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1 Introduction

In 1772, G.B. Beccaria was the first to successfully deposit a metal from its salt, by using
the spark produced upon discharging a Leyden bottle to decompose the metal salt.
Following this discovery, Luigi Galvani discovered the physiological effects of electricity
on frog legs when connected to two dissimilar metals in 1792, and shortly after, in 1796
his student, Volta discovered the pile, which could produce electricity from two dissimilar
metals separated by a medium soaked in electrolyte. Then in 1805, Luigi Valentino
Brugnatelli, who is believed to be the inventor of modern electrochemistry, used Volta’s
voltaic pile to produce enough electricity to successfully plate a silver coin with gold,
serving to be the first significant electroplating experiment!!,

Nowadays, the electrochemical deposition of metals is utilized for a multitude of
applications. These range from the fabrication of nanoparticles to film plating for surface
modifications, either decorative or functional. By considering both ends of the spectrum,
electrodeposition can be viewed as a versatile tool for materials engineering. Nonetheless,
for such an old technique that has been extensively studied, the potential areas for
development often come in question, especially in a time when the chemical industry is
focused on environmental sustainability, either in terms of industrial waste, or in
providing green energy solutions, in particular batteries and fuel cells. Hence, using
classical techniques, like electrodeposition, for materials and process optimization for
environmental sustainability promotes further research and development into the well-
established field of electrochemical metal deposition.

In the case of the fuel cell industry, for example, one of the major challenges is building
an appropriate grid scale energy storage solution. This is in short the electrocatalytic
splitting of water into hydrogen and oxygen in polymer electrolyte membrane electrolyzer
set ups?. The splitting of water can be classified as two separate reactions; the hydrogen
evolution reaction (HER) at the cathode, and the oxygen evolution reaction (OER) at the
anode. For both of these reactions a suitable catalyst is required, and so far the most
promising catalysts are noble metals®>%. However, the use of noble metal catalysts
presents the economic challenge of their very high costl’.

1|Page
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Introduction

Nanomaterials, particularly as catalysts, carry the advantage of large specific surface areas,
thus increasing catalytic activity®. This in turn allows for a reduction in the noble metal
loading of electrocatalysts, and thus is a promising way to decrease the costs for these
technologies. Moreover, in recent years, this has evolved into the fabrication of
nanocrystals with well-defined shapes and high index facets to further improve the
catalytic efficiency, as well as the faceting of single crystal surfaces. Studies have been
reported on the faceting of iridium (210) single crystals using thermal and electrochemical
methods™ . Work with deposition of preferentially oriented nanocrystals has been
successfully implemented with gold, platinum, and palladium!" **l, This is made possible
by employing new electrodeposition techniques, such as Square Wave Potentials (SWP),
where electric potential pulses are used, instead of the classical direct current (Galvanic)
technique.

In the case of platinum, which exhibits the highest electrocatalytic activity for the HERP/
single crystal tetrahexahedral (THH) nanocrystals could be deposited onto glassy carbon
(GC) substrates. Such surfaces contain a very high density of atomic steps and dangling
bonds, which increase activity greatly. Not only does electrocatalytic activity increase by
up to 400% for similar platinum surfaces, but these surfaces are also thermally stable up
until 800°C, making them very attractive for industrial applications!?.

On the other hand, applications for functional surface modifications, like hardness, wear
resistance, corrosion protection, electrical and thermal conductivity, as well as decorative
applications require the deposition of metal films on the surface. This allows for cost
reduction by giving low cost materials the required surface characteristics!"*.

Electrochemical chromium deposition is one of the most commonly used electrodeposition
processes to achieve these goals!'. To date, the majority of the electrodeposited chromium
comes mainly from galvanic baths containing hexavalent chromium!'”. However, the use of
hexavalent chromium poses a huge threat to people and to the environment, due to its
toxic and carcinogenic nature. The greatest health threat arises from chromic acid mist,
which is produced during galvanic plating with Cr(VI)!. Moreover, chromium plating
industries are the major source of chromium contamination in ground water, which is

insoluble and harmful to the environment™.

As a result, the commercial use of Cr(VI) has already been banned in many countries-?!.
In addition, according to the European legislation for chemicals “REACh” (Registration,

Evaluation, Authorization and Restriction of Chemicals), the use of hexavalent chromium
will be banned as of 2027. The previous sunset date for Cr(VI) was in 2017, however this
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was extended for 10 more years, mainly because no promising alternatives are available.
Apart from legal regulations though, the overall rising environmental and health
awareness promotes the search for a less dangerous alternativel'”.

The use of aqueous Cr(IIT) baths for chromium deposition is a promising approach with
much less risk. However, the large-scale implementation still involves some challenges?.
Organic complex ligands have to be added to the solution to make the stable and almost
inert [Cr(H-O)¢)*" hexaquo-complex accessible for reduction. However, this complicates the

already extremely complex and not yet fully understood deposition mechanism®.

In this work, two independent systems were studied; the electrodeposition and
electrochemical activity of well defined iridium nanospheres, and the electrodeposition of
chromium from Cr(III) solutions. Not only do both systems require more research,
especially in the initial stages, but also both systems have applications in environmental
sustainability.

In the case of iridium, iridium nanoparticles have shown superior behavior as
electrocatalysts for the OERP. However, the electrochemical deposition of iridium comes
with the main challenge of hydrogen evolution that occurs during deposition, blocking the
surface. Hence, the reported structures of iridium deposits in literature are mainly
agglomerates and irregular structures®. Therefore, in order to be able to electrochemically
deposit shape and size controlled nanoparticles for electrocatalysis, a SWP technique,
coupled with a nucleation pulse to control the initial growth of the particles was
developed. The results show that by varying different parameters, particle size and
coverage, as well as surface morphology of the particle can be varied, and their effects on
the electrocatalytic activity towards carbon monoxide adlayer oxidation presented.

As for chromium deposition, potentiodynamic deposition measurements on GC electrodes
were designed to investigate the similarities and differences in the initial stages of growth
between simple dilute Cr(III) and Cr(VI) electrolytes. Based on these measurements a
mechanism for deposition was proposed and the key aspects in hindering deposition from
trivalent chromium identified. Later, a new electrolyte was developed based on long time
monitoring of electrolytes as well as UV-VIS spectra, which showed the formation of a
monomeric aquo-complex as result of a slow ligand exchange reaction at low pH’s. This
was then complexed with malic acid to improve the complex’s stability. As a result, a new
accelerated preparation process for concentrated electrolytes was created, and tested on
different substrates. Finally, initial investigations were conducted on different organic
complexing agents, and their effects on the deposited chromium films.
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2 Theoretical Background

2.1 Electrochemical Deposition of Metals

One of the most important applications of electrochemistry is electrochemical deposition,
in order to change the chemical and physical properties of materials™. This ranges from
the deposition of monodispersed nanoparticles, in order to increase surface area for
applications like electrocatalysis, to millimeter thick layers to serve a multitude of
applications like corrosion resistance, electrical conductivity, decorative purposes and
enhancement of mechanical properties. Thus, understanding the mechanisms behind the
electrodeposition of metals is of key importance, in order to obtain the desired output.
These mechanisms are greatly influenced by many factors, such as solution medium,
substrate material, side reactions and growth mode.

In general, electrodeposition occurs via the following pathway:
MZ++ ze = M(S)

where M is any metal with a valency 2?. The metal cations in solution are reduced to
solid metal at the cathode, which is the substrate. In the above equation, the state symbol
of the metal ion has been left out, because in principle, there are three main media from
which metals could be deposited; aqueous solutions, organic solvents or ionic liquids.

The most widely employed medium is aqueous solution, due to its ease of handling, and
low cost. However, aqueous solutions offer a considerably narrow potential window. The
hydrogen evolution reaction (HER) sets the lower limit of this window. While most noble
metals can be deposited from aqueous electrolytes, other metals, like lithium and
aluminium, which are of great technological importance, cannot, since the potentials
required for their deposition are outside of the potential window offered by aqueous
solutions. For such metals, organic solvents and/or ionic liquids (room temperature
molten salts) can be of great help since they offer wider potential windows?.
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Theoretical Background

Electrodeposition from aqueous solution follows a nucleation and growth scheme®”. The
reaction direction is governed by the Nernst equation:

0.0592

E=E°+ log [M?*]

where £’ is the standard electrode potential of the M/M#* electrode, and z is the number
of electrons involved in the reaction™. Hence, in order to have a stable nucleus to support
further growth, the electrode potential due to applied current E; should be higher than the
equilibrium potential E, to drive the reaction forward?’. The difference between both
potentials is defined as the overpotential 7%, such that:

n:EI_E

The stability of the nucleus also depends on the Gibb’s free energy (4g) for nucleation,
which is the sum of both bulk free energy and surface free energy:

Ag(nucl): Ag(bulk) + Ag(surface)
Figure 2.1 highlights the relationship between 4g and nucleus size for a stable nucleus.

Agsurf

Ag bulk

Size -

Figure 2.1 Gibbs free energy of nucleation as a function of particle size

Therefore, for it to be stable, a nucleus should have a minimum radius of r > 7.+ Once a
stable nucleus is obtained, subsequent growth could follow a two- or three-dimensional

growth profile.

In order for the formed metal nuclei to grow, metal cations have to be readily present in
solution. These cations then need to be adsorbed onto the nucleus surface and reduced
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into atoms. This achieved by applying a negative electrode potential, that allows the
adsorption of the metal ions in solution onto the already formed nucleus, where it is then
reduced. Thus, the potential acts as the driving force for such growth, and by varying the
potential, the rate of growth can also be varied.

2.1.1 Growth modes

There are two main modes of growth; two-dimensional and three-dimensional growth.
Three-dimensional growth occurs on foreign substrates, where the binding energy between
an adsorbed metal ion and the substrate is lower than that between the metal ion and the
native metal. In this case, larger overpotentials are required, in order to facilitate a 3D
island growth mode, regardless of the metal-substrate misfit. This is referred to as
overpotential deposition (OPD). These clusters could then grow in size until they fuse
together into a homogeneous layer. This is known to as the “Volmer-Weber” growth

model?”.

On the other hand, two-dimensional growth takes place if the binding energy between the
adsorbed metal ions and the substrate is larger than that with the native metal. In such
case, the surface is initially modified by a few monolayers in the underpotential deposition
(UPD) region. Growth due to OPD could follow either a “Frank-van der Merwe” or a
“Stranski-Krastanov” growth mode, depending on the lattice misfit between both
materials. The former is an epitaxial layer-by-layer growth mode that occurs if the misfits
are negligible. Upon further growth, deposition behaves as it would on a native metal
surface.

For larger lattice misfits, the initial layers are internally strained, with a crystal structure
different from that of the substrate and that of the bulk metal. Further deposition
continues as unstrained 3D islands on top of the strained layers, which is energetically
favored, following the “Stranski-Krastanov” growth mode. Therefore, the overall deposit is
always influenced by the initial stages®”, and hence it is crucial to investigate these initial
mechanisms, to be able to control the output. Figure 2.2*) summarizes nucleation and
growth modes.

02
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B S

Island (Volmer-Weber)

Desorption

Suberitical  Stable
cluster cluster

Surface
I'hermal diffusion
accomodation

(a) Nucleation

Stranski-Krastanov

(b) Growth

Figure 2.2 Nucleation and Growth modes?”!

2.1.2 Glassy Carbon

As previously shown, the choice of substrate affects the binding energy and thus the
growth mode. Within the scope of this work, both metallic (brass) and non-metallic
(glassy carbon) substrates were used.

Considering the latter, glassy carbon (GC) is an agranular non-graphitizable type of carbon.
It has a low permeability to liquids and gases and its original and fractured surfaces have a

3 The use of glassy carbon as a substrate holds many

glassy appearance, hence its name
advantages. These include, its usability over a wide potential range in aqueous and organic
solutionsP# stability in highly acidic or alkaline solutions, and chemically inert due to its
very small pore size and low oxidation rates at high temperatures®). This makes it very

suitable as a catalyst support. Figure 2.235% shows a structural model of glassy carbon.

Figure 2.3 Structural model of glassy carbon?!

For iridium and chromium deposition, the very high overpotential for the hydrogen evolution
reaction (HER) on glassy carbon plays an important role, since the deposition potential for
both metals occurs far into the HER region. In addition, due to its amorphous structure, GC
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exerts no epitaxial effects onto the deposits, which was vital to be able to assess the intrinsic
structural properties of the deposits. Due to the absence of epitaxy, chromium hydride
crystals could be deposited on GC®,

However, for electrochemical deposition to take place on GC, the surface needs to be prepared
and activated. Surface preparation is mainly achieved by mechanical polishing using abrasive

[2,7,42-45,33,35-41
e

particles, to have an even, smooth surfac I. On the other hand, such polishing
techniques deactivate the surface of the electrode, which then needs to be re-activated, either
thermally, chemically or electrochemically. The aim behind the activation of the surface is to
increase the rate of electrode reaction, thus decreasing over potential, increasing sensitivity

40 The reason behind such activation could be

and resolution, and narrowing peak width!
attributed to the removal of contaminants from the surface and the increase in the surface

functional groups, which mediate electron transfer*!,

2.1.3 Side reactions

Metal deposition is usually accompanied by other reactions at the cathode. While these
reactions may sometimes hinder or disturb deposition, however within the scope of this
study, HER, which is a side reaction for both iridium and chromium deposition, was

important to achieve and monitor the deposited species.

In the case of iridium deposition, the adsorption of hydrogen onto iridium nuclei catalyzes
further reduction of iridium ions onto the nucleus, allowing the particles to grow!. This is
due to the preferential adsorption of hydrogen onto iridium, than on GC.

This is demonstrated in Figure 2.424,

Ir3*

Ir? € Ir3*

2 ads
Glassy carbon -

First stage of Ir
deposition on GC occurs
at high overpotential Ir

Glassy carbon

Figure 2.4 Schematic of iridium deposition on glassy carbon?!

For chromium deposition, the HER plays two roles; the first of which is the incorporation
of hydrogen into the lattice, which gives rise to hexagonal chromium hydride crystals. In
the absence of strong hydrogen evolution, along with continued deposition, these
structures cannot be stabilized. In order to determine if deposition was still progressing,
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the HER currents were used to monitor deposition. Since hydrogen evolution occurs on
metals and not on the GC surface, an increase in HER current would therefore mean an
increase in chromium content on the surface. Figure 2.5a shows an example of consecutive
cyclic voltammograms where the HER current was used to probe the deposition process,
while Figure 2.5b shows an SEM image of a hexagonal chromium hydride crystal.

1st cycle
——>5 mins
—— 10 mins
—— 15 mins
30 mins |
——1 hour

GC
0.1 M H,S0, + 10 mM Cr(SO,),

50 mvs™
1 " 1 " 1 " 1

1.4 -1.3 -1.2 -1.1 -1.0
E/Vvs. SCE

Figure 2.5 (a) Current—potential curves for the potentiodynamic deposition of chromium hydride

crystals on GC showing the increase in HER current as deposition time increases (b) SEM image of the

deposited chromium hydride on GC

2.2 Coordination Chemistry
2.2.1 Overview

Coordination chemistry deals with the formation of complex molecules. These consist of a
central ion or atom (coordination center), that is coordinated with ions or molecules that
form a ligand shell surrounding the coordination center. The number of ligands that can
be chemically bound to the central atom/ion is known as the coordination number! .
Since both iridium and chromium form complexes, understanding the properties of such
systems is essential to tackle the challenges involved with electrodeposition.

It is important to differentiate between complex molecules, ionic and covalent compounds.
Ionic compounds are formed by the electrostatic interaction between positively charged
and negatively charged ions, where the former donates an electron to the latter. Covalent
compounds arise from sharing an electron pair between two atoms; each of the two atoms
provides an electron to the covalent bond. In a complex molecule, however, the ligand is
bound to the central atom/ion by overlapping a filled orbital of the ligand, with an empty
orbital of coordination center. In other words, a covalent bond is formed, where the ligand
provides both electrons®. The ligand shell, made up of all the ligands bound to the
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central atom form the first coordination sphere surrounding the metal atom™”. If the
ligands are charged, the total charge of the complex will be different from that of the
central ion. This charged complex could then act as the cation or anion in an ionic
compound. For example, if we consider Potassium hexachloroiridate (III), which has the
formula KsIrCls, Ir** is coordinated with six chloride (C17) ions, thus the charge of the
complex is [IrClg] *~. This complex now serves as an anion to potassium cations (K).
Upon dissolution in water, the ligands do not dissociate from the complex®?, rather in
solution will be K*, and [IrClg] *".

Given that the ligands are identical, the bond strength between the central atom and each
of the ligands, and hence the bond length, will also be identical, giving rise to regular
geometries, since the structures are governed by the overlap between metal and ligand
orbitals, as well as the repulsion between the ligands. Thus, depending on the
coordination number, complexes have regular geometrical structures, as shown in Figure
2.6,

Coordination number 3

Trigonal planar Trigonal pyramidal

SN N
R HZ N,
\ OF == ===
// \ / . ~— P
) £y - - #
>u ~ ks
(_{ﬁ{_. —E\O H——" o
BO}- NH, S0~
Coordination number 4
Square planar Tetrahedral
(l'-l ——————— ('l}: o]
£ Ay,
| \ / | / ' \ \\ /f/{ AN
| Pl | /N __\____} //,r \\
| | 1 NTTH 05 \
| | I-I:“‘---- \\ 1/ Jr/ T \(}
Chr————= Cl ~=—H & ——"
PCl3= NH} S04

Coordination number &

Octahedral

Pl

Figure 2.6 Geometric structures of complexes based on their respective coordination numbers!*!

If the ligands are not identical, however, the structure becomes irregular. This
phenomenon is advantageous when trying to destabilize the chromium hexaquo-complex
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in order to facilitate electrodeposition, by introducing an organic ligand to substitute at

least one of the water molecules™, for example.

2.2.2 Octahedral Complexes

Throughout this work, the characterization of chromium complexes played an important
role for the continuous development of the process. Since trivalent chromium forms
octahedral complexes, a fundamental understanding of the ligand field theory is important
for evaluating the UV-VIS spectra, which were the primary characterization technique for

the formed chromium complexes.

Transition metal ions have five d-orbitals. As a free ion, each of these orbitals are
energetically identical. Upon formation of an octahedral complex with six coordinated
ligands, electrostatic repulsion takes place between the d-electrons of the central ion and
the lone pairs of the ligand. This in turn causes an increase in the energy levels of the d-
orbital. However, the magnitude of the repulsion forces is not uniform; the d-electrons
closer to the ligand’s electron cloud are more affected than those that are further away.

Thus, it is energetically favorable for the d-electrons closer to the lone pair of the ligand
to move into orbitals further away!’. The d-orbitals are split into two groups, in relation
to the energy of a hypothetical spherical ligand field; one with a higher energy level (e,),

and one with a lower energy level (1), as illustrated in Figure 2.74.

d'I_’I d‘I

— 0.6A=3 A,
o eg-states +6Dq
? ‘ A,=10Dq
5 - (100-500 kJ)
B
E spherical ligand tpg-states 2
.g field 0.4A.=5 &,
.- €y dy ds d,'

~4Dq
t

octahedral
ligand field

ion with no ligands
Figure 2.7 Ligand field splitting of d-orbitals*

Figure 2.7 shows that the ligand field splitting (4,), can have a value of 100-500 kJ. For
complexes of the same metal ion, this is determined by the nature of the ligand. Each
ligand has a certain affinity to split the d-orbitals, and hence the ligands are ordered in
the spectrochemical series, based on how large their ligand filed splitting is.
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The larger the value of 4, the higher the energy required to excite an electron from the t,
state to the e, state. Using photons for electron excitation, this means that a higher energy
translates to a smaller wavelength. Here, it should be made clear that the color seen is the
complementary color of the portion of light absorbed by the complex. For example, a
green complex absorbs the red portion of light.

Therefore, such a phenomenon makes it possible to identify complexes, based on the
absorbed wavelengths, using UV-VIS spectroscopy. In addition, peak shifts can also be
used to determine whether a ligand exchange reaction occurred or not, and if the new
ligand causes a larger or smaller splitting of the ligand field.

2.3 Chromium
2.3.1 Overview

Chromium was first discovered in 1797 in Crocoite, a mineral consisting of lead chromate,
but it was not until 1894 that pure chromium metal could be obtained from the ore. It
was named chromium, which is derived from the Greek word “chroma”, translating to
color, because of the many colorful compounds it forms!*?. Chromium is mostly present in
the form of Chromite, an iron chromium oxide. The majority of the extracted chromium is
used for chromium plating, alloying for corrosion resistant super-alloys, and the
production of stainless steel. Electrodeposited chromium is perhaps the most important
plated metal, mainly as the final deposit on parts, due to its advantageous physical and
chemical properties, which enhance the performance and/or the optical appearance of the
plated part?.

Electroplated chromium layers offer an enhancement in mechanical properties of the
plated base metal, in particular hardness and wear resistance®. More importantly, they
resist corrosion and tarnishing, thus maintaining a superior optical appearance. While
chromium has a standard potential suggestive of a base metal and would thus be expected
to corrode like iron, for example, it forms an oxygen-induced passivation layer which
allows it to be have similar to noble metals®!. It is because of these properties, that people
have been industrially modifying materials with electroplated chromium layers since the
early 1900’s,

Depending on layer thickness, chromium deposits can be classified as decorative or
functional: Decorative deposits are usually less than 0.8 pm thick. They not only provide
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shiny, reflective finish, but are also providing corrosion resistant, and durable. Functional,
or hard, chromium deposits on the other hand, have a thickness customarily greater than
0.80 pm and are used for industrial applications. For such applications, chromium offers
lucrative properties, such as heat resistance, increased hardness, wear and corrosion

resistance, as well as decrease in friction™.

2.3.2 Complex chemistry of Trivalent Chromium

As a transition metal, chromium has diverse redox chemistry. Complex compounds of
chromium with oxidation numbers from -I to VI are known, with complexes of Cr (II), Cr
(IIT), and Cr (VI) occurring much more frequently than those of the other oxidation
states'®. Out of all possible oxidation states, trivalent chromium is the most stable,
usually six-fold coordinated in an octahedral environment!*!,

Due to the octahedral symmetry, the five 3d-orbitals are split into an e, and a t,, orbital
set, as previously described in Section 2.2.2. Trivalent chromium has a d3 electron
configuration. The three ty-orbitals in the most stable state are each occupied by one

electron.

Since only the energetically lower orbitals are occupied, octahedral Cr (III) complexes are
energetically very favorable and therefore stable. Consequently, a ligand exchange is
associated with a high activation energy, which is why these complexes are considered to
be kinetically inert and that ligand-exchange reactions can exhibit half-lives in the range

of hours[20-46:52],

Characteristic of Cr (III) complexes with aquo ligands is the formation of polynuclear
complexes by condensation. Depending on the pH, temperature and concentration of the
solution; dimers, trimers, and higher oligomers can be formed by hydroxide-ligand
bridging** The dependence of the degree of oligomerization on solution pH of a dilute Cr
(ITT) solution is shown in Figure 2.21%.
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Figure 2.8: Dependence of degree of oligomerization on pH in a 0.05 M Cr (III) solution. Symbols:

monomer (@), dimer (#), trimer (A), unseparated higher oligomers (®)°%,

This influence of pH is transferable to concentrated solutions; whereby the formation of
polynuclear complexes shifts to lower pH ranges as the chromium concentration

increases™.

With regard to the pH of chromium-containing solutions, it should be noted that the pure
aquo-complex of trivalent chromium has a pKa value of about 4, and thus its behavior is

acidic, similar to formic acid®.
[CT(H20)6]{ag) = [Cr(OH)(H20)5L1Eaq) + Hiag)

The dissociation of one of the water ligands into a hydroxo ligand and a proton is what
causes the solutions to be acidic. The hydroxo ligand can then condense to give rise to
single or double hydroxo-bridged dimers?!.

H
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0
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[Cr(H,0)6]iap + [CT(OH)(H,0)sLIE ) = [(H,0)sCr Cr(H,0)s]¢h,y + Ha0q

>
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2[Cr(0OH)(H,0)sL1{ ;) = [(H;0).Cr  Cr(H,0)4](a,) + 2H,0q,
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The above process is referred to as olation. Continued olation results in polymerization of
the trivalent chromium species, which can reach the extent of precipitation of chromium
hydroxide. This process is accelerated by heating, an increase in pH, or an increase in

concentration®.

Olation and consecutive polymerization result in a decrease in active species for
electrodeposition. The larger the molecule, the more difficult it is to deposit. In other
words, an inconsistent behavior of the bath would be expected. In order to prevent this,
anions are added to the solution that coordinate to the chromium ion stronger than the
hydroxide ligand. These, along with other additives, will be discussed in Section 2.3.4.

2.3.3 Electrodeposition of Chromium

For a long time, chromium deposition was performed almost exclusively from hexavalent
chromium solutions, whereas deposition from trivalent chromium electrolytes was
considered impossible. Tt was only in the 1970s that the first methods for decorative
chromium plating with Cr (III) were commercially employed®. A market study published
in 2009 revealed that until the date of the data collection no hard chromium plating baths
with Cr (III) were available®!. Since hexavalent chromium, which has been mainly used so
far, is toxic, carcinogenic, and soon to be prohibited by legislation, there is an increasing
demand for a less hazardous process!'7.

Chromium plating based on trivalent chromium is a promising alternative, but also
presents special challenges, mainly since Cr (III) forms very stable hexaquo-complexes in
aqueous solutions, which cannot be directly reduced, due to their stability?>,

To counteract this problem, complexing agents are added, which undergo ligand exchange
reactions with the water ligands attached to the chromium. Ligand exchange increases the
distance between the chromium center and the remaining aquo ligands, disturbing the

2257 which leads to an easier elimination of further water

regular octahedral structure!
molecules and a smaller distance between the cathode and the trivalent chromium ion,
accelerating the electron transfer for the reduction®l. Often, salts of organic acids, urea or
hypophosphites are used as complexing agents®. The resulting complexes are

thermodynamically more stable than the hexaquo complex.

Another challenge is that the reduction reaction of Cr (III) to chromium has a standard
reduction potential of —0.74V.

Cr(";lz) +3e” = Crgg
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Thus, a higher potential is required for the chromium deposition from acidic solution than
for the hydrogen evolution, the standard reduction potential of which is defined as 0 V.
Accordingly, hydrogen is always formed at the cathode during the chromium deposition,
as a result of which the efficiency of the process significantly decreases.

+ —
ZH(aq) + 2e” > HZ 9)

Due to hydrogen evolution, the pH at the cathode rises locally, which may lead to the
olation of the chromium species in solution, which limits further chromium deposition.
This is described in section 2.3.2.

These problems could be solved by using non-aqueous solvents, which is very difficult to
implement in industrial applications. In addition, research in this area has yet to show

any promising results®?.

In aqueous solution, the reduction of chromium complexes takes place with stripping of
the ligand shell at the cathode.

[Cr(HZO)SL]fgq) +3e” = Cr) + 5H,00) + Ligg

Based on mechanistic investigations, a two-step reaction sequence with a Cr (II)
intermediate is proposed for the reduction process.

[CT(HZO)SL]%;q) te - [CT(HZO)SL]E-aq)
[CT(Hzo)SL]E-aq) + 2e” - CT'(S) + 5H20(l) + LZQQ)

The standard reduction potentials in this case, excluding the ligand sphere, are -0.41 V for
the first step and -0.91 V for the second step?®°7.

The first deposited chromium layers inherit the texture of the underlying metal.
Therefore, a smooth and low-defect substrate is essential for smooth and shiny deposit,
especially when it comes to decorative chromium. In order to achieve such a substrate,
parts are usually plated with nickel first, which also enhances the corrosion resistance.
The more shiny the nickel layer, the shinier the chromium layer deposited on it. As the
thickness of the chromium layer increases, the influence of the substrate texture decreases.

Therefore, for hard chromium layers, a nickel undercoat is not required?".
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2.3.4 Trivalent Chromium Bath Additives

For an industrially functional trivalent chromium bath, a combination of additives are
required to achieve the desired optical and thickness requirements. These additives
include inorganic compounds, the most important of which is Boric acid, and organic
additives, which are usually classified as complexing agents, wetting agents, and

brighteners.

Boric acid is a main ingredient in many plating baths, not just chromium™*4*. While
most of literature claims that boric acid is a pH buffering agent, however, since boric acid
has a pKa value of 9.24, it is highly unlikely that boric acid acts as a buffer in acidic
electrolytes. This is also supported by measurements that were performed, that show no
significant difference between deposition with and without boric acid on GC electrodes.
However, for deposition on metallic substrates, the presence of boric acid was essential to
obtain a deposit in the first place.

This behavior could be related to the reduction of boric acid at very negative potentials
the metal surfacel.

B(OH)s + 7H* + 8¢~ = BH; + 3H,0 E,=—0.481V

The equation shows that this reaction consumes seven hydrogen ions, which would be
readily present at the surface, since chromium deposition occurs deep within the hydrogen
evolution region. By adsorbing on the surface, there would be a local hindrance of
hydrogen evolution, during which the chromium ions can adsorb on the surface, forming
nuclei, which allow for further film growth. However, to date, the mechanism by which

boric acid facilitates metal deposition remains unknown.

Of the organic additives, perhaps the most vital would be the complexing agents, since
they modify the molecule’s structure, and prevent olation, both of which are essential to
obtain active chromium species®. These are typically organic anions higher up the
spectrochemical series than aquo ligands, and thus can undergo a ligand exchange reaction
with at least one of the water molecules. This in turn distorts the octahedral structure of
the complex, allowing an easier path for the chromium center to reach the electrode

surface?.

At the right concentrations, wetting agents and brighteners allow for increased
homogeneity, as well as current efficiency at low current densities. This is because they
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adsorb on the surface during deposition, thus blocking active sites and reducing nucleation
rate, which allows the existing nuclei to grow into a homogeneous film©>6,

2.4 Iridium
2.4.1 Overview

Iridium is a noble (or platinum group) metal. It has the atomic number 77, and is
considered the most corrosion resistant metal known. It was discovered in 1803 while
examining the black residue left after dissolving crude platinum in aqua regia. It is also a
very hard and brittle material, making it very difficult to machine. It is also unattacked
by any acid nor aqua regia, however, it can be attacked by certain molten salts, like
sodium chloride and sodium cyanide.

Like most noble metals, the electrocatalytic activity of Iridium makes it a metal of
interest. Studies have shown that Iridium has the highest activity for the Oxygen
Evolution Reaction (OER)®. The reason behind this is that Iridium has the largest
number of free d-electrons per atom of the noble metals, after Ruthenium, which has a
very low stability. This implies that iridium will from strong metal-hydroxyl bonds, thus
resulting in a low overpotential. The value of the overpotential is always preferred to be a
minimum, since this anodic process is a major source of energy loss in reactions like the
electrolysis of water, for example. It is also one of the few metals whose oxide acts as a
metallic conductor®,

The use of noble metals in catalysis has many advantages. These include the ability to be
used at high temperatures and in aggressive acidic media. They also are degradation
resistant upon the exposure to air or upon being subjected to temperature cycles/®.
However, the use of noble metal bulk electrodes is extremely costly making them unfit for
application. Hence, finding new ways to decrease the amount of noble metal catalysts
used while maintaining a good catalytic efficiency is of paramount importance for the
widespread use of such systems.

Research on nanoscaled catalysts has gained a lot of interest in the past few years. One of
the highlights of such research is the possibility of synthesizing nanocrystals with well-
defined shapes. It has been shown that catalytic efficiency, as well as the chemical and
physical properties, of the nanocrystal is not only dependent on its size, but also on its
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shapel®. Thus, surface structure plays an important role in catalytic activity. This has
therefore opened up a new possibility for the widespread use of noble metal catalysts. By
using shape-controlled nanoparticles supported on a substrate, the catalytic efficiency can
be improved, while greatly reducing the amount of noble metal loading on the electrode,
and thus decreasing the cost

2.4.2 Electrochemical Deposition of Iridium

Electrochemical metal deposition is a fast and convenient method to deposit
nanocrystalline metallic particles on a conductive substrate®. Using such a method to
prepare noble metal electrodes is highly favorable due to its versatility, the high purity of
deposits and the possibility to readily control the loading of the deposits. In addition,
electrodeposited nanoparticles show higher adhesion to the substrate surface with respect
to other chemical deposition techniques®.. Moreover, chemical deposition techniques may
require the use of a surfactant material, which may contaminate the catalyst being
prepared.

One of the initial attempts to deposit Iridium from aqueous solution was done by
MacNamara in 1962, where iridium was deposited onto a platinum electrode from
chloriridic acid (H2IrClg) . More recently, the deposition under ultrasound sonification of
Iridium from a solution of sodium hexabromoiridate (NasIrBrs) was investigated®. Other
studies also investigated the deposition of iridium onto silicon single crystals, porous
nickel electrodes and gold substratesP>%%. A more relevant investigation describes the
deposition of iridium aggregates onto glassy carbon and platinum electrodes. Figure 2.9
shows the SEM image of such iridium aggregates deposited onto glassy carbon®¥.

Glassy carbon

Ir aggregate

Figure 2.9 SEM image of an iridium aggregate on glassy carbon?!

The randomly shaped aggregate in Figure 2.9 highlights the main challenge with Iridium
deposition, which is that conventional deposition techniques do not yield consistent

20| Page



Theoretical Background

results. Nonetheless, the following mechanism for Iridium deposition on GC electrodes was

concluded from this study™!.

Ir3t - I3,
Ir3.+ 3e™ - Ir°
3H* + 3e™ - 3Hgys

3Hugqs + I3, — Ir°+ 3H*

This shows that the adsorption of hydrogen is essential for Iridium deposition, as

previously explained in Section 2.1.3.

2.4.3 Iridium Electrocatalysis

Catalysis is the use of a material, a catalyst, to increase the rate of a certain reaction that
would not occur, or would occur very slowly, in the absence of the catalyst. This increase
in reaction rate should not be accompanied by a change in the standard Gibbs energy
change of the reaction. An ideal catalyst is one that does not get used up in the reaction
process; it is both a reactant and a product of the reaction®”. Figure 2.10 illustrates a

simplified energy diagram with and without a catalyst.

E. (no catalyst)

E, (with catalyst)

Reaction Coordinate
Figure 2.10 Energy diagram for a system with (red) and without (black) a catalyst, adopted from®’

Potential Energy

E, represents the activation energy required of the reaction. This energy needs to be
provided to the reactants, in the form heat, electricity, etc. and once this amount of

energy is larger than the activation energy, then the reaction can take place. In the
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presence of a catalyst, however, it can be shown from the red curve that the amount of
energy required to activate the reaction decreases and thus the reaction can occur at
higher rates. It should finally be noted that the difference in potential energy for the
reaction remains the same with and without using a catalyst.

Iridium is one of the most promising oxygen evolution reaction (OER) catalysts®™ ™. Tts
stability makes it a better candidate than Ruthenium, which has an even higher
electrocatalytic activity, as shown in Figure 2.112.

nanoparticles ‘:
44 - - buk !
m= 3-
-
o
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Figure 2.11 Comparison between the activities of bulk (dashed) Pt, Ru, and Ir and their nanoparticles
(solid) for the OER"”

The graph in Figure 2.11 shows that despite the higher overpotential required for the
OER to occur on Iridium, its activity is nevertheless higher, especially if the nanoparticles

of each metal are compared to one another.

In this work, the electrocatalytic activity of Iridium towards carbon monoxide (CO)
adlayer oxidation was investigated, in order to electrochemically characterize the surface
of the deposited Iridium particles. CO adlayer oxidation is used as a surface test reaction
due to its simplicity and its functionality as a neutral probe to both surface sensitivity
and activity™. Moreover, the electrochemical active surface area (EASA) could be
determined from CO adlayer oxidation. The effects of modifying the surface roughness on
CO adlayer oxidation behavior of the particles is shown and discussed in Section 4.1.3.
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3 Experimental Methods

3.1 Electrochemical Techniques

All electrochemical measurements were performed using one of three types of
potentiostat/galvanostat devices. The first is a HEKA PG510 Potentiostat/Galvanostat
combined with a homemade square wave generator and controlled by homemade LabView
software. The second is a Metrohm Autolab PGSTAT 128 Potentiostat/Galvanostat,
controlled by the NOVA 1.11 software. Lastly, for the larger samples a VOLTCRAFT
LSP-1165 voltage/current supply was used, where a current output higher than 0.8 A is
possible.

3.1.1 Cyclic Voltammetry

Cyclic voltammetry (CV) is one of the most powerful and widely used electrochemical
techniques. The sample under investigation, the working electrode (WE), is brought into
contact with the solution under potential control. This is the initial potential (£;), from
which the potential is scanned to the lower potential limit (E4), and then the scan
direction is reversed until the positive potential limit (Es) is reached, all with a
predetermined scan rate. All the potentials are measured against a reference electrode
(RE), which in this work was a Saturated Calomel Electrode (SCE). The current flowing
between the WE and a counter electrode (CE) is recorded by the potentiostat, and
plotted against the applied potentials. The resulting graph is characteristic for each
system; hence the essential use of cyclic voltammetry was to characterize the system
before deposition to ensure a reproducible quality at the start of each measurement, and
to determine the success of deposition afterwards. Cyclic voltammetry of noble metals, such
as iridium in aqueous solutions, display peaks for the adsorption and desorption of hydrogen

and oxygen species™.
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By controlling the upper and lower potential limits of the cyclic voltammogram, it is also
possible to alter the surface properties of the working electrode, by controlled oxidation
and reduction. This technique is used to activate the surface of the glassy carbon
electrodes in 0.1 M H.SOy, prior to electrodeposition experiments®*!, and also to increase
the roughness of the pre-deposited iridium spheres. The electrochemical activation of
glassy carbon (GC) electrodes is discussed in more detail in section 3.4.1.

Within the scope of this work, cyclic voltammetry has also been employed to
potentiodynamically deposit chromium hydride crystals onto glassy carbon. This allows
for the removal of hydrogen from the surface and thus further particle growth is possible.
This is discussed in depth in section 4.2.2.

3.1.2 Pulsing Methods

In this work, two types of pulsing techniques were employed for electrochemical
deposition; square wave potential (SWP) pulsing for iridium, and galvanic pulsing
techniques for chromium.

The SWP technique consists of a cleaning pulse at 1.2 V for 1 second, a nucleation pulse
of potential E, for a time (¢,) of 10 ms, and a square wave to simultaneously reshape and
grow the spheres by consecutive adsorption and desorption of oxygen at the upper (E.)
and lower (E)) potential limits respectively!™®. A schematic of the employed SWP program
can be seen in Fig 3.1.

12V

potential £

time t

Figure 3.1: Schematic of the SWP profile used for electrodeposition of Ir nanospheres

Nucleation is achieved by a very short pulse with a very negative overpotential, to allow
progressive nucleation at the active sites/”, while overcoming the formation of hydrogen
bubbles on the surface that block active sites?.

ae
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In the case of galvanic pulsing, a negative current pulse (I1) is used to galvanostatically
deposit chromium for a pulse duration of ¢, followed by a zero current pulse, Iy, for a
pulse duration of ¢;. These pulses could be symmetric or asymmetric, therefore an
additional parameter, cycle duration (#¢) is fixed, so that for all measurements; #; + ty=
te. The program is applied for a plating time of ¢r. This is illustrated in Figure 3.2.

hy
ty

Figure 3.2: Schematic of the galvanic pulsing technique used for Cr deposition

3.1.3 Galvanostatic Deposition

Galvanostatic deposition has a major technological relevance, since it is the most
commonly employed electrodeposition technique, due to apparatus simplicity, ability to
maintain bath parameters, ensure reproducible quality and to minimize waste. Since
potential control is not a part of the process, a reference electrode is not needed and hence
the apparatus is simplified to a two-electrode system consisting of anode and a cathode,
the part to be plated. Typically, parts are electroplated with a certain current density (7),
measured in A dm™, for a certain duration. For the majority of the galvanostatic
measurements in this work, a cathodic current density between 5 and 10 A dm™? was used
for durations ranging from 5 to 10 minutes. The anodes used were graphite electrodes, in
the case of GC, and mixed metal oxide (MMO) anodes in the case of metal surfaces.

3.2 Ultraviolet-Visible Spectroscopy

The absorption of light in the ultraviolet and visible range is based on the electronic
excitation of molecules or complexes, and is governed by the following equation,

AE = hv
where AF'is the energy required for excitation, v is the frequency of the absorbed light and

h is Planck’s constant.
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Since these electronic excitations are coupled with changes in the vibrational and
rotational states, they result in absorption bands, instead of the expected sharp spikes
related to the energy difference between the different electronic states. Thus the
absorbance, or extinction £}, is dependent on the wavelength-specific molar extinction
coefficient &, the concentration of the solution ¢, and the length of the path taken by the
light in the solution I, according to the Beer-Lambert law!2:7>7,

E;, = logIT0 = clg,
The molar extinction coefficient at the maximum of the absorption band is proportional
to the square of the transition dipole moment and thus to the probability of the electronic
transition. Since this probability is different for each light absorbing species, the location
of the extinction maximum and the associated molar absorption coefficient can be used to
distinguish different substances.
Therefore, this spectroscopic method was used to identify changes in the chromium
complex at different preparation stages, using an Agilent Technologies Cary 60 UV-Vis
spectrometer.

In complexes, charge transfer transitions, opposite to the electronic excitation of the d-
electrons within the central atom, are associated with a large spatial shift of the electron,
resulting in a significantly larger transition dipole moment, leading a higher molar
absorption coefficient. The electron transfer can proceed from the ligand to the metal as
well as from the metal to the ligand[™.,

3.3 Surface Characterization Techniques

3.3.1 Scanning Electron Microscopy (SEM) and Energy
Dispersive X-ray Spectroscopy (EDX)

In SEM, a focused electron beam is scanned across the sample surface, which is inserted
into a high vacuum chamber. The electron column is under ultrahigh vacuum (UHV)
conditions to avoid as much beam diversion as possible. The electron column contains the
electron gun, and two or possibly more electron lenses to guide the electron beam onto the
sample.

28| P a

e

4

¢



Experimental Methods

The electron gun of the SEM can generate electrons and accelerate them to an energy
value within a range of 0.1-30keV. This electron beam is given off a tungsten hairpin gun,
which produces a spot size that is too large to get a sharp image. Magnetic lenses
demagnify the beam to have a much smaller spot focused onto the sample. Then the
deflection system causes the beam to move along a rectangular raster, which

simultaneously generates a similar raster on the screen™.

By inelastic collisions of the irradiated primary electrons with the atoms of the sample
surface, secondary electrons are released from the atoms. The penetration depth of the
primary electrons is dependent on the acceleration voltage of the electrons and the angle
of incidence of the beam. The spatially resolved detector signals resulting from the impact
of secondary ions on the detector are combined by software to form an overall image.
Since more secondary electrons are emitted at edges and corners than in flat surfaces, they
appear bright. Surfaces that are perpendicular to the detector appear brighter than
surfaces that have a different inclination. The images generated by the SEM are therefore
quite comparable to the visual perception of surfaces™™.

In addition to quantifying the secondary electrons for topographic analysis, the elemental
composition of the surface was also analyzed by EDX, using an XMax 50 detector
attached to the ZEISS LEO 1550 VP SEM apparatus used. The secondary electrons,
which come from the near-nuclear levels of the sample atoms, leave vacant or partially
occupied energetically favorable orbitals. These orbitals are filled with electrons from
higher energy levels, emitting the excess energy as X-rays. Since the emitted X-ray
radiation has specific frequencies for each element, the combination of SEM and energy
dispersive X-ray spectroscopy (EDX) allows an elementarily resolved image of the surface
to be scanned 1,

3.3.2 X-Ray Fluorescence (XRF) and Spectral Photometry

In order to evaluate the properties of the deposited chromium film, it is necessary to
determine the film thickness, as well as the optical appearance of the film. These
properties were assessed using X-Ray Fluorescence (XRF) and Spectral Photometry.

The thickness of the electrodeposited chromium layers on metallic substrates was
determined using a FISCHERSCOPE X-RAY XDV-SDD device. This method for
determining the layer thickness is based on the analysis of element-specific XRF®.
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By irradiation of X-ray photons, an electron in a low energy orbital from the substrate
atom is knocked out. To fill the gap, an electron of the same atom is transferred from a
higher energy orbital to the incompletely occupied lower energy orbital. As the electron
passes into a more stable state, it has to give off energy. If the energy is emitted in the
form of X-rays, the process is called X-ray fluorescence. The emitted wavelengths are
characteristic of each element™*2,

The measurement of X-ray fluorescence is a commonly employed non-destructive method
to measure layer thicknesses. It exploits the fact that the intensity of the X-ray
fluorescence of an element is proportional to the thickness of the corresponding layer®.
By calibration with layers of known thickness, in the case of chromium, layers with a
thickness of up to 40 um can be determined with good accuracy. At higher layer
thicknesses, the determination is no longer possible, since the increase in intensity of the
X-ray fluorescence is minimal, in comparison to the further increase in film thickness®*?

In addition, the thickness of the deposited metal layer can also be determined by the
absorption of the X-ray fluorescence by the background material. Both the incident X-ray
radiation and the X-ray fluorescence emitted from the background material, are
exponentially attenuated when penetrating the layer above. From the attenuation of the
intensity, the thickness of the metal layer can also be calculated®. Taking this into
consideration makes it possible to determine the thickness of deeper layers, in the case of
multilayer systems®3.

For the evaluation of the optical properties of the chromium films, spectral photometry
was used. This makes it possible to carry out an objective analysis of the optical
appearance in addition to the subjective impression of the surfaces. This was done with a
portable X-rite Ci6x spectrophotometer.

The principle is similar to that of a UV-Vis spectrometer, as described in Section 3.2. By
comparing the light intensity reflected by the sample in certain sections of the spectrum,
differences in color shades and brightness can be detected in comparison to previously

determined reference points®*),
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3.4 Preparation Techniques

3.4.1 Glassy Carbon

Prior to deposition, the surface of the GC electrodes should always have the same
roughness. This was obtained by consecutive grinding, using silicon carbide grinding
paper, and polishing, using alumina paste. The procedure is summarized in Table 3.1.

Table 3.1: Stepwise preparation of the glassy carbon surface

Step Grinding/Polishing Grit/Particle Size

1 Grinding 2500 grit SiC paper

2 Grinding 4000 grit SiC paper

3 Polishing 1.0 pm alumina suspension
4 Polishing 0.3 pm alumina suspension

After each step, the GC electrodes were rinsed with Milli-Q water, with a specific
resistivity of 18.2 M(2 c¢m, in an ultrasonic bath, to remove any inclusions on the surface.

After the mechanical surface treatment, the GC electrodes were clamped onto a stainless
steel rod using a crocodile clip, and wrapped in Teflon tape, in such a way that only the
polished surface would come into contact with the solution. Next, the surface was
cleaned/activated by a voltammetric treatment in 0.1 M H.SOs, thoroughly purged with
nitrogen. After immersion at —0.1 V vs. SCE, the GC was subjected to five potential
cycles, between —0.28 V and 1.20 V, at a scan rate of 50 mV s~'. A typical cyclic
voltammogram of an activated GC electrode is shown in Figure 3.3.
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—
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5- 0.1 M H,SO, ]
50 mV s*

-4 T T T T T T T T T T T
-0.3 0.0 0.3 0.6 0.9 1.2

E/Vvs. SCE

Figure 3.3: Typical cyclic voltammogram of an activated GC electrode in 0.1 M H2SO4 at 50 mV s~

1

The successful activation of the GC electrode is characterized by the emergence of the
peaks at around 0.35 V, which are related to the quinone/hydroquinone redox couple!.

3.4.2 Brass sheets

Electrodeposition measurements were mainly carried out on commercially available brass
sheets, that were cut into squares, with an area of either 4 cm? or 16 cm?. These were
sometimes polished to a mirror finish, but due to the tedious process, this was not always
the case. Prior to deposition, the substrates were rinsed with Milli-QQ water, followed by
Isopropanol, then again by Milli-QQ water.

3.4.3 Glassware

Glassware was left in piranha solution (also known as caroic acid) overnight and
afterwards rinsed thoroughly with Milli-Q water. Caroic acid was made in the lab by
mixing concentrated sulphuric acid and a 30% aqueous solution of hydrogen peroxide, in a
ratio of 3:1, respectively. The sulphuric acid is poured in a large glass container, and the
hydrogen peroxide is introduced to the sulphuric acid drop wise, with the solution being

mixed by a magnetic stirrer.
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After the glassware has been in the caroic acid overnight, it is removed from the acid and
rinsed thoroughly with Milli-Q water, and boiled out twice, to make sure that no traces of
the solution are left on the glassware.

3.4.4 New Chromium (III) Solution

The preparation technique of the newly developed chromium (III) solution is very critical,
in order to obtain the required result. While this will be discussed thoroughly in the
upcoming chapter, the technical details on the preparation of the solution are briefly
summarized in Table 3.2.

Table 3.2: Stepwise preparation technique of the newly developed Cr (IIT) plating solution

Step | Description

Dissolve 0.15 mol L ! of Cr salt in 1 M H>SOs, while heating at 100°C for 3 hours
Allow to cool until the color of the solution changes from green to blue

Add 0.127 mol L' (17 g/L) Malic acid and heat at 65°C for 1.5 hours

Allow to cool, then adjust the pH to 1 using 50% NaOH solution

Add 0.81 mol L' (50 g/L) of Boric acid and heat at 65°C for 1.5 hours

Allow to cool, then adjust the pH to between 1.7 and 2 using 50% NaOH solution

DY |OU = | W N[~

3.5 Chemicals and Materials

In this section, a comprehensive list of all of the chemicals and materials used in this work
are summarized in Tables 3.3 and 3.4, respectively.

Table 3.3: Details of the chemicals used

Chemical name Chemical Formula | Purity/Amount | Manufacturer
Sulfuric Acid (Technical) H,S0, 95—97% Merck, Darmstadt
Hydrogen peroxide H>0, 30% Merck, Darmstadt
Sulfuric Acid (Suprapur) H>SO4 96% Merck, Darmstadt
Iridium (III) Chloride IrCls - xH>O 99.98% Sigma-Aldrich,
hydrate Steinheim

Carbon Monoxide CcO 4.7 MTI

Nitrogen N» 5.0 MTI
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Chromium(III) Sulfate Cra(SOy)s - xHO | 99.99% Sigma-Aldrich,

hydrate, trace metals basis Steinheim

Chromium(III) Sulfate Cry(SOy)s - xHO | 18 — 26% Cr Sigma-Aldrich,

hydrate for synthesis Steinheim

Chromium (VI) Oxide CrOs 99.99% Sigma-Aldrich,
Steinheim

Chromium Hydroxide Cr(OH)(SOy) 17% Cr Vopelius Chemie

Sulfate AG, Firth

Boric Acid H;BO; 99.99% Acros Organics,
Geel

DL-Malic Acid C.HOs 99.5% Merck, Darmstadt

Sodium Hydroxide NaOH 99% Merck, Darmstadt

Sodium Sulfate Na»SOq4 99.99% Merck, Darmstadt

Perchloric Acid HCI10;4 37% Merck, Darmstadt

Isopropanol C3HsO 100% VWR
International,
Darmstadt

Table 3.4: Details of the materials used

Material Manufacturer

Glassy Carbon Electrodes HTW, Thierhaupten

2500 grit Grinding Paper Biihler, USA

4000 grit Grinding Paper Biihler, USA

1.0 pm Alumina polishing suspension Biihler, USA

0.3 pm Alumina polishing suspension Biihler, USA

Polishing Cloth Biihler, USA

Polycrystalline Chromium Electrode

MaTeck, Jiilich

Brass Sheet

Metallwarenfabrik Hirsch, Heusenstamm

Platinode MMO 187 LOC anode

Umicore, Schwébisch Gmiind

Graphite rod (counter electrode)

Goodfellow GmbH, Germany

Saturated Calomel Electrode

SI Analytics, Mainz

Platinum wire and sheet (counter electrode)

MaTeck, Jiilich
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4 Results and Discussion

4.1 Electrochemical deposition of Iridium on
GC Electrodes

In this section, the results of the study performed on the electrochemical deposition of
Iridium are summarized. Prior to all deposition measurements, the GC electrodes were
grinded, polished, and electrochemically activated as described in section 3.4.1. The
deposition was performed out of a solution containing 0.5 M H.SOs + 10 mM IrCls.

For CO adlayer adsorption, CO gas was bubbled in a solution of 0.1 M H.SO4 for 10 min
with the iridium-loaded GC held at —0.1 V vs. SCE. The dissolved CO was purged out of
the solution with nitrogen gas for 1 hour. The adsorbed CO adlayer was oxidized via a

voltammetric scan up to 0.7 Vat 10 mV s

4.1.1 The influence of the nucleation potential E.,

The main challenge in iridium deposition is the successful nucleation of iridium on the GC
surface. This is due to the fact that the nucleation potential for Iridium lies within the
hydrogen evolution reaction (HER) region. Hence, the blockage of the surface by
hydrogen bubbles hinders the formation of stable nuclei to support further growth. In
order to investigate the nucleation behavior, a double step technique was employed to
determine a suitable overpotential for nucleation. This included a nucleation potential
(E,) of —1.6 V vs. SCE for 200 ms, followed by a growth potential (E,) of —0.2 V vs. SCE
for 1 hour. The resulting voltammogram of the deposited iridium particles, along with an
SEM image of the deposit are shown in figure 4.1.
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Figure 4.1 (a) Current—potential curve of the Ir nanoparticles, deposited on a GC electrode via the
double-step technique, in 0.1 M H2SO4 at 50 mV s, (b) SEM image of the deposit. Adapted by permission

from Springer Customer Service Centre GmbH: Springer US, Electrocatalysis, Electrochemical Fabrication of Well-Defined Spherical
Iridium Nanoparticles and Electrocatalytic Activity towards Carbon Monoxide Adlayer Oxidation by Sheasha et al. © Springer
Science + Business Media New York 2015
Figure 4.1a shows the current—potential curve of the Ir nanoparticles, deposited on a GC
electrode via the double-step technique, in 0.1 M H>SO4 at 50 mV s~. The current-
potential curve shows two main regions. The region below 0 V contains the hydrogen
adsorption peaks. These peaks are similar to those of Ir nanoparticles fabricated by Reier
et al.Z. The start of the double layer region is at around 0 V vs. SCE. Above 0.3 V, starts
the surface oxidation of iridium, and thus the potential was reversed at to prevent surface
oxidation. Figure 4.1b shows the SEM image of the deposited Ir nanoparticles on GC. It is
evident that the structure, as well as the size of the particles is not uniform. Nevertheless,
it shows that —1.6 V is a sufficient overpotential for nucleation.

Thus, a nucleation potential of —1.6 V was included into the SWP scheme in Figure 3.1

and then increased systematically to —1.1 V vs. SCE. The SEM images of the deposited

particles are shown in Figure 4.2.
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Figure 4.2 Influence of E. on particle size and density. Reprinted by permission from Springer Customer Service
Centre GmbH: Springer US, Electrocatalysis, Electrochemical Fabrication of Well-Defined Spherical Iridium Nanoparticles and
Electrocatalytic Activity towards Carbon Monoxide Adlayer Oxidation by Sheasha et al. © Springer Science + Business Media New
York 2015

The SEM images show two strong dependencies on nucleation potential. Not only is the
particle size larger with more positive nucleation potentials, but on the other hand, the
number of deposited particles decreases as well.

Such observations for the increase of particle density together with a decrease in particle
size at more negative nucleation potentials are in line with a study on silver nanoparticles,
where a similar nucleation method was performed®. This is because nucleation occurs
faster at more negative potentials and the interdependent growth is larger, due to the
overlapping of diffusion zones. Hence, a slight increase in polydispersity would be
expected. However, due to the rapid increase in particle density, there is a limited increase
in size for each particle, resulting in an overall decrease in average sizel®. This effect is
also clearly seen in the voltammograms of each of the samples. The voltammograms of the
different samples in 0.1 m H.SO4 at 50 mV s7!, as well as the dependence of average
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particle size and the logarithm of average particle density on nucleation potential are

shown in Figure 4.3.
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Figure 4.3 (a) Current—potential curves of the Ir nanoparticles, deposited on a GC electrode via the
SWP technique at different values of En, in 0.1 M H2S04 at 50 mV s, (b) Particle size and density as a

function of E.. Adapted by permission from Springer Customer Service Centre GmbH: Springer US, Electrocatalysis,

Electrochemical Fabrication of Well-Defined Spherical Iridium Nanoparticles and Electrocatalytic Activity towards Carbon Monoxide

Adlayer Oxidation by Sheasha et al. © Springer Science 4+ Business Media New York 2015

The current-potential curves in Figure 4.3a show a decrease in hydrogen adsorption

currents with increasing nucleation potentials. This is due to the decrease in number of

particles, as highlighted in Figure 4.3b. The standard deviation (SD) of the particle size is

plotted as error bars, showing that at F, < —1.3 V vs. SCE the measured particle size

maintains no statistical reliability, due to the scarcity of particles on the surface, which is

evident from voltammograms as well. Hence, a nucleation potential of —1.3 V vs. SCE

was used to obtain large iridium spheres, with a good dispersion and statistical relevance.

4.1.2 The influence of SWP duration on size

Increasing particle size by increasing the duration of the SWP was also investigated, at a

fixed nucleation potential. For this study, the previously chosen nucleation potential of
—1.3 V vs. SCE was fixed and the SWP was run for 2 hours. The results are shown in
comparison to the standard SWP duration of 1 hour in Figure 4.4.

40| Page



Results and Discussion

150
100
50

0

[/ pA

-50

-100 N
] E, =-13V t, =10 ms|

E,=045V tp:5ms_
E =-03V t X

-150

total

'200 T T T T T T T T T T T T T
-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 [l

E/V vs. SCE 400 nm
Figure 4.4 (a) Current—potential curves of the Ir nanoparticles, deposited on a GC electrode via the
SWP technique for 1 hour (red) and 2 hours (black), in 0.1 M H2SO4 at 50 mV s, (b), (¢) SEM images

of the particles deposited for 1 hour and 2 hours, respectively. Adapted by permission from Springer Customer
Service Centre GmbH: Springer US, Electrocatalysis, Electrochemical Fabrication of Well-Defined Spherical Iridium Nanoparticles
and Electrocatalytic Activity towards Carbon Monoxide Adlayer Oxidation by Sheasha et al. © Springer Science + Business Media
New York 2015

The current-potential curves in Figure 4.4a show an increase in hydrogen adsorption
currents with an increase in SWP duration. This means that for the same particle density,
which would be expected since the nucleation parameters were identical in both cases, a
higher iridium loading is present on the surface. This can thus be translated to an increase
in particle size, as shown in the SEM images in Figure 4.4b. A 1.7 times increase in
electrochemically active surface area (EASA) would be expected because of the observed
1.3 times increase in average particle diameter. This is in very good agreement with the
calculated factor of increase in hydrogen adsorption charge, which is around 1.6.

4.1.3 Probing the surface with CO adlayer oxidation

CO adlayer oxidation was used to investigate the effects of particle size and surface
morphology on the electrocatalytic activity of the particles, in terms of peak potential.
Particles were prepared at with different sizes; 100 nm, 200 nm, 290 nm, and 370 nm.
Figure 4.5 shows SEM images of the particles, as well as the oxidation curves for each of
them.
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Figure 4.5 (a) Current—potential curves for carbon monoxide adlayer oxidation on Ir particles with
different sizes deposited on GC, in 0.1 M H2SO4 at 10 mV s7, (b), (¢), (d), (e) SEM images of Ir
nanospheres with average diameters of 100 nm, 200 nm, 290 nm, and 370 nm, respectively. Adapted by

permission from Springer Customer Service Centre GmbH: Springer US, Electrocatalysis, Electrochemical Fabrication of Well-Defined
Spherical Iridium Nanoparticles and Electrocatalytic Activity towards Carbon Monoxide Adlayer Oxidation by Sheasha et al. ©
Springer Science + Business Media New York 2015
The results show that there is no significant shift in peak potential, in relation to particle
size. Smaller particles show a broader peak, with a pre-oxidation hump. This could be
either due to the non-homogeneity of the spherical structure of smaller particles, or due to
the presence of some agglomerates at the higher nucleation overpotentials. On the other
hand, the larger particles display a higher oxidation current, due to the narrower
oxidation peak.
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Next, the sample with the largest particle size was subjected to potential cycles between
—0.3 Vand 0.7 V vs. SCE, in 0.1 M H.SO4 at 50 mV s7!, for 1 hour. This resulted in a
roughening of the surface of the iridium spheres. After that, CO adlayer oxidation was
performed with the roughened particles. The resulting oxidation curves are shown in
Figure 4.6a, and the induced surface change could be seen in Figures 4.6b and the as-

prepared sphere in 4.6c¢.
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Figure 4.6 (a) Current—potential curves for carbon monoxide adlayer oxidation on Ir particles with an
average diameter of 370 nm but different surface morphologies deposited on GC, in 0.1 M H2SO4 at 10

mV s, (b), (c) SEM images of rough and as prepared particles, respectively. Adapted by permission from
Springer Customer Service Centre GmbH: Springer US, Electrocatalysis, Electrochemical Fabrication of Well-Defined Spherical
Iridium Nanoparticles and Electrocatalytic Activity towards Carbon Monoxide Adlayer Oxidation by Sheasha et al. © Springer

Science + Business Media New York 2015

The curves show a large shift towards lower overpotentials, and hence a higher
electrocatalytic activity, for the oxidation of CO in the case of the rough particles. Due to
the roughening by potential cycling, an enrichment of oxygen species on the surface of the
particles at lower potentials could occur, which is the main requirement for CO adlayer
oxidation”. Moreover, there might be residual surface oxides contributing to the enhanced
activity. In fact, the rougher particles are more active towards CO adlayer oxidation than
planar Ir(210) single crystal surfaces prepared using inductive heating and cooled in a CO

rich atmospherel”.
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4.2 Electrochemical Behavior of Chromium

and Chromium Solutions

In this section, the measurements carried out to understand the chromium system are
discussed. These could be further classified into three systems; the first investigating the
electrochemical behavior of chromium in sulfuric acid using cyclic voltammetry. This was
important to determine the potential stability window of metallic chromium in this
medium.

The second and third systems involve CV and potentiodynamic deposition of chromium
onto GC electrodes from trivalent solutions, and hexavalent solutions, respectively. These
two systems when compared with each other revealed the similarities and differences
between the industrially pre-dominant hexavalent system and the investigated trivalent
one. Moreover, a deposition mechanism is proposed, that explains why these differences
occur, based on the experimental results. This was crucial to decide which aspects of the
trivalent system needed to be addressed, in order to develop a comparably functional
system to hexavalent chromium electrolytes.

4.2.1 Chromium Metal in 0.1 M H.SO,

In order to have a more detailed understanding of the redox behavior of Chromium,
electrochemical measurements were carried out for polycrystalline Cr in Nitrogen-purged
0.1 M H,SO,. Starting at a potential of —0.1 V vs. SCE, where no surface oxidation could
be seen, the potential was scanned negatively into the HER region, as shown in Figure
4.7.
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Figure 4.7 Current—potential curves of a massive chromium electrode in 0.1 M H2SO4 at 50 mV s™!
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In the blue graph in Figure 4.7, no reduction and/or hydrogen evolution peak is seen at
—0.5 V, although the standard potential of the HER vs. SCE is at around —0.3 V.
Scanning more negatively reveals that the onset of the HER is at around —0.4 V. Within
the hydrogen evolution region, it is assumed that the chromium surface is metallic, and
there is no indication of reduction of surface oxides. This is later evident as the HER runs
in parallel to chromium deposition on GC electrodes.

Based on the voltammetric behavior in Figure 4.7, the negative potential for the window
opening experiment was set at —0.6 V vs. SCE, and the potential systematically increased
until 1.0 V. Figure 4.8 shows the result of the window opening measurements.

0.015

T i T T
035 Cr A | Cr b
r 0.1MH,SO, T 0.1MH,SO,
0.30 50 mv S-l — 0.010 -50 mVs'1 -
0.25 - -
r 1 0.005 -1
e o020 1 % 2
ko] © ‘//
> 7 —
.i( 0.15 - i( 0.000 i :T;‘f“f;fi’:‘é/—;’,' .

0.10 - E i
i 1 -0.005 |-

0.05 T

0.00 L *—dﬁ -0.010 1 " 1 L 1 L 1 L L 1 L

-0.6 -0.3 0.0 0.3 0.6 0.9 12 -0.6 -0.3 0.0 0.3 0.6 0.9
E/Vvs. SCE E/Vvs. SCE

Figure 4.8% (a) Window opening measurement showing bulk oxidation and/or dissolution of a massive

chromium electrode 0.1 M H2SO4 at 50 mV s %, (b) surface oxidation region. Adapted by permission from John
Wiley & Sons, Inc.: WILEY-VCH, ChemElectroChem, Potentiodynamic Chromium Deposition from Trivalent and Hexavalent
Systems on Glassy Carbon Electrodes: Initial Stages and Mechanistic Insights by Sheasha et al. © 2017 Wiley-VCH Verlag GmbH &
Co. KGaA, Weinheim

From these graphs, two distinct regions could be identified. The first region involves the
surface oxidation of the chromium disk, which is shown in greater detail in Figure 4.8b.
This can be seen from the slight decrease in current of the positive scans with increasing
positive potentials, due to incomplete reduction of surface oxides in the negative scan.
However, an additional increase in potential to 1.0 V results in an increase in current of
over 30 times. This could be related to bulk oxidation or dissolution of chromium. In
order to further investigate this behaviour, SEM images of both the polished and the
oxidised surface are shown in Figure 4.9, in order to demonstrate the structural differences
between both surfaces.
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200 pm

Figure 4.9 (a) SEM image of polished Cr electrode, (b), (c) SEM images of oxidised chromium surface.
Adapted by permission from John Wiley & Sons, Inc.: WILEY-VCH, ChemElectroChem, Potentiodynamic Chromium Deposition
from Trivalent and Hexavalent Systems on Glassy Carbon Electrodes: Initial Stages and Mechanistic Insights by Sheasha et al. © 2017
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Together with the images, it could be foreseen that deposition below —0.6 V should yield
an oxide-free deposit, since oxide reduction and subsequent hydrogen evolution on
chromium already occurs in this region. And since the HER overlaps with deposition,
HER currents can be used to monitor the growth of the electrodeposited chromium, since

an increase in the EASA of chromium will result in an increase in HER currents, which
occurs mostly on metallic surfaces rather than on GC.

4.2.2 Potentiodynamic deposition on GC

After understanding the redox behavior of chromium in 0.1 M HsSOs, the next step was to
try and achieve chromium deposition from chromium (III) on GC, using this base
electrolyte with 10 mM Cry(SO4)s dissolved in it. Since the current state of the art in
chromium plating is the use of Cr (VI) compounds, similar measurements were also
performed in 0.1 M H>SOs + 10 mM CrOs;. Thus the GC electrode was immersed at —0.1
V vs. SCE and then negatively scanned to —1.4 V. In order to accelerate deposition, the
potential was then reversed at —1.0 V, to reduce the hydrogen build up on the surface,
while still maintaining a high overpotential for deposition. The potential was cycled
between these two values for an hour with a scan rate of 50 mV s*. Afterwards the GC
electrodes were removed and the surface analyzed with SEM. The results are summarized
in Figure 4.10.
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Figure 4.10 Current—potential curves for the potentiodynamic deposition of chromium hydride crystals
from (a) trivalent and (b) hexavalent solutions on GC for 1 hour at 50 mV s™ (¢), (d) SEM images of

the deposited particles from Cr** and Cr®* solutions, respectively. Adapted by permission from John Wiley & Sons,
Inc.: WILEY-VCH, ChemElectroChem, Potentiodynamic Chromium Deposition from Trivalent and Hexavalent Systems on Glassy
Carbon Electrodes: Initial Stages and Mechanistic Insights by Sheasha et al. © 2017 Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim

The SEM images show that a very similar particle structure obtained from both systems.
Deposits from both systems are well-defined hexagonal crystals, characteristic of hep
chromium hydride®*7, This crystal structure for chromium has been reported since
1926, however, the morphology of such a hydride could not analyzed, since it could not
be stabilized as films, which most studies dealt with. Due to the strong hydrogen
evolution occurring simultaneously with deposition, atomic hydrogen is incorporated into
the lattice, forming chromium hydride particles as shown in Figure 4.10.

The current-potential curves also show a very similar behavior for both systems. As the
measurement time increases, the hydrogen evolution current increases, suggesting an
increase in the chromium content and EASA on the GC surface. Perhaps, the biggest
difference is the significant negative current offset in the Cr(VI) system, in contrast to the
Cr(III) system. This negative shift is most likely due to the reduction of Cr® to Cr**.

Another important feature is the emergence of a cathodic peak after the first cycle, which
then fades away after 30 minutes. This could be due to a positive shift in pH in the
electrode vicinity, as a result of the consumption of acidic Cr*" complexes, thus shifting
the HER to more negative potentials®. Another possibility is the reduction of adsorbed
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Cr3* species to Cr?**, which is then reduced to metallic Chromium on the GC surface,
reducing the HER efficiency®™. With increasing chromium content, hydrogen evolution
occurs more readily suppressing this effect, and hence the peak fades away.

To further understand the nature of this cathodic peak, potentiodynamic measurements
were performed with a higher scan rate of 200 mV s. Figure 4.11 shows the current-
potential curves of scans at 50 and 200 mV s
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Figure 4.11 Effect of scan rate on potentiodynamic deposition of chromium from a Cr(III) solution on

GC. Adapted by permission from John Wiley & Sons, Inc.: WILEY-VCH, ChemElectroChem, Potentiodynamic Chromium
Deposition from Trivalent and Hexavalent Systems on Glassy Carbon Electrodes: Initial Stages and Mechanistic Insights by Sheasha
et al. © 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

The measurements revealed that at 200 mV s the peak was no longer present. Instead,
hydrogen evolution proceeds directly, and hence the deposition was of a poor quality, in
comparison to the original measurement. This observation further strengthens the
interpretation that the cathodic peak is related to the reduction of Cr** complexes on the
surface, and that this process requires a longer time than that provided by the higher scan
rate.

So far, both systems seem to behave similar to one another from the point of view of the

deposited chromium. An increase in cycling time would hence clarify the underlying
differences between both systems. This is highlighted by the SEM images in Figure 4.12.
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Figure 4.12 SEM images revealing different particle structures on GC after deposition times of (a) 1, (c)
3, (e) 4, and (g) 6 hours from Cr(III) solutions, while (b), (d), (f), (h) represent those changes for the

same deposition durations from CI‘(VI) solutions. Adapted by permission from John Wiley & Sons, Inc.: WILEY-VCH,
ChemElectroChem, Potentiodynamic Chromium Deposition from Trivalent and Hexavalent Systems on Glassy Carbon Electrodes:
Initial Stages and Mechanistic Insights by Sheasha et al. © 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

The images on the left column show the evolution of particle structure with time for the
Cr(III) system, while the right column is for the Cr(VI) system. In the case of the
chromium(III) solution, Figures 4.12a, ¢, e and g show that with longer potential cycling,
the hexagonal structure decomposes and the hydrogen escapes from the chromium hydride
hep latticel® giving rise to more randomly structured chromium particles. This instability
could be due to the depletion of trivalent chromium species that are active for deposition
in the electrode vicinity. With prolonged deposition, Cr** builds up close to the GC
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surface, which, along with the higher pH near he surface, catalyzes the formation of inert
oligomers of chromium complexes by olation, whereby metal ions are linked together via
OH groups®. Thus deposition rate decreases, and hence not enough hydrogen can be
included in the lattice to stabilize the hcp structures. It was also reported that if the
percentage of trivalent chromium decreases below a certain value in solution, the
formation of the hexagonal hydride is hindered®

On the other hand, Figures 4.12b, d, f and h show that the deposits from Cr(VI) maintain
their crystalline hcp structure, even with prolonged cycling. This is primarily due to the
nature of the Cr** complexes formed by the reduction of Cr®*, at the surface; chromic
dichromate, Crao(Cr:O7)s. The complexation of Cr(III) ions with dlchromate prevents the
formation aquo-complexes that are typically formed in Cr(III) solutions®. This ensures a
continuous supply of Cr** species that are active for deposition, which can then be
reduced to chromium. Since this is always occurring in the presence of hydrogen
evolution, hydrogen is being constantly incorporated into the lattice, and the hexagonal
hydride is stabilized, independent of cycling time.

4.2.3 Mechanistic Insights

From these findings, a mechanism for hydride formation from both systems could be
proposed. This is illustrated in Figure 4.13.
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Figure 4.13 Illustrations of proposed mechanisms for chromium hydride deposition from (a) Cr(III)
solutions and (b) CI‘(VI) solutions. Adapted by permission from John Wiley & Sons, Inc.: WILEY-VCH,

ChemElectroChem, Potentiodynamic Chromium Deposition from Trivalent and Hexavalent Systems on Glassy Carbon Electrodes:
Initial Stages and Mechanistic Insights by Sheasha et al. © 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 4.13b highlights the deposition mechanism from Cr(VI) electrolytes, in terms of the
Cr(III) species formed. There is only one reaction pathway, whereby Cr®" ions are
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reduced, via Cr** and Cr** intermediates, to chromic dichromate, which is then reduced at
the surface to chromium hydride, as explained earlier.

Figure 4.13a describes a more complicated mechanism associated with the deposition of
chromium from the investigated Cr(III) system. With a solution pH of 1, it is assumed
that a [Cr(H20).(L)s,)*" ion is predominant in solution, where L could be a bisulphate or
hydroxide ligand. During deposition, however, the exact composition of the Cr*" species
close to the GC surface cannot be determined due to their tendency to from oligomers, or
undergo further ligand exchange reactions, particularly due to the higher pH and Cr**
build up near the surface, which would catalyze such reactions. Hence the species close
near the surface could be more generally described as [Cr,,(OH),(H.0).(L).J*", which could
be a poly-nuclear chromium molecule with mono- or dihydroxy bridges between the

chromium centers, coordinated with water molecules and ligands%%4.,

Therefore, it is likely that during the first hour of potential cycling, the reduction of the
predominant monomeric species in solution plays the more significant role; deposition
follows Pathway 1. As deposition time is increased, Pathway 2 becomes increasingly
dominant, since the increasing build up of Cr*" along with the higher local pH during
deposition favor the olation of the chromium complexes into poly-nuclear chromium
molecules near the surface. These longer chain molecules are more stable and hence the
deposition rate quickly decreases with longer cycling times.

Thus, it was evident that in order to develop a new trivalent system, it is essential to
have stable, monomeric, chromium(III) species in solution, for a continuous deposition
similar to hexavalent systems. By allowing the solution to stand for a long time (more
than one month), it was noticed that the solution color changes from green to blue, which
was later confirmed to be a slow ligand exchange to achieve the monomeric aquo-complex,
[Cr(H20)g)**. This would be the key building block for the newly developed system, which
is discussed in detail in Section 4.3.

4.3 Development of a new electrolyte

In this section, the concept behind the newly developed solution will be explained, along
with the supporting spectroscopic and electrochemical measurements. In addition, the
preparation technique for the novel electrolyte is mentioned and the underlying changes to
the Cr(III) complex chemistry discussed.
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4.3.1 Electrochemical measurements with aged solutions

In order to be able to deposit films, hydrogen evolution on the surface should be
minimized. Hence, the pH was increased to a value of 3, which is a common value for
chromium film deposition from trivalent solutions!, by decreasing the concentration of
H>SOy. In order to compensate for the change in conductivity and sulfate concentration,
0.1 M NasSOs was added to the green solution. The pH of the aged blue solution was
adjusted using NaOH. The current-potential curves at 15 minutes of deposition as well as
SEM images of both systems after a total cycling time of 2 hours are shown in Figure
4.14.
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- ' 0.01 mM H,SO, + 10 mM Cr,(SO,),
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Figure 4.14 (a) Current—potential curves for the potentiodynamic deposition of chromium on GC from a
fresh solution (green) and an aged solution (blue) (b) and (c) represent SEM images of the deposits

respectively

It is apparent from both the voltammograms as well as the SEM images that the nature
of the present chromium(IIT) species plays a huge role on the quality of the deposit. The
deposit from the fresh solution in Figure 4.14b is amorphous, while that from the aged
solution (Figure 4.14¢) is crystalline, which is also evident from the apparent growth of an
incomplete layer on top of the deposit in both cases. Even though by increasing the pH,
the HER activity is decreasing, however the currents measured are mainly HER currents.
Nonetheless, it can be seen from Figure 4.14a that the HER currents for the aged solution
are almost half of that measured for the fresh solution, highlighting a possibly more

efficient deposition.
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Additionally, since electrodeposition is commonly done with a fixed potential/current,
potentiostatic measurements on both systems were carried out, in order to achieve a
better understanding of how both systems would behave. Upon systematic investigations,
it was found that at —1.3 V vs. SCE, potentiostatic deposition is successful on GC. Hence,
Figure 4.15 shows the current transients as well as SEM images for potentiostatic
measurements on fresh and aged solutions, at a pH of 3, for 2 hours, at F = —1.3 V.
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Figure 4.15 (a) Current—time curves for the potentiostatic deposition of chromium on GC from a fresh

solution (green) and an aged solution (blue) (b) and (c) represent SEM images of the deposits

respectively

While the current transients in Figure 4.15a show a similar behavior, the SEM images in
Figures 4.15b and 4.15¢ are completely different from one another. It is evident that the
structure of the deposit from the aged solution consists of large crystalline grains, where a
layer-by-layer growth takes place, as seen from the morphology of the crystallites, while
that from the fresh solution gives rise to an amorphous film.

4.3.2 Thermal acceleration and up-scaling

Even though the aged system seemed very promising, the extremely long ageing time
presented a huge drawback. Thus, the next step was to try and accelerate this process by
heating. By heating a solution of 0.1 M H,SO4 + 10 mM Cry(SOy)s for three hours at
100°C, the solution color changed from green to blue. If the pH is then adjusted to 3 by
addition of NaOH, similar to the aged solutions, the resulting deposits are similar to those
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in Figure 4.14c. Hence, this technique was successful to accelerate the formation of the

monomeric hexaquo-complexes.

After successfully producing the blue solutions, the next step was to verify if this
technique is also possible with higher concentrations. The low chromium(III)
concentrations used so far, though ideal to understand the behavior of the system, need to
be largely increased to be comparable to other studies/systems. In addition, boric acid,
Hs;BOs, was added to the solution. Even though it was later found out that the boric acid
does not affect the deposition on GC, however since deposition on metal surfaces, which
will be discussed later on, does not happen except in its presence, the addition of boric
acid was important for comparability of the results.

Therefore, the chromium concentration was increased to 0.15 mol L* (10 g/L of Cr®*"). In
addition, 0.81 mol L* (50 g/L) of boric acid were added after the preparation of the blue
solution, and before adjusting the pH to 3.7. Measurements were also performed with a
fresh (green) solution of the same concentration and components. Galvanostatic
measurements were carried out in both solutions, with a cathodic current density j =5 A
dm? for 15 minutes. Figure 4.16a shows the structure of the deposit from the fresh
solution, while Figure 4.16b shows that from the blue solution.

.o AT A
Figure 4.16 SEM images of galvanostatically deposited chromium on GC from (a) a fresh Cr(III)

solution, (b) an aged Cr(III) solution (c) a fresh Cr(III) solution complexed with malic acid

The SEM images are very similar, and in both cases chromium hydroxide precipitates
were found on the surface. Unlike metallic chromium, this is a light green rough powder,
which is responsible for the porous structure seen in Figure 4.16a and b. The formation of
the hydroxide is primarily due to the high pH of the solution and the even higher pH at
the surface during deposition, which causes olation of the chromium species, and their
precipitation as chromium hydroxide. However, underneath these hydroxide precipitates,
a thick chromium layer could be seen with the deposit from the blue solution, in contrast

to that of the green solution.
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To prevent olation and subsequent formation of hydroxides, organic complexing agents
are commonly used®. In order to demonstrate this effect a fresh solution was complexed
with 0.127 mol L (17 g/L) of malic acid, by heating the mixture at 65°C for 90 minutes
before deposition. This resulted in a color change from green to violet, indicating a
successful complexation with malic acid. The result of the deposition is seen in Figure
4.16¢, where the porous structures are no longer visible, however the quality of the deposit
itself is poor, with different coloration of the film and an inconsistent deposit. This is
because the introduction of malic acid to the green solution means the complexation of
the pre-existing poly-nuclear chromium molecules, which are themselves difficult to
reduce, even if further olation is prevented by complexation with malic acid.

Therefore, in order to develop a new system combining the deposition readiness of the
blue solution and the elimination of hydroxides by organic complexation, the chromium
hexaquo-complex monomers need to be further complexed with an organic complexing
agent, to combine the advantages of both systems.

4.3.3 Designing the new solution

Taking all this into consideration, the composition of the new system would be as follows:
1 M HoSOs + 0.15 M Cr** + 0.125 M C4HgO5 + 0.8 M H;BO;3; + NaOH. The components
are not mixed together at once, but rather as shown in Figure 4.17.
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Figure 4.17 Schematic of process required to prepare the new solution

The increase in concentration of HoSO4 serves many purposes. During the first stage, the
pH is lowered to 0, and thus the formation of hexaquo-complex monomer by heating at
100°C occurs more readily. It also increases the bath conductivity, so that no extra
conducting salts need to be added, thus keeping the system as simple as possible.
Moreover, it acts as a very good pH buffer in the optimum bath operating pH of between
1.7 and 2, thus no additional buffering agent is required.
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The amount of chromium is described as 0.15 M Cr**, because two different
chromium(III) salts were investigated, Cry(SOs4)s and Cr(OH)(SOy), the latter, basic
chromium sulfate, being investigated due to its popularity in the research and industrial
fields as a chromium salt for galvanic purposes®. For the sake of the UV-VIS
spectroscopy study, the solutions were prepared with the basic chromium sulfate.
However, the behavior is identical for chromium(III) sulfate.

Before discussing the changes in the nature of chromium complexes due to the
aforementioned preparation technique, the spectra of Cr(OH)(SO4) in 1 M H,SOsand in
water were compared to see if there already a difference is to be noticed, even though to
the eye both solutions have a deep green color. The spectra are shown in Figure 4.18.
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Figure 4.18 UV-VIS absorption spectra of basic chromium sulfate dissolved in water (black) and sulfuric

acid (green)

In the spectra of the two solutions, however, differences are quite evident. The smaller
wavelengths for the recognizable d-d transitions (A; and A;) in an acidic environment
signal a reduction in ligand field splitting. This can be attributed to the fact that in 1 M
H,SOy, the pre-existing hydroxide ligand in the Cr(OH)(SO,) salt is converted by
protonation into a water ligand or exchanged for a water molecule. Since water splits the
octahedral field more strongly than hydroxide®, the absorption shifts to higher excitation
energies and thus to shorter wavelengths. In addition, the lowering of the pH affects the
environment of the complex; chromium complexes tend to oligomerize at higher pH
values. Therefore, acidification shifts the equilibrium very much towards the monomer,
supporting the earlier hypothesis that a slow ligand exchange reaction to finally obtain
monomers of the hexaquo-complex occurs. Since monomeric chromium complexes require

higher excitation energies than dimers, trimers, and oligomers, this process enhances the
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shift of absorption bands to smaller wavelengths®. This also supported by the
observation that the peaks shift towards the vertical lines, which are the peak positions of
the [Cr(H20)q** monomer.

Figure 4.19 shows the change in the UV-VIS spectra during the first preparation step.
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Figure 4.19 (a) Time dependant UV-VIS absorption spectra of the first preparation step (b)change in
peak positions during heating as a function of time

Figure 4.19a shows spectra taken at various intervals while the solution is being heated at
100 °C. In 4.19b, the peak positions are plotted vs. heating time, in order to determine
how long it is required to heat the solution before reaching equilibrium. Based on these
measurements, a heating time of at least 3 hours is required to achieve monomeric

hexaquo-complex ions.

Both the shift to higher excitation energies and the blue coloration of the solution
strongly suggest an exchange of sulfate with water in the chromium complex. It has been
reported that an aquo ligand causes greater ligand field splitting than a sulfate ligand®®,
and the observed color change for this ligand exchange, along with the shift in the
maximum transmission wavelength between A; and A, to lower values, has also been

reported .

The ligand exchange reaction is a reversible reaction, which is why the concentration ratio
of aquo-complex to sulfate complex depends mainly on the concentration of sulfate in

solution:

[Cr(H20)5(S0)]1g + H20qy = [Cr(H20)6]a) + SO3 (g

e
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In order to verify this, an identical solution was prepared, with 1 M perchloric acid,
HCIO4, where a stronger shift towards the wavelength values of the hexaquo complex
monomers after stage 1 would be expected. The differences between both sulfuric acid and

perchloric acid systems are highlighted in Figure 4.20.
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Figure 4.20 (a) Differences in UV-VIS absorption spectra before and after the first preparation step for

sulfuric acid and perchloric acid as solvents (b) Peak shifts for both systems

The graphs show that in comparison to the sulfuric acid system, the peaks move closer to
the literature values reported for the hexaquo-complex. The much lower sulfate
concentration means that the majority of species in solution is the hexaquo-complex,
which would be expected to form due to heating at high temperatures, which allows water

ligands to replace strongly bound ligands“.

After successfully obtaining the blue colored solution, consisting primarily of [Cr(H-O)s**,
the next step is to further complex the monomers with malic acid. Hence, the malic acid
is added to the solution, which is then heated to 65 °C for 90 minutes, to ensure thorough
mixing. Even though at the very low pH of 0, it would not be expected that the malic
acid dissociates and further complexes the chromium, its presence at such an early stage
ensures that along the preparation no olation reactions take place. This was verified by
preparing the solution without heating after the addition of malic acid, which lead to

similar deposition results.

The addition of NaOH up to adjust the pH to 1 also has very little effect on the UV-VIS
spectrum. Only the charge-transfer transition shifts toward longer wavelengths,
completely covering the third d-d transition, which is seen in Figure 4.20a as a shoulder at
around 300 nm. However, after the boric acid was added, and the solution was heated
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again for 90 minutes at 65 °C, the spectrum clearly changes. The intensity ratio between
both peaks is reversed, with a greater increase in the absorption band at A; than at A,. At
the same time, A; shifts to a smaller wavelength, and A; to a longer one. This indicates

complexation with malic acid. Since malate is a much better ligand than malic acid itself,

deprotonation of malic acid is necessary for ligand exchange.
C4HgO050aq) = C4Hs5050,q) + Haq)

With a pKa value of 3.4, the equilibrium at pH 1 is strongly shifted towards the acid.
Therefore, the complexation takes place only to a small extent, especially since the ligand
exchange is thermodynamically favored but kinetically hindered.

[Cr(H,0)6]3hy + CaHs05q) = [Cr(C4Hs05)(H,0)s5]¢,) + H20q,

Heating allows overcoming of the activation barrier, and hence the ligand exchange
process is more likely to occur, which is confirmed by the change in the UV-VIS spectra

for both sulfuric and perchloric acid systems, as seen in Figure 4.21.
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Figure 4.21 UV-VIS absorption spectra for the remaining preparation steps in (a) sulfuric acid and (b)
perchloric acid

The presence of boric acid, however, has no effect on the formation of the chromium
complex, as comparison spectra for heating without boric acid show. The effect of boric
acid on metal deposition is usually attributed to buffering of the solution'”. However, this
is unlikely to be the case, since boric acid has a pKa value of 9.27%% and thus has no
buffering capacity in the pH region used. Nonetheless, the presence of boric acid is
essential not only for chromium deposition, but also for many other transition metals!'*.
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In comparison to the sulfuric acid system, only a few differences in the spectroscopy of the
perchloric acid system in Figure 4.21b, indicating that the sulfate concentration has
negligible influence on the resulting complex in solution after the preparation is complete.

Starting from already lower values for A; and A,, the shifts are smaller than those of the
sulfuric acid system. This can be due to the lower proportion of complexes containing
sulfate or hydrogen sulfate as a ligand in the perchloric acid system, which does not
change much as the preparation continues. The increase in absorption after heating with
boric acid is much larger than that of the sulfuric acid system in Figure 4.21a. The lower
sulfate concentration therefore appears to increase the probability of transition upon

excitation.

The kinetic stability of the aquo-complex also explains why upon increasing the pH to 2,
no spontaneous change in the spectrum despite the equilibrium shift in the malic acid-
malate system. However, after an ageing time of one day, a decrease in the wavelength of
the first d-d transition occurs, while the wavelength of the second transition remains
nearly constant. In addition, the absorption values steadily increase. This indicates a
continuously increasing concentration of malate-complexed chromium. The very small
shift in wavelength is attributed to the similarity in ligand-field splitting between
carboxylates and water. In literature, this behavior is mostly documented only for

97,98

oxalatel’™ but malate as a dicarboxylic acid anion should show similar spectrochemical

properties.

Electrochemical deposition carried out directly after pH adjustment show a chromium
hydroxide precipitates on top of a deposited chromium film. Upon ageing the solution for
a few days, this effect disappears. Hence, this provides further evidence that a slow ligand
exchange process takes place after the final pH adjustment.

To accelerate the ligand exchange process, the solution was heated to 50 ° C. After two
and a half hours at this temperature, a significant increase in absorption is evident,
especially at A;, which continues systematically. The solution changes its color from dark
blue to intense violet. Heating at 50 © C at a pH of 2 thus proves to be a good way to
effect a clear ligand exchange. However, the acceleration of the ligand exchange cannot be
achieved by very high temperatures. For example, when the solution is heated to 100 °C,
the electrolyte loses the violet tint and returns to the blue color of the aquo-complex.

Since the deprotonation of the second acid group of the 2-hydroxybutanedioic acid (malic
acid) has a pKa of 5.11" it should occur only at significantly higher pH values than the
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present one. Hence, the malate should act as a single negatively charged ligand. Thus, a
bridging of two chromium centers by a malate ligand with two complexing carboxyl
groups is unlikely. This is consistent with the theoretical calculations, where it was found
that monodental coordination of the oxalate ligand for a chromium (IIT) pentaqua-oxalate

complex occurs at a pH of 3%,

In summary, Table 4.1 lists the relevant steps for preparing monomericly complexed
chromium species. Figure 4.22a and b show the changes in A; and A, for the sulfuric and
perchloric acid systems along the course of preparation, respectively. In principle, the
spectroscopic behavior of the complex in both media is very similar; with the absorption
maxima in perchloric acid in comparison to sulfuric acid shifted by a few nanometers to

lower wavelengths.

Table 4.1 Summary of preparation stages and details of each stage

Stage | Preparation Details
A Fresh Solution
B Heating at 100 °C for 180 minutes
C Heating with malic acid at 65 °C for 90 minutes
D pH adjustment to 1
E Heating with boric acid at 65 °C for 90 minutes
F pH adjustment to 2
G Ageing for 1 day at room temperature
H Ageing at 50 °C for 120 minutes
T T T . T . T T T T i T T . T T i T T T
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Figure 4.22 Changes in UV-VIS absorption peaks for (a) sulfuric acid system and (b) perchloric acid
system
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However, these spectroscopic studies can not conclusively clarify whether the sulfate
present in the solution influences the complexation or even acts as a ligand in the active
Cr(III) complex. The presence of a sulfate or hydrogen sulfate ligand is evidenced by the
difference in peak wavelengths between the complexes in the perchloric acid system and
the sulfuric acid system. The spectra of the sulfuric acid system show the absorption
maxima at higher wavelengths; which indicates the coordination of a spectrochemically
weak ligand such as sulfate. However, the difference of 3 nm between both systems after
aging is very small.

4.4 Electrochemical deposition from the

monomeric complex

Electrochemical deposition measurements were carried out from the newly designed
solution, not only to assess the performance of the system, but also as verification that
indeed a new species is present in solution, and that the nature of the present species is
critical for electrodeposition. While over 1000 measurements were performed to aid in
preparation and to understand the system, in this section representative measurements
are shown to highlight the plating properties of the new bath.

4.4.1 Electrodeposition on GC

Electrodeposition onto glassy carbon was important to compare the performance of the
new system to the previous measurements. Results of galvanostatic deposition at a
cathodic current density (j) of 2.5 A dm~? for 30 minutes and 1 hour are shown in Figure
4.23a and b, respectively. Due to the lower pH range, measurements with a similar
current density of 5 A dm™ to the measurements in Figure 4.16 were not possible, due to
the increased hydrogen evolution. Measurements shorter than 30 minutes yielded very
little deposition.
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Figure 4.23 SEM images of galvanostatically deposited chromium on GC from the new solution at j =
2.5 A dm™? for (a) 30 minutes and (b) 1 hour

A completely different film structure results from the monomeric complex. Large spherical
grains are deposited and the film follows a layer-by-layer growth, which can be seen from

the underlying layers in the SEM images.

In order to use higher current densities, galvanic pulsing was employed (Iy =0 A dm™2, I;
= —5 A dm™, tr = 30 minutes, ty = tz = 0.5 s). For the same parameters, the
measurement was also repeated using pulse durations of 0.05 s. However, in order to have
a reference to compare to, these measurements were also done in a solution without malic
acid. The SEM images for these measurements without malic acid are shown in Figure
4.24a and b, while those with from the monomeric complex in 4.24¢ and d.

) S o g 9 =
Figure 4.24 SEM images of chromium deposited by galvanic pulsing on GC from (a), (b) non-complexed

chromium solution with pulse durations of 0.5 s and 0.05 s, respectively (c), (d) new chromium solution

with pulse durations of 0.5 s and 0.05 s, respectively
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It is clear from the SEM images that the further complexation with malic acid is vital in
order to obtain a well structured deposit. In addition, it seems that a pulse duration of 50
ms is ideal for a uniform layer-by-layer growth of the spherical grains. Moreover, the
effect of using a more negative pulse (I; = —10 A dm™?), on the structure of the deposit
was investigated. The results in comparison to a similar measurement to 4.24d, are shown

in Figure 4.25.

Figure 4.25 SEM images of chromium deposited on G using galvanic pulsing using (a) I = —5 A dm™?
and (b) I = —10 A dm™?

The images show an increase in particle size, coupled with the increase in cathodic current
density. In addition, the particles are less uniform in size and shape than those obtained
at 7 = —5 A dm™. This indicates a lower degree of progressive nucleation with higher
cathodic current densities, since stable nuclei are able to form faster and further reduction
of chromium ions occurs preferentially on the pre-deposited nuclei.

4.4.2 Electrodeposition on Brass

The use of GC electrodes was vital to the development of the new system, since its
utilization as a model electrode allowed for investigating the properties of the solution,
with as little substrate interference as possible. However, this is far from practical
application. Hence, it was crucial to perform initial measurements on metal surfaces, in
order to find out the potential behavior in industrial application.

The common belief in literature and industry is that without the addition of other
additives, such as brighteners, whiteners, levelers and wetting agents, very poor or no
deposition would occur on metal surfaces. Thus, our aim was to challenge this belief, by
investigating the performance of the newly developed system with none of these additives.

Figure 4.26 shows a Hull Cell measurement conducted on brass, where the current density
is varied along the sheet, in order to determine the optimum range for current density for

galvanostatic measurements.
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5 A dmr? 10 A dur? 15 A dur?

Figure 4.26 SEM images of Hull Cell sample highlighting the microstructure in different current density

regions

From Figure 4.26, two important observations could be made. First, the structure of the
deposit remains the same; in this case, we also obtain spherical particles. In addition, as
the current density increases, the size of the particles decreases, and they tend to form a
complete, uniform film. Second, the optimum range of current density could be
determined to be between 5 and 15 A dm™. Below this range, incomplete films are
deposited, and above that, the layers start to crack and are broken off the surface by the
action of hydrogen.

Using this information, other sample measurements were carried out on brass, some of

which are shown in Figure 4.27.

S —5A dm?

0.05 s —10Adm?

n

30 1min 30 1min

Figure 4.27 (a), (b) SEM images and galvanic pulsing deposition diagram of chromium deposited on
brass at I = —10 A dm™? and It = —10 A dm™2, respectively (c) SEM image of galvanostatically

deposited chromium on brass at j = —10 A dm~? for 10 minutes
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The pulsing measurements in Figure 4.27a and b show a similar behavior to the pulsing
measurements carried out on GC, in terms of particle size with respect to I;. However,
due to the very large thicknesses deposited, the films would break up, giving a flaky
appearance with poor adhesion to the surface.

Galvanostatic deposition, results in a complete film with no addition of additives. While
not all the samples of course look identical, however they are quite similar. Photographs
of samples repeated with the same parameters are shown in Figure 4.28.

Figure 4.28 Photographs of chromium films deposited on brass sheets with an area of (a), (b), (c)4 cm?
and (d) 16 cm?

The films also look identical on larger areas (in this case the area is 4 times larger), as
seen in Figure 4.28d. However, the photographs also show that the films are not perfect.
Nevertheless, the results show that a complete chromium film can be reproducibly
deposited without extra additives. In other words, the newly developed system serves as a
fundamental building block, which can be modified by additives, depending on the
application, to give the desired outcome, like optical properties and thickness
requirements. The part geometry also plays a role in determining the optimum operation
parameters.

The pulsing schemes were further optimized to yield higher quality deposits, by modifying
the pulse duration and total time. These results are shown in Figure 4.29.
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Figure 4.29 SEM images and galvanic pulsing diagrams for chromium deposited on brass for a total

pulsing duration of (a) 10 minutes (b) 20 minutes and (c¢) 30 minutes

The SEM images in Figure 4.29 show that for longer pulse durations the microstructure is
more homogeneous. The presence of cracks, like those in Figure 4.29¢, is characteristic of

thick chromium layers.

4.4.3 Thickness and optical appearance

The optical appearance of the film depends largely on substrate preparation. Figure 4.30
shows a comparison between deposition measurements on an unpolished vs. a polished

sample.

Figure 4.30 Difference in optical appearance between identically deposited chromium films on (a)

unpolished and (b) polished brass sheets

Figure 4.30a shows a photograph of chromium deposited on an unpolished brass sheet,
while in 4.30b the brass sheet was polished prior to deposition. From the reflection of the
camera, it is evident that in order to have the desired mirror-like finish of chromium,
especially for decorative purposes, it is necessary to start with a shiny surface. While it is
common practice to pre-deposit a nickel film to further enhance the optical appearance,
however it was possible to obtain an almost perfect finish on brass.
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The effect of deposition temperature on film thickness and color was also investigated.
Film color was assessed by measuring the bluish hue of the reflected light, against a preset
value. Here, it was essential to understand the microstructural influence on the color of
the reflected light. Figure 4.31 shows SEM images of samples deposited at different
temperatures, for 5 minutes at j = —10 A dm™>.

~ 0.15 pm
T.= 20.°C

200 nm

Figure 4.31 SEM images of galvanostatically deposited chromium films on brass for 5 minutes with j =
—10 A dm? at temperatures of (a) 20 °C, (b) 30 °C, (¢) 40 °C, and (d) 50 °C

The images with a blue border (4.31b and 4.31c) are samples that reflect light with a
bluish hue. It can be seen that it is essential to have a very smooth and uniform
microstructure in order to obtain the desired optical finish of chromium. The presence of
irregularities in the microstructure diffracts light in an undesired way, resulting in reddish
or yellowish films. This trend was also seen in many other samples; all the samples that
had a similar microstructure to 4.31b and c, reflected a bluish color.

Apart from the color, films are also usually assessed for brightness. This was
unfortunately not possible on most of the samples, due to the white haze that could be
seen on most of the samples. This was mainly due to large cracks associated with the
large thicknesses deposited, which scatter the light in a way that makes the surface seem
dull and white, rather than metallic. The cracks are formed due to the volume contraction
associated with the decomposition of chromium hydride, which causes strain effects with
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increasing thickness. These problems are usually solved by additives, which were not used

in this work.

Another factor affecting both thickness and optical appearance is the deposition method
used. SEM images of a galvanostatically deposited chromium film vs. a film deposited by

pulsing are shown in Figure 4.32.

S W

Figure 4.32 SEM images highlighting microstructural differences between (a) galvanostatic deposition

and (b) pulse plating of chromium on brass

The resulting microstructure from pulse plating is usually a very rough one, like depicted
in Figure 4.32b. This is probably due to the rapid increase in thickness, which prevents a

uniform growth of the deposited nuclei to form a homogeneous film.

The relationship between deposition temperature and film thickness, as well as that
between deposition technique and film thickness, are plotted in Figure 4.33. These values
represent the range of thicknesses which are found at different positions on a sample, for

many samples.

2.0 T T T T T T 4 T T T T T T b
| Pulsing; |, = 10 A dm?

Galvanostatic; j = 10 A dm”
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Figure 4.33 (a) Effect of deposition temperature on thickness and (b) relationship between duration and
thickness for galvanostatic deposition (red) and galvanic pulse plating (blue)
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It can be clearly seen from Figure 4.33a, that the layer thicknesses suddenly increase with
an increase in the deposition temperature to 30 °C. Above 40 °C, however, the amount of
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chromium deposited decreases again. It can be observed that the thick layers at 30 °C and
40 °C are very uneven, as evidenced by the greater variability of the measured values.
The deposition at 50 ° C even provides incomplete coverage in some measurements,
although the solution gives good results under comparable conditions at lower
temperatures.

The decrease in layer thickness at higher temperatures may be associated with the lower
overpotential, resulting from the increase in electrolyte conductivity. If the voltage
between the anode and cathode is too low, chromium cannot be reduced to the same
extent, leading to thinner films. On the other hand, the removal of an aquo ligand is
facilitated at higher temperatures, due to stronger molecular vibrations. As a result, the
distance between the chromium ion and cathode surface decreases, and therefore the
transfer of electrons proceeds much more efficiently. Hence, if more chromium complexes
are under coordinated in this way, deposition becomes efficient. These two opposing
processes appear to have a trade off between 30 and 40 °C.

Figure 4.33b shows the correlation between thickness, time and deposition technique. In
the case of pulse plating, rough layers are formed. Due to the high concentration of
chromium complexes that flow to the cathode during the off pulse, a greater supply of
chromium ions are available in comparison to galvanostatic deposition, which leads to a
fast, efficient, but also irregular film growth. The layer thickness is therefore remarkably
high even with short plating times. The decrease in the layer thickness after 20 minutes
can be caused by the removal of upper metallic chromium layers due to stress effects
caused by hydride decomposition.

For galvanostatic deposition, for short times thinner but homogeneous films are deposited.
As the time is increased, certain areas of the film grow while others do not, resulting in
the very wide thickness range shown in the graph.

4.4.4 Mechanistic Insights

At the end, it is important to relate all of this information to try to understand the
behavior of the system.

As already discussed, the electrolyte is subject to an aging process after the final pH
adjustment. Based on the experimental observation that older solutions provide better
chromium layers, it was tested whether heating the solution can accelerate this aging. In
fact, by heating for a short time, much better results were obtained than would otherwise
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occur with solutions several days old. The change in the complex was confirmed in the
UV-VIS spectroscopy study. It became clear that aging at room temperature over a longer
period of time and brief heating of the solution result in a similar change in absorption
behavior and thus in the chemical properties of the complex.

After initial attempts to accelerate the aging process by heating at 65 °C, it was
experimentally determined that heating for two hours at 50 °C is sufficient to then
achieve good deposits. After this step, in most cases, formation of chromium hydroxide
due to incomplete complexation could no longer be observed.

Further acceleration attempts by heating the solution more intensively were also tested.
However, the results deteriorated significantly after heating to higher temperatures. After
heating for 1 hour at 100 °C, the amount of the deposited chromium was greatly reduced.
As suggested earlier, boiling the solution leads to a ligand exchange towards the hexaquo
complex. Although this step is thermodynamically inhibited, it is made possible with high
temperature. Reduction of chromium from the hexaquo-complex is difficult because of the
proximity of the aquo ligands to the chromium center, which reduces the amount of

deposited chromium®.

Since the absorption behavior remains constant during heating with malic acid at pH 0, it
can be concluded that no ligand exchange takes place in this step. Solutions prepared
without this heating step behave in the same way as the electrolytes which were heated
after addition of the malic acid in further preparation and in deposition. The assumption
that this step has no effect on the dominant complex can thus be confirmed.

Based on these spectroscopic findings, and the electrochemical results, the following
mechanism in Figure 4.33 can be proposed. However, it is not possible to determine
whether the reactive complex contains a sulfate species or not.
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100°C

[Cr(OH)(SO4)(Hz0)4] [Cr(H:0)6**

[Cr(C4Hs0s)(H20)s)?*
[Cr(C4H505)(HSO4)(H0)4]*
B l .

Cr/CryHy

Figure 4.34 Illustration for proposed mechanism for chromium deposition from the new solution

In contrast to reaction route B, reaction route A does not include the possibility of re-
addition of a sulfate or hydrogen sulfate ligand. This re-complexation cannot be ruled out,
even if the direct reduction from the malate complex is more likely. In both cases, the
reduction is conceivable via both a one-step mechanism, and/or a two-step mechanism,

with a divalent chromium complex as an intermediate.

4.5 Use of other Complexing Agents

In order to further investigate the newly developed system, identical measurements were
performed, with the substitution of malic acid with a weaker alternative, formic acid, and
a stronger alternative, oxalic acid. While these systems were not as extensively studied as
the malic acid system, the deposition results were sufficient to draw important

conclusions.

4.5.1 Formic Acid

In order to investigate the action of formic acid as a complexing agent, the preparation
was carried out identically, with the malic acid substituted by formic acid. Three identical
measurements were carried out sequentially, at a current density of 5 A dm? for 5
minutes. The results are shown in Figure 4.35.
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Figure 4.35 Photograph })f three consecutive deposition trials (left to right) from a solution complexed

with formic acid instead of malic acid

The photograph shows that the deposition very quickly deteriorates (left to right). By the
third trial, almost no chromium was deposited. However, for the first measurement, the
deposited film was very bright. Figure 4.36 shows an SEM image of the first sample (left).

Figure 4.36 SEM image of a chromium deposit from a formic acid complexed solution

The SEM images shows a very smooth microstructure, which is in correlation with the
very bright film. However, the quick deterioration means the complexing action of the
formic acid is not strong enough to maintain a stable complex.

4.5.2 Oxalic Acid

Similarly, identical solutions were prepared with the malic acid being substituted by
oxalic acid. Initially, measurements were also performed at a current density of 5 A dm™
for 5 minutes. The samples are shown in Figure 4.37.

Figure 4.37 Photograph of two consecutive deposition measurements from a solution complexed with
oxalic acid instead of malic acid
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The results showed a very high reproducibility of the measurement, due to the stronger
complexing action of the oxalic acid. In order to additionally probe the versatility of the
oxalic acid system, measurements were also carried out at 4 and 6 A dm™. Figure 4.38
shows photographs, as well as SEM images of samples performed at 4, 5, and 6 A dm™ for

5 minutes each.

! o . & 3 1 pm

Figure 4.38 (a), (b), (c) Photographs of galvanostatically deposited chromium films on brass from an
—2

oxalic acid complexed solution for 5 minutes with cathodic current densities of 4, 5, and 6 A dm

respectively. (d), (e), (f) show the corresponding SEM images of each sample

While all the films seemed similar to the eye, however, the SEM images show that as the
current density is increased, the surface irregularity also increases. On the other hand the
film thickness was almost identical in all samples, which was roughly 0.25 pm. Thus, the
next step was to investigate the effect of deposition time on film thickness. Using a
current density of 4 A dm?, the deposition was carried out for 5 and 10 minutes. The
corresponding photographs and SEM images are shown in Figure 4.39.
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Figure 4.39 (a), (b) Photographs of galvanostatically deposited chromium films on brass from an oxalic

acid complexed solution with j = —4 A dm™ for 5 and 10 minutes, respectively. (c) and (d) show the

corresponding SEM images for each sample

As the deposition time increases, it is clear that the film becomes more dense, with fewer
pores and cracks. In addition, the thickness was doubled from about 0.25 pm to 0.5 pm.
Moreover, the oxalic acid system showed a high resilience towards changes in pH.
Measurements were conducted at pH values of up to 4 and gave identical deposits.

Hence, it can be clearly seen that the nature of the complexing agent itself plays a vital
role in determining the quality of the deposit. Comparing all three complexing agents
shows that the higher up the spectrochemical series, the more stable the complex is, and
thus, the better the quality of the deposit.
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5 Conclusions and
Outlook

5.1 Conclusions of the Iridium Study

In this study, well-defined iridium nanospheres could be electrodeposited from aqueous
solution onto glassy carbon electrodes, using a similar method to that found in literature
for the electrodeposition of platinum nanospheres!®. While, previous studies have reported
the possibility of depositing aggregates of iridium onto platinum and glassy carbon¥, or
the deposition of nano-porous structures of a few nanometers in size/®, there have been no
reports on the electrodeposition of well-defined iridium structures.

The electrodeposition of Iridium from aqueous solutions presents the challenge of
hydrogen evolution and subsequent bubble formation, which blocks the substrate surface
and prevents deposition. This challenge was overcome by employing a very high
overpotential for a few milliseconds, allowing for progressive nucleation on the active sites
of the GC surfacel®. In addition, by varying different parameters, the size and loading of
the iridium nanospheres could be varied. Moreover, cyclic voltammetry and SEM
investigations were carried out to characterize the iridium nanostructures.

Finally, the electrocatalytic activity of the Iridium nanospheres towards CO adlayer
oxidation was investigated, as a means of probing the particle surface. It was found that
in terms of oxidation peak potential, particle size does not have a significant influence on
the electrocatalytic activity. However, 100 and 200 nm particles showed a different CO
oxidation profile, in contrast to the larger ones. This may be a result of some
agglomeration, or the influence of size on surface structure, since smaller particles tend to

be less uniform in structure than larger nanospheres.
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The electrocatalytic activity could be enhanced by voltammetric treatment of the
particles in 0.1 M H.SO.. The peak potential for the treated particles showed a shift to
more negative values. This might be an effect of surface roughening due to potential

cycling.

The next step would be the fabrication of preferentially oriented nanocrystals with well
defined facets, similar to those produced from other noble metals, such as platinum and
palladium!'>%¥, While, many attempts have been carried out to electrodeposit other
preferentially oriented nanocrystals of iridium, it was found that iridium behaves
differently to platinum and palladium under such conditions, since it was not possible to
obtain similar nanostructures.

Hence, a new method needs to be investigated to deposit preferentially oriented iridium
nanocrystals with well defined facets. There is a wide range of parameters to be
investigated, including electrolyte, concentration and pH effects, which all play an
important role in determining the suitable conditions to obtain such nanocrystals.

Nevertheless, the iridium nanospheres themselves provide a basis for more research. For
example, the iridium nanospheres can be used as cores, and other metals can be deposited
on top of them and the electrocatalytic activity of such core-shell structures investigated.
Thus, this study provides the framework for a large field of research on the nano-
modification of carbon supported iridium electrodes and the use of iridium as an
electrocatalyst in industrial applications. The modification of such nanostructures to get a
high electrocatalytic activity with minimum loading can overcome economic barriers, and

open many doors for new applications.

5.2 Conclusions of the Chromium Study

The aim of this study was to find a suitable substitute for Cr(VI) systems for chromium
deposition, since these systems have proven to be hazardous to the environment as well as
toxic for humans. The most promising alternative is a Cr(III) substitute, however
trivalent chromium systems come with many challenges coupled with the constantly
changing chemistry of the plating bath.

Thus, in order to develop a new system for chromium deposition, it was essential to
understand the underlying similarities and differences between both systems, particularly
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in the initial stages of deposition. This was achieved by designing a fundamental study to
investigate the time-dependant potentiodynamic growth of chromium on glassy carbon
electrodes from simple baths of Cr(III) and Cr(VI).

The use of GC electrodes minimizes substrate interactions with the environment, as well
as epitaxial effects, which may influence the deposition behavior. These advantages allow
a deeper investigation of the deposition mechanism from both systems.

The results of the fundamental study showed that hexagonal chromium particles were
successfully deposited onto the GC surface from both systems at pH 1. For a bce metal, it
would be highly unlikely that such hexagonal structures are pure chromium. Based on
literature, it can be concluded that the deposits are hcp chromium hydride crystals. At
room temperature and pressure, this serves to be the first reporting of stable hexagonal
chromium hydride under these conditions.

SEM analysis of the deposited chromium revealed that at least for the first hour of
deposition, both systems yield large, crystalline hexagonal chromium hydride crystals.
With longer deposition times though, deposits from trivalent chromium tend to
decompose into amorphous structures, unlike the deposits from hexavalent chromium,
which maintain their hexagonal structural integrity, independent of deposition time.

This is likely due to the formation of long chain oligomers of the Cr** aquo complexes via
olation reactions, which are catalyzed by the presence of Cr*" species and higher pH
values near the surface. These long chain oligomers cannot be easily reduced to chromium
metal, and thus the concentration of active species decreases below the critical percentage
for chromium hydride formation. However, this process is not present in the hexavalent
system, due to the presence of a different Cr** intermediate, chromic dichromate, which
does not take part in such olation reactions. Hence, the continuous supply of active
species results in the stabilization of chromium hydride for up to 6 hours.

Therefore, the key to developing a reliable Cr(III) plating bath is to generate an active
Cr(III) complex and to ensure that the bath chemistry remains unchanged. Since higher
pH’s promote olation, the simple solution was kept at pH 1. By monitoring the solution
for a long time of about 4 weeks, it was evident that the solution color changes from green
to blue, indicating a very slow ligand exchange process, until the solution consisted mainly
of the monomeric aquo-complex, [Cr(H»O)q**. Electrochemical measurements at pH 3 on
GC revealed crystalline films, in contrast to amorphous deposits from green solutions, as
well as lower HER currents, indicating a potentially more efficient process.
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The acceleration of the ligand exchange process was investigated, and it was found that
by heating the solution and further lowering of the pH, the blue solution could be
obtained within a few hours. Upscaling to higher concentrations and investigating
galvanostatic deposition resulted in the formation of hydroxides on the surface.

In order to prevent hydroxide formation, further complexation with an organic acid was
required. Electrochemical measurements carried out on GC after complexation with malic
acid revealed a superior film structure, with no evidence of hydroxides on the surface. In
addition, the preparation of the solution was followed stepwise by UV-VIS spectroscopyto
verify that the process parameters for the newly developed preparation technique, which
include temperature, time and pH changes, are sufficient for successful ligand exchange
and subsequent complexation with the organic acid.

While the deposition results on GC were impressive, the real test for the system would be
the performance for plating metal surfaces. For these investigations, another important
component, boric acid, was needed for deposition to take place. Boric acid is believed to
be a buffer for plating baths, however its exact function is not fully understood to date,
since its pKa value is much higher than that of the solution. A series of galvanostatic and
galvanic pulsing measurements were used to investigate the electrodeposition on brass at
different pH values, temperatures, current densities and deposition times. The results
show successful plating on brass with film thicknesses varying from 100 nm to more than
3 pm.

Finally, the action of other complexing agents, formic acid and oxalic acid, as a substitute
for malic acid was also investigated. From these measurements, it could be concluded that
the type of organic acid used determines the quality of the deposit. Comparing all three
complexing agents shows that the higher up the spectrochemical series, the more stable
the complex is, and thus, the better the quality of the deposit.

Nevertheless, the scope of this research could be made wider. Fundamental investigations
into the action of boric acid and the search for a substitute would be very important,
since boric acid itself is considered a hazardous substance. The search for film enhancing
additives, for different decorative as well as functional applications is another interesting
aspect, to further tune this bath to fit different industrial applications.

ae
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5.3 Thesis Outlook

The recommendations for future work with respect to iridium and chromium deposition
have been mentioned in the previous sections. In this section, the projection of the
knowledge obtained from these studies onto other systems is briefly discussed.

Both of the systems under investigation presented unique challenges, for the well-
established discipline of electrochemical metal deposition. These challenges could only be
properly tackled by appropriate fundamental research. While nowadays the mainstream
direction of research is more applied, however in some cases the best way to tackle the
application related difficulties is by taking a few steps back and conducting basic,
fundamental research to verify the underlying problems.

In this thesis, this was achieved by taking a closer look at the initial stages of both
iridium and chromium deposition. By identifying the nucleation problem in iridium and
the changing complex chemistry of chromium, it was then possible to find a suitable
solution. This leads to the next important aspect; process development.

For successful innovation in a simple electrochemical technique like metal deposition,
identifying and optimizing key stages in the related processes is paramount. This could be
achieved by developing the electrochemical process itself, like in the iridium study, or by
modifying the preparation technique of the electrolyte, to optimize its performance with a
simple electrochemical process such as galvanostatic deposition, as in the case of the

chromium study.

Finally, by combining both process optimization methodologies of electrochemical and
electrolyte process development for the same system, systems that were once thought to
be impossible can be investigated from a different perspective. With the aid of
fundamental research, the different challenges can be separately investigated, and for each
a suitable solution can be found.
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