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Abstract
Anodic dissolution of metals in ionic liquids
Wrya Othman Karim

Anodic dissolution of 12 metals and alloys was carried out in ionic liquids, a deep
eutectic solvent comprising of 1:2 molar ratio mixture of choline chloride,
[(CH3)sNC2H4sOH] CI, (ChCIl) and ethylene glycol (EG) and CsmimCl using
electrochemical techniques, such as anodic linear sweep, chronoamperometry and
chronopotentiometry. To study the dissolution mechanism electrochemical impedance
spectroscopy (EIS) was used, in addition, a wide range of spectroscopic, for instance,
UV-Visible and X-ray photoelectron spectroscopy (XPS) and microscopic techniques,
such as scanning electron microscopy (SEM), atomic force microscopy (AFM) and 3D

Optical microscopy were used.

The anodic dissolution of copper in Ethaline and CamimCl was studied. It is
shown that the speciation of dissolved copper at the interface region are [CuClz] and
[CuCl4]? and the EG controls the structure of interface. A super-saturated solution forms
at the electrode-solution interface and CuCl, was deposited on the metal surface. The
impact of additives, such as water and CuCl..2H-0 on the copper dissolution in Ethaline
were examined. The former affected the quality of electropolished copper and the latter
decreased the dissolution rate.

The second stage of the study involved the study of eight metals, Ag, Au, Co, Fe,
Ni, Pb, Sn and Zn in Ethaline and CsmimCl at 20 °C and 70 °C. Film formation occurred
on almost all metals surface. It was only when the film that formed led to a diffusion
controlled dissolution rate that electropolishing occurred. This was the case with nickel

and cobalt in Ethaline at 20C producing a mirror finished surface.

In the final section the anodic dissolution of three alloys; Cuo.63Zno.37, Cuo.94Sno.os,
and CuossNio.45 was studied in Ethaline at 20 °C. The Cuo.94Sno.0s and CuossNio.4s showed
electropolishing whereas CuoesZnosy displayed dealloying. The redox potential
difference and the elemental composition of the alloys controlled the dissolution
mechanism. The electropolishing mechanism was shown to be consistent with the model

developed in Chapter 4.
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Chapter 1 Introduction

Electrochemical processes are commonly used to modify metal surfaces. The
oxidation of the surface can be used for micromachining or electropolishing whereas the
electroreduction of metal ions in solution can be used for the formation of decorative,
anti-corrosion or anti-wear coatings. The importance of these processes cannot be
underestimated as the majority of metallic components undergo some form of

electrofinishing.

1.1 Anodic and cathodic reactions

Before starting with a description of what happens at an electrode of an
electrochemical cell, it is necessary to define electrochemical cells. Electrochemical cells
can be defined as aboundary that confines the area where electrochemical reactions occur
which consists of an electrolyte and at least two poles, one is called cathode where
reductions take place and the other called the anode where oxidations occur. A reference
electrode is also used in some experiments so that a constant potential can be applied to
an electrode surface. A common example of this is a reversible reference couple such as
Ag| AgCI| CI (saturated or 0.1 M KCI).1

Electrolytes are commonly aqueous solutions of metal salts or acids. Increasingly,
however non-aqueous solutions are used with organic solvents, such as acetonitrile with
quaternary ammonium electrolytes. In some cases ionic liquids (ILs), deep eutectic
solvents (DESS) or even, the electrolyte acts as an ionic conductor between the poles. The

electrodes at the poles are typically inert metals such as Pt or Au.?

It is often important to understand the nature of charge transfer processes at an
electrode-solution interface. Fig. 1.1 considers a reduction reaction occurring at an
electrode/electrolyte interface which is a few nanometres in thickness.> 3 Thus,
understanding the nature of the electrochemical processes in this region is of prime
importance. The two processes take place at this region which are mass transport and
charge transfer (tunnelling process). The anodic processes comprise lowering the Fermi
level in the electrode part, thereby, electrons can transfer from the electroactive species
from the electrolyte to the electrode. On the other hand, in the cathodic processes, the
Fermi level ascends to a level that electron can transfer from the electrode to the species

in the electrolyte.®
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Figure 1.1 Schematic representative of electron transfer at an electrode

1.2 Wet interfaces

In aqueous systems, the interface consists of Helmholtz layer and diffuse layer
while in IL systems the situation is different because of the entirely ionic nature of these
systems and no molecular species are involved. The structure and composition of ILs,
therefore, have a considerable role in controlling the electrochemical responses.
Furthermore, the shape and size of ions as well as their orientation will alter the responses

making the process surface dependent. 4-6

Charge transfer processes at an electrolyte/electrode junction are impacted by the
structure of the EDL which has different properties from that of the bulk solution. For
example, the dielectric constant of water decrease from 78 in the bulk to 5in the interface
regions.* This is attributed to the effect of the electric field in the organised double layer
region. This perturbation results in rearranging of ion and molecules at the electrified area

which in turn affect both mass transport and charge transfer processes across the interface.

The EDL region has been thoroughly studied in dilute electrolytes.!: 41t is defined
thermodynamically as the surface charge dependency on the electrode potential at
constant pressure, chemical potential and temperature.* ® The mathematical expression of
EDL is as following:

— (24
co=( a(p) (1.1)

u, T, P



Where, C, is the differential capacitance, dq is the surface charge, d¢ is the electrode
potential, w is the chemical potential of the substance, T is absolute temperature and P is
the pressure.

The earliest model goes back was devised by Helmholtz who assumed a compact layer
of adsorbing ions and solvent molecules which make a capacitor with the electrode
surface. This model ruled out the influence of potential on the capacitance and the

capacitance of such a layer is calculated from the Helmholtz capacitance:

E&o

€= (1.2)

Where, ¢ is the relative permittivity of the material, &. is the permittivity of vacuum (8.85

x 1012 F cmrl) and d is the double layer thickness.

The most reliable and accurate model is the Gouy-Chapman-Stern model (GCS)*
4 which assumes the EDL has two regions, one is compact (Helmholtz layer) and the other
part is the diffuse layer in a concentration gradient regime. So this model expresses two
capacitors in series at the EDL region:

— == (1.3)
Where,

C, is the total cap Helmholtz differential capacitance and C, is the diffuse layer
differential capacitance which is potential dependent.

Equation 1.2 can be rewritten in following form:

1 X 1
i_x, (1.4)
C £&o 2gg0ze"n. 47 ze@2

¢ Cr ) Tcosh G

Where,

x is the distance between the electrode and closest plane approach of the centres of the
counter ions, e and z are the electron charge and the valency of the ion, respectively, @ is
the potential at the distance x with respect to the bulk solution, k is the Boltzmann’s
constant and all other terms have their usual meaning.

It is worth noting that GCS model is applicable for dilute aqueous electrolyte, so in

case of high temperature molten salts, a new model has to be adopted. The structure of

4



double layer state for such salts a sequence of alternating charge in the form of lamellar
structure is produced as a result of a strong columbic interaction between anions and

cations.

The situation has become much more complicated when ILs and DESs are involved.
These electrolytes in addition to electrostatic interaction, there are also several
interactions including hydrogen bonding, van der Waals, dipole-dipole, 77 - interactions.
Moreover, the capacitance is complicated in these electrolytes by the asymmetry of the
ions and the difference in size between the cations and the anions.” Kornyshev has
established a theory (amean-field lattice gas) that a bell-shape capacitance curve has been
obtained in concentrated electrolytes.® This group has found that there is lattice saturation
as a result of compensation of charge that formed on the electrode surface by
accumulation of ions in several layers at extreme potential polarisation. This model,
however, has a limitation because no ion adsorption is involved and it assumes identical
ionic sizes of the cations and the anions which is not the case in most ILs. This theory
had been extended to include cations and anions of different sizes where dense ion
packing does not occur.” This predicts a camel-shape capacitance as a function of
electrode potential.® Molecular dynamic simulation had been conducted in which a camel-
shape was obtained by Fedorov and Kornyshev.1%: 11 Moreover, Lauw et al. adopted a self-
consistent mean field which produces a camel-shape capacitance curve regardless of ionic

size.12

It is worth mentioning that there is a possibility of adsorbing ions of different shape
and size, especially in case of ILs and DESs that consist of entirely of ions and free of
molecular solvents, especially aromatic rings that tend to adsorb. This is evidenced using
spectroscopic techniques that the aromatic rings can adsorb with specific orientations at
an angle perpendicular to the electrode surface at some potentials or lie flat at high
potentials. For example, imidazolium ring. This interaction of ions and solid surfaces
would alter the shape of the capacitance curves because of probability of charge transfer

processes. 13

In the literature, there are many attempts that to describe the interface between ILs
and polarisable electrodes, including Pt, Hg, Au, Ag. These include using various

spectroscopic techniques, for example, in situ infrared reflection absorption spectroscopy



(FT-IRAS),** in situ surface-enhanced Raman scattering (SERS),® in situ sum frequency

generation vibrational spectroscopy (SFG).16-18

The structure and composition of ILs at interfacial region have been extensively
explored, but only a limited number of studies have been conducted using DESs.1?

Distinguishing between Faradaic and non-Faradaic currents can be challenging.l 2

One way to investigate the EDL is by measuring capacitance using Electrical
Impedance Spectroscopy and looking at the behaviour of the differential capacitance
curve. Understanding the ion arrangement at the electrode surface has an electrochemical
significance, helping to rationalise the electrochemical behaviour of any electrochemical
system. It is important to be able to correlate the electrochemical behaviour with
properties of the electrolyte/electrode interface to distinguishing Faradaic from non-

Faradaic currents.
1.3 Anodic dissolution

1.3.1 Electrochemical dissolution

Anodic dissolution is an important process for micromachining, electropolishing,
batteries, corrosion and as an associated process for metal deposition.2?: 21 In aqueous
solutions the mechanism of metal dissolution is pH-dependent due to the formation of
oxide and hydroxide films on the metal surface. The speciation of numerous metal ligand
systems have been characterised in aqueous solutions as a function of potential and pH

and these are known as Pourbaix diagrams.22

Pourbaix diagrams normally consider an electrolyte composed of H* and OH- ions.
The speciation is divided into three types of behaviour; passivation, immunity and
corrosion. An example of a Pourbaix diagram is shown in Fig. 1.2 with the example of
copper. Below pH 4.5 and above the oxidation potential of +0.36 V the stable form of
copper is Cu'! (ag). Above a pH of 4.5 either Cu20 or Cu (OH)2 form, both of which are
solid and assumed to passivate the metal surface do corrosion (or dissolution) do not
occur. It is only under extremely basic solution pH> 15 that corrosion again occurs due
to the formation of CuO22-which is charged and therefore dissolves rather than forming
a passive layer
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Figure 1.2: Pourbaix diagram for copper in aqueous solution??

Pourbaix diagrams are therefore useful in interpreting corrosion and dissolution but

they do have some issues that need to be taken into account

. They provide no kinetic information.

. Only OH- ions assumed to form ppt.

. Corrosion can also takes place below concentrations of 106 mol dmr3 which is the
Pourbaix criteria for corrosion.

. If precipitates occur away from the electrode no passivity occurs.

. pH changes may be local.

These layers can be passivating as in the case of aluminium oxide or porous as is the
case for many oxides of iron. In such cases the rate of the anodic process can become
limited by the diffusion of metal ions from the electrode surface through the growing
layer or it can be limited by the diffusion of an anion from the electrolyte through to the
electrode. Poubaix diagrams have only been established for aqueous solutions as the

concept of pH is very complex in non-aqueous solutions.

Two main oxidation mechanisms have been established in agueous solutions:



A. Duplex salt mechanism

This model, originally proposed by Grimm et al. assumes a compact but porous film
forms on the electrode and the mechanism is shown schematically in Fig.1.3.24 It assumes
that a dynamic process takes place with a constant thickness film formed on the metal
surface. The film maintains its thickness as the film solution interface dissolves at the
same rate as the electrode dissolves to form the precipitate at the electrode-film interface.
Penetration of cations through the film and diffusion of anions from the surface are
responsible for mass transport in the system. The potential drop across the film depends
on the film thickness.2°

The name arises from the assumption that the film is made up of two layers; a dense
layer close to the metal surface which forms a solid dielectric and an outer region which
is porous. The dense layer limits the transport of cations from the metal surface and most
of the potential drop is across this layer. Itis generally assumed that there is no movement
of anion or ligand through this layer towards the electrode. It is typically in the order of
10 nm thick.2®

Duplex Salt Film Model

s . . Reference electrode
precipitation dissolution

FeC <«— Cl (migration

Oxidation

Fe —» Fe'2+2¢ Fe'?
— =

(solid-state migration)

c
m (diffusion) C1 bulk
—3

compact dielectric film  porous film diffusion layer

Figure 1.3 Schematic illustration of the duplex salt film model

The porous film is filled with electrolyte and the concentrations of cations and anions

are thought to be at steady state. The porous film is considerably thicker than the dense

8



layer and is typically in the order of micrometres for most metals in aqueous solutions.
The rate of dissolution of metals is generally thought to be limited by the diffusion of
cations in this model.

B. Adsorbate-acceptor mechanism

This mechanism, initially proposed by Matlosz et al interprets how acceptors in
the bulk electrolyte region and adsorbed intermediates solubilise the surface without
seeing and film formation at the electrode surface.2* 26 In this mechanism the surface is
oxidised, followed by solvation by an acceptor species from the bulk electrolyte which
would be water or an anion. Thus, the only mass transport through the electrolyte is the
solvated cations as shown in Fig. 1.4. In this model the adsorbed ions on the electrode
surface results in blocking of the surface, as a consequence, the over-potential has to be
increased in order to achieve metal dissolution.?6 In contrast, in the duplex salt model
there is a potential drop along the limiting-current plateau which results from the
thickening of the film.24

In the adsorbate-acceptor model, the entire electrode surface contributes in the

double layer region and the mathematical expression is as follows:

. (-
ig = Cq (dt(p) (1.5)

Where i, is double layer current and C;is the capacitance.

On the other hand, in the salt-film model, the capacity measurements rely on
many factors, such as thickness, porosity and dielectric constant which is much lower
than for adsorbate-acceptor systems.24This model assumes a constant anodic dissolution
rate with the dissolution rate limited by the amount of acceptor species able to complex
the metal. In order to show a specific characteristic behaviour of charge transfer resistance
process, it is plausible to use adsorbate-acceptor model to tackle with. At steady-state
conditions, the rate of anodic oxidation of a surface decreases with increasing surface
coverage by anions from the bulk electrolyte region. To increase the oxidation current at
this condition, the free surface sites have to be available and can be expressed

mathematically as follows:

iss=iexp(b(V — 0.)).(1—6) (1.6)



Where i is the current at steady-state, i. is the exchange current and 6 is the surface

coverage.?*

Adsorbate Acceptor Model

solvation Reference electrode

M + A—MA™

/ é A, bulk /

oxidation A

—3] AY?
M- M* adst ze>
g """" CMA, bulk
A o
dl
adsorbate diffusion M: metal
double layer A:H,0

layer

Figure 1.4 Schematic explanation of the adsorbate-acceptor model

Models for electrodissolution in non-aqueous systems are harder to interpret due
to the lack of knowledge of speciation for non-aqueous systems. This is even harder for
ILs and DESs, where dissolution has not really been addressed previously and this is the

main aim of this thesis.

As a result, ohmic control occurs through the diffusion of dissolved species away
from the protruded surface which is faster than that from recessed areas because of the
closeness the protruded area to the bulk electrolyte solution.2” It is important to deal with
the structure of the interface between electrode materials and ionic liquids. It is interesting
to note that there is no actual double layer in ILs that accounted for aqueous media.

Instead, there is adsorption of a multilayer of ILs on the surface of electrode materials.?8

To visualise the structure of electric double layer (EDL) at the vicinity of
electrodes, Fig. 1.5 shows clearly the arrangement of electrolyte species at that region in
both aqueous and ionic liquids. Although there is no consensus on the real structure of

EDL, this structure is the most satisfied one.

10
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Figure 1.5 Schematic diagrams of the electrode-electrolyte interface in an
aqueous solution (left) and ionic liquid (right).

The benefit of using ILs for anodic studies is that most metals are soluble as they
do not passivate. It is difficult to deal with anodic layer ex situ because this layer is
wvulnerable to destruction whenever the potential is switched off. Therefore, in situ
experimental characterisations cannot be ruled out, such as EIS, ellipsometry and Raman

spectroscopy.2°

Passive layers on metals appear as three dimensional film which could be oxide
or non-oxide layers in aqueous and non-aqueous media, respectively. There are many
models that describe the formation and growth of that film. The earliest model was
described by Mott-Cabrera which involves the cations are responsible for film growth as
they move across the film until reaching electrolyte under the effect of an electric field

strength. The rate determining step is the cation releasing step from the surface.3°

Another model was established by Sato and Cohen that comprises a mechanism
which is called the place-exchange mechanism. In this mechanism, there is a rotation of
upper layer (i.e. oxygen adsorbed layer) with the under layer results in exchange their

places. This mechanism, however, was limited by the fact that this growth in film

11



thickness may not exceed more than two layers because of the activation barrier through
the film.30

A modified Mott-Cabrera model was proposed by Fehlner and Mott which states
that the anion in the bulk electrolyte is responsible for film thickness growth. However,
radioactive marking of mobile species was used to monitor the mechanism of film growth.
This technique has changed our understanding of the kinetics of flm growth which

indicates that anions in electrolytes are responsible for this thickening.30

The most recent and reasonable model is point defect theory. According to this
theory, the passive film whether it is oxide or non-oxide acts as a semiconductor.
Furthermore, the anion or oxide migration makes the film to be grown while metal cations
and cation vacancies diffusion causes the dissolution of the film.3°

The breakdown of the anodic passive film can be reached whenever the scan of
potential reaches a critical potential. At this potential breakdown of the film would allow
dissolution through hole formation. Furthermore, Norio Sato studied the effect of anions,
especially chloride which encourages the breakdown via lowering the critical potential.
This is more effective if the adsorption of chloride is relatively strong. The chloride ions
lower the Fermi level of the metal by which electron transfer will occur through tunnelling
from the valence band of the semiconductor passive layer toward the Fermi level of the

metal and eventually results in positive hole formation on the film.3!

Dissolution processes of metals at passive state in aqueous solutions proceed in a

consecutive steps as follows:32

*Oxidation of the metals progresses at the film/metal interface.

*Transportation of oxidised metals through the film mto the solution.

*Reaching metal cations from the film mnto the solution by solvation by oxygen anion.

Most molecular solvents cannot solubilise metal oxides, but their solubility can be
accelerated using acid and base in aqueous media.®3® Therefore, to separate metal oxides,
it is critical to exploit the difference in their solubilises and electrochemical
potential.>3Nowadays, electrowinning and solvent extraction have been employed to
recovery and concentrating metals.3*However, refractory metals, such as Ti and Al can

be recovered using high temperature molten salt.3>

12



The solubility of metal oxide in chloride containing aqueous electrolyte cannot be
related to the chloride ion but it is mostly associated with the proton from the acid that
acts as oxygen acceptor.®*Moreover, the more affinity of a metal to the oxide the less
solubility is.34Shin et. al. modified a theory of solubility of various inorganic compounds

in supercritical water.36

Recently, DESs have been used for metal oxide dissolution, for example, ZnO can
be dissolved in urea/choline chloride deep eutectic solvent in which [ZnCIO.(urea)]". In

this dissolution the oxide is still bounded to the metal centre.33

1.3.2 Electropolishing
Electropolishing can be defined as a process of making a metal or alloy smooth at
two levels; macrosmoothing (or levelling) and microsmoothing (or brightening) by

anodically polarising it in an appropriate electrolyte.37-3°

The macrosmoothing of a surface results from achieving mass transport control and/
or ohmic control where the roughness is higher than 1 pm. The salt film formation at the
electrode surface leads current limiting plateau which is considered as a prerequisite
condition. The current density can be determined under the ohmic control from the
resistance of the electrolyte as shown below:

=
j= .7)

Where jis the current density, V' is the the potential difference between anode and
cathode, p is the resistivity of the electrolyte and [ is the distance between the cathode

and anode.38

Thus one can predict that the current density is higher at protruding region than the
current density at recessed region. The rate of dissolution can be obtained from the
following equation:

R, =" (1.8)

nFd

Where R, is the rate of dissolution, M is the atomic weight, d is the density of the anode
material and n and F have their usual meaning. From equation 1.7 and 1.8, the rate of

dissolution for the anode material can be calculated.

13



While microsmoothing of asurface cannot only be obtained by a salt film formation
at the electrode surface but also it is necessary to reach mass transport control condition.37:
38 This decreases the surface roughness to less than 1 pm which is comparable to the

wavelength of light.

Bulk solution

Workpiece material

R: Recessed region
P: Prodruded region

Figure 1.6 Schematic diagram of the salt film profile on anode surface facilitating

surface smoothing as a result of ion migration/diffusion and/or ohmic levelling effect.

Electropolishing was first described in a patent in 1930.4% when it was shown that
mixtures of sulfuric and phosphoric acid could be used to electropolish stainless steel.
The same process is still carried out on a large scale to this date. An electrolyte suitable
for both electropolishing and electroplating should preferably be: inexpensive, have low-
flammability, exhibit high solubility for metal ions, be environmentally compatible for
disposal, have high conductivity resulting in a low Ohmic drop, have high mass transport
and a wide potential window.*! Aqueous media have many of the desirable properties,
but the only issues but they have low electrochemical stability and the acids added make
their environmental disposal extremely expensive. This is due to hydrogen evolution at
the cathode and oxygen evolution at the anode, resulting in embrittement which in turn
passivates the surface.! 42 It is also impossible to deposit or dissolve refractory metals,
such as Al, W and Ti in aqueous solutions. It is also important to note that waste water

treatment is a significant aspect of the cost of this process.

Electrochemical machining (ECM) is a useful technique for patterning a surface
using a flowing electrolyte (inorganic salt solutions, such as NaCl, KCland NaNO3) at

24 to 65 °C with a speed range from 20 to 70 ms™1.43 In this mode, the surface of a substrate
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acts as the anode and the tool that moves alongside the surface at a constant speed is the

cathode.

There are numerous methods to preserve a surface from this deterioration (i.e. the
increase of corrosion resistance), such as annealing, pickling, passivation, and polishing.
Among these methods, the most effective one is polishing which can be mechanical,
chemical or electropolishing.3” This is effective as it removes surface irregularities and

allows the surface to passivate and produce a corrosion resistant coating.
The mechanical polishing can be categorised as following:

e Sand blasting: involves abrasive material propelling, for example, sand over a
substrate under a high pressure.*4

e Brushed metal: involves using abrasive belt (120-180 grit) or wire brush and then
softening with greaseless compound or medium non-woven abrasive belt (80-120
grit) by which a smooth, unidirectional, uniform and parallel grain texture can be
obtained.**

e Buff polishing: in this method a loose abrasive can be applied to the cloth wheel
starting with a rough and progressively finer until a desired surface finished is
achieved. From this, a smooth and non-textured highly glossy surface can be
obtained.**

e Metal grinding: using friction, attrition or/and compression to a smooth metal
surface. This method is applied in order to obtain high quality and accuracy of
shape and dimension (dimension accuracy of the order of 25 pm) where 0.25 to
0.5 mm of metal is removed at the surface.**

e Metal vibrating finishing: involves a combination of abrasive action, abrasive
media and tumbling vibration in an attempt to create smoother surface by
removing fragile and extra parts.*4

e Burnishing: using a ball or roller in aslide contact with the surface which deforms
the surface where improving size, shape, surface finish, surface hardness and
smears the texture of arough surface work piece, thereby, it looks shiner.#4

e Shot peening: comprises bombarding the surface of the work piece with particles
(round metallic, glass or ceramic) which propelled by an air blast system and

centrifugal blast wheels where each particle acts as a ball peen hammer. It makes
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a compressive residual stress layer and modifies mechanical properties of the

work piece, such as resistance to stress corrosion cracking and fatigue strength. 44

The mechanical polishing may result in surface hardening, oxide insertion and
surface scratching to some extent. Hence, chemical and electrochemical polishing
processes can be conducted for surface treatment. The electrochemical polishing can
result in higher rate of dissolution.3” Electropolishing is a powerful technique for surface
modification at the atomic scale. It can be considered as a form of controlled forced
corrosion. Corrosion is the metal surface deformation as a result of reaction with ambient
species. This process depends upon state of the surface, surface composition, dampness,

heterogeneity, morphology and thickness of the surface.3’- 38

In order to make a successful electropolishing in aqueous electrolytes via a
universal solution, three criteria have to be fulfilled which are: an oxidant that accelerate
the anodic dissolution, a depassivator that prevents growing the film thickness and also

destabilises this film and finally a mass transport improver.4®

1.3.3 Dealloying

Dealloying is the process of dissolving selectively (or corroding selectively one or
two active components in a matrix of mixture of metals electrochemically and leaving
one or two components.“6-48 Many research groups have documented dealloying of alloys
in an attempt to obtain high surface area porous materials which in turn using these in

catalysis,*® sensor®? and actuator.>!

The removal of elements from alloys tends to be governed by thermodynamic
considerations with the most electronegative elements tending to be removed first. The
requirements that have to be fulfilled in order to obtain a dealloyed or/ nanoporous
materials from metallic alloy are: the potential difference between the components has to
be large enough and the composition limit. Therefore, the threshold of dealloying is that
the lowest atomic fraction of the less noble element below which the continuous
dissolving of the less reactive element cannot be achieved.>?2 For example, CuMn is
satisfied the first condition, on the other word, a dealloyed surface can be successfully

obtained if the composition limit is also satisfied.>3

The mechanism of selective or dealloying processes can be summarised in the

following:32
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e Both metal components in an alloy dissolve and followed by redeposition of less
reactive one.

e Only more reactive one dissolves into the solution and the noble one undergoes
aggregation by surface diffusion.

e Only more reactive one dissolves into the solution and metal atoms of both

components move in the solid phase by volume diffusion.

On the other hand, simultaneous dissolution leads to dissolve of both components
and more components into the solution at the same time which may be at the same rate or

with different rates. This often occurs at steady-state.32

The process of dealloying not only involves dissolution of the less noble metal but
also there is asurface diffusion of the noble consistent and sometimes redeposition of less
noble component.>4-57 Bicontinuous and isotropic nanoporous materials can be achieved

from single phase alloys.>

1.3.4 Pitting

Pitting is the localised corrosion that occurs at the surface of metals during
dissolution in certain electrolyte solutions. It can lead to the formation of pores or
crevices.>® Before discussing the phenomenon, it is necessary to explain the passivation
phenomenon. A passive film is an oxide or hydroxide layer that forms on a metal
surface.>® In aqueous solution this phenomena is very common. The passive film forms
over acertain potential range and can break down at higher over-potentials.3! Passive film
destruction leads to pitting corrosion and the potential where this occurs is called the
critical potential. The criteria for passive film breaking down are summarised as; ion

adsorption, ion migration through the film and chemical mechanical breakdown.

For pitting to occur, there are four stages; the first stage is the adsorption of an anion
outside the film boundary, followed by penetration of the passive film, the third stage is
initiation of a pit nucleus and the final stage is stable pit formation which exceeds the

critical potential.50 61
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The two main factors that cause a passive film to become unstable are:
electrocapillary energetics and electrochemical film dissolution which are controlled by
altering surface tension at the interface region (the higher surface tension at the
metal/electrolyte interface region, the lower the anion adsorption and the lower surface
pitting) and electrical field across the film (i.e. changing the -electrical energy),

respectively.3* The pore formation energy A, is given by:
A, = [2nho + nr?(o,, —o0)] — 0.5 nr*C,AE? (1.9)

Where ris the pore radius, his the passive film thickness, o is the surface tension of the
film-electrolyte interface, o,, is the surface tension of metal-electrolyte interface, C, is
the capacitance difference between passivated metal and film-free metal in solution, AE

is the potential difference between metal and electrolyte.
The anodic dissolution potential is the major factor in the controlling pore size in

the pitting region and it is given by:

AE, = |["n2 (1.10)

0.5C4

Where AE, is the lowest potential of film breakdown; this potential has to be reached

form a pit on the surface. 3!

A third factor in the passivation breaking down process or passivated film

formation is the involvement of chemical energy.3! Eqn. 1.9 can be rewritten as:
A; = [2rtho — nr? (0, — 0)] — 0.5 r?C4,AE? — mr® hp,, zen (1.12)
Where,

Pox 1S the molecular density of the film, ie. is the number of oxide molecules per unit
volume, z is the number of electrons involved, e is the electron charge, r is the film

formation over-potential.

The passive film is considered as a semiconducting oxide material in aqueous
media.3! In the presence of anions such as chloride, there is an incorporation of an electron
acceptor level in to the passive film as a result of adsorption of the anion. This causes the

trans-passive potential to be lower than in the absence of chloride anion. It is worth
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mentioning that the adsorption of anions, such as chloride, sometimes leads to pitting at

the adsorption site and leaving the other parts of the surface free of pitting.52 63

1.4 lonic liquids and deep eutectic solvents

lonic liquids are low temperature molten salts usually with melting points below
100 °C. ILs have a cationic component which usually organic ions, such as derivatives of
pyridinium or imidazolium cations, and an anionic part which can be either organic or
inorganic, e.g. [BFa], [PFe]", [CF3SO3]", and [(CF3S02)2N].64° The interaction between
these two components is relatively weak resulting in low lattice energies which in turn
result in low melting points.”® lonic liquids can be thought of as resulting from simple

complexation interactions:

Cation + anion + complexing agent — cation + complex anion

Cation + anion + complexing agent — anion + complex cation

There are numerous ways in classification of ILs. Firstly, ILs can be categorised
in terms of anionic part;’? first generation ILs which have avariety of complex anions (or
deep eutectic solvents, DESs).”® These ILs can be subdivided into four types:

Type 1 Quaternary ammonium sakt + MClx, M=Zn, Sn e.g. AICk, ZnCk

Type 2 Quaternary ammonium salt + MClx.y H2.O, M=Cr, Co, Cu e.g. CrCk.6H20
Type 3 Quaternary ammonium salt + hydrogen bond donor e.g. Ethylene glycol

Type 4 Metal salt (hydrate) + hydrogen bond donor e.g. 2AICk + Urea— [AICL.Urea]*
+ [AICL]-.

There are also ternary deep eutectic solvents: imidazolium/zinc halide/amides e.g.
[bmim]CFZnCl,acetamide (1:1:1).”2 and a class of mixtures known as natural deep
eutectic solvents: mixture of organic acids, amino acids and sugars e.g. tartaric acid/
ascorbic acid/ xylose.”3

Second generation ILs are known as discrete anions, which consist of organic
cations, e.g. salts of imidazolium and pyridinium cations with anions, e.g. BF4~, PFs™. For

example, 3-ethyl-1-methylimidazolium tetrafluoroborate, [Comim] BF4.74

Secondly, ILs are also categorised on the basis of acidity. Although most discrete

anion ILs are neutral or alkaline, there is a number of protonated ammonium, pyridinium,
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and imidazolium salts and Zn, Al, and Ga Lewis acid eutectic ILs that can be considered
as acidic counterpart. The protic ILs are those made from transferring protons from
inorganic acids to a  Bronsted base, eg.  diethylmethylammonium

trifluoromethanesulfonate, [dema][TfO].75: 76

One of the significant applications of this kind of ILs is in fuel cell as an
electrolyte. The aprotic I1Ls composed of organic molecular cations, e.g. alkyl pyridinium
and dialkylimidazolium cations and different metal chlorides. The inorganic ILs are also
popular which have both protic and aprotic types. For example, hydrazinium nitrate
(melting point= 80°C) and lithium chlorate (melting point =115 °C) are protic and aprotic

ILs, respectively. 7577

lonic liquids are characterised by a number of unique properties viscosity, density,
conductivity, thermal stability, surface tension, wide electrochemical potential window,
polarity, and phase transition temperature, such as melting point, freezing, glass transition

point, and decomposition point.64-67. 78-80

With respect to melting point, ILs which contain asymmetric cations have lower
melting point than corresponding symmetric ones, such as 1,3-dimethylimidazolium
(m.p.=201 °C) and 1,2,3-trimethylimidazolium (m.p.=32 °C) are symmetric and
asymmetric ILs, respectively. This is due to stronger van der Waals and electrostatic
forces between symmetric cation than the asymmetric one. Another factor that causes ILs
to be different in melting point is the length of alkyl chain in the cation constituent. As
the number of carbon increases the melting point decreases however once the chain gets
longer than Cethe melting point increases due to increased van der Waal’s interactions.
In addition, the anion components affect melting point. As the radius of the anions
increase, weaker electrostatic interactions result between anionic and cationic parts. As a
consequence, the lower melting point ILs of large anions except PFe. In the case of PFe

, there is a strong hydrogen bond formation to F atom.

Moreover, the position of the methyl group on the imidazolium cation
significantly affects the melting point, for example, 1-ethyl-2-methylimidazolium
chloride and 1-ethyl-3-methylimidazolium chloride have melting points of 454 K and 360
K, respectively. The reason of that is the domination of van der Waal’s force via methyl
substituent rather than electrostatic force via proton on C(2). 89 81 The density of ILs is

another important property which decreases as the number of carbon atoms on the cationic
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constituent increases. The viscosity property is also necessary to be discussed because of
its effect on chemical processes. The long the alkyl group the more viscous the ILs which
result from the increase of van der Waals. Furthermore, the fluorinated ILs are more
viscous than the corresponding non-fluorinated ones. This is due to an increase possibility
of the H-bonding formation. Moreover, with a given cation such as [Comim]*, the larger
anion parts result in higher viscosity, for example, the viscosity of IL of [Comim]*

trifluoroacetate is 35 cP whereas [Comim]* heptafluorobutanoate is 105 cP.80

It is interesting to note that the viscosity of room temperature ionic liquids is
higher than high temperature fused salts by several times, because of larger size of ions
and smaller size of holes in the ILs. The value of viscosity of ILs is within the range of
50 to 500 cP .82 The effect of anionic part of ILs is clear, the fluorinated ILs show low
viscosity as reported by Barnco et al. and Huddleston et al. The cationic components of
ILs effect are not as obvious as the anionic components.®%: 70 For example, in the case of
imidazolium cation, lengthening of alkyl group leads to decrease in viscosity as a
consequence of the increase in ion-ion interactions. On the other hand, the long alkyl
groups result in lowering suitability of void volume for cation mobility in the IL asshown
by Tokuda et al.83

Abbott has applied a theory for high temperature molten salt to explain the
viscosity of ILs on the basis of hole theory.84-86 It was shown that the high viscosity of
ionic liquids was due to the small void volume and the large ion size of the liquids which
means that mass transport is limited by the availability of holes which are large enough
for the ions to move into. A modification of the ideal gas mobility equation was found to
function for not only ionic liquids but also molecular solvents.

Cc

m
n — 2.120 (1.12)

T p(r>R)’

Where, 7 is the viscosity, mis the molecular mass, c is the average molecular speed

(= %), o is the collusion diameter of the molecule (4mR?),p (r > R) is the probability
of finding a hole that larger than molecular radius, r is the hole radius and R is the radius
of the molecular.8% If the viscosity is limited by the movement of holes then it was argued
that the ionic conductivity is also limited by hole mobility. If holes are at infinite dilution

then the molar conductivity is given by the Nernst Einstein equation;
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A, = Lek (1.13)

"~ emnR,’

Where, A, is the ionic conductance, z is the charge on the ion, e is the electronic charge,
F is the faradaic constant, r is the radius of the ion, n is the viscosity of the liquid, R, is

the average radius of ion.

The total molar ionic conductance can be calculated simply as follows:

A=2A,+ 1, (1.14)
Where,

A is the ionic molar conductance. Thus, one can rewrite the equation 1.13 as follows:

zeF (1.15)

"~ 6mn (R +R_)

As the number of charge carrier increases, the more conductivity will yield.
Angell et al showed that lengthening of alkyl chain of ammonium and imidazolium
cations results in a decrease of conductivity. The relation between conductivity and

viscosity can be seen in the following equation:

=Zefp 1y 1 (1.16)

T emnM,, (R+ R_

Where,

k is the conductivity, z is the charge on the ion, F is the faraday constant, e is the
electronic charge, n is the viscosity, p is the density, R, and R_ are solvent molecular

radius of cation and anion, respectively.

1.5 Electrochemical processes in aqueous, ILs and DESs

lonic liquids (ILs) and deep eutectic solvent (DES) have been studied by many
research groups for electrochemical applications. The unique properties of these
electrolytes, such as thermal stability, high conductivity, high solubility of metal salts and
wide potential window make these electrolytes are best candidate for use in
electrochemistry.28: 87 In comparison with their aqueous counterpart, ILs and DESs tend
to have wider potential windows. In aqueous media, the hydrogen and oxygen evolution

limit the potential window:
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4H,0+4e” —>40H +2H,
2H,0 >0, +4H" +4e"

This issue affects the current efficiency of both -electrodeposition and
electrodissolution of metals and semiconductors.88 Another issue with the use of aqueous
media is the passivation of anode substrate in the electrodissolution processes as a result
of oxide and hydroxide film formation.8 Also speciation of metals in aqueous media is
pH dependent due to present of H2O, OH-and OZ . Finally, the relatively low boiling point
of water affects the temperature window over which aqueous solutions can be used. This
makes the electroplating of the thermally stable metals (refractory metals), such as Ti, Al

and W impossible in aqueous media.”0 87,90, 91

These issues have been avoided in ILs and DESs because of their significant
differences in bulk and interfacial regions from that of aqueous electrolytes. The purely
ionic nature of ILs leads to making them as tuneable electrolytes (i.e. task specific 1Ls).87
Therefore, the speciation is under control and the interface properties (composition and
structure) can be exploited to enable the deposition of almost all of the metallic elements

either as pure deposits or as alloys.%? 93

Deep eutectic solvent, have been employed for electropolishing of stainless steels.
Abbott et al. reported the electropolishing of stainless steel in Ethaline (ChCI: EG, 1:2),
showing that no dealloying and no gas evolution at the anode/ electrolyte interface region.
It was shown that no passivation occurred before dissolution of metal components of the
stainless steel. The current efficiency was 92% in Ethaline compared with 30% in
phosphoric/ sulfuric acid mixtures.®* Moreover, the same group studied the mechanism
of electropolishing of 316 stainless steel in the same electrolytes. They revealed the
electropolishing process in aqueous acid solution (mixture H3zPOgsand H2SOa4) is a mass
transport controlled process whereas in Ethaline the process is activation controlled.
Furthermore, there is no mass transport limiting step in the process, showing the
ambiguity of electropolishing mechanism in Ethaline because of supersaturation of
dissolved metals at the interface region. This study has clearly shown that the breakdown
of oxide film is slower in the Ethaline and pitting at the surface of the stainless steel occurs
at the low current densities.®4 The presence of water changes the mechanism of
electrodissolution which in turn affects the quality of electropolishing in a way that rough

surface results.®4 The same group extended the study to show the impact of oxide layer
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formation in aerobic conditions and its removal is considered as arate limiting step in the
process in Ethaline.?> It was shown not only that the process was considerably more
current efficient but per m? the cost of running the aqueous process was the same as that
in Ethaline. The DES also decreases gas evolution and the liquids are non-etching and

biocompatible.?4-%6

DESs have also been employed for synthesis, natural product extraction, recovery
of precious metals, processing of metals and metal oxides and electroplating.20. 21.97-108
Abbott et al. have studied the fundamental and applied aspects of metal recovery using
DESs. They showed that the understanding of redox chemistry is the key of applying DES
in a various electrochemical applications.1 Hydrometallurgy is the process of recovery
metals from their ores. This group has given efforts in the metal processing and
reprocessing using DESs which involves hydrometallurgical dissolution of starting
materials, such as metals, alloys, metal oxides, sulphides, carbonates, phosphates,
silicates, sludge and slugs and subsequently followed by selective electrochemical
winning and chemical precipitation.20: 21,100,101 The following diagram in Fig. 1.7 shows

the methodologies used for metal recovery.

K /

Cementation Precipitation lon Exchange Electrowinning

Figure 1.7 steps involved in the metal extraction and recovery.

Abbott et. al. studied the mechanism of electrodeposition of copper in two DESs
based on choline chloride and using urea and ethylene glycol as hydrogen bond donors.

It was shown that the current efficiency for electrodeposition was close to 100%.103 The
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same group also examined the mechanism, speciation, Kinetics and quantification of mass
transportation of silver in two DESs. It was shown that the anion of the DESs is the

controlling species in the speciation of silver.109

In another study, the same group probed the effect of particles, such as SiC and
AL O3 on the hardness of electrodeposited silver using an ethylene glycol/choline chloride
based deep eutectic solvent. Inthis study, the incorporation of Al2O3z into silver composite

has a significant improvement in terms of hardness.07

In addition the solubility of several popular oxides in three DESs based on choline
chloride with different hydrogen bond donors (HBDs), such as urea, malonic acid and
ethylene glycol was quantified and the results were compared with their solubility in

aqueous acid, for example, HCI and NaCl.34

Reddy et al. studied electrodeposition of zinc from zinc oxide using urea/choline
chloride based deep eutectic solvent.!l® Ryder et al. studied the electrodeposition of

Cuw/Sn using urea/choline chloride and ethylene glycollcholine chloride DESs.198

The benefits of using DESs in awide range of electrochemical processes is not only
due to easy preparation, low cost and benign nature of the electrolytes but also because
of possibility of tailoring their structures which is called task specific modifications which
consists in replacing one of the component by another one, for example, using different

hydrogen bond donors.2°

1.6 Project aims

Electrochemical processes have been studied in detail in ionic liquids and DESs. It
has been proposed by Abbott et al that in many cases the anodic reaction is rate
determining.t** With the exception of the studies within this group of electropolishing of
stainless steel and nickel based superalloys very little is known about anodic
electrodissolution processes. The main aim of this thesis is to study these
electrodissolution processes for a wide range of metals in two chloride based liquids;
Ethaline and CsmimCl. This will be the first detailed study of this type of process in these

media and the aim is to determine mechanistic information about the process

1) Initially the electrodissolution of copper will be studied by a variety of
electrochemical, microscopic and spectroscopic techniques to see if surface

films form during anodic polarisation and whether these affect the morphology
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of the dissolving surface. Of prime importance is identification of any insolub le
layers which form on the electrode surface during electrodissolution.

2) The behaviour of copper will be contrasted with eight other metals Ag, Au, Co,
Fe, Ni, Pb, Sn and Zn. These have been chosen as they are the metals which
have been studied in depth for metal deposition and the main issue is whether
soluble anodes could be used for the electrodeposition of their metals and alloys.
Co, Ni and Fe have also been used in electropolishing studies and it would be
interesting to gain mechanistic information about the dissolution process.

3) Finally, the electrodissolution of a series of copper alloys, Cuzn, CuSn and
CuNi will be studied in Ethaline in an attempt to see whether these alloys
undergo dealloying or electropolishing. The aim is to determine if dealloying
occurs with electronegative elements such as Zn and whether elements such as
Ni, which are known to form film in Ethaline, electropolish when alloyed with

copper.

This study will also show the effect of the hydrogen bond donor on the polishing
process by contrasting Ethaline with CsmimCl. It is envisaged that the data will also
provide a general model of the metals that passivate and the conditions under which they

electropolish.
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2.1 Reagents and working electrodes

Ethaline was prepared from a 1:2 molar ratio mixture of choline chloride,
[(CH3)sNC, H4OH]CI, (ChCl) (Sigma-Aldrich, > 99%) and ethylene glycol (Sigma-
Aldrich, > 99.5%). This was heated and stirred at 60 °C in a beaker until a homogeneous,
colourless liquid had formed.

1-Butyl-3-methylimidazolium chloride, [Csmim][CI], was dried under vacuum
before use but had a water content of c.a. 0.1 wt.% (Thermogravimetric Analysis, Mettler
Toledo TGA/DSC1 STARe system) which enabled it to be liquid at 70 °C.

The working disc electrodes used in these experiments were made in-house by
sealing the following wires in glass with an epoxy resin; Ag (Alfa Aesar, > 99.9%), Au
(Goodfellow, > 99.99%) , Fe (Goodfellow, > 99.9% ), Co (Alfa Aesar, > 99.995%), Cu
(Alfa Aesar, 99.9% ), Ni (Alfa Aesar, 99.98), Pb (Alfa Aesar, 99.9), Sn (Alfa Aesar,
99.998) and Zn (Alfa Aesar, > 99.95%). All had a diameter of 1 mm except for Au which
was 0.5 mm. Prior to electrochemical measurements, each electrode was polished
mechanically using alumina (1 um). Anodic products were observed by polarisation at
constant potential of a 1 cm? foil electrode for 10 minutes. Dealloying experiments were
carried out using four alloys; CuZn (63/37% respectively), CuSn (94/6%), and CuNi
(55/45%) (all Goodfellow).

2.2 Electrochemical measurements

All electrochemical measurements were conducted using a three electrode system,
with a platinum flag counter electrode (0.5 cm?), Ag*/Ag (0.1 M AgCl in either Ethaline
or [Csmim][Cl], depending on the ionic liquid) reference electrode, using the working
electrodes described above. Anodic linear sweep voltammetry (LSV) experiments were
performed at both 20 and 70 °C, using an Autolab/PGSTAT12 potentiostat controlled
with PGES2 software. Electrochemical impedance spectra were collected using an
Autolab/PGSTAT12 potentiostat fitted with an FRA impedance module using GPES
software. Frequency spectra acquisition were obtained in the range 1-65000 Hz and the
amplitude of the a.c. signal was 10 mV. All LSVs and impedance spectra were made on
freshly polished surfaces. Three dimensional optical images were obtained using a Zeta
optical profiler.
2.3 Electrochemical impedance measurements

All measurements were carried out in three electrodes cell assembly, consisting of

a working electrode of Ag, Sn, Ni, Sn, Zn, Cu and Co a platinum flag (0.5 cm?) as a
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counter electrode and Ag*/Ag (0.1 M AgCl in either Ethaline or [Csmim][Cl], depending
on the ionic liquid) reference electrode, using the working electrodes described above.
Electrochemical impedance measurements were conducted in the same cell assembly as
in CV and LSV techniques using an Autolab/PGSTAT12 potentiostat controlled with
PGES2 software. The data were merged from FRA measurements and displayed the
impedance data over a wide range of frequencies 0.01 to 65000 Hz and the amplitude of

A.C. signal was 10 mV.

2.4 Surface characterisations

The microstructure of the dealloyed products and their corresponding crystalline phases
were probed using X-ray diffraction (XRD, Rigaku D/MAX 2500). The surface
morphology of the samples examined with scanning electron microscope (SEM, FEI-
quanta-200F Field Emission Gun SEM system). X-ray photoelectron microscopy was
carried out using a Kratos Gas Cluster lon Source (GCIS) and was set to 10 kV
accelerating voltage, 10 mA emission and 1000 Ar* clusters. The sample current was
approximately 10 nA and the area etched was 1mm square for 30 seconds to clean the

surface at one analysis position.

The samples were prepared to be approximately 1cm square and ~ 1mm thick;
they were washed with acetone prior to mounting as they had been handled without
gloves. The samples were mounted on a sample bar using double sided adhesive tape.
Prior to each experiment each sample was cleaned for 30 seconds each using a gas cluster
ion source (GCIS) to remove/minimise some of the adventitious carbon layer that was
detected. Settings were 10 kV, 1000 Ar*, with a sample current of 10-20 nA. This was
rastered over an area of 1mm x 1mm. For Spectroscopy measurements Al Ka X-rays
(1486.6 eV) were used at 120 W, with hybrid electron lens and large aperture (slot) mode,
pass energy (PE) of 80 eV and a step size of 0.5 eV, over the binding energy range 1400
to-5eV.

For high resolution spectra PE 20 eV and step size of 0.1 eV with all other settings
the same and ranges suitable for the photoelectron peaks of interest. (Namely Cu 2p, Zn
2p, Ni 2p, Mn 2p, Sn 3d, Cu LMM Auger, O 1s, C 1s, Cu 3p, and Zn 3p.) Note the analysis
area is defined by the aperture used in this mode and is 300 x 700 um. Data were processed
using CASAXPS Version 2.3.18 Dev1.0p.
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2.5 Techniques
2.5.1 Cyclic voltammetry (CV)

Cyclic voltammetry is a technique used to investigate the mechanisms of
electrochemical reactions, reversibility, redox potentials and heterogeneous electron
transfer kinetics.'® Cyclic voltammetry comprises measuring currents in a quiescent
solution as a result of potential sweeping linearly between two potential values in forward

and backward directions as shown in the following Fig. 2.1.

Positive

< Forward sacn
=

Reverse scan

Negative|

Figure 2.1 A typical cyclic voltammogram for a reversible diffusion controlled redox

process

For an electrochemical reaction on a specific working electrode which occurs
within the potential window of a given electrolyte the current increases as the
electroactive species rising as consequence of the diffusion layer formation near the
electrode surface which in turn creates concentration gradient. The diffusion mechanism
is the only means of mass transport out of three different mechanisms which are diffusion,
convection and migration.™ 2 The quantification of diffusion flux of species toward the

electrode surface can be described via Fick’s law:
. ac

Where, j is the flux in mol cm?s, 2_; is the local concentration gradient at distance x, D

is the diffusion coefficient cm? s, It is worth mentioning that flux represents the number

of moles crossing a unit area in unit time. The negative sign refers to the flux is down the
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concentration gradient. The thickness of diffusion layer can be calculated from the

following relation:
& =V2Dt, (2.2)

Where, 6 is the diffusion layer thickness, D is the diffusion coefficient and ¢ is the time
scale of the experiment. To compute experimental time scale the following relation would
be used:

__RT
TR

(2.3)

Where, t is the time scale of the voltammogram, R is the gas constant, T is the temperature
in k, v is the scan rate of the experiment, mV/s. The mass transport can be estimated via

the mass transport coefficient, m:
D
mr =gy (2.4)

The kinetics of electron transfer is measured by the standard electrochemical rate
constant,k,. As the potential is swept through the allowed potential window, an equal
concentration of oxidised and reduced species at the working electrode surface can be
obtained at E°. This fulfils of Nernst equation.’ ? The further scanning of potential past
E°anodically leads to decrease of [Red] to satisfy Nernst equation and also the diffusion
layer increases in thickness. The process continues until a point where there is a limiting
point which is known as diffusion limiting current. After this point there is a depletion of
the diffusion layer which follows Cottrell equation. The current that obtained from charge
transfer reaction at the surface of an electrode is called Faradaic current.!: 2 The Faradic
current can be described via Faraday’s first law:

N = nQ_F (2.5)
Or
“1p-lom2)=__t _J
Rate (mol ™t e ™t cm™=) = eyl (2.6)

Where,
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N is the moles of reactant analysed, i is the current, n is the number of electron involved
in a electrochemical reaction, F is the Faraday constant, 96485 mol C1, A is the electrode
surface area, and j is the current density. For a reversible reaction the ratio of the anodic
to cathodic peak current values, Ip¢/lpa, has to be one, the peak potential separation, 4E),
has to be scan rate independent, 4Ep.a=Ep— Ep.a= 59 mV/n and the peak current. I, should

be directly proportional to scan rate from Randles-Sevcik equation as shown below? 3
3
i, = (269000)n2ACD*/?y*/? (2.7)

Where, i, is the peak current, n is the number of electron involved in the heterogeneous
chemical reaction, C is the concentration of electrochemical active species, D is the

diffusion coefficient and v is the scan rate.

Electrochemical reversibility can be decided in terms of the following cases:
ko, > mp reversible electrochemical reaction
k, K my irreversible electrochemical reaction

Or one can decide in terms of the following values:

k, = 0.3 v/? (Reversible)

1
0.3vY2 > k,>2x10%v2cms™?! (Quasireversible)
k, < 2x10° /2 (Irreversible)

It is obvious that two processes can take place at an surface of electrode. First, the
non-Faradic process which comprises no charge transferring at the solution electrode
interface. This results from adsorption and desorption, or even accumulation of charge on
the electrode surface. The non-Faradaic process can be seen as the capacitive current.
Second, the Faradaic current is caused by charge (i.e. electron) transfer through solution
electrode interface. This results in oxidation and reduction of species at the electrode
surface. 2 It is worth mentioning that in CV as the current rises as a consequence of
charge transfer, the peak reaches a limited value which is called diffusion limited current
(i.e. no anymore diffusion of species from the bulk region to the diffusion layer).
Subsequently, current decreases due to depletion of diffusion layer. The Nernst equation

is valid at each point of the peak:!

38



Red +ne- — Ox (2.8)

0.059

E=E°+ Tlog[Ox] (2.9)

Where, E is the electrode potential at a given concentration, E° is the standard electrode
potential, n is the number of electron involved in the electrochemical reaction and [OX]
is the concentration of oxidised form of the species.! The electrochemical driving force
Is not only temperature but also potential dependent. The current can be related to the

potential using the Butler-Volmer equation;*:2
i = FAk,[Coexp — af (E — E°) — Crexp(1 — a)f (E — E?)] (2.10)

Where, k, is the standard heterogeneous rate constant, a is the symmetry coefficient
factor, f is the constant equals to % n = E — E° is the overpotential (Overpotential is

the difference between the applied and the standard thermodynamic potentials, or is the
potential beyond the equilibrium potential to drive a chemical reaction with desired rate),
and C, and Cy are the concentration of oxidised and reduced species at the electrode
surface, respectively. From the eqn 2.8, it is seen that overpotential is the effective factor

to overcome barriers of a certain chemical reaction.t 2

2.5.2 Chronoamperometry

Chronoamperometry is another useful electroanalytical for analysing
electrochemical reactions. This technique is a potential step method which involves
stepping the potential from a value where no Faradaic current (i.e. no charge transfer
between an electrode and an electroactive species), to a potential value where
electrochemical reactions take place in a stationary solution at a working electrode. In
this experiment the diffusion layer expands (i.e. electroactive species in the diffusion
layer undergo depletion) during the experiment. The current as a function of time can be

described via the Cottrell equation: *

. FACVD
i(6) =—=

(2.11)

Where, D is the diffusion coefficient in cm? s and t is the time, others have usual

meaning.
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2.5.3 Electrochemical impedance spectroscopy (EIS)
Impedance (Z) Is the generalised resistance which is given to V/I with a phase

difference, ©. The term resistance is usually used for resistance in metallic conductors

whereas impedance is used for resistance in non-metallic systems. In this technique a
stimulus signal E,_ is applied with very low alternating amplitude (5-10 mV) at different
frequency ranges. The detected response signal is the ac current and the difference phase
angles between |, and E_ provides information about the different electric elements of
the electrochemical system.

These can be represented by a variety of electrical elements such as capacitors and

resistors. The measurements can be carried out via either lock-in amplifiers or frequency

response analysers.*’

The electric circuit that equivalent to an ideal electrochemical system can be shown in the
Fig. 2.2

Cdl
Rs
] Rs: Solution rsistance
Ret Rct: charge transfer resistance

W Cdl: Double layer resistance
W: Warburg reisitance

Figure 2.2 The equivalent circuit to fit the EIS for metal dissolution.

The main purpose behind using EIS is to analyse mechanisms of electrochemical
reactions particularly at the solution/electrode interface. The formation of passivating

layers on the electrode surface can be seen as a significant resistance in the equivalent
circuit. The diffusion of ions under E_ field can also be studied through the Warburg

impedance. The movement of anions in the positive phase of applied ac potential is
directed toward the electrode and the cations in the opposite side. This case continues

until the potential changes its phase to negative.
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There are different formats to represent impedance, the two most common are
Nyquist plot (or complex plane plot) and Bode plot. A Nyquist plot shows Z,. (Z,, isa
component of the total impedance which shows the impedance at 90 ° to cell voltage, E,,
) as a function of Z.,(Zg,is a component of the total impedance which describes the
impedance in phase with applied voltage, E,.).*’ The Bode plots show |Z| as a function

of logw. The mathematic expressions of these two components are:

. R
Z = Rs +% (212)
1+w°R,°C,
And
2
Z" _ Rct C:dla) (213)

1+ @’Ra’C,’

Where, Z, Z'are the real and imaginary, respectively, R_is the charge transfer

resistance, C,, is the double layer capacitance, R, is the solution resistance, and @ is the

angular frequency. The most important aspect of the EIS is the response of an
electrochemical system to the excitation at high frequency and low frequency ranges. In
the high frequency range, there is a charge transfer response of the electrochemical system

while in the low frequency range it would be due to double layer capacitance.

It is worth mentioning, in the very low frequency range there is another response
that can be attributed to the diffusional feature of the system which is called Warburg
impedance. It is seen that the semicircle and linear regions are kinetic and diffusion

controlled regions, respectively. Fig. 2.3 shows a typical Nyquist plot:*’

Cdl Cf
Rs
N M —] .,
Retl Ret2 W
Rs:Solution resistance
Z

Cdl: Double layer capacitance
Ret1:First charge transfer resistance

Rct2: Second charge transfer resistance
Cf: Film capacitance
- 'W: Warburg resistance

Increasing frequency

Figure 2.3 A typical Nyquist plot showing low, medium and high frequency responses.
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2.6 Surface characterisation techniques

2.6.1 X-ray diffraction (XRD)

X-ray diffraction is a versatile, non-destructive analytical technique for both
qualitative and quantitative determination of the different crystalline phases of
compounds in powdered and solid samples. In order to achieve identification of unknown
sample, the X-ray diffraction pattern (or diffractogram) can be compared with an

internationally recognised database containing reference patterns.® °

To study the structure of a solid or even powder surface qualitatively, it is very
informative to use X-ray diffraction. This technique obeys Bragg’s equation as shown

below:

ni=2dsiné (2.14)

Where n is an integral number, A is the wavelength of X-ray, d is the space between the

crystal planes and @ is the reflection angle of the X-ray.% °

Fig. 2.4 shows schematic diagram of X-ray diffraction on a plane. The
prerequisite of the Bragg condition has to be reached in order to obtain a constructive
interference of the reflected beam in a single beam phase that each reinforces the other.
To gain such a condition, the difference in path length between the interfering beams must

equal to an integral number of wavelength.® °
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Figure 2.4 Schematic diagram of XRD on crystal planes with a spacing dni.

2.6.2 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is an analytical technique image surface
morphology and surface elemental composition can be determined using the associated
technique of Energy dispersive analysis by X-rays (EDX). This technique is applicable
in dealing with surface morphology on the in terms of shape, texture and distribution of

crystal grain from the nanometer to micrometer dimensions.

And also this technique is employed in quantify elemental composition of bulk
dimension of materials using Energy dispersion analysis (EDX) with the lack of
capability of surface specific determination. In this technique, a monochromatic electron
beam can be produced from an electron gun using a voltage of about 1-30 kV and two
condenser lenses. The first excludes high-angle electrons using an aperture and the other
is focuses of electron beam as shown in Fig 2.5. Sweeping the beam across the sample

surface is performed by a set of coils in a grid.®
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Electron gun

Vaccum chamber

: Su
Condensing lenses Aperture
© Secondary electrons
Rastering coils [_____
Objective lens—_____ Detecter and
amplifier

Specimen

Figure 2.5 A typical SEM instrument schematic diagrams

The sample surface is bombarded with an electron beam as stimulus and the
response includes back-scattered electron (as a result of elastic scattering of electrons),
emitted secondary electrons (due to emitted inelastic scattered electrons) and also
characteristic X-rays (as a consequence of production of secondary electrons).® The SEM
image is obtained from the secondary electron (low energy inelastic scattered electrons).
These kinds of electrons are detected by scintillation detector which is needed to be
amplified by a photomultiplier. It is noteworthy that the brightness of the image is

determined by the number of electrons.®

2.6.3 X-ray photoelectron spectroscopy (XPS)

In order to study a solid surface qualitatively and quantitatively with relatively large
extend of specifity, X-ray photo eelectrn spectroscopy (XPS) is considered as proper
technique. The principle of the technique bases on the photoelectric effect whereby the
irradiated surface emits electrons. The condition for achieving this emission of electrons
is that the energy of photons has to be greater than the work function of the solid surface
which is a characteristic of the solid surface. The bombardment of the surface with X-
rays results in the emission of electron both core and valence level. To analysis the surface
under study qualitatively, the binding energy has to be measured and the mathematical

expression of that is shown below:
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KE=hv—-BE— o (2.15)

Where Av is the energy of the irradiation and BE is the binding energy of the electron in
its bound state in the atom before excitation, ¢ is the work function and is generally small.
For Al K, X-rays at 1486.6 eV electrons in bound states up to this energy can be excited,
collected and measured. All elements have at least one electron orbital accessible in this

energy range. Fig. 2.6 shows the photoelectron process schematically.® 10-12
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Figure 2.6 Schematic of the photoemission process from an atom (a) and electron
energy level diagram for an atom revealling the transitions for electrons that results

in emission of characteristic X-rays.emission of characteristic X-rays.

2.6.4 Atomic force microscopy (AFM)

The principle of atomic force microscopy (AFM) is based on combination of the
scanning tunnelling microscope and the stylus profilometer. In this technique one can
measure a very small force of 1018 N between a sharp tip (of several nanometers) and the
atoms on a surface whether it is conducting or nonconducting where the tip (made from

silicon nitride, SisNa) is swept across the surface at sub-nanometer distances.

This is applicable to tackle topology of a scurface, on the other word, the technique
can quantify the surface dimension at nanoscale, in addition to qualitaitaive describition
of the surface under study. During this process, deflections owing to attraction or
repulsion by atoms at the surface of solid materials are detected as a consequence an

atomic-scale map is obtained. Determination of various forces acting on the surfaces of
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solids, such as van der Waals, chemical bonding, magnetic, capillary, friction can be

achievable using AFM with different modes.% °

There are two main operational modes of AFM; contact (static mode) and noncontact
(dynamic mode). In the contact mode, the tip is brought into contact with s surface
experiencing a very small force of about nanoNewtons as a consequence of interaction

with the surface atoms as shown in Fig. 2.7

Mirror Segmented
Lens photodetector
Laser
Cantilever T nt AFM tip
—
Sample
Piezoelectric
translator

Figure 2.7 Schematic diagram of Atomic force microscopy (AFM).

In this mode the two forces control the up and down movements of a cantilever
which experiences attraction and repulsion. The scanning of the tip across the surface at
very small distances between the tip itself and the surface results in either attractive or
repulsive force. Decreasing of potential energy of the whole system results from chemical
bonding as a consequence of overlapping of electrons of the surface atoms and the tip,
leading to attractive force between them. The nuclear repulsion and Pauli repulsion of the
electronic shells surface and tip atoms result in repulsive force between the tip and the
surface. These two processes make the cantilever to be deflected and then monitored by
an optical technique where a segmented photodetector detects the reflected laser beam
from the back of the cantilever.® ° In the non-contact mode, there is no electron cloud
overlapping, so the force can be either electrostatic or magnetic which is very small
relative to contact mode. Therefore, the tip is not in contact with a delicate kind of
surface.® ° It is also important to mention an enhancement of sensitivity of non-contact
mode of AFM which involves vibrating of the tip at its resonance frequency which is

called tapping mode.® °
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3.1 Introduction

The electrodeposition of copper has been studied for a variety of applications in
aqueous’® and IL media®!! including electronics, decorating, pre-coating and electro-
catalysis.!>?2  Anodic dissolution of copper has been thoroughly studied in aqueous
media,?>* however it is unstudied in ILs and DESs. The aim of this chapter is to
investigate the dissolution mechanism of copper in a DES and a comparable IL and
compare it to the aqueous system. This is of interest for counter-electrode processes
during electrodeposition, for electropolishing and also to understand whether copper
corrodes in DESs. This chapter will also investigate the effects additives such as water

and the copper salt on copper dissolution in Ethaline.

3.2 Anodic dissolution mechanism

3.2.1 Cyclic and linear sweep voltammetry

Fig. 3.1 shows a voltammetric response of a copper disc electrode in Ethaline at
20 °C. Within this potential range, two oxidation processes can be seen. The anodic
current starts to increase at -0.3 V peaking at c.a. 0 V. The current suddenly drops in a
manner characteristic of a quasi-passivation process. The current rises to a peak at +0.3

V before falling to a steady state current of approximately 23 mA cm.
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Figure 3.1 Cyclic voltammograms of Cu disc (solid) and 0.1 M CuCl,.2H20
(dash) in Ethaline at 20 °C (a) and Cu disc (solid) and 0.2 M CuCl..2H20 in
C4mimCl (dash) at 70 °C (b), all at a sweep rate of 5 mVs™,

On the cathodic sweep the current is approximately constant until c.a. 0.2 VV when

a noisy process occurs at the same potential where passivation occurred on the anodic
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sweep. This process is not an artefact but is very reproducible. The main cathodic process
starts at c.a. 0.0 V and peaks at -0.4 V with a shoulder at -0.2 V. The noise is probably

due to redissolution of the Cu'' species formed on the electrode surface.

To interpret the processes that occur it is useful to compare the cyclic
voltammograms of the copper electrode in Ethaline with that for at Pt electrode in a
solution of 0.1 M CuCl2.2H20 in Ethaline. Abbott et al. studied electrodeposition of
copper using CuCl,.2H0 in Ethaline. It was found that two distinct processes occur with
Cu'"' undergoing a 1 electron reduction to Cu'at +0.43 V and followed by a 1 electron
reduction to metallic copper at -0.45 V.3 Both of these processes are reversible. It should
be noted, however that direct comparison between the redox potentials in Fig. 3.1 and the
previously reported study are difficult due to the use of different reference electrodes (a

silver wire quasi-reference electrode in the latter case).

Fig. 3.1a shows an over-laid CV (dashed line) 0.1 M CuCl2.2H.0 in Ethaline vs
Ag/Ag". It can clearly be seen that the onset potential on the anodic sweep are almost
exactly the same showing that the copper first dissolves as a Cu' complex. The quasi-
passivation which is observed for the copper electrode dissolution occurs at the same
potential as the Cu""" oxidation in solution. It can be concluded that the second process in
copper dissolution occurs due the change in oxidation state of the metal. When Cu' salts
dissolve in Ethaline the speciation was found to be [CuCl,]" whereas Cu'" salts tend to
form [CuCls]%.3% %0 Both of these complexes are known to be highly soluble and so the
cause of the quasi-passivation is not immediately obvious. One potential cause could be
an intermediate uncharged species CuCl, which will have lower solubility. A possible
dissolution mechanism could therefore be;

Cue Cu' +e (3.1)
Cu* + 2CI" > [CuCly] (3.2)
[CuClz] > CuCl2 + € (3.3)
CUCIo+ 2CI" > [CuCla]? (3.4)

The differences between Figs 3.1a and b could be due to a specific cation effect or
because the chloride concentration is diluted in Ethaline with respect to CamimCI. To

investigate this further CsmimCI was diluted by adding EG. The addition of EG into

50



CamimCl has shifted the oxidation onset potential of copper by 300 mV as shown in Fig.
3.2. The same quasi-passivation profile is also observed showing that passivation is

probably related to the chloride concentration.
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Figure 3.2 CVs copper disc in Ethaline (ChCl : EG 1 : 2) and CsmimCI : EG 1 : 2
(left) and LSVs in ChCI : EG 1:2 (solid line), C4mimCl : EG 1 : 2 (dash line), 1 : 3
(dot line) and 1 : 4 (dash-dot line) (right) at 5 mVs™ at 20 °C.

3.2.2 Uv-Visible spectroscopy

Determination of speciation of dissolved metal of great important key in dealing
with the kinetics of the electrochemical processes. Here, a starightforwd, non-distructive
technique was used to performe this task which is UV-Vis spectroscopy. In order to
obtained information about any species in the visible wavelengh range, the solution has
to be coloured. The chromophores or/ electron transition within the d-d orbitals is
responisble for providing this condition and then carrying out such kind of analysis.

Fig. 3.3 shows UV-Vis spectra of 0.1 mM CuCl2.2H20 in Ethaline and the
solution obtained by holding a copper disc electrode in Ethaline at a potential of 1.2 V for
1 hr, from which dissolved copper ion in the electrolyte, i.e. Ethaline, was obtained at 20
°C.

The results reveal that identical spectra obtained in both cases, showing the
speciation of stripped copper from the bulk copper metal into Ethaline is exactly the same
as that for the solution species obtained by dissolving CuCl2.2H20 in solution. Three
distinct peaks are seen at 233, 281 and 407 nm for corresponding to the formation of
[CuCl4)* which was confirmed using EXAFS. 3940
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Figure 3.3 UV-Vis spectra of dissolved copper disc (solid line) and 0.1 mM
(CuCl,).2H20 (dash line) in 1 EG : 2 ChCl liquid.

Fig. 3.1 (right) shows the corresponding experiments in CsmimCl i.e. Cu
dissolution and the voltammetry of 0.1 M CuCl..2H20 on a Pt electrode. This experiment
had to be carried out at 70 °C due to the high melting point of CsmimCI. It can be seen
that a similar current density is observed for copper dissolution as that in Ethaline. The
onset potential for copper dissolution is also similar. The most noticeable difference
between the dissolution responses in Ethaline and CsmimCl is that there is no quasi-
passivation response in the latter however there is an inflection point occurring the same
potential as the Cu""' process. The voltammogram for CuCl2.2H20 in CsmimCl is quite
similar to that in Ethaline showing two 1 electron oxidation and reduction processes.

Fundamentally the ligands for copper dissolution should be the same in both
liquids (CI). The discrepancy in the behaviour in both liquids can therefore only be due
to kinetic factors (diffusion of copper from the electrode and Cl- to the electrode) or
thermodynamic factors due to the solubility of the chlorometallate complexes in the two

liquids.

Murtomaki et al. reported the electrodeposition of a copper salt in Ethaline, and
found that the Cu"" process is quasi-reversible with a rate constant of 9.5 + 10 cm s.4
For copper deposited from a salt in solution the amount of copper deposited on the
electrode surface is small and so it can all be stripped on the anodic sweep (returning the
current to approximately zero) and a diffusion limited current is seen for the oxidation of

Cu' to Cu". When bulk copper dissolution is carried out at a copper electrode the copper
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is effectively at infinite concentration. The solution close to the electrode surface could
become saturated. It is proposed that this is what occurs in Fig. 3.1a at about + 0.2 V.
Saturating the solution close to the electrode with the copper complex will cause a
decrease in the oxidative current as the electrode becomes blocked with dissolution

product and as a consequence an asymmetric peak is observed.

The number of moles involved in the phase transition at first oxidation peak has
been calculated and are shown in Table 3.1. It is seen that copper conversion from
metallic copper to Cu' in Ethaline is about 90 times higher than stripping of
electrodeposited copper in Ethaline and CsmimCl using platinum as a substrate at 20 °C
and 70 °C, respectively. The number of moles copper dissolved in the Ethaline at 20 °C
is slightly lower than the moles calculated in CsmimCl at 70 °C. This is due to higher
viscosity of CsmimCl even at 70 °C (142 cP) to Ethaline (36 cP) at 20 °C.*

Table 3.1 The number of moles of copper involved in the first oxidation process

calculated from the overall charge.

Electrolyte Cu/ nmole
Ethaline 90.6
CuCl2.2H.0 Ethaline @ 20 °C 1.20
CuCl2.2H>0 CsmimCl @ 70 °C 1.76

The quasi-passivation of copper in Ethaline at 20 °C could be due to the low
solubility of CuCl.. To check this, the experiment was repeated at 70 °C to make it
comparable with the CsmimClI experiment. The result is shown in Fig. 3.4. As expected
the increased temperature causes an increase in the anodic current (approximately 10
folds) due to the reduced solution viscosity. It should however be noted that the sharp
decrease in current still occurs, but at 0.6 V rather than 0.2 V. This is presumably because
the saturation concentration is increased at higher temperature and the diffusion of

chloride is also higher.

It is also interesting to note that the oxidation onset potential has shifted to more
negative, i.e. less anodic as the temperature is increase, indicating the kinetic accelerating
oxidation reaction of copper. The overall behaviour has not changed at this higher

temperature. On the other word, the passivation is still effective.
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Figure 3.4 Cyclic voltammograms of Cu disc in Ethaline at 20 °C (black line) and 70
°C (red line) at 5 mvs™.

3.2.3 Effect of scan rate

Fig. 3.5 shows a series of LSVs of a copper disk electrode in Ethaline at a variety
of sweep rates. This is to emphasis whether the system is diffusion controlled or not. From
the results obtained the system is diffusion controlled because the faradaic current is

proportional to the square root of scan rate.

The sudden decrease in current following the peak is characteristic of a
passivation (surface blocking) process,***® and appears at more positive potentials with
increasing scan rate. The current then increases slightly and levels off, suggesting that at
least a part of the blocking layer remains on the electrode surface.

The initial rising part of the linear sweep is most likely due to the formation of a
soluble Cu complex, e.g. [CuClz]" or [CuCls]"*° As a layer of electrolyte at the electrode
surface becomes enriched in Cu species, a layer of material could precipitate onto the
electrode surface, resulting in the sharp drop in the current density.*® Shortly afterwards,
the system returns to a diffusion controlled steady-state.
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Figure 3.5 Linear sweep voltammograms of a Cu disc electrode in Ethaline at 20 °C

at a range of different sweep rates: 5, 10, 20, 30 and 50 mVs™,

In Ethaline, the Cu'"' redox couple appears at +0.45 V4 with respect to Ag/AgCl,
Ethaline, reference electrode, however, this is not clearly observable in Fig. 3.3. The
precipitation and re-dissolution processes would probably be slow, which may explain

the sweep rate dependency observed in Fig. 3.3.

The time taken for the electrode to passivate as a function of scan rate is shown in
Fig. 3.6. At faster scan rates a higher concentration of copper is put more rapidly into
solution and the layer close to the electrode surface will saturate more quickly. It appears

as if the passivation potential increases but this is just an artefact of the system not being

at equilibrium.
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Figure 3.6 Effect of scan rate on the equilibrium passivation potential.
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The effect of anion concentration on copper dissolution in Ethaline was studied as
shown in Fig. 3.7. In this study the concentration of chloride in Ethaline (ChCI : EG 1 :
2) was manipulated by diluting the electrolyte with ethylene glycol (EG). As the molar
ratio changed from 1:2 to 1:3 and 1:4 the passivation potential changes to less positive
values. This would be expected as there is less chloride close to the electrode surface and

so it is less easy to form CuCls?> and more likely to form CuCl..
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Figure 3.7 Effect of electrolyte composition on the equilibrium passivation potential,
Ethaline, ChCl : EG 1 : 2 (solid line), ChCl : EG 1 : 3 (dash line) and ChCl : EG 1 :
4 (dot line).

The dissolution of copper in aqueous solutions containing varying concentrations
of chloride has been investigated by several authors. At high chloride concentrations, two
stages mechanism occurred for the dissolution corresponding to the change-over of Cu!
to Cu'' but no quasi-passivation was observed.?” 4849 |t was, however, found that the rate
of dissolution is diffusion controlled, i.e. limited by the diffusion of the anion to the

electrode surface.®?

A few research groups have studied dissolution of copper in aqueous phosphoric
acid in the presence of additives. Du et al. showed that copper can be electropolished and
the mass transport limiting species is water.?® Ismail also reported that the brightening of
copper can be achieved by increasing the concentration of phosphoric acid.?* It was
shown that the anodic dissolution of copper occurs through formation of successive oxide

layers, i.e. from Cu.O to CuO.
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The two oxide layers of cubic and monoclinic phases correspond to Cu20O and
CuO, respectively and these show a lack of texture i.e. the orientation of crystal facets is

not preferred.

3.2.4 Effect of mass transport

The mechanism of metallic copper dissolution in a various aqueous media was
extensively investigated using rotating disk electrode.®>3% There is a consensus on the
mechanism of copper dissolution in sulphate-containing solutions the first electron

transfer step is fast and the second step is slow.

Slaiman and Lorenz examined the dissolution of copper in CuSO4 and H2SO4
using a galvanostatic technique and their findings showed that the electrochemical
dissolution proceeds via an adsorbed Cu' species and dissolution did not occur until this
was oxidised to Cu" on the electrode surface.®® Jardy et al.*> showed that the dissolution
mechanism of copper in 0.1 M Na>SOs under steady-state condition at a pH of 1.5 was
strongly dependant on the current density. At low and high current densities the
dissolution of copper progresses via mono- and divalent oxidation states, respectively.
Award et al.® showed that in acidified aqueous solution containing different anions, such
as chloride, nitrate and sulphate, the dissolution mechanism of copper will change, and

the following mechanism has been proposed:

Cu+A oCuA+e

and either CuA o Cu'"+A +¢
or 2CuA < Cu+ Cu"+2A

Wong et al.*®? investigated the mechanism of copper dissolution in 1 M NaSO4 under
steady-state polarisation and a range of pH values from 1 to 5 using rotating disc electrode
(RDE). The finding of this study was that dissolution proceeds via a two electron
autocatalytic process. In acidic media, Cu'asis formed followed by the formation of

Cu'l.gs. However, as the pH increased, the formation of Cu' dominated.

Numerous research groups studied the effect of anions on copper dissolution.?®%° |t
has been shown that with CI-, Br-and CN-, formation of Cu' is preferred while in sulphate,
phosphate and acetate, Cu' formation is dominates. Turlen studied copper dissolution in

in acidic and neutral conditions, showing that a Cu/Cu' electrode system is prouced.*
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Diard et al. reported the study of copper dissolution in 1 M HCI using RDE and

impedance spectroscopy.? 29 It was suggested that the dissolution mechanism was:

Cu+CI" & CuClags. + € (Electrochemical)
CUClags. < CuCly (Chemical)

It was also shown that at low current density, the impedance response was made
up of an adsorption and mass transport processes. Deslouis et al. reported the
investigation of copper dissolution as Cu' in 1 M chloride solution.® It was shown that
the current plateaus and active dissolution is governed by mass transport of Cl ions to the
oxidised copper, i.e. a higher CI" concentration a larger number of CI" ligands are involved
in the complexation. It was also shown that Cu" formation only commences beyond the

current plateau region.

When the copper electrode was held at +0.18 VV vs Ag/Ag* for 10 min in Ethaline,
the surface initially darkened and a green film slowly formed on the electrode surface as
shown in Fig. 3.5 At this potential, the most likely precipitate is CuCl which is only
moderately soluble in Ethaline. The light green colour indicates that some further
oxidation of Cu" occurs, however, given the applied electrode potential, the oxidation

could also be caused by dissolved oxygen.

If the green film is washed off, then the electrode metal is seen to darken quite
considerably due to surface roughening. To determine the role of mass transport on the
morphology, the experiment was repeated using a rotating disc electrode as shown in Fig.
3.4. The morphology of the surface before and after anodic polarisation can be seen in
Fig. 3.5 for a copper electrode with and without stirring. During the anodic sweep, it can
be seen that the average surface roughness value, Ra, of the electrode prior to anodic
polarisation was 0.75 um, whereas the value after polarisation was 3.75 pum. when the
electrode was rotated at 3000 rpm, the Ra was 0.63 um. if the liquid is stirred (by rotating
the electrode at 3000 rpm) then no film forms at the electrode surface and the solution

becomes green in colour.

The effect of mass transportation was examined using rotating disc electrode as

shown in Fig. 3.8. Passivation occurs in the absence of stirring and even at stirring rates

58



of up to 500 rpm. Only at rotation speeds above 1000 rpm is the passivation response lost.
As the rotation speed increases, the current increases as well which can be ascribed to the
providing anion to the surface by which more reaction has taken place. The current does
not, however reach a steady state value as would be expected for a solution based species
so it must be limited by diffusion of copper from the electrode surface rather than

diffusion of chloride to the electrode.®®
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Figure 3.8 Anodic LSVs of Cu disc in Ethaline vs. Ag/AgCl, at a scan rate of 5 mvs™
and at a various rotation speeds.

The formation of films on the electrode surface is known to affect the morphology
of the dissolved metal surface. The process of electropolishing i.e. surface levelling is
thought to occur due to film formation which limits metal ions diffusing away from the

electrode surface as a result of compact film formation, i.e. resistive film formation.

It can be seen from Fig. 3.9a that holding the electrode at a constant potential of
+1V for 10 minutes results in formation of a thick green film which according to Raman
spectroscopy is the same as CuCls. It is clear from this figure that the duplex salt film

mechanism is most appropriate for describing the dissolution of copper in DESs.

In the duplex salt mechanism, there is two regions, one is compact and the other
is permeable. In this dissolution process, the compact one might be CuCl, and the
saturated [CuClz]- and [CuCls]  correspond to the speciation of Cu' and Cu' ions,

respectively at the interface, representing porous film region. It would be reasonable that
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through the porous film region, chloride ion can reach the electrode surface, thereby,
thickening of the film at the copper electrode grows quickly.

a) b)

Figure 3.9 a) copper electrode after being held at +0.18 V for 10 min (b) copper
rotating disc electrode before cycling c) after polarisation from -0.5to + 1.5 in
Ethaline at 5 mV s without rotation d) as (c) but with rotation at 3000 rpm.

The surface finish of the copper rotating disc electrode was imaged using 3D optical
microscopy before and after dissolution as shown in Fig. 3.9.

It can be seen that the surface roughness is decreased after polishing (Ra = 23 um after
vs 0.26 um before). When the electrode is rotated the surface is visually brighter with an

60



Ra of 0.20 um. This occurred as a consequence of enhancing mass transportation through

the film.

3.2.5 Electrochemical Impedance Spectroscopy (EIS)

Fig. 3.10 shows the EIS of metallic copper in Ethaline at different d.c. potentials.
At-0.2 V, there is a single semi-circle for an electron transfer process which gets smaller
at 0 V indicating an increase in electron transfer rate constant. At +0.2 V, a second semi-
circle developed and +0.4 V and above this dominated, indicating that an insulating layer
formed on the electrode surface. At +0.2 V, there are two semi-circles which could

represent the first and second oxidations of copper.
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Figure 3.10 a) cyclic voltammogram of a copper in Ethaline at 20 °C (solid line) and

CsmimCl at 70 °C (dashed line) b) Electrochemical impedance spectra of copper in

Ethaline at 20 °C at various potentials with a.c. amplitude of 10 mV in the frequency
range of 1-65000 Hz c) as b but using CsmimCl at 70 °C.

The data in Fig. 3.10b were fitted to an equivalent circuit containing a two
Randle’s circuits in series with a Warburg impedance. This was done using the in-built

GPES software. For the data, an applied voltage of +0.8 V, the capacitance of the film
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was found to be 4.9 x 10 F cm™. Assuming a dielectric constant of 8.0, the thickness of
the film was calculated to be 1.4 pm.> This is about the order of magnitude expected
from the films formed in aqueous solutions. The film is, however, considerably thicker
than that found for stainless steel electropolishing in the same liquid under the same
conditions. There, it was estimated that the layer as only 16 nm thick.%? It would, however
be expected as the speciation is different. For stainless steel the iron complex formed is a

glycolate.

The experiment was repeated in Ethaline at 70 °C (not shown) and the same
mechanism of dissolution was found. In comparison between copper dissolution at 20 °C
and one can see that The capacitance was found to be 2.17 x10®° F cm2at 70 °C and +
0.8 V which corresponds to a layer of about 0.3 um thick.>* This would seem logical as
the diffusion layer in the duplex salt film model (Fig. 1.3) should get thinner at higher
temperature as the salt will be more soluble.

The structure of double layer at the electrode surface in molecular solvent systems
is different from that in ionic liquids in such a way, in the former the electrode charge is
compensated by both adsorbed counterions and the diffuse layer while in ionic liquids,
the structure may involve a monolayer of counterions as a compensation and followed by

a multilayer of cations and anions adjacent to each other.%3 >

In Fig. 3.10c the impedance of a copper electrode in CsmimCl was measured at
70 °C as a function of potential. A single semicircle is observed at -0.2 V corresponding
to an electron transfer process which is probably the oxidation of copper. As the potential
is increased to 0.0 V the semicircle decreases its width due to a faster electron transfer
process which would be expected given the increase in over-potential. From +0.4 to +1.2
V, a vertical straight line is observed. This is characteristic of a series RC circuit which

results from an insulating layer on the electrode surface.

The response of the series RC circuit does not change with potential showing that
once the film forms it is not permeable and insulates the electrode surface. It would
therefore not be expected that this would enable the electrode to be electropolished. This
shows how speciation can affect the behaviour of the electrode. Examining the linear
sweep voltammetry for the CsmimCl system it can be seen that a diagonal line is obtained
indicating a resistor. This can be ascribed to a layer of copper chloride forming on the
copper metal.
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3.3 Electropolishing

The process of electropolishing can be defined as a controlled corrosion of a surface
in an attempt to make it less rough at the macro-scale (levelling) > 1 um and micro-scale
(brightening) < 1 um.® The fundamental aspects of this process are film formation and
a mass transport limited current plateau. In order to achieve macrosmoothing, the ohmic
control or the mass transport control has to be conducted whereas for microsmoothing, a
mass transport mechanism is necessary.> The practical aspects of the electropolishing
process involve optimisation of current density, temperature and electrolyte composition

and to achieve this, additives are often added.*®

The electropolishing of copper has not been studied very often studied the
electropolishing of copper in methanolic sulfuric acid solutions.®” The polarisation curves
for copper in this polishing solution did not show the precipitous passivation that is shown
in Fig. 3.2. Instead the aqueous solutions showed a plateau in the current. It was found
that polishing could only be obtained over a relatively narrow potential range c.a. 0.8 to

1.8 V vs. SCE. This is relatively common for electropolishing processes.

In the current study, copper has been electropolished in Ethaline at 20 °C at a
potential of +1.2 V as shown in Fig. 3.11. This is the first time that a DES has been shown
to be useful for polishing a single metal, previously only Ni containing alloys have been
polished. Fig. 3.11 shows that the surface is brighter but there are clear signs of pitting
on the surface. It could therefore be questioned whether this is truly electropolished or

just brightened.

Figure 3.11 photograph of a sample of copper sheet after dissolution in Ethaline at
20 °C, unpolished (u) and polished (p).
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3.3.1 Atomic force microscopy (AFM)

The AFM images for copper before and after dissolution in Ethaline are shown in
Fig. 3.12. It can be seen that copper undergoes pitting under some conditions and
electropolishing at the other. On the unpolished surface machining marks and scratches

can clearly be seen.

Galvanostatic etching for short times causes pitting to occur, leading to an uneven
surface. Increasing the etch time led to a visibly brighter surface with less microscopic
roughness. The machining marks were removed by the polishing process. A similar
pattern was observed for the electropolishing of stainless steel in Ethaline.>?

In commercial electropolishing solutions it is well known that levelling only really
occurs one the solution is saturated with metal ions. Polishing the copper samples with
0.81 M CuCl; added to the solution resulted in two different morphologies on the
electrode surface. At low etch times pitting was more pronounced whereas longer

timescales gave more even surface finishes.

It is worth mentioning the hydrogen evolution at the cathode during the anodic
dissolution of copper in Ethaline at 20 °C. The negligible gas evolution at low current
density (<20 mA cm) is observed whereas at higher current density the evolution is
significant in the addition of water at any amount. This can be attributed to either
electrolysis of trace of water or ethylene glycol (EG).% The hydrogen gas evolution leads
to lowering in the current efficiency of the dissolution process which is undesirable.
Although deep eutectic solvents (DESs) are generally insensitive to moisture compared

to ionic liquids, the effect of water on the electrochemical process is still effective.*®

This change in morphology of copper surface results in the surface brightness as
shown in Fig. 3.11. In order to decide on the any electropolishing process, the brightness
has to be achieved which is the desirable. Moreover, in terms of roughness, the copper
sheet after dissolution exhibits rougher, but the less crevice is the considered as the main
feature of copper sheet. This is desirable in the electropolishing perspective which is
related to the type of electrolyte because the electropolishing of copper is strongly relies

on the electrolyte nature.
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Figure 3.12 Resonant mode (c.a. 300 kHz) AFM images (recorded in air at a scan rate of

0.5 Hz, 256 lines) of the sample, a) native copper, after dissolution in pure Ethaline at 50

mA cm b) 20 min., ¢) 1 hr. and under the same conditions but with the addition of 0.81 M
CuCl2.2H20 to the Ethaline, d) 10 min., e) 1 hr ( Arithmetic average height, Ra: quantifies

vertical deviation of a surface from normal vector).
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3.3.2 3D optical microscopy (3DM)

Polishing is quite difficult to judge from AFM as the length scales are often too
short to give a meaningful view of the surface. Ra values can also be misleading
depending again on the length scales of the measurements. 3D optical microscopy was
used to characterise the copper surface after being exposed to different dissolution modes.
Fig. 3.13 shows the XY projections of the copper samples. The advantage of using 3D
optical microscopy is that the correct colour and huge of the surface can be judged which
provides a better qualitative view of polishing.

The untreated copper sheet is shown in Fig. 3.13a and shows clearly the
machining marks and scratches. A galvanostatic dissolution mode darkened the surface
after short polishing times Fig. 3.13b but clearly brightened and levelled the surface after
850 s.

Fig. 3.13c and Fig. 3.13d, show potentiostatic experiments run for 85 and 850 s
respectively. Both of these produced dull surfaces without significant evidence of
polishing. This is frequently the case with electropolishing. If the over-potential is not
significantly large the passivating layer forms but the resistance of the film precludes
significant mass transport through the film which is undesirable in the electropolishing

processes.

It is worth noting that in the potentiodynamic performances, there is a very little
amount of dissolved surface relative to the holding the current (galvanostatic) or potential
(potentiostatic) parameter. In the latter two performances, much more dissolved species
accumulate at the surface which is required to control the mass transportation from the
surface to the electrolyte through a film. It has been discussed in the chapter one that in
order to reduce that surface roughness this condition has to be achieved otherwise
brightening cannot be obtained at the absence of such compact film. The adsorption of
moisture by Ethaline is unavoidable which might be effective in the ability of the film
formed on copper sheet to control the mass transportation through it. Water usually reduce
the viscosity, on the other word, increase the conductivity which in turn affect the

performance of the film.

The decomposition of choline chloride is another option especially at high current

density by receiving an electron from cathode and leading to the formation of
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trimethylamine and a dimethyle aminoethanol and a methyl radical or an ethanol

radical.>®

e) Ra=0.44

d) Ra=0.30

Figure 3.13 3D topographical images of copper after dissolution in Ethaline at 20
°C, a) Cu before dissolution, after dissolution of copper using galvanostatic (27.3 mA
cm?), b) 85s, ¢) 850 s, potentiostatic (+0.28 V), d) 85 s, ) 850 s.

3.4 Effect of additives

Additives can concentrate at the electrode solution interface and affect the chemistry
of dissolution and deposition processes. In a recent review Abbott et al discussed the
electrode solution interface as a mixture of ionic and molecular components.>3Additives
such as brighteners and viscosity modifiers are often added to control the rate of metal
deposition and dissolution. The charge density that can be applied is affected by the

relative interactions between these species i.e the various charge density and dipole
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moments of the constituents. The ionic and dipolar species also interacts with the charged
electrode surface. This is shown schematically in Fig. 3.14 where M represents the metal
containing species in solution, L a neutral ligand/additive, An- an anionic species/ligand
and Cat" a cationic species.

The most significant interactions include:

« M2Z2An or M2 L candetermine metal redox potentials and metal solubility;
» Subst 2 M can determine deposition overpotential and current efficiency;

* Subst 2 An~, Subst 2L or Subst2 Cat® can determine deposit morphology;

« Cat" 2 An can determine solvent viscosity and conductivity.

Substrate

Substrate

Figure 3.14 Generic scheme showing the range of interactions between the species in
an electroplating system.>3

Clearly the addition of dipolar species in the form of water and charged species in
the form of metal salts will affect the Nernstian half-wave potential, the double layer
structure and the rate of dissolution and supersaturation which can be achieved. Metals
and neutrals will also affect the speciation of the metal complex which forms and its
resulting solubility.

68



3.4.1 Water

Increasing application of ionic liquids and their analogues, namely deep eutectic
solvents, needs studying the effect of the most common impurities, such as halides, water
and cationic species. This is because of the fact that of paramount importance for

reproducible results is the purity of the ILs or DESs.%°

Impurities do not only influence the physico-chemical properties of ILs, but also
have indirect effects on the overall electrochemical processes. On the one hand, one can
look at impurities as effective passivating film formation substances by adsorbing
impurities on the surface of the electrodes and as a consequence, widen the
electrochemical potential window. Additives, particularly water, can also reduce the
potential widow of the electrolyte.®® One of the effective impurities is 1-methylimidazole
in the imidazolium-based ionic liquids which acts as a catalyst poison.%! One of the
physico-chemical properties of electrolyte that can be eligible for electrochemical
applications is the viscosity. Determination of cationic interferences, for example, Na',
Li' and methylimidazolium ions was performed by Urbanek et al.5? several research
groups tried to remove impurities from ILs in order to be proper for spectroscopic studies
such as UV-Vis. spectroscopy using active charcoal, recrystallization and column
chromatography.®® ¢ In these studies, ionic liquids are decolourised effectively from
chromatic impurities that results from that introduction of chromospheres as a by-
products at high temperature >75°C during alkylation processes which then ILs can be

prepared.

Seddon et al. have reported that chloride increases the viscosity of ILs and also
has an ability to coordinate to the transition metals in the catalysis processes which hence,
poisons the catalyst.% In addition to that, it has been shown that even the hydrophobic

ILs adsorb water strongly, but with less extend compared to hydrophilic ones.5®

The hygroscopic nature of choline chloride-based DESs has motivated us to study
the effective of water content in Ethaline. The effect of water in the Ethaline was studied
for the electropolishing of stainless steel. It was found that the addition of up to 5 wt %
had a beneficial effect on the polishing quality as it reduced viscosity and increased
conductivity. Addition of more than 10 wt% had a detrimental effect as it produced a
milky finish on the electrode surface.>? Abbott et al. also reported recently the effect of

addition of water on the physico-chemical properties of Ethaline by measuring the
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diffusion of species in water-Ethaline mixtures.’ It was shown that the liquid was not
homogeneous but rather there were two bicontinuous liquid phases. It was shown that
Ethaline with 20 wt.% water was slightly acidic (c.a. pH 4.5). This could clearly affect

speciation and mass transport.®

Fig. 3.15 shows that effect of addition of H2O in % on the electrochemical
dissolution response of metallic copper disc in Ethaline at 5 mVs™. It is seen that up to
10% addition of water to Ethaline does not have a significant effect on the initial oxidative
charge. This suggests that the initial dissolution process is not limited by solution mass
transport. This is consistent with the dual salt dissolution mechanism where the rate is
affected by mass transport of species through the salt film rather than species diffusing
through the solution. The slight increase in anodic current could be due to changes in the
layer which forms on the electrode surface such that the salt layer could change from
predominantly chloride to significant amounts of oxide.

50 —— Pure Ethaline

1% H20 Ethaline
4% H20 Ethaline
—— 10% H20 Ethaline
—— 16% H20 Ethaline
—— 20% H20 Ethaline

40 4
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| ( mA cm'2)
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T T T T T T T T
-0.4 0.0 0.4 0.8 1.2

E (V) vs. Ag/AgCI
Figure 3.15 LSVs of a copper disc electrode in pure Ethaline and a various amount

of water at 20 °C at 5 mVs™.

Marken et al. have reported that the mass transport processes can be improved as
the water content in the ILs increases by computing the diffusion coefficients of three
redox systems in a variety of 1Ls.%® Compton et al. showed reduction in the
electrochemical stability of solvents in the electrochemical reactions as a result of water

content.”® A few research groups have investigated the effect of water content on the
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viscosity and conductivity of reline, which is based on the mixture of quaternary
ammonium salts and oxalic acid. Xie and Ji et al. showed an increase in the viscosity of
reline as a consequence of addition of water.” Shah et al. revealed that 3 folds enhancing
in conductivity can be achieved by addition of 10 wt.% of water and hence, viscosity
decreased by 80%.? Pandey et al. modified the properties of DESs by addition of water

as a co-solvent or as an additive effectively and favourably.”

Magee et al. have examined the water content-viscosity relationships that the
hydrophobic ionic liquids showed strong dependency of viscosity upon the presence of
water.%® A tiny amount of water has no effect on the rate and onset potential of copper
electrochemical dissolution reaction up to 1000 ppm at 5 mVs™ in Ethaline, showing that
presence of water in Ethaline to this extent has no considerable influence on the whole

process.

The effect of water on copper electropolishing in Ethaline has to be conducted
because existence of water is not avoidable. Dissolution of copper in Ethaline in the
presence of water was examined as shown in Fig. 3.16. In the absence of water, it is seen
that copper is levelled but with higher roughness values compared to the parent copper

sheet.

The presence of water in the Ethaline for copper electropolishing was
investigated. The addition of 4%, 10% and 20% H.O was carried out and as the water
percentage increased, the roughness values have decreased as shown the AFM images in
Fig. 3.16. This can be attributed to an increase in the conductivity as a result of a decrease
in viscosity. This also resulted in an involvement of water in the copper complex
formation. However, the existence of water caused a large amount of H> evolution at the
cathode as a result of electrolysis of water. In the existence of such large amount of water
the gas evolution is significant even at low current density. This study was conducted
because the avoidance of impact of water on the electropolishing process in terms of
practical aspects is impossible. And also the study of existence of water is sometimes
necessary to reduce the viscosity of the electrolyte of interest which could be helpful to
carry out a successful electropolishing process. Abbott et. al. have shown that in the
electropolishing of type 316 stainless steel in Ethaline, the presence of up to 10% of water
is helpful in gaining mirror finished surface. On the other hand, more than this amount

results in pitting and roughening.>?
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Figure 3.16 AFM images (recorded in air at a scan rate of 0.5 Hz, 256 lines) of
copper samples, a) native copper, galvanostatic dissolution at 27.3 mA cm at 20°C
b) pure Ethaline 85 s, ¢) pure Ethaline 850 s.
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Fig. 3.17 shows the appearance of the copper sheets after dissolution in Ethaline
at 20 °C. The shiniest one is that obtained from the Ethaline without water. As the water
content is increased the copper surface discolours and takes on the characteristic

appearance of copper oxide.

Figure 3.17 Photograph of copper after dissolution (top portion of the sample) in
Ethaline at 27.3 mA cm™ for 850 s at 20 °C, (a) no water, (b) 4% water, (c) 10%
water and (d) 20% water.

The photograph of copper sheet in the Fig. 3.17 shows that the presence of water
at any concentration cannot be helpful in the electropolishing of copper in Ethaline, but
rather the prevent of adsorbing of moisture might be led to high quality of electropolishing
which is practically difficult. The presence of water has not only led to electropolishing

of copper in Ethaline, but also results in a massive Hz evolution.

In any electrochemical process, the gas evolution whatever the gas, there has a
detrimental influence on the whole process. In this work, the possibility of Cl, and Hy is
high because there is three sources from Ethaline components: Cl provides from the ChCl
and the Hz comes from trace water and ethylene glycol (EG). The source of the former
one is choline chloride component of the Ethaline and the water and ethylene glycol are
regarded as the sources of the latter one. So that, optimisation of electrochemical
parameter, such as potential, current and electrolyte are of significant importance that has
to be tackled.
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Figure 3.18 3D topographical images of copper samples, galvanostatic dissolution at
27.3 mA cm? at 20 °C a) 4 % H20 85 s, b) 4% H.0 850 s, ¢) 10% H,0 85 s, d) 10%
H20 850s, e) 20% H20 85 s, and f) 20% H20 850 s.

3.4.2 Copper concentration
For a layer to form on the electrode surface the solution close to the electrode
surface needs to saturate with metal ions. It would therefore be expected that adding

copper ions to Ethaline would cause the layer close to the electrode surface to reach
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saturation more easily. Fig. 3.19 shows effect of two different concentrations of
CuCl2.2H20 i.e. 0.1 M and 0.81 M on metallic copper dissolution at 5 and 50 mVs™. At
the low scan rate, the effect of 0.1 M salt is indistinguishable from the fresh solution,
while in the 0.81 M (close to saturation) a slight difference can be observed. The addition
of 0.81 M CuCl will use up 1.62 M of free CI(i.e. 2 chlorides for each copper ion). This
can be seen as a slight decrease in the oxidative current but the passivation potential is
unaffected. What is interesting is that the limiting current (E > 0.5 V) decreases when
copper ions are added to the solution. This would be expected if the layer was either

thicker or denser and precluded the migration of ions to and from the electrode surface.
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Figure 3.19 LSVs of a copper disc electrode in pure Ethaline and in 0.1 M and 0.81
M CuCl,.2H20 20 °C at two sweep rates: 5 (left) and 50 mVs™? (right).

The effect of concentration on copper dissolution in Ethaline was also investigated
using electrochemical impedance spectroscopy. Fig. 3.20 shows the difference between
copper dissolution in pure Ethaline and that containing 0.81 M CuCl2.2H>0 at 20 °C. The
overall shapes of the spectra are similar but the sizes of the semi-circles are clearly
different. At -0.4 V a semi-circular response is observed when copper is present in
solution due to copper deposition on the electrode surface and at -0.2 V two semicircles
are observed probably due to the dissolution and deposition processes. The use of
electrochemical impedance spectroscopy is considered as a powerful technique in dealing
with the mechanism of electrochemical reactions, especially the dissolution processes. In
order to differentiate between two similar electrochemical processes at an electrode
surface, the response at low frequency region is a regarded as the decisive region where
the mass transportation is dominating process whereas the high frequency part of the

spectra is the region where charge transfer at the electrolyte/electrode interface takes
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place.”*For polarisable electrodes, the double layer capacitance depends upon not only
the applied potential, but also on the electrode material. Silva et. al. investigated the
capacitance at three electrode surfaces, such as platinum, gold and glassy carbon, in
Ethaline at low and high temperatures. The study has also shown that at high temperature,

the capacitance increases with elevating temperature.”

Here, in this work, the copper work piece is non-polarisable electrode so that the
capacitance value does more depend upon the electrode materials (i.e. copper) because it
acts as reactant in the electrochemical dissolution process. In this process, the dissolution
of electrode surface leads to the formation of a film which changes in the thickness and
also in the composition as the potential is altered. Therefore, the stronger the film
thickness and composition change dependence on the potential altering, in particular, the
more anodic potential, the more profound is the change in these two properties of the film

that formed on the copper sheet.
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Figure 3.20 Electrochemical impedance spectra of copper in pure Ethaline (left) and
in 0.81 M CuCl2.2H,0 Ethaline (right) at 20 °C at various potentials with a.c.
amplitude of 10 mV in the frequency range of 1-65000 Hz.

The film thickness growing of copper in pure Ethaline and saturated Ethaline with
0.81 M CuCl,.2H20 were calculated from the second semicircles and the results are

shown in Fig. 3.21.
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The model assumes a capacitance, C arising from a capacitor of dielectric constant,

¢ and thickness, d.
C=¢e/d (3.2)

It could be expected that the thickness of the copper layer would increase with
increasing over-potential, i.e. more anodic potential. The capacitance value depends on
the film thickness and the change in the dielectric constant, in the other word, the change
in the composition at the electrolyte/electrode interface. Fig. 3.21, however, shows that
in pure Ethaline, the film appears to be thickest at +0.2 V and decreases at +0.4 V and
after that grows continued until +1 V. With the near-saturated solution, an increase in the
film thickness was obtained at +0.2 V which decreases to +0.5 V and levels off from +0.5
V to +1 V. A more logical explanation is that the density of the film and hence the

dielectric constant changes as the film grows.
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Figure 3.21 Film thickness on copper metal over the potential range from -0.5V to
+1.2 V in pure Ethaline (ball) and in 0.81 M CuCl,.2H>0 Ethaline (square).

The study has qualitatively shown that additives can affect the quality of the
electropolished surface by affecting speciation and solubility. The same issues are
encountered with the electropolishing of stainless steel. Ethaline on its own does not
produce a good electropolished surface, but rather a series of proprietary additives are
included in the polishing solution to affect speciation and solubility. This is an area that

would have to be studied in more detail for the polishing of copper.
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3.5 Conclusions

In this work, the study of mechanism of metallic copper dissolution in two
chloride- containing electrolytes, Ethaline and CsmimCl has shown that CuCl ags. and
CuClaags. formed in the first oxidation region which is compact film and followed by
second oxidation leading to complexation of oxidised copper in the form CuCls™ and

CuCls?* forming a porous film which then diffuse away from the surface.

The Cu/Cu" process can be recognised via an asymmetric peak at the anodic
regime due to passivation of the copper surface mainly with saturated corrosion products.
This is associated to interface composition properties (composition and structure). It is
shown that EG is responsible for a saturation at the interface region. This asymmetric
peak was seen for CuCl2.2H-0 in Ethaline on platinum working electrode. The quasi-

passivation of the copper in this electrolyte depends upon the EG.

The proposed mechanism is based on the electrochemical formation of CuClags.
and CuCl;, followed by oxidation to CuCl> leading to super-saturation of the interface
region with [CuCls] and [CuCl4]? limited by the availability of CI". It is probable that the
ClI ions interact with oxidised metallic copper forming an insulating CuCl and CuCl;
which may not cover the whole surface and some parts keep free of coverage in non-
stoichiometric proportions which is vulnerable to solvation with CI" ions and as a

consequence, diffusion away from the surface occurs.

Also the kinetics of copper dissolution in Ethaline and in CsmimClI has been
extensively studied. The effect of temperature and use of RDE have exhibited that
dissolution has increased as the temperature increased and the mass transport effect

change the electrochemical behaviour of copper dissolution.

Finally, the electropolishing of copper in Ethaline has been achieved in Ethaline
which cannot be obtained via aqueous chloride electrolyte. The electropolishing of copper
in Ethaline (ChCl : EG 1 : 2) involves levelling (macrosmoothing) and to some extent

brightening with a reduction in the surface roughness.
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4.1 Introduction

Anodic dissolution reactions are one of the cornerstones of metal processing and
energy production in batteries. They are used for metal digestion, electropolishing,
anisotropic etching, batteries and anodising. And they are also intrinsically linked with
cathodic processes, such as electrodeposition. In aqueous solution, passive film formation
is a common issue, and for metal deposition a dimensionally stable anode is used, such
that the anodic reaction is the decomposition of water, which is generally faster than the
electrodeposition process and in general ignored.

Recently, significant attention has been given to the use of ionic liquids as
electrolytes for metal processing, secondary batteries, photoelectric devices.! Relatively
little is known about anodic reactions in ionic liquids, and very little data has been

published on anodic dissolution efficiencies.

Unlike aqueous solutions, the decomposition of the ionic liquid is not usually a
desirable option for a counter electrode reaction, due to the production cost of the liquid
and the often complex products produced.® The high ionic strength and lack of water in
most ionic liquid systems means that oxide and hydroxide films are less likely to form on
the electrode surface. Metals which would usually passivate in aqueous solutions, such
as Cr and Al, can be readily oxidised in ionic liquids, and these have even been used as
soluble anode.® That is, however, not to say that insoluble layers do not form at the
electrode surface and super-saturation can occur from the lack of suitable ligands to
solvate the dissolving metal ion. With a few exceptions,’ the formation of passivating

layers is poorly understood in ionic liquids.

To full understand of metal dissolution processes, it is often informative to look at
the differences in metal speciation between aqueous solution and ionic media. If a metal,
M, is oxidised, the produced cation, M**, will interact with one or more types of ligand,

LY, in solution to form a complex of the form, [MY z]***?",

The solubility of the complex will depend upon the solvation and the overall charge
of the complex species, where the latter can vary for a particular ion-ligand combination
depending on the coordination number z. In polar or ionic solvents, the complex requires
an overall charge in order to be soluble. In water, L can be H,O, OH", O%, or the anion

from the solute, all of which can affect the overall charge of the complex. The speciation
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and, hence solubility, of a metal complex in solution is strongly affected by pH, ligand
concentration, and the coordinating ability of potential ligands. For example, in dilute
basic media, metals such as zinc and chromium form the insoluble precipitates
[Zn(OH)2.4H>0] and[Cr(OH)3.3H20]. These are amphoteric, i.e., can be dissolved in
acid, forming [Zn(H20)s]?* and [Cr(H20)s]**, whereas in strongly alkaline solution they
are solubilised as [Zn(OH)4]* and [Cr(OH)s]*. By using ligand acceptors, the dissolution
and re-deposition of metals can be altered. For the example of iron acetylacetonate (acac)
systems, the addition of Li ions hinders re-oxidation of electrodeposited metal by binding
to the acac ligands, resulting in a more positive oxidation potential.® Similar effects can
be observed in ionic liquids, where Lewis-acid, Lewis-base, cationic and anionic metal

species can be observed, depending on solvent composition.®!

In an ionic liquid, in most cases, the anion of the ionic liquid will be the dominant
ligand. This could be a poorly coordinating ligand, such as BF4 or [CF3CSO2).N], or it
may be a more coordinating ligand, such as ClI or SCN". The rate of the anodic process
will depend upon the activity of the ligand and, in most cases, the viscosity of the ionic
liquid. In many cases the counter electrode reaction is slow due to these issues, and at a
fixed potential, the current density and hence the overall process rate can be limited by
the anodic reaction. An example of this is the electrodeposition of aluminium from
chloroaluminate ionic liquids. Aluminium can only be electrodeposited from Lewis acidic
compositions, i.e. where AICIl3: [Cxmim][CI]> 1:1. Under these conditions, the liquid
contains Al2Cl77, and it is known that aluminium cannot be electrodeposited from AICls
at ambient temperature conditions.*?*# Considering that the only practical anodic reaction
is the electrodissolution of aluminium, this introduces the issue of what the ligand for the
reaction is. In Lewis acidic liquids, the activity of free chloride will be insignificant,
indicating that the necessary ligands will have to come from AICI47, a minor aluminium-

containing component. Therefore, the anodic reaction becomes:
Al + 7AICl; - 4AL,Cl; + 3e”

The cathodic reaction is faster and the anodic reaction is slower as the liquid
becomes Lewis acidic. In addition, this liquid becomes more viscous as the

decomposition moves away from 2:1 to 1:1 AICIls: [Cxmim][CI]. Diluents, such as
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toluene, are thought to modify the decomposition rate and morphology at fixed potential

by increasing mass transport and speeding up the anodic reaction.*?

The largest application of anodic processes in ionic liquids has been for
electropolishing. This has been applied to both stainless steel and nickel based
superalloys.®™>" In both systems, polishing is thought to occur due to the formation of
viscous layers close to the dissolving electrode surface. It has been found that the mild
steel and a variety of other nickel alloys can also be electropolished in deep eutectic
solvents. As will be discussed below other metals, such as silver, copper and lead, do not
electropolish, but pit instead.

Several plating processes to date have been scaled up using ionic liquids and DESs
but most have used dimensionally stable anodes because soluble anodes often limit the
current density that can be applied to the cell. The optimum process would ideally involve
the use of soluble anodes, as the over-potential required to drive the deposition process
will be small. This is especially important with ionic liquids because the ohmic loss across
the cell can be significant. However, little is known about the dissolution processes of

metals in ionic liquids.

The aim of this study is to investigate the behaviour of a selection of 9 commonly
electroplated metals in two electrolytes with chloride as the anion: Ethaline, a 1:2 mixture
of choline chloride and ethylene glycol, and 1-butyl-3-imidazolium chloride
[Casmim][CI]. The data obtained here will help to explain some of observations made
about metal dissolution and electropolishing, and in particular, aid in the understanding
of the factors affecting dissolution rates. We have used a combination of electrochemical
and spectroscopic techniques together to deal with the identity and thickness of the film

formed during anodic dissolution.

4.2 Linear sweep voltammetry

It was shown in chapter 3 that copper forms a film following anodic polarisation
which is most likely CuCl,. This layer clearly affects metal dissolution rates but can lead
to electropolishing. In this chapter, nine metals are compared with each other to determine
whether any trends can be observed in the types of metals which form films. The metals
chosen were those which are commonly used for electroplating (Ag, Cu, Au, Co and

Ni).1822 These were compared with Fe which has been studied for electropolishing in
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DESs. Pb was included as it is often used as an anode material and Sn and Zn were

included as they have been previously studied in DESs for electrodeposition of alloys.?

Fig. 4.1 shows the LSVs for the 9 metals at 20 °C. It can be seen that the CVs split
into three general shapes. Silver, gold and copper all have a sharp decrease in current
following anodic dissolution which could be ascribed to passivation from direct

comparison with the previous chapter.
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Figure 4.1 LSVs of (from top left) Ag, Au, Co, Cu, Fe, Ni, Pb, Sn and Zn in Ethaline
at 20 °C (black line) and 70 °C (red line). The sweep rate was 5 mV s™.
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Cobalt, iron and nickel all reach a maximum peak current but the current decreases
more gradually thereafter and lead, zinc and tin show less pronounced passivation. It can
also be seen that there are significant differences observed in the dissolution current
densities which are a measure of the dissolution rates. Zinc shows the highest dissolution
current density closely followed by copper and tin whereas lead shows a very low current

density.

Fig. 4.1 also shows the results from repeating the experiments at 70 °C The anodic
current is significantly higher at 70 °C than at 20 °C; in many cases an order of magnitude
larger. For the majority of the metals studied, there are still signs that film formation
continues to occur at 70 °C, although in most cases it is either reduced or occurs at a
different potential. This could be due to an increased solubility of the metal salts at higher
temperatures, the formation of different solid phases or the increased diffusion of the
ligand due to the reduced viscosity of the liquid.

For some metals with a low dissolution potential, e.g. Sn, Pb and Zn, significant
passivation effects are still observed. This might possibly be due to a double layer effect;
at potentials negative of the potential of zero charge (pzc) the layer close to the electrode
surface is dominated by quaternary ammonium cations and there will be insufficient
chloride to enable the formation of a charged oxidation product.?* As the electrode is
polarised to positive potentials, the double layer switches to being anion dominated and
the oxidation product becomes negatively charged and hence soluble. Work by Costa et
al. has characterised the double layer properties of platinum, glassy carbon and gold
electrodes in DESs and found that the pzc is in the region of —0.2 to —0.4 V vs Ag.?* It
should, however, be noted that these results are only qualitative for the purposes of
comparison, as the anodic dissolution processes are dependent upon the presence (or lack
thereof) of residual films (oxide/hydroxide or halide). These surface films vary with the

number of sweeps made previously, along with whether the system is stirred or not.

Fig. 4.2 shows the LSVs of nine electrodes in Ethaline and [Csmim][CI] both at 70
°C. For the majority of these metals, the onset oxidation potentials in the two solvents are
similar. This could reasonably be expected, given that the metal species are, in most cases
similar, if not the same, in both solvents, i.e. chloro-complexes. The dissolution current

in Ethaline is larger than that for [Csmim][CI], which is almost certainly due to the
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difference in viscosity (Ethaline = 16 cP and [Csmim][CI] = 142 cP, both at 70 °C).%®
During the anodic sweep of each electrode, discolouration of the electrode surface can be
seen with [Csmim][CI]. Interestingly only nickel displayed an anodic response with a
similar shape and oxidation onset potential in both liquids. At room temperature, the
speciation of Ni' is known to be different in imidazolium chloride-based ionic liquids
compared to Ethaline, e.g. [Ni(EG)s]** in Ethaline, and [NiCls*> in [Cemim][CI].?®
However, the speciation in Ethaline has been observed to change with increasing
temperature to the tetrachloronickelate species.?% 2’

At 70 °C a significant proportion of the dissolved nickel in Ethaline should form
the tetrachloro species; however this does not explain why the other metals do not also
show similar behaviour between the two solvents. However, only room temperature

speciation is known for many of the samples used here.?

The responses for metals such as gold, copper and tin in [Camim][CI] suggest that
there is no film formation during dissolution under the conditions of the experiment. This
is supported by the observation that only one charge-transfer semi-circle is observed in
the EIS at high over-potentials (see below). An additional level of complexity could arise
from the structure of the double layer and the availability of sufficient ligands to complex
the metal. In Ethaline, the chloride anion will interact with ethylene glycol and could have
a greater interaction with the cation, potentially reducing the availability of chloride to

complex with the metal cation.

In the following sections the metals will be analysed in groups which display similar
characteristics and also there are some differences toward electrochemical responses
whether it is potentiodynamic or electrochemical impedance. Voltammetric and
impedance spectroscopy will be used to identify film formation. Both techniques
provided almost full qualitative understanding of anodic dissolution reaction of these
metals in the two chloride-containing electrolytes. This work deserves more study to
understand the properties of interface properties of both electrolytes adjacent to the metal
electrodes, i.e. composition and structure, using surface-specific vibrational

spectroscopy, sum frequency generation vibrational spectroscopy, SFG.283!
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st

4.3 Electrochemical impedance spectroscopy (EIS)

Ramanathan et al. reported a comprehensive study of metal dissolution based on
simulation of electrochemical impedance spectra. The simulated impedance spectra have
given nine anodic dissolution mechanisms which more than one candidate is applicable

for either single or multivalent ions.3 The models all refer to the adsorbate-acceptor
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model shown in Fig. 1.4. This was shown to not be valid for the dissolution of copper in

the previous chapter.

Here, non-polarisable electrode used and the electrochemical impedance was used
to deal with mechanism of these kind of electrodes which act as reactant in the
electrochemical process, i.e. anodic dissolution. Impedance spectroscopy was used for
the electropolishing (electrodissolution) of stainless steel in Ethaline.'® As discussed, the
issue with using electrochemical impedance spectra for this type of process is that the
surface is constantly changing and given that each frequency spectrum takes
approximately 3 min to measure the surface can decrease by approximately 1 um in height
in that time. This means that quantitative results are difficult to obtain as the derived
parameters can change significantly in replicate measurements. For this reason the
analysis in this section is purely qualitative and where film thicknesses are derived, they
are purely indicative of the order of magnitude.

Fig. 4.3 shows the LSVs and EISs spectra of Ag, Au and Cu in Ethaline at 20 °C.
The EISs spectra were recorded at different d.c. potentials over the range of LSVs. It is
seen that at low anodic over-potentials, there are small semi-circles at high frequencies,
representing charge transfer process. After the first peak potential the current drops
sharply and this is ascribed to the formation of a film at the electrode-solution interface
which hinders diffusion and decreases the current. In all cases this manifests itself as a
much larger semi-circle at intermediate frequencies corresponding to a resistive film with
a corresponding capacitance. Film formation for Ag, Au and Cu commences at +0.1, +0.7
and +0.2 V respectively. The resistance of the films increase as the over-potential
increases suggesting that the films are becoming thicker or more compact. In all cases the
section of the spectra corresponding to film formation is not a symmetrical semi-circle

but could instead be made up of several responses.

In the polarisation responses of these metals, it is seen that there is a sharp decrease
of current as result of film formation that blocks the electrode surface. On the other word,
there is no symmetric oxidation peak in these metals in Ethaline at 20 °C. This is

predictable whenever saturation of the interface with dissolved metal at this region.
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Figure 4.3 LSVs at 5 mVs™ a) Ag, ¢) Au and e)Cu and EIS spectra of metal discs ( 1
mm diameter) b) Ag, d) Au and f) Cu in Ethaline at 20 °C at various potentials with
a.c. amplitude of 10 mV in the frequency range of 1-65000 Hz.

This is common for this type of process because films can have different densities
as they grow. Electrolysis of a silver electrode at constant current density results in the

formation of a dark grey layer on the electrode surface (Fig. 4.10).
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Fig. 4.4 shows the LSVs and EISs spectra of Ag, Au and Cu in CsmimCl at 70
°C. Here, the situation is different from that in Ethaline where the film formation starts at

low over- potentials.
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Figure 4.4 LSVs at 5 mVs? a) Ag, ¢) Au and e) Cu and EIS spectra of metal discs ( 1
mm diameter)b) Ag, d) Au and f) Cu in CsmimCl at 70 °C at various potentials with
a.c. amplitude of 10 mV in the frequency range of 1-65000 Hz.

For silver, semi-circular responses corresponding to a Faradaic process are

observed up to the peak potential and thereafter the high frequency portion of the Nyquist
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plot looks like a series RC circuit. The lower frequency portions of the spectra are difficult

to interpret. A typical Nyquist plot and their equivalent circuits are shown in Fig. 4.5.

The Nyquist plots for gold and copper are easier to interpret. They both show a
vertical, linear Nyquist plot which is characteristic of a series RC circuit. The LSV in Fig.
4.4c and e are characteristic of a purely resistive film suggesting that layers of presumably

copper and gold chloride are dense and resistive.

-Im (2) w =1/ Re; Cy
R, \ “
Rer
> Re (2)

Figure 4.5 Typical Nyquist plots with their equivalent circuits

Fig. 4.3 and Fig. 4.4 confirm that the electro-oxidation of gold, silver and copper
tends to lead to permeable film formation in Ethaline (parallel RC circuit) whereas in

CamimCl the electrode appears to form a more insulating film (series RC circuit).

In the previous chapter it was suggested that in Ethaline the layer occurred due to
the oxidation of Cu' to Cu". Clearly the same cannot be the case for Ag as it cannot be
oxidised to Ag'. The same is also valid for Au which although it can theoretically be
oxidised to Au'" this does not occur within the potential window of the above scan (see

below).

It could therefore be concluded that the film formation could be associated with
the lack of chloride available to produce a charged chlorometallate complex and so the

uncharged metal chloride forms close to the electrode surface and precipitates.
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Speciation in the films is probably similar from the two liquids since gold, silver
and copper are not particularly oxophilic. The difference in the EIS behaviour most

probably arises from the differences in film density/ porosity

Fig. 4.6 shows the LSVs and EISs spectra of Co, Fe and Ni in Ethaline at 20 °C.
The film formed at +0.9 and +0.8 V for Co and Ni, respectively with constant diameters
of semi-circles up to the end of the anodic potential. In the case of Fe, the film formation
begins to form at more positive over-potentials. The Nyquist plots for Co and Ni are very

similar with characteristic Randles circuits with Warburg elements as shown in Fig. 4.5.

The electrochemistry of iron, cobalt and nickel is dissimilar to the other metals in
Fig. 4.1, in that they do not reversibly electrodeposit on a Pt electrode from an Ethaline
solution of their salts. This irreversibility is important in the anodic behaviour and has
previously been ascribed to the formation of poorly soluble films at the anode-solution
interface. Previous work has characterised the speciation of metal salts in a selection of
DESs and ionic liquids with discrete anions. It was found that many monovalent transition
metal salts, e.g. AgCl, formed complexes of the form [MX2]~ whereas most divalent

metals formed complexes of the form [MX4]?> .28

As one notable exception, nickel was observed to form complexes with the
hydrogen bond donor of the DESs, instead of the anticipated chloro-complexes, as was
observed for the corresponding cobalt and iron salts. When FeCls is dissolved in Ethaline
it initially forms [FeCla]~,3* however a brown precipitate is observed to form over time,
the exact nature of which is unknown. When iron dissolves either under potential control
or through open circuit corrosion, a brown precipitate forms at the electrode surface, most

likely an oxide/hydroxide complex.

The previous studies for stainless steel electropolishing showed that the iron formed
a brown precipitate which was shown to be a complex with a glycollate of iron.* This
can be understood for these three metals since they are considerably more oxophilic than
Au, Ag and Cu. It would, therefore, seem logical that they should complex more strongly

with ethylene glycol than with chloride.
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Figure 4.6 LSVs at 5mVs™ a) Co, c) Fe and €) Ni and EIS spectra of metal discs b)
Co, d) Fe and f) Ni in Ethaline at 20 °C at various potentials with a.c. amplitude of 10

mV in the frequency range of 1-65000 Hz.

LSV and a.c. impedance spectroscopy of cobalt in Ethaline produces very different
responses to those observed for copper, but similar to those of nickel and iron. It can be
seen from Fig. 4.6a that the oxidative current decreases less abruptly than was the case
with copper Fig. 4.3e. It can also be seen that the magnitude of the impedance semi-circle

is significantly larger for cobalt than for copper. At an applied voltage of +0.9 V the
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capacitance of the film was found to be 8.83 x 10°® F cm™ Fig. 4.6b. The dielectric
constant for cobalt chloride is unknown, but given that most similar transition metal
halides are in the range 5.3 to 11.2, a value of 8.0 (the same as copper chloride) will be
assumed. Using this value, the film forming on the cobalt surface can be calculated to be
8.01 pm.® This suggests that the film formed on the electrode surface is very different to

that formed on copper.

The Nyquist plots for iron electrooxidation are slightly different to those for Co and
Ni. In Fig. 4.6¢ the peak current for iron oxidation occurs at +0.25 V. The impedance
spectra in Fig. 4.6d obtained between 0.4 and 1.2 V do not correspond to a Randles circuit
response as seen for Ni and Co suggesting that if a solid product does form then it does
so away from the electrode-solution interface. It is only when the current in Fig. 4.6¢
starts to rise again above 1.4 V that a passivating layer response is observed in the
impedance spectra in Fig. 4.6d.

Fig. 4.7 shows the LSV and EIS spectra of Co, Fe and Ni in CsamimCl at 70 °C. The
EIS behaviour of all these three metals is similar to that in Ethaline (Fig. 4.6). This is
unexpected since in Ethaline it is known that the Ni complexes with ethylene glycol.?®
The only other ligand available for the metal would be from traces of water. As will be
shown later (Fig. 4.10) the layer formed close to the electrode during electro-oxidation is
bright blue which is indicative of the copper chloride complex previously observed.®

The impedance spectra for potential between 0.0 and 0.5 V show a large distorted
semi-circle without a Warburg element and the width of the semi-circle decreases with
increasing anodic polarisation. For Co a Randles circuit with a Warburg element response

is only observed above 0.7 V corresponding to the second peak in Fig. 4.7a.

According to EIS spectra, these metals can be electropolished in CsamimCl at 70 °C.
This is owing to diffusional element that is the characteristic of EISs. The issue with using
this electrolyte is the cost that is unviable on the large scale application for
electropolishing processes. Whereas, the electropolishing of these metals can be
conducted successfully in the Ethaline without any necessity for raising temperature or

using additives.

The LSV responses of these metals also showed the symmetric peaks that are regarded as

the one of characteristics of diffusion process.
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Figure 4.7 LSVs at 5 mVs™ a) Co, ¢) Fe and e) Ni and EIS spectra of metal discs b)
Co, d) Fe and f) Ni in CsmimCl at 70 °C at various potentials with a.c. amplitude of

10 mV in the frequency range of 1-65000 Hz.

Fig. 4.8 shows the LSVs and EISs spectra of Pb, Sn and Zn in Ethaline at 20 °C.

It is seen there is no any feature of diffusion element from the EIS spectra for these metals
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in Ethaline, suggesting that there is no possibility of electropolishing but rather they

undergo anodic dissolution.
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Figure 4.8 LSVs at 5 mVs™a) Pb, ¢) Sn and €) Zn and EIS spectra of metal discs (1
mm diameter), b) Pb, d) Sn and f) Zn in Ethaline at 20 °C at various potentials with
a.c. amplitude of 10 mV in the frequency range of 1-65000 Hz.

The oxidative current for lead is very small compared to all the other metals

investigated showing that dissolution is slow. This is also common for lead in aqueous
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solutions which is why it is often used as an inert anode in electroplating experiments
particularly in oxidising acidic solutions e.g. chromium electroplating from chromic acid.
In these cases layers of lead sulfate often form. The anodic polarisation of lead in aqueous
KCI solutions led to similar voltammograms as that seen in Fig. 4.7a. Microscopic
analysis showed the formation of a grey/white, crystalline deposit which was found to be
PbCl,.%” Anodic polarisation of the lead electrode leads to a slight change in colour of the

electrode but there is no obvious coating material as is seen with silver.

The anodic dissolution of tin leads to a white gelatinous layer close to the
electrode surface and this manifests itself as a pure Randles circuit with a relatively
symmetric semi-circular response. The anodic dissolution of zinc does not lead to an
obvious precipitate suggesting that the product is largely soluble. The impedance spectra
for zinc dissolution correspond to a distorted Randles response with a Warburg element.
The resistive element of the Randles circuit increases with increasing over-potential
showing that it cannot be a simple Faradaic process. Zinc, and to some extent tin and iron
behave differently to the other metals in DESs. It has previously been shown that halide
salts of these three metals can form eutectic mixtures with hydrogen bond donors such as
ethylene glycol and urea.38-*1t was shown, for example that ZnCl, forms complexes with
urea where zinc forms both anionic (ZnCls") and cationic ([ZnCl.2urea]") species (Type
4 DESs).%® %0 It is therefore unlikely that Zn will reach saturated concentrations but it
should also be noted that type 4 DESs are extremely viscous so they could change the

mass transport close to the electrode surface.®

Cachet et al. studied pure zinc dissolution in an aerated sulphate medium and they
showed two capacitive loops are predominant, suggesting two mechanisms in the
dissolution process.* The inductive loop at low frequency was interpreted as evidence of

intermediate formation either as ZnCl* a4s. or ZnCl ags..

Fig. 4.9 shows the LSVs and EISs spectra of Pb, Sn and Zn in CsamimCl at 70 °C.
EIS of Pb exhibits the film formation at +0.1 V. Polarisation of the electrode results in a
dark grey coating on the lead surface. This is the only system in which the charge for the
electro-oxidation is higher with CsmimClI than for Ethaline. The impedance spectrum for
tin shows a vertical, linear Nyquist plot which is characteristic of a series RC circuit. The

Fig. 4.10 shows that bulk electrolysis yields a dark grey deposit on the tin electrode. The
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LSV in Fig. 4.9c¢ for tin is characteristic of a purely resistive film suggesting that the layer

of presumably tin chloride is dense and resistive.
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Figure 4.9 LSVs at 5 mVs™ a) Pb, ¢) Sn and €) Zn and EIS spectra of metal discs b)
PDb, d) Sn and f) Zn in CsmimCl at 70 °C at various potentials with a.c. amplitude of

10 mV in the frequency range of 1-65000 Hz.
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The Nyquist plot for Zn shows film following polarisation in CamimClI. The
anodic current is almost an order of magnitude smaller in CsamimClI than with Ethaline
which would be logical if a film is formed. The film formed on zinc can clearly be seen
in Fig. 4.10. This shows that solution speciation can significantly affect the dissolution

behaviour of metals.

For the seven metals, the film formation in Ethaline at 20 °C is clearly seen in
Fig. 4.10. After washing, three metals, Co, Cu and Ni have shown a bright surface,

indicating the possibility of electropolishing of these in Ethaline successfully.

Fig 4.10 Optical photographs of films formed on metal surface during galvanostatic
dissolution in Ethaline at 50 mA cm at 20 °C for 850s before (top) and after
(bottom).

Film formation on these metals was also observed in CamimCl at 70 °C as can be
seen in Fig. 4.11. The layers formed in the two liquids are compact and look the same for
Co, Cu and Pb in CsmimCl and Ethaline. This might indicate that the speciation of these
metals is exactly the same in both electrolytes despite of difficulty of determining

speciation by physical appearance.
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Fig 4.11 Optical photographs of films formed on metal surface during galvanostatic
dissolution in CsmimCI at 50 mA cm at 20 °C for 850s.

When the electrodes were washed following bulk electrolysis it was only Cu, Co
and Ni which displayed a brighter surface finish compared with the starting state. This is
only observed with Ethaline. To understand why polishing occurs it is useful to compare
the EIS spectra for these three metals with all the other systems. It can be seen that these
three systems all display a similar mechanism i.e. the EIS spectra in the dissolution region
all have a response which can be fitted to a Randles circuit with a Warburg element. This
means that mass transport through a blocking layer is diffusion limited. It is also useful
to note that the same response is shown in the literature for the impedance study of

stainless steel electropolishing in Ethaline.®

Table 4.1 shows the estimated film thicknesses derived from the EIS using Eqn.
3.1. It can be seen that in almost all cases the film thickness is thicker in Ethaline at 20
°C than at 70 °C which is logical given the increased solubility of the salts at higher
temperatures. In all cases the films formed in CsmimCl are thinner than those formed in
Ethaline at the same temperature. This could be due to a higher ligand concentration in

the latter shifting the equilibrium to the soluble charged chlorometallate species.

Table 4.1 Estimated film thicknesses formed on the electrode surface in Ethaline
and CsmimCl at 20 and 70 °C using EIS.

Metals Ethaline CsmimClI
Film thickness in Film thickness in Film thickness in
um @ 20 °C um @ 70 °C um @ 70 °C
Co 14 0.22 0.03
Fe 1.61 0.89 0.07
Ni 0.98 0.38 0.34
Sn 0.25 1.18 0.11
Zn 5.12 13.24 0.30
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In all cases the film thickness is of the same order of magnitude as those reported

for films formed in aqueous solutions.*

While it was initially suggested that trends could be interpreted from LSV results,
EIS data show that the same metals behave very differently in Ethaline and CsmimCl.

Several conclusions can be drawn from the results presented above;

o In general the dissolution rate is higher in Ethaline than in CsmimCIl which is
presumably due to mass transport effects.

o Film formation is observed for most electrodes with both liquids. The one exception
appears to be zinc in Ethaline.

o In CsmimCl tin, gold and copper form dense films characterised by series RC
Nyquist plots.

o Cobalt, copper and nickel show some levelling on anodic polarisation. Zinc, tin,
lead and silver show significant roughening of the electrode surface following metal
dissolution

o To display polishing the impedance needs to have a diffusional element. The data
suggest that these conditions are only observed for the nine metals studied here with

Co, Cu and Ni in Ethaline at ambient temperatures.

4.4 Comparisons of metals and their salts
Fig. 4.12 shows the CVs of Au, Co, Fe and Ni and their chloride salts in Ethaline
at 20 °C. All of the other metals have been studied by Hartley and are shown to exhibit

reversible deposition and stripping.*

The onset potential gold oxidation from the gold electrode is more positive than
that for AuCl in solution by approximately 0.3 V. The dissolution and deposition of gold
is relatively reversible i.e. there is negligible difference between the onset potential for

deposition and dissolution.

For Co, Fe and Ni the difference between the onset potential for deposition and
dissolution from the metal electrode is quite large (Co 1V, Fe 1.8 V and Ni 1.2 V). The
difference for the deposition and dissolution from the metal ions is smaller. This process
was studied previously by Hartley**and ascribed to the formation of oxides or glycollates

on the electrode surface.
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Figure 4.12 CVs of metals and their salts in Ethaline 20 °C at 5 mVs™, a) Au and
0.1 M AuCl, b) Co and 0.1 M CoCl,.6H20, c) Fe and 0.1 M FeCl, and d) Ni and 0.1
M NiCl,.6H.0. Solid lines are for metals and dashed lines are for metal salts.

For iron the onset of dissolution is much higher than the Fe'""" redox couple. This
suggests that the surface is covered with oxide which governs the dissolution kinetics. Ni
does show deposition and dissolution from the soluble metal salt but the dissolution and
deposition potentials from the nickel metal electrode occurs at higher over-potentials

again suggesting the involvement of speciation, most probably in the form of the oxide.

4.5 Thermodynamics and kinetics of metals in Ethaline and CsamimClI

All of the metals studied here can be electrochemically oxidised in Ethaline and
CamimCl, including gold. There is naturally a significant difference in the onset potentials
but oxidation does not occur in the order that would be expected from aqueous standard

potentials.
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Electrode potentials for some of the redox couples in Ethaline have been
previously reported.*® The differences in the aqueous standard potentials have been
rationalised in terms of metal speciation. Fig. 4.13 shows the general relationships
between the oxidation onset potentials in Ethaline vs. E° values for aqueous solutions.
Whilst the absolute values are not comparable, it is apparent that in the ionic liquid, the
relative potentials and sometimes even the order in which the metals are oxidised are
different from the aqueous solution. As a general trend, the metals such as gold, silver
and copper, which form stable complexes with chloride, are particularly easy to oxidise

in the chloride containing electrolyte.
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Figure 4.13 Onset potential of metals in Ethaline versus corresponding standard

potential in aqueous solution.**

The chloride salts of these metals generally have high solubility in chloride except
Sn, with copper and zinc being soluble in excess of 0.5 mol dm™, It is, therefore, counter-
intuitive that the voltammograms displays pseudo-passivation behaviour in some cases

and diffusion controlled responses in others.

However, in some cases where oxidation involves the formation of an
intermediate state such as Cu', the dissolution rate may be limited by the solubility of this

intermediate species.

107



4.6 Electropolishing of nickel and cobalt

As shown above, of the eight metals that studied in this section (excluding Cu
studied in the previous chapter), cobalt and nickel were the only metals which exhibited
electropolishing in Ethaline. Electropolishing of nickel and cobalt was performed by bulk
electrolysis in Ethaline at 20 °C.

4.6.1 Nickel

Electropolishing of nickel was carried out in Ethaline using a galvanostatic
technique. It was found that at low current densities < 10 mA cm, a dull surface finished
was obtained on nickel surface while significant hydrogen gas evolution at the cathode
was observed at > 50 mA cm from either ethylene glycol or trace of water. Therefore,
the optimum applied current densities are in the range (10-50 mA cm) in which a mirror
finished surface for nickel can be obtained. This is close to the optimum range found for
stainless steel which was shown to be 70 and 50 mA c¢m™. Fig. 4.14 shows a surface

finish which is similar to that obtained with stainless steel.1® 33

Figure 4.14 photograph of a sample of nickel sheet after dissolution (12 mA cm?,
for 30 min) in Ethaline at 20 °C, unpolished (u) and polished (p).

The surface morphology before and after electropolishing were studied using
atomic force microscopy and the results are shown in Fig. 4.15. The nickel sheet prior to
polishing was relatively rough with feature sizes of up to 0.2 um in the z direction over x
and y coordinates of 1 to 3 um. The polished surface in Fig. 4.15 shows micro-roughness
of less than 5 nm although the macro-roughness is still similar to that in the unpolished
surface.
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This shows the process is brightening which allows the surface to passivate but it is
not levelling. The corresponding SEM image shows how macroscopic defects such as
scratches and machine marks are fully removed in the electropolishing process. It is
interesting to notice that the success of electropolishing of nickel in Ethaline is not only
due to low cost and easy preparation of the electrolyte, but also there is not any additive

in the electropolishing process.

a)
500.0 nm
0.0 nm 5
yﬁ. / 3
\ 8
50 pm
@0
30 2
‘10
20 ]
10 : . § 50 pn
40
> ; 30
20
10
Ra=68 nm Ra=42 nm
150
C) 300 d)
200 100
1S
100 4
E £ 504
=~ -~
Y= ey
S 07 k=]
k) :?;’ 0+
T
-100
-50 -
-200 A
-300 . . r r r r r r -100 T T T T T T T T
-10 0 10 20 30 40 50 60 70 -10 0 10 20 30 40 50 60 70
X/ um X/ pum

Figure 4.15 AFM images, with single line
traces alongside, of nickel recorded in
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4.6.2 Cobalt

The same electropolishing process was carried out using cobalt as the electrode
material. It was found that the range of current densities that could be applied to obtain
an electropolished surface was in the range 35 mA cm to 60 mA cm™. Fig. 4.16 shows
a photograph of the surface finish obtained for cobalt in Ethaline after galvanostatic
dissolution at 40 mA cm?, for 40 min at 20 °C. It is interesting to note that
electropolishing of nickel, cobalt and stainless steel all occur at over a limited current
density range which is roughly the same for all three metals. This suggests that the
kinetics of polishing is critical which ties in with the impedance data which shows that

diffusion is critical for the polishing process.

Using a current density of 30 mA cm assuming the Co is oxidised with 100 %
current efficiency and goes to a Co' species the number of moles oxidised per minute
equates to 1.86 x 10" mol min™ cm™. This corresponds to a mass loss of 1.09 x 102 g
min"t cm™. Using a density of 8.9 g cm™ for Co the thickness of Co lost is approximately
1.12 x 10 cm min. For a 30 minute polish this should equate to a loss of 37 um. 3DM
of the step between the polished and unpolished region showed that the average step was
approximately 26 um. This is clearly less than expected but this is mostly due to the
assumption about the current efficiency of the process. The same analysis for nickel was
performed with giving 14.76 um which is not what it was obtained from 3DM (6 pum)
applying 0.12 mA cm for 30 min.

Figure 4.16 photograph of a sample of cobalt sheet after dissolution in Ethaline at 30
mA cm2 for 30 min at 20 °C, unpolished (u) and polished (p).

The surface morphology before and after electropolishing was also studied using
atomic force microscopy and the results are shown in Fig. 4.17. The roughness of the
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cobalt sheet prior to polishing was similar to that for nickel in Fig. 4.15. The polished
surface shows a micro-roughness of less than 5 nm although the macro-roughness is still
similar to that in the unpolished surface. This shows the brightening process is almost
identical to that observed above for nickel. The corresponding SEM image is shown in
Fig. 4.17e and it can be seen that scratches and machine marks are fully removed in the

electropolishing process.
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Figure 4.17 AFM ir);/;ges, with single
line traces alongside, of cobalt recorded
in resonant mode at a frequency of (ca.
300 kHz) (recorded in air at a scan rate
of 0.5 Hz, 256 lines) of the cobalt sheet,

-~ a)and c) unpolished, b) and d) polished.

The corresponding SEM image (e) of the
interfacial region between polished and

unpolished.
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4.7 Conclusions

This study shows that even for metals where the halide salt is generally soluble,
film formation can block the electrode surface, leading to a decrease in anodic current
and hence affecting the even dissolution of metal. This is more prevalent in unstirred
solutions, where ligand transports to the electrode surface is diffusion limited,
highlighting the need for optimisation of fluid flow throughout the whole cell where ionic
liquids are used for electrochemical applications. This, together with speciation and
viscosity effects, could also be one of the reasons that such large temperature dependence

has been observed for deposition and dissolution processes in ionic liquids.

Increasing the temperature of the system increases the dissolution current as
would be expected due to increased solubility and mass transport. It is evident, however
that the dissolution rates in CsamimCI are almost always slower than in Ethaline, again

presumably due to mass transport.

This study has shown that cobalt, copper and nickel can be electropolished
successfully in Ethaline at 20 °C whereas the other metals studied do not. Electrochemical
impedance spectroscopy (EIS) has shown that the mechanism of electrodissolution for
these three metals is different from the other 6 metals studied in that a film forms on the
electrode surface and a diffusional Warburg impedance is seen in the systems which
electropolish. This behaviour is almost identical to that observed for stainless steel in the
same DES. Electropolishing of these three metals results in a very low micro-roughness

of the surface.

Voltammetry and impedance studies in C4smimCl with the 9 metals showed
different responses to that found in Ethaline. In some cases (Sn, Au and Cu) the
impedance data fitted well to an RC circuit and the CVs showed a response for relatively
a high resistor, suggesting that the film formed was insulating. The lack of any other

ligands suggested that the film was the metal halide.
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5.1 Introduction

In the previous two chapters the electrochemical oxidation of pure metals has been
studied and electropolishing was found to occur when a diffusion controlled dissolution
through a relatively thick layer was rate limiting. In practice, however the only metals
which are of interest for electropolishing are alloys. Most work to date has focussed on

iron based alloys particularly those with copper, chromium, iron, titanium and nickel.*®

The main issue to address with alloy dissolution is whether all of the components
dissolve at the same rate or whether one metal dissolves preferentially and dealloying
occurs.>1911:12 This selective dissolution process should only occur where the potential
difference for oxidation between the components of the alloy is large enough.*> 3 A
simultaneous dissolution is a process of dissolving two or more constituents in the matrix
at the same time.1? 115 The process of electrochemical dissolution is not as simple as

expected which followed by redeposition of less noble component or/ surface diffusion.*®
17

The electropolishing process is a surface finishing process where a surface has less
rough and pitting with high brightness properties.*® *° The electropolishing is conducted
at two dimensions; macrosmoothing (levelling) or microsmoothing (brightening).'® To
achieve that, ohmic and mass transport have to be controlled. Electropolishing in either
condition leads to macrosmoothing whereas only controlling of mass transportation
results in microsmoothing. In order to fulfil that a film has to be formed which results in
steady state of current.*® All these are fundamentally important, but some practical aspects
have to optimised, for example, current density, temperature and electrolyte
composition.® Lee et. al. studied impact of electropolishing 316L stainless steel on the
corrosion resistance using sulfuric acid, phosphoric acid, glycerine and deionised water.?°

Abbott et al. carried out electropolishing of nickel-based super alloys using a
choline chloride-based ionic liquid composing of ethylene glycol and choline chloride.?
It was shown that a green glycolate film formed on the electrode surface and the surface
was found to electropolish without dealloying. The same group studied the
electropolishing of four types of stainless steels in the electrolyte.??> Abbott et al.
investigated the mechanism of electropolishing of 316 stainless steel using ethylene
glycol and choline chloride, 2:1 ratio.?® It was shown that both iron and nickel formed
glycolate species which produced a brown/green film on the electrodes surface. XPS
showed that no dealloying of the stainless steel occurred.
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In this chapter, the electro-dissolution/ polishing of a set of copper alloys; brass
(Cuo.63Znos7), bronze (CuogaSnoos) nickel bronze and (CuossNioss) have been
investigated in Ethaline. These were studied both electrochemically and with a variety of
surface characterisation techniques, i.e. XRD, SEM, XPS, AFM and 3D microscopy.
Both selective and simultaneous dissolution of the alloys have also been probed. This set
of alloys has been chosen as they all form solid solutions thus simplifying the phase
behaviour of the alloys. The alloying elements have different redox potentials; zinc is
more negative of copper, tin is about the same potential and nickel is more positive of

copper.

5.2  Cuo.s3Znos7 alloy
5.2.1 Electrochemistry

In this section the electrochemical properties of brass are studied. Chapter 4 shows
that the onset potential for zinc and copper are separated by approximately 0.65 V. This
should make the co-dissolution thermodynamically unfavourable, It is well-known that
a-brass consists of up to 35% Zn in CuZn alloy with only one phase with face-centred
cubic crystal structure and o/B-brass (also called duplex brass) is made of 35-45% Zn with

two phases with body-centred cubic structure.?*

Fig. 5.1 shows cyclic voltammograms of pure Cu, Cug.e3Zno.37 and Zn discs (1 mm
diameter) in Ethaline at 20 °C. For the Cuo.s3Zno.37 alloy, three distinct oxidation peaks
can be clearly seen on the anodic sweep. The first peak starts at -0.3 V peaking at -0.2 V
which can be attributed mainly to dissolution of zinc and partly to copper followed by a
peak centred at -0.1 V and then the dissolution of presumably zinc and copper commences
at +0.4 V. This change in the Eocp confirm the simultaneous dissolution with different
rates.’* On the cathodic side, there are three reduction peaks, the first locates at -0.15 V
followed by two overlapped peaks at -0.2 V and -0.35 V. The anodic charge for brass is
more than that for copper but less than that for zinc. The current after the second anodic
peak decreases significantly suggesting that a diffusion limiting process occurs which

may arise from an anodic film.

It is interesting to notice that even in the brass dissolution, there is an asymmetric
peak which appears in the first oxidation peak, indicating supersaturation of dissolved

metals from both zinc mainly and copper partly at the electrolyte/electrode interface.
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At high overpotential, both components dissolve in Ethaline and clearly seen in the

last oxidation peak.

' Pure Cu
7 V-
> [}

j (MA cm'2)

20 -16 -1.2 -0I.8 -OI.4 O:O 074 0.8 1.2 1.6
E (V) vs. Ag/AgCI

Figure 5.1 Cyclic voltammograms of Cu, Zn and Cug.s3Zno.37 disc electrodes (1 mm
diameter) in Ethaline at 20 °C at 5 mVs™.

Fig. 5.2a shows the linear sweep voltammograms for Cu, Cuo.e3Zno.37 and Zn in
Ethaline at 20 °C. It can be seen that the onset potential for the oxidation of pure zinc

starts at -1.12 V while of pure copper and the alloy begins at -0.28 V.

Fig. 5.2b, shows the Tafel plots for the three metal electrodes. Two potential
transition regimes are seen, suggesting two different rates of dissolution of the alloy
components simultaneously in Ethaline. It can be seen that Ecor. of the alloy
superimposed on the pure copper, suggesting that copper has started to dissolve with zinc
but with a lower dissolution rate. It is interesting to note that the dissolution rates of the
alloys and the pure zinc are comparable whilst pure copper shows a slower dissolution

rate by around two order of magnitude.

Fig. 5.2c shows the potentiostatic chronoamperometric responses of the pure
copper, pure zinc and the alloy in Ethaline following a potential step to + 1.5 V. Zinc
dissolution shows an increase in current with time suggestive of an increase in surface

roughness (and area) as the surface dissolves. Copper and brass show a different
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mechanism with the current decreasing with time as a diffusion limited dissolution is

observed.

For brass it is seen that a steady decrease in current is observed i.e. the surface
does not pit and there is a simultaneous dissolution of both components. Zhang et al.®
created a brass alloy by electrodepositing zinc onto copper in Ethaline at 90 °C. They
showed two different rates of dissolution of Cuoe3Znos7 alloy in a deep eutectic solvent

comprised of choline chloride (ChCI) and urea.
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Arvia et al. studied the dissolution of 3-brass (53% Cu, 47% Zn) in 0.5 M aqueous
NaCl. It was found that two roughness regions can be observed on dissolution. Firstly, a
region of stable roughness is formed in which copper-rich islands form limited by surface
diffusion, secondly, an unstable interface produces roughness which causes curvature that
relies on the rate of dissolution.?® Pchelnikov et al. proposed a mechanism of dissolution

of a-brass in chloride containing electrolytes where before reaching steady state, there is
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a selective dissolution of zinc and subsequently steady state dissolution is achieved where
simultaneous dissolution of both metals occurs.?” Elwarraky reported the corrosion
behaviour of a-brass 4% aqueous NaCl at pH=1.8 to 2 and revealed that during the
dissolution of this alloy a constant limited concentration is present.?® However, single
phase brass can be electropolished in orthophosphoric acid without stirring as a diffusion
layer quickly became saturated with copper phosphate.?® Recently Sun et al. reported a
formation of nanoporous of copper using ionic liquid from the dealloying of brass® and
Zhang et al. used a similar approach using a deep eutectic solvent.? This alloy can be

used as an electrocatalysts for hydrogen evolution reaction.®

From a kinetic point of view, the dissolution potential of Cuoe3Znos7 alloy is
comparable to that of pure copper in Ethaline at 20 °C as it is seen from Fig 5.2b. Both
open circuit potential, Eocp and critical potential, Ec confirm that pure copper and the
alloy act similarly in Ethaline. To some extent this may be expected since the alloy will
rapidly lose the minor component, zinc, and the rate of dissolution will become controlled
by the dissolution of copper. This result suggests that the alloying elements in brass

behave electrochemically independent of each other.

In the previous chapter it was shown that metal which electropolish display
impedance spectra with a diffusion controlled Warburg response which may result from
either or both metal and/or ligand diffusing through an insoluble layer at the electrode
surface. In previous chapters it was shown that copper does form such a layer on the
electrode whereas zinc does not. Fig. 5.3 shows the EIS spectra of pure Cu, Cug.3Zno.37
and pure Zn in Ethaline at 20 °C at a various d.c. potentials. The spectra for brass are
more similar to those of copper than zinc. It is interesting to note that at more positive
over-potentials copper displays a Warburg response at low frequencies whereas brass
does not. Brass tends to form a second impedance loop that doubles back on itself. This
might result from adsorbed intermediates of both copper and zinc on the Cuo.63Zno.37 alloy
in the form CuClags. and ZnCl*ags. ZnClags., respectively.®?

The appearance of semi-circle at low anodic overpotential, indicating the charge
transferring at the electrolyte/electrode interface and the semi-circle at high anodic
overpotential in three cases can mostly be associated with the film formation. Despite of

diffusional element in the brass case, there is no possibility of electropolishing. This could
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be due to the difference in electrochemical redox potential between copper and zinc,

resulting in different in rate of dissolution in Ethaline.
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For the dissolution of zinc there is some evidence of inductive loop formation
which has previously been ascribed to the adsorption of ZnCl as. or ZnClaags.on the
electrode surface. This is not the case with the alloy.®? From the impedance result alone
it suggests that brass will not electropolish in Ethaline at ambient conditions. To some
extent this is known as the dissolution of brass has been studied previously for the
formation of nanoparticulate copper. This was, however, only studied at small over-

potentials.?®

5.2.2 Surface analysis
The Cuoe3Zno37 alloy was characterised after electrochemical dissolution using

various spectroscopic and microscopic methodologies, such as XRD, XPS, and SEM.
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The first and most obvious observation is the difference between the appearance
of the sample before and after electrodissolution (Fig. 5.4a). It can clearly be seen that
there is a significant difference in the appearance of the sample which changes from the
yellow brass colour to the more orange colour of copper. Fig. 5.4b shows XRD patterns
of virgin Cuo.s3Zno.37 alloy and the Cuo.s3Zno.37 after galvanostatic dissolution in Ethaline
at 20°C at a current density of 50 mA cm. To gain more insight into crystal structure of
the alloy before and after dissolution, XRD was carried out. In this alloy, zinc contributes
by (101), (102), (110) and (201) facets correspond to diffraction peaks at 43°, 54°, 72°
and 88°, respectively whereas copper shows signals for (111), (200) and (220) facets
correspond to diffraction peaks at 44°, 49° and 74° respectively. Definitive information
about dealloying is difficult to interpret as the Cu (220) and Zn (110) are close together
as are the Zn (111) and Cu (111). Fig. 5.4 does, however, show that the signal at 74° does
decrease in intensity relative to the other peaks showing that some anisotropic etching is
occurring indicating that dealloying could occur. The issue with XRD is that it is not
surface specific so it will also probe some of the sub-surface layers which will clearly not
be dealloyed in the dissolution process.
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Figure 5.4 a) photograph untreated (u) and treated (p) b)XRD patterns of Cuo.63ZNno.37
before (black) and after (red) dissolution at 50 mA cm in Ethaline at 20 °C for 1800

S.

X-ray photoelectron spectroscopy, XPS is a surface specific technique as the

emitted electrons from the sample do not have a large escape depth so it is only the top
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few atomic layers which will be sampled. In order to determine the elemental composition
of Cuo.63Zno 37 alloy after dealloying in Ethaline at 20 °C, XPS was used. Fig. 5.5 shows
a set of X-ray photoelectron data for the Cu (2p) and Zn (2p) regions of the spectra. The
two line features visible in the spectra for copper represent the two spin components of
the 2p (1/2 and 3/2) and the spectra confirm the presence of only copper and zinc at the
surface and the binding energies are indicative of metallic Cu® and Zn°. The elemental
atomic % calculated from the peak area in the narrow scans are shown in Table 5.2. From
the XPS data, it is confirmed that the Cuo.s3Zno.37 underwent dealloying which showed
Cu enrichment at the most top surface.
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Figure 5.5 X-ray photoelectron spectra recorded on the Cuo.3Zno.37, before (black)
and after (red) dissolution in Ethaline at 20 °C at 50 mA cm for 1800 s, the

surfaces were cleaned in situ with an Ar* ion etch.

Table 5.2 shows the elemental composition of the parent Cuo.e3Zno.37 alloy and after

dissolution.
Alloy Before dissolution After dissolution
%Cu %Zn %Cu %Zn
CuUo.63ZNo 37 63 37 96 4

Electrodissolution of brass leads to significant roughening of the surface. Recently,

Zhang et. al. reported a nanoporous copper film which has been made using
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alloying/dealloying process in choline chloride (ChCI) and urea. It can be concluded that
dealloying rather than polishing has occurred due to the difference in redox potentials

between the alloying elements.

From Fig. 5.6, it can be seen that CuossZnos is pitted at 2.40 mA cm™. The
dealloying process is not just a dissolution process but also there is a surface diffusion of
the noble metals, i.e. Cu atoms which results in redistribution of the atoms at the top

surface 12,16,17,25
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Figure 5.6 Scanning electron microscope of Cuo.e3Zno.37 sample before (left) and
after (right) dissolution in Ethaline at 20 °C galvanostatically at 2.40 mA cm™ for
1200 s.
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Figure 5.7 AFM images of Cuo.s3Zno.37 recorded in resonant mode at a frequency of
(ca. 300 kHz) (recorded in air at a scan rate of 0.5 Hz, 256 lines) before (left) and
after dissolved in Ethaline at 20 °C galvanostatically at 2.40 mA cm™ for 1200 s.
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Fig. 5.7 shows the AFM images of Cuo.s3Zno.37 before and after dissolution in Ethaline at
20 °C. It is seen that a nanoporous structure was formed which exhibits a uniformly

distributed nanoscale morphology.

5.3 Cuo.94Sno.os alloy

Unlike brass, bronze contains tin, but in a much smaller composition than zinc in
brass. The reason that this alloy has been chosen is that the oxidation potential for tin is
quite similar to that of copper. CuSn alloys have a wide range of industrial applications,
such as microelectronics, anodes for lithium batteries and decorative finishing of various
metallic articles.®® 3* Many research group have studied the electrodeposition of CuSn
from various electrolytes, aqueous solutions® and deep eutectic solvents.®® *¢ The
hypothesis to be tested here is that if both metals electrodissolve at the same potential

then that should allow a film to form and electropolishing should occur.

5.3.1 Electrochemistry
Fig. 5.8 shows the electrochemical behaviour of Cuo.94Sno.os alloy is quite similar
to that of pure copper in Ethaline at 20 °C. This is predictable as the tin content is so low.

: : Pure Cu

Pure Sn

j(mAcm'Z)

T T T . T T T T T
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E (V) vs. Ag/AgCl

Figure 5.8 Cyclic voltammograms of Cu, Sn and Cuo.94Sno.0s disc (1 mm diameter)

in Ethaline at 20 °C at 5 mVs™ vs. Ag/AgCl, Ethaline reference electrode.

It is interesting to note that the quasi-passivation is still effective in bronze at about
the same potential as copper. However, the resistive behaviour of pure copper dissolution
compared to that of copper in the alloys can be related to the permeable film formation in

the case of the alloy which results in facilitation of mass transport at the interface region.
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The two main cathodic process commence at ca +0.05 V and peaks at -0.4 V with
a shoulder at -0.1 V. Linear sweep voltammetry (LSV) for pure Cu, Cuo.94Sno.os and pure
Sn were recorded in Ethaline at 20 °C as shown in Fig. 5.9a. From these LSVs, there is
no feature of electrochemical dissolution of Sn which is not surprising given the elemental
composition. The oxidation onset potential of pure copper and Cuo.94Snoos alloy is
comparable whilst the pure tin comes earlier, indicating the kinetic difference between
pure copper and pure tin and also in the alloy state. At the steady-state of the alloy
dissolution, both constituents dissolve into the solution which leads to changing the
elemental composition at the top surface which confirmed in section of surface analysis

using a surface specific technique which is X-ray photoelectron spectroscopy (XPS).

Fig. 5.9b shows the Tafel plots of the alloy the pure metals. The Tafel slopes for
the alloy dissolution are between those of tin and copper as would be expected showing
that bonze behaves like a homogeneous alloy rather than as two separate components as
was observed for brass. This is unusual since both alloys are solid solutions with the two
components randomly mixed. Fig. 5.9c shows the chronoamperometry result from a
potential step to +1.5 V. It can be seen that the largest dissolution current is that for tin
whereas that for copper is the smallest presumable due to film formation. The current for
the alloy decreases initially and then increases suggesting a film formation process where
the film is permeable. The subsequent decrease after 100 s is followed by a slow increase

after 500 s. The same response is not seen for either of the pure component electrodes.

The Tafel plot of the alloy reveals a single transition in the transient regime which
is predictable, since the lower percentage of Sn and closeness of Ecorr. 0f Cu and Sn which
are -0.28 V and -0.51 V, respectively. It is seen that the Ecorr. 0f Cuo.94Snoos alloy is

located between the Ecorr. 0f the components.

Another interesting aspect of this alloy dissolution is that the rate of dissolution
of pure copper is higher than the rate of dissolution of pure tin and the alloy as well. This
is associated to the easy solubility of copper in pure state than in the alloy state with tin
in which exothermic enthalpy of bond breaking is lower in the former state than the latter
case.®” On the other word, the solvation of oxidised metal at the top surface takes place
easily. The most halophilic nature of a metal, the most easily the solvation occurs.
However, the rate of dissolution of tin is higher than copper in the alloy in Ethaline at 20

°C which is confirmed from the EIS responses.
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Fig. 5.10 shows the EIS spectra of Cu, Cuo.94Sno.0s and Sn in Ethaline at 20 °C at
a various d.c. potentials. The electrochemical impedance spectra of the alloy are closer to
those of copper. There is some evidence of a Warburg response at low frequencies and
higher over-potentials. This suggests that electropolishing could occur under the correct

conditions.

The observation that tin dissolves more rapidly than copper could lead to
dealloying. However, the potentiodynamic responses exhibits the dissolution of copper

in the alloy is dominating as shown in the Fig. 5.9a.

Furthermore, the XSP analysis showed that copper dissolve faster than tin in the
alloy, giving a surface composition of 57% and 43% for copper and tin, respectively. To
make a compromise between these two responses, it is plausible to interpret the results,
there is a surface diffusion of metal atoms from both components during the anodic

dissolution of virgin Cuo.g4Sno.s ingot in Ethaline at 20 °C.*2 17
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From Fig. 5.11, It can be seen that there is an increase in the film thickness of
Cuo.94Sno.0s as the potential becomes more anodic which reaches a maximum at +1.3
V. It is also observable that the Warburg impedance reduces as the potential becomes
positive, suggesting that the formed film is more permeable for transportation of
species through it. This is due to increase in charge transfer reaction (Faradaic process)
at the interface as a result of facilitation of mass transportation by diffusion mode.® %
It is not possible to calculate a diffusion coefficient, D, from these values as the

Warburg impedance is given by

1Zy| = V2 o/w/2 (5.1)
and the Warburg coefficient, a, is given by:

RT
D = (serz) (5.2)

Clearly for this system the bulk concentration of species is not known. C and D are

bulk concentration and diffusion coefficient, respectively, others have usual meaning.
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Figure 5.11 Estimated film thickness and Warburg impedance of Cuo.94Sno.os in
Ethaline at 20 °C versus anodic potential using EIS.

5.3.2 Surface Analysis

The most obvious sign that bronze electropolishes is clearly from the appearance
of the sample. Fig. 5.12a shows the optical photograph of a sample where half of the
sample has been electropolished at a constant current density of 50 mA c¢cm for 2 hrs.

The polished portion is clearly brighter than the unpolished half.

3D microscopy of Cuo.94Sno.os alloy is presented in Fig. 5.12b and the change in
optical brightness can clearly be seen as this technique gives real colour. It is seen there
is a shiny region (p) which was resulted from dissolution in Ethaline at 20 °C. The Ra
values obtained for the unpolished and polished region are 0.27 pum and 0.21 pm,
respectively although it should be stressed that Ra values do not necessarily give a good
measure to compare electropolished surfaces by 3D microscopy. Therefore, Cuo.94Sno.os
alloy can be electropolished with a high quality in terms of roughness, appearance. Fig.
5.12c shows that some of the macroscopic roughness has been removed with

electropolishing.
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As for brass, XRD analysis was carried out for bronze at the polished and
unpolished regions in Ethaline at 20 °C at 50 mA cm™ for 2 hrs. in an attempt to deal with
structure of work piece and the results are shown in Fig. 5.13. In this alloy, tin (200),
(311) and (420) facets correspond to diffraction peaks at 43°, 74° and 88°, respectively
whereas copper (111), (200) and (220) facets correspond to diffraction peaks at 44°, 49°
and 74° respectively. From the literature, it has been shown that this kind of crystal has a
hexagonal crystal packing (hcp) if the tin content is low.* It is noticeable that there is no
obvious shift in the diffraction peaks despite of surface composition change, in the other
word, the percentage of tin at the most top surface increased from 6% to around 43% after
anodic dissolution in Ethaline at 20 °C using X-ray photoelectron spectroscopy (XPS).

It is interesting to notice that there is an isotropic dissolution at the all facets
especially those with high miller index, suggesting the activity of dissolution at those

facets.
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Figure 5.13 XRD patterns of Cuo.94Sno.os before (black) and after (red) dissolution at
50 mA cm™2 in Ethaline at 20 °C for 1800 s.

The elemental atomic percentage was also determined for the Cuo.94Sno.os alloy
before and after dissolution in Ethaline at 20 °C using X-ray photoelectron spectroscopy
(XPS). Fig. 5.14 shows a set of X-ray photoelectron data for the Cu (2p) and Sn (2p)
regions of the spectra.
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Figure 5.14 X-ray photoelectron spectra recorded on the Cug.94Sno.0s before (black)

and after (red) dissolution in Ethaline at 20 °C at 50 mA cm for 1800 s, the

surfaces were cleaned in situ with an Ar* ion etch.

The two line features visible in the spectra for copper and tin represent the two
spin components of the 2p (1/2 and 3/2) and the spectra confirm the presence of only
copper and tin at the surface and the binding energies are indicative of metallic Cu® and

Sn°. The elemental composition in % was calculated from the peak area in the narrow
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scans is presented in Table 5.2. The XPS data results reveal that copper is preferentially

dissolved, leaving the top surface enriched in Sn.

Table 5.2 shows the elemental composition of the parent Cuo.945no.0s alloy and after

dissolution.

Alloy Before dissolution | After dissolution
%Cu %Sn %Cu %Sn
CUo.94Snoos | 94 6 57 43

Thermodynamically the oxidation potential for tin is more negative than that of
copper as shown in Fig. 5.9a however the chronoamperometric results in Fig. 5.9¢ shows
that the steady state current for the dissolution of tin is less than that for copper so it
appears to be a kinetic constraint that tin dissolves more slowly than copper. Comparing
Fig. 5.10a and b it can be seen that the dissolution of tin produces a film which is more
resistive and thicker than that for copper suggesting that tin is less mobile in the dense
polishing layer which could lead to some surface dealloying. This process is not free from
the surface diffusion of metallic atoms which is evidenced by quantifying the elemental

composition using X-ray photoelectron spectroscopy (XPS).

From the analysis of CuoesShoos alloy in Ethaline at 20 °C using various
electrochemical techniques, such as potentiodynamic, potentiostatic, galvanostatic and
electrochemical impedance spectroscopy methods and a wide range of surface techniques
were employed in an attempt to tackle the surface after anodic dissolution, for example,
X-ray diffraction (XRD) to analysis the structure and spectroscopic technique, for
instance X-ray photoelectron spectroscopy (XPS) and morphological analysis using 3D

microscopy.

From all these the characterisation of Cuo.04Sno.os alloy in Ethaline at 20 °C, it is
shown that this alloy can be electropolished in this chloride-containing electrolyte

without need for additives or elevating temperature.
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5.4 CuossNioss alloy

In this section copper-nickel alloys were studied as both metals were found to
electropolish. The two component metals do, however, have different onset potentials for
dissolution with nickel being more positive than copper. Copper-nickel alloys are
common construction materials for equipment such as condenser and heat exchanger
because of their corrosion resistance toward aggressive environments, such as salt

waters.*® Copper-nickel alloys also form solid solutions like brass and bronze.

5.4.1 Electrochemistry

Cyclic voltammetry for pure Cu, CuossNio.4sand pure Ni in Ethaline at 20 °C were
recorded as shown in Fig. 5.15. The oxidation onset potential of the alloy begins to
increase at -0.2 V and a peak centred at +0.1 V which can be attributed to the dissolution
of both copper and nickel simultaneously. This is owing to the closeness of the Eocp
values of both metals in Ethaline at 20 °C. It is interesting that there is no feature of rapid

passivation at the surface of the alloy as is observed with copper.

One main reduction peak locates at -0.4 V which is comparable to that of copper,
indicating the reduction of copper and leaving nickel dissolved in the Ethaline. Three

shoulders can be seen at this regime which appear at +0.8 V, +0.4 VV and -0.2 V.

Pure Cu

j (mA cm'z)

E .

. 1

_ : Pure Ni
Pad : I

o d : }
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Figure 5.15 Cyclic voltammograms of Cu, Ni and CuossNio.s disc (1 mm diameter)
in Ethaline at 20 °C at 5 mVs? vs. Ag/AgClI, Ethaline reference electrode.
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Fig. 5.16a shows the linear sweep voltammograms of pure Cu, CuossNio.4s and
pure Ni in Ethaline at 20 °C. The oxidation onset potential of the alloy is located in
between the corresponding it’s components. In acidic media, corrosion resistance of CuNi
alloy increases with an increase in Ni% content up to 30% while above this percentage,
the corrosion resistance decreases.*! Another group documented the dissolution of
Cuo.90Nio.10 and Cuo70Nio.30 in 0.1 M HCI and the concluded that both enter into the
solution simultaneously but with some dealloying of the nickel.*? Electrochemical
behaviour of CuNi alloy with various Cu content in alkaline solution (pH = 9.2) was
conducted and it was shown that all compositions exhibited the same dissolution
behaviour as pure copper.** Barbucci et. al. found that dissolution of CuogoNio.10 in a
various chloride concentration resulted in a conclusion that there was a critical chloride
concentration of 100 ppm above which a saturated oxygen solution was obtained and the

dissolution rate remained constant.**

Fig. 5.16b shows the Tafel plots for the three metals and it can be seen that all
three metals have shown a closeness in the Ecorr values. The very closeness of Ecorr values
of pure copper and the alloy might be attributable to the dominating this metal in the
whole composition and also the speciation difference between copper and nickel in
Ethaline where former prefers complexation with chloride and the latter tends to interact
with ethylene glycol (EG) at 20 °C.*> %6 From this perspective, the difference in Ecorr. is
predictable. Another aspect of the Tafel plot is the rate of dissolution of pure nickel is
higher than pure copper and the alloy. This could be related to the higher diffusivity of
[Ni(EG)s]?* than of copper in the form of [CuCl,] or [CuCls] from the electrode surface
through the film formed into bulk electrolyte.

From Fig. 5.16¢, it is seen that dissolution of CugssNioss in Ethaline at 20 °C
resembles the dissolution of nickel more closely than that of copper. As above with bronze
the dissolution of Ni appears to be faster than that for copper despite the difference in
redox potentials. This must be due to the properties of the film that forms on the electrode
surface and this result suggests that the nickel film is more permeable than the copper

film.
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The mechanism of anodic dissolution of Cuo.ssNio.4s in Ethaline at 20 °C is studied
using electrochemical impedance spectroscopy (EIS). The EIS results are shown in Fig.
5.17, and it can be seen that the EIS spectra of the CuossNio.ss alloy are quite similar to
that of pure Ni in Ethaline at 20 °C with constant film thickness (320 nm) obtained from
+0.8 VV up to +1.5 V. The alloy also shows similar Warburg responses at low frequency
range of the EIS spectra, showing almost constant rate of diffusion over this potential

range which is what is required for effective electropolishing.
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The film thickness on CuossNio4s decreases which accompany an increase the

Warburg response as the anodic potential increase, indicating the film becomes more

compact, as a consequence, the permeability toward species transportation through it is

more difficult. However, at extreme anodic over-potential the Warburg value reaches its

minimum value which is considered as the necessity of performing electropolishing in

the electrolyte. In the one hand, this is based on the mechanism of this electrochemical

dissolution, on the other hand, the practical aspects of performing electropolishing have

to be achieved.'® However, the other electrochemical parameters, such as current density,

temperature and sometimes use of additives, have to be optimised in order to gain high

quality mirror finished surface.
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Figure 5.18 Estimated film thickness and Warburg impedance of Cuo.94Sno.0s Versus

anodic potential using EIS.
5.4.2 Surface analysis
The surface structure was characterised using X-ray diffraction (XRD). And also
the surface morphology and topography of CuossNio.4s alloy after dissolution in Ethaline
at 20 °C at 50 mA cm? was probed using a diverse spectroscopic and microscopic
techniques, such as X-ray photoelectron spectroscopy (XPS) and atomic force

microscopy (AFM).

Fig. 5.19 shows XRD patterns of native CuossNioss alloy and the alloy after
dissolution in Ethaline at 20 °C galvanostatically. The crystal structure of the alloy, XRD
was performed. The XRD pattern of the precursor shows three main peaks locating at
~41.2°, 47.9°, and 70.0°, which can be assigned to (111), (200) and (220) diffraction of

a single phase face-centred cubic (fcc) structure.

The XRD patterns of the alloy show that nickel has (111), (200) and (220) planes
correspond to diffraction peaks at 43°, 54° and 74° respectively and copper has (111),
(200) and (220) planes associate with diffraction peaks at 44°, 49° and 74° respectively.
It is worth mentioning that because of closeness of the lattice constant values of copper
and nickel, a single phase alloy is the most probable option. This is meant that only

potential difference can control the composition at the top surface of the alloy.
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Figure 5.19 XRD patterns of Cuo.ssNio.4s before (black) and after (red) dissolution at
50 mA cm2 in Ethaline at 20 °C for 1800 s.

Determination of the elemental composition of CugssNio.4s alloy before and after
dissolution in Ethaline at 20 °C, was carried out using XPS. Fig. 5.20 shows a set of X-
ray photoelectron data for the Cu (2p) and Ni (2p) regions of the spectra. The two line
features visible in the spectra for copper and nickel represent the two spin components of
the 2p (1/2 and 3/2) and the spectra confirm the presence of only copper and nickel at the

surface and the binding energies are indicative of metallic Cu® and Ni°.

50000

40000

Ni 2p3/2

30000 +

Counts
Ni 2p1/2

Cu 2p34

Cu 2p1/2

20000

10000 +

940 QéO 9(|)0 8€|30 8€|30 8;10
Binding Eneray (eV)

Figure 5.20 X-ray photoelectron spectra recorded on the CugssNio.4s before (black)
and after (red) dissolution in Ethaline at 20 °C at 50 mA cm for 1800 s, the

surfaces were cleaned in situ with an Ar* ion etch.
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The elemental atomic % was calculated from the peak area in the narrow scans is
presented in Table 5.3. It is seen clearly that the sample does not dealloy but rather is

electropolished in nearly equal proportions.

Table 5.3 shows the elemental composition of the parent CuossNio.4s alloy and after

dissolution.
Alloy Before dissolution After dissolution
%Cu %Ni %Cu %Ni
CuossNio.as 55 45 53 a7

The AFM image of CuossNioss alloy is presented in Fig. 5.21. From the boundary
region, one can obviously see the transition of the alloy from rough appearance of crystal

grain size of 1 um to smooth appearance.

A photograph of Cuo ssNio.ss after dissolution in Ethaline at 20 °C is shown in Fig.
5.21a. The alloy surface appearance after dissolution in Ethaline shows a shiny surface
relative to the unpolished region. No dealloying is observed in this sample presumably
because the film that forms on the electrode surface controls the diffusion of both

elements.

It was recently shown that Ni-Co superalloys could effectively be electropolished
in Ethaline with a few proprietary additives. It was shown that the film formed on the
surface of the predominantly nickel alloy.?*The same was observed for 316 stainless steel
which also contains nickel.??It can therefore be concluded that the nickel product formed
on the electrode surface has suitable density characteristics which enable the ideal mass

transfer of metal from the electrode surface and ligand to the oxidised metal ion.

Thermodynamically the corrosion potentials for nickel and copper are close to
each other as shown in Fig. 5.16b. Comparing Figs 5.16a and b it can be seen that the
impedance spectra of pure copper and pure nickel are similar suggesting that both metals
are equally mobile in the dense polishing layer and so it is not surprising that no surface
dealloying occurs.
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Figure 5.21 (a) photograph (b) AFM
images of (b) unpolished and (c) polished
Cuos5Nio4s recorded in resonant mode at a
frequency of (ca. 300 kHz) (recorded in

air at a scan rate of 0.5 Hz, 256 lines).

The current densities of 30 to 60 mAcm™ appear to be those required to achieve

suitable electropolishing and these equate for most metals to an etch rate of 0.05 to 0.5

um min. It seems in DESs that the dual salt mechanism is the most appropriate to

describe metal electrodissolution and this suggests that only a relatively limited range of

metals and alloys form salt films which have a suitable etch rate
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5.5 Conclusions

In this chapter, the anodic dissolution of three alloys of copper, Cuo.63Zno.37, Cuo.94SNo.06
and CuossNio.4s were studied in Ethaline at ambient conditions. The experiments were set
up such that the alloying elements; Zn, Sn and Ni had redox potentials below, about the

same and above that of copper.

The results indicate that the three alloys behave differently. Brass dealloys because Zn
has a more negative oxidation potential than copper. EIS shows that a Warburg diffusion
controlled regime is not observed under the conditions used and so electropolishing

regime is not set up.

For bronze the redox potential of the two components is very similar and a Warburg
diffusion controlled regime does appear to be set up. Electrooxidation appears to
electropolish the bronze surface however XPS indicates that the surface layer is depleted
of copper rather than tin. This is an unusual observation as the tin dissolves faster than
copper under comparable conditions. The only possible explanation is that the tin forms
a different layer on the electrode surface than that found with the pure metal and this

hinders tin diffusion.

The final alloy studied was the copper nickel-system which showed similar dissolution
kinetics to pure nickel despite being the minor component in the alloy. The EIS results
looked very similar to pure nickel showing that the layer that formed on nickel controlled
diffusion of both elements. Electrooxidation led to very good electropolishing. It was also
observed that no dealloying took place despite the differences in oxidation potential

between the two component elements.

It can therefore be concluded that this chapter has shown that the most important aspect
in controlling the electropolishing of alloys is the formation of a suitable layer on the
electrode surface with the requisite density to limit the flux of metal ions from the
electrode surface to the solution. If there is a significant difference in the thermodynamics
of oxidation of the constituent elements then dealloying can occur but if a sufficiently
thick layer forms on the metal surface then electropolishing can occur without dealloying

of the surface.
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6.1 Conclusions

Deep eutectic solvents (DESs) have been shown to be interesting solvents for
metal processing, such as electrodeposition, metal recycling, anodic dissolution,
electropolishing and dealloying. In order to employ these solvents in these fields, the

mechanism of metal dissolution has to be thoroughly studied.

In this thesis, a deep eutectic solvent comprising of 1 : 2 molar ratio mixture of
choline chloride, and ethylene glycol which is known as Ethaline was used for studying
anodic dissolution of Ag, Au, Co, Cu, Fe, Ni, Pb, Sn and Zn as pure metals and
Cuo.63ZNn0.37, Cuo.94SNo.0s and Cuo.ssNio.4s as alloys of copper. These results are contrasted
with those of an ionic liquid CsmimCl and the differences are discussed in terms of

speciation and film formation.

The mechanism of copper dissolution in Ethaline and CsmimCl was studied. It
was shown that copper can be electropolished i.e. the micro-roughness was reduced and
appearance was significantly brighter than the starting material. The mechanism of
dissolution in Ethaline was studied as a function of composition and temperature and it
was found that EG has a profound impact on the electrochemical behaviour of copper
dissolution in the way the interfacial region can be manipulated. The bulk solution
became yellow in colour and uv-visible spectroscopy showed that the speciation of
dissolved copper in Ethaline was [CuCls]" and [CuCl4]*. In addition to a coloured
solution, it was found that a green coloured film formed on the copper sheet. The
formation of this film was probed using electrochemical impedance spectroscopy (EIS)
and it was found that a permeable film controlled the mass transport at the interface
region. The super-saturation at the interface region is regarded as a responsible factor
form film formation. The presence of saturated CuCl..2H>0 in the Ethaline has shown
that the film was still formed on the dissolved copper. The influence of water on the
dissolution of copper in Ethaline was examined and it was shown the addition of 10%
H>0 caused the surface to become dull and it is proposed that an oxide layer forms on the

electrode surface.

The second results chapter of this thesis extended the study of anodic dissolution
processes to eight other metals in both chloride containing electrolytes, Ethaline and
CamimCl. It was initially postulated that metals with similar chemistries would show

similar electrodissolution behaviour. Gold, copper and silver all dissolve via the +1
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oxidation state but it was found that the Cu"" couple was what formed the insoluble film

which enabled polishing and this was not present with the other metals.

In a similar manner cobalt, iron and nickel would normally have similar
chemistries as they are all oxophilic. They all showed relatively similar voltammetric
responses but bulk electrolysis showed that only nickel and cobalt electropolished to give
a bright surface finish whereas iron pitted and gave a dull finish. In all cases a brightly
coloured film was formed on the electrode surface. Electrochemical impedance
spectroscopy showed that in Ethaline under ambient conditions Co and Ni showed similar
responses and most notably contained a Warburg impedance at large positive over-
potentials and at low frequencies. This was also common to the only other metal which
electropolished which was copper. From this it could be concluded that for
electropolishing to occur a film of suitable thickness and permeability needs to form on
the electrode surface and this controls the rate of metal dissolution through the formation
of a viscous layer. For CsmimCI the only metal which formed a suitable film to produce
a Warburg impedance in EIS was nickel. This could be because the speciation of the
dissolved metal ion is different in the two liquids. When ethylene glycol was added to
CsmimCl at ambient temperature the same electrochemical response was obtained as with
choline confirming that there was no cation effect controlling speciation. CsmimCl is not
a practical liquid to use for electropolishing and so subsequent work was limited to
Ethaline.

In the final chapter the anodic dissolution of three copper alloys was studied to
determine which of them underwent electropolishing. The experiments were designed to
vary the redox potentials of the alloying element and zinc, tin and nickel were chosen.
The other premise was that nickel is known to polish in the pure form so it could be tested
whether both metals needed to be film forming or whether all copper alloys would polish
because copper forms a film. Bulk electrolysis showed that both Cuo.4Snoos and
Cuo.ssNio.4s electropolished whereas brass did not but it did dealloy. EIS showed that brass
did not form a layer which displayed a Warburg impedance whereas the other two

fulfilled these requirements.

These observations lead to generic conclusions that can be made about metal
dissolution and electropolishing in general. It is clear from the results in this thesis that

film formation occurs on most electrode surfaces in chloride based ionic liquids and
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DESs. This film formation hinders the rate of the anodic reaction in most cases. It has
long been believed within the Leicester group that anodic reactions can sometimes be rate
limiting for cathodic reactions and it would seem that film formation could be the issue
responsible for this. It has previously been found that sonication of the anode can speed
up the overall electrodeposition rate for a metal. This could also be the reason that linear
flow of the electrolyte past the face of the electrodes leads to significantly increased rates

for electrochemical reactions.

It appears that the density and mass transport of ions through the film formed on
the electrode surface is responsible for electropolishing. The observation that polishing
only occurs over a relatively narrow current density range shows that the process is
kinetically controlled by the rate of mass transfer. This suggests that the type of film that
enables electropolishing is quite specific in density terms and efforts must be made to

control determine the properties of these films and the types of materials that form them.

6.2 Future work

This initial study has shown a limited range of metals that form the appropriate
films on the electrode surface that enable electropolishing to occur. To extend this to
enable other metals to be electropolished, studies need to determine the speciation of the

metal that forms the films.

Firstly, it is known that many of the metals which electropolish do so by forming
complexes with ethylene glycol. One obvious experiment that could be tried would be to
electropolish with the other two commonly used DESs Glyceline (HBD = glycerol) and
Reline (HBD = urea). These have significantly different pH values (Glyceline is neutral
and Reline is basic). This would preclude glycolate complexes forming and would instead

focus on halometallate speciation.

Previous studies on the electropolishing of stainless steel have also added oxalic
acid to Ethaline and this has improved the polished surface. It is thought that the metal
oxalate forms a layer on the steel surface which enables polishing. Dianions would tend
to form insoluble complexes so a range of organic diacids could be tested such as malonic,

succinic and citric acid to see whether these form layers with the correct properties.
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The form of the layers forming on the electrode surface could be probed using a
variety of techniques. As part of this study Raman spectroscopy was attempted but the
signals were too weak to conclusively identify their presence at the electrode surface.
Electrochemical quartz crystal microbalance studies were also attempted but because the
processes compete with metal dissolution and gas formation at higher current densities it
was not possible to get quantitative data to support a dissolution mechanism. A
synchrotron technique such as EXAFS or neutron reflectivity could be used to quantify
speciation or the thickness of the film formed at the electrode surface respectively. Both

techniques have previously been used within the group for such characterisation.

Another topic that could be used to investigate would be the properties of
electrified interface (structure and composition) at each metal electrolyte system could
be, sum frequency generation vibrational spectroscopy (SFG) in an attempt to probe the
orientation of the cationic part of the deep eutectic solvent, namely choline chloride on

the non-polarisable electrode surfaces.

While electrochemical quartz crystal microbalance has not given information
about the dissolving metal it could be attempted as a method for probing the
viscoelasticity of films formed on the electrode surface or for finding changes in the
viscosity of the solution close to the electrode surface. The experiments might be quite
complex as they would require a dense, smooth, thin layer to be electrodeposited on the
electrode surface and only a small amount would be allowed to be electrodissolved. To
ensure saturation of the electrode solution interface the solution would have to be

saturated with the metal halide solution.

It would be useful to model the rate of dissolution of the metal electrode from the
total charge dissolved and the calculation of the time taken for the film to passivate the
copper surface. From the diffusion coefficient, the mass flow of copper through the
solution could be modelled and a mass balance would provide information about how fast

the metal could travel before the solution became supersaturated.
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Chapter 7 Appendix

Chapter 12 from Electrodeposition of Metals from lonic Liquids A. P. Abbott, F. Endres
and D. MacFarlane (Eds.) 2" Edition Wiley VCH 2016 in press

Metal Dissolution Processes

Andrew P. Abbott, Wrya Karim and Karl S. Ryder

Chemistry Department, University of Leicester, Leicester LE1 7RH, U.K.

While the subject of this chapter may seem counter to the title of the book, metal
dissolution is vital in numerous aspects of metal deposition; counter electrode
processes, pre-treatment protocols and electropolishing. This chapter outlines the
current state of understanding of metal dissolution processes and discusses in some
detail an electropolishing process that has now been commercialised using a Type 3
ionic liquid.

Counter Electrode Reactions

Little or no information is available in the open literature about counter electrode
reactions occurring during deposition processes in ionic liquids. No data exist on anodic
dissolution efficiencies and hence many practical issues associated with process scale-
up are unknown at present. In ionic liquids the issues associated with pH can largely be
ignored since the passivating layers either dissolve e.g. in high chloride media or trans-
passive corrosion occurs at high enough over-potentials. This means that even metals
such as Cr and Al have been used as soluble anodes as they can be readily oxidised in

ionic liquids.

Most work to date has either used soluble anodes or has not considered the anodic
reaction. A limited amount of information has been collated on the electrochemical
windows of ionic liquids but this tends to be on either platinum or glassy carbon, which
is not necessarily suitable for practical plating systems.! The anodic limits of most
liquids are governed by the stability of the anion, although pyridinium and Comim salts
are sometimes limited by the stability of the cation. The widest electrochemical
windows are obtained with aliphatic quaternary ammonium salts with fluorous anions.

A selection of potential windows is given in Chapter one.
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The optimum process would ideally involve the use of soluble anodes, as the
over-potential required to drive the deposition process will be small. This is especially
important with ionic liquids because the ohmic loss across the cell can be significant.
However little is known about the dissolution of metals in ionic liquids. In aqueous
solutions the use of soluble anodes is not often possible due to passivation of the
electrode surface at the operating pH. The data in Figure 1 shows the linear sweep
voltammetry of 4 metals in CsmimCl and a deep eutectic solvent, Ethaline both at 70
°C. It is quite clear that all 4 metals behave differently in the two liquids despite both
having approximately the same concentration of the chloride which will be the main
ligand. For some metals the anodic behaviour is limited by what appears to be a quasi-
passivation process. In total 9 metals have been studied including Au, Ag, Pb and Sn.?
In most, but not all cases the anodic dissolution rate is higher with Ethaline than
CsmimCl. This could be due to mass transport in some cases, but in several e.g. copper

a coloured layer is formed at the electrode surface.
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Figure 1 LSVs of Co, Ni, Cu and Zn discs in Ethaline and BMIMCI at 70 °C with a

sweep rate of 5 mVs
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It has been noted that in most cases where an uncharged product is formed the
product is insoluble. If this can be oxidised or reduced then the material becomes
soluble. Some examples of this include when copper is oxidised in Ethaline it forms
[CuCl2]” when this is further oxidised it forms [CuCl.] which is insoluble. It is assumed
that the change in geometry from a linear to a tetrahedral geometry is slow. With time,
chloride diffuses to the electrode surface and [CuCl4]* is formed which is soluble. For
this reason, without stirring the anodic reaction becomes rate limiting in the deposition

and stripping of copper.

In the electrodissolution (electropolishing) of nickel and nickel alloys a blue/green
solid layer forms at the electrode surface in Ethaline whereas in CsmimCl a blue
solution forms. In the former the surface can be electropolished whereas in the latter it
does not. This was found to be because of speciation; in Ethaline the nickel ion is
complexed by two ethylene glycols and two chlorides forming a neutral complex which
shows limited solubility.* Nickel cannot be further oxidised to Ni'" in Ethaline but the
addition of ethylene diamine allows the reversible Ni"""" couple to be observed. This is
presumably because the complex [Ni(en)s]** is formed which remains soluble when

oxidised as the product is still charged.*

It can be seen from these simple examples that the oxidation of metals from their
elemental state in ionic liquids is a complex issue which is strongly dependent upon
speciation and mass transport. It may be possible to increase the rate of anodic reactions
by the addition of ligands to control complexation. This is a topic which is clearly in its

infancy and needs to be investigated in more depth.

In principle soluble anodes could be used for the deposition of most pure metals
from ionic liquids. This is, however a considerable over-simplification and a number of
factors need to be considered before employing a soluble metal anode. In ionic liquids
with discrete anions attention needs to be given to the ligand present that will solvate
the dissolving metal. It is highly unlikely that an unsolvated anion could exist in an
ionic liquid and no evidence has been obtained to date to suggest otherwise. Metals are
known to be soluble in ionic liquids based upon TfoN™ and BF4 anions but the nature of
the metal complexes are poorly understood. It could be that dative bonds are formed

with oxygen or fluorine moieties or it could be that trace water acts as a ligand.
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In eutectic based ionic liquids, the chloride ions act as strong ligands for the
oxidised metal ions forming a range of chlorometallate anions. The free chloride ions
are present in very low concentrations as they are complexed with the Lewis acidic
metal ions and so the dissolution of metal ions must lead to a complex series of

equilibria such as
4 ZnCls + Zn** = Zn,Cls + ZnsCly” 1)

Therefore it can be seen that metal dissolution is easier in Lewis basic melts. The
zinc and aluminium deposition processes, which are by far the most frequently studied,
are almost totally reversible. Since these metals have no other stable oxidation states the
deposition and dissolution processes are very efficient.1 This has the distinct advantage
that the composition of the ionic liquid remains constant and the process becomes the

removal of metal from one electrode and its deposition on the other electrode.

An alternative approach is to use an inert electrode which is the approach often
used for agueous solutions. Care should however be made with electrode materials
which are assumed inert from aqueous solutions. Although our research has not studied
all metals we have found that even Pt, Au and Ti can be made to dissolve in eutectic
based liquids. Dimensionally stable anodes e.g. iridium oxide coated titanium have been
found to be insoluble in most ionic liquids. Graphite has been used, but it fragments
following electrolysis at high over-potentials leaving a black powdered residue at the
base of the cell. The dissolution of graphite has been noted by several groups and it has
been found that nano-materials including graphene can be produced by this method.!
Glassy carbon has been used extensively in voltammetric studies, but its stability at high
applied current densities has not yet been tested. While anodic dissolution of metals
may be advantageous for some metal deposition processes, for others it may prove
problematic e.g. for alloy deposition or for electrowinning applications. In some cases
e.g. chromium, it may be impossible to obtain electrodes because the metals are not
commercially available in a suitable form from which to make -electrodes.
Dimensionally stable anodes can lead to breakdown of the liquid either through the
formation of inorganic species such as chlorine gas or through the decomposition of the

quaternary ammonium salt forming amines.
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Another issue that needs to be considered is metals that exist in different oxidation
states e.g. Cr and Mn. The use of inert anodes could potentially lead to the build-up of
metals in a higher oxidation state. However, unlike aqueous solutions, ionic liquids tend
to lack strong ligands such as oxygen which can stabilise higher oxidation states and
this tends to negate the potential problem. Again no information exists in the open
literature but experiments carried out in our laboratory showed that this was not an

issue.

The type 2 ionic liquid choline chloride: 2CrCl3.6H.O was studied for the
deposition of chromium using a soluble chromium anode [1,2].! Prolonged electrolysis
was carried out over several months using the sample liquid and at the end of this period
the liquid was analysed. It was found that there was no discernible breakdown of the
choline cation and no chromium species other than Cr(l11) was detected. The chromium
content of the liquid was approximately the same as the initial sample and the only
discernible change was that the water content of the liquid which had decreased
presumably due to both anodic and cathodic decomposition. The chromium rod anodes
were also severely etched over the process confirming that they can act as soluble

anodes.

The anodic process occurring in the ionic liquids containing discrete anions have
not been well characterised. They will be extremely complex as the fluorinated anions
tend to be very stable and act as poor ligands. This means that both metal dissolution
and solution oxidation will both be difficult. If inert anodes e.g. iridium oxide coated
titanium are used then it is difficult to envisage what the anodic process will be and this
is important to determine as the systems will have to operate at relatively high current
densities. Electrolysis of the ionic liquid itself must be avoided from the obvious
economic viewpoint but also from the practical perspective that most electrolytes will
give off toxic fluorinated products. Some information has been obtained from bulk scale
electrolysis of eutectic based ionic liquids with dimensionally stable anodes and this is

described below.

All of the processes scaled up to date have used dimensionally stable anodes but
there is little in the open literature on the effects of these on bath composition. With
such an array of ionic liquids, metals and deposition conditions available it is

impossible to make specific predictions of how all anodic materials will behave. Some
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general conclusions can, however be drawn which should be good starting points from
which to design specific processes. Where possible soluble anodes should be used as
these improve process efficiency and bath longevity. Decomposition of the ionic liquid
should be avoided at all times as it is naturally costly to reprocess the liquid and
shortens its use. Processes are in general more current efficient than corresponding

aqueous systems.

Pre-treatment protocol:

The surfaces of metal substrates require preparation and cleaning in order to
ensure adhesion and effectiveness of the finishing or coating treatment. Cleaning is also
employed for the removal of oil, grease, or scale from metal surfaces. Abrasive blasting,
acid washes, multi-stage chemical cleaning and priming are some of the techniques used
for surface preparation and cleaning.* Typical surface preparation and cleaning
operations such as abrasive blasting are used for removal of paint, rust and scale prior to
painting or refinishing. Organic solvents are used for degreasing, such as aliphatic
petroleum, aromatics, oxygenated hydrocarbons, and halogenated hydrocarbons are all

applied to metal surfaces although aqueous degreases are now more commonly used.

Electro-cleaning techniques make use of a direct, reverse, or periodic reversed
electric current, in combination with an alkaline cleaning bath for the removal of soil
and smut and the activation of the metallic surface. The work-piece may be set up as
cathode or anode. Electro-cleaning baths contain a solution with ingredients similar to
those of alkaline cleaning and can be operated either at ambient temperatures or in the
range 40-80 °C.! To date no processes have demonstrated this in conjunction with an
ionic liquid but there is no technical reason why this should not be possible and in cases
where the substrate etching is not reversible it may be advantageous (vide infra).

In principle there is no difference between the pre-treatment that a metal should
undergo before immersion in an ionic liquid or an aqueous solution. The sole difference
is that the work-piece must be dry before immersion in the ionic liquid. The sensitivity
of the ionic liquid to water content is dependent upon the ionic liquid. Eutectic based
ionic liquids are less sensitive to water content than liquids with discrete anions which
is thought to be due to the ability of the chloride anions in the former interacting

strongly with the water molecules decreasing their ability to be reduced.
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Most pre-treatment protocols studied so far follow the aqueous protocol quite
closely. For steel extreme caution should be taken with the degrease step. In our
laboratory the adopted protocol involves the immersion of the piece in hexane at room
temperature for 1 minute. This is followed by immersion in a commercial acidic or
basic degrease (we use Anopol C) at 60 °C for 10 minutes with stirring followed by a
double water wash in distilled water followed by immersion in acetone for 1 minute

followed by dry with compressed air.

Several groups have then used an anodic etch in the ionic liquid prior to
deposition. Anodic etch potentials and times are dependent on the substrate and the
ionic liquid used but generally less than 1 minute is required to achieve a suitably
etched substrate. The etch process has the dual purpose of removing any remaining
oxide film and roughening the surface to act as a “key” for the coating layer. Metal
oxide dissolution is easier in ionic liquids containing metal ions that are good oxygen
scavengers e.g. Type 1 eutectics because the oxygen scavengers ‘mop’ up any oxygen
moieties which have been generated during the etch process. A typical pre-treatment

protocol is shown schematically in Figure 2.

Cleaning/degreasing

}

Pickle
Etching
D in IL
Etching in
agueous solution
Stabilization Electroplating
inIL in IL

Figure 2 Flow Chart for the pre-treatment of substrates before electrodeposition in

ionic liquids.
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Figure 3a shows an AFM image of an aluminium electrode etched for 20 s at 10
V in a Type 3 eutectic of 1 choline chloride: 2 ethylene glycol. The right side of image
was masked with a lacquer during the experiment which was removed before the
sample was imaged. It can be seen that the left side of the sample was significantly
etched even during the short duration of the anodic pulse. Dissolution rates of between
50 and 150 pm min* are observed under these conditions and result in a pitted surface.
The sample in the image is too well etched for practical purposes and hence shorter

times or lower over-potentials should be employed.

Figure 3b shows an analogous experiment for a copper electrode and it can be
seen that significantly less metal is removed in the same period. The surface has
approximately the same roughness as the original sample but there are more micro-pits
on the sample leading to a better key with the subsequent deposited film. Figure 3c
shows that the etch rate for aluminium is almost three times that of copper under the

same conditions. These figures show that in ionic liquids passivating films on electrode
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surfaces play a smaller role in controlling metal dissolution kinetics. The metals behave
more characteristically as would be predicted by their standard reduction potentials i.e.

metals with a more negative reduction potential are easier to etch.

Many plating protocols advocate the use of a ‘flash’ step where a significantly
higher over-potential is applied to ensure that the entire substrate is covered with metal
before the potential is reduced to the plating potential. This has been shown to be

effective in ionic liquid and significantly improves corrosion resistance of the coatings.

One issue that has to be addressed is the reversibility of the dissolution and
deposition of the substrate. If the dissolution of the substrate is reversible i.e. all the
metal dissolved can be redeposited then etching in situ in the plating liquid is possible.
If the substrate cannot be redeposited then the metal will clearly build up its
concentration as the ionic liquid is used and this will significantly shorten the life of the
bath. In this case a pre-etch in a different liquid should take place before the substrate is

transferred to the ionic liquid. This is shown schematically in Figure 2.

Chapter 1 discusses the correlation between redox properties and speciation. In
general metals which dissolve to give complexes that have linear or tetrahedral
geometries can be reversibly deposited and etched e.g. Cu, Ag, Zn, Sn, Pb. Metals such
as. Fe, Ni, Co and Cr tend to have quasi-reversible redox properties. The reversibility is
also dependent upon the type of ionic liquid and the metal being deposited. Endres has
shown that the adhesion of aluminium to mild steel is greatly enhanced by an anodic
pulse prior to deposition. It was shown that this alloy was formed between the steel

substrate and the aluminium coating.

Process Scale Up

After 50 years some processes for metal deposition are on the verge of
commercialisation. There are still a few technical and economic issues that need to be
addressed but finally some practical ionic liquid systems appear to have the necessary

physical characteristics to function on tonne scale..
Chromium
As with all such processes it is legal drivers which are the main catalyst for

change in the electroplating industry. Hard chromium coatings are electrodeposited
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particularly onto steel for use in the aerospace and automotive industries. The use of
highly toxic hexavalent chromium salts will soon to be restricted under EU REACH and
US OSHA legislation. Aqueous trivalent chromium baths have been developed,
however, finish quality, film thickness, cost and a perceived difficulty of operation has

hindered the general acceptance of these commercially available baths.*®

An ionic liquid-based process has been developed through a joint collaboration
between OCAS in Belgium (a subsidiary of Arcelor Mittal) and Scionix Ltd in the UK.
Details of the process are not in the open literature but a conference presentation
explained that it was a eutectic based liquid using a Cr'"" salt. The process is a drop-in
replacement technology using similar process conditions of time and temperature to the
current CrV! process. A semi-industrial process has been constructed to coat 1 m long 25
cm diameter steel rollers at a rate of up to 1 um min*. It operates on a 1300 litre scale at
present and uses a rotating steel cathode. To date hardness values in excess of 750 HV
have been obtained. Optimisation of the crack density and corrosion resistance is
ongoing but the plant has been in use for more than 1 year showing that the process and
liquid are robust. The close collaboration between the ionic liquid producer and the end
user has been key to this development as with all other ionic liquids which have gone to
commercial scale. Figure 4 shows the chromium plating plant at OCAS in Ghent

together with an SEM of the cross section showing the thickness and morphology of the

chromium deposit.

Figure 4 Semi-industrial process scale plant
operating at OCAS in Ghent (a) with a 1 m long
25 cm diameter steel cathode (b) yielding a

osiFEB/a chromium morphology (c). (Photographs

reproduced with kind permission of OCAS)

160



Zinc Alloys

Several companies have used Type 3 based eutectic ionic liquids primarily those
with urea and ethylene glycol as the hydrogen bond donor to electrodeposit zinc and
zinc based alloys.* This is at the 10 — 25 litre scale using soluble zinc anodes. High
current efficiencies can be obtained at low current densities but the morphology and
current efficiency deteriorate as the current density increases. lonic liquids have even
been used for barrel plating screws with a Zn-Sn coating by Inasmet in San Sebastian
Spain (Figure 5a). Protection des Metaux in Paris developed a pilot plant for coating

magnesium alloys with Zn-Sn coatings (Figure 5b).

Figure 5 (a) Barrel plating pilot plant for coating screws with a Zn-Sn layer
developed by Inasmet in San Sebastian. (b) Samples of Mg alloy coated with a Zn-Sn

alloy by Protection des Metaux in Paris

Outside of these seemingly niche markets the main driving force for using non-
aqueous electrolytes has been the desire to deposit refractory metals such as Ti, Al and
W. These metals have numerous applications especially in the aerospace industry and at
present they are deposited primarily by PVD and CVD techniques.

The difficulty with using these metals is the affinity of the metals to form oxides.
All of the metal chlorides hydrolyse rapidly with traces of moisture to yield HCI gas and
hence any potential process will have to be carried out in strict anhydrous conditions.
Therefore the factor most seriously limiting the commercialisation of aluminium
deposition is the engineering of a practical plating cell. A 25 litre pilot plant has been
built at the University of Leicester and operates with a type 4 eutectic but efforts are

ongoing to optimise the deposit morphology.

Notwithstanding the perceived difficulties with commercialising such technology

a commercial aluminium electroplating process is already in existence and has operated
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for over 10 years.* ® It is based on triethylaluminium in organic solvents such as toluene
and although precise technical details are not given in the open literature it is apparent
that the process is successful. It is also highly probably that a plating bath based upon a

chloroaluminate ionic liquid is less water sensitive than the organics solution.
Immersion Silver

Immersion coating occurs when metal ions in solution are reduced and the
substrate onto which they are deposited is oxidised. Immersion coatings tend to be
relatively thin and can have poor adhesion. A series of studies have shown that thick,
sustained growth of immersion coatings can occur in ionic liquids. This was practically
demonstrated for the immersion coating of silver into copper.* Pilot trials of immersion
silver deposition using a choline chloride based ionic liquid.> It was found that a semi-
commercial scale process could be operated which produced bright and even coatings
which gave solder ability but without chemical etching of the tracking on the printed
circuit board which is prevalent in the aqueous nitric acid process. The complete
process involved 9 sequential stages which involved 3 different ionic liquid stages and
was set up at PW Circuits in Leicester, UK. The process is shown in Figure 6.

Figure 6 Immersion silver line at PW Circuits (Leicester, UK) involving a 9 tanks

system 3 of which contain ionic liquids.

In addition to immersion silver the group at Leicester has also developed an
electroless nickel, immersion gold (ENIG) process for printed circuit board

applications. Reducing agents have been developed that mimic the kind used in aqueous
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electroless nickel deposition. Following this an immersion process has been developed
to produce gold coatings onto the nickel substrate through galvanic exchange. The
ENIG process in ionic liquids leads to less cracking, smoother surfaces and reduced
corrosion compared to the corresponding aqueous process.

Electropolishing

Electropolishing is the controlled corrosion of a metal surface to bring about a
reduction in surface roughness and an increase in corrosion resistance of the
components. Electropolished pieces also decrease wear and increase lubricity in engines
which is a major cause of failure and offer several other functional benefits.
Electropolishing was first demonstrated by Jacquet in 1930 and the majority of studies
have been carried out on stainless steel although metals such as copper, nickel and
titanium have also been studied.*” The current stainless steel electropolishing process is
based on concentrated phosphoric acid and sulfuric acid mixtures. The polishing
process is thought to involve the formation of a viscous layer at the metal surface and
many processes employ viscosity improvers such as glycerol. The practical and
fundamental aspects of electropolishing have been reviewed by Mohan et al.® and
Landolt.®

While electropolishing is an extremely successful process the aim behind
developing an ionic liquid based process was to decrease gassing, increase current
efficiency and produce a smoother surface finish. It has been shown that 316 series
stainless steels can be electropolished in choline chloride: ethylene glycol eutectics and
extensive electrochemical studies have been carried out.® Voltammetry and impedance
spectroscopy have been used to confirm that the dissolution mechanism in an ionic
liquid is different from that in aqueous acidic solutions. It is suggested that a diffusion
limited process in the viscous ionic liquid appears to be responsible for
electropolishing.!* Impedance spectroscopy has also shown that one of the main
differences between the electropolishing mechanism in the ionic liquid and the aqueous
solution is the rate at which the oxide is removed from the electrode surface.

Highly polished surfaces were obtained with current densities between c.a. 70 and
50 mA cm2 with an applied voltage of 8 V. Below this current density a milky surface
was obtained and above this range some pitting of the surface was observed on an
otherwise bright surface. It should be noted that the polishing region was narrower than

that in aqueous phosphoric/ sulphuric acid mixtures, but the current density
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requirements were considerably lower using the ionic liquid. In acidic solutions typical
current densities are 100 mA cm but much of this results in gas evolution at the anode.
With the ionic liquid no gas evolution was observed suggesting that there are negligible
side reactions occurring with the ionic liquid. The current efficiency of the 1ChCl: 2EG
electrolyte has been determined to be in excess of 90% which is significantly higher
than the aqueous based electrolytes which are typically ~30 %. Given that the current
density used for the 1ChCI: 2EG electrolyte is considerably lower than that used in the
aqueous solution the slight difference in the conductivity of the two solutions does not
lead to a significance in the ohmic loss through the solution. Preventing a passivating
layer at the electrode surface during polishing decreases the overall ohmic resistance of
the non-aqueous system. Hence the current going to metal dissolution is probably
similar for the two systems explaining why the polishing process takes approximately

the same time.!

Analysis of the polished surface and residue left in the polishing tank showed that
no dealloying of the surface took place and AFM analysis of pre- and post-polished
samples showed that the polishing process was effective at preventing corrosion
because it removed the micro-cracks from the steel surface.'?

It was apparent that different types of steel require different pre-treatments i.e. cast
pieces behave differently to rolled pieces. Significant success was achieved
electropolishing cast pieces and the finish obtained with the ionic liquid was superior to
the phosphoric acid however the converse was true for rolled pieces and this is because
the oxide film is thicker in the latter samples and hence slower to dissolve in the ionic

liquid.

Similar electropolishing experiments were carried out using different grades of
stainless steel (410, 302, 304, 316 or 347) and it was found that the mechanism of metal
dissolution and the oxidation potentials for the metals were very similar. The slight
exception was the 410 series steel (which has no Ni unlike the 300 series steels which
have 8-14 %). The 410 steel required a more positive oxidation potential to break down
the oxide in the ionic liquid whereas once the oxide was removed the metal was more
easily oxidised than the other grades of steel. This shows why the 410 steel was more
likely to pit during the polishing process.* The pitting could be reduced, however, by
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chemically picking the steel with a proprietary phosphoric acid etch before

electropolishing.?

This technology was scaled-up to a 1.3 tonne plant by Anopol Ltd (Birmingham,
U.K.) as shown in Figure 4. Results have shown that the technology can be applied in a
similar manner to the existing technology. The ionic liquid has been found to be
compatible with most of the materials used in current electropolishing equipment i.e.
polypropylene, nylon tank and fittings, stainless steel cathode sheets and a titanium
anode jig.

Extended electropolishing using the same solution leads to a dark green/brown
solution arising from the dissolved iron, chromium and nickel. The solubility of the
metals in the ionic liquid is relatively high and a dense sludge forms in the base of the

tank when the saturation concentration is exceeded. A recycling protocol was developed

to clean up the ionic liquid after use.

Figure 7 Electropolishing bath (1,300 L) operating at Anopol Ltd. (Birmingham, U.K.)
based on an ethylene glycol:choline chloride eutectic.

Water was added to the spent ionic liquid and almost all the metal precipitated to
the base of the cell. The water can be distilled from the mixture to leave a dry ionic
liquid which had lost only c.a. 15% ethylene glycol, mostly in the form of the metal
complex. The residual concentration of each metal in the ionic liquids was less than 5
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ppm. Hence not only has it been demonstrated that electropolishing can be carried out in
this non-corrosive liquid, but also that the liquid can be completely recycled and all of
the metal can be recovered. Figure 8 shows a variety of stainless steel pieces
electropolished using the choline based ionic liquid. In an economic evaluation of the
process it was found that the cost of the aqueous process and that of the ionic liquid

were the same (17 Euro cent/ m).

Figure 8 A variety of pieces electropolished using a choline based ionic liquid.

This technology was extended to single crystal aerospace castings of nickel based
superalloys.®® It was found that the surface oxide scale could be removed from the
casting using anodic electrolytic etching. This enabled critical quality checks to be
performed and decreased the formation of other defects such as surface incipient
melting. The method was applied to model test pieces and turbine blade components
using the scale-up facilities at the ionic liquids demonstrator facility at the University of
Leicester.

Most of the developments to date were achieved under an EU FP6 funded project,
IONMET which had 33 partners, 26 of whom were industrial SMEs. The project took 5
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processes to pilot scale and 2 to semi-industrial scale. Details of the project are given in

a literature review.®

In addition to their use as electrolytes ionic liquids have recently been
commercialised for use as solder fluxes for circuit board and electronics applications.

The liquids show excellent surface wetting rates on a variety of substrates.

General Issues

There are several general issues where ionic liquids differ from aqueous solutions.
Some of these are discussed in greater detail in the preceding chapters and all are
discussed in more detail in the literature.’® 1! The key issues are clearly associated with
developing non-aqueous processing protocols and accounting for the differences
between the physical properties of a non-viscous polar fluid and a viscous ionic liquid.

Material Compatibility

In general ionic liquids tend to be non-corrosive towards most metallic and
polymeric materials that would normally be encountered in electroplating or
electropolishing situations so there is no reason why they could not be simple “drop-in”
replacements for aqueous systems. There are only a limited number of corrosion studies
in the literature.

The corrosion behaviour of 6 metals; mild steel, austenitic stainless steel, a nickel
alloy (C22), copper, brass and aluminium were investigated in 7 ionic liquids at
elevated temperature both with and without added water. Stainless steel and C22 were
generally untarnished in most of the pure and diluted ILs. For aluminium and mild steel
the corrosivity was strongly dependent on the anion with strongly coordinating anions
such as tosylate and dimethyl phosphate particularly in the presence of water. Copper
and brass tended to have higher corrosion rates than the other metals

The corrosion of iron, nickel and aluminium was studied in 4 deep eutectic
solvents and 4 imidazolium ionic liquids; Comim HSO4 C2HsSO4, OAc and SCN. The
corrosion of metals in all 8 ionic liquids was found to be relatively low with the
exception of Oxaline (choline chloride: oxalic acid) which was due to the fact that the
cathodic reaction was fast due to the high proton concentration. In all cases the rate of
corrosion was found to be limited by the cathodic reaction. Even the inclusion of a

significant amount of water (5 wt.%) did not significantly increase the corrosion rate.

167



The lowest corrosion rate was found to be in Glyceline (choline chloride: glycerol)
which was found to be because the liquid had a neutral pH.

Metallic corrosion is limited by the rate of the cathodic process. This can be
significantly affected by the presence of water as fast proton reduction can speed up the
rate of corrosion.

The majority of plating plants are constructed from polymers such as

polyethylene, polypropylene, nylon and PVC all of which are stable in the majority of
ionic liquids.
With over 10 plants > 20 litres there is now considerably more data on material
compatibility. The 1.3 m® tank shown in Figure 4 at Anopol Ltd in Birmingham, UK
was constructed from polypropylene with polypropylene, nylon and polyethylene
fittings. All joints were plastic welded together. It has a standard 3kW heater to
maintain the liquid at 50 to 60 °C. Tank agitation was achieved by recirculation of
electrolyte via 8 banks of inductor nozzles. lonic liquids will swell natural polymers
such as wood, cotton and leather and these should be avoided. Few material
incompatibilities have been noted other than with chloroaluminate liquids where
polymer sealant rings should preferably be highly fluorinated e.g. Teflon.

As with aqueous solutions, “dip coatings” can be obtained when more
electronegative metals are placed in ionic liquids containing more electropositive metal
ions e.g. silver ions will be deposited onto copper metal. Unlike aqueous solutions,
however, these dip coatings tend to be more adherent. It should also be noted that the
redox potentials of some metals can be significantly shifted from the standard aqueous
redox potentials due to the differences in metal ion speciation.!416

The main differences will occur with the design of baths suitable for aluminium
and other water-sensitive metal salts. The evolution of HCI will require materials which
are more corrosion resistant, and the main difficulty will be in the development of plants
which will allow the transfer of pieces in and out of the liquid under strictly anhydrous

conditions.

Pre-treatment protocols
The aim of any pre-treatment protocol is clearly to remove non-metallic detritus
from the surface and will naturally involve a wash with a solvent to remove organic
residues and an acidic or alkaline clean to dissolve inorganic residues. Chapter three
discusses the different approaches that can be used but in principle these are the same
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that are currently employed with standard aqueous electroplating baths. The key issue is
to introduce a dry substrate into the ionic liquid and this will involve either a drying
stage or a rinse in an ionic liquid prior to immersion in the plating liquid.

Several methods have been studied but by far the best adhesion is obtained by
degreasing in a chlorinated solvent, followed by an aqueous pickle, rinse, dry and then
anodic etch in the ionic liquid prior to deposition. Anodic etch potentials and times are
dependent on the substrate and the ionic liquid used. Metals such as Al and Mg will
require a larger anodic pulse for a longer period than other metals such as Cu or Ni.
Metal oxide dissolution is easier in ionic liquids containing a metal that is a good
oxygen scavenger.*”?% Endres has shown that the adhesion of aluminium to mild steel is
greatly enhanced by an anodic pulse prior to deposition. It was shown that an alloy was
formed between the substrate and the coating metal, improving adhesion. In-situ anodic
etching may not always be feasible if the substrate is difficult to re-deposit e.g. steel. In
this situation a build-up of contaminating metal ions in the ionic liquid could change the
physical properties of the liquid and damage the quality of the coating. Anodic etching
should take place in a compatible ionic liquid and the etched substrate transferred to the
plating tank.?% 22

Conductivity and added electrolytes

The conductivities of ionic liquids lend to be in the region of 1-10 mS cm™ at
298 K which are generally an order of magnitude lower than most aqueous
electroplating solutions are in the region of 100-500 mS cm™ because they are mostly
high strength aqueous acids.?> 2* This does not mean that ionic liquid process will not be
possible on a large scale and the processes outlined above prove that this is not the case;
however it is fair to say that if ionic liquid processes are to operate they will have to
have higher current efficiencies than their aqueous counterparts.

Using hole theory it is possible to estimate the limits of viscosity and conductivity
that an ionic liquid can achieve.?2' It is difficult to foresee an ionic liquid that has a
conductivity significantly in excess of EtNH3*NO3™ (c.a. 150 mS cm™ at 298K) and this
must be viewed as a probable upper ceiling without modification.

High solution conductivities allow high current densities to be applied with only
limited ohmic loss. Significantly lower conductivities are obtained with ionic liquids
and one way to increase the conductivity could be to add a small cation such as Li* that
could have better mobility compared to the large organic cation. This has been
attempted by a number of groups particularly those developing lithium ion batteries, but
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the effect on the conductivity has not been as significant as expected. The viscosity and
freezing point of the liquid are however affected as the small cation will be strongly
associated with the anions and little increase in the conductivity is generally achieved.
Other salts such as Na* and K* have much lower solubility in most ionic liquids and
even though this increases significantly above 100 °C associated increases in
conductivity are not observed.

Adding small ions such as Li* to an ionic liquid will decrease the Helmholtz
layer thickness considerably and should make metal ion reduction easier. This should
simplify nucleation and it has been shown qualitatively to be the case for the deposition
of chromium from a eutectic mixture of chromium chloride and choline chloride. The
incorporation of up to 10 mol% LiCl led to a change of deposit morphology from
microcrystalline to nano-crystalline and a change in visual appearance from metallic to
black. It has also been shown that the addition of LiF to 1-butyl-1-methylpyrrolidinium
bis (trifluoromethylsulfonyl) imide allows the deposition of dense, thick, corrosion
resistant coatings of tantalum.

Brighteners
Brighteners are essential to most electroplating systems and act to decrease the
surface roughness and improve reflectivity. Brighteners are thought to function by
either forming metal complexes, which shift the reduction potential and hinder metal
nucleation, or by adsorption on the electrode surface blocking nucleation and hindering
growth. In aqueous solution most brighteners are complex mixtures of components
many of which are derived by serendipity but most have the function of viscosity
modifiers or amphiphilic molecules that can specifically interact with the metal surface.
No systematic studies have been carried out in ionic liquid using the types of
brighteners used in aqueous solutions and this is clearly an area that needs to be
addressed to see if the brighteners function in the same way as they do in water. We
have carried out studies using commercial brighteners for zinc plating from Type 3
eutectics but to date none of these have shown any improved surface finishes. To some
extent this is not surprising given;
e the viscosity of the ionic liquids is much higher than aqueous solutions affecting

mass transport,
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e the double layer structure is totally different in the two liquids and hence the
surface potential will differ meaning that specific adsorption of organics will
differ,

¢ the metal speciation is different and hence the reduction potential will be shifted,

o electrode processes will be different due to the lack of proton or hydroxide ions
in ionic liquids.

It may seem to be an impossible task to find a brightener compatible with an ionic
liquid but comparison of practical aqueous plating solutions with current ionic liquids
shows a fundamental difference in the metal speciation. In aqueous solutions most
plating is carried out with either strong bases e.g. KOH for zinc plating, strong
complexing agents e.g. CN" for silver plating or metals in the oxide form e.g. CrOz form
chromium plating. These will tend to shift the reduction potential to more negative
values decreasing the rates of nucleation and growth.

Applying the same principle to ionic liquids a number of compounds containing
nitrile, carboxylate and amine functionalities have been tested. Limited success has been
achieved with Ni, Ag, Cu and Zn baths. Brighteners that involve a complexation with a
solution based species will depend upon the comparative strength of the ionic liquid-
metal interactions. It would therefore be logical to suppose that ionic liquids with
discrete anions would be likely to work directly with brighteners used in agueous
solutions as the interaction between the metal salt and the anion will be considerably
weaker than those between the metal salt and the brightener. In eutectic based ionic
liquids the chloride anions act as strong Lewis bases and could decrease the relative
interaction between the metal salt and the brightener.

Since the previous edition a significant number of studies have focussed on the effect of
brightener. Mostly the studies have focussed on aluminium and zinc.

Endres studied the use of nicotinic acid for the deposition of Pd and Al/Mn
alloys from an AICls-1-butyl-3-methylimidazolium chloride ionic liquid and showed
that in contrast to producing a brighter surface finish it aided the formation of
nanocrystalline deposits. Aluminium studies have focussed on additives such as
nicotinic acid and other carbonyl containing additives such as acetone, acetic acid
amide, acetic acid, methyl acetate and methyl carbamate which are known to have
specific interactions with the metal. Diluents such as toluene and inorganic salts which

also affect speciation have also been studied. The additives which improve brightness
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for zinc are very different. A number of groups have studied zinc deposition from a
variety of ionic liquids and it has been found that it is mostly polar hydrogen bond
donors which improve brightness. It was proposed that this is because chloride is
specifically adsorbed on the electrode surface (see chapter 4) and the hydrogen bond
donor decreases the activity of free chloride. Similar conclusions have been drawn
about the deposition of tin.

Reviewing the literature it seems reasonable to conclude that most brighteners
that have been found to function in ionic liquids do so because they are able to maintain
species activity in the layer close to the electrode surface. This may be by interacting
with ligands such as chlorides to prevent adsorption on the cathode or by affecting
metal speciation and hence metal activity as discussed in Chapter 4.

Counter Electrode Reactions

As outlined earlier in this Chapter the counter electrode reactions occurring in
ionic liquids will be significantly different from those in aqueous solutions. Given the
increased ohmic resistance that will be encountered compared to aqueous solutions it
will be preferable to use soluble anodes which will decrease the over-potential that
needs to be applied between the electrodes. Soluble anodes will also minimise the
breakdown of the ionic liquid itself and retain the bath composition in its original state.
Anodic dissolution of most metals will occur in ionic liquids due to the absence of
passivating films on the electrode surface. Hence metals such as Al and Cr could
potentially be used as anodic materials. While this is potentially useful it should also be
noted that caution should be exercised when choosing a suitable material for jigs or

connectors that will be immersed in the ionic liquid.

No systematic study of inert electrode materials has taken place to date and
nothing is known about the anodic processes taking place in ionic liquid. It is probable
that noble metal oxide coatings should be suitable but processes such as chlorine
evolution will clearly have to be avoided for eutectic based ionic liquids. The
breakdown products of most cations are unknown but it is conceivable that some of

them could be potentially hazardous.
Post-Treatment Protocols and Waste Treatment

Treatment of the sample following electrodeposition has primarily been carried

out using a simple aqueous washing procedure. Physical removal of the liquid is
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probably the most pertinent first step in post-treatment and some experiments using an

air-knife have shown that this can significantly reduce ionic liquid loss.

Some ionic liquids have been developed with biodegradable cations and anions
but the liquids will still contain large metal ion concentrations and some complexing
agents which would be better to keep separate from agueous systems. The amount of
“drag-out” and the extent of the issue will depend upon the viscosity of the liquid. To
circumvent the need to process large volumes of rinse water it may be more practicable
to rinse the piece with a liquid that is immiscible with the ionic liquid which will allow
the separation of the ionic liquid in a settling tank. The most appropriate washing liquid
will depend upon the nature of the ionic liquid and the phase behaviour of most ionic

liquids are well documented.

Supply

The majority of aqueous plating solutions are supplied as finished products by
major distribution suppliers. No such analogue exists for ionic liquids as no plating
processes have been developed with a sufficiently good surface finish to replace the
aqueous competitor. A number of companies make or distribute ionic liquids on the >
100 kg scale and tonne scale materials have been produced for a 3 electrochemical
processes. These include BASF, Merck, Scionix and lolitec although laboratory scale

amounts can now be obtained from a wide range of chemical supply houses.
Breakdown and Recycling

An important aspect of the practical use of DESs in electroplating is the
environmental impact and potential electrolytic breakdown products from the process.
Matthijs et al. studied the choline chloride and ethylene glycol system and found that
the heavy metals present in the rinse solutions were the main environmental impact.?
Some electrolytic breakdown products such as 2-methyl-1,3-dioxolane were detected
along with small quantities of chlorinated products including chloromethane,
dichloromethane and chloroform. Chloride gas was not detected at the anode but could
be an intermediate which forms the above haloalkanes. The DESs studied were found to
be non-harmful to the environment and readily biodegradable. Mechanical loss through
drag-out was a significant issue arising from the high viscosity and this will be common
to all ionic liquids. This could be reduced using an air knife to efficiently remove the

liquid from the surface. Metal residues remaining in the rinse water were easily treated
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with ion exchange resins. The recycling of Deep Eutectic Solvents was investigated by
the same group using a pressure driven membrane processes, nanofiltration, reverse
osmosis and pervaporation. Simple evaporation of water could easily be carried out to
dry the DESs.

Given the cost and environmental compatibility of most ionic liquids recycling
protocols will be essential. Many of the issues will be associated with separating the
metals for the ionic liquids. The same issues also exist in aqueous solutions and they are
usually addressed by the addition of concentrated base which precipitates the metals as
an oxide or hydroxide. The solutions then need to be filtered and neutralised before
disposal. Similar ideas will need to be developed for ionic liquids i.e. ligands that can be
added to precipitate the metals. An alternative approach is to add sufficient diluent to
the ionic liquid, thus changing the solvent properties such that the specific metal
becomes insoluble. This idea has been applied to the recycling of the commercial
electropolishing solution. The electrodissolution of stainless steel produces an ionic
liquid that contains high iron, chromium and nickel concentrations. The metals are
present as glycolate complexes and the addition of water renders the complexes
insoluble, Figure 9. This has the advantage that it decreases the viscosity of the mixture
and permits easier filtration. The water can be distilled from the mixture with minimal
loss of the ionic component. While this process will only be applicable to a limited
number of ionic liquids analogous processes should be possible using other solvents.

(c)

Figure 9 Recycling of ionic liquid (1 ChCI : 2 Ethylene glycol) used to electropolish
stainless steel; (a) used liquid containing Fe Cr and Ni salts, (b) as (a) with 1 equiv. v/v
added water, (c) as (b), after gravity filtration and subsequent removal of residual

water by distillation.
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Conclusions

Sufficient electrochemical processes have been scaled up such that information
exists about electrochemical efficiency, material compatibility, process additives, cost,
toxicity and recycling. The generally high current efficiency and longevity of the ionic
liquids should, in most cases, make the economics of the processes at least comparable
with aqueous solutions for some metals. It appears that legislative pressure for
alternative technology in the key areas of Cr, Ni and Co deposition could be the driver

for adoption.

Technological drivers for new coatings in the electronics market such as
electroless nickel immersion gold could see rapid adoption in new markets. The success
of related technology in the solder flux area has shown how quickly ionic liquids can

enter the market in niche applications.
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Abstract

The anodic dissolution of metals is an important topic for battery design, material finishing and metal digestion. Ionic liquids are being used in
all of these areas but the research on the anodic dissolution is relatively few in these media. This study investigates the behaviour of 9 metals in an
ionic liquid [C4mim][C]l] and a deep eutectic solvent, Ethaline, which is a 1:2 mol ratio mixture of choline chloride and ethylene glycol. It is
shown that for the majority of metals studied a quasi-passivation of the metal surface occurs, primarily due to the formation of insoluble films on
the electrode surface. The behaviour of most metals is different in [C4ymim][CI] to that in Ethaline due in part to the differences in viscosity. The
formation of passivating salt films can be decreased with stirring or by increasing the electrolyte temperature, thereby increasing ligand transport
to the electrode surface.
© 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Chinese Materials Research Society. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords: lonic liquid; Deep eutectic solvent; Speciation; Electropolishing; Passivation

1. Introduction

Anodic dissolution reactions are one of the cornerstones of
metal processing and energy production in batteries. They are
used for metal digestion, electropolishing, anisotropic etching,
batteries and anodising. And they are also intrinsically linked
with cathodic processes, such as electrodeposition. In aqueous
solutions, passive film formation is a common issue, and for
metal deposition a dimensionally stable anode is used, such
that the anodic reaction is the decomposition of water, which is
generally faster than the electrodeposition process and is in
general ignored.

Recently, significant attention has been given to the use of
ionic liquids as electrolytes for metal processing, secondary
batteries and photoelectric devices [1—4]. Relatively little is
known about anodic reactions in ionic liquids and very little
data has been published on anodic dissolution efficiencies.
Unlike aqueous solutions, the decomposition of the ionic

*Corresponding author. Fax: +44 116 252 3789.
E-mail address: apal @le.ac.uk (A.P. Abbott).
Peer review under responsibility of Chinese Materials Research Society.

http://dx.doi.org/10.1016/j.pnsc.2015.11.005

liquid is not usually a desirable option for a counter electrode
reaction, due to the production cost of the liquid and the often
complex products produced [5]. The high ionic strength and
lack of water in most ionic liquid systems means that oxide
and hydroxide films are less likely to form on electrode
surfaces. Metals which would usually passivate in aqueous
solutions, such as Cr and Al, can be readily oxidised in ionic
liquids, and have been used as soluble anodes [6]. That is,
however, not to say that insoluble layers do not form at the
electrode surface and super-saturation can occur from the lack
of suitable ligands to solvate the dissolving metal ion. With a
few exceptions [7], the formation of passivating layers is
poorly understood in ionic liquids.

To fully understand metal dissolution processes, it is often
informative to look at the differences in metal speciation
between aqueous solutions and ionic media. If a metal, M, is
oxidised, the produced cation, M**, will interact with one or
more types of ligand, L”~, in solution to form a complex of the
form [ML_J** *#~ The solubility of the complex will depend
upon the solvation and the overall charge of the complex
species, where the latter can vary for a particular ion-ligand-
combination depending on the coordination number z. In polar

1002-0071/© 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Chinese Materials Research Society. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


www.sciencedirect.com/science/journal/10020071
http://dx.doi.org/10.1016/j.pnsc.2015.11.005
http://crossmark.crossref.org/dialog/?doi=10.1016/j.pnsc.2015.11.005&domain=pdf
www.elsevier.com/locate/pnsmi
www.sciencedirect.com
http://dx.doi.org/10.1016/j.pnsc.2015.11.005
http://dx.doi.org/10.1016/j.pnsc.2015.11.005
http://dx.doi.org/10.1016/j.pnsc.2015.11.005
mailto:apa1@le.ac.uk

596 A.P. Abbott et al. / Progress in Natural Science: Materials International 25 (2015) 595-602

or ionic solvents, the complex usually requires an overall
charge in order to be soluble. In water, L can be H,O, OH ™,
0>~ or the anion from the solute, all of which can affect the
overall charge of the complex. The speciation and, hence
solubility, of a metal complex in solution is strongly affected
by pH, ligand concentration, and the coordinating ability of
potential ligands. For example, in dilute basic media, metals
such as zinc and chromium form the insoluble precipitates [Zn
(OH), - 4H,0] and [Cr(OH)s-3H,O]. These are amphoteric,
i.e. can be dissolved in acid, forming [Zn(H,0)6]* " and [Cr
(H20)6]3+, whereas in strongly alkaline solution they are
solubilised as [Zn(OH)4]*>~ and [Cr(OH)¢)* . By using ligand
acceptors, the dissolution and re-deposition of metals can be
altered. For the example of iron acetylacetonate (acac) systems,
the addition of Li ions hinders re-oxidation of electrodeposited
metal by binding to the acac ligands, resulting in a more
positive oxidation potential [8]. Similar effects can be observed
in ionic liquids, where Lewis-acidic, Lewis-basic, cationic and
anionic metal species can be observed, depending on solvent
composition [9-11].

In an ionic liquid in most cases the anion of the ionic liquid
will be the dominant ligand. This could be a poorly coordinat-
ing ligand, such as BF, or [(CF;CSO,),N] ", or it may be a
more strongly coordinating ligand, such as C1~ or SCN ™. The
rate of the anodic process will depend upon the activity of the
ligand and, in most cases, the viscosity of the ionic liquid. In
many cases the counter electrode reaction is slow due to these
issues, and at a fixed potential the current density and hence
the overall process rate can be limited by the anodic reaction.
An example of this is the electrodeposition of aluminium from
chloroaluminate ionic liquids. Aluminium can only be electro-
deposited from Lewis acidic compositions, i.e. where AlCl;:
[Cimim][CI] > 1:1. Under these conditions the liquid contains
Al,Cl;, and it is known that aluminium cannot be electro-
deposited from AICl; at ambient conditions [12—14]. Con-
sidering that the only practical anodic reaction is the electro-
dissolution of aluminium, this introduces the issue of what the
ligand for the reaction is. In Lewis acidic liquids the activity of
free chloride will be insignificant, indicating that the necessary
ligands will have to come from AICl; , a minor aluminium-
containing component. Therefore, the anodic reaction becomes

Al+7AICl; —4ALCl +3e~

The cathodic reaction is faster and the anodic reaction is
slower as the liquid becomes more Lewis acidic. In addition,
this liquid becomes more viscous as the composition moves
away from 2:1 to 1:1 AlCl;:[C,mim][Cl]. Diluents, such as
toluene, are thought to modify the deposition rate and
morphology at fixed potential by increasing mass transport
and speeding up the anodic reaction [12].

The largest application of anodic processes in ionic liquids
has been for electropolishing. This has been applied to both
stainless steel and nickel based superalloys [15-17]. In both
systems, polishing is thought to occur due to the formation of
viscous layers close to the dissolving electrode surface. It has
been found that the mild steel and a variety of other nickel

alloys can also be electropolished in deep eutectic solvents. As
will be discussed below other metals, such as silver, copper
and lead, do not electropolish, but pit instead.

Several plating processes to date have been scaled up using
ionic liquids and DESs but most have used dimensionally
stable anodes because soluble anodes often limit the current
density that can be applied to the cell. The optimum process
would ideally involve the use of soluble anodes, as the over-
potential required to drive the deposition process will be small.
This is especially important with ionic liquids because the
ohmic loss across the cell can be significant. However little is
known about the dissolution processes of metals in ionic
liquids. The aim of this study is to investigate the behaviour of
a selection of 9 commonly electroplated metals in two
electrolytes with chloride as the anion: Ethaline, a 1:2 mixture
of choline chloride and ethylene glycol, and 1-butyl-3-
methylimidazolium chloride [Cymim][Cl]. The data obtained
here will help to explain some of observations made about
metal dissolution and electropolishing, and in particular, aid in
the understanding of the factors affecting dissolution rates.

2. Material and methods
2.1. Reagents and working electrodes

Ethaline was prepared from a 1:2 M ratio mixture of choline
chloride, [(CH3);NC, H4OH]CI, (ChCl) (Sigma-Aldrich, >
99%) and ethylene glycol (Sigma-Aldrich, > 99.5%). This was
heated and stirred at around 60 °C in a beaker until a
homogeneous and colourless liquid had formed. 1-Butyl-3-
methylimidazolium chloride, [Cymim][C1], (Sigma-
Aldrich, > 99%) was dried under vacuum before use but had
a water content of c.a. 0.1 wt% (Thermogravimetric Analysis,
Mettler Toledo TGA/DSC1 STARe system) which enabled it
to be liquid at 70 °C. The working disc electrodes used in these
experiments were made in-house by sealing the following
wires in glass with an epoxy resin: Ag (Alfa Aesar, > 99.9%),
Au (Goodfellow, > 99.99%), Fe (Goodfellow, > 99.9% ), Co
(Alfa Aesar, > 99.995%), Cu (Alfa Aesar, 99.9% ), Ni (Alfa
Aesar, 99.98), Pb (Alfa Aesar, 99.9), Sn (Alfa Aesar, 99.998)
and Zn (Alfa Aesar, > 99.95%). All had a diameter of 1 mm
except for Au which was 0.5 mm. Prior to electrochemical
measurements, each electrode was polished mechanically
using alumina (1 pm). Anodic products were observed on
1 cm? sheets by polarisation at constant potential for 10 min.

2.2. Electrochemical measurements

All electrochemical measurements were conducted using a
three electrode system, with a platinum flag counter electrode,
Ag+/Ag (0.1 M AgCl in either Ethaline or [Cymim][Cl],
depending on the ionic liquid) reference electrode, using the
working electrodes described above.

Anodic linear sweep voltammetry (LSV) experiments were
performed at both 20 and 70 °C, using an Autolab/PGSTATI12
potentiostat controlled with PGES?2 software. Electrochemical
impedance spectra were collected using an Autolab/
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Fig. 2. Onset potential of metals in Ethaline vs. corresponding standard
potential in aqueous solution [19].

PGSTATI2 potentiostat fitted with an FRA impedance module
using GPES software. Frequency spectra acquisition were
obtained in the range 1-65000 Hz and the amplitude of the

potentials but oxidation does not occur in the order that would
be expected from aqueous standard potentials.

Electrode potentials for some of the redox couples in
Ethaline have previously been reported [18]. The differences
of the aqueous standard potentials have been rationalised in
terms of metal speciation. Fig. 2 shows the general relation-
ships between the oxidation onset potentials in Ethaline vs. the
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E° values for aqueous solutions. Whilst the absolute values are
not comparable, it is apparent that in the ionic liquid, the
relative potentials and sometimes even the order in which the
metals are oxidised are different from the aqueous solution. As
a general trend, the metals such as gold, silver and copper,
which form stable complexes with chloride, are particularly
easy to oxidise in the chloride containing electrolyte.

The chloride salts of these metals generally have high
solubility in Ethaline, with copper and zinc being soluble in
excess of 0.5 mol dm™>. It is therefore counter-intuitive that
the voltammograms display pseudo-passivation behaviour in
some cases and diffusion controlled responses in others.
However, in some cases where oxidation involves the forma-
tion of an intermediate state such as CuI, the dissolution rate
may be limited by the solubility of this intermediate species.

3.2. Characterisations of copper dissolution

3.2.1. Linear sweep voltammetry

Fig. 3 shows a series of LSVs of a copper disk electrode in
Ethaline at a variety of sweep rates. The sudden decrease in
current following the peak is characteristic of a passivation

—5 mvs'
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—20mvs”
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80 —30 mVs1
——50 mVs’
N 604
£
o
< 40 A
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20 |
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Fig. 3. LSVs of a Cu disc electrode in Ethaline at 20 °C at a range of different
sweep rates.

Cu Ethaline Unstirred
Cu Ethaline Stirred

60 4

40 4

20 A

j(mAcm2)

"

T

-0.5 OiO 0i5 1j0 1.5
E (V) vs. Ag/AgCI

(surface blocking) process [20-22], and appears at more
positive potentials with an increasing scan rate. The current
then increases slightly and levels off, suggesting that at least a
part of the blocking layer remains on the electrode surface.

The initial rising part of the linear sweep is most likely due
to the formation of a Cu' species, e.g. [CuCl,]~ [23]. As the
layer of ionic liquid at the electrode surface becomes enriched
in Cu' species, which has a low solubility compared to Cu"' in
these solvents, a layer of crystalline material precipitates onto
the electrode surface, resulting in the sharp drop in current
density [24]. Shortly afterwards, the system returns to a
diffusion controlled steady state.

In Ethaline, the Cu™" redox couple appears at +0.45 V [18],
with respect to the 0.1 M AgCl/Ag reference electrode,
however this is not clearly observable in Fig. 3. The
precipitation and re-dissolution processes would probably be
slow, which may explain the sweep rate dependency observed
in Fig. 3.

The dissolution of copper in aqueous solutions containing
varying concentrations of chloride has been investigated by
several authors. At high chloride concentrations, a two stage
mechanism occured for the dissolution corresponding to the
changeover of Cu' to Cu" but no quasi-passivation was
observed [25-27]. It was however found that the rate of
dissolution is diffusion controlled, i.e. limited by the diffusion
of the anion to the electrode surface [28].

3.2.2. Electrochemical impedance spectroscopy of copper
(EIS)

Fig. 4 shows the EIS of copper in Ethaline at different d.c.
potentials. At negative d.c. potentials there is a single semi-
circle with a diffusion limited electron transfer process. At
+0.2 V a second semi-circle developed and at higher positive
over-potentials this dominated, indicating that an insulating
layer formed on the electrode surface.

The data in Fig. 4 were fitted to an equivalent circuit
containing a two Randle's circuits in series with a Warburg
impedance using the in-built GPES software. For the data an
applied voltage of 4-0.8 V the capacitance of the film was

20000
15000

10000

2 | ohm

5000

Fig. 4. Anodic LSV of Cu disc in Ethaline vs. Ag/Ag™, at a scan rate of 5 mV s (black) and the same electrode rotated at 3000 rpm (red) (left) and electrochemical
impedance spectra at various potentials with a.c. amplitude of 10 mV in the frequency range of 1-65000 Hz (right).
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Before, R, =0.75

Unstirred, R, = 3.17

Stirred, R, = 0.63

Fig. 5. (a) Copper electrode after being held at 4-0.18 V for 10 min (b) copper rotating disc electrode before cycling (c) after polarisation from -0.5 to + 1.5 in
Ethaline at 5 mV s~ without rotation and (d) as (c) but with rotation at 3000 rpm.

found to be 4.9 x 10 °Fcm ™2 Assuming a dielectric con-
stant of 8.0 the thickness of the film was calculated to be
1.4 pm [29]. When the copper electrode was held at +0.18 V
for 10 min the surface initially darkened and a green film
slowly formed on the electrode surface (Fig. 5). At this
potential, the most likely precipitate is CuCl, which is only
moderately soluble in Ethaline. The light green colour indi-
cates that some further oxidation of Cu' occurs, however,
given the applied electrode potential, the oxidation is probably
caused by dissolved oxygen.

If the film is washed off the electrode then the metal is seen
to darken quite considerably due to surface roughening. To
determine the role of mass transport on morphology the
experiment was repeated using a rotating disc electrode. The
morphology of the surface before and after anodic polarisation
can be seen in Fig. 5 for a copper electrode with and without
stirring. During the anodic sweep it can be seen that the
average surface roughness value, R,, of the electrode prior to
anodic polarisation was 0.75 um, whereas the value after
polarisation was 3.75 pm. When the electrode was rotated at
3000 rpm, the R, was 0.63 pm. If the liquid is stirred (by
rotating the electrode at 3000 rpm) then no film forms at the
electrode surface and the solution becomes green in colour.
The nature of the film that forms is strongly dependent on the
applied potential and current density. At lower over-potentials
the film was smoother, and pitting was less severe, presumably
due to fact that the passivating layer was produced at a lower
rate and forms a more uniform barrier.

The electropolishing of copper in ionic liquids has pre-
viously been studied by Lebedeva et al. who found that copper
which already had an oxide film on it could be electropolished
in water saturated [C,mim][Tf,N] [30]. It was found that the
water played an important role in the polishing process, as it
maintained an oxide layer through which the electrode was
polished.

3.3. Characterisations of cobalt dissolution

The electrochemistry of iron, cobalt and nickel is dissimilar
to the other metals in Fig. I, in that they do not reversibly
electrodeposit on a Pt electrode from an Ethaline solution of
their salts. This irreversibility is important in the anodic
behaviour and has previously been ascribed to the formation
of poorly soluble films at the anode-solution interface [16].
Previous work has characterised the speciation of metal salts in
a selection of DESs and ionic liquids with discrete anions. It
was found that many monovalent transition metal salts, e.g.
AgCl, formed complexes of the form [MX,]™ whereas most
divalent metals formed complexes of the form [MX4]2_ [23].
As one notable exception, nickel was observed to form
complexes with the hydrogen bond donor of the DESs, instead
of the anticipated chloro-complexes, as was observed for the
corresponding cobalt and iron salts. When FeCl; is dissolved
in Ethaline it initially forms [FeCly]™ [31], however a brown
precipitate is observed to form over time, the exact nature of
which is unknown. When iron dissolves either under potential
control or through open circuit corrosion, a brown precipitate
forms at the electrode surface, most likely an oxide/hydroxide
complex.

3.3.1. Electrochemical impedance spectroscopy (EIS)

LSV and a.c. impedance spectroscopy of cobalt in Ethaline
produces very different responses to those observed for copper,
but similar to those of nickel and iron. It can be seen from
Fig. 6 that the oxidative current decreases less abruptly than
was the case with copper (Fig. 4). It can also be seen that the
magnitude of the impedance semi-circle is significantly larger
for cobalt than for copper. At an applied voltage of +0.9 V the
capacitance of the film was found to be 8.83 x 10~ ¢ Fcm 2
(Fig. 6). The dielectric constant for cobalt chloride is unknown,
but given that most similar transition metal halides are in the
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Fig. 6. Anodic LSV of Co disc (dia. 1 mm) in Ethaline at a scan rate of 5 mV s (left) and electrochemical impedance spectra at various potentials with a.c.

amplitude signal of 10 mV in the frequency range of 1-65000 Hz (right).

range 5.3—11.2 [32] the film forming on the cobalt surface can
be calculated to be in the range 612 pm. This suggests that
the film formed on the electrode surface is very different to that
formed on copper.

Holding the anodic potential of a cobalt sheet at +0.34 V
resulted in cobalt dissolution but without the surface rough-
ening observed for copper. Prior to anodic polarisation the R,
was 0.23 um, whereas the value after polarisation was 1.0 pm.
This shows that uniform metal dissolution occurs when
crystalline layers do not form on the electrode surface.

3.4. Effect of temperature

Since the diffusivity in solution will be higher at elevated
temperatures due to lower viscosities, it was anticipated that
the anodic LSVs would display the presence of a reduced
passivating salt film. Fig. 1 also shows the LSVs for the
9 metals at 70 °C and compares them to those obtained at
20 °C.

The anodic current is significantly higher at 70 °C than at
20 °C, in many cases an order of magnitude larger. For the
majority of the metals studied, there are still signs that film
formation continues to occur at 70 °C, although in most cases
it is either reduced or occurs at a different potential. This could
be due to an increased solubility of the metal salts at higher
temperatures, the formation of different solid phases or the
increased diffusion of the ligand due to the reduced viscosity
of the liquid.

For some metals with a low dissolution potential, e.g. Sn, Pb
and Zn, significant passivation effects are still observed. This
might possibly be due to a double layer effect; at potentials
negative of the potential of zero charge (pzc) the layer close to
the electrode surface is dominated by quaternary ammonium
cations, and there will be insufficient chloride to enable the
formation of a charged oxidation product [33]. As the electrode
is polarised to positive potentials, the double layer switches to
being anion dominated and the oxidation product becomes
negatively charged and hence soluble. Work by Costa et al. has
characterised the double layer properties of DESs and found
that the pzc is in the region of —0.2 to —0.4 V vs. Ag [33].

Endres et al. have shown that multi-layer films form at the
electrode-ionic liquid interface, and these are proposed to
affect electrode processes [34]. This ties in well with what is
proposed here and adds another layer of complexity to the
picture of double layer behaviour in these electrolyte systems.

It should however be noted that these results are only
qualitative for the purposes of comparison, as the anodic
dissolution processes are dependent upon the presence (or lack
thereof) of residual films (oxide/hydroxide or halide). These
surface films vary with the number of sweeps made previously,
along with whether the system is stirred or not.

3.5. Comparison of ionic liquids vs. deep eutectic solvents

Fig. 7 shows the LSVs of 9 electrodes in Ethaline and
[C4mim][Cl]] both at 70 °C. For the majority of these metals,
the onset potentials between the two solvents are similar. This
could reasonably be expected, given that the metal species are
in most cases similar, if not the same, in both solvents, i.e.
chloro-complexes.

The dissolution current in Ethaline is larger than that for
[C4mim][Cl], which is almost certainly due to the difference in
viscosity (Ethaline=16 cP and [C4smim][Cl]=142 cP, both at
70 °C) [35]. During the anodic sweep of each electrode, the
discolouration of the electrode surface can be seen with
[C4mim][Cl]. Interestingly only nickel displayed an anodic
response with a similar shape and oxidation onset potential in
both liquids. At room temperature, the speciation of Ni is
known to be different in imidazolium chloride-based ionic
liquids compared to Ethaline, e.g. [Ni(EG)3]2+ in Ethaline,
and [NiCl4]27 in [Cgmim][Cl1] [23]. However, the speciation in
Ethaline has been observed to change with increasing tem-
perature to the tetrachloronickelate species [36,37]. At 70 °C a
significant proportion of the dissolved nickel in Ethaline
should form the tetrachloro species, however this does not
explain why the other metals do not also show similar
behaviour between the two solvents. However, only room
temperature speciation is known for many of the samples
used here.
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Fig. 7. LSVs of (from top left) Ag, Au, Co, Cu, Fe, Ni, Pb, Sn and Zn in in Ethaline (black line) and [C4mim][Cl] (red line) at 70 °C. The sweep rate was

5mVs.

The responses for metals such as gold, copper and tin in
[C4mim][C]] suggest that there is no film formation during
dissolution under the conditions of the experiment. This is
supported by the observation that only one charge-transfer
semi-circle is observed in the EIS at high over-potentials. The
large semi-circle for copper above 4-0.4 V in Ethaline (Fig. 4)
is absent in [C,mim][Cl], which is surprising, given that the
speciation should be similar in both cases. The same is also the
case with cobalt, despite the LSV reaching a limiting current
there is no film formation observable in the EIS. An additional
level of complexity could arise from the structure of the double
layer and the availability of sufficient ligands to complex the
metal. In Ethaline, the chloride anion will interact with
ethylene glycol and could have a greater interaction with the
cation, potentially reducing the availability of chloride to
complex with the metal cation.

4. Conclusions

From this preliminary investigation into selected simple
examples, it can be seen that the anodic oxidation of metals
from their elemental state in an ionic liquid environment is a
complex issue which is strongly dependent upon speciation,
mass transport and solubility. The anodic dissolution beha-
viour of metals is a very complex subject that should be
investigated in greater depth. It is, however, observable from
this study that the type of ligand alone is not the sole factor
controlling the solubility of a metal complex in an ionic liquid.
The structure of the double layer and the availability of the
ligand may also play a significant role. To fully understand
electrodeposition and dissolution in ionic media, both the
anodic and cathodic processes need to be studied in the same
depth. It is shown that increasing the temperature reduces the
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formation of a salt film on anodically dissolved metals. For
certain metals, such as gold, copper and tin, a salt film is
observed when dissolved in Ethaline, but not in [Cymim][Cl].
Oxidation onset potentials between the two ionic solvents are
generally similar, as would be expected for similar dissolved
species, but are significantly different from aqueous solutions.

This study shows that even for metals where the halide salt
is generally soluble, film formation can block the electrode
surface, leading to a decrease in anodic current and hence
affecting the even dissolution of metal. This is more prevalent
in unstirred solutions, where ligand transport to the electrode
surface is diffusion limited, highlighting the need for optimisa-
tion of fluid flow throughout the whole cell where ionic liquids
are used for electrochemical applications. This, together with
speciation and viscosity effects, could also be one of the
reasons that such a large temperature dependence has been
observed for deposition and dissolution processes in ionic
liquids.
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