
each electrode per respective buffer solution, of which the observed plateau regions
potentials were averaged. Pd-MDE5 had a slope of -46.35 mV/Ph, while Pd-MDE6 had
-38.56 mV/pH. These values are in agreement with the results in Serrapede’s work on
the influence of air in solution on the sensors. The discrepancy between the two val-
ues might be the result of the slightly different electrode geometries and ”work age” of
both sensors, as Pd-MDE5 was calibrated before and Pd-MDE6 after a series of mea-
surements. The slopes were calculated using a custom Python script using the Scipy
package for linear fitting of the data. The life time of the sensors during calibration was
typically in the range of 2-3 minutes, as the solution was not degassed beforehand and
the oxygen present shortened the plateau phase would be a lot longer under oxygen-
free conditions.152,153,157

Operando pH setup Drawings of the operando pH setup used in this work are shown
in Figure 2.7. Front, side and top view of pH sensor (grey), TiN working electrode (WE,
amber), reference (green) and counter electrode (CE, silver) are depicted. As shown in
the front view, the pH sensor was tilted away from the TiN WE in order to minimise
their distance by physical contact between the two (glass body on TiN). The sensor was
aligned this way so that the alkaline wave generated during the experiments could mi-
grate past it with minimal disturbance.
The dynamic pH measurements were done using a Biologic VSP two channel potentio-
stat, where one of the channels was used as the ”driving channel” connected to a TiN
working electrode and the second one to the Pd-MDE. Both channels shared the same
Ag/AgCl reference electrode. The counter electrode (Pt gauze) was connected to only
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FIGURE 2.6: Calibration curves of Pd-MDE5 and 6 in aqueous buffer solutions at pH
values of 4, 7, 10, and 13. The sensors were loaded galvanostatically prior to the record-
ing of the open circuit plateau regions. Data points were averaged over at least 3 mea-

surements. Slopes calculated using a custom Python script (Scipy package).

one of the channels due to inconsistencies when shared, which made a switching proce-
dure necessary during the actual measurements. Figure 2.8 shows the connections used
for the experiments: the reference electrode was always connected to both channels,
and the counter electrode remained connected to channel 1 only. During the galvano-
static loading of the MDE, channel one was connected to the MDE (orange line). At
this stage, the TiN WE was left not connected, and channel two remained idle. During
the main experiment (red lines), the TiN working electrode was connected to channel
1, and the MDE to channel 2. Channel 1 would then be used to run the chronoamper-
ometry experiment, while channel 2 recorded the OCP of the MDE. A vital detail in
this endeavour was the synchronisation of both channels prior to the experiment, and
the use of ”pause” commands that would make the programme wait for a click by the
operator.
A micropositioner made up from three micropositioner stages (Physik Instrumente,
M605-01DD) assembled in an x-y-z configuration was used for precise movement of the
MDE during the experiments. The stages were controlled by micro controllers (Physik
Instrumente Mercury) and individually referenced before each use. A calibration im-
age was taken ahead of each experimental run using a mobile USB microscope, for
which the MDE was driven as close as possible to the electrode of interest up to achiev-
ing slight contact between the two. ImageJ158 was then used to estimate the distance
between MDE tip and working electrode surface.
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FIGURE 2.7: Schematic drawing of the electrode configuration for the dynamic pH
measurements. pH sensor (grey), TiN working electrode (WE, amber), reference
(green) and counter electrode (CE, silver) shown in front, side and top view. The TiN
WE was tilted away from the pH sensor to minimise their distance by making physical

contact between glass body and TiN WE.

2.3 Scanning electron microscopy (SEM)

Electron microscopy becomes useful when the structures to be resolved reside beyond
the resolution limit of optical microscopy. Instead of photons, electrons are used in this
technique as they have a much smaller wavelength, which is crucial for attaining the
demanded high resolution. The wavelength λ is given by the de-Broglie equation:159

λ =
h
p

, (2.1)

where h is Planck’s constant and p the relativistic momentum of the electron. High
electrostatic fields induce the emission of free electrons, which are accelerated by a
high voltage (several kV) in direction of the sample surface. A condenser lens focuses
them onto a very small spot, which scans the surface of interest line by line, emitting
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FIGURE 2.8: In situ pH connection diagram. Grey and blue connections remained
intact throughout the whole experiment. The orange connection was only used for
galvanostatic loading of the MDE, while the red lines show the connections which
were used in the main experiment. The Biologic VSP twin channel potentiostat was

used with synchronised channels.

secondary electrons. These are then recorded on a closely located detector. While the
resolution mainly depends on the beam size, the contrast is determined by the conduc-
tivity and topography of the surface, which is why non-conductive samples have to
be coated with a conductive coating beforehand in order to minimize surface charging
effects.160

The SEM images in this work were taken on a JEOL JSM-6500F electron microscope
with field emission electrode. The samples were always imaged as prepared with no
additional coating applied. For metallic samples such as gold and bismuth telluride
15 kV acceleration voltage was used, while for silica based samples, 10 kV was used.
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2.4 Small Angle Scattering

Small angle scattering using either X-rays or neutrons is a frequently used technique for
the investigation of soft matter systems, e.g. polymers or even biological systems.161–168

Many experiments allow for the use of a transmission geometry, as e.g. when looking
at solutions or melts. When dealing with thin films however, a grazing incidence ge-
ometry presents multiple advantages which include the dramatic increase of probed
surface area and statistical relevance of the data. In the following, the theory of X-ray
and neutron scattering will be explained, as well as the effect of using a grazing inci-
dence geometry versus one of transmission.

2.4.1 X-ray Scattering

When used in scattering experiments, X-rays probe the real-space electron-density, as
they mainly interact with the electron shell of atoms. Figure 2.9 visualizes a basic scat-
tering experiment. Monochromatic radiation with wavelength λ and intensity I0 is
used as incident beam, which scatters at the sample surface. The intensity I of the scat-
tered beam is recorded by a detector D at a distance A, the so-called sample detector
distance (SDD). The scattering vector~q is defined by the the difference of the wavevec-
tors (Eq. 2.2):169

~q = ~k f − ~ki. (2.2)

The typical result of a scattering experiment is the distribution of the intensity in recip-
rocal q-space, I(~q).

where |~q| is defined by the Bragg equation (Eq. 2.3):170

|~q| = 4π

λ
sin θB (2.3)

with the Bragg angle θB which is half of the angle enclosed by~ki and ~k f . The interference
function S(~q) (Eq. 2.4) describes the scattering properties for equal particles, where Nm

stands for the total number of particles (monomers) in the sample and Im the individual
scattering intensity produced by each particle residing in the incident beam:171

S(~q) =
I(~q)

ImNm
. (2.4)

S(~q) is the ratio between the measured intensity and the one that would be measured if
the particles scattered incoherently, that is often also referred to as structure factor. The
scattering intensity I(~q) is usually divided into two contributions: Form factor P(~q)

and the already mentioned structure factor S(~q) (eq. 2.5):172,173
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FIGURE 2.9: General setup of a scattering experiment. I0 is the intensity of the incident
beam with wavevector ~ki that hits a sample consisting of Nm scattering entities. The
scattered wave with intensity I(~q) and wavevector ~k f is recorded using a detector D at
a distance A. The Bragg scattering angle θB has half of the value of the angle enclosed

by the intial and final wavevectors ~ki and ~k f . Redrawn.171

I(~q) ∝ S(~q)P(~q). (2.5)

P(~q) takes then into account the shape of the scattering objects, while S(~q) describes
their structural organization within the system. The difficulty after acquiring a scatter-
ing spectrum is then to distinguish between the two contributions which is in many
cases not of trivial matter.

2.4.2 Neutron Scattering

For neutrons, the interaction with matter during scattering does not happen at the elec-
tron shell (as it does for X-rays), but with the protons and neutrons in the nuclei of
atoms. The wavelength of a neutron is given by the de Broglie wavelength (see equa-
tion 2.1). The Scattering Length Density (SLD) can be computed by summing the con-
tributions from scattering lengths bi (tabulated values174) arising from the presence of
N atoms within a unit cell, as shown in the following equation (Eq. 2.6):

SLD =
∑N

i=1 bi

Vm
. (2.6)

The neutron scattering lengths, which correspond to the strength of interaction between
a nucleus and a neutron, do not follow any predictable trend. The values are almost
randomly changing with atomic number, which can lead to significant differences even
when comparing just two isotopes of the same element. Contrast matching by isotope
exchange becomes hereby possible, which is used especially to minimise incoherent
scattering from e.g. hydrogen by exchanging it to deuterium when looking at organic
systems. This is very useful for specialized experiments, because whilst most heavy
elements are practically opaque to X-rays (metals, semiconductors), neutrons can eas-
ily penetrate Al, Si,... which allows for the performance of experiments inside large



30 Chapter 2. Instrumental methods

enclosures needed for e.g. high temperature/pressure without the need to include X-
ray transparent windows. When it’s needed to detect light elements, neutrons have an
advantage because the scattering does not increase with atomic number Z, making it
possible to have good contrast even for low Z elements. This means in general that a
combination of both X-ray and neutron scattering enables the investigation of all kinds
of contrast environments.

2.4.3 Grazing Incidence Small Angle Scattering

For thin films, a grazing incidence geometry is beneficial because it maximises the
probed area due to the projection of the beam on the sample surface (see Figure 2.10).
The technique is therefore called Grazing Incidence Small Angle (X-ray/Neutron) Scat-
tering (GISAXS/GISANS), which makes it possible to probe a surface in its vertical and
horizontal direction. As opposed to regular small angle scattering data, the image is the
result of diffraction and reflection processes (processes schematically illustrated in Fig-
ure 2.11).175 The regular Born approximation (BA) can hence not be used as the theoret-
ical base for the process; the so-called distorted wave Born approximation (DWBA)176

has to be used. Detailed calculations of the scattering patterns using DWBA exist,
for example by Rauscher et al., who start from a planar surface which has a certain
roughness and density fluctuations and calculate the specular and off-specular inten-
sities resulting from various different geometries.176 For the case of GISAXS/GISANS,
the definition of the scattering vector~q can be written as:169

~q = ~k f − ~ki =
2π

λ


cos(ψ f )cos(α f )− cos(αi)

sin(ψ f )cos(α f )

sin(αi) + sin(α f )

 , (2.7)

with incident angle angle αi, reflection angle α f in the xz-plane and ψ f , the reflection
angle in the xy-plane. Looking back at Figure 2.10, one can see a bright red spot in
the detector image, which corresponds to the specular reflection of the beam. Beneath
that, in z-direction, another local maximum in intensity can be found, which is called
the Yoneda-peak.177 Its location in ~qz depends on the optical density of the probed
material/interface and critical angle αc which is given by the following ensemble of
equations:

αc =
√

2δ, (2.8)

n = 1− δ + iβ, (2.9)
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FIGURE 2.10: Schematic drawing of a GISAXS setup. The X-ray beam (pink) impinges
on the sample surface under a very shallow angle αi at exiting at an angle α f . The scat-
tering pattern is recorded on a two dimensional detector at a sample detector distance

(SDD) of typically a few meters.

FIGURE 2.11: Illustration of the terms contributing to the full scattering cross-section
calculated in the Distorted wave born approximation. Indices i and f denote in- and

out coming beam respectively.
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αc relates to the complex refractive index n with its refractive part δ and the absorbent
part β.169 When using neutrons, usually the scattering length density SLD is used in-
stead of δ and β, which converts via:178

αc = arcsin(
λ
√

16πSLD
4π

), (2.10)

Information about form and structure factor can be extracted by analysing scattering
data, which is typically done by integrating intensities along one direction (~qy/~qz) of the
detector image. The best known software for GISAXS data treatment was presented by
Lazzary et al.,175 which provides a framework for fitting and simulating GISAXS data
for a variety of different form and structure factors. They demonstrate the agreement
between experimental data of a thin sputtered gold layer and a simulation of the 2D
scattering image using truncated spheres as the particles, which are distributed over a
1D paracrystal. A more recently developed software for that purpose is BornAgain.179

GISAXS has been used in combination with high resolution microscopy for the inves-
tigation of e.g. sputtering processes on silicon or polymer substrates by Schwartzkopf
et al. and others in order to derive detailed atomistic models.180,181 For electrochem-
ical systems Ruge et al. developed a dedicated and very complex electrochemical
cell, which was used to study the deposition of Gold on a Au(001) surface,182 and in
later work the structural reorganization of a Pt(111) surface whilst cycling in perchloric
acid.183,184 Hillman et al. in turn used in situ neutron reflectivity to study the deposition
and dissolution of single and bi-component metal layers in real time.185 X-ray diffrac-
tion has been used to investigate electrochemical interfaces in the context of e.g. single
crystal surfaces186,187 and catalysts.188 This shows the variety of applications of scat-
tering experiments on electrochemical systems, which in combination with real space
methods can provide significant insights into the fundamentals of electrochemistry.
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2.5 X-ray experiments

2.5.1 Ex situ experiments

In house

X-ray experiments were carried out on a Rigaku Smartlab with copper X-ray source,
which provides a beam with an energy of 8 keV. GISAXS images were recorded for 1h
unless stated otherwise at a sample detector distance of 301.5 mm. The incident angle
for Au samples was set to αi = 0.7◦, for Bi2Te3 to αi = 0.37◦ and for mesoporous silica
αi = 0.3◦.

Warwick SAXS

One batch of samples was characterised at the University of Warwick using their dedi-
cated SAXS instrument (Xenocs XEUSS 2.0), using a beam with an energy of 8 keV and
a sample detector distance of 2480 mm. The incident angle was set to αi = 0.7◦ with a
collection time of 1 hour.

Advanced Light Source

Selected samples were measured at beamline 7.3.3 SAXSWAXS at Advanced Light
Source, Berkeley, USA. For this, a beam energy of 10 keV was used at an angle of
αi = 0.567◦ and an SDD of 3529 mm on a Dectris Pilatus 2M detector.

2.5.2 Operando GISAXS cell v2

After a commissioning experiment (see Appendix A.1), a newly designed cell was
made in order to improve sample changing and most importantly accelerate the align-
ment procedure through better reproducibility. Figure 2.12, shows a) an illustration of
the setup and b) a schematic of the cross section indicating the location of all elec-
trodes/contacts as well as the beam path (pink). As cell material, polyether ether
ketone (PEEK) was used due to its great chemical resistance versus a large range of
substances. A planar geometry of working and counter electrode was chosen to en-
sure even deposition across the whole area of 5x10 mm2. A silver rod pseudo-reference
was used for the silica experiments, but the cell enables the use of a regular Ag/AgCl
electrode if needed. The first actual operando experiment was carried out from March
6-8, 2019 using v2 of the cell on DLS I07, with 2007.52 mm SDD and a beam energy of
12.25 keV (1.012 Å). The Dectris Pilatus 2M was in this case set to record 700 images in
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FIGURE 2.12: a) Illustration of the cell with the beam (pink) reflected at the substrate
surface before reaching the detector. b) Schematic of the cell cross section, indicating

the location of all electrodes/connections as well as the beam path.

one run with 100 ms exposure time and 20 ms readout time between images. An inci-
dent angle of αi = 0.2◦ just below the critical angle of the TiN substrate was used in
order to probe the entire film.
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2.6 Neutron experiment

From October 10th to 17th 2018 at ILL in Grenoble, France, an in situ GISANS exper-
iment during the electrodeposition of bismuth telluride in a DCM(d) electrolyte was
performed. A cell made from polyether ether ketone (PEEK) was used on the D33
beamline, with TiN working, Pt counter and Ag/AgCl reference electrodes in a planar
geometry. The beamline was set to a wavelength of 7 Å with a main detector distance of
6.7 m. Cells were filled in an argon-filled glovebox. The electrolyte used for all the ex-
periments were prepared by dissolving 2.5 mM [nBu4N][BiCl4], 3 mM [nBu4N]2[Te2Cl6]

and 0.1 M [nBu4N] in deuterated DCM. A deuterated solvent was used to minimize in-
coherent scattering from hydrogen atoms in the solvent and to enhance the scattering
length density. Calculated values for each layer in the setup and the experimental setup
itself can be seen in Figure 2.13. The advantage of this method is the investigation of
the electrode surface whilst avoiding absorption effects from the electrolyte. During
the experiment, a potential of -2 V was applied for 1, 2, 10,70,... s after which scattering
images were recorded for the duration of 1 h each. The incident angle was chosen at
0.5◦ in order to sufficiently penetrate the TiN layer.

FIGURE 2.13: GISANS setup where neutron beam (blue) reflects on the DCM/TiN
interface (red) during the electrodeposition of Bi2Te3.
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Chapter 3

Structural dynamics during
electrodeposition of metals and
semiconductors

This chapter contains results related to the fundamentals of electrodeposited metals
and semiconductors. It is divided into individual sections regarding the deposition of
gold and bismuth telluride onto titanium nitride working electrodes. As mentioned in
the introduction (Chapt.1), research on the nucleation and growth of metals onto for-
eign substrates had its origin decades ago. Nevertheless, there is still research in this
field done today, where the most cutting edge techniques available nowadays are used
to describe the deposition process from the first atom or particle nucleating on the sur-
face to particles coalescing into a continuous film.
Particularly interesting is the still scarcely answered question on the mobility of elec-
trodeposited particles: significant work in this field was done in recent years, using
transmission electron microscopy to follow the nucleation and growth of individual
particles along deposition. This approach relies heavily on available computing re-
sources needed to identify particles one by one in consecutive images and following
their morphological evolution in relation to their surroundings. This is where the use
of a scattering based technique can be beneficial, as all information is averaged over
the whole investigated area. While this of course takes away the detail of each singular
aspect of the process, it is possible to see collective effects and trends, which motivated
the use of GISAXS/GISANS in this work.
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3.1 Gold deposition on TiN

In this work, the deposition of Au onto TiN was used as a model system of which the
deposition conditions are well known and the reagents needed are readily available
and not very hazardous. In the following subsections, the results obtained from this
study will be shown, starting from the electrochemical characterisation of the system
and going on to further studies of the structure of nano particles deposited at various
conditions.

3.1.1 Gold chloride bath

Gold was deposited from aqueous solution onto flat TiN substrates. The electrolyte
consisted of 1 mM K[AuCl4] in 0.1 M KCl supporting electrolyte. Preparation was typ-
ically done using the following quantities:

• 10 ml Milli-Q water

• 3.8 mg K[AuCl4]

• 75.45 mg KCl

Prior to any deposition, the electrolyte solution was degassed using dry nitrogen gas
for a minimum time of 15 minutes. The electrochemical system was characterised using
cyclic voltammetry at a scan rate of 50 mV/s starting from open circuit potential (0.7 V
vs. Ag/AgCl) to -1.0 V, then to 1.2 V and back, as shown in Figure 3.1. The reduction
peak at 0.2 V during the first cathodic scan can be attributed to the initial deposition of
gold on the TiN substrate. In aqueous chloride solutions containing [AuCl4]− there are
three possible anodic redox couples with the reactions (see Section 1.3 for details). A
nucleation loop is observed below -0.5 V in this first scan. In subsequent scans, the gold
reduction peak shifts to more positive potentials, which indicates that the deposition
of Au on Au is favoured versus TiN. The transition from just one to two reduction
peaks in scans 2 and 3 indicates the presence of both Au(III) and Au(I) complexes, both
of which can be reduced to Au(0) during deposition. The corresponding oxidation
(stripping) peak is seen just above 1.0 V which is in agreement with previous work on
this system.50–52,189

3.1.2 Chronoamperometric studies

Current transients Gold was deposited onto TiN for different potentials and times.
Figure 3.2 shows the different transients during 5 s of constant deposition from 200 mV
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FIGURE 3.1: Cyclic voltammetry of a TiN working electrode in 1 mM K[AuCl4] in
a 0.1 M KCl supporting electrolyte with Pt counter and Ag/AgCl counter electrode.
Scan rate: 50 mV/s; cycle numbers colour coded. Potential sweep starting from open

circuit potential (≈0.7 V) going to -1.0 V and then to 1.2 V on the backwards scan.

0 2 4
time (s)

8

6

4

2

0

cu
rre

nt
 (m

A)

a)

0.2 V
-0.6 V
-1.0 V
-1.8 V

0 25 50
time (s)

50

40

30

20

10

0

b)

0.2 V
-0.6 V
-1.0 V
-1.8 V

FIGURE 3.2: Current transients of gold deposited onto TiN in 1 mM K[AuCl4] in 0.1 M
KCl supporting electrolyte with Pt counter and Ag/AgCl counter electrode for differ-
ent a) constant potentials 0.2, -0.6, -1.0, and -1.8 V for 5 s and b) pulsed potentials of

0.2, -0.6, -1.0, and -1.8 V for 50x0.1 s with 1 s rest in between pulses.
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to -1.8 mV (a)) and three corresponding curves for pulsed deposition (b)). The first
noticeable feature of these curves is the fact that the current increases generally with
higher overpotential, which matches general expectations.

Scanning electron microscopy SEM images of selected samples can be found in Fig-
ure 3.3. At the lowest overpotentials, very few large nuclei can be seen in the surface,
and these seem to decrease in size with higher overpotentials. Generally, the number
of nuclei increases significantly with higher overpotentials. This corresponds to the
behaviour one would expect from equation 1.5. A low overpotential requires a large
number of atoms to cross the energetic barrier of cluster formation. At higher overpo-
tentials, less atoms are needed and hence smaller nuclei form in larger numbers on the
surface due to the increased probability of exceeding the limit of cluster formation.
The same potentials were then used to do an experiment with pulsed potential, where
the potential was pulsed for the same total time as before but with an increment of
0.1 s, with 1 s rest in between pulses. The corresponding SEM images can be seen in
Figure 3.4. Again, with higher overpotentials, smaller nuclei are produced in higher
numbers, but more interestingly, the density of nuclei can be dramatically increased
through pulsing at lower overpotentials compared to constant potential deposition.
This is due to the resting periods the system has between pulses, during which the local
concentration near the electrode surface (which is initially depleted during application
of the potential because ions from the solution are converted to adsorbed atoms on the
electrode surface) can equilibrate itself and resume with a higher local concentration of
ions available for deposition.

Particle radii From the SEM images, a mean value for the particle radii can be ex-
tracted, which was done in this work using the software ImageJ.190 This required indi-
vidual tuning of the image’s contrast and sharpness to ultimately convert it to a binary
image, where the particles would be black dots on a white surface. From this state,
ImageJ is able to calculate the number of particles and their average area, which in
turn can be converted to a particle radius whereby they were all approximated as per-
fectly spherical using R =

√
A/π. The resulting radii for constant and pulsed deposi-

tion of gold for 5 s/50x0.1 s at different potentials can be seen in Figure 3.5. The plots
show what was expected from looking at the images: the particle radius decreases with
higher overpotential, namely from a few hundreds of nm to tens of nm for constant po-
tential, and from around 70± 10 nm to 40± 20 nm during pulsed deposition, except
for the highest overpotential were the size distribution increases significantly. This
could be due to particles going into coalescence (as can be seen in Picture 3.4), which
increases the error for the particle detection algorithm dramatically, as in this case all
particles are assumed to be perfectly spherical projections. For lower overpotentials the



3.1. Gold deposition on TiN 41

FIGURE 3.3: SEM images of gold deposited on TiN in 1 mM K(AuCl4) in a 0.1 M KCl
supporting electrolyte with Pt counter and Ag/AgCl counter electrode for 5 s at dif-

ferent potentials (0.2, -0.6,-1.0,-1.8 V). Magnification: x19000

FIGURE 3.4: SEM images of gold deposited on TiN in 1 mM K(AuCl4) in a 0.1 M KCl
supporting electrolyte with Pt counter and Ag/AgCl counter electrode for 50 x 0.1 s at

different potentials (0.2, -0.6,-1.0,-1.8 V). Magnification: x19000
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FIGURE 3.5: Particle radii extracted from the SEM images from Figure 3.3 (red) and 3.4
(blue) using the image processing software ImageJ.190 Radii calculated from images
converted to binary, where the average area and number of particles is extracted from

the contrast and then using R =
√

A/π (particles approximated as spherical).

pulsed deposition protocol gives smaller particles than constant deposition, especially
at e.g. 0.2 V, were the size decreased by a factor of 2. When using higher overpotentials,
the difference between both protocols seems to be less important, as similar radii are
obtained.
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GISAXS The focus of this study lies on how deposition potential and use of constan-
t/pulsed deposition affects the nuclear density and in particular the inter-particle dis-
tance. Figure 3.6 shows the GISAXS images corresponding to the SEM images shown in
Figure 3.3 and 3.4. The images show the raw data from the two-dimensional detector.
The red spot which stays at the same position for every image is the specular reflec-
tion of the beam which impinges onto the substrate surface with an angle of αi = 0.7◦,
SDD of 301.5 mm, and exposure time of 30 min. Just below the reflection, another inten-
sity maximum can be seen which is the previously mentioned Yoneda peak (see Section
2.4.1 for details). The vertical position of this peak directly leads to the scattering length
density and hence electron density of the material probed, namely the optical contrast
between the particles on the surface, the air around them and the substrate itself. At a
beam energy of 8 keV, the Yoneda peak of gold, which corresponds to the critical angle
has a value of qz = 0.79 nm−1, which fits well to the feature seen in Figure 3.6. The
relatively high incident angle of 0.7◦ was chosen so that the Yoneda peak and the re-
flection were separated locally on the detector at this short SDD. When examining the
GISAXS images qualitatively by eye, one can see that with increasing overpotential, the
general shape of the diffuse scattering cloud moves from a very narrow and vertically
elongated signal to one spread out in horizontal direction. This effect increases when
using the pulsed potential method, except for -1.8 V. Revisiting the SEM images of those
samples shown in Figures 3.3 and 3.4, it seems that the GISAXS images with stronger
horizontally spread out signals correspond to samples with higher density of smaller
particles. This makes sense as a higher number of particles leaves fewer space on the
surface for each individual, which means their distances to each other are smaller. In
reciprocal space, this leads to signals with higher q values and hence to the horizontal
spreading of the patterns. The fact that larger distances show a decreased scattering
signal can be attributed to the fact that the small SDD on the in-house instrument can
not resolve those, otherwise similar shapes should be visible on a detector placed fur-
ther away from the sample. It is possible to roughly distinguish particle densities and
sizes from their 2D scattering patterns, but more information can be obtained from
integrating those images along one axis, as shown in the following.

Horizontal cuts In order to investigate the lateral arrangement of the particles, hori-
zontal cuts are performed along qy at the Yoneda peak. The plots are depicted in Figure
3.7 and were shifted vertically for better visualisation. The top row shows horizon-
tal cuts for deposition times of 0.1, 1 and 5 s and the respective potentials are colour
coded going from lower (black) to higher overpotentials (red). Similarly, the bottom
row shows the results for the corresponding pulsed depositions of 1, 10 and 50 times
0.1 s which corresponds to the same total time. First of all, it is visible that with in-
creased deposition time/number of pulses, the statistics of the profiles improve a lot,
which is due to the increased number of particles/their size and hence more scattered
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FIGURE 3.6: GISAXS images of gold on TiN at different potentials for constant/pulsed
deposition (5 s/50*0.1 s). Incident angle: αi = 0.7◦, SDD=301.5 mm, exposure time:

30 min. The colour bar indicates intensity from low (dark blue) to high (red).
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signal on the detector. Higher deposition overpotentials generally lead to more pro-
nounced shoulders in the pattern, whereas the curves of the particles deposited at 0.2 V
show only a very weak signal. Regarding the effect of pulsed potential, the curves in
the bottom row (especially for 10 and 50 pulses) do not exhibit the same low q decline
of intensity as seen in the corresponding constant potential equivalents above, which
indicates their increased number or particles on the surface. As the shoulders in this
data are generally very broad it is not suitable to fit any peak function to them in order
to further extract particle distances. Furthermore, the use of time as a general normal-
isation for the depositions seems not to be ideal when comparing particle number and
size of different potentials, as with the energetic changes induced by changing the po-
tential, the deposition rate varies too. This is why it was next considered of benefit to
repeat a similar experiment at which the passed charge per area would be used as the
scale to quantify changes of particle size and number. This also gives the opportunity to
change the range of deposition potentials to a region spanning more of the conditions
at which slight changes induce larger effects, as it seemed that the number of particles
saturated already around -1.0 V, which can be explained by the increased influence of
water electrolysis at the electrode versus regular deposition of the material.
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FIGURE 3.7: GISAXS images of gold on TiN at different potentials for constant/pulsed
deposition (0.1, 1, 5 s/ 1, 10, 50*0.1 s). Plots are shifted vertically for clarity.

3.1.3 Charge-normalized chronoamperometry

As mentioned in the previous paragraph, the normalisation of depositions to their re-
spective times results in a distortion of particle numbers and sizes due to the current
dependence on the potential leading to more charge passed at higher overpotentials.
This was the rationale for the upcoming part, where deposition experiments with the
same charge passed at different potentials will be discussed.
This means that the number of passed electrons is the same for each sample per de-
fined surface area. As the deposition rate (current) depends on the applied potential,
the respective times will not be the same for each sample (increasing time with lower
overpotentials).

Electrochemical data Figure 3.8 shows a summary of the electrochemical data for
the experiments. From the cyclic voltammetry in Figure 3.1 it appears that a minimum
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FIGURE 3.8: a) Constant current transients Au deposited on TiN in 1 mM K(AuCl4) in
0.1 M KCl supporting electrolyte with Pt counter and Ag/AgCl reference electrode
at 0 V, -0.5 V and -1 V until reaching a charge density of 0.444 mC/mm2 c) Pulsed
transients shown for the three potentials in b) for 33-39 s deposition. Only small part

shown as example due to the high number of very short pulses.

contribution of the hydrogen evolution reaction can be assumed when limiting the po-
tential to being above -1 V. This is why the potentials for this experiment were revised
to values at which it is expected that only the nucleation rate is changed directly by the
potential, excluding secondary reactions like the reduction of hydrogen. The values 0 V,
-0.5 V and -1 V were chosen as the potential window. Figure 3.8 a) shows the constant
current transients obtained for the denoted potentials for a charge of 0.444 mC/mm2.
As expected, the transients for lower overpotentials are longer in time. In Figure 3.8 b)
the respective pulses are shown for the different potentials (zoomed in for better visi-
bility), which show the same dependency. The pulse length was 0.44 µC/mm2 with 1 s
relaxation time in between.

Scanning electron microscopy As done before, SEM images were taken for each
of the samples. Apart from the three different potentials, three different amounts of
charge (0.022 mC/mm2, 0.111 mC/mm2 and 0.444 mC/mm2) were used for constant as
well as pulsed deposition (50, 250 and 1000 times 0.44 µC/mm2), giving rise to 3x3x2
samples. Those images can be seen in Figure 3.9 a),b) and c) for 0, -0.5 and -1.0 V
and charge densities of i) 0.022 mC/mm2, ii) 0.111 mC/mm2 and iii) 0.444 mC/mm2

respectively, where the colour indicates whether a constant (blue) or pulsed potential
(green) was used. Figure 3.9 d) summarises the corresponding particle radii, which
were extracted directly from these images using ImageJ.190 As seen previously when
increasing overpotential, the particle size decreases, whilst it generally augments for
increased charge. As for the effect of pulsing, it appears that the particles from pulsed
deposition have larger radii than the ones from constant deposition. That suggests that
with the use of short pulses, the growth of particles is generally favoured compared to
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FIGURE 3.9: SEM images of gold particles deposited on TiN in 1 mM K(AuCl4)
in a 0.1 M KCl supporting electrolyte with Pt counter and Ag/AgCl counter elec-
trode at a) 0 V, b) -0.5 V and c) -1.0V̇ for i) 0.022 mC/mm2, ii) 0.111 mC/mm2 and iii)
0.444 mC/mm2 for constant deposition (blue) and 50, 250 and 1000 x 0.44 µC/mm2 for
pulsed deposition (green). d) Particle radii extracted from the images shown in a), b)

and c) using ImageJ.190

the nucleation of new particles, or that due to the shortness of the pulse only larger par-
ticles reached a stable point allowing them to stay on the surface. Generally the range
of potentials seems to portray well the change from low nucleation rate with growth of
larger particles to the growth of mainly small particles at high number density. Inter-
estingly, -0.5 V seems to be a point at which an intermediate condition between both is
reached, where larger particles are deposited amongst mainly smaller ones.
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GISAXS To further characterise the samples, GISAXS images were again recorded
for each sample using the dedicated SAXS instrument at the University of Warwick
(see Section 2.5.1 for details). Horizontal cuts at the Yoneda position of gold were made
and are shown in Figure 3.10 a)-f). When looking at the horizontal GISAXS profiles, we
can see that no strong peaks can be seen which would indicate a high degree of lateral
ordering. Similarly to patterns shown in previous sections, the low q intensity increases
with charge regardless of the potential value when using a constant potential, whereas
the opposite happens in the pulsed regime. This shows that the number of particles
steadily increases at constant potential deposition (especially at higher overpotentials),
while it decreases when the pulsed protocol is used. The latter can only mean that
particles have coalesced into larger particles either through e.g. Ostwald ripening or
surface movement.

Unified fit Further analysis of the data can only be done by fitting a model to the
horizontal scattering profiles. For this reason, a unified fit model for weakly correlated
particles was applied to the data in order to extract correlation distances from each pro-
file. This was done using the Irena package for Igor Pro.191,192 The model calculates the
scattering profile from the size of particles and also their correlation length, if assumed
that they are correlated. Up to two correlation lengths can be included in one set of fit
parameters. This was done successfully only for the set of samples made with constant
potential because the length scales in this particular pulsed regime were too large for
the resolution of the instrument and made it impossible to properly fit the data. In
Figure 3.10 g), the resulting nearest neighbour distances (nnd) from the SEM images
as well as correlation distances are displayed. One can see that the distance between
particles decreases with increasing overpotential. This fits with the increased rate of
nucleation with higher overpotentials, which leads to a higher surface density of parti-
cles and a smaller distance between them. For increased amounts of charge, we see an
increased distance for deposition at 0 V and -1 V, and a decrease for -0.5 V. A decrease of
correlation distance indicates progressive nucleation, while an increase shows that the
experimental settings favour particle growth and coalescence rather than nucleation. In
all cases, the nearest neighbour distance extracted from SEM and the values obtained
from the unified model fit of the GISAXS data are in good agreement - which is mainly
due to the flexibility of the model and the little features in the data. Improvements
could be achieved by performing the scattering experiments at a dedicated facility like
a synchrotron, where the increased dynamic range and resolution should give better
insight into the surface arrangement of the particles.
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FIGURE 3.10: Horizontal profiles for samples deposited at the following conditions:
constant potential of a) 0 V, b) -0.5 V and c) -1.0 V; pulsed potential of d) 0 V, e) -0.5 V
and f)-1 V; g) correlation distances extracted from SEM and GISAXS data (a,b,c) re-

spectively from constant deposition for increasing amounts of charge.
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FIGURE 3.11: a) Current transients of deposition at a nucleation potential of -1.0 V and
growth potential of 0.0 V.

3.1.4 Twin potential step

Another variation of Au deposition experiments of interest for this work is the appli-
cation of a high nucleation overpotential, followed by a low overpotential growth step.
The aim of this procedure was to maximise the number of nuclei on the surface dur-
ing the nucleation potential, and to homogeneously increase particle size in the growth
phase. The results of this study were published in ACS Langmuir.193

Current transients Figure 3.11 shows the current transients obtained during deposi-
tion of Au using a high nucleation overpotential at -1.0 V for 0.056 mC/mm2 followed
by growth at 0 V until reaching a total surface charge density of 0.222 mC/mm2. De-
positions were carried out with fixed charge densities using -1.0 V and -2.0 V as nu-
cleation potentials (0.056 mC/mm2) and 0, -0.4 and -0.8 V as growth potentials respec-
tively (0.222 mC/mm2).

SEM Every sample was then analysed by scanning electron microscopy (SEM); im-
ages are shown in Figure 3.12 for nucleation at -1 V and -2.0 V and growth at either
ii/vi) 0.0 V, iii/vii) -0.4 V or iv/viii) -0.8 V respectively. From the SEM images, the radii
of the particles were extracted using ImageJ158 and plotted in 3.13. Distributions of
the corresponding particle radii are shown in Figure 3.14. One can see that for higher
nucleation overpotential, or shorter growth periods, the particle size distributions mi-
grate towards smaller values. This corresponds to expectations, as the critical size a
nucleus needs to exceed for successful nucleation decreases with greater driving force
(overpotential).194

GISAXS at ALS This time the GISAXS experiments were carried out as part of the
GISAS summer school in Bayreuth Germany, which meant that selected samples were



3.1. Gold deposition on TiN 51

i)

ii)

iii)

iv)

v)

vi)

vii)

viii)

i)

ii)

iii)

iv)

v)

vi)

vii)

viii)

FIGURE 3.12: SEM images of particles formed after a nucleation pulse at i)-iv) -1.0 V
or v)-viii) -2.0 V with consecutive growth steps at either 0.0, -0.4 or -0.8 V, ii-iv) and

vi-viii) respectively.



52
Chapter 3. Structural dynamics during electrodeposition of metals and

semiconductors

FIGURE 3.13: Particle radii extracted from SEM data. Particle radii after applied nu-
cleation potentials of -1 V (red) and -2 V (blue).

characterised at beam line 7.3.3 SAXSWAXS at Advanced Light Source (see 2.5.1 for
details). The two-dimensional detector images are shown in Figure 3.15. One can ob-
serve the occasional occurrence of deposition-less areas in the SEM images, which are
attributed to pre-deposition contamination. Due to their micron scale size, these areas
are not visible in the GISAXS data, as they are outside the detectable range of length
scales of the experiment. Horizontal line profiles were extracted from the raw data us-
ing the DPDAK195 software package by projecting the intensity at the Yoneda position
onto the qy axis; these which are shown in Figure 3.16 a) for -1.0 V and -2.0 V nucleation
potentials respectively. The profiles show a broad peak for both potentials, where the
lower potential peak has a higher q value, which means that the correlation distance d
(see inset Figure 3.16 a)) for the particles deposited at higher nucleation overpotential
(-2.0 V) is shorter than that for the particles deposited at lower nucleation overpoten-
tial. The same procedure was applied to the images taken after the respective growth
periods, in Figure 3.16 b) and Figure 3.16 c). The values for the correlation distances
do not strongly depend on the growth potential but rather on the nucleation potential.
For -1.0 V nucleation, distances around 120 nm are observed, while for -2.0 V nucleation
potential, the d values are smaller (average below 100 nm). The GISAXS correlation dis-
tances (d) are contrasted with the nearest neighbour distance extracted from SEM data
(nnd) in the insets of Figure 3.16 b) and c). The distances obtained from the GISAXS
data are significantly larger in all cases. Generally, using a larger nucleation overpoten-
tial results in a smaller distance between particles as more particles nucleate.194
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FIGURE 3.14: Distribution of radii for particles deposited at -1 V nucleation potential
and a) 0 V, b) -0.4 V, c) -0.8 V growth potential and -2 V nucleation potential d) 0 V, e)

-0.4 V, f) -0.8 V growth potential respectively.
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FIGURE 3.15: GISAXS images of particles formed after a nucleation pulse at i)-vi) -
1.0 V and v)-viii) -2.0 V with consecutive growth steps at either ii)/vi) 0.0 V, iii)/vii)

-0.4 V or iv)/viii) -0.8 V respectively.

Nearest neighbour distance In order to understand why the correlation distances ob-
tained from GISAXS (d) are larger than the apparent nearest neighbour distance (nnd),
the SEM images from Figure 3.12 were revisited. The larger correlation lengths indi-
cate the possibility that not all particles present contribute to the correlation distance
observed in the GISAXS data, but rather that the contributing particles possess a higher
degree of ordering than the whole distribution. To verify this, subsets of the particle
distribution were analysed for their nearest neighbour distance and particle density.
The threshold for the smallest particles to be included into the nnd∗ calculations was
increased from zero to the largest value at which particles were still counted. A visual-
isation of the method is shown in Figure 3.17, for a sample deposited at -1 V nucleation
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FIGURE 3.16: a) Horizontal cuts of GISAXS data from particles nucleated at -1.0 V
and -2.0 V respectively. Inset: correlation distances d extracted from curves in a). b)
Horizontal GISAXS profiles of particles deposited at -1.0 V nucleation potentials and
0, -0.4, -0.8 V respectively. Inset: d, and nnd corresponding to data in (a). c) Horizontal
GISAXS profiles of particles deposited at -2.0 V nucleation potentials and 0, -0.4, -0.8 V

respectively. Inset: d, and nnd corresponding to data in (c).

potential and 0 V. This means that particles were filtered out from the bottom end of
the distribution of radii. For each increment, nnd∗, the reduced number density, N∗,
of the particles was evaluated. The corresponding graphs are shown in Figure 3.18 a)
for -1 V nucleation and b) -2 V nucleation potential. When increasing the lower parti-
cle radius threshold, the nearest neighbour distance nnd∗ at first increases slowly but
then diverges rapidly for the higher values. From these graphs the lower particle radius
threshold corresponding to the nnd∗ value equal to the distance obtained from GISAXS,
is extracted. In turn this yields a value for the number of particles which are placed at
that distance to each other. If the particles were randomly distributed on the substrate,
their distance d could be calculated from their number density N by duni = 1/2N−1/2.
For a square array, the distance would be dsq = N−1/2 and for hexagonally packed
particles dhex = 1.0746xN−1/2.20 This means that the resulting number densities can be
compared to the ones calculated from the d values to show which arrangement fits best.
The number density Nsq and Nuni, calculated from the correlation distance obtained in
GISAXS as well as the reduced number density N∗, calculated from the number of par-
ticles remaining after filtering out smaller particles as explained above are summarized
in Figure 3.19 a) and b) for -1 V and -2 V nucleation potential respectively. It can be
seen that the reduced number density N∗ consistently takes a value higher than would
be expected for disordered particles, which indicates that this particular part of the
distribution is not randomly distributed, but possesses some ordering.

This effect can also be evaluated by looking at the nearest neighbour index INN =

nnd/duni, which indicates ordering of dispersed particles for values greater than 1 and
particle clustering for values lower than 1. A corresponding plot for particles deposited
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FIGURE 3.17: Images of particles filtered out with increasing lower size threshold.

FIGURE 3.18: : nnd∗ values for increasing lower particle radius threshold for a) -1 V
and b) -2 V nucleation potential.

at -1 V nucleation and 0 V growth can be seen in Figure 3.19 c). It shows a maximum
of INN when increasing the lower particle threshold, followed by a rapid decay of the
curve to values below 1. The increasing values at the beginning of the curve indicate
that the larger particles are better ordered than the smaller ones, while the decay to-
wards the largest particle sizes indicates that these are not actual spherical particles
of that size, but clusters that were falsely identified during data treatment. This ex-
plains why the nearest neighbour distance from the microscopy does not quite fit to
the GISAXS data, as the increased ordering of the larger particles leads to a stronger
scattering signal.
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FIGURE 3.19: The number density Nsq and Nuni, calculated from the correlation dis-
tance obtained in GISAXS as well as the reduced number density N∗ calculated from
the particles remaining in the distribution with a value of nnd∗ corresponding to
d are plotted in a) for -1.0 V and b) -2.0 V nucleation. c) Nearest neighbour index
INN = nnd/duni of particles deposited at -1 V nucleation and 0 V growth for differ-

ent values of the lower particle size threshold.

DWBA simulations of GISAXS patterns To further investigate the validity of the
assumptions made, simulations of the system within the Distorted Wave Born Ap-
proximation (DWBA) were done using the dedicated software BornAgain.179 It al-
lows the user to fully reconstruct any desired sample and instrument environment
within the realms of small angle X-ray or neutron scattering. Figure 3.20 shows a
screen shot of the BornAgain user interface: for the instrument used in the simula-
tion, the properties of the SAXSWAXS beamline 7.3.3 at ALS were recreated entirely
(λ = 1.24 Å, SDD=3529 mm, pixel size=172 µm2, incident angle=0.567◦). The sample
was constructed as a bottom layer of Si (δ = 4.8889 x 10−6 Å−2, β = 7.3544 x 10−8 Å−2)
with a 200 nm thick TiN layer (δ = 1.0657 x 10−5 Å−2, β = 4.66555 x 10−7 Å−2) on it
and an air layer on top. Spherical Au particles with Gaussian particle size distribution
(δ = 2.9912 x 10−5 Å−2, β = 2.2073 x 10−6 Å−2) were introduced into the air layer in an
arrangement on a radial paracrystal. As parameters, values from the previously anal-
ysed SEM and GISAXS data were used as inputs. The TiN layer was assigned a basic
roughness corresponding to the measurements done in our group, while the specu-
lar reflection was not simulated. The results from these simulations are compared to
the raw data in Figure 3.21 and 3.22, showing that our assumptions fit the raw data
reasonably well regarding the shape of the diffuse scattering clouds and their inten-
sity. Discrepancies between real data and simulation result from the use of a simplistic
model. In reality, the particles are not perfectly spherical and most probably have a va-
riety of form factors around a spheroidal shape or even a hybrid between a cuboid and
spheroid. The particles do of course sit on a surface which means their contact angle
will not be perfectly 180◦, which is also not taken into account when using the form
factor of a full sphere. This simplification of the form factor leads to slight differences
in the shape of the scattering signal in the simulation, but the overall good agreement
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FIGURE 3.20: Screenshot of the BornAgain user interface showing the model em-
ployed for the GISAXS simulations. Sample: bottom layer of Si (δ = 4.8889 x 10−6 Å−2,
β = 7.3544 x 10−8 Å−2) with a 200 nm thick TiN layer (δ = 1.0657 x 10−5 Å−2, β =
4.66555 x 10−7 Å−2) on it and an air layer on top. Instrument: Recreation of the
SAXSWAXS beamline 7.3.3 at ALS (λ = 1.24 Å, SDD=3529 mm, pixelsize=172 µm2,

incident angle=0.567◦)

shows that this assumption is not too far from reality. This is because a distribution
of particles of cubiodal/spheroidal shape will average out to a sphere-like shape when
taking into account the signals of all shapes and orientations involved. The aspect that
does not average out is the contact angle, which means that the apparent form factor
should be closest to a truncated sphere. The use of this form factor however leads to a
significantly increased computation time due to a not analytically solvable integral in
the mathematical description, and since the focus of this work lies more on the struc-
tural arrangement of the particles than their actual shape, the ”faster” computation
option was chosen. For additional comparison, GISAXS data of a blank TiN substrate
are shown in Figure 3.23 where no strong structural features are prominent as the TiN
electrodes are notoriously flat surfaces.

Limited nucleation sites The first step in the experiment was the application of a
high overpotential nucleation pulse leading to rapid initial deposition of small nu-
clei due to the high nucleation rate. This is expected from theoretical predictions24

and confirmed by electron microscopy (see Figure 3.12). With a diffusion coefficient of
D = 10−5 cm2/s,50 the diffusion layer δ =

√
πDt expands beyond 100 nm in less than

5 µs. The fast overlap of diffusion zones quickly enlarges the areas of reduced nucle-
ation and thus modulates the favoured surface for nucleation, meaning that zones of
enhanced and reduced nucleation alternate across the electrode surface. As a conse-
quence, during nucleation particles do not randomly distribute on the surface but nu-
cleate with similar distances to each other as the ones corresponding to a square/hexag-
onal array (close packed), and their distance depends on the nucleation rate (higher
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Data SimulationNucleation: -1.0 V

Growth: 0.0 V

Growth: -0.4 V

Growth: -0.8 V

FIGURE 3.21: Comparison of the raw GISAXS data with DWBA simulations produced
using BornAgain for particles formed after a nucleation pulse at -1.0 V with consecu-
tive growth steps at either 0.0, -0.4 or -0.8 V. Simulation details shown in Figure 3.20.
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Data SimulationNucleation: -2.0 V

Growth: 0.0 V

Growth: -0.4 V

Growth: -0.8 V

FIGURE 3.22: Raw GISAXS data as well as DWBA simulations produced using Bor-
nAgain for particles formed after a nucleation pulse at -2.0 V with consecutive growth

steps at either 0.0, -0.4 or -0.8 V. Simulation details shown in Figure 3.20.
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FIGURE 3.23: GISAXS data of a blank TiN substrate measured on our in house SAXS
system (Rigaku Smartlab). Incident angle= 0.7 deg, SDD = 301.5 mm, λ = 1.54 Å, colli-

mator: 100 µm, exposure time = 30 min.

rate, smaller distances). Following this, the remaining space is filled with particles in
a less ordered manner during the growth period. The consecutive change of potential
when going from the high nucleation overpotential to the lower growth overpotential
reduces the nucleation rate and thus the current magnitude significantly, depending on
the choice of growth potential (see Figure 3.11 a)). From our experiment, we know that
within the error bars, the mean correlation distance detected in the GISAXS data does
not differ significantly for the respective growth potentials 0 V, -0.4 V and -0.8 V. At the
same time, the mean particle radii decrease with decreasing growth potential, which
shows that through lowering the nucleation rate the growth of particles is increasingly
favoured. This in turn means that in the growth phase, particles generated during the
nucleation pulse are more likely to expand in size at the expense of further nucleation,
leading to the formation of two size regimes. This explains why a longer distance than
the nearest neighbour distance is obtained from the GISAXS data, since the technique
probes the film on a very large scale in which the larger particles seem to be dominating
the scattering pattern because they have a higher degree of ordering.

Summary In this Section we have shown that GISAXS is a valuable technique to re-
veal structural properties of nanoparticle films that cannot be directly detected by mi-
croscopy. In the present case GISAXS demonstrates the presence of zones with reduced
nucleation, which would not only need enormous amounts of measurement time to
be observed by electron microscopy but also a large amount of computing power to
reveal information with similar quality. The combined use of electron microscopy and
scattering enables the elucidation of nucleation mechanisms that are otherwise diffi-
cult to observe. For the electrodeposition of gold on TiN using GISAXS we have shown
that the spatial arrangement of electrodeposited gold nanoparticles has a non-random
distribution. The surface itself should not impose any geometrical constraints on the
process since the surface is not patterned and extremely flat (roughness of 1 nm)), even
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though it has been shown that TiN made by PVD grows in a columnar fashion196 (with
much smaller dimensions than the structures observed in this work). This kind of in-
sight is especially significant for the use of nanostructured electrodes, as it indicates
possible limitations of the electrodeposition when using, for example, a nanoporous
template on top of an electrode, where the packing could be so dense that the pore dis-
tance is of similar distance to the diffusion layers around each pore.76 In such a case,
a non-homogeneous filling of the template would occur if pores happen to reside in a
zone of reduced nucleation, i.e. the ones around a pore that had already been success-
fully filled. Simulations of nanoelectrode arrays have shown that with increasing pore
density and decreasing aspect ratio, the nanoelectrode array behaves more and more
like a non-structured electrode of equivalent surface area.197,198 This does of course
not take into account the actual diffusion process inside the nanopores, which will dif-
fer strongly from classical models, especially when the dimensions approach the size
of the electrochemical species. Future investigations of electrodeposition into porous
templates will be needed in order to properly understand the process.
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3.2 Bismuth telluride deposition on TiN

In this Section, studies on the non-aqueous deposition of Bi2Te3 are presented. The
compound was chosen because it is of interest for the thermoelectric component of the
ADEPT project, of which a key aspect is the deposition of e.g. a thermoelectric material
into a porous template. Being a binary material, Bi2Te3 can be electrodeposited from
a non-aqueous solvent (DCM) in a wide potential range, as shown by our colleagues
Meng et al.75 The solvent was chosen for the exact purpose of facilitating the target
procedure of template deposition, where sufficient diffusion of the precursor anions is
required. In the frame of this thesis it is an example of a realistic application, involving
the same setup and electrode materials as in the previously studied model system. The
main focus of the investigation is hence the deposition of Bi2Te3 on TiN, without the use
of a mesoporous silica template. Questions around the structural evolution of Bi2Te3

deposits in time are discussed.

3.2.1 Ex situ studies

Electrochemistry Bismuth telluride deposition was carried out using a three-electrode
standard setup as shown in the previous chapter. The non-aqueous solution consisted
of 2.5 mM [nBu4N][BiCl4], 3 mM [nBu4N]2[TeCl6] and 0.1 M [nBu4N]Cl in DCM. 10 ml
of solution were prepared as follows:

• 10 ml dry DCM

• 14.7 mg [nBu4N][BiCl4]

• 24.8 mg [nBu4N]2[TeCl6]

• 278.9 mg [nBu4N]Cl

As the Bi and Te reagents are moisture sensitive, all Bi2Te3 experiments were carried
out in a nitrogen filled Belle glovebox. These custom made precursors were synthe-
sised by members of Prof. Gill Reid’s group.
A cyclic voltammogramm of the system is shown in Figure 3.24 a), featuring a reduc-
tion peak on the forward scan around -0.8 V and a second bump around -1.5 V. Previous
studies on this system done by members of the group indicate that Bi2Te3 is deposited
from -0.6 V to -2.0 V with consistent composition.75 As the deposition mechanism, they
suggest the deposition of bismuth on previously reduced tellurium, which they con-
cluded from individual voltammograms of the precursors. 3.24 b) shows current tran-
sients recorded at -1.0, -1.6 and -2.0 V for the duration of 1 s. The current magnitude in-
creased significantly with decreasing potential. For samples deposited at -2.0 V, a dark
film was noticeable even at only 1 s deposition time, suggesting a very high deposition
rate at that potential.
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a) b)

FIGURE 3.24: a) Cyclic voltammetry of a TiN electrode in 2.5 mM [nBu4N][BiCl4],
3 mM [nBu4N]2[TeCl6] and 0.1 M [nBu4N]Cl in DCM between -2.5 V and 1.0 V. b)
Chronoamperometry for the duration of 1 s done at -1.0, -1.6 and -2.0 V vs Ag/AgCl

respectively.

SEM Due to the features in the previously shown voltammogram, -1.6 and -2.0 V
were chosen for further experiments. The deposition time was reduced as much as
possible, as very high rates were expected with this electrolyte. SEM images of sam-
ples made at -1.6 and -2.0 V at 10 and 20 ms can be seen in Figure 3.25. Judging by
eye, the number of particles increases when going from -1.6 V to -2.0 V, using the same
deposition time. The particle size as well as their mean distance appears to be smallest
for -2.0 V, which is why this potential was chosen for the scattering study (according to
the limitations of the in house GISAXS system). Figure 3.26 displays further SEM data
of depositions done at -2.0 V for i) 100 ms, ii) 200 ms, iii) 500 ms, and iv) 1000 ms. The
further elongation of the deposition time expectedly leads to an increase in particle size
and number. Average particle radii as well distances to their nearest neighbour were
extracted from the SEM images using the software ImageJ. The results are compiled
in Figure 3.27 a) and b) respectively. The average radii increases from 13 nm to 25 nm
when increasing the deposition time from 10 to 200 ms. For longer times, the radial
values seem to saturate, although the variance becomes so large that an actual trend
can no longer be distinguished. This can be attributed to the simultaneous nucleation
of small particles and the aggregation and growth of previously formed ones. A similar
trend can be seen for the nearest neighbour distance, which increases at first and then
seemingly saturates.

GISAXS GISAXS measurements of the samples deposited at -2.0 V for deposition
times between 10 and 1000 ms were done on our in-house instrument, using an incident
angle of 0.3◦, and an SDD of 300.5 mm for a duration of 1800 s (beam size: 0.3 mm). The
incident angle was chosen slightly below the critical angle of TiN (0.33◦ @8 keV) for
total reflection of the beam on the substrate. At the same time, any of the deposited
material would be penetrated and give good contrast in the images, even though the
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-1.6 V, 10 ms

i) ii)

iii) iv)

-1.6 V, 20 ms

-2.0 V, 10 ms -2.0 V, 20 ms

FIGURE 3.25: SEM of Bismuth telluride deposited from 2.5 mM [nBu4N][BiCl4], 3 mM
[nBu4N]2[TeCl6] and 0.1 M [nBu4N]Cl in DCM. i) -1.6 V, 10 ms, ii) -1.6 V, 20 ms, iii) -

2.0 V, 10 ms, iv) -2.0 V, 20 ms.

optical densities of Bi, Te, Bi2Te3 and TiN are relatively close together. The highest
scattering contrast in this system lies at any interface between Bi and TiN (excluding
the TiN/air interface) with a qz value of 0.32 nm−1, just below the specular reflection.
The interface TiN/Te has the lowest contrast and would not be visible in this setup
(qz=0.08 nm−1), and TiN/Bi2Te3 lies between the two (qz=0.22 nm−1). Figure 3.28 a)
shows horizontal scattering profiles taken a) below and b) above the specular reflec-
tion, for Bi2Te3 deposited at -2.0 V for times between 10 and 1000 ms. The profiles are
similar in their overall shape, consisting of a continuous decay in intensity towards
higher qy values with a slight shoulder at around 0.3 nm−1. This could be attributed
to a correlation distance of the particles of around 20 nm, but due to the broadness
of the peak (shoulder) a broad variance can be expected. The low qy intensity (above
0.07 nm−1) decays significantly for deposition times above 100 ms, indicating a decrease
in the number of particles. This is the result of coalescence of smaller to larger parti-
cles with increased deposition time. In summary, the data suggests that small particles
are formed throughout the deposition, while the ones already present grow in size. As
the shoulder remains visible even at longer deposition times, it can be deduced that
small particles are continuously formed while the larger ones are generated through
surface aggregation. Their distance does not change significantly even though the pre-
viously shown SEM images indicate an increase in particle distance and its variance
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i) ii)

iii) iv)

-2.0 V

FIGURE 3.26: SEM of Bismuth telluride deposited at -2.0 V from 2.5 mM
[nBu4N][BiCl4], 3 mM [nBu4N]2[TeCl6] and 0.1 M [nBu4N]Cl in DCM. i) 100 ms, ii)

200 ms, iii) 500 ms, and iv) 1000 ms.

a) b)

-2V

FIGURE 3.27: a) Average particle radii and b) nearest neighbour distances extracted
from SEM images of samples made at -2 V and 10, 200, 500, and 1000 ms deposition

time.
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a) b)

FIGURE 3.28: Horizontal scattering profiles of Bi2Te3 deposited at -2.0 V for times be-
tween 10 and 1000 ms in a) below and b) above the specular reflection.

with increasing deposition time (see Figure 3.27). With that in mind, one might grace-
fully postulate that the electrode surface and its structural condition would not at all
impact the nucleation of new particles. Instead, merely the limitations in solution im-
posed by the availability of electrochemically available species dictate their reduction
at any physically suitable location. With a more extensive measurement range, one
would therefore expect to find multiple correlation lengths in the patterns, of which
one would remain constant and relate to the smaller and newly formed particles, while
the other one would increase in magnitude with deposition time. Another possibility
could be, that the constantly appearing correlation length corresponds to the average
distance of kinks/surface defects on a TiN electrode. No similar distance was observed
during the deposition of Au on TiN, which means that either Au and Bi2Te3 have dif-
ferent ”affinities” to nucleation sites or that DCM completely alters their distribution
as compared to water.
Figure 3.29 summarises vertical projections of the measured scattering intensity for the
same samples. The strong peak around qz = 0.42 nm−1 identifies as the specular re-
flection of the incoming beam. There are slight variations in the recorded intensity,
namely a small increase above the specular reflection, but no significant change indi-
cating the transition of a binary particle composition to a singular one. This might be
better revealed with enhanced contrast and measurement range, or with a vastly dif-
ferent approach tailored directly to the analysis of the spatial chemical composition.
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FIGURE 3.29: Vertical scattering profiles of Bi2Te3 deposited at -2.0 V for times between
10 and 1000 ms.

3.2.2 In situ GISANS

In order to better understand the electrodeposition process of Bi2Te3 from non-aqueous
solution, an in situ GISANS experiment was performed at ILL/D33.199 This had the
advantage that the system could be investigated without disturbing the electrochemi-
cal environment, as would a very high energy X-ray beam needed to obtain sufficient
transmission through DCM, which can lead to the unwanted introduction of electrons
through the beam itself. The neutron beam penetrated the sample through the side of
the wafer (Si, 5 mm thick) (Si-Mat, custom ordered 6” wafers) in order to probe the elec-
trode surface (TiN, 200 nm) on which Bi2Te3 was deposited (as shown in the previous
chapter in Figure 2.13). This means that the plane of reflection resided entirely within
the substrate itself. Deuterated DCM (Eurisotope, used as received) was used as the
solvent in order to minimise incoherent scattering from hydrogen atoms. Otherwise,
the electrolyte solution was prepared as described in Section 3.2.1 within a Mbraun
glovebox in Ar atmosphere (ILL support lab). A potential of -2 V versus Ag/AgCl was
used for electrodeposition, which was applied for 1 s (#1), 2 s (#2), 10 s (#3), 70 s (#4),
300 s (#5), 600 s (#6), 1200 s (#7), 1800 s (#8), 3000 s (#9) after which SANS collections of
1 h were done at a wavelength of 7 Å and sample detector distance of 7.5 m. The cor-
responding current transients are shown in Figure 3.30. The incident angle was chosen
as 0.5◦, in order to maximize the beam footprint on the sample and hence the overall
scattering signal. Due to the combination of materials used inside the cell, there was no
usable critical edge at the electrolyte/electrode interface, so the incident angle was set
high enough to not overlap with the two Yoneda peaks in the pattern.
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FIGURE 3.30: Current transients of the consecutively applied potential of -2 V during

bismuth telluride deposition.

3.2.2.1 Neutron contrast

The foundation of small angle scattering is contrast, which is essentially the difference
in scattering length density of the scattering particle and its surroundings. The radia-
tion I(q) scattered by N non-interacting particles of volume V in solution depends on
the difference in scattering length density (SLD) ∆ρ = ρparticle − ρsolvent following the
relation:

I(q) = N(∆ρV)2P(q), (3.1)

where the form factor P(q) takes the variation of intensity with varying momentum
transfer into account.200,201 Table 3.1 shows the physical and scattering length densi-
ties, and molecular weights Mw of the employed materials. It can be seen that, the
largest contrast resides between the deuterated solvent and Bi2Te3, followed by the
Si/TiN interface. The difference between TiN/DCM(d) is lower than the one between
Si/TiN, which is why critical reflection conditions could not be used. The deposi-
tion of Bi2Te3 slightly increases the contrast at the TiN surface, which is beneficial to
the experiment. Of course, the considerations so far do not include the presence of
the precursors/supporting electrolyte in the solution, which could move the setting
either way. This is why the actual SLD of the electrolyte solution needed to be cal-
culated. This was done using the neutron scattering and activation calculator from
the National Institute of Standards and Technology (https://www.ncnr.nist.gov/
resources/activation/), which allows for the calculation of SLD values and neu-
tron contrast based on the atomic composition of a material. Deuterated DCM has
a physical density of 1.35 g/cm3 (according to supplier), which was chosen as the
global value for the calculation as the precursors were dissolved. Using the respec-
tive mass fraction of each precursor and the supporting electrolyte, the SLD of plating

https://www.ncnr.nist.gov/resources/activation/
https://www.ncnr.nist.gov/resources/activation/
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TABLE 3.1: Physical and scattering length densities (SLD) of the materials used in the
neutron experiment. Values calculated using the ”Neutron activation and scattering
calculator” from the National Institute of Standards and Technology (https://www.

ncnr.nist.gov/resources/activation/).

Material Density (g/cm3) SLD(Re) (10−6Å−2) Mw (g/mol)
Si 2.3290202 2.073 28.085

TiN 5.21202 3.037 61.874
Bi2Te3 7.74202 1.985 800.761

CD2Cl2 1.35203 3.661 84.93
Bi 9.79202 2.407 208.981
Te 6.24202 1.673 127.60

Deposition solution 1.35 3.570 n/a

solution was calculated as ρsolution = 3.570x10−6 Å−2, which results in a contrast of
ρelectrode/solution = 0.527x10−6 Å−2.

3.2.2.2 Reflective signal/Yoneda peaks

Figure 3.31 shows a raw GISANS image taken in situ after the deposition of Bi2Te3 (af-
ter step #8). The cell was set up vertically on the beamline, which is why the usual
vertical scattering direction (qz) is shown as qx in the image. The GISANS data features
two Yoneda peaks in the qz direction, which are shown in the one dimensional projec-
tions in Figure 3.32 a). The intensity of the specular reflection decreases within the first
five deposition steps and increases again after that, which is underlined in the graph
of their corresponding intensities shown in Figure 3.32 b), where the profile obtained
from measuring the blank substrate in the cell was subtracted from each consecutive
scattering profile. This graph also shows that the Yoneda peak around 0.04 nm−1 con-
tinuously loses intensity, while the one around 0.13 nm−1 gains intensity with each
deposition step. Figure 3.32 c) shows the specular reflection intensity, which displays
the previously mentioned trend.
A closer look at the Yoneda peaks is important, as they do correspond to different inter-
faces in the system which might be of interest to the experiment. Figure 3.33 a) shows a
zoomed in region of the vertical profiles around the the lower Yoneda peak, where the
increasing number of electrodeposition steps is indicated by the colour of the curves
transitioning from blue to purple. These profiles were fitted using a combined Gaus-
sian and linear function, of which the resulting peak positions and their corresponding
SLD values are shown in Figure 3.33 b). The graphs show that the peak moves from
0.0425 nm−1 to 0.0435 nm−1 during the 9 steps of electrodeposition, which corresponds
to a shift in SLD from 0.36 x 10−6 Å−2 to 0.38 x 10−6 Å−2. The contrast at the electrode/-
solution in interface was calculated previously as ρelectrode/solution = 0.527 x 10−6 Å−2,
which is a close value to the one found here at the beginning of the experiment with

https://www.ncnr.nist.gov/resources/activation/
https://www.ncnr.nist.gov/resources/activation/
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FIGURE 3.31: Raw GISANS data recorded during electrodeposition of Bi2Te3. Wave-
length 7 Å, Incident angle 0.5◦, exposure time 1 h. Cell set up vertically on the beamline

- usual vertical scattering direction (qz) shown as qx.

the substrate blank (step 0) and can hence be attributed to this interface. The discrep-
ancy within the values could have a multitude of reasons, as for example a possible
contamination of the system with water, which would lower the contrast at this inter-
face. Although efforts were made to keep this possibility at a minimum, we cannot
exclude it from consideration. The increase of contrast at this interface with increased
number of deposition steps indicates the deposition of a material, which increases the
contrast at that interface. This is for true for Bi2Te3 as well as Bi and Te individually, as
can be seen from Table 3.1. The fact that there is only one peak in this region visible as
opposed to multiple ones indicates that the deposition of Bi2Te3 does not happen sepa-
rately to Bi and Te nucleating on the surface. Otherwise, a transition of multiple peaks
to a singular one would be expected, as the resulting films are known to be mainly
Bi2Te3. Of course, with the shortest deposition time used in this work being 1 second
long, a process of individual nucleation might have happened at much shorter times
(ms). This process could also be happening so fast that it would not be visible in the
scattering images obtained over 1 hour of averaging.

Regarding the higher Yoneda peak, the same method was used to extract peak po-
sitions and SLD values, as shown in Figure 3.34. One can see in Figure 3.34 c), that
the peak position stays constant over time. Its corresponding SLD values of over
4.0 x 10−6 Å−2 is higher than any of the other interfaces and almost 10 times higher
than the interface between electrode and electrolyte, so it’s not exactly obvious where
this peak originates from. The most compelling explanation for this peak is being the
product of the refracted beam going through the entire plating solution in order to be
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a)

b)

c)

FIGURE 3.32: a) Vertical scattering profiles during the electrodepositon of Bi2Te3. b)
Relative intensities (signal of blank substrate subtracted) of the profiles shown in a). c)

Reflection intensity plotted versus its respective deposition step.
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FIGURE 3.33: a) Vertical scattering profiles during the electrodepositon of Bi2Te3
around the lower Yoneda peak. b) Peak positions and corresponding SLD values
calculated using equation 2.10. Peak positions were extracted by fitting a combined

Gaussian and linear function to the profiles.

reflected at the Pt counter electrode. Pt has an SLD of 6.357 x 10−6 Å−2, which in con-
trast to the plating bath would result in a high qz value. This would mean that this
peak corresponds to processes happening at the counter electrode side of the experi-
ment. However, there is a smaller bump emerging on its left, which was investigated
as well.
The results are shown in Figure 3.35. It can be seen that a peak appears around 0.1271 nm−1

towards deposition steps 8 and 9. As the contrast value of over 3.2 x 10−6 Å−2 corre-
sponding to this peak is far higher than the electrode/solution interface, it is presum-
ably the effect of an air bubble forming inside the cell during the experiment, as the
value is close to the contrast between TiN and air. This is another hint at the possible
contamination of the system through water, although the introduction of the air bubble
would mainly have happened after the cell being on the line for more than 8 hours,
at which point the o-rings might have started to fail due to their continuous exposure
to DCM. Considering the main peak in this region to be the reflection at the counter
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electrode, the side peak could also indicate the deposition of a material on the counter
electrode.

3.2.2.3 Off-specular signal/ Lateral structure

While the reflective part of the scattering image gives information about the chemi-
cal composition of the sample, the surface structure of an interface can be investigated
by integrating the intensity along the horizon of reflection at the height of the ma-
terial specific peak of interest. Figure 3.36 a) shows the corresponding Yoneda cuts
from the SANS images, at the position of the Yoneda at 0.042 nm−1. Firstly, it can be
seen that Bi2Te3 deposits in a layer-by-layer fashion as opposed to island growth, as no
lateral peaks are visible which would indicate a correlation distance between growing
islands. The increasing intensity in the high q-range is most probably related to increas-
ing roughness of the film as it becomes thicker. The corresponding relative intensities
are shown in Figure 3.36 b), where a decrease in low q intensity is the most prominent
feature, which could indicate the decrease of particle numbers as they grow and coa-
lesce into larger aggregates. In an attempt to better understand the scattering profiles,
they were fitted using the Guinier-Porod model:204

I(q) = G ∗ exp(
−q2Rg2

3
) f or q ≤ q1, (3.2)

I(q) =
D
qd f or q ≥ q1, (3.3)

which include the Guinier parameter G, the Porod parameter D, the Porod exponent
(fractal dimension) d and the radius of gyration Rg. In practise, the following relations
are used to calculate the parameters:

q1 =
1

Rg
(

3d
2

)1/2, (3.4)

D = G ∗ exp(
−q2

1Rg2

3
)qd

1. (3.5)

The model, which is most commonly applied to polymer solutions, can be used to de-
termine the dimensionality and size of scattering objects. Size is determined through
the radius of gyration Rg, and dimensionality by the fractal dimension d (slope of the
high q scattering). The Guinier and Porod parameters G and D are scaling factors for
their respective regions. The resulting curves (converging, minimal chi-square) are
shown in 3.36 c). The obtained parameters of these fits are presented in Figure 3.37.
In this dataset, the full Guinier-Porod model was not suitable to fit, which is why only
the decaying part (Porod region) was fitted in order to obtain the exponents at which
the curves decay. The results of this can be contemplated in Figure 3.37, showing a very
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FIGURE 3.34: a) Vertical scattering profiles during the electrodepositon of Bi2Te3 lim-
ited to the region around the higher Yoneda peak. b) Fit lines of combined Gaussian
and linear function to the profiles to extract the peak positions. c) Peak positions and

corresponding SLD values calculated using equation 2.10.
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FIGURE 3.35: a) Zoom of scattering profiles during the electrodepositon of Bi2Te3 at
values just below the higher Yoneda peak shon in Figure 3.34. b) Fit lines of combined
Gaussian and linear function to the profiles to extract the peak positions. c) Peak

positions and corresponding SLD values calculated using equation 2.10.
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slight increase of the Porod parameter D with a simultaneous decay of the fractal di-
mension d. For values between 3 and 4, the fractal dimension indicates a surface fractal
type of structure, which in this case seems to be moving towards the region of mass
fractals (d < 3).204 This indicates the disordered structure of the film moving from a
surface fractal to a mass fractal with increasing film thickness.
The above procedure was then applied to the Yoneda peak at 0.13 nm−1. Integrations

along qy, relative intensities as well as the fit curves are on display in Figure 3.38 a), b)
and c) respectively. This time the full Guinier-Porod model suited the data very well
and the fit results shown in Figure 3.39 indicate that while G and Rg stay mostly con-
stant during the course of deposition, d once again decreases from its initial value of
roughly 2.9 down to 2.7. This trend shows once again the migration of the film towards
the mass fractal regime. The absence of strong lateral features in the Yoneda cuts from
this peak speak against the possibility of this being related to the counter electrode sur-
face, as in practise it was seen that sputtered Pt films possess a rather strong diffuse
signal, which should be visible here unless it was blocked by the cell walls, as this elec-
trode was 5 mm below the main reflection plane. In this case these the features could
only be part of the reflected refracted beam going through the film in reverse order,
which would make it a parasitic SANS signal. Totally excluded in these considerations
is the possibility of parts of the film de-wetting from the surface floating around in
the plating bath, which is likely to happen with increased measurement time and film
thickness.

Summary As a conclusion to this experiment, it can be said that there is no evidence
from this data of Bi2Te3 growing on TiN in the typical island growth fashion as seen
in previous experiments with gold. In addition, the absence of multiple peaks in the
reflective part of the data indicates that the overall deposition process does not involve
large particles made from the individual elements, which later combine to form Bi2Te3.
This fits well with the fact that no lateral features were seen, which would have been
the case for separate deposition. This does of course not exclude the reduction of Bi,
Te and Bi2Te3 on a length scale much smaller than observable in this experiment, or
simple at deposition times shorter than the ones probed in this study.
For future experiments around this system it would probably be worthwhile to divide
it into one part looking at the chemical composition of the layers, while the other one
focuses on the structural evolution. This could be realised by combining data from
a neutron reflectivity experiment with a SANS experiment, giving information about
the chemical composition in vertical direction (neutron reflectivity) and structure of the
deposits (SANS). This would enable getting more precise information in both domains
without compromising on either of them.
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a)

b)

c)

Low yoneda

FIGURE 3.36: a) Integrated horizontal profiles at the Yoneda position of 0.042 nm−1.
b) Relative intensities of the data shown in a). c) Guinier-Porod fits of the data shown

in a).
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FIGURE 3.37: a) Porod parameter D and b) fractal dimension d obtained from the
Porod fits shown in Figure 3.36.
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a)

b)

c)

High yoneda

FIGURE 3.38: a) Corresponding horizontal profiles at the Yoneda position of
0.13 nm−1. b) Relative intensities of the data shown in a). c) Guinier-Porod fits of

the data shown in a).
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Chapter 4

Time resolved studies of EASA

This chapter summarises results obtained from studies on the Electrochemically As-
sisted Surfactant Assembly (EASA) of silica. The first section comprises a study on the
electrochemically assisted deposition of silica structures on bare TiN substrates, while
simultaneously performing GISAXS measurements. As mentioned in the introduction
of this work (see 1.6), EASA is a useful technique for the making of mesoporous silica
structures with pore channels aligned vertically to the substrate surface. It has however
not been precisely revealed, what the exact mechanism behind the deposition process
is, especially regarding the formation of spherical particles on top of the film, and the
limits of pore dilation using a swelling agent. This was the rationale behind driving
this fundamental time-resolved investigation around the structural evolution during
film formation, using GISAXS as the monitoring technique. In addition, ex situ control
measurements are carried out. Finally, a revised version of the mechanism is formu-
lated as the result of this detailed multimodal study.
In the second section, the effect of applying a sinusoidal potential to an electrode dur-
ing EASA is elucidated. The intention was to reduce the number of surface aggregates
and increase film thickness of EASA-generated silica films by a reduction of the hy-
droxide diffusion layer thickness.
Finally, the evolution of local pH near a TiN electrode at cathodic potential is shown,
measured in real time using a HPd microelectrode as pH-sensor.
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4.1 EASA on TiN: An operando GISAXS study

This section contains the experimental results obtained from an operando study of the
EASA process on a TiN substrate. A substrate placed inside a full electrochemical cell
acted as the reflective surface for an X-ray beam used to monitor the formation of sil-
ica structures through the application of a constant cathodic potential. The majority of
the results consists of time resolved GISAXS measurements, which were carried out at
Diamond Light Source, beamline I07 (see Section 2.5.2). A dedicated electrochemical
cell was used, which can be seen in Section 2.5.2, Figure 2.12. Additional GISAXS ex-
periments were done either ex situ at the DLS/I07 beamline, or in-house on our Rigaku
Smartlab diffractometer (c.f. Section 2.5.1).

4.1.1 Experimental setup and conditions of the operando GISAXS study

Silica sol compositions A variety of different solutions was used during the operando
GISAXS-EASA experiment, as shown in table 4.1. All solutions consisted of 20 ml 0.1 M
NaNO3 and 20 ml ethanol at pH=3 (using 0.2 M HCl). Either hexadecyltrimethylammo-
nium bromide (CTAB) or octadecyltrimethylammonium bromide (OTAB) were then
used as surfactant and different amounts of mesytylene were used as swelling agent to
increase the poresize of the network. Table 4.1 shows the different compositions of the
solutions used with their shortnames.

Sample alignment After the complete assembly of the cell, the respective solution
was pumped through the cell using a peristaltic pump (Ismatec) in order to fill it up
and the flow was maintained throughout the alignment and measurement. It was then
mounted onto the beamline’s hexapod with a custom made cell holder. Sample align-
ment was done using a standard procedure: at first the height would be scanned using
the direct beam and then adjusted to half-cut conditions. Then, the incident angle was

TABLE 4.1: Compositions of the silica sol used during the in operando GISAXS experi-
ment at DLS/I07.

Solution CTAB (mg) OTAB (mg) Mesitylene (µl) Mesitylene:CTAB
A1 480 0 0 0:1
A2 480 0 17.9 0.1:1
A3 480 0 90 0.5:1
A4 480 0 179 1:1
B1 0 480 0 0:1
B2 0 480 90 0.5:1
B3 0 480 179 1:1
B4 0 480 358 2:1
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a) b)

FIGURE 4.1: Chronoamperometry of silica films deposited using different solution a)
A1-A4 and b) B1-B4. The potential was kept constant at -2 V for 60 s for all depositions.

scanned until a reflection from the sample surface was obtained. From the pixel posi-
tion of the reflections on the detector, the zero position was extrapolated by a linear fit
of angle vs specular intensity. The whole procedure was repeated once in order to en-
sure precise alignment conditions. The critical angle of TiN at 12.25 keV has a value of
0.21◦, which determined the use of 0.20◦ as incident angle for the experiments in order
to probe the whole film above the substrate, as the TiN surface is totally reflecting in
this setting. The sample detector distance was set in a way that the first order peak of
the silica structure which resides typically around 1.6 nm−1 would be at the centre of
the qy range, giving enough probed q-space on both sides to enable detection of smaller
as well as much larger structures.

Electrochemistry Every deposition was carried out at a potential of -2.0 V vs Ag/AgCl
for 60 s, as this potential was determined as optimal for TiN substrates in work done in
this group previously.196 The deposition time was increased beyond optimised param-
eters in order to follow the process for a longer time period. Prior to any deposition, the
TiN electrodes were rinsed with ethanol. The current transients recorded during depo-
sition are shown in Figure 4.1. With the exception of Sample B1 1, the transients show
almost identical profiles, all asymptotically approaching a value of roughly -1 mA. The
current transients show the indirect nature of the deposition process, in which the cur-
rent is only used for inducing the required local change in pH. This is why no features
appear in the electrochemistry which could be related to the formation of the film.

Control experiments In order to make sure the operando GISAXS cell would provide
adequate electrochemical conditions for the EASA of silica, control experiments were
done in house, using the exact same electrochemical setup. The scattering image was
then recorded in house on our Rigaku Smartlab system. Deposition times were kept
in the range of seconds only in order to minimize the formation of surface aggregates
so that the presence of vertically aligned channels could be confirmed. Figure 4.2 a)
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a) b)

FIGURE 4.2: a) SEM and b) GISAXS image of a silica deposited onto TiN using a po-
tential of -2.0 V for 2 s. GISAXS measurement done in house on Rigaku Smartlab.

shows the corresponding SEM and b) GISAXS image of a silica deposited onto TiN
using a potential of -2.0 V for the duration of 2 s. Only a small number of aggregates
can be seen in the microscopy, and the GISAXS clearly shows two spots in horizontal
direction, corresponding to vertically aligned pore channels. A very slight ring can be
seen too, due to the presence of a few surface aggregates.

4.1.2 Silica EASA using CTAB

In order to better quantify the process, the experiments will be dealt with separately.
The first system to be discussed is silica EASA with CTAB and no swelling agent.

Scattering images During the deposition of silica, scattering images were recorded
with 100 ms exposure time and 20 ms readout. In total, 700 images were recorded for
each experiment, leading to a total time of 84 s. The potential was switched off 60 s after
the start of scattering data acquisition, so that GISAXS images could be recorded until
24 s after this point. Silver behenate (AgBh) was used to accurately measure the sample
detector distance of 2007.52 mm using the calibration tool in the software DPDAK.195

At first, a look at full detector images from different times is useful. Figure 4.3 shows
two dimensional images taken right at a) 0 s, b) after finishing the whole experiment
but with the sample still inside the full cell and c) after ageing the sample at 130 ◦C
overnight. It can be seen, that before applying the potential, no scattering features
apart from the direct beam (blocked by beamstop), the specular reflection and a small
amount of diffuse signal around the Yoneda position can be seen (Figure 4.3 a)). After
completing the deposition (Figure 4.3 b)), a strong ring became visible at a position
above qy= 1.5 nm−1. When measuring the same sample ex situ after its removal from
the cell (Figure 4.3 c)), lateral features become visible alongside the ring which where
not distinguishable right after deposition due to dominance of the aggregate signal.
This indicates, that apart from the film forming with vertical pore channels, a similar
structure with no preferred orientation was formed.
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a) b)

c)

FIGURE 4.3: Scattering images for a) 0 s, b) after deposition and c) after ageing of the
samples. Exposure times: 0.1 s, 5 s and 60 s respectively. Incident angle: 0.2◦.

Lateral peak positions As the next step, the position of the scattering features was
analysed from horizontal integrations of the detector images once again using DPDAK
software package for Python.195 The first frame in which a peak can be distinguished
from the background noise (by eye) is frame 25, which corresponds to a deposition
time of 25 ∗ 0.12 s = 3 s. This peak is shown in Figure 4.4 a), alongside with the posi-
tion of the peak after finishing the deposition(b)) as well as after aging (c)). The first
scattering feature appears to only consist of horizontal spots, with the ring emerging
only a few frames later. The spots correspond to the vertically aligned compact film on
the electrode, while the ring results from spherical porous particles on top of the silica
film. The compact film seems to be forming before the spherical particles, which makes
sense as the hydroxide is generated from the electrode surface. Liu et al. reported the
time until the start of silica gelation for EASA with TEOS from their simulation results
as 1.3± 0.3 s,205 which fits roughly to the emergence of the scattering feature.
A simple Lorentzian peak function was used to fit the peaks, yielding positions shown
in Table 4.2. The position where calculated using d = 2π/q and ∆d = 2π∆q/q2. The
distance d corresponds to the pore spacing in this case and the values fit well with val-
ues reported in the literature,110,137,196 lying in the range of roughly 3-4 nm, with uni-
formly distributed alignment. The ageing of the sample led to a decrease of the pore
spacing of roughly 0.3 nm, which can be attributed to the full evaporation of remaining
solvents during the process.
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a) b)

c)

FIGURE 4.4: Comparison of the horizontal peak for a) the first appearance during
deposition, b) after deposition and c) after ageing of the samples.

TABLE 4.2: Peak positions (10) corresponding to the signals shown in Figure 4.4.

First appearance After deposition After ageing
qy 1.66± 0.03 nm−1 1.63± 0.16 nm−1 1.78± 0.24 nm−1

d 3.78± 0.07 nm 3.86± 0.38 nm 3.53± 0.48 nm

SEM After the experiment, the sample was analysed using SEM to get a better idea
of its morphology. Top view SEM images of the sample made using solution A1 (A1 2)
are shown in Figure 4.5 where a), b) and c) show the film at x20, x110 and x5500 mag-
nification respectively. The images show the appearance of the sample after deposition
and overnight ageing at 130◦C. No further treatment was done, which means that the
surfactant (CTAB) is still present in the film. As expected, the silica film is fully covered
in aggregates, ranging up to 1 micron in diameter. As one can see in Figure 4.1 c), the
dendritic structures are made up from spherical particles which stick to each other. This
is expected from the long deposition time of 60 s, as longer times lead to an increased
amount of surface aggregates. The scattering data obtained from the aged sample indi-
cates the presence of a vertical structure. As this is not visible from the top, it must be
underneath the thick coat of particles.
For this reason, the sample was cleaved for cross-sectional analysis by SEM, which was
done by our project partners at Warwick University. Prior to that, the surfactant was
removed from the sample by immersion into 0.2 M HCl in ethanol for 5 minutes. Figure
4.6 a) shows the results of that, in which the very thick layer of particles on top of the
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FIGURE 4.5: SEM images of sample A1 2 at magnifications of x20, x110 and x5500.
10 kV acceleration voltage was used. The sample was not coated prior to microscopy.

FIGURE 4.6: SEM crosssections taken from sample A1 at magnifications of a) x2000
and b) x200000. The bottom of the images shows the SI substrate, with the 200 nm thick
TiN layer on top, which in turn is covered by a layer of mesoporous silica with roughly
the same thickness. On the very top, spherical agregates can be seen, which form a
layer up to 30 microns thick. Surfactant removed prior to microscopy by immersion

into 0.2 M HCl in ethanol for 5 minutes.

film is very obvious, having a thickness of roughly 30 microns. This was expected from
the previously shown top down images. Figure 4.6 b) shows a close up of the same
crosssection at higher magnification, where one can clearly see the composition of the
sample (bottom to top): silicon substrate, TiN layer, compact silica layer, and surface
aggregates. The lateral component seen in the scattering image in Figure 4.3 c) must
hence come from the silica film underneath the silica particles, which was expected to
be vertically aligned.

Structural evolution in time With 60 s deposition time at -2.0 V, the process of elec-
trochemically assisted surfactant assembly leads to the formation of a film with verti-
cally aligned pore channels at the substrate surface, with large spherical particles on
top that make up a film of aggregates of tens of microns in thickness. The actual part of
the surfactant assembly leading to the vertically aligned pores in a compact film hap-
pens mostly at the beginning of the process until reaching a critical thickness, upon
which only spherical particles are formed. The time evolution of the scattering signals
in lateral direction as well as the ring have to be analysed in detail. Figure 4.7 shows a
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contour plot of horizontal scattering profiles extracted from each frame versus deposi-
tion time. The blue line below qy=0 is the shadow of the beam stop that was not used
in this experiment but kept close to its working position because it would not move
reliably on large distances. The two symmetrical dark lines outside of qy=±1.0 nm−1

are detector gaps. Integrations were done at the Yoneda position of the TiN/silica sol
interface at qz= 0.5 nm−1. One can see that the features in lateral direction appear in
the scattering images after 3 s, which symmetrically move towards smaller qy values
until the shutoff of the potential at 60 s. After this, its qy values seem to slightly increase
again. Once again, a closer look at these scattering profiles is needed, which is why the
peak position of the features was extracted using custom-made Python based software.

An inspection of the frames at the beginning of deposition had revealed that two sepa-
rate signals were present: 1. spots on either side of the reflection plane corresponding
to a vertical feature in real space and 2. the ring. Figure 4.8 shows the evolution of the
peaks during silica deposition. Peak positions (blue: spot, purple: ring) were extracted
from fitting a Gaussian function to the peak in each frame (700). One can see that the
first values around 3 s are a bit lower than the 1.66 nm from frame 25 reported above,
however, they do fit when taking into account the fit errors of both. The slight dis-
crepancy might arise from the different peak functions used (Lorentzian vs Gaussian)
and from the fact that the graph above was fitted manually, while the time series was
done automatically. When looking at the time evolution of the horizontal peak position,
one can observe a decrease of the q-values, which in turn corresponds to an increasing
d-spacing during deposition. The decrease seems to be going on until reaching 40 s de-
position time, at which the curve reaches a plateau at qy= 1.56 nm−1 that expands up
to 60 s, where the potential is switched off. After that, the values slightly increase again
until the end of the measurement at 84 s. When comparing this profile to the current
transients in Figure 4.1, one can see that the electrochemistry does not reflect any of
the features that appear in the scattering data, which is expected as the electrochemical
process is indirect.

The ”inflation” of the structure shown in Figure 4.8 could arise from hydroxide ions
generated at the electrode surface which, as the deposition progresses, have to travel
through the network in order to diffuse away. The trend matches the deflation of the
structure as soon as the potential is switched off. As the ring signal strongly dominates
the entire scattering pattern throughout most of the deposition, one can not directly
assume that the compact film expands to the same extent as the surface aggregates.
More likely is, that the expansion process is related to the diffusion of ethanol into the
micelles, which is produced during the condensation of TEOS.206 This effect is said
to decrease the overall curvature of the micelles formed on the electrode surface, ulti-
mately leading to their elongation into standing pore channels. Figure 4.9 shows the
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FIGURE 4.7: Contour plot of horizontal scattering profiles extracted from each frame
versus deposition time. Integrations were done at the Yoneda position of the TiN/silica

sol interface at qz = 0.5 nm−1. CTAB was used as a surfactant in this experiment.

evolution of intensity averaged over the q-range 1.46-1.7 nm−1, showing a sharp in-
crease after a few seconds when silica condensation starts, with a maximum around
22 s that levels off at around 40 s, just about the same time at which the inflation ef-
fect reaches its plateau. The formation of SiO2 increases the contrast between the solid
parts of the film and the solution environment, leading to this increase in intensity. At
this point, the contrast between silica structure and solution reaches its highest value,
which might correspond to crossing a critical condition similar to a percolation thresh-
old. The network solidifies sufficiently for it to retain the pore spacing at this point,
followed by only slight shrinkage. After that, the reduction of the TiN area by the
growing silica structure limits hydroxide generation and also the condensation pro-
cess. The consecutive drop in hydroxide concentration might then lead to the partial
dissolution of already condensed species until reaching a stable equilibrium which re-
mains even after the potential is switched off. The process including the interpretation
of the trends shown in Figure 4.8 & 4.9 are summarised schematically in Figure 4.10,
illustrating; i) the formation of hemimicelles an initiation of condensation amongst hy-
drolised silica species, ii) the emergence of scattering features and their migration to-
wards smaller q values with simultaneous increase in intensity, iii) reaching maximum
scattering contrast (intensity) when passing the percolation threshold, iv) inflation limit
of the network due to advanced solidification, v) relaxation of the condensed network
after removal of hydroxide influx. Further details on the mechanism behind the EASA
process are discussed later in this work (see Section 4.1.5).
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FIGURE 4.8: Position of the horizontal peaks (blue: spot, purple: ring) vs deposition
time during EASA using CTAB. Peak positions were extracted from individual Gaus-

sian fits of the peaks in each frame (699).
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FIGURE 4.9: Intensity of the averaged signal in the q-range between 1.46 and 1.7 nm−1

vs deposition time during EASA using CTAB.

Superposition of reflection and transmission Concerning the different positions of
the signals, it suggests that the pores in the film have slightly smaller spacing than
the ones in the surface aggregates. Naively, one would assume the same pore dis-
tance and size and both structures would be very similar due to the presence of the
same surfactant. However, there is another point to consider regarding the scattering
images: when looking back at the full patterns from the detector, one can see that in
Figure 4.3 b) the ring attributed to the structure within the surface aggregates does not
show the typical distortion one would obtain from the GISAXS geometry, which leads
to a distortion of the signal in qz and would make that ring an ellipse. In addition,
the signal of the ring is visible even below the horizon of reflection, which indicates
its emergence from a geometry of different nature: a transmission signal. It appears
hence, that the GISAXS data shows two things at the same time due to the experiment
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FIGURE 4.10: Schematic drawing of the observations and their interpretations made
from the data in Figure 4.8 & 4.9. i) the formation of hemimicelles and initiation of
condensation amongst hydrolised silica species, ii) the emergence of scattering fea-
tures from film/aggregate formation and their migration towards smaller q values
with simultaneous increase in intensity, iii) reaching maximum scattering contrast (in-
tensity) when passing the percolation threshold, iv) inflation limit of the network due
to advanced solidification, v) relaxation of the condensed network after removal of
hydroxide influx. Colours indicate the progression of silica condensation (increasing

from blue over green to yellow, orange and red).

being performed operando. The reflective part consists of the Yoneda signal, the specu-
lar reflection and the two spots in lateral direction coming from the vertically aligned
channels on the substrate, while the ring is the result of a convolution of signals coming
mainly from the beam travelling through these spherical aggregates on the way to the
substrate and back, resulting in a SAXS signal. This means that most of the aggregates
contributing to this signal are reasonably far away from the substrate surface. A hori-
zontal projection of the signal at qz= 0.5 nm−1 leads therefore to an underestimation of
the peak positions, because the ring is symmetrical around the direct beam. Radial in-
tegrations of the two-dimensional images around (qy, qz)= (0, 0) are shown in Figure
4.11 plotted versus deposition time. It visualises that when treated as a transmission
signal, the position of the ring corresponding to the surface aggregates resides at an
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FIGURE 4.11: Radial integrations of GISAXS images around (qy, qz) = (0, 0) for all 700
frames taken during the EASA of silica at -2.0 V for 60 s. Intensities along qr plotted

versus deposition time.

increased magnitude - the real space dimensions are hence diminished. While the pore
distance in the film has a value of around 4 nm, the surface aggregates would show
only roughly 3 nm. The very different conditions of the surfactant assembly (bulk vs
surface) seem to not only lead to morphological differences between the two regimes,
but also to change micellar dimensions.
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4.1.3 Silica EASA using OTAB

The same experimental procedure was applied to a sol containing OTAB instead of
CTAB (sol B1 in Table 4.1), of which the electrochemical data can be seen in Figure 4.1
b). The transient has the same shape as the one obtained in the CTAB experiment. The
elongation of the chain from 16 to 18 carbon atoms was expected to result in a slightly
enlarged pore distance. Once again, a contour plot of the horizontal scattering profiles
was made, as shown in Figure 4.12. The scattering signal has a very similar appearance
to the one shown in the CTAB experiment (see Figure 4.7), with symmetrical peaks ap-
pearing after a few seconds after switching on the potential, migrating towards smaller
qy values until 60 s, after which a slight increase is observed. By eye, one can already
see that the peak position is generally shifted to smaller qy values. Note the close as-
sociation of the randomly appearing lines in the contour plots with a vibration of the
beamstop during the experiment, which led to overexposure of the detector in some
frames, but did otherwise not have any impact on the data treatment as the signal of
interest was always clearly visible. The scattering profiles were once again fitted using
a twin peak function consisting of two Gaussian peaks, of which the result is on display
in Figure 4.13 (blue: spot, purple: ring). As expected, the peak positions are generally
shifted to smaller q-values due to the longer chain length of OTAB, but the inflation
effect prevails.

FIGURE 4.12: Contour plot of horizontal scattering profiles extracted from each frame
versus deposition time. Integrations were done at the Yoneda position of the TiN/silica

sol interface at qz = 0.5 nm−1.
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FIGURE 4.13: Position of the horizontal peaks (blue: spot, purple: ring) vs deposi-
tion time during EASA using OTAB. Peak positions were extracted from individual

Gaussian fits of the peaks in each frame (699).

The chain length must be a limiting factor of the process when extended further, which
is the focus of work done by a fellow PhD student in the group. Issues when doing
that will probably arise from the decreased solubility of longer carbon chains in water,
making a modification of the sol composition necessary.
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4.1.4 Pore swelling using mesitylene

CTAB&mesitylene In this part of the study, the swelling agent mesitylene was added
to the silica sols. The idea is to add a hydrophobic molecule to the system, which would
be expected to seek the hydrophobic inside of the CTAB/OTAB micelles and increase
the diameter of those, which results in increased pore size and spacing of the silica
structure.196 As shown before in Table 4.1, three different concentrations were used.
From previous experiments, it was known that the micelle swelling cannot be done
indefinitely,196 meaning that no vertically aligned channels were formed when exceed-
ing a certain concentration of mesitylene. At equal molar concentrations of CTAB and
mesitylene (1:1), a collapse of the vertically aligned pore structure was seen in the mi-
croscopy, verified by the lack of a corresponding GISAXS signal. The question arising
from this was, whether the surfactant assembly would not happen at all due to the dis-
turbance by the large amount of swelling agent or whether it would still form initially
and only collapse during the deposition.
Figures 4.14 a)-d) display GISAXS images taken right after silica deposition with the
sample still inside the cell. A strong ring feature can be seen in all images, indicat-
ing the formation of spheroid particles in the bulk solution, which totally dominate
the scattering signal as long as the substrates reside in solution. For the aged samples
shown in Figure 4.14, one can see that the films with ratio of (mesitylene:CTAB) e) 0:1,
f) 0.1:1 and g) 0.5:1 show two spots in the horizontal plane in convolution with the
strong semicircle, while the one with the maximum amount of mesitylene (Figure 4.14,
h) does not show that feature. This could mean that no vertically aligned pores were
formed in the latter case.
Figure 4.15 a) shows the horizontal scattering profiles post deposition and b) after age-
ing in the horizontal plane and c) their corresponding real-space values obtained for
increasing amounts of mesitylene concentration. The graphs show that until reaching a
ratio 0.5:1, the inter-domain spacing increases slightly, starting from 3.55 nm to 3.63 nm.
Surprisingly for the 1:1 ratio, the spacing decreases to a value lower than without the
swelling agent. The scattering signals do also become broader when [mesitylene] is
increased, indicating an overall loss of order.
The effect of the different amounts of swelling agent on the actual peak positions fitted
using the previously introduced twin Gaussian function, is shown in Figure 4.16. The
curves gradually shift to lower qy values with increasing ratio of [mesitylene:CTAB]
(Figure 4.16 a)-c)), while the one with a ratio of 1:1 (see Figure 4.14 d),f)) only had
the ring as a visible feature. The inflation of the structure does also seem to be a lot
weaker in this measurement than in the ones with lower amounts of mesitylene. The
best fit with continuous positions of two peaks was obtained for a ratio of 0.1:1 shown
in Figure 4.16 b). Figure 4.16 a) and c) show how the algorithm lost track of one of the
shapes as they are practically merging, causing the false detection of background noise
as a second peak at depositions times larger than 40 s, where the blue curve makes an
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abrupt change to higher q values again. In Figure 4.16 one can see that another peak
was tracked with a much higher q value than seen previously, as it was not possible
to deconvolve two peaks in the main signal around 1.62 nm−1. This peak could corre-
spond to a higher order peak of the observed structure, but is most likely the result of
false tracking due to the fitting algorithm reaching a local convergence minimum. The
presence of mesitylene could inhibit the diffusion of ethanol (mentioned in207 into the
micelles as vital for the vertical pore alignment) and hence the formation of vertically
aligned channels as a film. This would fit well with the observation that the amount of
inflation in the structure diminished with increasing content of swelling agent.
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FIGURE 4.14: GISAXS images of silica samples taken a-d) after deposition ex situ and
e-h) after ageing at 130◦C overnight. The mesitylene concentration was varied versus
[CTAB] as a,e) 0:1, b,f) 0.1:1, c,g) 0.5:1, and d,h) 1:1. Exposure time: 60 s, incident angle:

0.2◦.
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CTAB a) b)

c)

FIGURE 4.15: Horizontal scattering profiles of the silica structures a) post deposition
(still in the cell), b) after ageing with increasing amounts of mesitylene concentration

using CTAB. c) Real space values corresponding to the peaks shown in a) and b).

OTAB&mesitylene A series of similar experiments involving the swelling agent
mesitylene were done using OTAB as the surfactant. Otherwise, all conditions were
kept the same as previously, excluding a slight variation of the concentration ratios be-
tween mesitylene/OTAB (as shown in Table 4.1). 2D scattering images of the sample
after deposition as well as after ageing are summarised in Figure 4.17 a-d) and e-h)
respectively. Similarly as for the CTAB experiments, the images taken in the cell after
deposition are dominated by the ring features from particles in solution, while the aged
samples also possess a horizontal feature. Figure 4.18 shows the lateral peak profiles a)
post deposition, b) after ageing and c) their corresponding pore distances d for increas-
ing amounts of mesitylene (0, 0.5, 1.0, 2.0/CTAB). Previously it was shown that the
use of OTAB instead of CTAB leads to a larger pore structure (with no swelling agent
present). The introduction of mesitylene to this system leads most strikingly to a broad-
ening of the scattering peaks, where the Gaussian curves fitted to those suggest that the
pore spacing actually decreases when increasing the amount of added mesitylene up
to 1:CTAB, after which it returns to a centre value close to the one at 0 concentration,
but with at least double the width. The accuracy of the peak position dramatically
decreases with increased amounts of swelling agent, showing that its addition mainly
leads to a decrease in the degree of ordering within the film structure, and not to a sig-
nificant increase in pore size.
As done for the CTAB experiments, the lateral peaks in the two-dimensional images
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FIGURE 4.16: Lateral peak position fitted from scattering profiles obtained during the
depositon of silica using concentrations of mesitylene versus [CTAB] of a) 0:1, b) 0.1:1,

c) 0.5:1, and d) 1:1.

were tracked using a twin Gaussian peak function, of which the results are shown in
Figure 4.19 for a) 0 mM, b) 0.5 mM, c) 1.0 mM and d) 2.0 mM of mesitylene present in
the sol (solutions B1-B4 in Table 4.1). Here, double peaks were successfully tracked for
all data sets, except for the first ≈17 s of the experiment done with sol B3 (4.19 c)). The
degree of inflation seems to be less and less with increased amount of mesitylene again,
as seen in the previous section on CTAB. The persistence of this behaviour indicates its
relation to the presence of mesitylene in the sol, with the actual surfactant chain length
being of less importance.
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FIGURE 4.17: GISAXS images of silica samples taken a-d) after deposition ex situ and
e-h) after ageing at 130◦C overnight. The mesitylene concentration was varied versus
[OTAB] as a,e) 0:1, b,f) 0.5:1, c,g 1:1, and d,h) 2:1. Exposure time: 60 s, incident angle:

0.2◦.
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FIGURE 4.18: Horizontal scattering profiles of the silica structures a) post deposition
(still in the cell), b) after ageing with increasing amounts of mesitylene concentration

using OTAB. c) Real space values corresponding to the peaks shown in a) and b).

4.1.5 The EASA mechanism

The actual mechanism behind EASA was somehow neglected in the scientific litera-
ture regarding an in depth study. In the pioneering article by Walcarius et al.110 which
firstly introduced the technique, only the pH change induced by the negatively charged
electrode was mentioned as the driving force, with no further detail given. A similar
explanation was given in an article reporting on the effects of varying a multitude of
component ratios of the silica sol,137 and it was only in a review published a few years
later that a first diagram of the mechanism was presented,138 showing the formation of
hemimicelles on the electrode surface, which grow into vertical cylinders. The forma-
tion of aggregates on top of the film was shown in the work of Goux et al.,137 where the
particles were analysed and it was shown that they were indeed mesoporous too, but
their formation was still not included in the overall mechanism.
Before further discussing EASA, it is worthwhile to mention other routes to deposit-
ing vertically aligned silica films. The Stoeber process for making mesoporous silica
spheres from solution is a well known technique.208 This approach was adapted for the
making of thin films by Teng et al., who also give a quite detailed explanation as to why
the pores order vertically and not horizontally to the surface.207 They postulate that
spherical micelles form on the surface of the substrate due to its negatively charged na-
ture (ITO or glass in this case) which attracts the cationic surfactant. Then, the spaces
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FIGURE 4.19: Lateral peak position fitted from scattering profiles obtained during the
depositon of silica using concentrations of mesitylene versus [OTAB] of a) 0:1, b) 0.5:1,

c) 1.0:1, and d) 2.0:1.

between micelles are filled with negatively charged oligomeric silicate species formed
by the hydrolised TEOS, having an electrostatic screening effect on the micelles. At
the same time, ethanol diffuses into the micelles, lowering their curvature and finally
resulting in the cylindrical growth of the micelles away from the substrate, where new
surfactant/silicate species attach to the ”head” of the micelles. The initial formation of
spherical micelles is hence essential for the further formation of vertically aligned chan-
nels instead of ones aligned parallel to the substrate. The issue of surface aggregates on
top of the films are also present when using this route, which dominate when the rate
of silica condensation is increased.
The main difference between EASA and the Stoeber route is the dynamic change of pH
during EASA versus a pre-set alkaline condition in the Stoeber route. Both processes
seem to rely on similar effects, but while EASA happens in the range of seconds at
room temperature including an electric field, Stoeber derived films are made at typi-
cally 60◦C over the course of several days. Nevertheless, it does not seem unintuitive
to expect a similar process happening in both approaches.
As mentioned in the introduction (see Section 1.6), the critical micelle concentration of
the bulk does not seem to determine whether organised films are formed or not, since
the vertically aligned hexagonal pore systems have been synthesised below and above
the CMC of CTAB for solutions made of 1:1 water/ethanol.137 The study did not con-
sider the influence of the inorganic salt present in the sol, which is likely to decrease the
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CMC of CTAB and would mean that all experiments were carried out above CMC,209

unless the ethanol in the solution counteracted the effect. In this work, a concentration
of 33 mM CTAB was used, which would be above the bulk CMC of 22 mM reported for
1:1 ethanol/water mixtures,143 which indicates that spherical CTAB micelles should
be present in solution from the beginning. Bing Tan et al. reported that a sufficiently
high concentration of ethanol (above 2.4 m/l) leads to ethanol acting as a co-solvent,
decreasing the dielectric constant of the liquid phase (which increases the counterion
association), and increasing the CMC of CTAB.210 They state that high concentrations
of ethanol destroy the long range order of CTAB structures and lead to the formation
of micellar solutions only, due to the decreased solubility of silicates in the continu-
ous phase leading to the association of shorter silicate oligomers with the CTAB. This
would be consistent with the process happening in the bulk solution. The increased
counterion association however favours the formation of lower curvature micelles (e.g.
cylinder-shaped), dominating the process of vertical pore formation at the electrode
surface.
In the previous section of this work, none of the scattering images prior to deposition
showed any evidence of micelle presence, most likely due to their very weak contrast
to the other species present in solution. When applying the potential, both scattering
features discussed earlier appear almost simultaneously after a few seconds, meaning
that the assembly on the substrate as well as the particle formation in solution happen
at the same time. The main question around the first stage of the process on the sub-
strate surface is whether hemimicelles (cylindrical/spherical) or full spherical micelles
are formed, and especially whether their formation is the result of crossing a ”local”
CMC or the attraction of ”pre-formed” micelles. The speed of formation hints more
towards the local assembly of micelles on the surface either as soon as the electrode is
immersed into the sol, or with application of the electric field as opposed to ones mi-
grating from solution to the surface, especially since migration effects should be rather
small due to the presence of supporting electrolyte. In the literature there are reports on
the assembly of CTAB on silica, which reported that the surfactant either forms a layer
of hemimicelles residing on top of a flat layer, or a layer of spherical micelles.140,141

Control experiments showed that dipping a blank TiN substrate into a solution of 0.1 M
NaNO3/EtOH (1:1) with CTAB (480 mg per 20 ml water) for a couple of minutes re-
sults in the formation of a horizontally aligned structure, as to be seen in Figure 4.20.
The first order peak around 2.4 nm−1 corresponds to a interlayer thickness of 2.6 nm,
which lies within the range of the length of CTA+ molecules.211 The application of a
potential to the blank TiN electrode in the CTAB solution (dummy sol) led to the same
kind of structure (see Figure A.2), implying that the potential does not affect the CTAB
self-assembly. This is in agreement with previous reports,140,141 suggesting that CTAB
behaves similarly on a TiN surface as on a silica surface. For comparison, another ex-
periment was conducted where a TiN substrate was immersed in the previously men-
tioned ”dummy sol” for a couple of minutes, after which first 905 µl (per 20 ml water)
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were added, followed by 12 µl (per 20 ml of water) of 35 w% NH3 solution. The sub-
strate was left without stirring over night and recovered the next day. A corresponding
GISAXS image is shown in Figure 4.21. A vertically aligned structure of typical dimen-
sion was obtained (spots), including surface aggregates (ring).
This proves that the replication of the EASA conditions without any electric field lead
to a very similar result in terms of the pore alignment. The quality of the film is presum-
ably not as high as from a typical EASA process, but the electric field can be excluded
as driving force for the assembly. The presence of the silica precursor leads to the sur-
factant assembling very differently, meaning that studies of it alone in solution are not
sufficient. It is therefore highly likely that the fundamental mechanism responsible for
the EASA process is very similar to the one happening during the Stoeber-process. Us-
ing the target surface as the source of catalysts needed for the reaction is advantageous
to the simple incorporation by stirring, making EASA a faster and more selective route
for the making of mesoporous silica films.
The ultimately limited availability of reactive species during the initiation of the silica
polycondensation along the length of the hydroxide diffusion layer should lead to a
condition at which the next incorporable species is too far away from the upper end of
the compact film due to their concentration profile depending on hydroxide diffusion,
meaning that their number decreases with increasing distance from the electrode. At
a certain film thickness, there should be no more species close enough for them to fur-
ther condense onto the film, as most other available species had been forming spherical
particles since the beginning of deposition since they were not affected by the surface
effect at the TiN electrode.
Considering ethanol moving from a co-surfactant to co-solvent when exceeding a crit-
ical concentration might also explain the effect of the swelling agent mesitylene on the
system: For CTAB, the addition of mesitylene led to (see Figure 4.15 c)) an initial in-
crease in pore spacing up to 0.5 [mesitylene]/[CTAB], followed by a decrease below
the initial value at equal concentrations of both. The dielectric constant of mesitylene
is almost 10 times smaller than that of ethanol (ethanol: 24.40 , mesitylene: 2.266 at
298.15 K212). Mesitylene must hence be acting as a co-surfactant up to 0.5 [mesity-
lene]/[CTAB], increasing the micelle size and pore spacing. Above that value, it seems
to be acting as a co-solvent. For OTAB on the other hand, the structure decreases in size
when adding mesitylene until reaching equal concentration, followed by and increase
back to initial value at doubled concentration (see Figure 4.18 c)). In this case, only the
co-solvent effect could be seen, which must be the result of the increased chain length
of OTAB vs CTAB.

To successfully resolve this question about the mechanism, an experiment with consid-
erably higher structural and temporal resolution would need to be performed with a
similar set of parameters. The operando GISAXS experiments shown in this work had
high temporal resolution, however the penetration of the entire solution by the X-ray
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FIGURE 4.20: Scattering image of a TiN substrate dipped into a solution of 0.1 M
NaNO3/EtOH (1:1) with CTAB (480 mg per 20 ml water) for a couple of minutes. In-

cident angle: 0.3◦, exposure time: 600 s (In-house measurement).

FIGURE 4.21: GISAXS image of a TiN substrate placed overnight into a solution of
0.1 M NaNO3/EtOH (1:1) with CTAB (480 mg per 20 ml water), followed by the addi-
tion of 905 µl (per 20 ml water) and 12 µl (per 20 ml of water) of 35 w% NH3 solution.

Incident angle: 0.3◦, exposure time: 600 s (In-house measurement).

beam did not allow for a distinct separation of the form factors from bulk and surface
structures. A neutron experiment in reverse geometry as shown in Chapter 2.6 would
bypass the bulk solution effects, but would be very challenging in its realisation due to
the need for a very large electrochemical cell and substrate (10x10 cm2), and it would
be limited in temporal resolution due to the current limitations in neutron flux.
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4.2 EASA with sinusoidal potential

The previous section showed that the formation of surface aggregates on top of the de-
sired mesoporous film is not avoidable with the regular experimental procedure, as it is
the natural result of applying a potential to drive the catalytic reaction. The expansion
of the pH gradient takes place within very short time and on a large scale, so that the
bulk reaction can not effectively be inhibited, even when using short deposition times.
Changes in the sol composition are considerable, but any change, e.g. a reduction of the
precursor concentration will always affect both parts of the process.
Ideally, the pH gradient should be limited to just a little bit more than the actual film
thickness, in which an aggregate free film would be formed. Such a reduction of the
hydroxide diffusion layer thickness can be obtained by using a non-constant potential,
e.g. a pulsed potential (rectangle) or even a sinusoidal signal. The sinusoidal poten-
tial oscillates between two potential values at which hydroxide generation is high/low
repectively, resulting in a modulated and almost pulse-like hydroxide influx at the elec-
trode, comparable to switching the current/influx on and off periodically. When doing
so, the concentration gradient at the electrode divides into an oscillating region (thick-
ness depending on frequency) and a static gradient of much less strength.213 In EASA,
this should allow for a preferred formation of the compact film at the electrode sur-
face while generating a significantly lower number of surface aggregates, and ideally
none at all if the conditions could be tuned to this extreme case. At the same time, the
film thickness increases considerably, making higher aspect ratios of the pore channels
available. The films would be generated continuously along their whole thickness, as
opposed to the stacking of mesoporous layers through the repeated application of the
EASA process to the same substrate.214

In this section, the results from using a sinusoidal signal will be shown. As for the
adaptation of the deposition protocol, the amplitude and offset of the sinusoidal poten-
tial are chosen in a way that makes the potential oscillate through the range at which
hydroxide generation becomes more and less important.
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4.2.1 Electrolyte-free sol

In this experiment, the same electrode configuration as in the previous section was
used. The silica sol was modified by omitting the originally used sodium nitrate com-
pletely, reducing its composition to 1:1 ethanol/water, CTAB and TEOS at initially
pH=3 (using 0.24 M HCl). The applied signal was a sinusoidal signal with a frequency
of 100 Hz between -1.0 V and -2.0 V vs Ag/AgCl reference electrode. The electrode area
was limited to 5 mm x 15 mm using nail polish to mask off the remaining part of the
substrate. Deposition time was given by the number of cycles, of which 10000 were the
initial smallest number at which a proper film could be seen on the TiN substrate. De-
position was hence done for 10, 15, 20 and 30 thousand cycles respectively after which
the samples were rinsed with water. The optical appearance of the silica films imme-
diately after deposition was distinctively different from the usual, as it was of strong
iridescence. This indicates the presence of a well ordered film structure. The effect
was most prominent for samples deposited at 15- and 20- thousand cycles, while the
sample made with 30000 cycles seemed to have a more turbid appearance, indicating
the increased presence of surface aggregates. Samples made using the same solution
composition and regular constant potential conditions showed thick white aggregate
layers and were not further characterised.

Electrochemical data The current resulting from the application of the AC signal at
100 Hz frequency if shown in Figure 4.22 a), where the inset shows a zoomed in part
illustrating the oscillating current, which can not be displayed properly otherwise due
to the high frequency. The current profiles were Fourier transformed using a custom
Python script, as depicted in Figure 4.22 b). Once again the inset shows a zoomed in
part, underlining the presence of a sharp peak at 100 Hz and a definitive DC compo-
nent towards low frequencies. The interesting part of the signal for this experiment
is the DC component of the signal, which corresponds to the static diffusion gradient
generated by the oscillating potential. Another custom Python script was used to filter
out the AC component of the signal around 100 Hz by applying a bandstop notch filter
with a Q factor of 30. Figure 4.22 c) shows the resulting current profiles with removed
oscillation. These are of roughly the same order of magnitude and shape throughout
all samples, with their length being their main difference. In comparison to the appli-
cation of constant -2.0 V for 60 s, the current magnitude is about 10 times smaller when
using the sinusoidal potential. This makes sense as the alternating potential mainly
generates non-Faradaic currents from the oscillating double layer. The ”efficiency” of
the signal in terms of hydroxide production at the electrode was therefore significantly
decreased.
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FIGURE 4.22: a) raw data of the currents recorded during the deposition of silica using
a sinusoidal signal with a frequency of 100 Hz, between -1.0 V and -2.0 V with deposi-
tion times of 10k, 15k, 20k, and 30k cycles (100, 150, 200 and 300 s). Inset: zoomed plot
of the same signals for the period between 0 and 0.3 s. b) Fast-Fourier-Transform of the
data shown in a) done using a custom made python script. Inset: zoom to the range
0-200 Hz. c) Data from a) filtered using another custom python script which employs
a bandstop notch filter at 100 Hz with Q=30. d) Same data as c) plotted in conjunction
with a current transient obtained from a deposition at constant potential of -2.0 V (DC)

for 60 s.

SEM Our partners at the University of Warwick kindly collected SEM images of the
mentioned samples, including top down as well as cross sectional views. These can be
seen in Figure 4.23. Images i) and ii) correspond to 10k cycles, iii) and iv) to 15k, v)
and vi) to 20k and vii) and viii) to 30k cycles of potential. The odd numbers correspond
to top down images, while the even ones indicate cross sections. It can be seen that in
Figure 4.23 i), only very few surface aggregates are present on the film. Their number
does slightly increase with increasing number of cycles, but it is very obvious that it
is significantly smaller than with the traditional approach using chronoamperometry,
as even in Figure 4.23 vii) the film is not fully covered in aggregates after a deposition
of 300 s. From the cross sections, the tried and tested software ImageJ158 was used to
approximately measure the thickness of the deposited films, as plotted in Figure 4.24.
The film thickness increases from almost 150 nm at 10k cycles in a mostly linear fashion
to close to 350 nm at 30k cycles.

GISAXS data Once again, GISAXS was used to analyse the structure and arrange-
ment of the silica films. The images shown in Figure 4.25 a-d) were measured on our
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FIGURE 4.23: Images i) and ii) correspond to 10k cycles, iii) and iv) to 15k, v) and vi)
to 20k and vii) and viii) to 30k cycles of potential.
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a)

b)

i) ii)

iii) iv)

v) vi)

vii) viii)

FIGURE 4.24: Film thickness versus number of cycles extracted from the images shown
in a) using the software ImageJ.158

in-house instrument at an angle of 0.3◦ for a duration of 15 min for the samples de-
posited with a) 10k, b) 15k, c) 20k, and d) 30k cycles. The four images look very similar
by eye, showing the symmetrical horizontal spots expected for a vertically aligned two-
dimensional hexagonal pore structure, including two higher order peaks highlighting
the augmented degree of ordering within and low number of surface aggregates on the
films.

Characterisation using a redox probe Hexaamine ruthenium chloride Ru(NH3)6Cl3

was used in cyclic voltammetry experiments on the newly generated silica films. Mea-
surements were performed for each sample both before and after removal of the surfac-
tant through immersion in 0.2 M HCl in ethanol overnight. The potential was scanned
between -0.4 V and 0.2 V vs Ag/AgCl in a solution containing 5 mM Ru(NH3)6Cl3 with
0.1 M NaNO3 using a Pt gauze as counter electrode. Results from measurements done
at 20 mV/s are shown in Figure 4.26. This cationic probe was chosen because it reliably
indicates whether the surfactant was properly removed from the silica film, as it does
not penetrate the surfactant within the film (as opposed to other redox probes, which
do so110). The solid black line in Figure 4.26 shows the current response obtained from
using a blank TiN substrate. The current response of the silica films as prepared is sig-
nificantly smaller than of blank TiN, indicating continuous coverage of the electroactive
area. After surfactant removal, the redox peaks become visible again, whereby consis-
tently higher currents were recorded as compared to the blank substrate. This observa-
tion is common for highly ordered mesoporous silica films, where cationic probes tend
to accumulate in the pores due do their negatively charged silica walls.215 This con-
firms the successful generation of vertically aligned silica films through the application
of a sinusoidal potential.
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FIGURE 4.25: 2D GISAXS images measured on our in-house instrument at an angle of
0.3◦ for a duration of 15 min for the samples deposited with a) 10k, b) 15k, c) 20k, and

d) 30k cycles.
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FIGURE 4.26: Cyclic voltammetry of silica films on TiN in 5 mM Ru(NH3)6Cl3 with
0.1 M NaNO3 between -0.4 V and 0.2 V vs Ag/AgCl at a scan rate of 20 mV/s, five
cycles each. Solid black line shows response of a blank TiN substrate with an electrode
area of 5 mm x 15 mm. Coloured dashed lines show the current response before, solid

ones after surfactant removal.

4.2.2 Regular sol

The procedure described in Section 4.2.1 was repeated in a control experiment, where
a silica sol containing NaNO3 was used (see Section 4.1.1). The same electrochemical
setup and conditions were used. After application of the sinusoidal potential, the sam-
ples were rinsed with deionised water immediately. No iridescence was visible to the
naked eye for these samples - their whitish appearance hinted at the presence of nu-
merous surface aggregates. As displayed in Figure 4.27, the filtered raw data of the
current responses consist of a DC signal in similar range to the ones shown in Figure
4.22 c). The transients of the samples with 10 and 15k cycles seem to be slightly lower
in magnitude than the other ones. This could be the result of a slight variation in elec-
trode positioning during sample change, but should not affect the general results as the
potential was controlled in this experiment.
SEM images of the films are shown in Figure 4.28. They show clusters of surface ag-
gregates in the micron range from 15k cycles onwards (b-d), whereby more than half
of the pictured area seems to be covered at 30k cycles. The number of clusters formed
during silica EASA is increased significantly when NaNO3 is present in the sol, which
is plausible as the generated current is higher. NaNO3 has been suggested to be sup-
porting the formation of hydroxide at the working electrode,110 accelerating the silica
condensation process not only at the electrode surface but also in the bulk solution.
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a) b)

FIGURE 4.27: Filtered current response during silica deposition a regular silica sol
using a sinusoidal signal of f=100 Hz, potential, -1 V to -2 V, a) 10k, b) 15k, c) 20k, d)
30k cycles. A custom python script was used to employ a bandstop filter at 100 Hz ,

Q=30 to the raw data.

The structure of the samples was investigated by GISAXS on our in house instrument.
Figure 4.29 displays the raw two-dimensional images of the respective samples made
at a) 10, b) 15, c) 20 and d) 30k cycles, measured at an angle of 0.3◦ with an exposure
time of 30 min. An increased exposure time was used for the control samples compared
to the main ones (15 min) as their scattering seemed to be generally weaker. The pres-
ence of surface aggregates is confirmed in the GISAXS data, showing strong semicircles
for the samples made at 15, 20 and 30k cycles (b-d), with only the shortest deposition
time (10k, a) not showing such. Horizontal scattering features are seen for all of the
control samples, whereby only the first order peak is visible. This indicates the success-
ful formation of a vertically aligned structure below the surface aggregates, but with
a much lower degree of ordering than the original samples made using this technique
(see Section 4.2.1). This shows that not only the use of a sinusoidal signal, but also the
neglect of supporting electrolyte leads to the formation of higher quality films during
EASA.
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a) b)

c) d)

FIGURE 4.28: SEM images of control samples made by applying a sinusoidal poten-
tial to a TiN electrode immersed in a regular silica sol as described in Section 4.1.1.

f=100 Hz, potential, -1 V to -2 V, a) 10k, b) 15k, c) 20k, d) 30k cycles.

Film structure analysis From the GISAXS images shown in Figures 4.25 and 4.29,
horizontal profiles of the intensities were made which are shown in Figure 4.30 a) for
the electrolyte free and b) 0.1 M NaNO3 containing sol (in the water part). The first pos-
sesses strongly pronounced peaks of up to second order, while the latter only has a first
order peak. This shows that the ordering of the films made using the electrolyte free
sol have a higher degree of ordering than the ones using the conventional sol. Figure
4.30 c) displays a comparison of the d-spacings corresponding to the peaks shown in
Figure 4.30 a) and b) (d = 2π/q). The blue dots corresponding to the electrolyte free
so show a very consistent value of roughly 3.75 nm, while the distances using the con-
ventional sol (orange) appear to slightly decrease with increasing number of AC cycles.
This is probably a result of the increased peak width of those points, as the data is still
in overall agreement for both conditions within their error bars.

The obtained structures both have dimensions in good agreement with the initially
shown silica films made by applying a constant potential to an electrode situated within
a regular silica sol containing NaNO3. This novel route hence allows for the generation
of high quality silica films with decreased amount of surface aggregates, as required for
any application needing a ”clean” film surface. Further tuning of the AC protocol and
the sol composition might make aggregate free depositions possible, with obtainable
films beyond microns in thickness.
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a)

b)

c)

d)

FIGURE 4.29: 2D GISAXS scattering images of the control samples taken on our
Rigaku Smartlab at an angle of 0.3◦ for a duration of 30 min for the samples deposited

with a) 10k, b) 15k, c) 20k, and d) 30k cycles.
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FIGURE 4.30: Horizontal scattering profiles for a( the electrolyte free and b) 0.1 M
NaNO3 containing sol. c) Comparison of the d-spacings corresponding to the peaks

shown in Figure 4.30 a) and b) calculated using d = 2π/q.

4.3 Dynamic pH experiments

The following part of this work contains the results obtained from potentiometric pH
measurements on a TiN working electrode, as used in the previous chapter for the
EASA of mesoporous silica films. Fabrication of Pt microdisk electrodes (Pt-MDE),
preparation of the required Pd plating mixture and the characterisation/calibration of
the obtained Pd microdisk electrodes (Pd-MDE) are summarised in a previous chapter
(Chapter 2, 2.2).
When deemed operational, the pH sensors were used in a series of dynamic pH ex-
periments, for which the composition of the solution was gradually changed, but the
electrochemical setup stayed the same. Ultimately, a regular silica sol was used and the
results compared to the priorly investigated ”idealised” solutions. The experiments
presented in the following consist of a five-element series. The silica sol used for EASA
is a very complex system of multiple ingredients, of which not all cross-correlations are
known. The monitoring of the local pH near an electrode being not a straight forward
experiment made it necessary to start from an ideal solution containing only a simple
electrolyte. Consecutively, chemicals were added one at a time until reaching the actual
sol composition.
The simplest system in this series was chosen to be a solution of 0.1 M KCl, which was
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used for an experimental proof of concept. Then, ethanol was added while the con-
centration of KCl was kept constant. Thirdly, an equal part mixture of ethanol/water
was investigated, before adding 0.1 M NaNO3 to its water part and finally, the full sol
including surfactant (CTAB) and silica precursor (TEOS). The experimental setup and
measuring routine can be consulted in Chapter 2, 2.2. All of the solutions used in this
chapter were acidified using 0.24 M HCl until reaching a pH value of 3 on a pH me-
ter (Mettler Toledo FiveEasy). No degassing was done, meaning that all experiments
were done in the presence of air in the solutions. Two Pd-MDEs were used in these ex-
periments and they will be identified for each (Pd-MDE5/Pd-MDE6). Both electrodes
underwent the same fabrication process and differ mainly in their tip geometry due
to their shaping by hand. Cyclic voltammetry was performed on a TiN working elec-
trode in these solutions (except the silica sol) at 100 mV/s, using a Pt gauze counter
and Ag/AgCl reference electrode (see Figure 4.31). The data shows features related to
hydrogen, water and oxygen reduction reactions216,217 for all three salt-containing so-
lutions (a,b,d), with the smallest current response from the water/ethanol mixture (c).
The magnitude of those features reduces with each cycle, indicating the consumption
of oxygen. The purely aqueous solution shown in Figure 4.31 a) possesses the largest
current in the hydrogen evolution wave (below -1.5 V), but all salt containing solutions
show oxygen reduction waves between -0.5 and -1.5 V (b,d). Only 4.31 c) has an ox-
idation peak around -0.5 V, but does not seem to show the same reduction features,
suggesting that the previously mentioned reactions do not take place with the same
magnitude in the electrolyte-free solution. Details on the involved reactions will be
discussed later on in this Section.

4.3.1 Proof of concept

The first actual experiment was performed in 0.1 M KCl using Pd-MDE6. The electrode
was angled to roughly 45 degrees with respect to the longer axis of the TiN electrode
and approached until the glass body touched the TiN surface close to its outer edge.
The distance between MDE tip and TiN electrode was hence below 1 mm, but can not
be determined more accurately in this case. The pH sensor was loaded before each
measurement using a current of -18 nA, where loading took roughly 300 s. Once fully
loaded, an OCP measurement was started. Chronoamperometry on the TiN electrode
was started as soon as it was visible that the pH sensor had reached its plateau region,
which was typically 30-40 s after stopping the loading current. Loading was always
done in the bulk solution, at 10 mm distance to the measurement point in order to min-
imise any changes in chemical environment near the TiN electrode. This was done
using the micropositioner, which allowed for quick and precise movement of the MDE
away from the target and back. The potential during loading at -18 nA as well as the
relaxation of the pH sensor without any disturbance is shown in Figure 4.32. The blue
curve displays the typical shape of a galvanostatic loading curve, showing the initial
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a) b)

c) d)

FIGURE 4.31: Cyclic voltammetry (100 mV/s) of a TiN electrode in a) 0.1 M KCl, b)
0.2 M KCl/EtOH (1:1), c) H2O/EtOH (1:1) and d) 0.1 M NaNO3/EtOH (1:1) at pH=3.

Pt gauze counter, Ag/AgCl reference electrode.

loading of hydrogen into the HPd α-phase up until roughly 90 s, after which the po-
tential flattens out, indicating the formation of the HPd β-phase.153 It shows a feature
at 300 s, where the potential suddenly decreases to a lower flat region. This indicates
the transition into the hydrogen evolution regime, where the sensor cannot be further
loaded. The current was switched off at 400 s. The pH sensor OCP (green curve) then
abruptly rises to about -0.25 V vs Ag/AgCl, where it stays on a plateau for slightly more
than 150 s until suddenly increasing to over 0.4 V. The shoulder at 600 s corresponds to
the unloading of the HPd α-phase.153 The lifetime of the pH sensor in this case was of
around 120 s, which is rather short due to the presence of air in the solution. As the
target experiments are shorter than one minute, this was deemed as ”good enough”.
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FIGURE 4.32: Galvanostatic loading curve of the HPd pH sensor at -18 nA (blue),
showing the initial loading of hydrogen into the HPd α-phase (<90 s), the HPd β-

phase (<300 s) and the region of hydrogen evolution (>300 s).153

Potential vs pH For the first set of measurements, the potential during chronoam-
perometry was held at -1.25, -1.5, -1.75 and -2.00 V vs Ag/AgCl for 10 s each. Figure
4.33 a) shows an exemplary response obtained for -2.0 V. The time axis was set to start
at the exact moment at which the chronoamperometry was started. The blue curve
shows the raw pH sensor response during chronoamperometry, which is shifted to
more negative potentials compared to the response after chronoamperometry (yellow).
This is the result of the ohmic drop between MDE and reference electrode due to the
electrical current between TiN electrode and the counter electrode. It increases with
increasing current. All potentials recorded at the pH sensor hence need to be corrected
for the ohmic drop using the interruption of the current to determine the uncompen-
sated resistance. This is done by the equation Ucorr(t) = Udata(t) − Ru ∗ iCA(t), with
the corrected potential Ucorr(t), the raw data Udata(t), the uncompensated resistance Ru

and the current from chronoamperometry iCA.218 The difference in the potential profile
after correction is shown by the red curve in Figure 4.33 a), where the abrupt change in
potential at 10 s is no longer visible. The corrected transients for the previously men-
tioned potential values are shown in Figure 4.33 b). All transients show a minimum
shortly after the respective potential is switched off; the magnitude of the dip increases
with increasing overpotential. The time delay between hydroxide generation at the
electrode during chronoamperometry and the minimum in potential recorded at the
pH sensor arises from the alkaline wave travelling away from the electrode into the
bulk, passing the sensor at the time needed to diffuse along the distance between elec-
trode and sensor. This distance δ can be approximated using the diffusion coefficient
of hydroxide (DOH = 5.3 x 10−5 cm2s−1 202) and δ =

√
πDOHtmin ≈ 600µm (with a tmin of

approximated 20 s). This fits well with the previously assumed value of less than 1 mm.
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Interestingly, the pH sensor lifetime seems to increase dramatically when exposed to
the alkaline wave. Its lifetime was previously recorded as in the range of 120 s (see Fig-
ure 4.32), however the characteristic features at the end of the plateau region seem to
be delayed with decreasing potential during chronoamperometry. While the lifetime of
the sensor agrees with its initial measurement after the application of -1.25 V and -1.5 V,
the data shows an increase to more than 200 s after applying -1.75 V and 300 s for -2.0 V.
The electrolysis reaction happening during chronoamperometry generates the swing
into the alkaline region, which partly happens through oxygen reduction and hence
increases the sensor lifetime due to the consumption of oxygen in the vicinity of the pH
sensor.216

Figure 4.34 displays dynamic pH profiles corresponding to the IR drop corrected raw
data shown in 4.33 b). Please Note: from now on, any pH curve shown in this work will
have been corrected for ohmic drop, unless stated otherwise. The top panel shows the pH
response obtained from the pH sensor (Pd-MDE6) using the calibration curve shown
in Chapter 2, 2.2, while the lower panel displays the corresponding current transients
recorded on the TiN electrode. The calibration offset was chosen so that the transients
initiate at pH=3. As for the response after the application of the potential, one can ob-
serve an increase in pH at about 20 s, which ranges in amplitude from only one or two
increments of pH at the higher potentials (-1.25, -1.5 V) to beyond 10 increments for the
highest overpotential. The features seem to be rolling in a wave-like manner during
which the local pH reaches a maximum, followed by its decay until reaching bulk pH
again. Both, amplitude and relaxation time increase with higher overpotential, as more
hydroxide is generated at the TiN electrode. This experiment looked rather promising
because it clearly visualises the passing of an alkaline wave at the pH sensor, originat-
ing at the TiN electrode.

The sensor possibly operates closer to oxygen free conditions when exposed to the al-
kaline wave, which would mean that the recorded pH values shown in Figure 4.34 are
probably overestimated in their magnitude, due to the sensor becoming more Nerns-
tian (closer to -59 mV/pH) during the measurement. As this effect is not possible to
gauge at the moment, no strictly quantitative interpretation will be deduced from this.
The data does however show the expected qualitative trends.

Control experiments As means of control, an experiment was performed where
chronoamperometry was done at the TiN electrode, but where the pH sensor was ei-
ther 10 mm away and still in the ”beam” of the electrode, or completely out of its way
in order to see whether the recorded responses were just effects arising from electrically
coupled cables in the setup. The OCP of the sensor did not show even remotely similar
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a) b)

FIGURE 4.33: a) pH sensor response during (blue) and after (yellow) 10 s of chronoam-
perometry at 2.0 V. The blue curve is shifted to lower potentials due to the IR drop
between reference electrode and the pH sensor. The red curve shows the same data
corrected for IR drop using Ucorr(t) = Udata(t)− Ru ∗ iCA(t). b) Raw data of the pH
measurement of TiN electrode at a potential of -1.25, -1.5, -1.75 and -2.00 V vs Ag/AgCl
for 10 s using Pd-MDE6 in 0.1 M KCl at bulk pH=3 (0.24 M HCl). Distance between TiN

and pH sensor <1 mm.

features, which consisted of only a slight ohmic drop in the first and no response at all
in the latter case.

Length of chronoamperometry and pH sensor distance As a second step, the mea-
surements at -1.75 V and -2.00 V were repeated with 30 s of potential application, as
shown in Figure 4.35 a). It shows that through longer application of the potential, the
alkaline wave has a higher amplitude and relaxation time, while the behaviour regard-
ing the magnitude of the potential is maintained. In addition, measurements were car-
ried out for both, 10 and 30 s of applied potential with the pH sensor at 0.5 mm distance
of its original location as close as possible to the electrode, as shown in Figure 4.35 b).
The pH response at half a mm further away from the TiN electrode is almost invisi-
ble compared to the original signal, and the lifetime of the sensor remains in the range
of the initial measurements without chronoamperometry. The location chosen for the
measurements seems to be sufficiently close in order to obtain a good signal from the
pH change. One issue encountered during this experiments was the formation of bub-
bles on the TiN electrode whenever the potential was kept at -2.0 V for longer than 5 s.
Bubbles of that kind are most probably also responsible for the noise seen in the 30 s
measurement at -2.0 V shown in Figure 4.35 a). In order to remove them from the elec-
trode, the beaker containing the solution had to be lowered until the electrode was in
air and put back. This was done whenever a previous measurement had led to bubble
formation, but as it was not possible to achieve exactly the same configuration as be-
fore; variations of the current magnitudes during chronoamperometry were observed
due to slight changes of the electrode’s active area. These variations are not of great
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10 s IRcorr

FIGURE 4.34: IR drop corrected dynamic pH responses generated from the raw data
shown in Figure 4.33.

concern for this work though, because the TiN electrode was only used to create the
alkaline wave and no quantitative information will be deduced from the current tran-
sients.
The geometry chosen in this experiment was not ideal due to the pH sensor tip being
very close to the edge of the TiN electrode, which is expected to distort the diffusion
field if sufficiently close to the surface. Additionally, as the distance between sensor
tip and TiN electrode is limited by the glass housing, it would not be possible to move
the tip closer to the middle of the TiN electrode without it being much further away
than before. For this reason, the working electrode was slightly tilted away from the
longitudinal axis of the MDE, so that the tip could be moved as close as possible to
the working electrode. Schematic drawings of this setup can be seen in Figure 2.7 in
Chapter 2.
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a) b)

FIGURE 4.35: pH response of Pd-MDE6 recorded a) at -1.75 and -2.00 V applied for 10
and 30 s, and b) -2.00 V for 10 and 30 s each and at the original measurement location

as well as 0.5 mm away from it respectively.

4.3.2 0.1 M KCl

The previously shown measurements were partially repeated with a more precise cal-
ibration of the distance between MDE tip and TiN electrode. This was done using a
USB microscope and the image processing software ImageJ. Figure 4.36 shows the raw
microscopy image. The distance was approximated by using the width of the Pt wire
within the MDE, which is known as 25 µm. The number of pixels corresponding to
this width was taken at the very top of the electrode, where the wire itself is most in
focus. As the edge of the TiN electrode is not in focus due to its much larger depth
compared to the MDE, there is of course a high uncertainty about the actual numerical
value given here. The picture is however useful for illustrating how close the electrodes
were in the setup. Electrochemical techniques for determining the distance such as an
approach curve or similar were not possible here, because that would have required a
vastly different setup which was not realisable at the time. The time of applied constant
potential during chronoamperometry will from now on be referred to as tCA, and tAC

when an AC potential is used.
Time resolved pH measurements in 0.1 M KCl at pH=3 were repeated for -1.5, -1.75 and

-2.0 V vs Ag/AgCl. The electrodes used and the measurement procedure was identical
to the one in the previous section. Pd-MDE5 was used this time, and the pH responses
were calculated using the calibration curve shown in Chapter 2, 2.2 (Pd-MDE5). -18 nA
were used as the loading current for a duration of roughly 5 min. The sensor life-
time was observed as similar to the measurements presented previously. The constant
potentials during chronoamperometry on the TiN working electrode were applied for
durations of tCA=1, 2, 5, 10 and 30 s each. The resulting pH responses are shown in
Figure 4.37 for a) -1.5 V, b) -1.75 V and c) -2.0 V. As seen before, the magnitude of the
response and also the time needed for the sensor to reach its initial value again in-
crease not only with increasing chronoamperometry time, but also with more cathodic
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FIGURE 4.36: Calibration image for the distance between Pd-MDE5 and the TiN work-
ing electrode. The distance was determined as roughly (375±100) µm using the soft-

ware ImageJ.

potential values. The responses at -1.5 V stay at most near pH=4 mark for the longest
time (tCA=30 s), while they reach values above pH=10 at 10 s for -1.75 V and only 5 s at
-2.0 V. The maximum values reached by each of the response curves for a given time of
applied potential are gathered in Figure 4.37 d). While the maximum value depends
almost linearly on the duration of chronoamperometry at -1.5 V up to tCA=30 s, a mas-
sive increase can be seen for the lower potentials, happening at shorter times for -2.0 V.
This can be explained by looking at the two main reactions involved at the electrode:

2H+
(aq)

+ 2e− → H2(g), (4.1)

2H2O + 2e− → H2(g) + 2[OH]−
(aq)

. (4.2)

Equation 4.1 corresponds to the reduction of protons in the solution, which takes place
already at small overpotentials. When the overpotential is sufficiently high, the reduc-
tion of water as described in Equation 4.2 becomes relevant.219,220 This leads to a strong
increase in hydroxide generation and hence to the observed rise in pH maximum for
higher overpotentials. In aerated solutions (as used in this work), oxygen reduction
reactions also need to be considered,216,217 as shown in Equations 4.3&4.4

O2 + 2H2O + 4e− → 4[OH]−, (4.3)

O2 + 2H2O + 2e− → H2O2 + 2[OH]−, (4.4)

for alkaline and Equations 4.5&4.6

O2 + 2H+ + 4e− → 2H2O, (4.5)

O2 + 2H+ + 2e− → H2O2, (4.6)
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for acidic conditions. Putting this into context with the presented experiments, the
oxygen reduction reactions near the electrode change from generating water and hy-
drogen peroxide to mainly hydroxide as the local environment evolves from acidic to
alkaline. This means that the alkaline wave might have several ”layers” depending on
how much of the chronoamperometric current is converted to hydroxide ions. The rise
in pH at the electrode should be leading to an increased hydroxide production due to
the contribution from oxygen reduction reactions. This could explain the emergence
of multiple maxima in the pH transients (as seen in Figure 4.37 a), 30 s (brown)) if the
changes in chemical environment happen sufficiently slowly to be resolved as indi-
vidual waves. During and after application of the potential, generated species diffuse
away from the electrode until bulk pH is restored. In the acidic bulk solution, the main
reaction taking place is probably the combination of generated hydroxide and protons
to water (Equation 4.7):

[OH]− + H+ → H2O. (4.7)

The overall shape of the pH transients looks very similar to the ones obtained by Critelli
et al., which simulated and measured pH transients near a gold electrode in buffered so-
lution.219 Its comparability to the study in this work is reasonable because even though
no buffer was added, a small amount of carbon dioxide/carbonic acid would have
been present in all solutions used in this work, as it dissolves in water at ambient con-
ditions.221,222 The weakly acidic nature of carbonic acid leads to it acting as a buffer for
the hydroxide generated at the TiN electrode, leading to the similarity in transients to
the work of Critelli et al. . For comparison, a set of measurements was done during
the application of an AC potential. The conditions were the ones used in the previ-
ous chapter, meaning f=100 Hz with the potential oscillating between -1 and -2 V. The
corresponding pH responses from the sensor as well as the maximum pH values are
shown in Figure 4.38 a) and b) respectively. The total time of applied potential was gen-
erally extended for these measurements because the effective generation of hydroxide
is expected to be a lot less effective when using this electrochemical protocol. A longer
time would then be needed at this tip-working electrode distance until a change in pH
would be seen. Figure 4.38 a) shows the obtained pH curves and b) their maximum val-
ues. The data was not corrected for ohmic drop because no reliable estimation could
be made regarding the actual current contributing to the potential shift, especially as it
seemed to arbitrarily change polarity within consecutive measurements. Only the data
after switching off the chronoamperometry will therefore be discussed in this case. As
expected, the maximum values are considerably smaller than for the constant poten-
tials, where even for the longest time of 200 s the local pH does not exceed a value of
5. The lifetime of the sensor is also not increased as much, especially when comparing
the application of 30 s at -2 V to the longest time of AC potential, which allows for the
conclusion that the application of an AC potential does indeed lead to a smaller pH
gradient. The absence of an actual peak in the curve at tAC=200 s indicates that the
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a) b)

c) d)

IR corrected

FIGURE 4.37: pH responses of Pt-MDE5 at (375±100) µm from the TiN working elec-
trode in 0.1 M KCl at pH=3 for tCA=1, 2, 5, 10, and 30 s of chronoamperometry at a)
-1.5 V, b) -1.75 V and c) -2.0 V. d) Maximum pH values reached by the response curves

shown in a)-c) versus chronoamperometry time for each of the applied potentials.

maximum concentration was reached before 200 s, until which the pH gradient resided
in a steady state until the potential was switched off and observed decay began. This
means that the alkaline wave travelled to the sensor in a shorter time than the potential
was applied for, which is reasonable if compared to the previously calculated distance
of 600 µm in 20 s.

4.3.3 0.2 M KCl/EtOH 1:1

Using the same configuration as in the previous subsection, the solution was changed
to a mixture of 0.2 M KCl with ethanol at a ratio of 1:1 at pH=3. This solution was
chosen in order to keep the overall KCl concentration similar to the previous one, but
to introduce a large amount of ethanol, as would be in the original silica sol. During
the experiment, it was quickly visible that the overpotentials needed to obtain similar
response curves were slightly higher than before, as e.g. at -1.5 V no response was visi-
ble in the range of times used until then. In addition, the galvanostatic loading current
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FIGURE 4.38: a) pH responses (not corrected for ohmic drop) recorded using Pd-MDE5
at (375±100) µm from the TiN working electrode in 0.1 M KCl at pH=3 with an applied
sinusoidal potential between -1 V and -2 V, f=100 Hz, for the total duration of tAC=10,
20, 100, and 200 s. b) Maximum pH values from (a) vs the time of applied potential.

Values taken from pH transients after the period of chronoamperometry.

also had to be increased to -48 nA, as otherwise the point of full charge was not visible.
This did also decrease the loading time to just under three min. This highlights already
a major difference of the system compared to the purely aqueous one, in which the ef-
ficiency of the electrode regarding the generation of hydroxide seems to be decreased
through the presence of ethanol in the solution. pH response curves were recorded
for the applications of -1.75, -1.875 and -2.0 V for varying times between 5 and 60 s,
in-between which the sensor was reloaded every time. The corresponding data plots
of the measurements are shown in Figure 4.39 for a) -1.75 V, b) -1.875 V, and c) -2.0 V.
The data shows, that the response at -1.75 V (a) does in this case resemble more the
ones obtained at -1.5 V ( see Figure 4.37 a) in the aqueous solution, or slightly weaker
in amplitude for the shorter times. The responses at -1.875 V (b) are of intermediary
height, whereas the ones at -2.0 V (c) are rather similar to their aqueous references (Fig-
ure 4.37 c). At tCA=60 s and -2.0 V (Figure 4.39 c)), the transient has an unexpected
dip at approximately 70 s after having passed pH=12. This could be related to bubble
formation between electrode and sensor, which was not observed for this solution com-
position but cannot be totally excluded. Figure 4.39 d) summarises the maxima of the
pH responses, showing again that lower potentials lead to an extreme pH swing even at
short periods of applied potential. It can be seen that while the overall trends regarding
lower potentials are similar to the ones seen before (see Figure 4.37 d)), the maximum
values are slightly lower for the same times of applied potential at -2.0 V and dramati-
cally lower at -1.75 V. The conclusion can be made that the introduction of ethanol into
the system decreases the amount of generated hydroxide species at the TiN electrode
(which fits well with the CV in Figure 4.31 b) showing lower currents than in Figure
4.31 a)). This makes sense as there are only half as many water molecules available.
Complementary experiments using the previously introduced sinusoidal protocol did
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a) b)

c) d)

IR corrected

FIGURE 4.39: pH responses recorded using Pd-MDE5 at (375±100) µm from the TiN
working electrode in 0.2 M KCl/EtOH (1:1) at pH=3 for the applications of a) -1.75, b)
-1.875 and c) -2.0 V for tCA of (not b) 5, 10, 30 and (only c) 60 s. d) Maximum pH values
from a) vs time of applied potential. At -1.75 V (a), the maximum pH does not go far
beyond pH=4, while a value above pH=10 is obtained when applying -1.875 V for 30 s
(b). At -2.0 V, even a tCA of 10 s is sufficient for reaching a maximum pH above pH=10.

show only very little response at times of applied potential of more than tAC=100 s, and
will hence only be included in the Appendix of this work (see Figure A.3). They do
however still show that the AC protocol leads to significantly lower pH responses at
the given distance between MDE tip and TiN working electrode.

4.3.4 H2O/EtOH 1:1

During the same experimental run, the solution was changed again, keeping the elec-
trode configuration intact as before. The solution now used consisted of only water
and ethanol in a ratio of 1:1, at pH=3. This time, only -2.0 V were applied during
chronoamperometry as a strong decrease in signal response was observed in this so-
lution. A loading current of -48 nA was used. Figure 4.40 a) shows the obtained pH
response curves for times of applied potential of tCA=10, 30, 60 and 200 s, with the cor-
responding max. pH values shown in Figure 4.40 b). The parts of the transients during
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FIGURE 4.40: a) pH responses recorded using Pd-MDE5 at (375±100) µm from the
TiN working electrode in H2O/EtOH (1:1) at pH=3 during the application of -2.0 V for
times between 10 and 200 s. b) Maximum pH values (taken from the transient after
the end of chronoamperometry) from a) vs the time of applied potential. The mas-
sive IR drop caused by the absence of supporting electrolyte makes the interpretation
of the signal during applied potential complicated. The corrected transients are not
consistent with previous measurements, especially with the one at tCA=200 s (yellow)
dropping beneath the bulk value of pH=3 from 30-90 s (not reasonable). This implies
that the correction using a constant uncompensated resistance is not sufficient in this
case and that the transients should only be analysed in their parts after the application

of the potential.

chronoamperometry are in this case not consistent, especially with the one at tCA=200 s
(yellow) dropping beneath the bulk value of pH=3 from 30-90 s, which is not reason-
able. The curves show an unexpected feature right at the beginning of chronoamper-
ometry, which could be related to a concentration overpotential arising from the ab-
sence of supporting electrolyte. This causes a massive IR drop which is apparently not
sufficiently taken into account by a constant uncompensated resistance. Even after ap-
plying -2.0 V for tCA=200 s on the TiN electrode, the maximum pH values recorded at
the sensor after application of potential do not exceed values of pH=5. This fits well
with the absence of oxygen reduction features and the very small current in the hy-
drogen evolution wave seen in 4.31 c). Only one AC measurement was done in this
experiment, where the peak obtained for a total of 200 s had roughly the same height
as the one from constant -2.0 V for tCA=60 s, confirming the previously observed trend
(see Figure A.4).

4.3.5 0.1 M NaNO3/EtOH 1:1

The closest solution composition to the original sol is the one used in this experiment,
consisting of 0.1 M NaNO3+EtOH (1:1) at pH=3. It has the exact same components
except for the surfactant and silica precursor, so should be similar in its hydroxide gen-
eration environment. The loading current was increased to -80 nA in order to properly
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a) b)
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FIGURE 4.41: a) pH responses recorded using Pd-MDE5 at (375±100) µm from the
TiN working electrode in 0.1 M NaNO3+EtOH (1:1) at pH=3 during the application of
-2.0 V for times between tCA=10, 30 and 60 s. b) Maximum pH values from a) vs the
time of applied potential. The decreased amount of supporting electrolyte (compared
to the first two solutions presented in this series) leads to lower maximum pH values
at comparable times of applied potential. A tCA of 10 s is however still sufficient to

surpass a maximum pH value of pH=10.

see the transition of the sensor to its fully charged state. The curves recorded on the
sensor are shown in Figure 4.41 a), with their maxima shown in b). Due to the glob-
ally reduced amount of supporting electrolyte compared to the first two solutions used
in this series, the maximum pH values are generally lower than those for the shorter
times, but significantly higher than the one containing no supporting electrolyte. Two
measurements using AC potentials were done for times of tAC=100 and 200 s, show-
ing reasonable responses of both over pH=10 at their maximum. These can be seen in
Figure A.5.

4.3.6 Regular Silica Sol

The final experiment of this series was a pH measurement with the electrodes im-
mersed in an actual silica sol consisting of 0.1 M NaNO3 and ethanol at pH=3, including
CTAB and TEOS (see composition A1 in Chapter 4, 4.1.1). Prior to the experiment, Pd-
MDE6 was newly plated with nanostructured Pd (Pd-MDE6.2). Since no recalibration
was done, previous values of Pd-MDE6 will be used as the geometry of the tip was not
changed in the process. The loading current was -48 nA. Only two measurements were
performed successfully due to the fact that the TiN working electrode had to be re-
placed after each chronoamperometry as the sol gel reaction would irreversibly change
its surface. As the experimental setup was only of temporary nature, it as not possible
to reliably change the TiN electrode without moving any of the electrodes and hence
destroying the distance calibration. One issue expected beforehand was the generation
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of a silica gel around the pH sensor during the experiment, possibly rendering it use-
less right from the start or considerably changing the signal in a way that would have
made it impossible to interpret any of the data. Luckily, this was not the case, as even
the ”empty” run of loading the sensor and just leaving it to relax in the sol did not show
any unusual behaviour in the potential. It did seem that the sensor needed a slightly
longer time (roughly 2x) to reach its plateau region after turning off the loading cur-
rent, but the potential seemed to be generally comparable to the ones seen previously.
Figure 4.42 shows the calibration image for this experiment, where the electrode can
be seen aligned very closely to the TiN electrode. The distance was estimated again
using ImageJ as (100±50) µm, significantly smaller than in the previous series due to
the thinner tip of this microelectrode. A constant potential of -2.0 V was applied for
10 and 30 s respectively. The resulting pH curves can be seen in Figure 4.43 a), with
the maximum values plotted in b). Both measurements lead to similar maxima in pH
of just below 6, whereby the longer tCA leads to a longer relaxation time. The general
shape of the curves shown in 4.43 a) is very similar to the ones seen in the previous ex-
periments. The maximum value for the 30 s measurement is lower than for comparable
a measurement in the solution containing 0.1 M NaNO3+EtOH (1:1), which is closest
to the original sol, even though the distance between electrode and tip of the sensor is
smaller in this experiment. This indicates that the hydroxide species either are used up
in the silica poly-condensation reactions taking place at the electrode or that the gela-
tion process leads to a severe decrease of their diffusion. Silica hydrolysis (see Equation
4.8) and its reverse reactions consume hydroxide, but the sol being kept at pH=3 should
contain mainly hydrolysed species due to the high reaction rate at low pH.223 Reverse
reactions and further hydrolysis are however still possible.206 At the same time, the
main condensation reactions as shown in Equations 4.9&4.10 are catalytically driven,
so the reduction in pH transient is most likely the result of the reduced diffusion rate in
the gel area. The calibration distance can only be guaranteed as accurate for the mea-
surement with tCA=10 s, as the TiN working electrode was manually changed after that
to obtain a clean substrate. This means that a slight increase of the distance could be
the reason for the measurement at tCA=30 s to not be significantly higher.

−SiOR + H2O→ −SiOH + ROH (4.8)

−SiOH + HOSi→ −Si−O− Si−+H2O (4.9)

−SiOH + HO−sur f ace → −Si−O−sur f ace +H2O (4.10)

A reduction of the efficiency of the TiN electrode regarding its generation of hydroxide
species to its coverage by the formation of the silica gel is also possible. In Figure 4.6
it had been shown that the dry film thickness of the film and aggregates deposited at
-2.0 V a for 60 s lies at around 30 µm. The pH response measured at 100 µm -2.0 V/30 s
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FIGURE 4.42: Calibration image for the distance between Pd-MDE6.2 and the TiN
working electrode. The distance was determined as roughly (100±50) µm using the

software ImageJ.

a) b)

IR corrected

FIGURE 4.43: a) pH responses recorded using Pd-MDE6.2 at (100±50) µm from the
TiN working electrode in an original silica sol at pH=3 during the application of -2.0 V

for tCA=10, 30 s .b) Maximum pH values from (a) vs the time of applied potential.

shows that at this distance, only little silica condensation would occur, which corre-
sponds to the dry film being thinner than 100 µm. The pH profile hence potentially
allows for an indirect measurement of the film thickness in solution.
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4.3.7 Implications for EASA experiments

The discussion of the results obtained from pH measurements in the vicinity of a TiN
electrode indicate that the alkaline wave produced by the redox reactions (at the elec-
trode) reaches substantial thickness at the shorter end of typically used time periods
during EASA experiments. The amount of hydroxide produced for a given time de-
creases with the addition of ethanol to the solution, as does any reduction of supporting
electrolyte concentration due to the reduced current for a given potential. The maxi-
mum values indicate the high degree of alkalinity expected on the electrode surface (as
the pH sensor is relatively ”far” away from the electrode surface), which is needed for
the successful formation of the silica structure. The most important effect to note for
experimental practice is the time needed to revert back to bulk pH, which is generally
considerably longer than the actual experimental time itself. Even with the application
of only 10 s of -2 V in the real sol (see Figure 4.43 a)), the solution returns to bulk pH only
3 minutes later. As this was measured ”far” away from the electrode, the reaction near
the surface must continue long after the external input is removed. The time between
the end of chronoamperometry and sample removal from solution/rinsing is therefore
a crucial value, which should be recorded along with other experimental parameters.
Variations of this time should strongly affect the number of aggregates formed on top
of the films. Regarding the AC deposition protocol, the pH measurements showed that
the alkaline wave is significantly reduced by the application of the AC potential, which
in turn leads to a decrease in the number of surface aggregates vs the formation of the
compact film (as shown in Section 4.2). The ”inflation” effect seen in Section 4.1.2 was
initially attributed to the either hydroxide or ethanol going through/entering the net-
work during electrochemically induced poly-condensation of silica. The results from
the pH measurements in the real silica sol do show that a significant amount of hy-
droxide is consumed in this reaction, since the alkaline wave is much weaker under the
original experimental conditions that in the absence of the silica precursor. It therefore
is unlikely that a strong stream of hydroxide across the silica network would lead to
the inflation, especially since its decay back to bulk pH is of longer duration than the
relaxation of the structural inflation after the application of the potential. It seems as if
the application of the potential leads to one of the species behaving as a co-surfactant
for the micelles, leading to their expansion during chronoamperometry.
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Chapter 5

Conclusions

The practical execution of most electrochemical processes is simple, but their investi-
gation to gain a fundamental understanding remains challenging. Chemical reactions
taking place in solution limit any kind of real-time study to techniques that are applica-
ble within the environment of a liquid substance. With most of these processes taking
place at or below the nano-scale, photon-based optical tools remain one of the few pos-
sibilities for such. In this work, small angle (X-ray/neutron) scattering was chosen as
the main technique alongside electron microscopy to resolve the structural arrange-
ment of metals/semiconductors during electrodeposition and the Electrochemically
Assisted Surfactant Assembly of mesoporous silica films. Its minimal influence on the
experimental environment and inherent suitability for the monitoring of liquid/solid
interfaces make it a valuable tool, although it is still not widely used on electrochemical
systems due to the frequent requirement of dedicated experimental equipment, large
scale facilities and the not trivial interpretation of the acquired data.184,224–227

In the initial phase of this work, GISAXS was used to probe the arrangement of Au
nanoparticles electrodeposited on a TiN electrode. The average particle distance as
well as information on their size and number density were analysed and compared
to findings obtained from electron microscopy, showing that the trends regarding the
effect of potential and deposition time are present in both techniques. While electron
microscopy allows for more detailed quantitative analysis of particles outside their con-
ditions of formation, GISAXS gives qualitative information and would be applicable to
tracing the properties of particles forming in solution. Emphasis was also put on the
importance of the scattering image quality, which mainly depends on the available in-
strument. The most useful results where obtained when using a dedicated facility like a
synchrotron beamline, as the quality and brilliance of the beam as well as the typically
larger measurable range of structure sizes improves data quality and its interpretation
simultaneously. Finally, that the electrodeposition of Au on blank TiN leads to non-
randomly arranged nanoparticles despite the surface not being constrained by e.g. a
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template. This could decrease the degree of filling of a sufficiently small porous host
on the electrode. It emphasizes the need for further attention to the complicated dy-
namics present during electrodeposition.228 So far, electron microscopy has been used
to track individual particles in order to reveal their arrangement and size over time,
which limits the analysis to a low number of particles.15,22 The addition of GISAXS to
this kind of study would allow for a comparison of the observations made with indi-
vidual particles to structural data averaged over a significantly larger area.
Consecutively, small angle scattering was applied to a completely novel system: the
non-aqueous deposition of Bismuth Telluride. Template electrodeposition being the re-
quired step to a new functional material, its deposition from a single plating bath on
non-templated TiN electrode was studied. The previous approach of SEM and GISAXS
applied to this system resulted in no clear evidence on the formation of singular/binary
composed particles or their transition from one to the other with increasing deposition
time. The data indicated that the particle arrangement depended strongly on the dis-
tribution of available species in solution, rather than the momentary particle arrange-
ment on the electrode. After that, neutrons were employed instead of photons in order
to minimise absorption effects from the solvent DCM, allowing for an exotic experi-
mental geometry, which made probing the electrode surface accessible from outside
the electrochemical cell. Once again, no evidence of binary composed phases could be
seen, indicating that they might be forming at timescales below 1 s of deposition time.
As opposed to Au deposition, no correlation distance was visible in the data, indicating
the growth of rough layers as opposed to individual islands. This is in agreement with
previous studies.75

The other major point of interest in this work was the formation of mesoporous silica
films through EASA. The process was monitored in real-time using GISAXS, show-
ing that a compact film with vertically aligned pores as well as mesoporous surface
spherical aggregates form almost simultaneously (film before aggregates) on top of it.
During application of the potential, the whole structure inflates slightly in size. This
effect was present regardless of the employed surfactant/amount of swelling agent,
although its degree varied depending on the conditions to no extractable trend. A
maximum in scattering contrast was seen on a similar time scale and was interpreted
as an indication for passing the percolation threshold of the system, after which the gel
became too rigid to undergo any further changes in pore spacing. Limitations of pore
swelling were seen with increasing amount of swelling agent for both employed sur-
factants, indicating that it undergoes a transition from co-surfactant to co-solvent, the
critical concentration of which seems to depend on the chain length of the surfactant. In
control experiments, the importance of the electric field regarding the pore alignment
could be relativised, as vertically ordered structures could be generated in its absence
using similar conditions. For future studies, GISAXS could be used to very accurately
optimise deposition protocols in solution, and to determine critical parameters of the
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system as e.g. surface/bulk CMC of the surfactant in presence of the silica precursor.
The addition of an infra-red technique to also determine the chemical composition of
species near the electrode would also be beneficial. Using a reverse GISANS geometry
on this system would allow for the separate monitoring of the surface process only, due
to the bypassing of the bulk electrolyte in the beam path.
In order to reduce the number of surface aggregates on the silica films, a new ap-
proach using a sinusoidal potential and an electrolyte-free sol composition was tried
and tested. The film thickness was increased while significantly decreasing the num-
ber of surface aggregates when using an electrolyte-free sol and an oscillating poten-
tial. This reduced the magnitude of the alkaline layer away from the electrode, slowing
down aggregate formation in the bulk solution, making this the first and closest route
to aggregate-free EASA silica films using a single deposition step. Using the original
sol composition increased the number of aggregates, but still led to the formation of
vertically aligned structures. The fact that highly ordered silica pores could be formed
using a non-constant potential indicates further that itself is not responsible for the
surfactant assembly, as opposed to the commonly used description of the process.223

Further development of the technique could involve the use of an asymmetrical square
wave, with the duty cycle being only 1/10th of the period to further reduce the flux of
hydroxide.
Finally, a home-made pH sensor made from a Pd nanostructure was used to measure
the evolution of hydroxide generation near a TiN electrode during the application of a
cathodic potential. The sensor was calibrated and then used to perform experiments in
a variety of solutions, starting from a simple aqueous solution of a potassium salt and
finishing with an actual silica sol. The pH sensor life time increased significantly with
the time used for potential application, indicating the consumption of dissolved oxy-
gen in the solution as previously reported.216 The sensor provided consistent results
throughout a multitude of experiments in differently composed solutions, showing for
the first time its applicability to not purely aqueous environments. So far, similar sen-
sors have been used only in aqueous environments to monitor pH near working elec-
trode.219 Higher overpotentials at the TiN electrode led to increased hydroxide produc-
tion, although the respective magnitude declined with the addition of ethanol to the so-
lution and was lowest for a solution consisting of water and ethanol only (no support-
ing electrolyte). The application of a sinusoidal potential resulted in lower magnitudes
of the pH transients. The relaxation time back to bulk pH was seen to be significantly
longer than typical experiments, showing the importance of exactly timing the period
between switching off the potential and removing the sample from the silica sol, during
which the reaction proceeds and therefore affects the properties of the obtained silica
films. The measurements also showed that hydroxide species are unlikely to cause the
swelling effect described earlier, as the relaxation time of the structure is considerably
shorter than the one of the alkaline wave. Its is more likely that hydrogen gas travelling
through the gel is causing this, even though no bubbles were observed.
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Regarding future work, the studies of nucleation during electrodeposition would cer-
tainly benefit from an increased use of combined structurally and chemically sensitive
techniques, as for example X-ray absorption with X-ray/neutron scattering. The re-
sulting link between the evolution of the chemical environment and its structure from
the atomic to the macro-scale would give a more accurate understanding of the in-
volved processes. A reverse neutron experiment on the formation of silica through
EASA might be very interesting, as the contribution from the solution would be omit-
ted completely. X-ray reflectivity performed in real-time on this system would give
vital information on the evolution of film thickness during deposition, an important
quantity which has not been measurable so far. Similarly, pH sensors similar to the
used HPd electrode shown in this work might be useful for tracking proton/hydrox-
ide environments during any kind of electrodeposition process in aqueous solution, as
these charged and highly mobile species should be expected have a significant impact
on the behaviour of any other electrochemically active species involved.
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Appendix A

Appendix

A.1 Additional Figures Instrumental methods

In order to follow the morphology of electrodeposited materials in real time, a cell was
designed to make such experiments possible. On the one hand it had to be sufficiently
transparent to X-rays to obtain good time-resolution, on the other it had to allow for
enough scattering volume to obtain reasonable statistics for the data. The cell as shown
in Figure A.1 was designed for substrates with a width of 3 mm, which results in a
probed area of still a few hundreds of µm2. The beam energy was chosen as 18 keV,
at which the transmission through the electrolyte resides in the range of 0.7 and hence
gives a very good signal. The SDD in that setup was 3034 mm, using a Dectris Pilatus
2M for the measurements. Depending on the time resolution one wants to achieve, the
beam energy could be decreased down to 12 keV, as the experiment at 18 keV caused
visible beam damage to a silica template TiN substrate.

A.2 Additional Figures EASA

A.3 Additional graphs: ”Potentiometric pH measurements in
the vicinity of a TiN electrode”
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FIGURE A.1: (top) Schematic drawing of the cell designed for in operando GISAXS ex-
periments. (bottom, left) Cell mounted on the hexapod of the I07 beamline at Diamond

Light Source. (bottom, right) Close-up of the empty cell.

FIGURE A.2: Scattering image of a TiN substrate to which -2.0 V were applied for 3 s in
a solution of 0.1 M NaNO3/EtOH (1:1) with CTAB (480 mg per 20 ml water). Incident

angle: 0.3◦, exposure time: 1800 s (In-house measurement).
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FIGURE A.3: pH responses (not corrected for ohmic drop) recorded using Pd-MDE5 at
(375±100) µm from the TiN working electrode in 0.2 M KCl + EtOH (1:1) at pH=3 with
an applied sinusoidal potential between -1 V and -2 V, f=100 Hz, for the total duration

of tAC=100, and 200 s (not IR drop corrected).
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FIGURE A.4: pH responses recorded using Pd-MDE5 at (375±100) µm from the TiN
working electrode in H2O/EtOH (1:1) at pH=3 during the application ofsinusoidal
potential between -1 V and -2 V, f=100 Hz, for the total duration of tAC=200 s (not IR
drop corrected). Response for 60 s at -2 V constant potential shown for comparison

(not IR drop corrected).
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FIGURE A.5: pH responses recorded using Pd-MDE5 at (375±100) µm from the TiN
working electrode in 0.1 M NaNO3+EtOH (1:1) at pH=3 during the application of a
sinusoidal potential between -1 V and -2 V, f=100 Hz, for the total duration of tAC=100,

and 200 s (not IR drop corrected).
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M. Ryan and J. Fleurial, Applied Physics Letters, 2004, 85, 6001–6003.

[95] A. Mavrokefalos, A. L. Moore, M. T. Pettes, L. Shi, W. Wang and X. Li, Journal of
Applied Physics, 2009, 105, 104318.

[96] E. Koukharenko, X. Li, I. Nandhakumar, N. Fréty, S. Beeby, D. Cox, M. Tudor,
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