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Abstract

Powder Pulse Plating

Salih Cihangir
University of Leicester
2017

Electroplating is a common method of obtaining metallic coatings on a surface.
Generally, the metal salt is introduced into solution and a direct current is applied to the
material that is to be coated. In this thesis, an alternative approach is investigated, namely
the metal is introduced onto the metal surface as a powder and a pulsed current is applied
to firstly dissolve some of the powder and the polarity is reversed so that the metal is then

deposited. This fuses the powder to itself and to the substrate.

In the current study, deep eutectic solvents were used as the electrolytes and two metals
were chosen; zinc and copper. Initially the dissolution and deposition of the pure metals
were investigated. It was found that far from being simple dissolution and deposition
processes insoluble films were formed on the electrode surface during both deposition

and dissolution for zinc and during dissolution for copper.

Powder pulse plating was successfully demonstrated if the current pulse characteristics
were kept within a window of size and duration which avoided these insoluble films. It
was found that large metallic particles could be used when the substrate was held in a
horizontal orientation and small particles were best when the electrode was held
vertically. For both metals it was demonstrated that super-efficient deposition could be
obtained (Faradaic current efficiency in the cathodic pulse > 100%). It was also shown
that composite materials could be produced by mixing inert particles with the metallic

powder.
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Symbols

AE Potential difference Volt (V)

Epa Oxidation peak Potential Volt (V)

Eca Reduction peak Potential Volt (V)

n Electron number (-)

ipa Anodic peak current Ampere (Coulomb s?)
ipc Cathodic peak current Ampere (Coulomb s?)
v Scan rate Volt per second (V s1)
t Time Seconds

I Current Ampere (Coulomb s?)
S Surface area cm?

r Plating rate cmst

Co Initial concentration mol dm?

Ton Current flow in pulse deposition Ampere s

Torr No current flow in pulse deposition Zero Ampere s

IL Limiting current density in pulse Ampere cm™

8 Limiting current density in DC Ampere cm™

la Average current density Ampere cm™

lp Peak current density Ampere cm™

R Resistance Ampere V!

\Y Potential v

E: Excitation signal (EIS) mV

0] Phase shift (EIS) lo.Sin ¢ in angular frequency
1ZI Quantity vector (EIS) [(Zo cos @)2+(Zo jsin p)?]1/2

viii
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Cal
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Lt
Ess
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ta

te

Solution resistance ust(Q)

Charge transfer resistance uS?(Q) cm

Constant phase element s" uS(F) em?[1/Z=Y=Q°(j w )", 0<n<1]
Capacitance When n=1, s uS (F) cm™

Warburg impedance St (fo's) at rad™/?

Warburg coefficient RTn2F2A12Y2(Dy/2CPot + Do /2CP:?)
Faraday constant 96485.33289 (C mol™)

Electrode surface area cm?/ mm?

Diffusion constant cms?t

Faradic impedance Re + Zmt

Mass transfer impedance A 242 g 52 [(1+e79) (fo's) + fr's)] (Q)
Stationary state potential \

Heterogenous rate constant rate [(A)"]*

Change in molarity over time mol dm=3s?

Reaction degree related molarity (mol dm=3s1)", n: reaction order
Surface coverage Asue Naps Aaps™

Area of the unit cell of the substrate

Number of atoms in Aaps

Area of adsorbate unit cell

Cathodic pulse density lc (As™) cm?
Anodic pulse density Ia (As?) cm™?
Frequency st

Anodic pulse time Ias?(As?)
Cathodic pulse time lc st (As™)
Duty cycle
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1.1  Electrodeposition

Electrodeposition is a process whereby metal ions in solution are electroreduced at a
polarised interface and nucleate to form a metallic film on the electrode surface. This
enables metals to be coated with a layer of another metal which can impart anti-corrosion,
anti-wear, aesthetic, or catalytic properties to the substrate. The metals which are
deposited on a commercial scale are Cr, Ni, Cu, Au, Ag, Zn, and Cd together with several
copper and zinc-based alloys. Electroplating is used extensively to produce decorative
reflective coatings such as chromium, nickel, gold, and silver on household items such as
jewellery, plumbing, cutlery, and ornaments. It can also be used for automotive or
aerospace application to impart a protective surface e.g. chromium, cadmium, zinc.
Finally, the other major application is in electrics where it is used to produce tracking in

printed circuit boards e.g. copper, silver, and gold.

Electrodeposition has its roots in the early work of Davy and Faraday who used the newly
discovered voltaic piles to electrolyse molten salts. Through electroreduction, many of
the elements were isolated for the first time. One of the first commercial processes was
developed by John Wright in 1840s to deposit silver and gold. This relied on the use of
cyanide based electrolytes to obtain bright metallic deposits. Since this time most

commercial electroplating baths have been based on aqueous solutions.!

The process of electrodeposition is in principle trivial and given as;

M 4 ne- Reduction
However, the reduction process is very complex and numerous additives must be
included. The bath needs to contain a source of the metal usually in the form of a metal
salt, a ligand to solubilise the metal ions, ions to enable conductivity, additives to stabilise
the solution, salts to buffer the solution pH, additives to control deposit morphology e.g.

brighteners and compounds to control the anodic reaction.

The main industries served by electroplating are: Automotive (34%); Heavy Industrial
(30%); Aerospace (27%); Tools & Fasteners (28%). Also, the products are widely used

in the production of items for domestic and commercial use. The function of coatings



produced in the sector is split between corrosion (42%), decorative (31%), abrasion
(22%), other (5%).

Pan-European statistics for electroplating are not available but the total size of the surface-
finishing sector in the EU can be inferred from the good statistical data available in
Germany. There are about 2,100 businesses in the surface treatment industry with about
56,000 employees and a total market volume of 4 billion Euros. The total size of the
market in France has been estimated as 6 billion Euros. Electroplating has been estimated

to employ around 1 million people in Europe.?

In this thesis, the electrodeposition of two metals will be studied, Zn and Cu. It is therefore

useful to review their deposition from aqueous solutions.

1.2 Nucleation and Growth of Nuclei

The rate of nuclei formation on a metal electrode can be given by Equation 1.1.2

N = Ny[1 — exp(—At)] Equation 1.1

Where No is total number of sites, in other words, maximum possible number of nuclei
on the unit surface, t is the time, A is the nucleation rate constant. Equation 1.1 represents
the first order kinetic model of nucleation. The rate of 2D nucleation Z is given by

Equation 1.2.3

bs&?
Z = kjexp <— Zechn> Equation 1.2

Where k is the Boltzmann constant, ¢ is specific edge energy, s is the area occupied by
one atom on the surface of the cluster, b is the geometric factor which depends on the
shape of the 2D cluster, k; is the rate constant; the other symbols have their usual meaning.
When Equation 1.1 is investigated, there are two limiting cases for the initial stages of

nucleation (when t is low).?



e If the nucleation constant, A, is large, Equation 1.1 reduces to N=No. This
outcome indicates that all electrode sites are converted to the nuclei

instantaneously. Therefore, it is referred to as instantaneous nucleation.

e If the nucleation constant, A, is small, the term -e" in Equation 1.1 can become
representable in the form of — et~ —1 — At as a linear approximation. Therefore,
Equation 1.1 reduces to N=~ANot. This outcome indicates that number of nuclei,

N, is a function of time, t, and it is referred to as progressive nucleation.

It is possible to distinguish between these two types of nucleation growth mechanisms by
analysing the experimental data obtained from potentiostatic current-time transients. The
rate of nuclei growth can be determined by either of two steps if the charge transfer step

in an electrodeposition reaction is fast.’

e Lattice incorporation step

o Diffusion of electrodepositing ions into the nucleus

In the lattice incorporation step, there are four types of simple models of nuclei which are

usually considered, and these are given in Figure 1.1.3

@::{f Q

(a) Two-dimensional (2D) cylinder (b) Three-dimensional (3D) hemisphere

=y

(c) right-circular cone (d) Truncated four-sided pyramid

>

Figure 1.1 Models of surface nuclei.

Independent and interacting growth of nuclei are the sub cases of growth of surface nuclei.
In the initial stages of nuclei growth, the case of nuclei growth can be assumed to be



independent of each other. In this case, the current results only from lateral growth of a
single (free) 2D cylindrical nucleus is given by Equation 1.3.3
_ nFk?*2mhM

[ =——t Equation 1.3
p

Where p is the density of deposit, M is molecular weight, h is the height of a cylindrical
nucleus (a height of monolayer), and k is the rate constant of 2D nucleus growth (mol cm”

2gh,
Similarly, the current for a single 3D hemispherical nucleus is given by Equation 1.4.

nFk32nM? )
=g Equation 1.4
p

In Equation 1.3 and Equation 1.4 it is assumed that nuclei growth is independent
neighbours, and this is only valid for the initial stages of the growth. In successive stages,
it is inevitable that overlapping will take place as shown in Figure 1.2 due to local
concentration and overpotential distribution in the neighbourhood of the growing nuclei
(clusters). At his point, the growing nuclei process will not proceed freely in all directions

as they will impinge each other.®

Figure 1.2 Overlap of diffusion zones of cylindrical nuclei growing on a surface.
Shaded regions show two zones overlapping; and black region, three zones

overlapping.?

The overall current-time relationships for the simultaneous nucleation and growth of
nuclei are of the form i « t°, and the value of p depends primarily on whether nucleation

is 2D or 3D and if it is instantaneous or progressive.®



Equation 1.3 and Equation 1.4 are for a single nucleus, and these can be combined with
Equation 1.1 and Equation 1.2 to provide the overall current-time relationship. If
simultaneous two-dimensional (2D) cylindrical growth is taken as a reference to
investigate instantaneous and progressive nucleation types, overlapping and non-

overlapping cases given in Figure 1.2 should be used.?
The current-time relationship for simultaneous two-dimensional (2D) cylindrical growth
is given in Equation 1.5 and Equation 1.6 for instantaneous nucleation without

overlapping and instantaneous nucleation with overlapping respectively.’

_ 2nmFMhN,k?

[=——t Equation 1.5
p
i ZnTL'FMhNOkZ nMthNokz .
i = ft exp| — p—2 Equation 1.6

Similarly, Equation 1.7 and Equation 1.8 is given for progressive nucleation without
overlapping and progressive nucleation with overlapping respectively for simultaneous

two-dimensional (2D) cylindrical growth.

FMhAN,k? .
j = TR 4, Equation 1.7

p

nFrnhMAk? nTM?At3k? ]
=————— t?exp| —————— Equation 1.8

T 3p?

In Equation 1.6 and Equation 1.8, the exponential term represents the overlap effect

correction.®

This model of simultaneous nucleation and growth of nuclei, given in Equation 1.6 and
Equation 1.8, predicts an initial increase in current, reaching a maximum, and then a

decrease in current. As shown in Figure 1.3, progressive nucleation shows an



asymptotical decrease of current to the zero, and this model of nucleation and growth
agrees with experimental data of | = f(t).2

Instantaneous

o~
I

Current
LY
-~

” 1
* 1 ~ LS

1y
Time

Figure 1.3 Theoretical current—time transients for instantaneous and progressive

nucleation.®

Monolayer formation occurs by one of these nucleation types. In the instantaneous
nucleation mechanism, according to the Equation 1.6 with the monolayer spreading out
on the substrate from the initial nuclei at time, t=0. In the progressive nucleation
mechanism, according to the Equation 1.8, nuclei appear randomly in space and time.

Current-time trends for these two mechanisms are shown in Figure 1.3.3

The theoretical potentiostatic current-time transient which also includes the overlap effect
is shown in Figure 1.4. The potentiostatic transient is divided into three-time intervals.
Current decays during the process of nucleation and growth in the first-time interval, and
this is the double layer charging, iqi. In the second-time interval the current increases, and
this increase can be due to the growth of either independent nuclei alone or independent
nuclei together with an increase in the number of nuclei forming. This is the current
transferred for deposition without overlapping, ifree. Depending on isee, the nucleation
type can be determined; if ifee increases linearly with time, nucleation is instantaneous,
and if ifree increases as t?, nucleation is progressive. In the third-time interval, growth of
independent nuclei and overlap are two opposing effects which causes an initial increase
in current, a maximum, and then a decrease in the current in the third-time interval, ioverlap.
The increase in current stops when the growth centres begin to overlap, and a decrease in
the current starts when the diffusion zones around the nuclei overlap and the growth

centres impinge on the each other.®



iDL /'free

Current, i

“ loverlap

T,

Figure 1.4 Theoretical potentiostatic current—time transient, including the effect of

overlap.*

Theoretical diagnostic relationships of current and time for 2D nucleation are given in
Equation 1.9 and Equation 1.10 for instantaneous and progressive nucleation.?

ln% = a — bt? Equation 1.9

lnti2 —c—dt? Equation 1.10

Where a,b,c, and d are theoretically derived constants. Similarly, Scharifker and Hills,®
developed a theory for 3D nucleation with diffusion-controlled growth by adding
maximum current and time values to the theoretical diagnostic relationship given in
Equation 1.9 and Equation 1.10. According to this theory, the theoretical diagnostic
relationship in a non-dimensional form are given in Equation 1.11 and Equation 1.12 for

instantaneous and progressive nucleation respectively.®

1> 3.8181 t \11°
E =— [1 —exp [—1.2654 (a)” Equation 1.11
tn
I, 12254 t\1?]
Z T 1—exp [—2.3367 (t_)] Equation 1.12
m s m
m



In conclusion, it can be seen that theoretical current transients (i/im) for Equation 1.11
and Equation 1.12 shows the same trend as those given in Figure 1.3.

1.3 Zinc Electroplating from Aqueous Solutions

Electrochemical deposition of zinc is commonly applied on a large scale to steel as an
anti-corrosion coating.® However, the electrodeposition of zinc from aqueous electrolytes
shows relatively low current efficiency due to hydrogen evolution’, which can result in
hydrogen embrittlement of the substrate.® The standard redox potential of zinc is -0.76 V
vs. SHE. This potential is more negative than that for iron (Fe/Fe*?) which is -0.44 V so
the Zn provides a sacrificial coating.® There are different kind of electrolytes used to
deposit zinc and each produces a different deposit morphology. If the deposition medium
is acidic with a sulfate anion, the deposit grain size is relatively coarse. If the deposition
medium is chloride based, the crystallite diameter is generally larger.X® 1! For cyanide
based electrolytes, two distinct phenomena can be observed. One is a field-oriented
texture with finer grains deposited perpendicular to the substrate, whereas the other is un-
oriented dispersion finish with small crystals that tend to show three-dimensional
nucleation throughout the deposition processes. Although pH is an important factor, the
zinc reduction potential is always more negative than that of hydrogen evolution.'? As a

result, zinc deposition is always accompanied by hydrogen evolution.

While the electrodeposition of zinc is a common technique, hot-dip galvanizing is an
alternative method for applying zinc to surfaces, although it only works with low carbon
steels. These two method which on the face of it carry out the same process tend not to
compete as they have different properties and applications. Electroplating produces
thinner, smoother, and less adherent coatings and are used on any substrate typically when
appearance or tolerance are important. Hot dip galvanising produces an alloy with steel
which therefore has better adherence, but the thickness is more difficult to control. This
tends to be used for more complicated shapes particularly on small components such as

nails and bolts.

There are three common zinc plating baths; cyanide zinc baths, alkaline non-cyanide zinc
baths and acid chloride zinc baths. In cyanide zinc baths, there are two types of plating
methods; rack and barrel. In the rack plating, materials are hung, and dip into plating



solutions. The current density of rack plating is between 2 and 5 A dm (typically with 3
- 6 V). In barrel plating, small objects, such as screws or bolts, are put into a moving
barrel which is rotated so that the small pieces keep a contact with an inert cathode.
Current density for barrel plating is typically 0.6 A.dm2 with a higher applied potential
(15 - 25 V). This method is cost effective with small components while ensuring the even
current distribution, and so much more even deposition. The average current density in
barrel plating is lower than rack plating. There are different electrolyte compositions used

in cyanide baths and some of these are listed in Table 1.1.°

Table 1.1 Composition (in mol dm) of cyanide zinc electrolytes.

Constituent Regular | Mid Low
Zn(CN): 0.51 0.27 0.85
NaCN 0.82 0.41 0.16
NaOH 2 1.9 1.6
Na2COs3 0.14 0.14 0.14
NaxSy/g L 2 2 —
Brightener/g L | 1-4 1-4 1-4

The general reaction mechanism for cyanide baths are;?

Zn(CN);” + 20H™ —— Zn(OH), + 4CN~
Zn(OH), + e — [Zn(OH),]~
[Zn(OH),]” —— ZnOH + OH~

Zn(OH)+e —Zn+ OH™

Cyanide baths are obviously quite toxic and for this reason, companies which use them
are closely monitored. It is expected, in the near future, that cyanide baths will be

prohibited in most electrodeposition processes by EU legislation.*

As an alternative method of cyanide zinc baths, alkaline non-cyanide zinc baths were
developed. However, the resulting deposit was dendritic in structure.'® For this reason,
most research was focused on controlling deposit morphology with organic and inorganic
additives.’®22 The general reactions of zinc deposition in non-cyanide alkaline zinc baths

occurs in fours steps.®



[Zn(OH),]*~ «—— Zn(OH), + 20H~
Zn(OH), + e—— [Zn(0H),]~
[Zn(OH),]” —— ZnOH + OH™

Zn(OH)+e —Zn+ OH™

When alkaline non-cyanide zinc baths and cyanide zinc baths are compared, current
efficiency and zinc metal content are lower in the former case. The current densities in
non-cyanide baths can range between 2 and 31 A.dm Non-cyanide zinc baths are a
greener alternative for deposition, but they still cannot compete on the deposit quality of
cyanide bath. Acid chloride zinc baths have also been studied as an alternative method to
cyanide zinc baths. Current densities are typically in the region of 30 A dm™, as a result
of hydrogen evolution reactions;*°

H* +e——> H,y,
H* 4+ Hyys +e— H,

It has been proposed that zinc electro-crystallization starts with a Zn'gs adions that is

weakly bound to the metal surface and diffuse. The proposed reaction processes are;*°
Zn' + Znl o + e ——22Znl 4,
In' + e—— Znl
Inlgs + Hegs — Zn+ HY
Inl s +e——27Zn

In order to have better surface properties without dendritic or powdery finishes, proper
hydrodynamic control or organic additives are required as it was required in non-cyanide

alkaline zinc baths.23-25

1.4 Copper Deposition from Aqueous Solutions

Copper is very commonly electrodeposited from agqueous solutions particularly to make
electrical interconnects on printed circuit boards. The plating solutions commonly contain

inorganic or organic additives such as thiourea,?® sodium chloride, sodium bromide,

10



sodium iodide,?” and ethylenediamine? to improve current efficiency, levelling and grain

refinement.

In the 18" century, copper plating was performed on steel castings by immersing them in
copper sulphate solution on a zinc tray.?° Jacobi obtained the first patent in 1839 for an
electrolytic process, for copper deposition and the next 70 years were dominated by acidic
electrolytes.®® These include sulfate-sulfuric acid solutions, sulfate-oxalate-boric acid,
benzene disulfonic acid, alkane sulfonic acid, sulfamic acid and fluosilicate-silicic acids.
Currently, sulphate and fluoborate solutions are commonly used for copper deposition.?
The reason behind this is the ionization of Cu?" salts in either sulphate or fluoborate
solutions are higher than other solutions.®! The solution resistance of acidic solutions
which made of either by sulfate or fluoborate solutions are less than alkaline ones, so they
require a lower cell voltage. The solubility of copper fluoborate is twice as high as copper
sulfate.

Cyanide based plating baths have been, and to some extent are still, extensively used for
copper electrodeposition. This is because cyanide baths produce high quality coatings due
in part to their ability to aid anodic corrosion keeping a constant concentration of metal
ions in solution. Cyanide base formulations of CUCN, NaCN or KCN result in stable
complexes such as CUCN (g), [CU(CN)2]", [Cu(CN)s]?*, [Cu(CN)4]* in water. These are
used to increase adhesion, brightness, surface improvement, buffing, soldering. However,
usage of cyanide base formulations is decreased approximately 50% in today’s plating
industry when compared the industrial usage in the 1970s. The alkaline thiocyanate
copper bath was introduced by Wernlund in 1941 to increase the smoothness and

brightness of the deposits.

Just as observed with zinc, there has been a movement away from cyanide based baths
since the beginning of mid-1980s. Alkaline non-cyanide copper plating solutions have
now taken over and are used extensively in barrel plating, where they allow faster plating
rates and lower sludge generation and provide easier wastewater treatment although they
are sensitive to impurities have higher operating costs, and can only be used over a much

more limited copper concentration range.
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Copper pyrophosphate solutions (Cu2P.07.3H20) with either pyrophosphate (KsP.O7) or
sodium salt nitrate (NasP207) with ammonia have also been extensively used but are less
common now. The do yield a significant phosphorous content in the copper deposit which
make the deposit harder and more wear resistant although there are now moves to limit

phosphorous emissions into the environment.

While water is an ideal solvent in terms of its availability, high solubility of salts and high
conductivity of electrolyte solutions, there are significant issues with its use for
electroplating. Firstly, its potential window is relatively narrow (c.a. 1.5 V) which makes
it unsuitable for electronegative metals such as aluminium, chromium and zinc.
Electroreduction of water leads to poor current efficiencies and hydrogen
embrittlement.®? It also means that electrodeposition onto water sensitive substrates such
as aluminium and magnesium is difficult. Finally, it must be remembered that whatever
IS put into an aqueous solution must be removed before it can be returned to the
watercourse. This means that acids and bases must be neutralised, and heavy metals and
toxic ligands must also be removed. This can be costly and can lead to environmental

damage if not completed correctly.

1.5  Non-aqueous Electrodeposition Systems

The above issues with aqueous solutions have led to significant interest in non-aqueous
solutions in the last few decades although few of these alternatives have penetrated the
market. There is growing pressure to decrease the use of environmentally hazardous
processes such as chromium and nickel plating and EU and US legislation is attempting
to limit the use of some of these chemicals. There is also a move to eradicate the use of
some metal coatings such as cadmium which is extensively used as an anti-corrosion
coating in the aerospace industry Because of this, there has been a long-standing interest
in the electrodeposition of metals such as aluminium. There are a variety of alternative
solvents that could be utilized, both ionic and molecular; polar and non-polar. Polar
solvents can dissolve electrolytes and result in high conductivities. In general, small
solvent molecules will usually offer a high fluidity. However, all polar molecules possess
electronegative elements, such as oxygen. This phenomenon comes from their nature
which make them good electron donors and results in strongly coordinated metal ions.

This tends to move the reduction potential to more negative values which may again
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compete with solvent decomposition. Thus, some of the positive metals can be
electrodeposited from polar solvents but with no significant advantages compared to
aqueous solutions. Non-polar organic solvents, generally aromatic hydrocarbons have
been utilized in electrodeposition of metals. Although they can provide wide potential
windows, conductivity of these solvents is poor. One example of these non-polar
deposition from the late 1980s is aluminium plating from toluene, and this is a
technologically advanced technique for its era called Alumiplate process.®* 3 However,
it is difficult to operate due to the use of triethyl aluminium used as a source of aluminium.
This is pyrophoric which is dangerous when used in combination with a highly flammable
solvent such as toluene. Other metals have also been plated using aromatic solvents
including Pb, Cr, Ti, Cd, Cu, and Sn.>> ¢ The topic of electrochemistry in non-aqueous

solutions has been extensively reviewed by lzutsu.%’

1.5.1 lonic Liquids

High temperature molten salts have been used since the early 1800s for metal reduction
but their use for metal plating has been limited by the practical difficulties of working at
high temperatures. It should be stressed, however, that one of the largest electroreduction
reaction is the Hall-Héroult process for the smelting of aluminium. This is carried out
940-980°C on the millions of tonnes p.a. scale and uses a molten salt based on Al;O3 in
NasAlFs. The discovery of low and even room temperature molten salts (termed ionic
liquids) has, with hindsight, been credited to several groups and was initially used for
Friedel and Crafts aromatic substitution reactions® using Lewis acid catalysts such as
AIClz. During the reaction process a red-coloured oil was formed which has subsequently
been identified as an early ionic liquid with a stable cationic intermediate. Walden, at

about the same time made ethylammonium nitrate with a melting point 12 °C.3% 40

The first recognised attempts to purposefully form low temperature molten salts were
made in the 1950s using LiCl/ KCI/ AICIz eutectics. Seminal work at the end of that
decade used ethylpyridinium chloride/ AICIlz eutectics and later N-butylpyridinium
cations. These liquids were quite viscous and resistive but work by Hussey et al. used 1-
ethyl-3-methyl-imidazolium as a cation led to the first truly room temperature ionic
liquid. The liquid has been extensively used to study aluminium deposition and the area

has recently been reviewed.*!
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The mixtures of ammonium halides with aluminium chloride form a range of complex
anions which in this case are mostly [AICI4]" and [Al2Cl7]". They have been used to study
the electrodeposition of aluminium alloys together with the deposition of more
electropositive metals but the issue with them is that they hydrolyse in contact with
moisture and are therefore difficult to use. Wilkes and Zaworotko made an ionic liquid
that was air- and water-stable by incorporating tetrafluoroborate or ethanoate anions with
imidazolium cations.*? These do not contain a very electroactive element and so should
have a wider potential window. The BF4 anion has a delocalised charge which brings
down the melting point and decreases the viscosity.

Since this initial description of ionic liquids using discrete anions and cations a wide
variety of salts have been synthesised and characterised. Some of the most common
cations and anions are listed in Table 1.2.

By far the largest body of work has been carried out using 1-alkyl 3-methyl imidazolium
cations (Compound 1 in Table 1.2 lowest viscosity). There is a lot of inconsistencies in
the literature, but they are usually abbreviated to a *mim or *MIM where * is the alkyl
group i.e. Bmim or BMIM is 1-butyl 3-methyl imidazolium. The nomenclature which has
recently been adopted for this cation is Csamim. Ethyl- and butyl- substituted cations are

the most commonly used as they have the lowest melting points and the lowest viscosity.

Table 1.2 Commonly used cations and anions in ionic liquids.

Nitrogen based Cations Discrete Anions
NN |
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By comparing various chloride salts, the influence of the cationic component can be seen.
Alkali metal chlorides such as NaCl and KCI have high melting points (801°C and 772
°C respectively). Substituting the cation with a suitable organic cation for example
[EMIM]" or [BMIM]", the melting point decreases significantly (87 °C and 65 °C
respectively). Factors involving the cation that form lower melting ionic liquids are low
symmetry, weak intermolecular bonding, for example the avoidance of hydrogen

bonding, and a good distribution of charge in the cation.

The cationic component is not the only factor that controls the melting point of the system.
The anion also plays arole. By keeping the cation constant, in this case [EMIM]* altering
the size of the anion whilst maintaining the same charge alters the melting point for
example [EMIMI]CI has a melting point of 87 °C, but the melting point lowers when the
CI anion is replaced with for example [NOz] (38 °C), [AICLs]" (7 °C), [CF3CO2] (-14
°C) etc. As anion size is increased there is a further decrease in the melting point of the
system. Additionally, presence of several anionic species has been shown to reduce the
melting point of the system. The molar ratio of Lewis acid species added to the halide salt
can alter the anionic species. This mixture of anionic species results in a decrease in the

melting point of the system.

lonic liquids have no measurable vapour pressure, and this is often misreported as
indicating that they are “Green” solvents. This property does mean that it is possible to
separate the reaction mixture by distillation effectively and it is possible to work with

these liquids under high vacuum conditions. The thermal stability of an ionic liquid is
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directly related to the strength of the heteroatom-carbon and heteroatom-hydrogen bonds.
lonic liquids formed from alkylation of amines or phosphanes show higher thermal
stability but do show a tendency to undergo retro-quaternization at temperatures nearer
150 °C. It has been shown that certain ionic liquids however show very high thermal
stability for example [EMIM][BF4] has a liquid stability range of 300 °C and
[EMIM][(CF3S0O2)2N] has been shown to have a liquid range of 400 °C.

The viscosity of ambient temperature molten salts is several orders of magnitude higher
than high temperature molten salts due partially to the difference in size of the ions, but
also due to the increased void volume. The viscosity can be tuned but the lowest value is
thought to be about 10 cP. lonic liquids with the lowest viscosity tend to have highly

fluorinated anions.

1.5.2 Deep Eutectic Solvents

Some of the first ionic liquids were mixtures of quaternary ammonium salts with
aluminium chloride forming a low melting point eutectic. A eutectic is the composition
that has the minimum melting point in a two-component phase diagram. For a significant
decrease in melting point to occur a strong complex needs to be formed between the two
components. One of these components is usually a halide salt and these can form ionic or
hydrogen bonds with the other component. Abbott has classified the types of compounds
that form ionic eutectics into four categories. They can be described by the general

formula given by the general formula.

CattX~.zY

where Cat* is usually any ammonium, phosphonium or sulfonium cation although in
eutectic type 4 systems it can also be a metal ion, X" is normally a halide anion (usually
CI"). The halide anion interacts with a Lewis or Brgnsted acid Y and z refers to the
stoichiometric constant.

Type 1Y = MCly, M = Zn, %% Sn % Fe, 47 Al *® Ga,*® In>°

Type 2 Y = MCIx-yH.0, M = Cr,** Co, Cu, Ni, Fe
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Type 3 Y =RZ, Z = CONH,% COOH,% OH%
Type 4 Cat+X—=ZnCly, AICl3 Y = RZ, Z = CONH:

Several of these given eutectic systems above will be used in Chapter 3 to investigate the

role of speciation and Lewis acidity in controlling deposit morphology.

Type 1 eutectics simply extended the concept used initially for aluminium chloride to
other Lewis acid metal salts such as ZnClz, SnCl. and FeCls. These all formed room
temperature eutectic mixtures which could be used for metal deposition and Lewis acid
catalysis. In these mixtures, a covalent/ionic bond is formed between the metal salt and
the chloride forming a complex anion of the form ZnCls or Zn,Cls” depending upon the
ratios of the two components.

Type 2 eutectics were primarily studied for chromium electrodeposition. In Type 3
eutectics the chloride anion forms complexes with compounds able to form a hydrogen
bond. This included a variety of amides, alcohols, and carboxylic acids. The so-called
deep eutectic solvents (DES) have been extensively used for a wide variety of applications

including metal deposition and dissolution.>

In these DESs, the lattice energy of salts is decreased by the formation of a complex. One
advantage of these liquids is that the hydrogen bond donors are simple compounds. Many
are non-toxic and inexpensive. These can include simple compounds such as glycerol,
fructose, urea, and oxalic acid. They are made by simply mixing the two compounds with
moderate heat. Recent work has even shown that they can be prepared in continuous flow
mode using an extruder.® These liquids are generally stable with atmospheric moisture,

many are biodegradable and some have negligible toxicity.

Metal halide and quaternary ammonium ionic liquids have higher depression of freezing
points when compared hydrogen bonding types, such as amides and acids. This is because

the covalent bonds are stronger than the hydrogen bonds.

Table 1.3 shows the Melting points of mixtures of complexes formed with choline
chloride compared to the melting point of the pure complexing agent Tm The 47Tt value
is related to how strongly the anion and complexing agent interact with each other. Table
1.3 shows that A7 is larger for Type 1 eutectics than for the other eutectics. This is logical
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as the covalent/ionic bond formed with the metal salt will be bigger than the hydrogen
bond formed in a Type 3 eutectic. Recently Abbott et al. used calorimetry to determine
the enthalpy of interaction between the anion and HBD. They measured the heat capacity
of the two components and the heat capacity of the mixture and used a Hess cycle to
determine the enthalpy of interaction between the components. The HBDs used were all
phenolic compounds and substituted benzoic acids. It was found that the enthalpy of
interaction was -10 to -20 kJ mol™* which is typical of hydrogen bond formation. It was

shown that 47 values correlated strongly with the depression of freezing point.®

Table 1.3 Freezing temperature data for a variety of metal salts and amides when mixed
with choline chloride in 2:1 ratio.®’

T¢/-C T¢*/-C ATi/~C
Type 1 ZnCl; 24 283 259
SnCl> 37 246 209
FeClz 65 306 241
Type 2 CrCls. 6H20 4 83 79
MgCl.6H.0 10 1172 107
CoCl2.6H20 16 86 70
LaCls.6H20 6 91 85
CuCl2.2H20 48 1007 52
Type 3 Urea 12 134 122
1, Methyl urea, 29 93 64
1,3 Dimethyl urea 70 102 32
1,1 Dimethyl urea 149 180 31
Thiourea 69 175 106
Acetamide 51 80 29
Benzamide 92 129 37

4Denotes decomposition temperatures.

Hydrogen bonding in Type 3 eutectics was also studied using NMR spectroscopy®®
Heteronuclear Overhauser effect spectroscopy (HOESY) was used to investigate the
interaction between the fluoride anion of choline fluoride, HOCH,CHzN * (CH3)s F and

urea. Intense cross-correlation were observed between protons on urea and the fluoride
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anion. Fast atom bombardment mass spectrometry also shows evidence of clusters of
[Cl.2urea]” and [Cl.1urea]".

The factors affecting the physical properties of DESs are like those for ionic liquids
discussed above. They are tuneable not only in terms of the components used but also in
terms of the composition. In most practical cases Type 3 eutectics often have more than
one HBD to tune both the physical and chemical properties of the liquid.

The DES with the lowest viscosity and highest conductivity is that with ChCl and
ethylene glycol as shown in Table 1.4. This liquid known by its trade name of Ethaline is
for this reason one of the most commonly used. The glycol and the chloride anion have
relatively weak interactions which probably results in some ‘free’ glycol which can freely
move, decreasing the viscosity of the liquid. The glycol-based liquids have been used for
the deposition of zinc and zinc alloys® as well as the electropolishing of stainless steel.>

Table 1.4 Viscosity and conductivity of a variety of ionic liquids at 298 K.

Cation Anion x/mS cm ! n/cP
EMIM BF4 14 32
EMIM N(CF3S02), 8.4 28
BMIM BF4 3.5 180
BuMePy N(CF3S0>). 2.2 85
choline ZnxCls 0.02 76 000
choline CrCls-6H20 0.37 2346
choline CoCls:6H20 1.7 392
choline Cl-2urea 0.75 632
choline Cl-2propanediol 2.2 89
acetylcholine Cl-2propanediol 0.51 117
choline Cl-malonic acid 0.36 3340
choline Cl-2ethylene glycol 7.6 36
ZnClz. 3.5 urea 0.06 11 340
2CrCl3.6H20: urea 5 2602
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The type 4 eutectics are slightly different from the other three types, in that they do not
have quaternary ammonium salts. Instead, the complex is formed between a metal salt
and a HBD®® which is a glycol or amide. Some examples of this type of eutectic include
ZnCl,-urea,®® AICIs- acetamide, and SbCls/TeCls- acetamide®. In most cases the metal
salt disproportionates forming a metal containing anion and cation e.g. ZnCl, and urea
forms [ZnCl*.urea] and [ZnCl37]. In an analogous manner the same happens with

aluminium chloride and a range of amides.5!

AICI3 + n(urea) AICIl,*.n(urea) + AICls

A similar approach was used by Fang et al using dipropyl sulfide to complex AICI3.%2
What is interesting about these systems is that the metal is present in a cationic form

which will change the concentration of metal ions present in the double layer.

Type 4 eutectics are useful as they produce cationic metal complexes, ensuring that the
double layer close to the electrode surface has a high metal ion concentration. Abbott et
al. have also produced non-halide containing eutectics using nitrate salts e.g.
Zn(NO3)2.6H20. 2propylene glycol. This has a very high conductivity and low viscosity
(x =20 mS cm™ at 25 °C). Binnemans et al, used a similar approach to create a complex
between Cu((CFsSO2):N). and acetonitrile®® forming the complex cation
[Cu(CHsCN)4]*".

1.6 Applications of ionic liquids and deep eutectic solvents

ILs and DESs have been commercialised for a variety of applications as summarised
below. These are covered in a variety of reviews although there is little discussion of the

economics of the processes.>* 56 58-65 The main areas of study include;

Active liquids Lubricants, plasticisers, dispersing agents

Electrochemistry Metal deposition, electropolishing, electrolytes in
batteries, photovoltaic devices, fuel cells

Synthetic chemistry  Phase transfer catalysts, Lewis acid catalysis, natural
product extraction

Analysis HPLC and gas chromatography stationary phases
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Probably the most successful process that has been commercialised to date is BASF’s
BASIL process. This is a classic case study of Green Chemistry as it decreases the volume
of material used and optimises the space-time yield of a process by designing a base which
remains a liquid when it neutralises the acid. This greatly simplifies phase separation.

Alkoxyphenylphosphines are precursors for the synthesis of photoinitiators that are used
in the manufacture of printing inks and wood coatings. The phosphines are prepared by
the reaction of phenyl-chlorophosphines with alcohols. State-of-the-art conventional acid
scavengers such as triethylamine produce solids that are difficult to separate from product
and require large amounts of organic solvents to keep in suspension. The BASIL process
Is one of the best success stories for the use of an ionic liquid as it provides a significantly

simpler process than the previous technology.

1.7  Electrodeposition using ILs and DESs

There is an extensive literature on the electrodeposition of metals and the topic has been

covered in a series of reviews and books,32 4% 57, 59, 61, 66-76

While there is little point in re-reviewing this extensive topic here, it is important to recap
on the reasons why ionic liquids are different to aqueous solutions for electrodeposition

and why there are some inconsistencies in previous ionic liquid studies.

Most metals have been electrodeposited from ambient temperature ionic liquids. and
extensive review have been written by Abbott®* 7" and Endres.’® 7 These suggest that the
most suitable ionic liquid to use depends upon the metal being deposited. lonic liquids
with discrete anions are the most appropriate for reactive metals such as Al, Li, Ti, V and
W. Type 1 eutectics are more suitable for metals like Al, Ga and Ge whereas Cr is most
suitable for Type 2 eutectics. Lower value metals such as Zn, Cu, Ag, and their alloys are

better suited to Type 3 eutectics.
Although ionic liquids can be used for the electroreduction of most metals there are

technical and economic reasons why they will not be used everywhere. It is probably

easier to focus on the unique reasons why they should be used.
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Deposition of novel-architectures: Probably the most important reason for this thesis,
Is that ionic liquids enable novel deposit morphologies to be obtained. Aqueous solutions
tend to deposit metals with large crystallites as compared to nanocrystalline deposits with
ionic liquids. The double layer structure could be one cause of this and the cation used
has been shown to significantly affect the deposit morphology.® 8 Larger aromatic

cations, have been shown to produce smaller grain sizes than small aliphatic ones.®?

A variety of microstructures have been deposited using marks and templates to produce
pores, tubes, and wires. Endres et al. created a variety of 3D Cu® and Si® surfaces
creating photonic devices with different colours. A variety of well-defined silver® and
aluminium® nano wires were deposited through polymer templates. These have recently

been reviewed.®’

It is the ability to deposit novel architecture for novel materials such as metal foams,
composite materials, novel semiconductors and photocatalysts that ionic liquids show the

most potential.

Replacement of toxic solutions: As described above, a significant issue with aqueous
electroplating is that toxic compounds such as NaCN, CrOs, NiSO4 and CoCl> must be
removed from the water before it can be disposed of. The use of these compounds is
controlled by legislation such as REACH.8"8 Work by Abbott et al. has used ionic liquids
to produce the first chromium plating system based on Cr(l11) rather than Cr (VI). This
has been scaled up in Belgium to the tonne scale by OCAS.** % Nickel is another metal
under threat as most of the compounds are classed as sensitizers. It has recently been
shown that if deposition is carried out under the same conditions of temperature and
concentration that are used in agueous solutions then the same deposition rate can be
achieved using ionic liquids. The deposit does however have a higher hardness and a

smaller crystallite size when deposited using an ionic liquid.*

Electrodeposition of electronegative metals: Water has a relatively small potential
window compared to ionic liquids. This is the area which has received most research
attention particularly for the electrodeposition of aluminium. This is one of the main goals

for corrosion resistant coatings, particularly in the aerospace industry as a replacement
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for cadmium electrodeposition. This area has been reviewed by Endres et al.?? and
Alemany et al.” lonic liquids have been shown to have potential windows > 5 V which
enables the deposition of reactive metals such as magnesium® and sodium® % Ta and

Ru 97-99

lonic liquids also enable the redox potentials of metals to be changed significantly which
enables novel alloys to be electrodeposited. Some of the ones deposited include Al-Zn,1®
Ti-AlL Al-Mn% and Al-Li'% alloys. Again, these are interesting from an anti-corrosion

perspective.

Electrodeposition of semiconductors: The electrodeposition thin film semiconductors
means that they can be used for inexpensive photovoltaic devices. LED materials,
photonic devices, and p-n junctions. Comparatively little work has been carried out in this
area from aqueous solutions because many of the elements are water sensitive. The
electrochemistry of pure semiconductor materials has been studied in-depth particularly
by Endres et al. and they and others have shown the deposition of Si, Ge, Ga and In.%%
196 The deposition of compound semiconductors has also been studied including CdTe,’
CdS. 1% SixGe1«1? Bi-Te and Sh-Te.!'% Some three and four component semiconductors
have also been produced including AlINSb'*' and Cu2ZnSnS4.'? Semiconductor

electrodeposition has recently been thoroughly reviewed.>’

Coating reactive metals: In addition to being able to electrodeposit electronegative
metals onto substrates ionic liquids have been used to deposit metals onto electronegative
substrates. This is particularly interesting for coating metals such as aluminium and

magnesium and their alloys,*3 114

Electrodeposition of electronegative elements in aqueous solutions results in hydrogen
evolution from the electrochemical reduction of water as a competing reaction. This
decreases the current efficiency of the process but more importantly it can lead to
incorporation of hydrogen in the matrix of the substrate metal. This can lead to a process
known as hydrogen embrittlement which can lead to mechanical failure of the item at
stresses below the ultimate tensile strength of the material. Carrying out electrodeposition

in an aprotic solvent should stop hydrogen embrittlement. Hydrogen evolution can also
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lead to cracking of the coating which decreases the corrosion protection offered by the

electrodeposit.

1.8  Zinc Deposition from ILs and DESs

Zinc is one of the most commonly studied metals for electrodeposition in ionic liquids.
Most of the studies have involved Type 1 chlorozincate based ionic liquids which are
analogous to the haloaluminates studies. The chlorozincate liquids are easy to make and
handle although they have lower conductivities and higher viscosities. It was initially
thought that these liquids were water stable but Hsiu et al. studied EMIMCI: ZnCl>
mixtures and showed using FAB MS that some hydrolysis does occur.t® It was also found
by the same group that the potential window of this mixture was significantly affected by
the Lewis acidity. This is because the reduction of zinc appears to be more difficult in

Lewis basic liquids.

Sun et al. studied the 1:1 EMIMCI: ZnCl, system on glassy carbon (GC), nickel and
platinum electrodes.**® The anodic dissolution process showed one peak on GC, but there
were two peaks on Ni separated c.a. 0.6 V. They suggested that the more positive
oxidation process corresponded to the dissolution of an inter-metallic compound formed
during electrodeposition. This is a topic that will be discussed in more detail in this thesis
and it is a topic that we have carried out in collaboration with Zhang who has confirmed

this mechanism of intermetallic formation.!’

Sun used chronoamperometry on a variety of surface with and without diluents and found
that the electrodeposition of zinc proceeds under mixed diffusion and kinetic control. The
zinc grain size was about 4-5 um without a diluent but increased when propylene
carbonate was added. Grain size also increased when the temperature was increased.®

These are important observations which will hopefully be addressed in this thesis.

A similar study was performed by Iwagishi who used the Lewis basic Comim Br: ZnBr;
using ethylene glycol as a diluent.!!8 Sharifker-Hills analysis of the chronoamperometric
data suggested progressive nucleation with diffusion controlled growth. The addition of
ethylene glycol increased the reduction current despite the zinc being diluted which shows

that mass transport is important in the rate of metal deposition.
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Abbott et al. used a 1: 2 choline chloride (ChCl): ZnCl; to study the electrodeposition of
zinc.!® This produced relatively large crystallites which were similar in size to those
obtained using EMIMCI: ZnCl>. It was found that high current densities resulted in non-
adherent deposits. The current efficiency for deposition was almost 100 % and the charge
for deposition and stripping were almost equal although it was noted that a layer of
underpotential deposited zinc remained on the surface.

Chlorozincate liquids have also been studied for the deposition of several zinc-based
alloys including Pt-Zn, Zn—Fe, Sn—Zn and Cd-Zn alloys. Zinc alloys, which are not dealt

within this thesis, were recently reviewed by Sun.>’

The changes in zinc morphology with composition, diluents and temperature discussed
above, could be due to changes occurring close to the electrode surface during
electrodeposition. As the chlorozincate anions are reduced chloride anions are released
into the liquid making it Lewis basic.

Zn.Cls +4e — 27Zn + 5CI

which will affect the speciation of the zinc;

ZnoCls+ Cl'— 2ZnCls

The effect will be made worse because the chlorozincate liquids are particularly viscous,
so the diluents will decrease the viscosity and allow the chloride ions to diffuse into the
bulk solution.

Zinc and zinc alloy deposition has been studied in choline chloride based Type 3 eutectics
using ethylene glycol and urea as the HBDs.>® The HBDs were found to affect the
electrochemistry of the metals presumably due to differences in speciation. In urea, the
only zinc containing species is ZnCls” whereas in EG ZnCls", Zn,Cls” and ZnsCl7™ were
detected and this is because urea will act as a far stronger ligand for ZnCls™ than ethylene
glycol. The zinc deposits obtained were different in morphology to each other and
different to that obtained in the Type 1 eutectic (See Table 1.3). The zinc-tin system is of
great importance due to its superior corrosion protection properties. The deposition using
these eutectics was scaled up to pilot scale and used for the electrodeposition onto water
sensitive magnesium alloys and in a barrel plating configuration for coating nuts and

bolts 120, 121
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The HBD also affects the way in which alloys form. VVoltammetry and XRD showed that

when both Zn and Sn were present in the same melt a homogeneous Zn-Sn alloy phase

was formed when urea was used as the HBD whereas ethylene glycol caused separate

zinc and tin phases to form.>®

Table 1.5 Morphologies of zinc deposits obtained from different types of DESs at 25 °C.
Scale bar is 5 pm.

Type SEM Viscosity/ | DES [Zn] / mol dm®
cP
1 72,000 1 ChCl: 2 ZnCl, 8.24
2 18 1 ChClI: 1.5 Zn(NO3),6H,0 4.09
3 200 1 ChCl: 2 Urea 0.30
3 20 1ChCI: 2 EG 0.30
4 46.3 2 PG: 1 Zn(NOs3)2.6H.0 4.63
4 11,340 1 ZnCly: 4 Urea 9.92

Studies of zinc deposition in Type 3 eutectics showed that the adsorption of chloride on

zinc poisons the metals surface and can lead to platelet shaped deposits.?? Strong HBDs
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can complex the chloride ions and these brighten the deposits resulting in nodular grains.
Table 1.5 shows the zinc morphologies obtained from different DESs. The first aim of
this thesis will be to understand the deposition of zinc in these different liquids and

explain how the Lewis acidity of the liquid affects the deposit morphology.

This thesis also deals with pulse plating, so it is important to understand the
electrodissolution process. For zinc, this is almost unstudied. Karim*?® did study the
dissolution of zinc using impedance spectroscopy and voltammetry and found that it was
the easiest metal do dissolve and there were no apparent films formed on the electrode
surface during dissolution which was in contrast to most of the other metals studied. This

finding will be challenged later in this thesis.

1.9  Copper Deposition from ILs and DESs

In comparison to zinc, copper has been studied in far less detail in ionic liquids. This is
partially for the obvious reason that it works so well from aqueous solutions so why study
it in an ionic liquid. Chen and Chang studied the electrodeposition of copper in 1-butyl-
3-methylimidazolium salicylate. They found that copper halides were soluble in them and

they found that the deposit morphology was extremely potential dependent.?*

El-Abedin et al studied Cu'in a [BMP][Tf2N] liquid. Copper salts were found to be poorly
soluble so the copper(l) species was introduced into the liquid by anodic dissolution.
Electrodeposition resulted in nanocrystalline copper with crystallites of about 50 nm in
diameter.1% The same group were also able to deposit highly ordered macroporous copper
films using 1-butyl-3-methylimidazolium dicyanamide with a polystyrene template. The
copper electrodeposited around the polystyrene spheres resulting in an ordered hexagonal
structure with regular interstitial voids once the polymer sphere had been dissolved with
an organic solvent. The deposits resulted in photonic devices where the colour of the film
depended on the size of the voids and the angle at which the material was viewed.%
Brooks et al.%® used a copper bistriflaminde complex with acetonitrile to electrodeposit
copper and got a smooth deposit at a current density of 25 A dm. This was a good method

of overcoming the solubility issues of some copper salts in some ionic liquids.
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Most of the rest of the work was carried out using deep eutectic solvents. Copper
deposition was studied by Abbott et al, in 1 ChCI: 2 urea, and 1 ChCI: 2 ethylene glycol
liquids. It was found that bright deposits could be obtained in both liquids. Composite
materials could also be deposited using SiC and Al,Os particles.'?® Chronoamperometry
at a high copper concentration showed that nucleation occurred through a progressive
mechanism and resulted in a nanostructured deposit. The incorporation of particles was
studied using electrochemical quartz crystal microbalance (EQCM) and it enabled in-situ
measurement of particulate incorporation. The particles formed stable colloids in the ionic
liquid this resulted in an even distribution of the composite particles throughout the

coating.

The electrodeposition of copper and indium were studied in a 1 ChCI: 2 urea eutectic
using InCls and CuCly. The deposition of numerous phases could be seen using cyclic
voltammetry and XRD was used to identify the alloys formed. The intermetallic formed
was thermally annealed with gaseous selenium under pressure to form the intermetallic

CulnSe,.1%

Abbott et al studied the electrodeposition of copper-tin alloys from DESs at room
temperature using EQCM, XRD, SEM and EDX. They found that numerous phases were
deposited, and that the composition of the deposit was dependent on the solution
composition and the current density. The HBD (urea or ethylene glycol) had a significant
effect on the deposit composition. The study also showed that classical aqueous

brighteners for copper deposition were also effective for DESs.*?’
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1.10 Research Aims

This project aims to investigate a fundamentally different process to incorporate metal
onto a substrate. This can be best illustrated by the schematic diagram in Figure 1.5.

. @
Y i
,// . -

Figure 1.5 Traditional plating system is represented in the left which cations are
provided from solution and dissolved anode as well. The process applied in this thesis
aims to provide cations from the powders of target metal desired to be deposited placed
onto substrate.

In traditional aqueous solutions, metal ions from solution are electrodeposited onto the
cathode surface usually using a constant, direct current supply. To maintain the metal ion
concentration in solution a soluble anode is used. If there are no alternative side reactions
such as solvent decomposition, then in principle the overpotential required for deposition
should be relatively small and the process just takes metal from the anode and deposits it
on the cathode. The aim behind the proposed project is to coat the cathode with a fine
powder of the metal to be coated and then to apply potential pulses to the electrode surface

to bring about partial dissolution followed by deposition in between the particle grains.

This, if successful, this should enable the metal powder to be “stuck™ to the electrode
surface and potentially enable metal to be deposited with >100 % current efficiency. For
the purposes of this study, two metals were chosen; zinc and copper. These have
significantly different reduction potentials zinc is reduced at about -1.4 V and copper at -
0.5 V. It was also chosen to try this experiment in DESs because it had a greater possibility

of obtaining high current efficiency than in aqueous solutions.
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Several outcomes were envisaged for this project;

The electrochemistry of zinc and copper will be studied in detail to understand the
reversibility of the dissolution and deposition processes. Recent work in the group has
suggested that the electrodissolution process may not be a trivial solubilisation process

and film formation may be involved.

Both deposition and dissolution of copper and zinc will be studied using a combination
of in-situ 3D microscopy and impedance spectroscopy to look at film formation. Cyclic
voltammetry and chronoamperometry will also be used to determine the reversibility of

the deposition/ dissolution process.

Attempts will be made to demonstrate super-efficient deposition (current efficiency > 100
%) for both metals. Plating experiments well be demonstrated using pulse reverse power
supply as well as DC or AC power supplies This will also be demonstrated as a function
of the metal particle size and the concentration of metal ions in solution. The optimum
conditions of pulse length and size will be determined to let the powder fused on the
electrode.

Finally, attempts will be made to produce composite materials of metallic and non-

metallic particles on the electrode surface.
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Chapter-11
EXPERIMENTAL



2.1  Materials
The chemicals, and pure metals used during the experiments are listed in Table 2.1.

Table 2.1 List of compounds used through to projects. All chemicals were used as

obtained

Compound Abbreviation MW g mol* Purity
Choline chloride (ChCl) HOC2HsN(CHz3)*CI 139.63 Aldrich, >98%
Ethylene glycol (EG) C2H4(OH): 62.07 Aldrich, >99%
Boric Acid H3BO3 61.83 Aldrich, >99%
Zinc chloride ZnCl2 136.30 Aldrich, >99%
Copper(ll) chloride dihydrate CuCl2.2H20 170.48 Aldrich, >99%
Zinc powder Zn 65.39 Aldrich, >99%
Copper powder Cu 65.55 Aldrich, >99%

2.2  Preparation of solutions

The deep eutectic solvents used throughout the projects were mixtures of hydrogen bond
donors with/without metal salts; a) ZnCl, and b) CuCl2.2H,0. Ethylene glycol was used
as the H-bond donor for most experiments. The deep eutectic solvent was prepared by
heating the mixture of the two components at approximately 60°C with continuous
stirring was until a homogeneous liquid formed. In this study, mostly Ethaline 200 was
used. Mixture ratio was 1:2 as one choline chloride and two ethylene glycol at 60 °C ends
up a clear deep eutectic solvent. Boric acid was used as additive in copper depositions to

increase the electroplating efficiency and throwing power during deposition.

2.3 Preparation of the Electrochemical Cells

Various novel cell designs were used for use during the experiments due to the unique
way in which the electrode needed to be coated. Generally, it was important to keep
cathode in the horizontal plane. The cells were designed using Solid Works, Autodesk
software. The files were exported to a 3D printer in STL file format and the cells were
printed using either ABS (acrylonitrile butadiene styrene) or PLA (polylactic acid). ABS
was chosen as it can be used at higher temperatures (c.a. 100 °C) while PLA can only be
used effectively up to 50-60 °C. The printing times depended on the size and complexity
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of the mesh that needed to be drawn but generally did not exceed 3 hours. The cell designs

used are presented in the Appendix section.

A FLASHFORGE Creator 3D printer was used throughout. It has dual extruders with
positioning precision of 2.5 um on the Z axis, 2.5 um on XY plane and a resolution of 10

um. The maximum build volume was 22.3 x 14.5 x 14.5 cm.

2.4  Electrochemical Techniques

Electrochemical techniques are iVt techniques, and are based on controlling the current
by measuring the potential with respect to time or each other. In this study, an Autolab
PGSTAT20 potentiostat (Ecochemie, Holland) controlled by GPES2 software, and
Autolab PGSTAT302N were used for the analysis of cyclic voltammetry,
chronoamperometry, and electrochemical impedance spectroscopy respectively. During
the experiments 1 mm diameter platinum, 1 mm gold, 1 mm copper, and 1 mm zinc disc
electrodes were used as working electrodes. The reference electrode was made up by
immersing a silver wire in a glass tube with a frit tip, and electrode was filled with 0.1 M
AQ/AgCI prepared in 1ChCI: 2EG. The counter electrode was a platinum flag with an
area of 4 cm?. Before starting each experiment, the working electrode was cleaned

mechanically with 0.05-0.3 um alumina powder until a mirror finish was obtained.
2.4.1 Reference Electrodes in RTILs and DES

When a generalized electrode process is considered for a reaction: A + ne — B, in which
B is formed at a suitable electrode as a result of electrolytic conversion of A. The rate of
the reaction is related to the current which is controlled by the magnitude of the electrical
potential applied to the electrode of interest (commonly referred to as the “working
electrode”). The current is directly proportional to the number of electrons transferred,

the electrode area, and the flux of material.!

I' =nFA] Equation 2.1

F is the Faraday constant (96485 C mol™), A is the electrode area, and J is the flux of

species A to the electrode (mol cm st) averaged over its surface. The applied potential
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needs to be reference to a system which has a fixed potential, i.e. one through which
negligible current flows. This is called as reference electrode.? The potential between the
electrode and the electrolytic solution (¢, — ¢s) needs to remain constant and the
potential difference for the reaction Ox +e «> Red is given by the Nernst equation given

in Equation 2.2.2

RT Ared
(du — Ps)ref = a constant — N In Equation 2.2
aox

where R is the universal gas constant, T is the temperature in Kelvin, and areq and aox are

the activities of the reduced and oxidized species, respectively.

The reference electrode against which all standard potentials are determined is based in
the H*/H. redox couple which arbitrarily has a reference potential of 0.00 V. It uses a
platinized platinum electrode immersed in a 1 mol kg* strong acid solution through which
hydrogen gas at 1 bar pressure is bubbled. This redox electrode is difficult to set up and

so the silver/silver chloride and mercury/mercurous chloride redox couples are also used.*

_ + 1 RT szl/2

e” +HY = H,, (P = Ps)rer = A— - In it Equation 2.3
1 ~ | RT

e” + EngClz = Hg + Cl" ,(¢py — Ps)rer = A" — ?lnaa— Equation 2.4
_ - - n_ RT

e” +AgCl=Ag+ (7, (Pu — Ps)rey =47 — - Inac- Equation 2.5

In practice, a third electrode, known as counter or auxiliary, is connected to the
potentiostat to eliminate current passage through the reference electrode (only negligible

amount current will be passed) to complete the circuit.!

Reference electrode is divided three classes in the conventional solvent media.* The first
kind of electrodes is based on a potential determining equilibrium such as Ag* +e" = Ag
or 1/, Cl, + e = CI” between atoms or molecules and their corresponding cations for

cationic electrodes in solution or anionic electrodes with their corresponding anions. The
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second kind of electrodes consist of three phases in which a metal is covered by a layer
of its sparingly soluble salt, and immersed into solution containing the anion of this metal
salt. The Ag/AgCI/CI™ and Hg/HgCl,/CI™ electrodes are examples. The third kind of
electrodes are known as redox electrodes in which an inert, non-reactive metal such as
platinum or gold, is immersed in a solution containing both species contributing to a redox
couple of the electrolyte. For example, benzoquinone in water, BQ + 2e” +2 H" = H2Q,
where BQ is benzoquinone and H2Q is hydroquinone or, in acetonitrile, CpoFe+ + e =

CpzFe, where CpzFe is ferrocene and CpzFe* the ferrocenium cation.?

According to the Butler’s suggestion,® a satisfactory reference electrode must follow one

of the given properties.

e RE should have a potential stable with time.

e RE should return to the same potential after polarization.

e RE should obey the Nernst equation with respect to some species in the
electrolyte.

e RE’s solid phase must not be appreciably soluble in the case of using second kind

reference electrode.

Maintaining a stable potential with time is particularly important as it is also critical
condition to sustain stable potential after a polarization, and having an insoluble solid
phase. Thus, a satisfactory reference electrode needs not only to have a stable potential
with time, but it should also have fast electrode kinetics to establish the potential
determining equilibrium. While exchange current densities for metal-solution interfaces
cover the range 10 to 108 A cm the range of reference electrodes is normally much

more restricted.!

2.4.1.1 Pseudo-reference Electrodes

Butler states that “If one is not too critical, many metal electrodes show relatively stable
potentials in various electrolyte solutions”.> Accordingly, ‘pseudo reference’ electrode,
also commonly known as ‘quasi reference electrodes’ have been used in many
voltammetric studies. It is basically a metal wire, commonly silver or platinum which is
immersed in the solution and it is expected to sustain a constant potential throughout the

voltammetric experiment. This expectation may be realistic if the composition of the bulk
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solution is essentially constant during the period of experiments as Bard and Faulkner
pointed out.> When a pseudo-reference electrode is used, its actual potential should be
calibrated by measuring formal potential of an electrochemically reversible couple.® One
of the IUPAC recommended couple is the use of ferrocene/ferrocenium, Cp2Fe/CpaFe*.’
In the experimental practice, selected couple voltammogram against the pseudo reference
electrode, metal wire, is recorded that of species of interest in the same medium.

2.4.1.2 Reference Electrode Choice

Throughout this thesis a Ag/AgCI (0.01M) in 1 ChCl: 2EG reference electrode was used.
This was found to give a stable potential. The only issue with this reference electrode is
that the glass frit has a relatively high resistance and can produce artefacts when large
currents are used. In one experiment a Ag wire pseudo-reference was used. This was
found to have a reference potential of approximately 130 mV more positive of Ag/AgCl.
Hartley showed that that the Ag/Ag* couple behaved in a Nenstian manner in 1 ChCI:
2EG in the concentration range 10 to 0.1 mol kg™.2 Given that each order of magnitude
change in the activity of silver corresponds to a shift in redox potential of approximately
60 mV at ambient temperature then this corresponds to an effective concentration of 10

to 10° mol kg which would see appropriate.

2.4.2 Cyclic Voltammetry

Cyclic voltammetry is one of the most commonly applied electrochemical measurement
techniques. A standard electrochemical cell requires three-electrodes; a working electrode
(WE), counter electrode (CE), and reference electrode (RE) placed in electrolyte solution.
In a standard CV measurement, the potential is cycled from the starting potential to the
upper limit, then down to the lower limit and generally back to the starting potential. This
is generally carried out at a steady scan rate (v / Vs?). This is shown schematically in
Figure 2.1 (a). A potentiostat is used to apply the potential to the working electrode, WE
with respect to the reference electrode (RE). While the potential is swept at a steady scan
rate between WE and RE the current flow between the WE and CE is measured. The
current is presented as a function of potential I(E). This so-called cyclic voltammogram
can provide information about the mechanism of the reaction, the rate of reaction, and the
process of adsorption.® ¥ Cyclic voltammetry is carried out in a solution of high ionic
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strength to suppress the migration of ions and ensure that diffusion is the main mechanism
of mass transport. The experiments are also generally carried out at a relatively low

concentration of electroactive species to ensure that diffusion dominates mass transport.

a)

Switching Potential

) I/ Ay At

Figure 2.1 a) potential-time profile for a cyclic voltammogram b) CV of a reversible
process which is under diffusion control, ¢) CV of an immobilized redox couple in a
diffusionless system.

Figure 2.1 shows the CV responses expected for a reversible electron transfer process of
a soluble species where mass transport is controlled (Figure 2.1, b). It also shows the
response expected for an electron transfer process when the electroactive species is
confined to the electrode surface (Figure 2.1, ¢). The forward sweep is continued until
the pre-programmed potential value, when the sweep direction is reversed. Cycles can be
partial, full, or repetitive depending on the nature of the experiment. Cyclic
voltammogram of a reversible process is shown in Figure 2.1, b. E; is the initial potential
value of the electrode, and it is lower than the E® in which non-Faradic currents flow until
Ei approaches E°. Once E; is close to E°, oxidation of the reagent begins at the electrode,
and the current increases exponentially until the concentration of reduced species
approaches zero close to the electrode. Following this, electrochemical consumption of
the reduced species becomes limited by mass transfer and diffusion governs the

voltammetric response. A similar process occurs during the reverse potential sweep.
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There are several factors affecting the electrode reaction rate and current, such as rate of
the electron transfer at the electrode surface, rate of the mass transfer of species between
the bulk solution and electrode surface, homogenous/heterogeneous chemical reactions,

and further surface processes: electrodeposition, adsorption/desorption.

Cyclic voltammogram responses can be different depending on the reversibility of the
redox processes. In a reversible electron transfer system, the voltammogram given in
Figure 2.1 (b), should have the following characteristics:

The potential difference between the peak currents should be as given in Equation 2.6.

59
AE = Epq = Epc = — (mV) Equation 2.6

The ratio of peak currents should be equal to 1 as given in Equation 2.7.

i
<.p—a = 1> Equation 2.7
lpc

Peak currents should be proportional to the square root of the scan rate in Equation 2.8.
I, <+ Equation 2.8

If the electrochemical reaction taking place is fully reversible, electron transfer is faster
than the rate of mass transport. Thus, the general control mechanism of the system is

diffusion.

The Nernst equation is given in Equation 2.9 describes the relation formal potential and
cell potential by accounting temperature and concentration of species.

RT C
AE = E% + —In—=

Equation 2.9
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If the electron transfer rate is slower than the mass transport rate, system becomes
irreversible, and the shape of the cyclic voltammogram changes. In this kind of system,
consumed current requires a greater driving force i.e. a greater potential for the driving
force in an unstirred system is the potential gradient. As a result, hysteresis (increases in

peak separation values) can be observed with increasing scan rate.

In the case of metal electroplating, it is possible to use Faraday’s Law to calculate the
theoretical mass (m) of metal plated. Then, the thickness, T, of the deposit can be

calculated knowing the density of the material by Equation 2.10.

_ItA . m
m_nF " rhoS

Equation 2.10

Rate of the electrochemical deposition in microns per minute can be calculated using the
current, atomic mass of the coated metal, surface area of the coated electrode, and density
of the coated metal in grams for per cubic centimetre as given in Equation 2.11.

14600000

= Equation 2.11
nFrhoS

In Equation 2.10 and Equation 2.11, m = mass of plated metal, | = current, t = time, A =
molar mass of the metal, n = valence of the dissolved metal, F = Faraday's constant, T =

thickness, rho = density, S = surface area, and r = plating rate.

2.4.3 Chronoamperometry and Chronocoulometry

Chronoamperometry and Chronocoulometry are two sub class of potential step
experiments performed for various purposes. Chronoamperometry measures the rate of
reaction, and this enables the diffusion coefficient as well as the current efficiency to be
calculated. Chronocoulometry is much more sophisticated than chronoamperometry, and
it is initially devised to work on species adsorbed on the surface of working electrode.

Chronoamperometry is a powerful method for quantitative analysis of a nucleation
process. By using chronoamperometry, it is possible to obtain various information about

the nucleation and growth mechanism (see appendix).
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For a reduction reaction, when an electrode is immersed into a solution which contains
oxidised form of the redox couple with an initial concentration Co, the electrode potential
will be stepped from E1 which is more positive than E%’to E, which is more negative than
E?. It is also assumed that the fluxes of species to the electrode is only controlled by
diffusion. Initial time is represented as to, and proceeding times are represented as ty, to, t3
etc. In a metal deposition process which is represented in Figure 2.2, metallic ions in the
vicinity of the electrode will be immediately plated onto the electrode surface once the
potential is shifted to E.. During deposition on the electrode, the metallic ion
concentration will be reduced to zero from its initial bulk concentration, and this leads to
a decrease in concentration gradient of metallic ions at a given distance from the electrode
as the time increases. The longer the electrode stays at the E2 value means the further
away from the electrode the region depleted of cations extend, and this layer called

diffusion layer.
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Figure 2.2 Concentration-distance profile as a function of time for a potential step
experiment.

In chronoamperometry, the current is measured with respect to time as a result of the
potential pulse. The capacitive and Faradic currents dominate the signal at different time
scales. For instance, capacitive currents are proportional to eVR¢ so dominate at short time
lengths, and for longer time periods, diffusion is limited, and the Faradic current
dominates as it is proportional to t*2. The Faradic current is directly related to the
concentration gradient, 0Ci/0x, in a diffusion controlled system. According to the Nernst
equation, it is required to have 118 mV more negative potential value than the E’ in order
to reduce 1/100" of the oxidised species at any potential. Chronoamperometry

experiments are mostly performed in a single step.
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The Cottrell equation given in Equation 2.12 is commonly applied with
chronoamperometry for a reversible electron transfer process where both the reagent and
product are soluble in solution. The current should be proportional to t*/2. These data can

be used to determine the diffusion coefficient for a species in solution.

_ MFAC,D,?

j, = —— 070 Equation 2.12
t T1/2¢1/2

where, Dy is the diffusion constant at infinite dilution.

2.4.4 Pulse Reverse Electrodeposition

In electrodeposition, control of nucleation and growth is important to control the
morphology of the deposit. Pulsing the electrode potential can be used to control the
density of grains on the electrode surface. Thus, it is possible to obtain much finer finishes

than with DC power supplies.!

There are different types of pulse modulations accessible with these plating units as
showed in Figure 2.3. Each modulation can be applied individually or as mixed forms of
each for given time. However, mixing the types increases the complexity, and hence,
understanding of the phenomenon for each specific study becomes enormously difficult

due to increased entries with complex variations to the system.

One advantage of using PED is to be able to discharge a charged layer on the substrate
during either Torr or short, and sudden change of the direction of current flow during
electrodeposition. Continuously charging a layer of an ongoing deposition generally
prevents to reach optimum transfer speed of the species in DC plating systems, and hence,
the low density of grain formation likely to be observed.!' There is a diffusion
phenomenon on the target plating surface, and the migration of metal ions are related the

current density of the region on cathode.
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Figure 2.3 Different types of pulse modulation: PAM = pulse amplitude modulation,
PDM = pulse density modulation, PPM = pulse position modulation and PCM = pulse
code modulation.

For this reason, in normal DC plating, depletion of ions is occurred due to locally
observed high current density which results in non-even distribution of grain formation.
On the other hand, using the PED these local high current density regions can be relaxed
and filled with metal ions during the Torr period. When Ton turned back, available ions
will be separated as uniform onto surface onto whole plating area. By doing so; evenly
distribution, good final finish, and required porosity can be obtained without mixing the

additives as normally required in many applications of DC plating.*

Another type of pulse electrodeposition known as pulse reverse current (PRC). PRC can
create different sign of the current in millisecond timescale, and so; the change in
direction of the current flow is occurred by polarization change. The advantage of this
system to its relatives (PED) is the ability of the dissolution of protrusions on the plated
surface by polarization change in short time scale. The time scale of course will be
depending on the physical properties of solutions. For example, it requires longer times
for viscous mediums. If the time for dissolution on plated metal is kept too long, the
process becomes slower with lower efficiency due to extra time required to refill the lost
part in the reverse current period. There is not an available perfect deposition model for
ionic liquid based electrochemical deposition, and the introduction of pulse systems make
it much harder to standardize a model due to introducing different variations to the whole
system which make the things completely different from DC, such as long Torr time may
cause the loss of charged layer on the cathode for a cathodic deposition, or the reverse

current can cause a new formation of layer on the anode in a cathodic deposition.*!
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As it is known, the potential E appears in cyclic voltammetry or any other electrochemical
application is the function of transform of metal ions to metal solid deposited on the plate
(M?/M) which comes from the Nernst equation.!! This diffusion model has been changed
in the PED due to availability of the metal ions along with relaxation of the charged
layer.!? 13 In general, pulse plating may decrease the required amount of additive up to
60%. This may the reason of the notable increase possibility on the limiting current due

to replacement of metal ions during the period of Torr '

Electrical Double Layer in Pulse Systems

EDL (electrical double layer) is formed following the change in potential to balance the
change in charge on the electrode surface. Pulse peak current, Ip, is made of two
constituents; the capacitive current, Ip and the Faradaic current, Ir. The capacitive current
charges the double layer while Faradaic current, Ir, corresponds to the rate of electron
transfer. In a pulsed experiment where the current is controlled there will be a lag in the
Faradaic current while the electrode is charged.'® This process has been studied for copper
deposition from CuSOg4 in a 1 M H>SO4 solution. Figure 2.4 shows that the peak current
drops asymptotically to zero after the charge, tc, and discharge, tq periods are completed.
When the current pulse is switched off or changed in polarity then the current does not
immediately fall to zero due to capacitative decay. The time taken for the current to fall
t0 99% of its peak value can be set as the defining point for the tc point. Value for charging
and discharging time depend on the medium properties such as the conductivity, and

viscosity.

Faradic current, I;
Pulse peak current I,

lT_.t

o LN P A

Figure 2.4 The influence of the capacitance of the electrical double layer for medium

effect.?®

In the experiments performed with deep eutectic solvents, it was found that standard pulse
conditions were different from those in aqueous solutions! 1> due to increased viscosity

.., the charging and discharging times were higher than in water.
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Mass Transport in Pulsed Systems

An important limiting factor in the metal deposition rate is mass transport. Mass transport
can also impact the deposit morphology. In a pulse experiment the pulse limiting current,
I, will affect the mass transport of the electroactive species to the electrode surface. The
value of I depends on the solution resistance, the liquid viscosity, the double layer
capacitance and applied current ON time, Ton. The value of Ton should be sufficiently
short to supply current below the limiting current, but also sufficiently long to fully charge
the double layer and start the diffusion of the electroactive species to the working
electrode. A study completed to analyse the limiting current densities in pulse and DC
plating for copper deposition defined useful parameter space in terms of two
dimensionless number Nm and Np representing the steady state, DC, and transient, pulse,
mass transfer limitations.®® Ny = iafic and Nm = ip/ipi, where ia and i, are average and peak
currents for DC and pulse systems, ipLand im, are the limiting current densities for pulse
and DC systems respectively.!” The value of pulse the pulse current, lp., might far exceed
DC limiting current density, 1c.'® To obtain compact non-dendritic deposits, the

conditions should be Ia/lc < 1and Ip/lL < 1.1

In DC plating, the deposit may be powdery if the applied current density is close to the
limiting current density, lc. Therefore, keeping the applied current density at 10-20% of
Ic is recommended. However, in PED, applied current densities can be close to the
limiting current density and still result with smooth deposits by keeping the pulsating
diffusion layer very small. In PRC, preferential redissolution of dendrites is observed by

applying short anodic pulses between cathodic pulses.!

2.4.5 Electrochemical Impedance Spectroscopy
Ohm’s law defines the resistance in terms of a ratio between voltage, E, and current, [;

R = T Equation 2.13

However, Ohm’s law of resistance is limited for only circuit element, and it follows some

fundamentals to be valid as given below;

. All currents and voltages remain in ratio,
. Resistance, R, is independent from frequency,
. A.C current and voltage signals are in phase with each other.
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When we consider the electrochemistry, resistance term turns into “impedance”, and it is
a measure of the ability of an electrochemical cell to resist the flow of electrical current,
but it does not simply follow the rule of Ohm’s law. Basically, the term “voltage and

current are in phase is each other” is cancelled as schematically shown in Figure 2.5.

This sinusoidal excitation signal can be written as a function of time as given in Equation
2.14.

E, = Eysin(wt) Equation 2.14

In this equation, w is known as radial or angular frequency which is a scalar measure of
rotation rate. Radial frequency refers to angular displacement per second (unit time) in
rotation or the rate of change of the phase created by the difference of sinusoidal

waveforms of potential and current signal outputs.

It is a sinusoidal excitation potential

A.C potential applied (typically 10 mV) |/

A.C current obtained as response
In the same sinusoidal trend /}\ /
A phase shift, ¢, 0

Figure 2.5 In impedance systems, in a linear or pseudo-linear system, the current
output to a sinusoidal potential will be a sinusoidal response at the same frequency but

shift in ¢ (phase).

One revolution is equal to 2n radians, and thus, w= 2 n/T= 2 =nf. In a linear system,
response of I(t) shifts at certain phase ¢ value, and it has different aptitude than Io. The

value of It is given in Equation 2.15.

I; = Iysin(wt + @) Equation 2.15
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Then, if an analogue is made for impedance by following the way of Ohm, Equation 2.16

is obtained.

P E; B Eysin(wt) _s sin(wt) Equation 2.16
I, Iysin(wt+¢)  “Osin(wt + ¢) f '

Thus, impedance now expressed in terms of a magnitude Z,, and phase shift, ¢. If a plot

is drawn by using the numerator, and denominator of the Z as “y”, and “x” axis, we obtain

an oval shape which is known as Lissajous figure as shown in Figure 2.6.

As it is seen, the change in current and potential is demonstrated in differential change,
and the function e™ helps for simplifying solutions even if the final answer is a real

function evolving sine and cosine.

I, =1, sin (ot +¢)
A

=,
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Figure 2.6 Demonstration of obtaining Lissajous figure is shown.

In signal processing, signals vary periodically over time, and are often described as a
combination of sinusoidal functions (Fourier analysis), and these are easy to express as a
sum of exponential functions with imaginary exponents driven from Euler’s formula

given in Equation 2.17.

e = cosx + isinx Equation 2.17

Now, by using relation given in Equation 2.17, phase shift can be written with Euler’s

formula by assuming that “j” as an imaginary part as given in Equation 2.18.
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e/? = cosg + jsing Equation 2.18

If impedance is expressed as a complex function by applying Euler’s relation to the

potential, and current at time, t, another Equation 2.19 is obtained.

Et = Eo.ejwt and It = lo.ejwt-¢ _
Equation 2.19
Z(w) = E/l =Zo.ejo = Zo.(coso + j.sin@)

As it is applied to obtain Lissajous figure, if the values of real part, Zo.j.sing, are placed

to the “y” axis, and values of imaginary part, Zo.cos¢ are placed to the “x” axis, Nyquist

plot given in Figure 2.7 obtained as shown below.

Z,.J.5inO
A

Each point : one frequency
A

Z,.c050
Figure 2.7 Nyquist plot with impedance vector

In the Nyquist plot, frequency increased from left to right. Impedance for each frequency
can be presented as a vector quantity, |Z|. The angle between each frequency point and
real part axis known as phase angle. The argument of impedance or any complex number
create the phase angle, and it is mainly demonstrating the difference between real and
imaginary parts in impedance. While Nyquist plot helps to find specific frequency of a
data point, it does not tell the existent relation between the data plot and frequency.

EIS can be used for many different purposes in various atmospheres from liquid to solid
measurements. Resistance is the fundamental concept of EIS. Also, it is not wrong to say
that there is no liquid medium with zero resistance, and so EIS turns into an important
technique for electrochemistry. EIS can give quite useful data to analyse solid state

semiconductors as well. The use of EIS makes it possible to analyse mechanisms of
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electrochemical reactions by taking the advantage of existence of resistance. For example,
formation of passivating layers on the electrode surface can be observed in the equivalent
circuit. Depending on the obtained data, diffusion mechanisms can be studied by Warburg

impedance analysis.

2.4.6 Electrochemical Quartz Crystal Microbalance

Hewlett Packard 87512A transmission/ reflectance unit was used during the experiment.
Experimental setup consists a 50 Q coaxial cable, an AT-cut polished quartz crystal (10
MHz), RE, CE, potentiostat. Throughout the experiment HP VEE program was used
connected to network analyser for recovering the temporal resolution by recording the

admittance spectra every 2-3 sec.

In a brief description, the electrochemical quartz crystal microbalance (EQCM) is based
on piezoelectric effect which is occurring on the crystal itself in the presence of
alternating voltage applied to the two side of electrodes carries AT-cut crystal between
them. While on side of the crystal is in touch with the solution and works as WE, other
side of the crystal was exposed to the air.X® Mechanical oscillation takes place within the
crystal lattice itself, but also creates certain frequency of vibration (10 MHz in our case)
onto the touched electrode which can be various metals, such as platinum, gold, titanium,
chromium, copper. When the deposition takes the place onto the part of the crystal which
is used as working electrode, resonant frequency decrease with loaded mass due to carried
current and so deposition occurs via redox reaction with current flow. The change in the
frequency of the crystal face can be determined quantitatively, ant it is proportional to
mass change onto crystal surface.?’ Organized experimental setup allows to make in-situ
studies by monitoring change of mass during redox switching onto the surface of quartz
crystal electrode in real time. EQCM allows the measurement of mass changes up to 10
° g cm. The change in amount of electroactive species loaded onto crystal surface can

be determined by the combination of QCM and electrochemistry techniques.

Throughout the experiment, 10MHz AT-cut quartz crystal obtained by International
Crystal Manufacturing Co., Oklahoma City, USA. Crystal has 0.211 cm? active area, and
deposited with 900 A polished platinum in vacuum conditions. Basically, quartz crystal
has two side, and EQCM measures the each quartz vibration in which one exposed to the
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air, and other side exposed to the solution for electrochemical purposes. Due to magnitude
of the frequency, it has a great sensitivity to change in mass immersed in electroactive
solution. Thus, it is possible to calculate amount of deposited species to the electrode
surface of the QCM. EQCM/QCM will be given in much more detail with visual
explanations in the electrochemical fundamentals chapter. A few articles were selected to
give detailed information about the working mechanism of these techniques. Although
selected articles are not directly related metal depositions onto crystals, they have
extensive language along with detailed quantitative explanations which helps to

understand how useful, and applicable techniques they are in general electrochemistry.

2.5  Non-Electrochemical Techniques

2.5.1 Spectroscopic Techniques

Information of surface coatings of deposited cathodes at the atomic and molecular level
in response to electrochemical stimuli can be extracted by conventional spectroscopic
techniques. One of the most common spectroscopic technique is Ultraviolet-visible (UV-
vis) absorbance. This technique was applied in a part of thesis.

2.5.2 Surface Imaging Techniques

The study of topographic and morphological properties of coated metals on different
substrates can be studied by these techniques for acquiring data about deposition
mechanisms as well as local structure changes. The most common applied surface
imaging techniques: scanning electron microscopy and 3D optical profiler will be
described in this section.

2.5.3 Scanning Electron Microscopy

Phillips XL30 ESEM instrument was used to image the surface morphology.
Measurements were performed with accelerating voltage between 15 keV and 20 keV,

which supports an average beam current of ca. 120 pA.
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SEM uses electrons for surface imaging and all measurements are performed in a vacuum.
The advantage of using electron beam for visualization is that surfaces can be viewed
with a higher resolution that using visible light. Figure 2.8 shows a schematic
representation of the SEM set up. Electrons are generated from an electron gun called a
thermionic gun through a positively charged anode. The positively charged anode pushes
the electrons through a series of condenser lenses (which are ring- shaped electromagnets)
to adjust the direction of the electrons, and concentrate them on to the specimen. Due to
increase in astigmatism by non-uniform magnetic field, Stigmator is installed.?! 2
Stigmator performs to reduce astigmatism of the beam by imposing a weak electric or
magnetic quadrupole field on the electron beam in a spherical coordinate system. There
are two detectors: one is positively charged and responsible to get signal from secondary
electrons and backscattered electrons, and the other works as an X-ray detector.
Secondary electrons released to the detector from atoms which absorb the energy
(electrons) by releasing their own electron from K, L, or M shell of the atom. However,
backscattered electrons are the electrons reflected from surface. They are not the electrons
released by impact from electrons emitted by thermion gun. In the case of insufficient
signal release to the scattering electron sensor for some surface constituents,
backscattering sensor can be useful for obtaining higher resolutions. X-ray detector
supports data for the quantitative analysis of the elements found on the surface, and it is
called as EDX analysis. Secondary and backscattered electrons are the most commonly
used electrons to obtain images of samples. By using SEM, it is possible to obtain

morphology, chemical compositions, and crystalline structure of the samples.
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Figure 2.8 A schematic demonstration of SEM

2.5.4 3D Optical Profiler

A Zeta instruments branded as Zeta-20 optical profiler using Zeta3D software
version 1.8.5 was applied to create a 3-D colour image of the surface. The profiler
carries a fully integrated microscope unit which provides 3D imaging and metrology
capability in a single cost and space effective design. One of the most important
property of the unit is to gaining surface image and data with quite low reflectivity,
and very high roughness as well. The device is versatile, and capable of analysing
different size features on samples of various types which cover smooth to rough,
very low to very high reflectivity, transparent to opaque, single layer to multilayer,
sub-nm to mm. Zeta optic modules performs to calculate accurate pixel data of
adjusted sample position on X, Y, and Z directions. This data is used to obtain 3D
true colour images, and 2D composite images of sample. These images are obtained
with a protracted depth of focus resulted with clear wide surface image. The
software of the Zeta-20 optical profiler can be used to calculate surface roughness
along with dimensions, and so the volume. For instance, it is possible to calculate
volume loss after a ball-friction test. To have reasonable data, two height set points
are required to be adjusted by software. The first height the lowest surface height,
and the second one the highest surface height, thereafter profiler scan each step
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separately, and put one each other. Each step is the equal distance across the
measurement height, divided by user preference. For example, if 1 um height will
be scanned for a 200 step sizes, each step will be 1/200 um. Step sizes can be
200,400,600 and 1000. However, most measurements are performed at 200 step
sizes. The highest magnification is 100X with Zeta-20 placed in material centre lab.

However, it can be increased with 150X, and 200X optical magnifier Kits.

2.5.5 X-ray Diffraction

Throughout the experiments, Phillips model PW 1730 X-ray generator was used.
Machine set up carries a PW 1716 diffractometer, and PW 1050/25 detector. The
X-ray tube was a long fine focus Cu anode with Ni Ka filtered radiation. Analysis
were generally performed at 40 KV, and 30 mA. Surface scanned with 15° and 110°
20 with a step size of 0.02° 260. Synthetic Si sintered standard was used for angle

calibration purposes.

X-rays with energies between 100 eV and 10 MeV are classified as electromagnetic
waves. The difference of X-rays than the radio ways or gamma, and light rays is the
wavelength, and energy. While visible light has wavelength 400-700 nm, X-rays

have wavelengths 40-400 pm. X-ray waves are in the range of 10 to the 103 nm.

X-ray diffraction (XRD) is one of the most useful techniques for characterization.
It is a powerful and non-destructive technique for characterizing the crystalline
materials due to ability to gain data about phases, structures, preferred crystal
orientations, and other structural parameters, such as crystallinity, average grain
size, strain, and crystal defects. The way of X-ray production peaks is to collect
constructive interference data of a monochromatic beam of scattered X-rays at
specific angles from each set of lattice planes in a sample. Distribution of the atoms
within the lattice generates peak intensity data.?* As a result, X-ray diffraction
pattern becomes a finger print pattern of the periodic atom arrangements in a given
material. German physics Max von Laue and Co. discovered that crystalline
substances responses to the X-rays as three-dimensional gratings for applied
wavelengths in a crystal lattice of an element in 1912.%° The idea that was taken a

solid in crystalline structure it has lots of planes of atoms, and use each plane of
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atom as kind of a slit. Briefly, Laue took an X-ray tube applied high voltage to
produce X-rays, and condense them by using a lead slit with a narrow hole in which
X-rays cannot pass throughout the lead slit except pre-opened small hole. Then, the
condensed beam of X-rays hit the crystal solid. The pattern of scattering of
crystalline solid creates an interesting pattern ray of dots, constructive interference
of scattered X-rays (X-ray diffraction) on photographic plate. Thereafter,
formulation of constructed interference, and its utilization for diagnosing the
structure of crystal lattices was published by English scientist, William Bragg.?® The
background information of Bragg’s theory is given in Figure 2.9. Incident X-rays
comes into the lattice, and scattering from different planes of a crystal lattice. Each
dot represents an atom of a lattice. Figure 2.9 shows very regular ray of pattern, and
there can be various patterns of different kinds of crystals, such as cubic crystals,
tetragonal crystals, and hexagonal crystals. There are planes of atoms. These atoms
found in the lattice structure are hit by electronic waves, and reflecting out of
different planes. Once the electric light waves strike any of these planes, they can
reflect all different planes of the lattice. The rays come to lattice in some angle, and
they reflect out with the same angle due to the law of reflection. A ray scatters out
from the second plane of atoms should proceed extra distance to reflect shown as
orange arrow shown in Figure 2.9, and the ray must come back that extra distance
to catch up with the ray that reflected out from the first plane of atoms. The detector
gets the rays of signal which are the superposition of all raised rays that reflected,
and come back out from the crystal. As a result, a right triangle shape can be defined
as the rays coming in and reflecting out are the parallel rays to each other. The
hypotenuse of right triangle is the distance, d between the atoms, and the
perpendicular projection shows the distance of coming rays. The length of orange
arrow of the right triangle shows the extra path the lower light of electric wave

proceeded.
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Figure 2.9 Schematic presentation of Braggs law

In conclusion, dsin® shows the distance that second wave must travel, and 2dsin0 is
the total path of the ray which travels extra to catch up the first wave. Constructive
interference can be obtainable if the extra path difference ends of being a multiple
of the wavelength, (nd). In this case, ni will be equal to 2 dsiz8, which defines the

Bragg law given in Equation 2.20.

2d sind = ni Equation 2.20

2.6 Electrodeposition Devices

Throughout the study various electrodeposition devices were used. In a basic description.
These devices have two power output in which one works as anode, another one is
cathode. While AC/DC power supplies allow the user to change potential and current
values, Pulse reverse electrodeposition devices are capable to change the duration of the

current applied onto cathode in milliseconds.

2.6.1 AC/DC Power Supply

TTI EX355R model with 35 Volt, and 5 Ampere maximum outputs power supply was

used during the experiments. It has a resolution of current up to 10 mA.
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2.6.2 Pulse Reverse Electrodeposition

The device was supplied from the Plating Electronics Company with model number of
pe86ch. During the experiment, pulse reverse power supply was one of the most applied
device due to purpose of main study. Pe86cb can create complex waveforms by
performing a constant current regulation with the inaccuracy level less than 0.5 %. Pe86ch
Is a microprocessor controlled unit provides 3 A effective current, 9 A forward-backward
pulse current, and 20 V effective voltage.

Pulse electrodeposition based on the change in flow-direction of current in time with

respect to zero point. By using this technique, it is possible to apply different current
amplitudes with different direction and periods as repetitive cycles.
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Chapter Il
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3.1 Introduction

This thesis aims to study a novel method for copper and zinc deposition using deep
eutectic solvents. While these metals have been studied in-depth in these liquids it became
apparent during subsequent studies that the previously assumed simple mechanism of
metal deposition and dissolution was an over-simplification. The information gathered in
this chapter, in fact, was obtained at the end of the project but it helps to explain the work

presented in chapters 4 and 5.

An important part of this thesis is the use of pulse plating to dissolve and the redeposit
the metal onto the surface. Although electrodeposition processes have been studied in
detail in deep eutectic solvents, not much work has been carried out to investigate the
anodic dissolution process. To date it was assumed that electrodeposition occurs as a
simple electron transfer and nucleation/growth process. The presence of films on the
electrode surface has previously been largely ignored.

A recent study has shown that films do form on the electrode surface during electro-
dissolution of the electrode in DESs.! To some extent this is not surprising since anodic
processes in aqueous solutions commonly end up in electrolyte breakdown and the
formation of surface films but it was felt that the high chloride concentration in DESs
might circumvent this. Ultimately it was shown that the film formation in DESs was due
to insoluble chloride films and this will be discussed in greater depth in this chapter. Film
formation is important as it can control mass transport, electron transfer, surface

morphology as well as the throwing power of the cell.?

3.1.1 Passivation

Passivation is observed especially during anodic dissolution processes, and it is an
important characteristic of some metals. The subject is very important for

micromachining, electropolishing, batteries, and corrosion.

Pulse reverse deposition has been studied intensively, particularly where powdery
deposits are obtained, as a method to acquire dense deposits.>*2. By using a pulsed power

supply in a deposition process, it is possible to increase the current efficiency as well as
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change the morphology of the deposit as will be shown in chapter 3 and 4. However,
passivation plays a vital role to explain phenomena encountered in other chapters, and

thus, it is explained in this chapter.

The growth and dissolution of films depend upon the medium, pulse time and magnitude
of the current pulse. In aqueous solutions, the growth and dissolution of films is critically
pH dependent as this controls the oxide and hydroxide films which form on metal
surfaces. Throughout the studies, speciation of various metal ligand systems have been
characterized in aqueous solutions using Pourbaix diagrams which show the most stable
phase which forms as a function of pH and potential.* Pourbaix diagrams characterise
the species as being immune, passive or corroding. An example of a Pourbaix diagram is

shown in Figure 3.1.

1.6 + 1
124+ TTe-l -
0.8+ ~-a -

0.4 + 712+ ~—_  +

Eh/V
/

-0.8 + -4__  +

-1.2 t t t f

Figure 3.1 Pourbaix diagram for zinc in aqueous solutions. Blue dashed lines show the
potential for the hydrogen evolution process (lower) and oxygen reduction process

(upper).
While these diagrams are useful in predicting species that form there are some limitations
associated with their use; they provide no kinetic information about the
corrosion/dissolution process, they are only derived for pure metals under standard
condition assuming a metal ion concentration of 10 mol dm™. They also make no
assumptions about where the passive film forms and whether it is electrically insulating

or conducting and tend to only be well defined for H" and OH" ions. No Pourbaix
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diagrams exist for non-aqueous solutions due to the lack of information about

thermodynamic parameters or the meaning of pH in aprotic media.

3.1.2 Oxidation Mechanisms in Aqueous Solutions

There are two main oxidation mechanisms in aqueous solutions; the duplex salt

mechanism, and the adsorbate-acceptor mechanisms.

The duplex salt mechanism assumes a compact but porous film forms on the electrode
surface. It was originally proposed by Grimm et al. and is shown schematically in Figure
3.2.1

precipitation dissolution

AN »

FeCl,
oxidation : Cl  (migration)
Fe > Fet2+2e" Fet2 [N g — = — = — == -\- - Coat
“u —-
solid-state
migration :i//j
(diffusion) Cl

AN

Reference

Chulk

A A, 5
compact porous diffusion
dielectric film layer

film

Figure 3.2 Schematic representation of duplex salt film model.*

This model, assumes 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. It is usually assumed that there is no movement of anion or ligand through the
dense layer which is typically about 10 nm thick and most the observed potential drop
occurs across to this layer. It is assumed that the film formed has a constant thickness and
that the precipitation and dissolution steps occur at a constant rate. The diffusion of cations
through the compact dielectric film occurs at the same rate as the rate of anions diffusing
through the porous film. The film thickness controls the potential drop across the film. The

porous film is 100 to 1000 times thicker than the dense layer and is filled with electrolyte
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whose concentration is thought to be constant. The metal dissolution Kinetics are limited
by metal ion mobility in most cases.*®

The other mechanism is called as adsorbate-acceptor mechanism which assumes a
constant rate of anodic dissolution. The model assumes that acceptors (ligands) solubilise
in the bulk electrolyte region and adsorb on the electrode surface ready to react with the
dissolving metal. The dissolution rate is limited by the amount of acceptor in solution
which can complex the metal ion. A concentration gradient of both the acceptor and the
acceptor metal complex are set up across the diffusion layer. No thick film forms on the
electrode surface in this model.!® 17 Therefore, mass transport in the electrolyte comes
solely from solvated cations as shown schematically in Figure 3.3. The rate of anodic
dissolution decreases with increasing surface coverage by the ligand from the bulk

electrolyte region.

solvation
M+ A—MA "

/

Reference electrode

—Ca bulk /

oxidation

=N -
M adst Z€

7 o U
>

5
%
2

"""" Cua, bulk
A o
di ) ) M: metal
adsorbate diffusion A:H,0
double layer

layer

Figure 3.3 Schematic representation of the adsorbate-acceptor model

The adsorption of ions on the electrode surface, can change the potential for metal

dissolution which is often increased to overcome the blocking effect of adsorbed ions.’

In addition to differences in the structure of films formed at the electrode surface. It
should also be noted that the double layer structure at the electrode-solution interface will
also be significantly different in an ionic liquid to an aqueous solution. The double layer

has received significant study recently. A review by Alam et al. summarises some ideas
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of the topic.!® In aqueous solutions the electrode charge is compensated by a strongly
bound layer of counterions and a diffuse layer with a concentration gradient of
counterions. In an ionic liquid, the commonly agreed model of the interfacial structure
has layers of ions with alternating charges as given in Figure 3.4. The strength of these
interactions weakens as a function of distance from the electrode surface and it is thought
that up to 4 layers anions and cations are relatively strongly bound. Furthermore, the
double layer structure of ionic liquids makes them suitable media for use in
supercapacitors. It could, however, also be the cause of changing deposit morphology in
electroplating. Changing the ions in the ionic liquid has a significant effect on deposit
morphology and it has been shown that adding cations, such as lithium, can change the
energetics of metal nucleation and growth. Endres et al. used AFM and showed how LiCl
significantly disrupted metal deposition.'® Compared to ionic liquids the double layer
structure in DESs is almost unstudied. Silva et al studied the capacitance in 3 DESs and
showed that the potential of zero charge was similar in all the liquids c.a. -200 mV vs
Ag/Ag*.? A recent study by Atkin et al. showed that unlike most ionic liquids, the double
layer structure in DESs only really extends over about two molecular layers from the

@@@Q
O@@@
®®®
©0®0

Figure 3.4 Electrode electrolyte interface in an aqueous (left) and ionic liquid (right).
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3.1.3 Anodic dissolution in ionic liquids and DESs

While deposition reaction has been studied in ionic liquids and DESs comparatively little
is known about oxidation reactions. In ionic liquids pH is almost unstudied and the

stability of passivating layers are unknown. Some qualitative evidence exists that trans-
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passive corrosion occurs at positive over-potentials as metals such as aluminium and

chromium can be readily oxidised in ionic liquids.?>

Electrooxidation was first studied by Abbott et al. for the electropolishing of stainless
steels. This was studied using ChCIl: EG eutectics with voltammetry and impedance
spectroscopy.t® 24 It was shown that the dissolution mechanism in the DES was different
from that in acidic aqueous solutions. The authors suggested that diffusion in the viscous
DES controlled electropolishing.?® Polishing only occurred in the current density range
70 to 50 mA cm2 with an applied voltage of about 8 V which was narrower than that in
aqueous phosphoric/ sulphuric acid mixtures, but the current density requirements were
considerably lower using the DES. This was thought to be due to decreased gas evolution
at the anode which increased the current efficiency from about 30 to 80 %. No dealloying

of the steel took place.

Karim studied the anodic behaviour of 9 metals in 1ChCl: 2 EG and in BMIMCL.® In
most cases the rate of anodic dissolution was found to be higher in 1 ChCI: 2 EG than
BMIMCI which was thought to be due to mass transport. It was found that in most of the
cases studied, film formation, or quasi-passivation of the metal surface occurred. In some
cases, a clear coloured layer is formed at the electrode surface. This was thought to occur

in some cases because an uncharged product was formed which was insoluble.

It had previously been assumed that, because most metal halide salts are very soluble in
DESs, anodic dissolution should lead to soluble products. It has been shown that when
copper chloride dissolves in DESs it forms [CuCls]*.! It should, however be noted that
the dissolution of anhydrous CuCl: is relatively slow and generally requires high
temperatures and vigorous stirring to achieve due to its high lattice energy. The oxidation
of copper metal could be limited by the diffusion of the ligand to the metal surface. If this
were the case, then CuCl, could form and if the concentration in the double layer
exceeded the solubility limit then the material would precipitate out. This was found to
be the case by Karim and it was shown that if the solution was stirred or the electrode
rotated then passivation of the electrode surface did not occur.!® This study showed that
in metal deposition mass transport is vital in controlling deposit morphology and the

efficiency of the anodic process.
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The liquid has also been shown to affect passivation. Electrodissolution of nickel in 1
ChCl: 2 EG produces a blue/green solid on the electrode surface but in BMIMCI a soluble
blue complex form. Ni can be electropolished in 1 ChCl: 2 EG but no in the latter. A
Ni(Il) complex is formed with two ethylene glycols and two chlorides in 1 ChCl: 2 EG,
and this neutral complex has a low solubility.?® Formation of the complex on the electrode
surface decreases mass transport to and from the electrode surface and results in

electropolishing.

It should also be appreciated that oxidation of metals in ionic liquids is very complex as
the ligands while present in 2-4 mol.dm™ are quickly used up in the double layer and
diffusion in the viscous liquids is very slow. It is more important in liquids where the
metal is present in high concentration in the liquid. In type 1 zinc chloride eutectics, for
example, the concentration of free chloride is very low such that electrooxidation can

only occur by a mechanism such as;

4 ZnCly + Zn?* = Zn,Cls + ZnsCl7

This shows that electro-deposition and dissolution are complex processes and are
different in DESs compared to aqueous solutions. It is unsurprising that the concentration
and speciation of the electroactive species has such a strong effect on both processes. It
is also unsurprising that the nature of the cation and the temperature of the system are
also more complex that might be envisioned. These factors are discussed in more details

in reviews by Abbott et al.?" 28

3.2 Zinc Electrodeposition

Metal deposition has been studied in-depth in a variety of ionic liquids and deep eutectic
solvents.?® 29 These novel solvents are of interest because they enable innovative
structures to be formed on surfaces. They also permit oxide and hydroxide chemistry to
be circumvented for oxophilic metals enabling deposition of metals such as aluminium.3%
371t is thought that the electrochemistry of metals in these media is very dependent upon
speciation.® The behaviour of metals in these ionic solutions is strongly dependent on

metal ion concentration and temperature.
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Zinc is one of the most commonly studied metals for electrodeposition in ionic liquids. ¥
40 Most of the studies have involved Type 1 chlorozincate based ionic liquids which are
analogous to the haloaluminates studies.*! The chlorozincate liquids are easy to make and
handle although they have lower conductivities and higher viscosities. It was initially
thought that these liquids were water stable but Hsiu et al. studied ComimCl: ZnCl>
mixtures and showed that some hydrolysis does occur.*? It was also found by the same
group that the potential window of this mixture was significantly affected by the Lewis
acidity. This is because the reduction of zinc appears to be more difficult in Lewis basic
liquids. Zinc deposition has been studied in a variety of liquids as a function of
composition, temperature and diluents.>® %44 The most in-depth study was by Baron who
applied different techniques, such as SEM, EDX, EQCM, AFM, and XRD along with
nucleation studies to study zinc deposition in Type 3 eutectics.?® 40 45 46 There has,
however, never been a holistic study of these systems to identify the factors controlling
morphology changes.

Metal dissolution has been studied in much less detail. The first concerted study in this
area showed that film formation occurred during electrodissolution for 9 common metals
and this was due to the high viscosity of the medium and the relatively low ligand
concentration.’® This resulted in uncharged species forming at the electrode-solution
interface which precipitated. Film formation can cause difficulties due to electrical
resistance slowing down the anodic process or they can have advantages as is seen with
electropolishing.*” 4

DESs can be made to contain zinc in a variety of ways. The original DESs were based on
a quaternary ammonium salt and zinc chloride. These were found to contain a variety of
zinc species; ZnCls", Zn,Cls” and ZnsCl7".% Eutectics made from a quaternary ammonium
salt and a hydrogen bond donor have also been studied for metal deposition and very high
concentrations of zinc could be obtained. Finally, it was found that zinc chloride
disproportionated when mixed with hydrogen bond donors such as urea to form
[ZnCl.urea]” and [ZnClIs7]. While electrodeposition has been studied in these media, the
deposit morphology is very different depending on the conditions and a comparison at
comparable conditions has never been carried out. The issue when trying to compare these

liquids is that their physical properties and solute speciation change significantly. Table
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3.1 lists the viscosity, zinc concentration and speciation for six eutectic mixtures which

will be studied in greater detail below.

Table 3.1 Viscosity, concentration and speciation for the eutectics used in this study.**-
52

Type Composition n/ cP | [M]/ moldm? Speciation
1 |1 ChCl: 2 ZnCLL*¥ 72,000 8.24 [ZnCls]~/ [Zn.Cls]
2 | 1ChCI: 1 CrCls3.6H,0% 5800 7.81 [CrCls.2H,0]
2 | 1ChCl: 1.5 Zn(NO3),6H.O | 18 4.09 unknown
2 | 2PG: 12Zn(NOs)2.6H.0 46 4.63 unknown
3 | 1ChClL:2 EG 20 0.40 [ZnCl3]~
3 | 1 ChCl: 2 Urea®! 200 0.40 [ZnCls]™
4 | 12ZnCly: 4 Urea®° 11,340 9.92 [ZnCl3]~/ [ZnCl.urea]*

Part of the issue associated with the electrodeposition of metals from ionic liquids is that
they are usually carried out at very different conditions from those employed in aqueous
solutions. It was recently shown that the electrodeposition of nickel carried out under
comparable conditions in a DES and in two aqueous solutions gave similar deposition
rates despite an order of magnitude difference in the viscosity and conductivity.>* It was
concluded that electrodeposition in many aqueous solutions was carried out in very
different conditions than those typically used in the literature for ionic liquids and DESs.
Most aqueous plating solutions operate at high metal concentrations (0.5 to 2 mol dm™)

and generally at elevated temperatures (50 - 70 °C).

3.2.1 Cyclic Voltammetry and EIS for Zinc-based DESs

The voltammograms given in Figure 3.5, a and b are for 1: 2 ChCI: ZnCl; and 4: 1 urea:
ZnCl,. "Both show evidence of iR artefacts originating from the high viscosity and low
conductivity of the liquids. It is, however still valid to analyse the onset potentials for Zn
reduction. In the former, reduction begins at -0.55 V whereas in the latter it is at -0.95 V.
This difference in reduction potential could occur due to; differences in Zn salt
concentration, a liquid junction potential, blocking of the electrode surface or differences
in zinc speciation. It has previously been shown that solutes in DESs show approximately

Nernstian behaviour even at high solute concentration.®*® The difference in concentration
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between the two liquids (4.8 mol kg vs. 2.7 mol kg) cannot account for the difference
in reduction potential from a Nernstian perspective.
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Figure 3.5 Cyclic voltammogram (Pt WE, Ag/AgCI RE, and Pt CE) of 6 different DESs
at 50 °C at a sweep rate of 20 mV s,

The liquid junction potentials (LJP) in DESs has recently studied and it was shown that
even in extreme cases where the charge carrier changes from a choline cation to a proton
then the difference in LJP was less than 30 mV.% It can therefore be concluded that the
reference electrode cannot be the cause of the difference between the reduction potentials.
It is known that speciation is different in the two liquids; in 1: 2 ChCl: ZnCly, [ZnCl3],
[Zn2Cls]” and [ZnsCl7] are all present whereas in 4: 1 urea: ZnCly, [ZnCl.urea]” and
[ZnCl3]" are formed.® In both liquids, the concentration of free chloride will be negligible
so chloride adsorption will be less likely but it may be reticent to leave the zinc atom once
it is reduced so chloride could still be adsorbed on the zinc surface. In both liquids, the
cathodic charge was equal to the anodic charge showing that the deposition was

reversible.

In the type 3 DESs; 1: 2 ChCI: EG and 1: 2 ChCI: urea, both containing approximately
0.4 mol kg ZnCly, (Figure 3.5 ¢ and d) reversible deposition and stripping can be
observed in their cyclic voltammograms. The reduction currents are less than that
observed for 1: 2 ChCI: ZnCl> and 4: 1 urea: ZnCl,. This must be due to the lower
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concentrations in 1: 2 ChCl: EG and 1: 2 ChCl: urea as they have significantly lower
viscosities (Table 3.1). In the CVs for both liquids, the total cathodic charge was equal to
the total anodic charge showing that the deposition was reversible. The onset potentials
for reduction differ in the two liquids despite the speciation being essentially the same.
The difference in LIP between the two liquids is known to be only 14 mV so can be
discounted. What is clear from the images c and d given in Figure 3.5, that we have not
commented on before, is the presence of a small current at between -0.2 and -0.5 V. These
currents are small and as seen in Figure 3.6 correspond to approximately a monolayer of

charge.

The two eutectic mixtures based on zinc nitrate; 2: 1 PG: Zn(NO)3.6H.0 and 1: 1.5 ChCI:
Zn(NO)3.6H20 DESs, e and f respectively in Figure 3.5 show large reduction currents
but did not exhibit any significant current on the anodic sweep. This could mean that the
electrodeposition of Zn is very inefficient or that the Zn passivates. These liquids have
much lower viscosities and clearly contain quite high-water concentrations. The
voltammograms also decrease their current on subsequent scans and appear to be prone
to passivation. As will be shown in further paragraphs, this is due to the formation of zinc
oxide or hydroxide on the electrode surface.

While the nucleation of zinc in these liquids has previously been studied, little has been
reported about under-potential deposition, UPD. It has previously been assumed that zinc
could easily dissolve on the anodic sweep and was simply deposited on the cathodic
sweep. Although UPD regions were always there, they were never closely investigated

as the currents were small compared to those for bulk deposition.

Figure 3.6 shows the UPD regions of the cyclic voltammograms shown in Figure 3.5
before bulk deposition occurs, for the zinc chloride based eutectics. In each case a small
reversible current is observed. The potential for the onset of UPD is relatively similar in
all four liquids showing that it is dominated by the interaction between the Pt substrate
and the zinc species. UPD starts to occur in the 1: 2 ChCl: ZnCl at about +0.6 V whereas
itoccursat +0.2 V in 4: 1 urea: ZnCl>. In the more Lewis acidic liquid [Zn2Cls]” dominates
which is possibly easier to electrodeposit from. Integration of the charge under the peak
shows that the amount of UPD material deposited varies in the four liquids. The lowest
is in the ChCl: 2ZnCl; liquid and the highest is in the 4 urea: 1 ZnCl,. In the former,
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[Zn2Cls]” will be the dominant electroactive species whereas in the latter [ZnCl.urea]” is
the most likely electroactive species. Under-potential deposition is thought to occur when
the deposition of the coating metal is easier on the substrate than on itself. It generally

corresponds to a monolayer of metal but can sometimes produce up to 3 monolayers.
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Figure 3.6 Cyclic voltammograms ((Pt WE, Ag/AgCI RE, and Pt CE) operated at 50 °C,
and a sweep rate of 20 mV s™ to investigate the UPD regions of cyclic voltammogram
given in Figure 3.5.

In some cases, the ligand from the metal may be only partially labile and may remain
adsorbed to the deposited ad-layers.>” 58 If chloride was adsorbed on the zinc surface,
then the partition coefficient between the surface and solution would depend upon the
relative Lewis acidity of the liquid. The ChCI: 2 ZnCl; liquid is strongly Lewis acidic and
would tend to complex adsorbed chloride from the surface. For the 1 ChCl: 2 EG and 1
ChCI: 2 urea systems UPD is prominent as might be expected as these are more Lewis

basic liquids with a higher chloride concentration.

An unusual observation about the 1 ChCl: 2 EG and 1 ChCI: 2 urea systems is that bulk
zinc electrodeposition cannot be achieved at metal salt concentrations below 0.05 mol
dm3. This is not the case for other metals such as copper and silver which can be deposited
at concentrations below 5 mmol dm=. It is clear from Figure 3.6 that UPD is occurring

which suggests that it is not speciation per se which is preventing metal reduction. One
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cause for this could be that something is blocking the electrode surface at low metal
concentrations which prevents nucleation from occurring. Endres et al. have previously
studied metal deposition in ionic liquids and proposed that the cation affects the reduction
of metal.>> They showed that the morphology of the deposit could be changed in ionic
liquids by changing an imidazolium- to a pyrrolidinium-based cation. Atkin et al. showed
that in these ionic liquid, ions formed ordered alternating layers of anions and cations up
to 4 layers thick and it was inferred that this could affect the morphology of deposits
forming on the substrate. Atkin et al. repeated this study for the DESs 1 ChCl: 2 EG and
1 ChCI: 2 urea and unlike the imidazolium and pyrrolidinium-based liquids, only one
layer was seen at the electrode DES interface and in both cases, this was similar in size

to the solvated chloride anion.

Several groups have also studied UPD of metals in ionic liquid and found that a range of
metals exhibit this phenomenon. Few groups have noted the minimum concentration
needed to deposit metals except in the case of the chloroaluminate ionic liquids. Here it
has been noted that aluminium can only be deposited once a Lewis acidic mixture is used
(x AICl3 > halide salt). This has been explained in terms of an inability to reduce [AICIs]
but it could be due to chloride adsorption (UPD is observed in this system) and the

chloride is only removed once the liquid becomes Lewis acidic.

An alternative explanation could be due to the structure at the electrode-solution interface.
Given that the structure is most probably dominated by alternating anion and cationic
layers a low metal complex concentration will mean that the double layer is dominated
by CI- rather than [ZnCls]". At 0.05 mol dm ZnCl; the concentration of free chloride will
be more than 100 times larger than that of [ZnCls]” which many mean that the metal ion
is too slow to reduce and nucleate. If that were the only reason, then the same claim could
be made for copper which can still be deposited at low copper chloride concentrations

which suggests that this is also not the reason.

The experiment shown in Figure 3.5 was repeated as a function of zinc chloride
concentration in the 1 ChCI: 2EG system and the results are shown in Figure 3.7. At low
zinc concentration (0.05 mol.dm™) there is a reduction current which is at the cathodic
limit of the potential window of the eutectic mixture. On the anodic sweep, there is a

small peak at -0.9 V and a larger peak at 0.0 V. Increasing the ZnCl, concentration to 0.2
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and then 0.4 mol.dm™ causes the cathodic current to decrease and the anodic peak at -0.9
V to increase in height while that at 0.0 V decreases. The peak at 0.0 V is in approximately
the same area as UPD Zn dissolution but the charge is considerably greater than a

monolayer suggesting that it has a different origin.
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Figure 3.7 Cyclic voltammograms (Pt WE, Ag/AgCI RE, and Pt CE) of ZnCl; at 40 °C,
and a sweep rate of 20 mV stin 1 ChCl: 2 EG as a function of concentration.

It could also be argued that the different concentrations of ZnCl. change the physical
properties of the eutectics. In most cases adding a metal salt to a Type 3 eutectic would
normally be expected to increase the viscosity. Table 3.2 shows the viscosity and

conductivity for different concentrations of zinc chloride in 1 ChCl: 2 EG at 50 °C.

Table 3.2 Viscosity and conductivity measurements of zinc chloride in 1 ChCl: 2 EG at
different molarities at 50 °C.

Conc. ZnCl, / mol dm 0.1 0.2 0.3 0.4
Viscosity/ cP 20.8 19.9 19.9 19.0
Conductivity/ mScm™ 155 15.8 15.9 16.1

It can be seen that the metal salt has only a small effect on the solvent properties. Barron
studied the effect of ZnCl, on the viscosity and conductivity of 1 ChCl: 2 EG at different
molarities at 25 °C, and while the data were slightly different, the trends were the same.*°
Barron did, however, note that in the 1 ChCI: 2 urea system ZnCl, had a much more
significant effect decreasing viscosity and increasing conductivity as the concentration

was increased.
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Repeating the experiment in Figure 3.7 for different cathodic limits shows a different
response. Figure 3.8 shows the cyclic voltammogram of ZnCl, in 1 ChCl: 2 EG as a
function of cathodic sweep limit and when the cathodic limit is less negative, both peaks
at-0.9 V and 0.0 V increases in height. In the absence of ZnCl; there is no oxidation peak
at0.0Vv.
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Figure 3.8 Cyclic voltammograms (Pt WE, Ag/AgCl RE, and Pt CE) of ZnCl; at 40 °C,
and a sweep rate of 20 mV st in 1 ChCl: 2 EG as a function of cathodic limit.

Analysis of the nucleation and growth mechanism for zinc deposition for ZnClz in 1 ChCl:
2 EG on Pt at 40 °C using the Sharifker-Hills model shown that it grows by an
instantaneous mechanism (See appendix 7.1 for data and fit). This does not fit wholly
with the deposit morphology but is the mechanism proposed in Figure 3.15 (IV) then it
could be approximated that the surface grows out radially beneath a glycolate film.

The data in Figure 3.8 suggests that the two processes are related. It is proposed that the
peak at 0.0 V is related to the dissolution of zinc which is covered with a quasi-passivating
layer of oxygen containing species (oxide, hydroxide or glycoxide). At negative

potentials, occurring processes;

[ZnCl3] + 26" — Zn + 3CI

Is in competition with the reduction of traces of water

2H,0 +2¢" — H,+20H"  or  HOC;H4OH + 2e” — H; + [OC2H10]*
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Close to the electrode surface this could react with zinc species to form an insoluble layer.
This would explain why the bulk deposition of zinc was not reversible in the 1ChCl: 2EG
liquid.

It would also explain the behaviour of Zn in Zn(NO3)2 eutectics. When 6 mole eq. of
water are present, hydrogen evolution will be prevalent, and the double layer will become
more basic during electrolysis. The formation of an oxide/hydroxide would prevent the
dissolution of any zinc deposited during a pulse experiment. The formation of an
insoluble layer would also affect the mechanism of metal deposition.

3.2.2 3D Optical Profiler Study of Zinc Reduction and Oxidation

The voltammogram in Figure 3.6 was repeated with the working electrode under a 3D
optical microscope. A 3D printed cell was used, and electrodes are placed so that the
electrode could be imaged just below the solution air interface using a 3D optical

microscope is given in Figure 3.9.

Figure 3.9 Experimental set up for experiments performed under 3D optical profiler.

Figure 3.10 shows images taken at different potentials during the scan. At -1.0 V on the
cathodic sweep a matt platinum surface is observed with polishing grooves showing. At

-1.27 V the surface becomes brighter and more grey-coloured as zinc is deposited but by
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-1.4 V the surface has become dull potentially from the formation of a surface layer. At -
1.5V bubble nucleation and growth is observed.

On the anodic sweep, the solution close to the electrode becomes cloudy as the solution
saturates with a Zn complex. It has recently been shown that the anodic dissolution of
most metals in DESs leads to film formation on the electrode surface.'® This is due to the
high viscosity and the relatively low ligand concentration available to solubilise the metal
ion. If insoluble complexes form from anodic dissolution, then this will affect the rate of
the anodic process of a soluble zinc anode is used during the electrodeposition process.
The effect of the anodic reaction on the rate of the cathodic process has not really been

considered previously in DESs.

Figure 3.10 Optical microscope images of the Pt electrode surface (Ag/AgCl RE, and
Pt CE) during electrochemical polarisation of 0.4 mol dm? ZnCl, in 1 ChCl: 2 EG at 40
°C and a sweep rate of 20 mV s,

3.2.3 Electrochemical Impedance Spectroscopy

Fundamentally, there are three types of mass-transfer; diffusion under a concentration
gradient, ionic migration under an electric field, and convection.® By using

electrochemical impedance spectroscopy, one can relate these mass transfer phenomena
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to an equivalent electrical circuit analogy in order to obtain data for mainly diffusion and
migration controlled transport systems.

The simplified Randles cell is one of the most common cell models. Randles circuit is
made up of three elements known as a solution resistance, a double layer capacitor and a
charge transfer resistance. Randles cell is the starting point for any other more complex
models which represented as a semicircle as given in Figure 3.11 (I), and it is also often

seen with an added Warburg element as represented in Figure 3.11 (11).%°

Randle’s Circuit (1) Randle’s Circuit with Z,, (Il)
Rct Rs Rct Zd

_ZI _ZI

Figure 3.11 Randles circuit (1) and Randles circuit with Warburg (diffusion) element

with their Nyquist plots.

The circuit shown in Figure 3.12 to model the data in Figure 3.13 is similar to a study
which investigates the film transfer resistance of a formed conducting polymer which also
includes diffusion of charge carries, and redox reactions at electrode surface.®® In the
polymer case, a model circuit was prepared as given (A) in Figure 3.12, and it assumes a
film formation on the substrate along with ionic charged species at the outer part of the
substrate (working electrode). The model in A includes many elements, which may not
necessarily be appropriate as increasing element complexity can lead to a false
improvement in the fit to the data. The model in A was simplified to that in B which is in

effect a modified version of Randle’s circuit given in C.%
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Initially prepared model (A) Modified Randle’s Circuit (B)

Randle’s Circuit (C)
Rs Rct Zd

substrate

Rs Solution resistance

Ry Film resistance

Ret Charge transfer resistance
Ct Capacitance of film

Cal Capacitance of double layer
Z4 Warburg impedance

Figure 3.12 Model used in Vyas to study conducting polymer growth (A), red squares
show circuit elements in film region, and blue square represents the circuit elements for
moving redox species.%! Modified Randle’s circuit used to fit data in this study.

To study film formation during electrodeposition, electrochemical impedance
spectroscopy was used. Zinc deposition was studied at two different molarities as 0.1 mol
dmand 0.4 mol dm?in 1 ChCl: 2 EG. If the reaction mechanisms proposed in reactions
in section 3.2.1 is correct then two processes should be seen using EIS and the size of

these responses should change with concentration.

To understand the processes occurring in the deposition of zinc from the 1 ChCl: 2 EG
system, a series of electrochemical impedance spectroscopy studies were performed.
Figure 3.13 shows the EIS data for an experiment performed using an applied DC
potential of -0.4 V and an AC modulation of + 10 mV for two different ZnCl,
concentrations; 0.1 and 0.4 mol.dm™. At this potential, it is known that UPD occurs in

both systems ethylene glycol is not electrochemically reduced.
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Figure 3.13 EIS studies of 0.1 mol.dm=ZnCl, in 1 ChCI: 2 EG (left with %2 = 8.9x10?
Nyquist fitting error value) and 0.4 mol.dm=ZnCl, in 1 ChCI: 2 EG (right with =
1.3x102 Nyquist fitting error value. Applied potential is -0.4 V at 40 °C. Each graph
shows fitted data as the main image, and equivalent circuit with measured values on the
left top, and non-fitted data on the right bottom.

Table 3.3 Quantitative data obtained from fitting the data to the equivalent circuits
given in Figure 3.12 (C).

Solution at -0.4 V Rs(Q) Rp(KQ) | Ca (nNF.cm?@) | Zu (UQ.57%)
0.1 M ZnClzin 1 ChCI: 2 EG 81.7 229.0 720.0 2.63
0.4 M ZnClzin 1 ChCI: 2 EG 105.0 362.0 686.0 1.55

The Nyquist plots in Figure 3.13 show that the responses at the two different
concentrations are relatively similar; they both appear to fit a standard model of a parallel
RC circuit with an associated Warburg element is due to diffusional impedance. This so-
called, Randle’s circuit is used as an equivalent circuit to study many simple
electrochemical processes. A Randle’s circuit consists an active electrolyte resistance, Rs,
in series with the parallel combination of the double-layer capacitance, Cq, and an
impedance of a Faradaic reaction known as Warburg element. Using an unmodified
Randle’s circuit is well known for deposition experiments, and in Figure 3.13, a good fit
is obtained at an applied potential of -0.4 V. This is shown diagrammatically in Figure
3.13. Table 3.3 shows the values for the different elements when the data were fitted to
the equivalent circuits. The magnitudes of the different variable are all the correct order

of magnitude for these sorts of processes and the values are relatively similar at both
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concentrations. This could be interpreted as implying that UPD occurs in the liquid and
the rate at which the process occurs is relatively independent of the concentration of

electroactive species which would seem logical.

Figure 3.14 shows the EIS data for an experiment performed using an applied DC
potential of -1.1 V and an AC modulation of + 10 mV for two different ZnCl>
concentrations; 0.1 and 0.4 mol.dm™. At this potential, it is thought that ethylene glycol

decomposes concurrently with zinc electrodeposition.
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Figure 3.14 EIS data of left 0.1mol dm=2ZnCl,in 1 ChCI: 2 EG on the left with x2=0.17
Nyquist fitting error value, 0.4 mol dm=ZnClzin 1 ChCl: 2 EG on the right with y2 =
5x102 Nyquist fitting error value Applied potential is-1.1 V at 40 °C. Each graph shows
fitted data as main image with unfitted graph in the inset.

The Nyquist plots in Figure 3.14 show that the responses at the two different
concentrations are again relatively similar although there is a larger difference in the

magnitudes of the x and y axis maxima.

The Nyquist plots in Figure 3.14 do not fit well to a standard Randle’s circuit and there
is clearly a second Faradaic process occurring in parallel. An alternative equivalent circuit
is proposed as shown in Figure 3.12 (B).%! The values obtained data by fitting the data in
Figure 3.14 to the circuit in Figure 3.12 (B) are given in Table 3.4.
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Table 3.4 Calculated circuit elements for the fits of the data in Figure 3.14 to the
circuit in Figure 3.12 (B) at two ZnCl, concentrations with an applied potential of -1.1

V.

Values 0.1 M 04M

R 120 Q -514 Q
Rep 11620 Q 707 Q
Cacr) 0.41 uF cm? | 1.39 uF cm™
R 49.7kQ 71.7kQ
Z, 237.0pQs " | 86.1pQs
Cd[(Zn) 2.36 pF cm™ 0.51 pF cm™

The magnitudes of the different variable are all of the correct order of magnitude for these
sorts of processes.®? The capacitances of the equivalent circuit can arise due to a double
layer charge resulting from a separation of charge at the interface or the build-up of a
dielectric film on the electrode surface. The value of the capacitance, C given in Equation
3.1

ESOA

C=d

Equation 3.1

Where ¢ is the dielectric constant, &o is a constant and d is the distance of separation (or
the film thickness). It is difficult to know the dielectric constant of a film but given that
most transition metal oxides and halides are in the range of 5.3 to 11.2,® and value of 8
was assumed for the purposes of this study to be able to determine the magnitude of the
film thickness. Using this assumption and the capacitance data from Table 3.4, film

thicknesses were calculated approximately 8 nm.

The charge transfer resistances in Table 3.4 are larger for both processes than for the
process in Table 3.3 meaning that the reactions are slower. This would be logical as UPD
is generally considered a fast process. Examining the Warburg impedances at -0.4 V and
-1.1 V, it can be seen in Table 3.3 for -0.4 V applied system that 0.1 M has a higher
Warburg impedance. It is reasonable because Warburg impedance given in Equation 3.2
increases with increasing Warburg coefficient given in Equation 3.3 which is also

inversely proportional to the diffusion coefficient. Thus, an increasing Warburg
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impedance represents a decrease in diffusion coefficient for same angular frequency
system which is the case here. The diffusion coefficient can be related to the Warburg
impedance through Equation 3.2 and Equation 3.3.°

V2o
12wl = Jo Equation 3.2
RT ( 1 N 1 )
o = .
n2F2Av2\,/D,CE ~ /DrCE Equation 3.3

The Warburg impedances were 237 pQ s%° in 0.1 mol dm= system and 86.1 uQ s%in
the higher concentration system. Assuming all other factors are constant the difference in
Warburg impedance can be explained through the difference in concentration which
means that the Warburg is not controlled by diffusion through a viscous film on the
electrode surface, but rather by diffusion through the same solution with effectively the

same Vviscosity.

In impedance spectroscopy, constant phase elements (CPE) behave as a non-ideal
capacitor, and it differs from an ideal capacitor (Ca). The electric double layer at the
electrode-electrolyte interface almost never shows the behaviour of a pure capacitor, due
to frequency dispersion in the EIS response.®* The main difference between a capacitor
C, and a constant phase element CPE is an additional parameter, a, as given in Equation
3.4. which can have the value between 0 and 1. Clearly its value is 1 for a pure capacitor.
This can be as a result of surface roughness or other internal forces (C is for a pure
capacitor and Q is the capacitor of CPE).®

1
Zo(f) = —— 0<ac<1 Equation 3.4

ZQ(f) = CjZTEf'

QU2mf)’
In DESs, and other ionic liquids, the Warburg impedance is thought to result from non-

Debye behaviour that these liquids exhibit. Several studies prove the deviation of Debye-

Hiickel approximations on the ionic liquids.® ¢’
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In the equivalent circuit of EIS study for -1.1 V potential applied system, a film based
model was assumed with a glycolate layer on the electrode surface and this occurs
simultaneously with the electroreduction the zinc species. The processes occurring at the

electrode surface are probably complex and can best be summarised in the schematic

diagram in Figure 3.15.

| Il 1l v

HOC,H,OH +Zn |

.

HOC,H,OH
2e

Electrode

Figure 3.15 Schematic diagram for the process that could be occurring on the electrode
surface during electroreduction of ZnCl, in 1ChCI: 2 EG

Firstly, (1) the electroreduction of ethylene glycol competes with the electroreduction of
the zinc species (I1). The electroreduction of ethylene glycol will be faster on platinum
than on zinc as it is a more electrocatalytic surface. Once the surface is covered with zinc,

hydrogen evolution and glycolate production will be comparatively slow.

Zinc glycolate must form on the zinc surface (I11). This can either be through reaction of
the glycolate anion produced in (I) with zinc in solution or through the reaction of
deposited zinc with ethylene glycol. While the former is more likely, then it would result
in the complex forming away from the electrode surface, the solution would appear

cloudy and the surface would not passivate so it is more likely that it is the latter case.

Once the zinc glycolate has formed there must be a mechanism by which it can be
electroreduced (1V). If this did not occur, then the zinc films would be extremely thin.
The results from the bulk electrolysis experiments show that zinc platelets with
thicknesses > 1 um can be formed. If the zinc growth is occurring through a glycolate

film then it would be expected that the process would be relatively slow. Using the
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capacitance data in Table 3.4, the film thickness is approximately 17 nm for the lower
concentration solution, and only 5 nm for the more concentrated solution. This latter value
would correspond to a few molecular dimensions (10 to 20) which would seem

reasonable.

For the final part of impedance discussion, it is important to comment on the negative R_

value in the 0.4 mol.dm™ system. In general, negative impedance values from steady-
state polarization should not be possible. However, in dynamic systems, such as a
voltammetric potential sweep, this effect can occur. They are frequently observed in
corrosion studies or the systems which exhibit active-passive transitions or transpassivity.
They can also appear in steady state systems in which one applied potential corresponds
to various current responses.®® They can also appear for systems which show an increase
in potential after the value of peak current (di/dE < 0).%8:%° Studies performed by Koper’®,
Koper and Sluyters,”* and Krischer and Varela’® clarified the conditions of negative
Faradic impedance with the result of negative resistance which directly support this study.
Thus, it is helpful to elaborate on the conditions that result in an apparent negative

solution resistance.

The steady state current at an electrode is described by equation Equation 3.5.7

[ = nFAksC Equation 3.5

where, A is the available electrode area, C is concentration of the electroactive species,

and ks represents heterogenous rate constant.

The Faradic impedance is described by equation Equation 3.6.”°

d:
Zpt = (d_g> Equation 3.6
E=Egs

where Ess is the stationary state potential. By substituting Equation 3.5 into equation

Equation 3.6, Equation 3.7 is obtained.’®
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ZF_l = nF (ACO

dks(E)

+Ak(E)dC°+k 5yc, X4 Equation 3.7
1B f 1B f( ) 0TE quation 3.

In order to have a negative Faradic impedance, and so the negative resistance, the

expression in the parentheses should be negative, and this can only happen if one of three

conditions is met.”®

(@) where dk¢(E)/dE is negative i.e. a heterogenous rate constant decreases with
increasing polarization at some potential intervals. For example, if the
heterogenous rate constant changes as given below;

ki (0, E) = [1- O(E)] ki (0=0, E) + O(E) ki (9=1, E)

6 represents the surface coverage which is in effect an inhibitor which can be a
passivation film or other side reactions, and in the case of ki (=0, E) >> ks (0 =
1, E) which means when potential at zero surface coverage is much higher than
the potential at the full coverage of surface, so dk:(E)/dE becomes negative.

(b) if during the potential dependent-desorption of a catalyst, reaction rate

decreases with potential.

The condition where dC(0)/dE < 0 can also be observed when the electrostatic
repulsion of ions in the double layer proceeds strongly because of the Frumkin
effect.”® This effect is explained by the existence of high potential at the outer

Helmholtz plane, usually because of low supporting electrolyte concentrations.

dA/dE < 0, this case only appears when the available surface area of electrode
decreases with increasing polarization due to the formation of a passivation or

strongly inhibiting film.

All three of these cases could occur for DESs and result in a negative Faradic impedance

as passivation of the zinc is suggested from the results above and would support the data

observed here.
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3.2.4 SEM and XRD Results of Bulk Electrolysis

Bulk electrolysis was carried out in all 6 liquids under comparable temperature, and
current density conditions. Morphologies of the deposits were analysed using scanning
electron microscopy. A zinc cathode was electrolysed at a constant current density of 4
mA cm for 120 minutes at 50 °C using a zinc anode. Bulk deposition was carried out
using the cell shown in Figure 3.16 which was made from ABS using a 3D printer.

m
/TTVAN

Figure 3.16 Schematic diagram of the cell used for the bulk electrolysis experiments.

Figure 3.17 show the SEM images and photographs of zinc coated cathodes. The figure
also presents the morphology of the soluble zinc anodes used in the experiments. If an
adsorbed layer is affecting the deposit morphology then it could also affect the
morphology of the soluble zinc anode. It can be seen from the images in Figure 3.17 that
the zinc morphology is very different in each of these liquids. In the liquids where there
is a high chloride activity (1 ChCI: 2 EG and 1 ChCI: 2 urea) the zinc grows as either
platelets or small grains. In the liquids with a low or no chloride activity (1 ChCI: 2 ZnCl,
and ZnCly: 4 urea) then large nodular crystals form.

The zinc nitrate-based eutectics both produced diffuse deposits made up of much smaller
crystallites which were different in appearance to the deposits from any of the ZnCl, based
DESs. EDX analysis of the deposits in Figure 3.18, show there is a high oxygen content
with clear signs of zinc oxide forming by reaction with the water or nitrate. Analysis of

the zinc anode also shows the formation of zinc oxide on the anode surface.
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DES Cathode Image Cathode SEM Anode SEM

1 ChCl: 2 ZnCl,

1 ZnCl»: 4 Urea

0.4 M ZnCl>
1ChCl: 2EG

0.4 M ZnCl,
1 ChClI: 2 Urea

2 PG:

1 ChCl:
1.5 Zn(NO3).6H.0

Figure 3.17 Optical images of 2cm x 2cm samples, and SEM images of the
morphology of the cathode and anode after deposition using a constant current
density of 3.0 mA cm at 40 °C for 120 minutes.
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XRD analysis of the zinc deposits given in Figure 3.17 shows that different crystal
growth is supported in different liquids as shown in Figure 3.19. There are numerous
crystal faces that form but the three dominants in most deposits are the (002), (100) and
(101) faces.

2 PG: 1 Zn(NO3).6H20 Specium2

Anode  Weight% Atomic%

2 PG: 1 Zn(NO3).6H20 SPectiunil

Anode Weight% Atomic%

OK 32.59 66.04
nK 67.41 33.96

0K 23.56 55.74
76.44 4426

T T T T T
0 2 0 1 2 3 4 S 6 7 8 9 10
Full Scale 1402 cts Cursor: 0.000 Full Scale 1313 cts Cursor: 0.000 ke'

Spectrum 1 Spectrum 3

1 ChCl: 1.5 Zn(NO3).6H20

Cathode Weight% Atomic%

1 ChCI: 1.5 Zn(NO3).6H20

Cathode Weight%  Atomic%

oK 32.09 65.88
nK 67.91 34.12

OK 32.73

/nK 67.27

0 1 2 3 4 0 1 2 3 4 5 6 7 8 9 10
Full Scale 1409 cts Cursor: 0.000 ke Full Scale 1151 cts Cursor: 0.000 ke’

Figure 3.18 EDX analysis of 2 PG: 1 Zn(NO3).6H20 and 1 ChCl: 1.5 Zn(NO3z).6H20
for samples given in Figure 3.17.

In 1 ChCl: 2EG, and 1 ChCI: 2 urea the (101) faces dominate and there is almost no (002)
present whereas in 1 ChCI: 2 ZnCl, (002) is dominant with some (101) present. The
deposit obtained from ZnCl.: 4 urea has (002), (100) and (101) all present.
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Figure 3.19 XRD analysis results of the Zn deposits of those SEM images are shown in

Figure 3.17, using a constant current density of 3.0 mA cm at 40 °C for 120 minutes.

The results for 1 ChCl: 2EG, and 1 ChCl: 2 urea tend to suggest that the film formation
is anisotropic and not just due to a precipitation on the electrode surface. If an insoluble
film is being formed on the cathode surface, then it would be expected that increasing the
temperature would increase solubility and decrease film formation and accordingly

change the deposit morphology.

Figure 3.20 shows the photographs and SEM images of the zinc deposits obtained using
0.4 mol dm™ ZnCl; in 1 ChCI: 2EG with a current density of 3 mA.cm after electrolysis
for 120 min at 40, 65 and 90 °C. It can clearly be seen that the deposit morphology changes
significantly as the temperature is increased. At low temperatures, 40 °C, the hexagonal
platelet morphology is obtained presumably due to the formation of an insoluble layer on
the electrode surface. At higher temperatures, the morphology changes. At 65 °C larger,
irregular grains are formed. At 90°C the deposit becomes less crystalline. The deposit is

darker, presumably because more light is scattered from the surface.
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Figure 3.20 Photographs and SEM images of the zinc deposits obtained using 0.4 mol
dmZnCl, in 1 ChCI: 2 EG with a current density of 3 mA.cm after electrolysis for
120 min at 40, 65 and 90 °C.

Figure 3.21 shows the XRD data of zinc deposited in Figure 3.20 at three temperatures.

In all the systems, the (101) signal dominates.
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Figure 3.21 XRD analysis of zinc deposited samples given in Figure 3.20 red
represents the system deposited at 90 °C, black that at 65 °C and blue that at 40 °C.
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If these ideas are translated to other metals which have recently been studied in these

liquids, there are several general trends that can be concluded.

e Non-oxophillic metals such as copper, silver and gold are reduced at potentials
which do not compete with eutectic decomposition. There is no film formation on
metal reduction and the deposit morphology is relatively unaffected by the

eutectic chosen.

e More oxophillic metals such as Zn, Fe, Co and Ni behave similarly and there is
the potential to form films on the metal surface particularly where water or
ethylene glycol are involved. At low metal concentrations, decomposition of the
eutectic can compete with the metal deposition and film formation affects the

morphology and deposition rate of the metal.

e Film formation can be decreased by working at higher temperatures and higher
metal ion concentrations. This increases the rate of the deposition process with
respect to the eutectic decomposition and the increased temperature increases the

solubility of any film formed.

e Brighteners appear to work if they form a solvophobic layer at the electrode-
solution interface which can decrease the rate of the eutectic decomposition and

decrease film formation.

e While this study may seem specific to eutectic formulations, the same is valid for
metal deposition from aqueous solutions and the main aim to obtaining bright,
thick deposits is to increase the rate of metal deposition and decrease the rate of

competing reactions leading to film formation.

3.3 Anodic Dissolution of Zinc

In Chapter 4 of this thesis powder pulse plating will attempt to dissolve zinc powder and
then plate it back on to the electrode surface. For this to be successful the zinc dissolution
will need to be reversible. Figure 3.21 suggests that all the zinc chloride based eutectics
are reversible although the results in section 3.2 suggest that the 1ChClI: 2EG system may

be only partially reversible.
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Studying the redox chemistry of zinc on a Pt electrode is different to how a zinc particle
will behave as there is a far larger reservoir of zinc in the latter. Figure 3.22 shows the
electrochemistry of a zinc working electrode at in 1ChCI: 2EG, and (right) a Pt electrode
in 1ChCI: 2EG containing 0.3 mol dm™ ZnCl, both at 45 °C.

With a zinc working electrode in 1ChCI: 2EG, on the anodic sweep oxidation starts to
occur at -1.25 V, there is an increase in the current at -0.8 V and a peak is observed at -
0.6 V. The decrease in current is characteristic of a passivation process and following a
minimum at -0.5 V the current increases to a maximum at +0.75 V. The increase in current
after -0.5 V is characteristic of what is known as trans-passive corrosion where dissolution
occurs through a passive film. This has been observed for a variety of metals in DESs but
was not seen for zinc.!
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Figure 3.22 Cyclic voltammograms of (left) zinc working electrode (Ag/AgCIl RE, and

Pt CE) at 45 °C with sweep rate of 50 mVs™ in 1 ChCl: 2 EG, and (right) Pt electrode

(Ag/AgCI RE, and Pt CE) in 1 ChCl: 2 EG containing 0.3 mol dm?ZnCl; in 1 ChCl: 2
EG at 45 °C with sweep rate of 20 mV.s™.

The anodic dissolution was previously studied by Karim*® in 1ChClI: 2 EG using linear
sweep voltammetry and EIS. Figure 3.23 shows the EIS and LSV data from Karim’s
study. It was originally concluded that unlike the other 8 metals studied the anodic current
from the LSV was not characteristic of a passivation process, so it was assumed that the

zinc complex was soluble.
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The published study was carried out at 5 mV s but analysing the data obtained at higher
sweep rates (50 mV s) a response more typical of passivation is obtained. The result in
Figure 3.22 is like that reported in Figure 3.23 and the significant dependence of the

current on sweep rate is what would be expected for a slow film formation.
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Figure 3.23 LSV (left) and EIS (right) for the electrodissolution of Zn in 1ChCI: 2EG at
25°C taken from the literature.!

In hindsight, it is evident that a resistive film is forming on the zinc surface during anodic
polarisation. This will affect the anodic pulse size and duration that can be applied in the
next chapter. If a passivation film grows on the electrode during the anodic pulse, then it

will affect the growth of metal on the cathodic pulse.

The anodic dissolution of zinc was studied using optical microscopy. Figure 3.24 shows
optical images of a zinc working electrode following a potential step of 1 V as a function

of time.
Initially the zinc surface brightens as zinc dissolves but after about 2 s the electrode turns

white and then after 10 s the solution above the electrode becomes cloudy. This is because

the zinc concentration has exceeded the solubility.
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10 sec. 15 sec.

Figure 3.24 Optical images of a zinc working electrode (Ag/AgCI RE, and Pt CE) at 45
°C following a potential step of 1.0 V as a function of time.

The amount zinc dissolved can be approximate from the charge passed. A pulse of 5 s
consumes approximately 0.00892 C charge on 1mm diameter electrode which results in
5.885 x 10 moles cm? of Zn being oxidised. The exact diffusion coefficient of the
complex is not known, but it should have a value similar to that of CuCls> which was
found to be 2.47 x 107" cm?s! using cyclic voltammetry (see appendix). The zinc species
can diffuse a maximum of 6.269 um in that time. (<x> = (Dt/z)*?). That makes an average
concentration of zinc in the layer close to the electrode surface of 9.38 x 10 mol cm or
9.38 mol dm. This exceeds the solubility for ZnCl and it is therefore not surprising that
after this time the solution becomes cloudy and the electrode surface turns white. This is
important for the next chapter as it means that the anodic pulse for the dissolution of zinc
must not be too long so that the solution becomes saturated otherwise the deposition step

will become irreversible.
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3.4 Conclusions

This study has shown that the deposits formed from the electroreduction of zinc based
eutectics differ significantly depending upon the composition of the liquid. The
morphology can range from large nodular grains through flat planar hexagonal structures
to small, almost amorphous structures. The structures appear to be strongly influenced by
the type of ionic liquid. It was shown that film formation appears to be a significant issue

when oxygen containing ligands are available to react with the zinc surface.

In ChCI: ZnCl; deposition is reversible and large granular deposits are obtained. For the
ZnCly: 4 urea eutectic smaller but still angular deposits were observed. In both cases the
(002) crystal phase is prevalent. There was negligible carbon or oxygen content in the

deposits.

The system 1ChCI: 2 EG was studied in detail as this showed the largest changes in
deposit morphology. This was thought to be due to the formation of zinc glycolate films.
EDX shows the presence of both carbon and oxygen in the deposit. The (002) phase is
supressed and the (101) phase dominates resulting in flat, hexagonal crystals. The
morphology is strongly affected by the temperature and this is thought to be due to
changes in the film solubility. Increasing the temperature increases the (002) phase with
respect to the (101) phase and results in a change in the size and shape of the crystallites.
The zinc nitrate based eutectics had a different type of passivating film which is much
thicker, resulting in an irreversible deposition.

Voltammetry shows that the onset potential for reduction is affected by speciation. The
electrodeposition is fully reversible in eutectics which do not have an oxygen donating
ligand for the metal. Oxygen containing films significantly affect the reversibility of the
deposition process. This will be seen to be important in the next chapter where pulse

plating is used.

Anodic polarisation of a zinc electrode shows that zinc dissolves readily, but the high
viscosity of the liquid means that the solution close to the electrode surface rapidly
becomes saturated in zinc. An insoluble complex form on the electrode surface which

passivates the zinc surface. This is also important for the next chapter as it is important
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that the anodic pulses are not too long so that the surface will become coated. This will
affect the reversibility of the pulse and the morphology of the deposit. Optical microscopy
shows that the solution becomes saturates in less than 5 s. This will clearly depend upon

the operating temperature and any forced mass transport in the liquids.
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Chapter-1V

Zinc Powder Deposition



4.1 Introduction

This chapter aims to demonstrate a unique idea for the electrodeposition of zinc. By
placing a zinc powder in electrical contact with an electrode and pulsing the potential, the
aim is to fuse the metal powders layer by layer onto the substrate. The project will also
use DC power supplies to electrodeposit zinc metal from the bulk solution to compare the
two techniques. The aim is to ascertain whether super-efficient electrodeposition (current
efficiency > 100%) can be obtained. In this study the term current efficiency is a measure
of the mass of metal deposited with respect to the charge passed (Faradaic efficiency).
While other aspects need to be considered (anodic charge). This current efficiency

measure gives a useful comparison with the standard electrochemical efficiency.

The project will focus on the DES 1ChCl: 2EG, despite the issues raised in the previous
chapter. It should be appreciated that this section of work was carried out at the start of
the project. This chapter investigates the electrochemistry of a single zinc crystal using
cyclic voltammetry and shows its similarities to bulk zinc dissolution and deposition. It
also determines the optimum conditions for pulse dissolution and deposition. The bulk of
this section investigates practical methods of contacting the powder with the electrode
and highlights how novel cell design has been a significant challenge in this project. Once
the optimum cell configuration was produced super-efficient deposition could be
demonstrated. The final part used alumina and silicon carbide as model dispersed phases

to demonstrate how composite materials can be deposited by this technique.

4.2  Pulse Electrodeposition (PED) and Pulse Reverse Deposition (PRD)

Electroplating is usually carried out with a direct current, DC source. This can either be
applied using a constant potential or a constant current. In most practical plating systems,
a constant current is used. An alternative approach is to use a modulation of the DC
source. This is usually referred to as a pulsed current, (PC). There are a wide variety of
pulsed forms which have been studied and some of these are shown schematically in
Figure 4.1. Although modulated current techniques have been used for long time, pulse
reverse current, PRC plating, (example F) has been the most commonly studied due to its
better levelling results. It was occasionally applied for cyanide, and sulphate baths in the

1940s and 1960s.% 2 Unfortunately, in spite of PRC being a promising technique, the lack
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of appropriate current sources as well as prohibitive costs hampered further widespread
use for the next 50 years.®
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Figure 4.1 Unipolar PC (up), and bipolar PRC (down) waveforms

Periodically reversed, and pulsed current received increased interest when it was shown
to be superior for gold deposition in certain applications by decreasing porosity,*®

increasing adhesion,”® brightness,'® ' and improving hardness.!>  Along with
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development in microprocessor technology, programming of applied current waves in
complex forms became easier. Although square waves are the simplest waveforms to
produce, sequences of pulses can be programmed to obtain quite complex waveforms.®
14 Applied waveforms can be divided into two major groups as unipolar pulses, and
bipolar pulses. While bipolar pulses allow cathodic and anodic pulses to be arranged
separately, unipolar pulses flow only in one direction. While complex waveforms can be
created, it is difficult to understand the outcomes of waveforms, and therefore, most of

the literature has mainly focused on unipolar or bipolar waveforms.®

In pulse electrodeposition (PED), either potential or current can be alternated between
two different values with the result of equal amplitude pulse series in which zero current
separates potential and current, and known torr time.**” Pulse amplitude and width make
it possible to control deposit film composition and thickness on the atomic order.'®2! By
applying pulse sequences, initiation of grain nuclei can be favoured with the result of
increased number of grains per unit area.?>* Thus, the properties of the deposit can be
enhanced when it is compared to the conventionally plated systems. While current density
is sufficient for characterization of deposited samples by DC plating, three parameters
known as cathodic peak current density, Jc, cathodic pulse length, t., and the interval
between pulses, tp, are required to characterize materials deposited with PC. Additionally,
the anodic current density, Ja, and anodic pulse length, ta, are required to be known for
PRC. Equation 4.1, Equation 4.2 and Equation 4.3 define the average current density,
Jav, duty cycle, T, and frequency, f, for PC, and PRC.2

]CXtC ]cXtc+]aXta
Jav = te +tp for PG, Jav = t. + t, for PRC Equation 4.1
_ tc _]cXtc_]aXta
r= te+t, forpC, T = t,+t, for PRC Equation 4.2
f= S for PC, f = ——y for PRC Equation 4.3
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Unipolar pulsed current systems (PC) have been used in practical applications mainly
through its ability to affect the mechanisms of electrocrystallization, in other words, the
physical and mechanical properties. This allows the use of higher current densities for PC
systems resulting in reduced porosity and finer grain sizes. In detail, tp, plays an important
role, allowing desorption of impurities, and encouraging nucleation with the formation of
fresh, smaller crystal grains. Grain size can be increased or decreased depending on the
duty cycle. In gold-cobalt acidic plating media, a significant increase in ductility,
electrical conductivity, density, and decrease in porosity, can be achieved using pulse
plating which means thinner gold deposits can be applied resulting in significant cost

saving.

It is important to note here, that the majority the theoretical optimisation of PRC and PC
techniques were determined for aqueous media where fast polarization response times
with high diffusion rates are prevalent. These will not be the same for DESs, as will be
discussed later. Studies conducted for agueous media for PC and PRC techniques show
some limitations. There is no doubt that the metal deposition rate is controlled by the
applied current density or average current density in pulse systems. Thus, to have the
same average deposition rates with DC as in PC or PRD, either peak current densities
need to be increased while the duty cycle is reduced, or average current density need to
be increased with increasing cathodic periods in case of applied higher duty cycles. A
duty cycle of 33% to 50% is probably the minimum practical value if the rectifier capacity
is available. For applications using high currents or in resistive media, 50% to 75% may
be the lowest duty cycle which can be used. The frequency also has an impact on PC and
PRC depositions. At high frequencies, the double layer does not have sufficient time to
be fully charged after relaxation or the anodic pulse period, and this causes a smoothing
effect on the applied waveform which begins to approximate DC plating. The suggested
optimum higher and lower frequency ranges in aqueous solutions range from 500 Hz to
50 Hz to ensure it is far from the DC regime,® ?° There are, however some studies
published for aqueous solutions which used much lower frequencies than 50 Hz with
notable results.?® These suggested limits are theoretically related with the capacitance of
the double layer at the interface between the plating electrolyte and the article being
plated.® However, the capacitance of the double layer is also related to the polarization
rate of the substrate in the PRC technique, the diffusion coefficient of the ionic species in

the medium and the solution resistivity. Thus, it is unreasonable to rely on one single
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model studied for aqueous solutions if the plating process is performed in any other type
of media, such as organic solvents, ionic liquids or DESs. In pulse plating the primary
parameter affecting current distribution is cell geometry. Therefore, current distribution
is incorporated as a variable of PC or PRC. There are various reported practical
applications of pulse current for electrodeposition with smoother deposits of copper,
nickel, and zinc from sulfate solutions,?’?° and gold and copper from cyanide solutions.?*-
31 These all kept the average current densities and plating times equal to the corresponding
DC study. Additionally, it was reported that equal or better-quality deposits could be
obtained for copper, gold and zinc even at higher current densities than those normally
used with DC plating.?® 2% 323 |t is also important to highlight that decreased hydrogen
evolution can be obtained and current efficiencies can be increased due to improved
double layer response times. Periodically reversed current is the main method used for
these studies, and it is basically bipolar electrodeposition process in which DC current is
continuously changing its polarity (direction). It has been used not long before as a
levelling technique in hot cyanide copper plating baths, but was not widely adopted due

to environmental issues.3®

4.3  Results and Discussion - Zinc Powder Pulse Plating

The concept of powder pulse plating is shown schematically in Figure 4.2. When the
target metal powder is physically contacted on the surface, it is possible to dissolve it and
then redeposit it using pulsed waveforms. Briefly, changing the direction of current flow
periodically by using pulse reverse deposition is called PRC Figure 4.1 (F). There are
numerous feasible benefits to this approach including potentially obtaining super-
efficient deposition (current efficiency > 100 %), deposition of heterogeneous alloys, "%

fast deposition of thick layers and deposition of composite materials.*% 4*

Zinc Powder S5 5 Zinc Powder

-------------

Copper Plate

r'annar Diste

Figure 4.2 Zinc particles placed onto copper cathode (left). Zinc particles fuse with the
surface through repeated pulsed cycling (right)
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4.3.1 Cyclic Voltammetry of Zinc Particles

Previously, zinc was studied from dissolved zinc salt in 1ChClI: 2EG, and it was found as
almost fully reversible, and diffusion controlled.*”** In the previous chapter the
electrochemical response of a zinc electrode was demonstrated and it was shown that
dissolution and re-deposition could be achieved but the process was not fully reversible.
In this experiment, the aim was to start with a zinc particle in contact with the electrode
surface and then observe if the particle could be electrochemically dissolved through just

a physical contact.

A single zinc particle was placed on a gold working electrode immersed in 1ChCI: 2EG.
Gold working electrode was chosen instead of platinum in initial experiments since
physical colour change was recorded. Experiment temperatures were kept at 50 + 5 °C
to increase the rate of zinc dissolution and deposition. The zinc particle was
approximately 1 mm? to enable clear visual inspection of the sample.

It was expected that a cyclic voltammogram like that observed for a zinc electrode in
Chapter 3 would be observed, but Figure 4.3 shows that an almost linear resistive artefact
is revealed instead. This is due to the large current, for zinc dissolution and the high

resistance of the solution.

Repeated cycling showed that small bubbles formed on the anodic and cathodic cycles. It
was thought at the time that the liquid was stable in the region of the voltammogram and

the reactivity between zinc and EG was unknown.
To study this phenomenon in more detail the cell was placed under a microscope and the

experiment was repeated. Figure 4.4 shows the microscope image of the zinc grain (dark

area in the inset images), and the zinc grain moves during the experiment.

112



' 600

450

300

( 1 150
u‘ ]
‘ ‘ o
J l -150
Pt Flag Zn Powder Au WE Ag Wire —

/A

E/V

Figure 4.3 CV was studied between 0.4 V and -1.2 V. Pt flag CE, silver wire reference
electrode, and 150-micron size zinc particle on top of gold working electrode in 1ChClI:
2EG. The scan rate was 30 mVs™.

This movement was caused by microbubbles forming on the underside of the zinc
particle, lifting away from physical contact with the gold substrate as proven in Figure
4.4,

Figure 4.4 Experimental set up for observing zinc particle during cyclic voltammetry
experiment. Lower inset image shows movement of zinc particle.

After the problem was identified, a solution was developed to prevent movement of the
Zn particle on the working electrode. To hinder the particle moving, a non-conducive
spring was used to press the zinc particle down onto the Au working electrode surface as
shown schematically in Figure 4.5. For the ease of experimental set up, a relatively big

zinc particle was chosen to make contact between the point and the particle easier. This
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experiment was repeated several times changing the tension on the spring until noise free

voltammogram was obtained.

The cyclic voltammogram in Figure 4.5 shows that a response characteristic of zinc
dissolution and deposition is obtained which is similar with the one shown in Figure 3.20
for bulk zinc dissolution from a zinc electrode. This shows that the Zn particle remained
in contact with the electrode during the experiment. The oxidation and reduction charges
were calculated as 23.5 pC and 23.8 uC respectively, which shows that the process is
largely reversible. At low scan rates, on the anodic cycle, a white cloud was formed
around the zinc particle. This is thought to result from either exceeding the solubility of
zinc chloride in the double layer or due to the formation of an insoluble zinc glycolate

complex. The results in chapter 3 suggest that it is the latter of these which is more likely.

The CV in Figure 4.5 shows two anodic stripping potentials at c.a Ep! = -0.8 V, Ep? = -
0.6 V. The same observation was made by Barron** who used atomic force microscopy
(AFM) to show that Ep!, was assigned to the removal of the small scale, nanodeposits
whereas the anodic peak, Ep?, was due to the dissolution of bulk zinc. The formation of
two stripping peak requires very sensitive conditions as it was not repeatable at every

scan which is most probably due to the surface roughness.*

Spring g
Support -

Pt Flag Zn Powder Au WE Ag Wire E/V

Figure 4.5 Schematic diagram of the experimental set up (left) and resulting cyclic
voltammogram (right), CV was studied (Ag wire RE, Pt CE) between 0.2 V and -1.25 V
at sweep rate of 30 mVs™. 150-micron size zinc particle on top of gold working
electrode in 1ChCl: 2EG.
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During the cycling of the zinc particle in Figure 4.5 the area on the gold electrode around
the zinc particle changed from a yellow colour to grey as it was expected to be seen before

starting the experiment.

4.3.2  Single Particle Pulse Plating

In the previous section it was shown that zinc from a single particle could be dissolved
and electrodeposited and in this section the concept of powder pulse plating is tested using
a single zinc particle. The experiment was carried out using alternating current pulses to
determine the feasibility of fusing the zinc particle to the substrate. In the experiment, the
particle used was big enough so that pressure did not need to be applied to keep the zinc
particle stable on the substrate. The experiment was set up with a 25 mm diameter O-ring
glued to the 3 cm x 3 cm copper substrate. An iridium oxide coated titanium mesh was
used as the counter electrode and the experiment was run in by electrodes as anode and
cathode. Figure 4.6 shows a schematic representation of the experimental set up. The
electrolyte was 1ChCI: 2EG at 47.5 + 2.5 °C with no added ZnCl>. A 3D optical profiler
unit was used to observe the volume change of the zinc particle. Then, 1ChCl: 2EG filled

the space inside the O-ring. Several pulse variables were tried as given in Table 4.1.

Cu Substrate
O ring

Ti anode

Zn Particle

Figure 4.6 Schematic diagram showing the experimental set-up used for deposition and
dissolution of single c.a 600 um zinc particle placed on a copper plate.
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Table 4.1 Experimental conditions for the pulse sequences applied to fuse the zinc

particles onto a copper substrate in 1ChCl: 2EG at 45°C for the experimental
procedure shown in Figure 4.6.

Exp. | IdmA | tds l/ MA | tis tota/S | T/% | f/Hz
A 50 0.001 10 0.001 0.002 50 500.00
B 50 0.006 15 0.002 0.008 75 125.00
C 40 0.01 10 0.004 0.012 71 71.43
D 35 0.02 10 0.01 0.03 66 33.33
E 35 0.08 10 0.03 0.13 73 9.09
F 35 0.8 10 0.3 1 73 0.91
G 35 15 10 0.5 2 75 0.50
H 35 3 10 1 4 75 0.25
J 35 6 10 2 10 75 0.13

The pulse trials initially chosen were similar with those used in the literature for aqueous
solutions. In the experiment, labelled as A, the applied cathodic current and anodic
currents were chosen to be 50 mA and 10 mA respectively with 80% ductility, and a 500
Hz frequency rate. However, at the end of the experiment no deposit was observed and

only etching of the copper substrate was observed as shown in Figure 4.7.

Figure 4.7 Photograph of the 3 cm x 3 cm copper substrate after 3h experiment A with
applied +50 mA for 1 ms, and -10 mA for 1 ms 47.5 + 2.5 °C.

In experiment, B, while the anodic current and anodic pulse time increased, the frequency
was decreased compared to experiment A. However, deposition was still not observed. In
experiment, C, the cathodic current was decreased but the time was increased but the
result did not differ significantly from A, B. Experiments D, E, F, and G also failed to
stick zinc particles on to the surface as shown in Figure 4.8.
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Figure 4.8 Deposited 3 cm x 3 cm substrate images for experiments with applied +35
and -10 mA at 47.5 + 2.5 °C for deposition pulses of 80 ms, 800 ms, 1.5 s, and for

dissolution pulses of 30 ms, 300 ms, and 500 ms, labelled as E, F and G respectively.

In experiment H, it was possible for the first time to fuse the single zinc particle to the
copper surface with an applied deposition current of 35 mA, and an applied dissolution
current of 10 mA values and a 0.25 Hz frequency ratio. As further decrease in frequency
to 0.25 Hz produced a successful result. Decreasing the frequency to 0.13 Hz in
experiment J, decreased the adhesion of the particle. It appears that the pulse plating

parameter choice appears to be critical.

Consequently, it was found that the optimum effective duty cycle value was 75% while
the optimum frequency value was 0.25 Hz for the case of single particle deposition
process. The applied frequency is much lower than that would be used for aqueous
plating. There are probably two reasons for this; the viscosity is significantly higher in
DESs than in water and the distance that ions must travel are much larger for the large
particles. For powder pulse plating the ions must move distances in the order of um
whereas for conventional electroplating it is in the order of nm. It is therefore not
surprising that the frequency is several orders of magnitude lower than would be expected

for agueous pulse plating.

Figure 4.9, shows the zinc particle before and after the current pulses. The applied
currents 35 mA for deposition, and 10 mA for dissolution. The pulse periods were 1 s for
dissolution and 3 s for deposition. Figure 4.9 a and e show clearly that the particle is
fused at the base to the copper substrate. The particle is clearly smoothed during the
dissolution and deposition steps. It should be noted that the apparent volumes will be
inaccurate as the 3DM profiler cannot image all around the 600 pum sized particle, and so
it assumes that everything under the topographical image is solid. Although the measure
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volume appears to decrease by about a half, the material that is being removed from the
top is simply being deposited not only at the base of the particle but also in the area

surrounding the particle.

Qualitatively analysing the grain in Figure 4.9, this appears to be an appropriate estimate

of the change in volume of the particle.
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Figure 4.9 a Profilometry of the zinc particle before and after the pulse plating
experiment Current density is 7 mA.cm for deposition, and 2 mA.cm™ for dissolution.
Pulse periods are 1 s dissolution and 3 s deposition. b is particle before experiment, c is
experiment in progress, d, and e show fusion of the particle to the substrate.
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Figure 4.9 (e) shows that a layer of zinc which is approximately 10% of the height of the
particle is needed to fuse the particle to the substrate which appears to be reasonable. As
will be seen later using EQCM there is a critical time in the experiment before the particle

fuses with the substrate.

Figure 4.9 shows that the zinc did not completely coat the copper substrate but instead it
coated only in the area around the zinc particle. This is because the current pulse was
relatively short, and the zinc could not diffuse far before it was stripped from the solution.
The short anodic pulse also ensures that the solution close to the zinc particle did not

become saturated with zinc.

The aim of the experiment is to get as much zinc into solution as possible without
saturating the solution and then to deposit it in the area between the particle and the
substrate and ultimately, in the volume between the particles. This is shown schematically
in Figure 4.10.

Double layer Dissolution Deposition

———

Zinc
Powder

Figure 4.10 Schematic diagram to show the dissolution and redeposition of Zn fusing a
particle to a substrate.

4.4  Bulk Powder Deposition

In an attempt to go from a single particle to a practical plating system the main issue is
how to keep the zinc particles in contact with the substrate. Initial cell designs relied on
gravity to ensure a contact between the substrate and the zinc particles. The optimised
current density, dissolution and deposition times will need to be changed slightly to
ensure particle fusion as presented in the following sections. It is a fact that required
current is related surface area of the powder. While dedication of a fixed current density
for a single powder was easy, it is difficult to measure for a bulk powder system as
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placement of particles and their contact area with solution will be changed depending on
placement. However, it is certain that current density will required to be increased for the
same cathode plate used for single particle due to additional increase of surface area

coming from each powder that contact with cathode.

4.4.1 Electrode Geometry - Vertical

For a practical plating system, it must be possible to deal with a variety of electrode shapes
and orientations. One approach would be to use a packed bed of zinc particles around the

vertically oriented electrode.

Figure 4.11 shows a schematic diagram of an ABS cell made using a 3D printer. The
electrodes are separated by a filter paper membrane which just forms a physical barrier
keeping the zinc/DES slurry in contact with the electrode. A plastic grill slots into the cell
to keep filter paper flat and in place. A course filter paper was used to produce a set-up
which was easy to adapt. The paper had to be carefully cut to ensure no leakage of the
zinc/DES slurry into the counter electrode compartment.
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Figure 4.11 plan view (left) and profile cross section view (right) of the packed zinc bed
system.

The cell shown in Figure 4.11 was used for the electrodeposition of zinc onto a copper
substrate at first without dissolved zinc salt with no deposition, and later tried with 0.3 M

ZnCl; in 1 ChCI: 2 EG solution for 180 minutes. The process conditions are shown in
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Table 4.2. The zinc particles sizes were in the range 20-50 um packed on a copper
substrate of approximate area 4.5 cm?. With a single particle, it is not difficult to discuss
the current density, however, with the packed bed of particles the surface area will greatly
increase. Due to the unknown surface area, the following experiments present total

current rather than the current density.

Table 4.2 Experimental conditions used for the sample in Figure 4.12

T/ °C Ic/ mA tc/ S Ia/ mA ta/ S ttotal/ h T/% f/Hz
5045 50 5 14 1 3 0.94 0.17

Figure 4.12 shows a photograph of the deposit morphology of the zinc formed by this
process. A thin, but patchy zinc deposit was obtained but no particles were fused to the

electrode surface.

Figure 4.12 is and optical photograph of a copper plate that deposited with zinc using
the cell shown in Figure 4.11 and the conditions described in Table 4.2.

This could result from the slurry density being insufficient to maintain contact with the
electrode or because gassing is creating a gas pocket lifting the particles away from the
electrode. As the zinc layer is thicker and more homogeneous at the bottom of the sample
it is probable that a concentration profile is set up in the cell and the zinc complex formed
on dissolution has a higher concentration at the base of the cell than at the air-solution
interface. As was shown in Chapter 3, there appears to be a critical zinc concentration
below which zinc cannot be electrodeposited and this would explain the results in this
experiment. It was noted that gas was produced during the experiment and this resulted

in fluctuation of the cell potential. Additionally, a mathematical modelling was used to
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check the possible drawbacks of using filter paper and this analysis is given in appendix
section. The simulation shows localised high current densities leading to vigorous gas

production, and decreasing particle adhesion.

4.4.2  Electrode Geometry - Horizontal

The issue in the previous section was that the zinc particles were not sticking to the
electrode surface as there was insufficient force maintaining the in contact with the
electrode. An alternative approach was tried where the electrode was maintained in a
horizontal orientation. The cell in Figure 4.13 was constructed using a 3D printer with
ABS polymer. Before starting each experiment, the copper substrate was cathodically
polarised for 10 minutes in a 0.3 M ZnCl, 1ChClI: 2 EG at a DC current density of 50 mA
cm to create an initial layer of zinc which will prevent the copper dissolution during
applied anodic pulses. The seed layer also ensures a reservoir of zinc to keep the zinc
concentration high close to the bottom of the close packed zinc layer The working
electrode was a square (3 cm x 3 cm) copper plate which was spring loaded to ensure a
constant pressure with the edges of the holder. In this experiment, first, a paste made up
of Zn powder (diameter 30-50 um) with 1 ChCl: 2 EG, and this was spread on the copper
substrate using a spatula. PRC was applied for 180 minutes, and experimental conditions
are listed in Table 4.3.

Table 4.3 Experimental conditions used for the sample in Figure 4.14.

T/ °C Ic/ mA tc/ S Ia/ mA ta/ S ttotal/ h T/% f/Hz
47.5+2.5 63 5 18 1 2 94 0.17

Consequently, the application method by which the powder was deposited onto the
substrate is important. In initial trials of the horizontally placed substrate, a powder-paste
was made up where a mixture of zinc powder and 1ChCI: 2EG containing 0.3 M ZnCl>

was distributed on the surface using a spatula.
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Figure 4.13 Schematic diagram showing the electrode arrangement with a copper
cathode which is supported by a spring from bottom to maintain a seal with the ABS.

An advantage of this cell to the previous design was that no filter paper separator was
required which could decrease the potential drop across the cell.

When the experiment was performed using the conditions given in Table 4.3 in the cell

shown in Figure 4.13 the deposit shown in Figure 4.14 was obtained. The deposit showed
poor adhesion and was easily wiped off the surface.

Figure 4.14 photograph (left) and 3DM image (right) obtined using the cell shown in
Figure 4.13 by pasting zinc powder with 63 mA for 10 seconds deposition current, and
18 mA for 1 seconds dissolution current as given condition in Table 4.3. Powder

applied with spatula onto substrate.
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Consequently, it was found that regardless of how carefully the powder-paste was placed
on the surface, fusion of particles did not occur efficiently as they were poorly packed on
the surface meaning the distance between them was too great to allow zinc to be deposited
between them and for them to fuse together. Also, if electrical contact did not occur
between the particles then dissolution and deposition could not occur efficiently. To
overcome this issue, larger zinc particles sized between 80-150 pum were used with a new

technique which is shown schematically in Figure 4.15.

The increased size and mass of particle meant that the particles easily settle down onto
the electrode surface within 10 min. The experiment described in Table 4.4 was used for
150 minutes at 47.5 * 2.5 °C with larger particles. This proved to be a successful method
to achieve a fused zinc film and Figure 4.16 shows the photograph, and 3DM images of

the deposit obtained while Figure 4.17 shows the SEM images.
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V particles fused on substrate

Figure 4.15 Copper plate is placed into 0.3 M ZnCl> containing DES (1), the initial zinc
layer was deposit for 10 min (I1). The particles were added to the beaker and stirred
vigorously for 5 s (I11), the particles settled onto substrate (IV), and pulse deposition is
performed to fuse particles onto substrate (V)
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As shown in Figure 4.16, particles are fused together and demonstrate for the first time
that the concept of powder pulse plating can work but it is clear from the photograph
alone that the particles are patchy and there are clearly void or holes that are present in

the film.

Table 4.4 Experimental conditions used for the sample in Figure 4.15
T/°C I/ mA t/ s la/ MA | ta/S | toalS T/% f/Hz
5045 63 5 18 1 9000 94 0.17
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Figure 4.16 photograph, and 3DM profile and image obtined using the cell shown in
Figure 4.13 with the conditions listed in Table 4.4 in 0.3 M dissolved ZnCl, 1 ChCl: 2
EG solution.

The porosity of the film affects the adhesion of the film and act as sites where gas bubbles
can stick. This certainly results from the way in which the slurry is applied to the electrode
surface and the way that the particles pack on the surface. It can also be seen Figure 4.16
that surface has become smoothed in the dissolution process. One issue may be that the
small zinc particles form a stable colloid as noted previously by Ettaib so they do not

settle properly on the electrode surface to form a dense packed layer.*®
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Figure 4.17 SEM images of obtained sample given in Figure 4.16 which the conditions
given in Table 4.4 is applied.

The SEM image given in Figure 4.17, however shows that there are macroscopic holes

in the zinc film, so the technique can be used to make high surface area materials.

It could be questioned why a pulse technique is needed if there in ZnCl; in the solution,
it should be possible to simply coat in between the particles. A DC plating experiment
was performed to observe the differences from the pulse reverse current deposition.
Medium was the same with previous pulse experiment given above, 0.3 M ZnCl>
dissolved in Ethaline at 50 + 5 °C. Copper substrate was placed horizontally in the same
cell used in PRC experiment given in Figure 4.15. Applied current was adjusted to 48
mA DC which is a little lower when compared to cathodic pulse current, Ic: 63 mA. The
lower current pulse should decrease bubble formation. Similarly, as previously, an initial
zinc layer was deposit for 10 minutes. Zinc powder was mixed, and a DC bulk electrolysis

was carried for the same length of time as the PRC experiment described above.

Figure 4.18 shows a photograph and 3DM image of the deposit obtained from the DC
electrolysis. The darker grey is the substrate zinc which was initially deposited before the
particles were added and the brighter parts are poorly adhered particles from the powder
DC plating. This shows that DC plating yields a poorly adhered layer. The reason behind
this can be clearly seen from the schematic diagram in Figure 4.19. When a DC source
is used the ZnCl, between the grains is rapidly used up and is insufficient to fuse the
grains together. The ZnCl> from the bulk solution will first be deposited on the interface

between the solution and the grains. This zinc layer will fuse together the outer surface,
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but it will not fuse the particles to the electrode. When pulse plating is used the zinc from
the primed surface will maintain a high Zn'" concentration between the gains and lead to
a fused mass. It will, however, be difficult to get sufficient Zn between the grains to

prevent pores.

Figure 4.18 Photograph (top left) and 3DM image (top right) of the deposit obtained
with a DC source. Conditions were approximately same with Table 4.4 as those used
for the sample in Figure 4.16.
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Figure 4.19 Schematic diagram showing the difference between deposition using a
pulsed current (right) and that with a DC (left).

Therefore, the PRC technique is essential for particle fusing. While DC provides the zinc
nucleation around the particles and fills the holes between the particles, it does not provide
enough metal between the particles to fuse them together. The PRC plating technique has
a reservoir of metal close to the electrode surface so that during dissolution a high zinc
concentration is maintained between the particles to fuse them together on the deposition

cycle.
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443  Bulk Powder Deposition -Stirred Systems

The previous attempts to have a vertical electrode orientation failed to adhere the zinc
particles to the surface but this orientation will still be the most important way in which
pieces will be jigged in the plating bath. In an endeavour to coat particles onto the cathode

an alternative approach was attempted.

The approach used was similar with those aqueous solutions to produce composite
materials. In this case, fine zinc particles were distributed in a DES and zinc was plated
from a 1ChCl: 2EG DES containing 0.3 mol.dm? ZnCl,. The cathode was placed
vertically, and a pulse reverse signal was applied. An Arduino-UNO logic board was used
to control the magnetic stirrer. The zinc powder sizes were between 6 pm and 9 pum. The
temperature was set between 47.5 + 25 °C. A schematic representation of the

experimental set up is shown in Figure 4.20.

Figure 4.20 Schematic diagram for the experimental set up for the pulsed powder
deposition where the electrode was maintained in the vertical position. The electrodes
are parallel to each other (I). The particles are mixed with the 1 ChCI: 2 EG solution

(11) The stirrer is switched off (111) and the reverse pulses are applied. The pulse is
reversed, and the stirring is continued. (1V) represents the final product deposited.

129



The main reason behind using small particles was to ensure that they stayed suspended in
the DES. Experimental set up made up by a 100-ml glass beaker filled 65 ml of 0.3 M
ZnCl; in 1ChCI: 2EG DES mixture with added 0.05 g of zinc particles, and the mixer was

connected to programmable board as shown as small circuit in Figure 4.20.

A cathodic pulse of 55 mA, and an anodic pulse of 18 mA were applied for 180 minutes.
However, before PRC deposition, DC plating was performed without Zn powder in
contact with the working electrode as above to obtain a zinc reservoir on the copper
surface, so an initial zinc layer was deposited for 10 minutes (i.e. the before adding the
particles).

The pulse sequence uses 1 s for dissolution and 5 s for deposition, to ensure that the
solution does not become saturated with zinc. During the plating cycle, the stirrer is
stopped to allow the zinc particle to come in to contact with the surface while the zinc

metal plates around it.

The pulse profile was different from that used above, so that it was more akin to a DC
experiment. After the initial zinc coat, the applied dissolution and deposition currents
were the same with horizontal placement experiments. Stirring periods applied as 10 s
ON and 5 min. OFF. The total coating time was 180 min. which little longer than the
experiment performed in horizontal placement given in Figure 4.15. The deposit obtained
is shown in Figure 4.21 was significantly different from those observed above. The zinc
coating is very dense, but it is clear to see that each Zn particle has become coated in

small zinc crystallites.
The surfaces are rougher than those seen previously due to the very short dissolution pulse

length. The samples are also not macro-porous. The layer is approximately 50 pum thick

showing that layer on layer growth is occurring.
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Figure 4.21 Photograph and SEM image of deposit obtained using 6-9-micron particles
by using pulse power supply in 0.3 M ZnCl; in 1ChCl: 2EG with a cathodic pulse of 55
mA, and an anodic pulse of 18 mA for 180 minutes.

This is an important result as it demonstrates that it is possible to coat zinc powder into a
zinc coating when the electrodes are in a vertical orientation. It is also important to note
that the current efficiency was only was c.a 90%. However, it is possible to obtain a thick,
homogeneous deposit in three hours. Figure 4.22 shows the obtained SEM images for
vertical-stirrer deposition system. In the experiment, completed with a vertical orientation
in the cell given in Figure 4.15, the thickness of the deposit was between 40 to 90 um.
Figure 4.22 shows that the structure is more macro porous, and very different from that

seen in Figure 4.17. This is due mostly to the zinc particle size.
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Figure 4.22 SEM image of the deposit morphology obtained using 6-9-micron particles
by using pulse power supply in 0.3 M ZnCl; in 1ChCI: 2EG with a cathodic pulse of 55
mA, and an anodic pulse of 18 mA for 180 minutes.

On a macroscopic scale, the deposit obtained with smaller particles is denser and better
fused together which is what would be expected. Figure 4.22 shows that the surfaces of
the microparticles have been engineered into hexagonal zinc crystals. As shown in
Chapter 3 this could be due to both the anodic and cathodic steps. Imaging the cross
section is problematic zinc and the surfaces are friable, but also because they are very soft
the material smears when it is polished. It is, however possible to see from Figure 4.23

that the zinc coatings are microporous.

Figure 4.23 Cross section comparisons of experiments performed with PRC in the
vertically-stirred system (left), and an analogous experiment performed with just DC
(no particles) for 3 hin 0.3 M ZnCl, in 1 ChCl: 2 EG with current density c.a. 6
mA.cm?,
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As shown in Figure 4.23 also shows a zinc deposit obtained using the same conditions
but from a normal DC experiment with the same electrolyte but without and suspended
zinc particles in solution. It can be seen that the suspended particles give a much thicker

deposit (approximately 6 times thicker).

4.4.4  Current Efficiency

The current efficiency was determined gravimetrically using a 5 dp balance and the
change in mass was compared with that calculated from Faraday’s Law given in Equation
4.4. Sequential experiments were performed for each method of deposition, and it was
found the only super-efficient system were from samples which were horizontally
oriented and deposited with 80-150 pum size particles by PRC as described in Table 4.5.

QMRMM
m =

Equation 4.4
nF

where m is the mass deposited Q is the charge passed, Mrwmm is the relative molar mass of
the metal being deposited n is the number of electrons (2 for Zn) and F the Faraday
constant (96484 C mol™).

The results in Table 4.5 show for the first time that super-efficient deposition (> 100%
current efficiency) is possible powder pulse plating. It should be noted that this was only

possible for big particles, (80-150 um) with the electrode in a horizontal configuration.

Table 4.5 current efficiency for the electrodeposition of zinc from various plating

systems
Conditions ZnClz/ mol dm= | Added mass/ g | Charge/ C | Efficiency/ %
PRC horizontal 0.3 0.28317 499 165
PRC vertical 0.3 0.16908 520 96
DC no particles 0.3 0.09625 324 87

Comparing the deposition with a standard DC electrodeposition of zinc without particles
added to it shows that the current efficiency is significantly higher. An additional issue

that has been observed with the deposition of metals from DESs is that the deposition of
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very thick coatings is often difficult by DC deposition. Once the deposit is > 20 pm the
morphology changes and a black friable deposit is obtained. This is thought to be due to
the nature of insulating films described in Chapter 3. Powder pulse plating allows thick
deposits to be obtained comparatively quickly albeit with a porous structure. To see
whether these efficiencies are reasonable, it is possible to calculate an ideal super
efficiency by considering what the efficiency would be by packing a spherical particle
together into a lattice. For a sphere, the packing efficiency in a cubic lattice is
approximately 52% ((4nr/3)/(8r%)). Using a DC supply to deposit 48 g of Zn would trap
a maximum of 52 g of Zn particles so the maximum current efficiency would be 208%
(100/48). Given that the packing of the zinc particles is relatively dispersed a deposition

efficiency of 165 % is quite respectable.

45  Electrochemical Quartz Crystal Microbalance

Electrochemical quartz crystal microbalance is a technique that can be applied to measure
the in-situ mass changes on an electrode surface with nanogram resolution. EQCM has
been extensively used to study electrochemical processes in DESs.!6: 44 4653 The
traditional EQCM cell used in the laboratory had a hole at the bottom of a glass cell on to
which an EQCM crystal was fixed using silicone glue. However, this method did not
function with the powder pulse plating as it did not enable the solution to be stirred.
Therefore, a new EQCM cell was designed, and printed to perform the experiments as

shown in Figure 4.24.

Outer O-ring
SSuLI-Q Jauu]

Figure 4.24 Novel EQCM cell designed to ensure experiments could be carried out at

elevated temperatures.
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As shown in Figure 4.24, the gold coated EQCM crystal is mounted in a horizontal
orientation using O-rings above and below the crystal to maintain a seal. Similarly, the
leads of EQCM crystal are isolated from liquid contact in rectangular pipe with bigger O-
ring. This experiment used 0.0112 g of zinc powder on the exposed gold crystal. As
previously, 0.3 mol dm= ZnCl, in 1ChCl: 2EG was used as the electrolyte. A DC potential
of -1.2 VV was applied for 1300 s.

The admittance data obtained are shown in Figure 4.25. As the experiment proceeds the
admittance decreases regularly up to 765s where upon there is a large change in
admittance. This could indicate the time taken until the zinc particle fuses with the
surface. At 5 mA.cm2 applied current, the amount of zinc that could be deposited on the
gold surface in 765 s would be 2.73x10* g which would equate to a thickness of 1.8 um.
Given that the approximate zinc particle size was 20 um this would equate to c.a 10% of
the height of the particle which would be in keeping with the results from Figure 4.25.
Further analysis of the data is not possible as the zinc particles damp the signal and

invalidate the conditions needed to apply the Sauerbey equation.
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Figure 4.25 left Powder plating response of QCM crystal for admittance change with
respect to time. Inset image shows the response obtained without zinc particles added to
the system. Right: Photograph of QCM crystal after the the deposition experiment.

4.6  Electrodeposition of Composite Coatings

As stated at the start of this chapter, one application of this type of approach may be
in the deposition of composite coatings. These have been studied for several metals

and dispersed phases in the group. Composites coatings are of interest as they have
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the ability to modify the coating properties, giving it either increased anti-wear
properties or lubrucating properties can be introduced by incorporating polymer
particles. The particles to be dispersed in the metallic coating are usually small (30-
50 nm) so they do not settle out to quickly in the plating solution, The solutions are
also stirred vigorously to maintain an even distribution.>*>" Some studies have been

able to achieve alumina loadings of upto 35 wt % in the metal coatings.

Ettaib showed that various particulate materials could be suspended in DESs including
Si3Nas, SiC, BN, Al>O3, and diamond. Even quite large particles (5 um) formed stable
suspensions without the need for stirring. This is because the DESs are very viscous and
the high ionic strength of the liquids shields the particles from each other electrostatically.
It was shown for example, that 1 pm Al2Os particles took about 24 hours to settle out
whereas 0.05 um particle suspensions are stable for more than a week.*® Electrodeposition
of copper/Al>,0O3 composites was achieved but the distribution of the alumina particles
was not particularly even. The same was true for PTFE particles. The same study also
investigated nickel composites with similar results. Subsequent work by Juma studied the
deposition of hard Ni/chrome carbide coatings using the same DES. The chrome carbide
particles were scattered on the substrate surface and the nickel was electrodeposited
around them.®® This resulted in a relatively even particle distribution and good adhesion
of the dispersed phase to the substrate. The coatings were found to be extremely wear

resistant.

In the current study, an alternative approach was attempted: The dispersed phase was
mixed with the zinc particles and these were then placed in contact with little smaller
printed cell, but same technique performed in section 4.4.2 onto a 2 cm X 2 cm copper
substrate. This should ensure an even particle distribution and it should enable highly
dispersed phase content to be obtained. The experiment should also be independent of the

particle size.

Table 4.6 Experimental system and procedure is the same given in section 4.4.2.

T/°C

la/ mMA

ta/S

I/ mA

tc/ S

trotal / S

50

8

2

28

10

13200

136




Two different dispersed phases were tested AlO3 and SiC with zinc particles in two
separate experiments. In the experiments 0.01 gram of 320 grit (diameter c.a 50 pm) SiC
particles were used with 0.05 g of Zn powder (diameter c.a 40-60 um). A pulse
experiment was used, and the deposition conditions are shown in Table 4.6. As shown in
Figure 4.26, SiC particle are relatively evenly distributed throughout the sample but it is
clear that zinc is not well adhered to or around the SiC (darker particles).

- o
®accV SpotM Det WD }—————— 100 zm
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R

Figure 4.26 SEM image of a Zn/SiC composite coating obtained using the deposition
conditions shown in Table 4.6 in 0.3 M ZnCl> dissolved in 1 ChCl: 2 EG solution.

There appears to be some entrapment, but the particles are not well adhered to the surface
(although they do survive physical washing). The experiment in Table 4.6 was repeated
using the same conditions but using Al>O3z particles (c.a 20 um in diameter). The deposit
obtained from this process is shown in Figure 4.27. It can again be seen that adhesion to

the alumina (darker particles) is poor although fusion has occurred in the zinc particles.

AccY  SpotMagn
200KV 5.0 100

Figure 4.27 SEM image of a Zn/ Al,O3 composite coating obtained using the deposition
conditions shown in Table 4.6
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4.7 Conclusion

In this section of work, it was aimed to adhere zinc particles onto a substrate through
cycling the particles via alternating anodic and cathodic charge cycles. Initially the
electrochemistry of single zinc particles was studied using cyclic voltammetry and it was
found that on small particles gas evolution was an issue that caused the zinc particle to
move on the electrode substrate during the cycle. This was less of an issue with larger

zinc particles.

Numerous experimental set-ups were attempted using the electrode in both vertical and
horizontal configurations to achieve bulk deposition. It was found that for horizontal
orientation large zinc particles needed to be used as gravity was needed to ensure the
particles retained a good physical contact with the substrate. Cycling the current under
these conditions enabled homogeneous zinc layers to be deposited. The anodic cycle was
clearly levelling the large zinc particles. The optimal conditions for reduction and
oxidation were examined, and it was found that 0.3 M ZnCl> dissolved medium with low
frequency, and an effective duty cycle of approximately 75% was needed to ensure fusion

of the particles with the surface and with each other.

To enable zinc plating in the vertical orientation an alternative approach was developed.
Here zinc chloride was added to the electrolyte and small zinc particles were suspended
in the electrolyte. Under these conditions, thick, homogeneous deposits were obtained
demonstrating that powder pulse plating is a viable method for coating surface. The
current density was calculated for different deposition conditions and it was found that
under some conditions, super-efficient deposition could be obtained. This clearly occurs
due to zinc being incorporated onto the surface which did not need to be electrochemically
reduced. Efficiencies of up to 165% with average of 140% were recorded. This is quite

high given the packing density of the zinc particles.

In the final part of this study a composite material was created by mixing alumina and
silicon carbide with the zinc particles before the powder pulse plating. These particles are
clearly not electroactive, but the zinc was able to pack around the inert particles. It should
be noted, however that wetting was not particularly the case, and the dispersed phase was

not particularly well adhered to the zinc particles.
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Chapter-V

Copper Powder Deposition



5.1 Introduction

Copper or its alloys with other metals has been extensively used for processes such as
electronic, optic, automobile, and aerospace applications.! Copper deposition has a great
interest in printed circuit board industry for manufacturing large scale printed circuit
boards where it is the interconnect material of choice.?* Although copper is more brittle
compared to the aluminium it has a higher electrical conductivity and is intrinsically less
susceptibility to electromigration.*’

Copper deposition is often used as a pre-coating for other metals so that it is easier to
deposit other metals on top of it. It is often used when the substrate is reactive or when
there is a miss-match between the lattice structure of the substrate and the coating e.g.
between some steels and nickel.® The copper layer can improve the electroplating quality
by means of increasing the hardness, decreasing the porosity or smoothing out surface

irregularities in the substrate.®

Copper electrodeposition has been extensively studied in ionic liquids. It was initially
carried out using chloroaluminate based ionic liquids in 1960s and 1970s.1%%3 In the

1990s, copper deposition was studied in ionic liquids with discrete anions such as [BF4]
14,15

Abbott et al. studied copper deposition from the mixture of 1ChCl: 2EG ¢ and showed
that copper has two redox process; the Cuqr/Cugy couple at 0.43 V, and the Cuqy/Cu (o)
couple at -0.45 V. The formed couple was used to determine the diffusion coefficient for
CuCl4* using the Randles-Sevcik relation. This was found to be 2.42 x 10" cm? s? at
25°C.*8 Chronocoulometry experiments carried out using 0.01 M [CuCl,.2H20] in 1ChClI:
2EG revealed a strong linear correlation between deposition charge and t*2 which
indicated the deposition process was diffusion controlled. The current efficiency of the
deposition was determined from a charge versus mass plots obtained using an
electrochemical quartz crystal microbalance and it was found to be 99.2% at a deposition
potential of -0.8 V.1® Chronoamperometry was also studied to determine the nucleation
mechanism of [CuCl2.2H20] in both 1ChCIl: 2EG and 1ChCI: 2urea solutions. A
conventional Sharifker- Hills approach was used by plotting dimensionless current

against time. It was shown that the current data fitted a 3-dimensional instantaneous
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mechanism at shorter time scales, and changed to a 3-dimensional progressive nucleation
at longer time scales. This was different to aqueous solutions which changed from

progressive nucleation to instantaneous nucleation with increasing concentration.*’

The high viscosity of neat DESs is often perceived as a difficulty with metal plating. It
can, however be advantageous for the deposition of composite materials. DESs
demonstrate columbic screening of surface charge which enables them to stabilise
colloidal dispersions. Typically, composite materials are deposited by suspending the
dispersed phase in the plating solution and maintained in dispersion using vigorous
stirring. It was found that in DESs, relatively large particles (1-5 pm in diameter) could
be suspended and the colloidal solutions and were stable for at least 24 h without
stirring.8

It was shown with both copper and nickel electrodeposition that these particles could be
dragged onto the surface as electroplating took place. Another interesting finding was that
suspended particles increased the free volume of the liquid which resulted in an increase
in conductivity and a decrease in viscosity as the particles acted as stirrers in the medium
creating holes in the liquid.!® Bulk deposition was performed with Al,O3 loadings as 3%,
5% and 10% (w/w), and results given and the amount of dispersed phase in the copper

layers was found to be proportional to the amount of the particles in solution.

5.2  Project Aims and Objective

The previous chapter on zinc powder pulse deposition showed that one of the issues with
the deposition of zinc is the gassing which occurred on the electrode surface and the
insolubility of the complex which formed following anodic dissolution. The use of copper
should simplify this process as the reduction potential of copper is less negative and
copper is less oxophilic than zinc. This section aims to repeat the experiments of the
previous chapter to compare and contrast the efficacy of this technique with a less

electronegative metal.
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5.3 Result and Discussion

5.3.1 Cyclic Voltammetry Studies

Similar to the zinc deposition, copper powder was placed onto working electrode (Pt) to
enable voltammetric studies. With copper, no spring was required because copper
dissolution and deposition did not produce gases that could cause a loss in connection
between the particle and the substrate as was demonstrated with zinc powder in chapter
4,

Figure 5.1 shows the cyclic voltammogram for 0.4 M CuCl; in 1ChCI: 2EG on a Pt
electrode at 47.5 + 2.5 °C. It can be seen that the same two redox process as described

earlier?® are observed.

50
40
w:
m;

10

J/mA.cm?

Figure 5.1 Solid line represents the CV of 0.4 M CuCl. in 1ChCl: 2EG on a Pt working
electrode at c.a. 47.5 +2.5 °C at 20 mV.s™ Dashed line represents is the same with a
single copper particle (150 um) on the working electrode.

The Cu'"/ Cu' couple was studies as a function of sweep rate and the diffusion coefficient
was determined using the Randles-Sevcik equation (See Appendix 7.1). Do for the Cu'/
Cu' was found to be 8.65 x 107 cm?.s? at 45 °C. This was slightly higher than that
previously obtained by Abbott et-al'® 2.47 x 107" cm? s™* which is understandable given

the difference in temperature (20 °C) between the two studies.
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When the voltammetric experiment was repeated under the same parameters but this time
using a copper particle in contact with the working electrode, a slightly different CV was
obtained as shown in Figure 5.1 (dashed line). The copper particle was from a sample
classed as ca. 100 mesh sizes, which should be approximately equal to 149 pum in
diameter. Figure 5.2 shows an SEM image of the copper powder and the particle size is
quite diverse ranging from 50 to 180 pum although most particles are quite spherical, and

the surfaces are quite smooth.
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Figure 5.2 SEM images of the ca. 100 mesh copper powder used in the experiments.

Figure 5.1 (dashed line) shows a similar response on the reductive cycle with and without
the copper particle present. The main difference is that the steady state current at + 1.0 V
is higher with the copper particle on the electrode which is due to copper dissolving from
the particle. This shows that a good electrical contact is present between the particle and
the electrode without the need for external pressure to retain a contact. The deposition
current is also larger from the higher local copper concentration resulting from copper
dissolution at positive over potentials. On the anodic sweep, the main difference is
observed for the Cu'/ Cu" couple. It would be expected that the large reservoir of copper
in the particle would stop the oxidative current reaching a diffusion limited current. The
noisy oxidative current suggests that there may be a film forming on the electrode surface.
The Pt disc working electrode had an area of 7.85 x 10 cm? and the surface area should
not change significantly when the Cu particle is placed on the surface. Assuming a particle

with radius 75 pm should increase the surface area to 8.09 x 10° cm? i.e. a relative
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increase in area of only 1.03 times and this is the reason that the currents are relatively

similar.

5.4  Anodic Dissolution of Copper

Figure 5.3 shows the cyclic voltammogram for a Pt electrode in of 50 mM CuCl..2H>0
dissolved in 1ChCl: 2EG, and that for an analogous experiment with a copper working

electrode.
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Figure 5.3 Cyclic voltammogram of 50 mM CuCl2.2H,0 dissolved in 1ChCI: 2EG, at
20 °C with a scan rate of 20 mV.s! on at Pt electrode (left) and on a Cu electrode
(right). In both, Ag/AgCl is RE, and Pt flag is CE.

Figure 5.3 shows that the copper electrode has a much higher anodic current density. The
onset potential for Cu® being oxidised to Cu' occurs at the same potential and the higher
current density is clearly due to the copper electrode having a much larger reservoir of
copper to dissolve. The current for the anodic dissolution decreases rapidly at
approximately +0.2 V before increasing again to a secondary peak at c.a. 0.3 V before

levelling off.

On the cathodic sweep, the current remains approximately constant until +0.1 V when
there is a noise associated with the process which is perfectly reproducible in successive
scans. On the cathodic cycle at potentials more negative than 0 V the current decreases
before reaching a peak at -0.4 V due to copper deposition. The passivation on the anodic
sweep and noise on the cathodic sweep occur at about the same potential at the Cu' / Cu"

redox couple on the Pt electrode.
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The same process was studied recently by Karim?® who ascribed the process to
passivation and bulk electrolysis in an unstirred electrolyte produced a green coating on
the anode surface which was CuCl.. (It should be explained that this part of the study took

place at the beginning of the research project at about the same time as Karim’s study).

To study these processes linear sweep voltammetry was carried out. Two different linear
sweep voltammograms were obtained as shown in Figure 5.4, the left one was scanned
anodically starting from -0.5 V and ramping the potential to 0.5 V, and right one was

scanned cathodically starting from 0.5 V down to -1.0 V.
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Figure 5.4 Linear sweep voltammetry of copper disc working electrode (RE is Ag/AgCl
and Pt flag is CE) at 20 °C with sweep rate of 5 mV.s* in bare 1 ChCI: 2 EG solution.
Left side represents the anodic scan, and right side represents the cathodic scan as
shown dotted arrows at top of graphs.

Table 5.1 shows the probable processes occurring on the linear sweep voltammograms in
Figure 5.4. It may seem unusual to suggest that the passivation is due to copper chloride
precipitating on the electrode as copper chloride would normally be thought of as having
high solubility. It should however be noted that most experiments which have solubilised
copper chloride in DESs have used copper chloride dihydrate which has a much lower
lattice energy and is therefore easier to dissolve. To dissolve the anhydrous salt required

prolonged heating and stirring.
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Table 5.1 Potential assignment of features in the LSVs of copper in 1ChCI: 2EG.

Point Explanation Reactions
A Culcu' chloride equilibrium CuCly(s) + 2CI = CuCle™
for solid and solution phases CuCl=Cu"+CI
B Electrodeposition of Cu' species [CuCly] + e = Cug) " 2CI
C Oxidation of Cu® species Cu=Cu*+e/Cu"+2CI = [CuCly
D Salt formation [CuClz] = CuClz + ¢
E Salt dissolution CuCly + 2 CI" 2 [CuCls]*

If precipitation is the cause of the “noise” then it should be sweep rate dependent. Figure
5.5 shows the cathodic LSV as a function of sweep rate with and without CuCl,. On the
cathodic scan, the noise was obtained at c.a 0.1 V for all sweep rates. It was found that

the noise did shift potential slightly in a cathodic direction with increasing scan rate.
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Figure 5.5 Cu disc working electrode (RE is Ag/AgCl and Pt flag is CE) was scanned
from 1.5 V to -1.0 V for different sweep rates ranging from 20 mV.s to 150 mV.s? (left)
in pure 1 ChCl: 2 EG, and (right) in 0.4 M CuCl2.2H20 in 1 ChCl: 2 EG.

The same experiment was repeated with 0.4 M CuCl>.2H>0 in solution. The aim behind
this experiment was to pre-saturate the solution with copper salt. Figure 5.5, (right) shows
that the noise is lost, and two small peaks are formed at point B. This shows that the
feature is probably due to film formation. This means that just like the case for zinc,

anodic polarisation leads to a film on the electrode surface which will affect the way in
which the electrode can be pulsed.
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5.4.1 LSV of Copper under 3D Optical Profiler

In chapter 3 it was shown that the optical profiler can be used to image processes in-situ
on the electrode surface when it is polarised. Dissolution of the copper disc electrode was
performed under the 3D optical profiler using the cell shown in Figure 3.9. Dissolution
of the Cu disc electrode was carried out at room temperature in 1ChCIl: 2EG without
CuCl2 during an LSV experiment under the optical profiler with 100X magnification. The
images are shown in Figure 5.6. At the start of the experiment a bright copper film is
observed. This does not change significantly in appearance until between c.a. 0.22 V

when the surface starts to darken.
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Figure 5.6 Given Optical images on top shows in situ dissolution of Cu working
electrode (Ag/AgCl is RE, and Pt flag is CE) under 3D optical profiler. Potential was
scanned anodically from -0.4 V to 1.4 V with sweep rate of 5 mV.s at room
temperature under a 3D optical profiler.

After 0.4 V the current increases again before levelling off. The surface changes colour
and becomes a darker brown. This phenomenon clearly shows the formation of the film
does occur across the whole electrode. Figure 5.7 shows that surface roughness plays an

important role during this process. It shows a series of images from the potential sweep
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which spans 60 mV in less than 1 s. It can be seen how the electrode darkens across the
field of view which is approximately 100 um wide. On the reverse scan, the film takes

much longer to redissolve.

Figure 5.7 Microscope images of CuCl; film formation with steps of 0.22 V at A (0.166
ms) (no film), film formation starts from the bottom edge right at B (0.332 ms), film
reaches the middle at C (0.498 ms), the film covers the 70% at D (0.664 ms), and is

mostly complete at E (0.830ms), and F (0.996 ms) at c.a 0.28 V.

To show that the solution would become rapidly saturated on an anodic pulse it is possible
to take the diffusion coefficients calculated earlier with the current densities listed above
and determine the amount of material that would be dissolved in a unit volume and time.
A pulse of 5 s would result in 1.2 x 10" moles cm of Cu being oxidised. Given that the
diffusion coefficient of CuCls> at 25 °C is 2.47 x 10" cm?s™* the species can diffuse a
maximum of 5 pum in that time. (<x> = (Dt/z)"/?). That makes an average concentration
of copper of 2.4 x 103 mol cm™ or 2.4 mol dm3. This exceeds the solubility for anhydrous
CuCl; and it is therefore not surprising that after this time the surface layer becomes
saturated. Clearly, as the temperature is increased the solubility will increase and the
diffusion coefficient will increase. This should mean that anodic pulse lengths could be
increased at higher temperatures.
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5.4.2 Electrochemical Impedance Study of Copper Metal

As in Chapter 3, electrochemical impedance spectroscopy was used to investigate the
properties of the film forming on the copper surface. Figure 5.8 shows the linear sweep
voltammetry for 1 ChCI: 2 EG containing 0.1 M CuCl; (top), and the EIS responses at

the two potentials marked A and B (underneath).
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Figure 5.8 Linear sweep voltammetry during cathodic scan for 1 ChCl: 2 EG

containing 0.1 M CuCl; and the EIS responses obtained at points A and B with Pt flag
CE, Pt WE vs Ag/AgCI RE at sweep rate of 20 mVs™.
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During the cathodic scan (points A and B), and anodic scan (points C, D, and E),
electrochemical impedance spectroscopy was carried out but in each experiment freshly
prepared liquids and clean electrode were used for each experiment.

The EIS measurement performed at point A shows a response similar to semi-infinite
Warburg line, represented as I, just before a complete semi-circle. Although, it is very

similar to a Warburg diffusion circuit element, it is known as an O element.?? In the region
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of the O element diffusion of ionic species is slowed down by the formation of a film or
a porous coating.??* It may be ascribed to the formation of a thin copper chloride film
which acts as a reflective boundary. In the reflective boundary region, the concentration
does not change at the double layer/ film boundary as it acts as an impermeable layer on
the electrode surface,?® and in this case it seems reasonable to explain the source of noise
at A in LSV experiment.

The EIS at point B, (-0.44 V) can be seen in Figure 5.8. It shows a 45° semi-infinite line,
called as T element. If the semicircle has no Warburg response or reflective boundary (i.e.
no diffusion anymore), it can be referred as O element, but if a Warburg impedance appear
after the completion of semi-circle (i.e. diffusion occurs) it can be referred as a T
element.?22* A T element is the characteristic of a film which contains a fixed amount of
electroactive substance. At point B, the electrode surface still has some film from point
A, and also some diffusion of a Cu' species to reduce as metallic copper. As the potential
is quite negative, it likely that the copper chloride film is being broken down to deposit

metallic copper.

EIS measurements were performed at points C, D, and E in Figure 5.9 again using fresh
liquids, and clean electrodes for each experiment. The EIS data collected at point C shows
a Randle’s circuit with Warburg impedance which is the diffusion controlled oxidation

of metallic copper to a Cu' species.

At point D where there was a sudden decrease in current on the LSV, a semi-circle
response is followed by a Warburg impedance, and then a straight, vertical line, which is
again a reflective boundary type of behaviour.?® As described before, in the reflective
boundary region concentration does not change on the double layer/ film, and it is
assumed that the point D is the region that electrode surface is started to be blocked by
CuCla.

For the EIS measurement at point E, in Figure 5.9 it is assumed to have some re-
dissolution of CuCl.. Two semi-circles are observed potentially representing the re-
dissolution of the copper salt producing a semi-permeable layer. At lower frequencies a

reflective boundary (impermeable layer) is observed which then converts to an apparent
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Warburg at even lower frequencies. These data are consistent with the mechanism
proposed in Table 5.1.
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Figure 5.9 Linear sweep voltammetry for 1ChCI: 2EG containing 0.1 M CuCl; and the
EIS responses obtained at points C, D and E from Pt working electrode vs Ag/AgCI RE
(Pt flag CE) at sweep rate of 20 mvs™,

5.4.3 Chronoamperometric Studies of Copper Dissolution and Deposition

In these chronoamperometry experiments, it is aimed to mimic the pulse reverse power
supply effect on copper powders and determine the reversibility of the deposition and

dissolution processes.

The potential of a copper disc electrode was first stepped to 1 V, which was sufficient for
surface oxidation, and this was followed by a step to -1 V for deposition for the same
length of time. If a process is fully reversible then the charge on the dissolution pulse
should be recoverable on the cathodic step. The charge passed for both processes was
measured as a function of the length of the potential step. Figure 5.10 shows a typical
chronoamperometric response and the charge recovery (Q-/Q+) was calculated.
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Potential/ V 1 -1
Time/ s 20 20
Charge/ mC | 30.31 | 16.92
44 Recovery/ % 55.82
(5.2)
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Figure 5.10 Chronoamperometry of copper disc working electrode vs Ag/AgCI (Pt flag
CE) reference electrode in 1 ChCI: 2 EG at room temperature for 20 s dissolution at 1.0
V, and 20 seconds deposition at -1.0 V.

If the dissolution leads to a soluble species which can diffuse to and from the electrode
surface, then most the anodic charge should be recoverable on the cathodic pulse. If an
insoluble complex is formed, then the dissolved copper will not be immediately
recoverable on the cathodic pulse. This will lead to a loss in the recovery rate. Figure
5.11 shows the same experiment as Figure 5.10 but for different cathodic and anodic
pulse lengths but always the same anodic and cathodic step potentials (1 and -1 V). Figure
5.11 also shows the recovery rate as a function of the length of the step pulse.

time +/- sec. Recovery/ %
1 /20 92%
5 /20 70%
7 15/20 59%
20/20 56%
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Figure 5.11 Chronoamperometric steps of copper disc electrode vs Ag/AgClI reference

electrode (Pt flag CE) using different cathodic and anodic pulse lengths to determine

the recovery rate as a function of the length of the pulse step in 1 ChCl: 2 EG at room
temperature.
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The process is relatively reversible for short pulse steps (up to 5 s) thereafter, the charge
recovery decreases significantly. For example, the recovery rate at a pulse length of 20 s
was 56 %. The dissolution rate increases linearly for the first 5 s where after it levels off,
presumably because the solution close to the electrode surface is super-saturated with

copper chloride.

This ties in with the calculation in the previous section of the local concentration resulting
from a 5 s anodic pulse which should super-saturate the solution close to the electrode

surface. These results combined show that the anodic pulse should be less than 5 s.

Figure 5.12 shows a potential step experiment similar to that in Figure 5.11 using
different lengths of anodic pulse length with a semi-infinite (300 s) cathodic pulse. From

these the recovery rate was calculated, and the results are given in the legend of the figure.
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Figure 5.12 Chronoamperometry study of copper disc working electrode vs Ag/AgCl
RE (Pt CE) in 1 ChCl: 2 EG with no added copper for different dissolution and
deposition times, at room temperature.

The data in Figure 5.12 show that for 2 s anodic pulses, almost all the copper can be
recovered on the cathodic sweep. For times, greater than 2.5 s there is a slight drop off in
recovery rate showing that an increasing amount of copper cannot be recovered on a semi-
infinite cathodic pulse. For a 5 s pulse, nearly 20% of the dissolved material is never

recovered.
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It is possible to calculate a theoretical amount of material which is not recovered if it is
assumed that all the unrecovered charge is spent on the formation of CuCl». It is possible
to estimate a theoretical film thickness if it is assumed that a homogeneous film covers

the electrode surface.

Table 5.2 lists the charges and recovery rates for the data in Figure 5.12. The film
thickness of the CuCl, can be calculated from the unrecovered charge, used during the

formation of CuCly. Surface coverage is given in Equation 5.1.

Q

= Equation 5.1
n*xFx*xA

Thickness is a function of the molar volume, V, and the surface coverage, I, as given

Equation 5.2.

V=—, h=TxV Equation 5.2
The density and molar mass of the copper chloride are 3.39 g.cm™ and 134.34 g.mol*
respectively.

Table 5.2 Chronoamperometry results of Cu disc electrode, dissolution was followed by
deposition, and efficiency was calculated by differing charge spent, and gained.

Sample | (-)/s | (+)/s | Q+/mC | Q-/mC | Recovery/ % | Thickness/ (um)
1 1 45 3.92 3.872 98.8 0.00552
2 2 300 7.64 7.580 99.2 0.00692
3 25 | 300 7.43 7.080 95.3 0.04070
4 3 300 10.37 9.270 89.4 0.12792
5 4 300 12.54 11.160 89.0 0.16048
6 5 300 15.01 12.305 82.0 0.31456

The thicknesses listed in Table 5.2 do not clearly have a physical meaning because all but
the first experiment would block the surface and electrically passivate the surface. That
does, however show that the copper chloride saturates the area close to the electrode
surface and the contacting of the insoluble copper chloride particles with the electrode

surface is probably what forms the noise which is observed for the voltammograms in
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Figure 5.8. The coatings will also be uneven as can be seen on Figure 5.7 where parts of
the grain turn dark and parts remain bright during anodic polarisation. This could be the
origin of some of the anisotropic effects which are discussed below. Blocking some parts
of the surface while others remain unblocked means that copper deposited on the cathodic

pulse will only be able to grow in certain regions.

55  Deposition with Copper Powder
5.5.1 Single Powder Deposition

Deposition of copper powder was performed in the same method as that performed with
the zinc particle in section 4.2.2 using an O-ring glued to the substrate. The copper powder
was 270 — 400 mesh sizes (30-50 um). A single powder deposition was tried for different

pulse reverse current variations as shown in Table 5.3.

All experiments were carried out for 120 minutes. When pure 1ChCl: 2EG was used as
the electrolyte, no copper deposition was achieved with any of the conditions listed in
Table 5.3. This is probably because the copper concentration was too low as the copper

was too slow to dissolve and too quick to deposit back on the copper particle.

It was decided to add 0.3 M CuCl,.2H>0 to the solution and repeat the experiments. It
would have seemed logical that copper should be deposited under all conditions as this is
just like bulk pulse deposition. As in the zinc chapter, different pulse times, (frequencies)
were applied. The starting current pulse was chosen as 50 mA for deposition, and 10 mA
for dissolution because copper and zinc had similar deposition current values in DC

plating, and so similar pulse values were chosen.

The powder used was smaller than in the zinc case as there was no vigorous bubble

formation to break the electrical contact with the electrode.
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Table 5.3 Applied pulse currents and periods to the Ni electrode in 0.3 M CuCl;
dissolved 1 ChCI: 2EG mixture with calculated duty cycle and frequency values.

Exp. | IdmA | tds la/ MA | tdls tota/S | T/% | f/Hz
I 50 0.001 10 0.001 | 0.002 | 50.00 | 500.00
1 40 0.02 15 0.002 0.022 91 45.45
11 30 0.01 10 0.004 | 0.014 71 71.43
v 25 0.01 10 0.004 | 0.014 71 71.43
\Y 25 2 10 1 3 67 0.33
VI 25 4 10 1 5 80 0.20
Vil 25 5.5 10 0.5 6 92 0.17
VI 25 7 10 1 8 88 0.13
IX 25 9 10 1 10 90 0.10
X 25 11 7 2 13 85 0.08
Xl 25 20 10 4 24 83 0.04
X1l 25 30 10 6 36 83 0.03

Experiments I and 11 used 50 mA and 40 mA deposition current pulses but these did cause
ion depletion and only very sparse copper deposition was observed on the nickel surface
with no fusion of the copper particles onto the substrate. An example of the deposit

obtained in experiment 11 is given in Figure 5.13.

Figure 5.13 Example of copper deposition onto nickel using the conditions in Table 5.3
for experiment 11, 120 min duration in 1 ChCI: 2 EG containing 0.4 M CuCl2.2H,0 at
475+ 25°C.

The conditions used in these experiments were typical of those used in aqueous solutions.
The fact that no copper (in the case of 1) or not much copper (in the case of 1) were
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deposited is probably due to the higher viscosity of the DES compared to aqueous

solutions.

Lower current loadings of 30 mA and 25 mA for cathodic deposition with 10 times longer
deposition periods were applied for experiments 111 and 1V. It can be seen in Figure 5.14
that the copper colouration of the surface is more noticeable although the deposit is not
homogeneous and where deposition has occurred it is less than about 5 pum thick. The
deposition appears to occur in islands which are about 5 um across. This is clearly not
fusion of the 30-50 um sized particles but could be localised from copper dissolving in a

spot and then depositing.
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Figure 5.14 Optical photograph (top left), and 3D profiler image (top right) with cross

section (bottom) for the deposit obtained by 25 mA, 2's, 10 mA 1 s for 3 h as presented
at V given in Table 5.3.

It is also clear from this that a 5 um thick layer is insufficient to fuse a particle, which is

approximately 10 times larger, to the electrode surface. This is in keeping with the results
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from Chapter 4. Thus, it is thought that copper deposition is similar to zinc where
deposition and dissolution timescales need to be performed on the second timescale.

Extending the deposition and dissolution timescale in experiments V to XlI, to the
second-time scale deposition resulted in different types of deposits with clear evidence of

particle fusion.

For these experiments the dissolution periods were in the frequency range 0.33 to 0.30
Hz with a 90% duty cycle ratio. The best ratio for deposition was found to be 5.5 s for
deposition with an applied current of 25 mA, and 0.5 s for dissolution with an applied
current of 10 mA. This was performed in experiment V1 and the result is shown in Figure
5.15.
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Figure 5.15 3D profiler image (top) with cross section (bottom) for the deposit obtained
by 25 mA, 5.5s, 10 mA 0.5 s as presented at VII given in Table 5.3.

5.5.2 Bulk Deposition of Copper Powder

Following the determination of the optimum condition for fusing copper particles to the
electrode, bulk deposition studies were carried out in the same manner as those in Chapter
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4. Initially the experiment using the filter paper separated cell was repeated using copper
powder. This should have been slightly different to the zinc case as there was no bubble
formation with copper deposition. The first experiment was performed with the same cell
as shown in Figure 4.12 with a 3 x 3 cm square Ni substrate and 0.3 M CuCl,.2H20
dissolved in 1 ChCl: 2 EG at 47.5 + 2.5 °C. The cell conditions are listed in Table 5.4.

Table 5.4 Experimental conditions used for the sample in Figure 5.16.

T/ °C Ic/ mA tc/ S Ia/ mA ta/ S ttotal/ h T/ % f/Hz
475+25 | 45mA | 55 18 0.5 3 91 0.17

Following this time, the cell was dismantled and analysed, and the images of the various

sections are shown in Figure 5.16.

Figure 5.16 Deposition of 30-50 um copper powder onto vertically oriented electrode
in 0.3 M CuCl,.2H20 in 1 ChCl: 2 EG DES at 47.5 + 2.5 °C. (Left) view of filter paper
membrane from that anodic cell side, (centre) Ni cathode (right) close up of cathode.

Figure 5.16 shows a photograph of the filter paper membrane from that anodic cell side.
It can clearly be seen that copper has nucleated on the paper surface to form nodules
which are 2 - 4 mm in diameter. There are no copper particles on this side of the
membrane and so the filter paper must be acting as a reducing agent in a medium of high
copper concentration. Exactly the same behaviour was observed by Hartley?® when
electro-purifying copper-indium-gallium scrap using the same DES. It was concluded in
the previous study that the easily oxidisable cellulose structures could act as nucleation
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centres for copper in solution. The central image of Figure 5.16 shows the Ni cathode
after electrolysis.

Unlike the case with zinc, there is clear evidence of copper deposition on the cathode but
there is little evidence of particles fusing to the nickel substrate. The close-up image of
the cathode shows that at the base of the cell is a thick layer of copper c.a. 3 mm thick
which demonstrates clearly that the particles have fused together. Clearly the particles are
settling to the base of the cell and there is enough electrical contact with the Ni cathode
to allow particle pulse plating to occur in the densely packed particles. The white fibres
attached to the base are where the electrode has fused to the filter paper. Figure 5.17

shows close up images and 3DM images of the back and base of the plate.

Figure 5.17 Photograph and 3DM images of plate observed in Figure 5.16 (below left)
back, and (below right) base.

These confirm that the back contains copper deposited from copper in solution whereas
the base is made up of fused copper particles.
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5.5.3 Horizontal Powder Pulse Plating

With the success of depositing copper at the base of the electrolysis cell it was decided to
repeat the experiment using the cathode in the horizontal orientation. To achieve this, a
slightly different cell was designed so that the samples could be placed directly in the
XRD analysis chamber after deposition. The cell design is shown in Figure 5.18. The
experimental procedure was the same with the used cell in zinc powder deposition in
Figure 4.16. After deposition of an initial copper layer using a DC current pulse, 30-50
pum particles were added to the solution, and mixed for 5 s. The particle was left to settle

on the electrode and this was generally completed within 5 to 10 minutes. The electrodes

were then attached to the power pulse supply.

Cathode Connection

3D Printed Base

Titanum

Anode

Figure 5.18 Schematic representation of the printed cell used for copper powder
deposition

The cell in Figure 5.18 was electrolysed on nickel for 180 minutes with the conditions
described in Table 5.5.

Table 5.5 Experimental conditions used for the sample in Figure 5.19.
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Figure 5.19 Photograph (top left) and 3DM images of the deposit formed on a nickel
electrode using the pulse conditions listed in Table 5.5 using 0.3 M CuCl,.2H20
dissolved in 1 ChCIl: 2 EG DES at 47.5 + 2.5 °C.

Figure 5.19 shows that under the pulse conditions listed in Table 5.5 the copper particles
fuse together to make a dense, thick copper layer. The individual grains can clearly be
resolved, and the smooth grains shown in Figure 5.2 are transformed into rough surfaces

with clear facets etched and deposited into the surface.

Comparing the deposit obtained with copper to that obtained with zinc in Figure 4.22 it
can be seen that both deposits retain a macroporous structure which is governed by the
particle size, but the surface structure of the particles is governed by the DES and the
etch/ deposit morphology which that liquid imparts. Changing the DES can change the
deposit morphology as shown in Chapter 3.

In the performed deposition on the nickel substrate a bright, dense copper deposit is
obtained. The deposition efficiency was calculated from the mass of the film (0.138 g)
and the total charge passed (461.7C). The theoretical charge required to deposit this mass
was 419.55 C. This means that the deposition efficiency was 91 % which is not dissimilar

from that obtained for bulk DC deposition without particles so clearly efficiency is being
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lost in the process. A likely cause for this the fact that the copper was probably fused at
much shorter time-scales and continued pulses are just re-dissolving and redepositing
material which has already fused copper particles together. The deposit obtained in
Figure 5.20 was also analysed using SEM so that the macroscopic voids could be

observed, and these images are shown in Figure 5.20.

Figure 5.20 SEM images of deposited nickel samples given in Figure 5.19 obtained
applied conditions given in Table 5.5.

The gains have very clear facets deposited or etched onto the surface. As will be shown
below, the electrodeposition of copper appears to display some anisotropic behaviour

with certain crystal faces preferred.

5.5.4 Electroforming of a Copper Film

Electroforming is a process by which a material is electrodeposited around a form which
is easily separated from the deposited layer. The electrodeposited later needs to be thick

enough to support and retain its shape once it is separated from the template (known as a
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mandrel). This is often carried out by coating a non-conductive mandrel such as a glass,
plastic, or ceramic with a metallic layer by electroless deposition. The issue with this

approach is that the deposition times to obtain thick deposits are many hours.?’

Al-Haji studied the electroforming of copper in 1 ChCl: 2 EG containing 0.3 M
CuCl,.2H>0 dissolved in it. It was found that copper could be electroformed into sheets

and tubes, but it was very dependent on the substrate.

AccVY  SpotDet WD F—————— 100ym
200kv50 SE 97

Figure 5.21 (above) photograph and SEM image of a Cu-P alloy film after removal
from the Ti substrate (below) SEM images of Cu deposition on Ni-Cr wire after removal
from substrate.?®

It was found that dense deposits could be obtained which were about 30 to 50 um thick.
These were relatively slow to grow and took up to 24 hours to deposit due to the low
current densities that were needed to achieve dense deposits. The sheets could only be
separated from metals which had a thick metal oxide coating on the surface. It was
possible to peel the copper layers from the substrates when either titanium or nichrome

were used as the mandrel.
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To see if this would work with powder pulse plating a mandrel was formed using a
stainless-steel contact. A new cell was designed and constructed from ABS formed
around a stainless-steel contact. This is shown schematically in

Figure 5.22. To form the cell a stainless-steel shape was cut into a rectangular frame
shape before being embedded in the ABS plastic. The whole shape was then polished
using glass paper of different grades followed by polishing with 0.3 pm alumina to create

a smooth surface.

Nonconductive
region

Conductive
region

Figure 5.22 Cell designed for copper electroforming. The conductive stainless-steel
region is represented in grey, and the ABS - nonconductive region is blue, and
electroforming surface area is 4 cm?.

The only difference with the previous experiments was the cleaning procedure which was
using a proprietary cleaner, Anapol-C which is commonly used for stainless steel,
followed by laboratory grade acetone. The deposition conditions needed to be changed
slightly from those used above, to obtain fusion of the particles. The conditions used are
listed in Table 5.6 with 0.4 M CuCl> dissolved in 1 ChCI: 2 EG. The particle size was
between 80 and 140 pum.

Table 5.6 Experimental conditions used for the sample in Figure 5.23.

T/ °C IC/ mA tc/ S Ia/ mA ta/ S ttotal/ h T/% f/Hz
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475+25 | 28 mA 5.5 10 0.5 3 91 0.17

Normally with electroforming, the whole mandrel needs to be conductive, but as seen in

Figure 5.23 as long as one point is in contact with the metallic powder and the rest of the
powder is in continuous electrical contact the whole area can fuse together. As shown in
Figure 5.23 the copper powder was distributed onto the ABS platform such that it was

densely packed and ensured the copper particles were in constant contact with each other.

What was slightly different about this experiment was when the sample was pre-plated
with copper it only formed a contact layer on the stainless-steel contact. When the
experimental conditions listed in Table 5.6 were used the powder grains fused to each
other, but not onto the stainless-steel frame. Photographs of the sample holder before and
after the experiment are shown in Figure 5.23. What should be noted is the thickness of
the copper film which was between 0.3 and 1 mm thick which was deposited within ca.
220 minutes. This was much thicker (about c.a. 4 times) than anything that could be
deposited using zinc. Approximating the deposition rate for the experiment and
comparing it to the electroforming achieved by Al-Haji?® for the same system without

particles it can be seen that the rate is much faster.

Figure 5.23 Sample holder before (left) and after (right) copper powder pulse deposition
in 0.3 M CuCuz 1 ChClI: 2 EG with applied conditions given in Table 5.6.

It should, however be noted that the deposits are not exactly comparable as the powder
pulse plating produces a porous deposit whereas the direct electroforming produces a
dense material. After film formation, the cell was dismantled as shown in Figure 5.23.
The copper sheet peeled easily from the stainless steel sheet. This is different to the work
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of Al-Haji where thermal shock (dipping in liquid nitrogen then heating rapidly) had to
be used to release the film from the substrate.

There was a V-shaped section of copper missing from the deposit, but this was because
of the electrical contact between the support column and the stainless steel frame. The
two copper wires precluded copper particles settling on to the base of the sample holder.
The film was imaged using a 3D optical profiler, an image of which is shown in Figure
5.24. 1t can clearly be seen that the copper particles are well fused together but the
individual particles can still be discerned. The deposition efficiency was calculated from
the mass of the film (0.079325 g) and the total charge passed (286.2 C). The theoretical
charge required to deposit this mass was 240.8 C. This means that the deposition

efficiency was 84 %.

Figure 5.24 3D optical images of the obtained copper film by applied conditions and

optical images shown in Table 5.6 and Figure 5.23 respectively.

This is significantly lower than the efficiency for DC plated copper without particles and

certainly lower than the powder pulse plating observed with zinc in the previous chapter.

5.6  XRD Analysis

XRD is a well-known applied technique to analyse and characterize coated surfaces. The
XRD analysis was carried out on samples deposited by straight DC deposition and by
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pulsed deposition on powder coated samples. By doing so, it is aimed to obtain
information about the preferred crystal orientations.

By using XRD data, it is also possible to calculate crystallite size of the grains by use of

the Scherrer Equation 5.3% and the Williamson-Hall method Equation 5.4.%°

KA

= Equation 5.
T Bcoso quation 5.3
K2 .
where B, = Toosd’ Be = Cetanf Equation 5.4

The Scherrer equation depends on the inverse relation between the integral breadth (peak
width ), and crystallite size (L) which only affects the line broadening caused by size
effects. K and A represents the Scherrer constant, and wavelength respectively.
Similarly, the Williamson-Hall method is a combination of Scherrer equation with an

interpretation for the apparent strain retrained by differentiating Braggs’s law.3!

These formula can be used to make a quick estimation of the average size of the
crystallites (coherently scattering domains) along with the lattice strains.3! Crystallites
which make up the grains are not in coherence as they do not have the same shape and
size in general. This situation makes it difficult to evaluate the apparent size as we
assumed in integral breadth methods. As a result, using the expressions found by Scherrer
and Williamson carries certain degree of arbitrariness, and these expressions should be
used with knowledge of the errors and limitations as they do not consider the strain
anisotropy and some other additional effects.3! The Scherrer and Williamson-Hall method
is suitable to use for general calculation due to the Cu crystallite sizes being less than 200

nm. 32

Although the accuracy of the calculated crystallite sizes is out of scope in this study, a
clarification with the reason for evaluated crystallite sizes will be referred here. The
average crystallite sizes found for zinc and copper deposited from aqueous acidic
solutions are typically less than 70 and 30 nm respectively.®*-% In the current study, the
calculated crystallite sizes for copper are often over 100 nm and generally more than 50
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nm. The main reason for the crystal sizes being larger than those seen in aqueous solutions
Is probably due to use of the powders being used together with the use of a pulse power

supply.

=
’5,"-'-.:.\\\.:%

‘v\\"?‘ Size of crystallite

Particle size

Figure 5.25 Schematic diagram to show how different crystallites are arranged on a
grain.®’

Figure 5.25 shows the arrangement of crystallites on a single particle grain. As shown in
Figure 5.2 the copper powder used in the experiment was generally spherical with
approximately 150 micron size scale. The question could be asked why crystallites of c.a.
50 nm are not visible under SEM. Although a single virgin zinc powder appears as one
contiguous single grain, XRD may reveal the crystallite size if the particle comprise of
more than one of crystallite oriented in different directions.” The crystallite facets may
only become visible once the surface of the particle is etched or built upon. As mentioned
above, the following analysis gives a semi-quantitative analysis rather than an absolute

analysis of the crystal sizes.

In this study, the deposition of copper onto a variety of substrates was determined for
both direct current deposition and using powder pulse plating. In both cases the same
electrolyte and temperature were used 0.4 M CuCl; in 1ChClI: 2EG at 50 °C.

Figure 5.26 shows the XRD analysis of the copper powder shown in Figure 5.2 before
any chemical or physical processing. As it is seen, that the (111) plane is preferred, and
this is followed by, in decreasing abundance; (200), (220) and (311). This result was used

as a reference because all powders used came from the same sample.
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Figure 5.26 XRD analysis of the pure copper powder without any physical or chemical
processing

Figure 5.27 (left) shows the XRD spectra for layers of copper deposited using a single
DC current step of c.a. 4 mA cm for 180 min onto 1.5 cm x 1.5 cm substrates. All the
layers were approximately 17 um thick so no signal for the metal substrate was observed.
It is clear that the same crystallite faces grow on each surface but the abundance of each
face changes depending on the substrate. This substrate effect is well known. 3 Figure

5.27, (right) also shows a similar experiment for copper deposited using a powder pulse

technique.
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Figure 5.27 XRD analysis of the deposits obtained from (left) DC deposition and (right)
powder pulse deposition.

For each substrate, a seed layer of copper was deposited using a DC step for 10 min. This
was followed by an anodic pulse of 12 mA for 5500 s followed by a cathodic pulse of 3
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mA for 0.5 s for a total deposition time of 180 min using the same electrolyte and
temperature as for the DC experiment. The XRD results for deposition onto four
substrates; stainless steel, copper, nickel, and mild steel are shown in Figure 5.27. For
the DC deposition, the copper layer was around 20 microns thick, whereas that deposited

by the powder pulse plating was typically 70-micron thick.

With DC plating (111) is most prevalent on stainless steel and least prevalent on mild
steel. The trend for the (220) are the opposite. The (111) face remain constant and small
in all samples. In the powder deposited samples there is less of a change in the orientation
with the substrate as may be expected since the powder particles act as the template and
it is the etching of the powder which is the major influence of the crystallites observed.
Accordingly, the (111) is the dominant face in all cases. What is surprising is that there
is any difference at all in the samples. The (220) face does change with the substrate in
the same way as that observed with the bulk deposited phase. It is clear therefore that
some “memory” exists in the copper deposited from the seed layer which is put down first
in the experiment and either the layer is so porous that the response of this is seen for the
average of the material or the seed layer acts as a template for material which grows
around the particles. The powder fusing technique may have an interest in catalyst
preparation as it allows some capability to control the crystal faces of a material. For
instance, the results obtained from powder deposition reveals that the planes in the
direction of (200) and (311) were suppressed. Copper powders will have different
crystallite intensities due to differences in production processes or post-processing steps
such as heating, cooling, cutting or ball milling.3! Each different sub processes cause the
change on the distribution and predominance of the certain crystallites due to occurring
defects which ended up in1D, 2D and 3D defects of the crystallites. Figure 5.28 is an
SEM image taken from powder coating onto nickel, and preferential etching is clearly
visible after re-coloured some part of the SEM picture.
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Figure 5.28 Preferentially etched powder particles are highlighted in red colour to
show how crystallites can exist on a copper particle.

In the last part of the XRD section, the size distributions of crystallites were analysed. An
example of the size calculation for pure copper is shown in Figure 5.29. Fourier
smoothing, and K-Alpha 2 stripping were applied before calculation. Then, strain and
size analysis were done using the Scherrer equation from FWHL values of the peaks for
(111) and (200).

Esperimental FwHM= 0.088*

Calculated
11 1Copper 1 True FWHM= 0.043*
e Inteqgral breadth= 0,124+

Scherrers T8 nmineglects strain)
Correc.Scherrer= 161 nmineglects strain)
Integral Obs.counts= 2887

- S‘; Integral Cal.counts= 2658

42 43 44 45

Eusperimental
Calculated
2 0 0Copper

FWwHM= 0.124*

True FwHM= 0,073

Integral breadth= 0.162*

Scherrer= 5T nm[neglects strain)
Correc.Scherrers 37 nmineglects strain)
Integral Obs.counts= 1467

Integral Cal.counts= 1381

\y
ﬁ,,.hbrw*

43 50 51 52

Figure 5.29 Pure copper powder size analysis using the Scherrer equation

All the size calculations were performed with same method and the crystal sizes are
summarised in Table 5.7. It can be seen that for the DC deposition experiments the (200)
faces are relatively small, generally < 50 nm whereas those for (111) and (220) are

somewhat larger (40 - 130 nm).
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Table 5.7 Average crystallite size analysis (in nm) for the copper deposits

Planes CuonCu Cuon MS

111 73 132 40 53

(200) 27 56 27 16

(220) 51 94 78 48

Powon Cu | Pow on MS Pure Powder

(111) 75 131 130 87 98
(200) 58 105 100 68 83
(220) 56 106 94 62 87

For the pure copper powder before powder pulse plating the particle size is in the range
80 - 100 nm. The crystallite sizes do not stay the same with the different substrates. For
copper and nickel substrates the crystallite sizes are intermediate between those of the
pure powder and those plated using a DC source. This would seem logical as the sizes
will be an average and the XRD will see signals from the powder and the seed layer. What
is somewhat unusual, and cannot be explained currently, is that the crystallite sizes for
powder pulse plating on mild steel and stainless steel which are in all cases significantly

larger than either the powder or the seed layer

This study has shown an alternative method to change the orientation of crystallites in
metal plating. There are hundreds of studies in the literature developing different methods
to control deposit morphology.3® 4% The surface structure can affect corrosion resistance,
catalytic behaviour etc. 442 Scull et al. showed that the energy required to break the
bonds on a surface depended on the number of nearest neighbour atoms which in turn
depends on the crystal orientation. The dissolution of metal atoms is superior for close

packed planes and low-index planes, such as the (111) orientation in the case of copper.*®

5.7  Electrodeposition of Composite Coatings

As stated in the previous chapter composites coatings are of interest as they have the
ability to modify the coating properties, giving it either increased anti-wear properties or
lubricating properties. The results for composite deposition using powder pulse plating
of zinc showed that the metal did not adhere well to either silicon carbide or alumina
particles. However, the zinc did fuse together in a matrix which trapped the dispersed

phase particles. The experiment from chapter 4 were repeated using copper particles in
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this study. In the experiments 0.01 g of the dispersed phase (50 um SiC particles or 20
um Al>Os3 particles) were mixed with 0.05 g of copper powder (40-60 um diameter)
separately in different experiments. A pulse experiment was used, and the deposition

conditions are shown in Table 5.8.

Table 5.8 Experimental conditions used for mixture of copper powder with both SiC
and Al20s as the dispersed phase.

T/ °C la/ mA ta/s I/ mA te/ s trotal / S
475+25 8 0.5 18 55 13200

Unlike the study with zinc, in neither of the composite powder pulse plating experiments
did the SiC or Al>Os adhere to the copper particles. At the end of the experiments only
pure copper was observed. This could be because copper does not wet the surface of the
particles well however the previous work by Ettaib shows that this is not the case (albeit
on smaller particles). Just to prove this the experiments were repeated the same SiC and
Al>03 particles but this time with no copper particles but using a DC plating protocol with

a current density of 12-15 mA cm,
Figure 5.30 shows that the SiC particle are relatively evenly distributed throughout the

sample but it is clear that, the copper is not well adhered to or around the SiC (darker

particles) but it is better in some cases than was seen with zinc.

«
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Figure 5.30 SEM image of a Cu/SiC composite coating obtained using DC plating for
200 minutes at 14 mA.cm™ at 47.5 + 2.5 in 0.3 M CuCl, 1ChCI: 2EG mixtures.
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Same experiment was repeated using the same conditions but using Al.O3 particles (c.a.
20 um in diameter). The deposit obtained from this process is shown in Figure 5.31.
Unlike the previous cases the coating of the alumina particles areas to be good and the
close up shows that one particle is almost totally enveloped. This shows that copper does
wet the surface of the alumina. The reason why powder pulse plating does not appear to
work with copper will need to be studied in more detail.

AccV SpotMagn Det WD ——m8 ——————— 204
200kV 50 4000x SE 103

TR O 5

Figure 5.31 SEM image of an Al.O3 composite coating, conditions were same used in
the SiC experiment in Figure 5.30.

5.8 Conclusions

In this chapter, the deposition and dissolution of copper was studied in the DES 1ChCI:
2EG. It was shown that while the deposition and dissolution appear to progress by two
simple one electron transfer processes the dissolution was in fact quite complex. Anodic
pulses can lead to super-saturation of the solution close to the electrode surface due to the
high viscosity of the liquid and the relatively low ligand concentration. This results in a
layer of insoluble copper chloride forming on the electrode surface which limits the
reversibility of the deposition process. The properties of the passivating film were studied
using electrochemical impedance spectroscopy and profilometry. The dissolution process
leads to insoluble films which form within 2-3 s of an anodic pulse which means that the

duration of the pulses needs to be relatively short.

Single copper grain fusion was studied, and it was found to be impossible without a
reservoir of copper chloride in the solution. Even with this, it was difficult to get copper
deposition without deposition and stripping pulses which were about 1-5 s long. A copper
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layer of > 5 um in thickness was required to enable the copper particle to fuse to the

surface. This was in keeping with the experiments performed for zinc.

Bulk powder pulse experiments were attempted with the electrode in both the vertical and
horizontal orientation and as in the previous chapter, it was found that much greater
success could be achieved with the electrode in a horizontal orientation. In contrast to the
zinc chapter, it was possible to deposit very thick copper layers (> 1 mm) relatively
quickly. Because of this, electroforming of copper was attempted using a stainless-steel
contact. It was possible to form a porous sheet of copper relatively quickly which could
easily be detached from the substrate.

XRD analysis was carried out on the deposits obtained using direct DC deposition and
powder pulse deposition. It was found that the substrate had a significant effect on the
deposit morphology and the orientation of the crystallites when DC deposition was used.
This was in keeping with other studies in the area. Powder pulse deposition showed that
the orientation of the crystallites was less affected by the substrate but there was still an

effect.
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Chapter-VI
Future Work



6.1 Conclusions

This study investigated the fundamental aspects of deposition and dissolution in DESs. It
was shown that similar DESs could produce different deposit morphologies depending
upon the composition of the liquid. The morphology can range from large nodular grains
through flat, planar, hexagonal structures to small, almost amorphous, structures. It was
shown that film formation appears to be a significant issue when oxygen containing
ligands are available to react with the zinc surface. It is probable, although not proven in
this thesis, that most oxophillic metals e.g. Co, Fe, Ni all grow a film on the surface when

the liquid is not free from all moisture or oxygen containing ligands.

The thesis also studied the reversibility of the electrodeposition processes and it found
that in ChCI: 2 ZnCl», deposition was reversible as was the case for the ZnCly: 4 urea
eutectic. Both eutectics produced large, granular deposits with a prevalence of the (002)
crystal phase. Both of the type 3 eutectics produced significantly different deposit
morphologies. The 1ChCI: 2 EG system produced large, flat, hexagonal crystals and the
reason for this was shown to be due to the formation of zinc glycolate films on the
growing surface with the (101) phase dominating and almost no (002) phase present. The
morphology is strongly affected by the temperature and this is thought to be due to
changes in the film solubility. Increasing the temperature increases the (002) phase with
respect to the (101) phase and results in a change in the size and shape of the crystallites.
The zinc nitrate based eutectics had a different type of passivating film which is much

thicker, resulting in an irreversible deposition.

In pulse plating the response of the electrode in both anodic and cathodic polarisation
pulses was found to be important. Anodic polarisation of a zinc electrode showed that
zinc dissolves readily, but the high viscosity of the liquid means that the solution close to
the electrode surface rapidly becomes saturated in zinc. It had previously been assumed
that the zinc complex would be very soluble since it forms eutectics with both ChCl and
EG where the concentration of ZnCl; is in the region of 2 to 5 mol dm?®. This assumption
had originally affected the interpretation of the voltammetric data. Very slow scan linear
sweep voltammetry suggests that the film is soluble, however moderate potential scan
rates clearly show that the electrode surface is passivating and this was confirmed with

impedance spectroscopy. An insoluble complex forms on the electrode surface which
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passivates the zinc surface. Optical microscopy shows that the solution becomes saturated
in less than 5 s. This will clearly depend upon the operating temperature and any forced
mass transport in the liquids. This will affect the reversibility of the pulse and the

morphology of the deposit.

In Chapter 4 the technique of powder pulse plating was successfully demonstrated for the
first time. Zinc particles were fused onto a copper substrate by applying alternating anodic
and cathodic current pulses. By studying the cyclic voltammetry under an optical
microscope, it was noted that gas evolution resulted in moving the zinc particle on the
electrode surface which stopped it from sticking to the electrode. This was less of an issue

with larger zinc particles.

The size of the particle was found to be an important factor with the experimental set up.
The length of the pulses was found to be critical in being able to fuse the zinc particles to
the electrode. Anodic cycles of less than 1 s were insufficient to dissolve enough material
but more than 5 s resulted in super-saturation of the liquid such that the particles would
not fuse due to a passivating layer forming on the zinc surface. On the cathodic cycle the
deposition time had to be in the order of 5 to 7 s to enable the zinc to diffuse around the
particle to the site where it had to either fuse the particle to the electrode or fuse the
particle to neighbouring particles. It was found that a horizontal orientation of the working
electrode worked well when large zinc particles were used as gravity kept them on the
electrode surface and ensured they did not lift during gas evolution. Cycling the current
under these conditions enabled homogeneous zinc layers to be deposited. Efficiencies of
up to 140% were recorded which is probably the first demonstration of super-efficient

deposition of this type. This is quite high given the packing density of the zinc particles.

To allow zinc plating with the electrode in a vertical orientation an alternative approach
was used. Small zinc particles were suspended in the electrolyte and the electrolyte was
vigorously stirred. Under these conditions, thick, homogeneous deposits were obtained
demonstrating that powder pulse plating is a viable method for coating surfaces. The
current efficiency for this form of powder pulse plating was lower than for larger particles
due probably to the lower efficiency of getting the particles to stick. The efficiency was

nevertheless significantly higher than without particles and was still close to 100%.
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Another advantage of powder pulse plating is that significantly thicker deposits could be
obtained than using conventional DC plating.

It was also demonstrated that composite materials could be produce using particles of
alumina and silicon carbide which were mixed with the zinc particles before the powder
pulse plating. The zinc could pack around the inert particles although they did not wet the

dispersed phase particularly well so adherence to the zinc particles was poor.

In the final part of the study copper was used as the particulate phase. It was thought that
the deposition would be more reversible and, because copper is not very oxophillic, there
would be less issues with film formation. It became clear during the study that while
gassing was not prevalent during pulses, fusing the particles together was difficult under
some pulse conditions. It was found that copper dissolution was the issue due to film
formation. In this case the film appeared to be CuClz which formed during the anodic
pulse. The timescale for this process was like that observed for zinc. Maintaining the
anodic pulse to less than 5 s enabled copper fusion to be obtained. The copper films were
more dense than those obtained using copper and as previously, it was shown that super-
efficient deposition could be obtained and it was possible to get thick deposits very
quickly.

6.2  Suggestions for Future Work
6.2.1 Metal Deposition and Electropolishing

While this study has demonstrated a novel method for producing thick, porous metallic
deposits quickly and with high current efficiency some of the most important results are
in the fundamental aspects of metal deposition and dissolution. The study suggests that
film formation is common to many metals in DESs and potentially to all ionic liquids.
This appears to change the mechanism metal growth. One factor that may be related to
this is that film growth appears to me limited to about 30-50 um in these media. It the
metal is growing through reduction of an oxide/glycolate film, then if that film gets too
thick it will become too resistive and the metal will stop growing. Film formation could

be studied as a function of time during the growing process using electrochemical
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impedance spectroscopy. Film formation could also be studied using Raman
spectroscopy.

Recent studies within the group have found that some brighteners work effectively to
change the surface morphology. It was proposed by Juma,! that these function by forming
a hydrophobic film at the electrode-solution interface although this process has not been
studied in depth. Some of the additives function at relatively low concentrations and do
not affect speciation or mass transport so that is why they are probably surface active.

EIS could once again be used to see if a film forms with and without the additives.

As well as metal deposition, film formation has been shown to be important in metal
dissolution. It has previously been shown that glycolate films are important for the
electropolishing of metals such as stainless steel, cobalt, nickel and nickel based alloys.?
* This study has shown that glycolate films form with most metals and it would be
interesting to see whether the electrolyte conditions could be changed, particularly with
temperature, to optimise the thickness and density of the films such that other metals
could be electropolished. Karim® has recently shown that to achieve electropolishing in
DESs a certain Warburg impedance is essential to obtain the correct migration of metal
ions through the glycolate film.

6.2.2 Powder Pulse Plating

It was evident from chapter 3 that the deposit morphology obtained for zinc could be
modified by choice of the DES and, to some extent, through changes in temperature.
Porous materials are important for the development of supercapacitors, catalysis and
filters. The choice of the particle size appears to change the porosity of the zinc matrix. It
is probable that the length and size of the current pulse will also change the amount of
material that is deposited between the grains. This could be quantified and modelled to
optimise the porosity of the material. The real advantage of these materials would be for
the deposition of ultra-high surface area materials. For this the morphology of the surface
would need to be changed. It would be useful to study powder pulse plating from the
other DESs studied in Chapter 3 to determine the effect of mass transport, concentration
and speciation on the deposit morphology. Also, if films do not form during anodic
polarisation then the pulse lengths and magnitudes to be varied more. It would be
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interesting to note whether the dissolution and deposition cycles would have to be

lengthened in more viscous DESs.

Chapter 3 showed that increasing the temperature can lead to high surface area,
amorphous materials. Work by Hseih et al.° showed that various nano-structured
materials could be obtained for the electrodeposition of zinc from imidazolium based
chlorozincate ionic liquids. It was further shown that zinc nano-rods could be exchanged

for other, more catalytic, metals such as gold.

Recent work by Zhang et al. has focussed on the use of DESs to produce nano-templated
coatings. They showed that nano-porous copper couple be deposited by an immersion
process onto zinc.” The same group also showed that nano-nickel and nano-NiS could be
deposited by an immersion process onto copper, the latter by adding thiourea to the DES.®
These materials were found to be excellent catalysts for producing hydrogen from the
electrolysis of water. The ability to coat these materials onto a microporous substrate
would increase the effective surface area of the material. The material would need to be

constructed such that gas bubbles could not get trapped in the materials.
Ultimately it would be interesting to see if water sensitive metals such as aluminium could

be electrodeposited by this method. There is a need for materials like this in the next

generation of battery materials particularly for an aluminium air battery.®
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7 Appendix
7.1 Nucleation Mechanism
7.1.1 Zinc

All nucleation studies were performed with a Ag/AgCl reference electrode (0.1 M AgCl
dissolved in 1ChCl: 2EG and filled in glass tube with a frit at the tip). The nucleation
mechanism of zinc deposition with and without a Zn particle was studied to determine
whether the nucleation depended upon the substrate. Both systems used a Pt working
electrode, in the second case a large zinc particle was chosen which largely obscured the

Pt surface.

The well-known theoretical model proposed by Scharifker and Hills was used. The model
fits the chronoamperometric data an instantaneous and progressive nucleation

mechanism. !

Dimensionless plots of 12/I1% versus t/tm for actual nucleation data are compared to two
theoretical models derived from Scharifker and Hills equations. The Scharifker and Hills
model for instantaneous nucleation followed by 3D-diffusion-limited growth, assuming
hemi-spherical nuclei, is defined as given in Equation 7.1.

2

I, 19542 t
= = [1 — exp [—1-2654 (t_)” Equation 7.1
m

L

tm

Accordingly, the Scharifker and Hills model for a progressive nucleation followed by 3D-
diffussion limited growth of hemi-spherical nuclei is defined as given in Equation 7.2.

I, 12254 t\1?]
=T 1—exp [—2.3367 (t_)] Equation 7.2
m s m

m

Where | represent the current density, and I is the maximum current density, t represents

the time, and tm represents the time at In.
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Figure 7.1 The experimental I-t curves for the electrodeposition of Zn from (a) 0.5 M
ZnClz in 1: 2 ChCl: EG and (c) with a 150 um Zn particle placed on the WE. The
potential was stepped from o.c.p, to cathodic potentials indicated. Dimensionless

Scharifker and Hills plots for (b) corresponding to the data in (a) and (d)
corresponding to the data in (c).

Figure 7.1 shows a comparison of the experimental I-t curves with the theoretical models
for 3D instantaneous and progressive nucleation for Zn deposition from 0.5 M ZnCl> in
1 ChClI: 2 EG in (a), and same conditions with (a), but on a single 150 um particle placed
onto working electrode in (c). The behaviour of I-t traces for both (a) and (c) are compared
to the standard models calculated from Equation 7.1 and Equation 7.2. When an over
potential is applied, the current rises due to charging of the double layer (these current
spikes are omitted from Figure 7.1 for clarity). When the current rises to a maximum this
indicates that nucleation occurs due to an increase in the surface area. The plots in Figure
7.1 (b) and (d) show that nucleation and growth is similar in both systems suggesting that
it is independent of the substrate. Initially nucleation is intermediate between
instantaneous and progressive but growth follows closely an instantaneous mechanism.
A similar study was performed (albeit with a silver wire reference electrode, at a lower

temperature and in 0.3 M ZnCl,),2 however poor fits to the theoretical models proposed
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by Scharifker and Hills were obtained. The authors could not explain this phenomenon

but suggested that it may be due to a secondary process.®

7.1.2 Copper

The same experiments were carried out to determine the nucleation behaviour of copper
in 0.3 M CuCl: dissolved in 1ChCI: 2EG at 45 £5 °C on a platinum electrode. The copper

particle was spherical and 149 um diameter.

Figure 7.2 shows the I-t transients obtained as a function of potential with and without
the particle present. The current increases when the particle is present as the surface area
is slightly higher and nucleation of copper on copper is easier than copper on Pt. The

current also increases as expected with increasing over-potential.

With powder

204 Without powder
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253 ¢ ;’,s --------- -040V
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I L --042V

Ny ~-r---0.42 V (powder)
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. e 0,44 V (powder)
A I

t/s

Figure 7.2 Chronoamperograms obtained at a Pt disc, and a powder placed onto the
same working electrode at 45 + 5 °C in 0.3 M CuCl..2H>0 in 1 ChCI: 2EG DES at 15
mV.s?,

Figure 7.3 shows the fitted data for comparison theoretical and instantaneous nucleation
mechanisms for both Pt working electrode (left), and the same experiment with a copper
particle placed on the Pt working electrode (right). Figure 7.3 shows that nucleation is
3D instantaneous without a copper particle on the electrode surface and becomes more
progressive with the metal particle present. The growth phase after the peak system does

not fit either model well.
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Figure 7.3 Dimensionless Scharifker and Hills plots for the data in Figure 7.2 without
(left) and with (right) a copper particle on the working electrode.

7.2 Mass Transport Modelling

It was decided to make a more in-depth analysis to understand the reason why particle
deposition in the cell with a filter paper membrane was unsuccessful. To do this it was

decided to model the current and potential across the cell shown in Figure 7.4.

Height/m
o o

001 "0.005 ° 0.005 0.01 0015 b.02 0.025 .03 0.035
Length/m

Figure 7.4 Left 2D, and in the right 3D representation of the modelled cell. This model
is based on secondary current-distribution. Composition of the electrolyte in
subdomains is taken as constant. Electron dependence is highly related to the local
potential.

The cell was divided in to four domains for ease of analysis. The plating area is
represented as domain-1V; a copper plate. The space between filter paper and copper
substrate which holds the zinc particles is domain-111. The filter paper is domain-11, and
the region between the filter paper and anode is represented as domain-1.
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While the filter paper kept the zinc particles in contact with the copper electrode, it also
acted as a salt bridge between the two halves of the cell. Domain-1 had an iridium oxide
coated titanium dimensionally stable anode. The hypothesis was that the filter paper was
causing a low current distribution on the cathode surface. Thus, the process was becoming
insufficient to sustain ion exchange due to resistivity between domain-11 and domain I11.
This resistance was likely preventing ion transfer across the double layer where

deposition takes place.

To check the effect of filter paper on plating process, a mathematical model was prepared
in COMSOL multi physics program. At first sight, it is not reasonable to claim that a filter
paper with 10-20 um pore size could slow down ion transfer as the ions are only a few
angstroms in diameter. The main aim of this study was to determine whether the filter
paper caused a decrease in plating efficiency when compared to the system without filter
paper. One of the main parameter was to calculate conductivity. Conductivity values were
determined by measuring resistivity of 1ChCl: 2EG with and without filter paper for
applied cell, and thus; a relative data was acquired. Surface area of the filter paper was
measured as 4 cm? and the distance between electrodes was taken as 2 cm. The
conductivity of 1ChCI: 2EG at 60 °C was measured as 16.2 mS.cm™, and for a filter paper
placed system was 4.1 mS.cm™. So clearly the filter paper decreases the conductivity by
a factor of 4. Using the conductivity data, the COMSOL program was run to obtain
current and potential distributions across the cell. The cathode was covered with half
spherical zinc particles, but everything was calculated for a two-dimensional system
because three-dimensional system requires far more computer power and may end up
with mesh errors. In the deposition of zinc particles in 1ChCI: 2EG, cathode is the
electrode which reduction occurs and anode is the electrode which oxidation occurs. The
prepared model was set up with several assumptions, and it is shown in two-dimensional

system in Figure 7.4.
In the model, regions I and 111 are assumed to be the same, and so, the electrolyte is taken

as being fixed for both regions. Butler-VVolmer kinetic expressions were used as given in

Equation 7.3.
lioc = Lo (exp(%—exp(%))) Equation 7.3
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The local anodic potential of the system was taken as zero, and the current flow was set
from cathode to anode. The reaction process at the anode was assumed to be very fast
which results in high fluctuation in current density with respect to small changes in
potential gradient. At the cathode, zinc deposition occurs, while at the anode an electron
transfer occurs but no physical change is assumed to occur on the anode. It is assumed
that the process occurring at the cathode is much slower than the anode.

One of the important parameters in the design of electrochemical cells is the current-
density distribution on the electrode surfaces. It is important to have current density on
the electrode frontal surfaces as uniform as possible. The applied model is a secondary
current-distribution model which implies a dependence of the electron transfer on the
local potential, and it is assumes a constant composition in the subdomains.* The possible

electron transfer reactions at the anode and cathode are given in chapter 3.

Along with this information it is possible to simplify the model by neglecting the
concentration gradients in the anolyte and catolyte. By doing so, migration will be the
primary transport mechanism of ionic current inside the cell in which the electric field
induces a flux of ions. Thus, it is not required to design a complex model which counts

internal free convection.

To model the current in the cell, the electrolyte domains are used for secondary current
distribution interfaces. In this way, two different values for electrolyte conductivity for
the case of filter based system and filter free system are applied as given in Equation 7.4.
It is assumed that the anode reaction is faster than the cathode reaction in which ionic
metallic species form at the solid interface, but the anode behaviour is expected to be an
electron exchange mechanism, and small changes in potential provide large changes in
current density. In this way, the over potential becomes negligible so errors in the

potential calculations will be very small (typically a few millivolts).>

Eeq,a = ¢s,a — ¢l,c Equation 7.4

Thus, the anode and cathode potentials can be written as Ecen as given in Equation 7.5.
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Ecell = ¢ps,a — ¢s,c Equation 7.5

As the cell potential is based on the equilibrium potentials, and the cell polarization

potential, be described as given in Equation 7.6.

Ecell = Eeq,a — Eeq, c + Epol Equation 7.6

When the Equation 7.5, and Equation 7.6 are combined, Equation 7.7 is obtained.

¢s,c = ¢pl,c + Eeq,c — Epol Equation 7.7

If it is assumed that formation of local anodic charge throughout the reaction is zero,

Equation 7.8 can be obtained.

¢s,c = Eeqc + Epol Equation 7.8

When the cathode is used as a reference potential (Eqc = 0), and the relation is used to

define the kinetics in Equation 7.9.
¢s,c = —Epol Equation 7.9
Using the above expressions a map of electrolyte potetial can be obtained for the cell

shown in Figure 7.4 with and without the presence of the filter paper membrane. These

two models are shown in Figure 7.5.
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Figure 7.5 Change in electrolyte potential in the presence of (left) and absence of a
filter paper separator (right).
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The change in electrolyte potential shows a clear border of the electrolyte potential limits
near the filter paper which likely causes the deficiency in exchange of charged species
between the anode and cathode, especially from the domain-1 which carries most of the
electrolyte. However, in the filter paper free system, domain-1 is actively accessible, and
the transfer of charged species are clearly much easier, and this phenomenon creates less
depletion of ions at region 111 when compared the filter based system. In an analogous

manner, the current distribution was calculated and the results are shown in Figure 7.6.
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Figure 7.6 Current distribution across surface of cathode and the anode in the presence
of (left) and absence of a filter paper separator (right).

As it is known, if the exchange current density is much faster than replenishing time of
charge carries in the double layer, depletion of charge carries is inevitable. Inversely, if
the exchange current density is too low, either potential difference or the conductivity of
the electrolyte can be increased. However, if the potential increases more than the kinetics
of charged species exchange, depletion of available charge carries will occur. Filter paper
placed in domain-11 prevents the ion migration between domain-1, and domain-111. If the
current density is set to 3 mAcm™ for both cells, the real current density in local areas
differs significantly on the anode, cathode, and cell geometry. If the whole cell is
investigated, the current density distribution through the anode and cathode is quite
uneven when a filter paper is placed in the cell as shown in Figure 7.4. When the filter
paper is missing, the current distribution is more evenly distributed. Additionally, there
is a notable decrease in current density on the particles and cathode in the filter placed

system.

The above analysis shows that the decrease in performance of deposition when a filter

paper is used is due to the uneven current distribution in the cell. In hindsight, the packing
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of the zinc powder in the cell was sub-optimal and probably not sufficient to maintain
contact of the particles with the electrode. An alternative may have been to pack the
powder into the cavity in the dry form and then fill it up with DES. This may, however
have had the disadvantage of trapping air bubbles or gas bubbles in during electrolysis

making the above situation even worse.
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