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Summary

Aluminium metal processing is only feasible at high temperature like
extraction by electrochemical process from its ores at high temperature.
Such process are not feasible in agueous liquids due to production of
hydrogen (-0.8V) much prior to aluminium electroreduction (-1.65V).
Other solvents such as organic and ionic liquids have their setbacks for

many practical, economic and environmental reasons.

Protective coating of metals by aluminium thin layer is an important

for preventing substrate metals from corrosion or for decorative purposes.

Electrodeposition of aluminium on copper substrate from aluminium
chloride / urea ionic liquid (AICI;:Urea) as electrolyte was successfully
conducted at variable conditions. Protected by a layer of Decane on the
top of the liquid under statistic air. The deposit microstructure was
monitored by changing temperature, mole ratio, potential and deposition
time. The surface morphology of deposited aluminium was investigated
by visual microscope, Scanning Electron Microscopy (SEM), Atomic
Force Microscopy (AFM) and Energy Dispersive X-ray analysis
(EDAX).

The effect of changing parameters on the morphology and
microstructure of deposited aluminium was systematically studied.
Results showed that by increasing temperature, the current density was
increased linearly as a function of temperature and the visual appearance
of deposited aluminium was changed with increasing temperature from

silvery white at 20 °C to darker gray at 60 °C.

The deposit microstructure was changed with increasing temperature

and the percentage of deposited aluminium increased with increasing
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temperature (20 to 50) °C from 55 At. % to 91 At. %, while at 60 °C the
percentage of deposited aluminium dropped from 91 At.% at 50 °C to 82

At. % at 60 °C.

Mole ratio of ionic liquid was also found to effect the deposit
microstructure and the percentage of deposited aluminium which
increased with increasing concentration of AICI; in electrolyte. In the

same manner, current density was increased with increasing mole ratio.

Increasing deposition time with fixed potential and mole ratio of ionic

liquid have only increasing the percentage of deposited aluminium.

Using different electrodeposition potential at same mole ratio of ionic
liquid resulted in changing the morphology and deposited microstructure
aluminium coatings with an increase in current density with increasing

cell potential.
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Chapter One

Introduction

1.1 General Definition of lonic liquids

Ionic liquids are mixtures of organic and inorganic salts that have a
melting points below 100 °C. These liquids have large non-symmetric
cations substituted with different bulky groups to weaken this ionic
interactions, so it prevents packing of the cations/anions in to crystal lattice
and (low lattice energy) and hence low melting points, Figure (1-1). Some
ionic liquids are liquids at room temperature called (Room Temperature
Ionic Liquids), while others are liquids below room temperature called
(deep eutectic solvent)!). They have many fascinating properties which
make them of fundamental interest to all chemists, due to both
thermodynamics and Kkinetics of reactions carried out in ionic liquids which
are different to those in conventional solvents. Thus the chemistry is

different and unpredictable at the current state of knowledge!®.

lonic solid lonic liquid
crystalline lattice non crystalline lattice
. L4
00O ‘

gege dw@@d

NaClm.p. 803 °C Quaternary ammonium Cl m.p. 80 °C

Figure (1-1): The non-crystalline lattice of ionic liquid and the crystalline lattice of
ionic solid.
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lonic liquids are interesting for chemist because they are good solvents
for both organic and inorganic compounds and can also be made to be

immiscible with many organic solvents™.

Traditional organic solvents like diethyl ether, toluene or methanol are
linked to their application as their boiling point, but ionic liquids do not
experience this issue. Their vapor pressure is negligible under most reaction

conditions utilized®™*,

As ionic liquids made up of at least two components which can be varied
(anion and cation), the solvents can be designed as needed . Besides, their
potential as green solvents due to absence of volatility they pulled a lot of
interest as they have been successfully employed in various technical
processes”. Yet apparently the most outstanding quality after all is their
modularity to which they owe their name 'designer solvent'. The nature of
the anion and the cation determine the chemical and physical properties of
the ionic liquid. As a result of the existing dependence of properties on the
nature of the constituent ions, it is possible to achieve specific properties by
choosing the right combination of cation and anion. Using this tailoring
process, functional groups can be added to the structure to provide a
better performance of the RTIL when chemical reaction or specific affinity

and selectivity are required 1!,

The discovery date of the "first" ionic liquid is disputed. Ethanol
ammonium nitrate (m.p. 52-55 °C) was accounted for in 1888 by Gabriel
and Weiner ", while the early history of room temperature ionic liquid
began in 1914 when the first room temperature ionic liquid was studied by
Walden®!. He reported the physical properties of ethyl ammonium nitrate,
which has a melting point of 12°C and formed by the reaction of ethylamine

with concentrated nitric acid.
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About two decades later in 1934F) before the next ionic liquid was
presented to the public in a patent in which it was claimed that certain
organic salts have the ability to dissolve cellulose and alter its reactivity.
later, in 1951 this ionic liquid was followed by chloroaluminate base
ionic liquids, but interest did not develop until the discovery of binary ionic
liquids were made from mixtures of aluminum(lll) chloride and N-
alkylpyridinium  chloride™ or 1,3-dialkylimidazolium chloride!*?.
Alkylpyridinium (RPy+) chloroaluminate based ionic liquids were first

reported in the early 1950 31,

w

H 0 ”.:3_'\
Sy |k !
| g Ll B ¥ e
H o 0 @ Cl
N

First publication 1914 First patent 1934

Figure (1-2): First reported ionic liquids. ©

In 1975 the Osteryoung ™ group and Gilbert co-workers ! reported the
physical properties of pyridinium-based chloroaluminate ionic liquid, an
ionic liquid that hoped to be applicable in batteries, especially by the United
States air force. This hope had to be relinquished due to the easy
reducibility of the pyridinium moiety, a real constraint for application in
batteries. The chemical behavior of acidic chloroaluminate(l1l) ionic liquids
(where X(AICIl3) > 0.50) is that of a powerful Lewis acid. As may be
expected, it promotes reactions that are conventionally promoted by
aluminum(lll) chloride, without suffering the disadvantage of the low
solubility of aluminum(lIl) chloride in many solvents. It is well known that

chloroaluminate (111) ionic liquids are outstandingly powerful solvents.
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The stable room temperature ionic liquids (RTILs) 1-n-butyl-3-
methylimidazolium tetrafluoroborate [BMIM]BF,4, hexafluorophosphate
[BMIM]PF¢ and their analogues has begun in the middle of the 1990s a
renaissance of the rich chemistry of molten salts and continued to prosper.
1,3-Dialkylimidazolium  cations associated with relatively weak
coordinating anions such as tetrafluoroborate, hexafluorophosphate and
trifluoromethane sulfonate which are compounds with unique physical-
chemical properties such as they are liquids over a large range of
temperatures (down to -80 °C), possess high thermal and chemical stability,
large electrochemical window (up to 7V), high density, relatively low
viscosity and negligible vapor pressure ™. Another important property that
changes with structure is the miscibility of water in these ionic liquids. For
example, 1-alkyl-3-methylimidazolium tetrafluoroborate salts are miscible
with water at 25 °C, where the alkyl chain length is less than 6, they formed
a separate phase when mixed with water if the alkyl chain > 6 carbon

atoms 2,

[EMIM]BF, was prepared via metathesis of [EMIM]I with Ag[BF,] in
methanol in 1992 “®!. This salt has a melting point of 12 °C and may be
prepared significantly more cheaply using [NH,]BF, in acetone M. This
ease of preparation together with its relative moisture stability and its
immiscibility with a number of organic solvents cause to increasing
utilization in biphasic catalysis. The preparation of [EMIM]PFs instantly
took after, it was prepared by reaction of [EMIM]CI with HPF*¥, its
melting point is 60 °C, which makes it slightly less attractive than the BF,

salt, in the event that room temperature working is desired.
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Therefore, ionic liquids based on more hydrophobic anions such as tri-
fluoromethanesulfonate CF;SO;°, bis-(trifluoromethanesulfonyl) imide
(CF3S0,),N", tris(trifluoromethylsulfonyl) methide (CF3;SO,)sC and many
others have been developed. These ionic liquids have received a broad
consideration not only because of their low reactivity with water, but also
because of their large electrochemical windows. Usually these ionic liquids
can be well dried the water contents below 1 ppm under vacuum at

temperatures between 100 and 150 °C 191,

Most recently new ionic liquids based on aluminum chloride when it
combined with either urea or acetamide or trimethyl urea were prepared by
Abood and co-workers in 2011%%. These ionic liquids are much stable than
other chloroaluminate ionic liquids of i.e. imidazolium or pyridinium
chloride, offering relatively cheaper, less sensitive, easily prepared ionic
liquids with promising similar properties in at least its catalytic properties

for organic reactions and aluminum coating on metal substrate .

A new class of air and moisture stable ionic liquids based on choline
chloride was synthesized by Abbott and co-workers?!], a green chemistry of
such ionic liquids were shown especially in the metal process such as metal
winding coating, this process offered much safer conditions and good

quality for the manufacture .

Diverse sorts of choline chloride based ionic liquids with metal chlorides
(hydrated or anhydrous) were synthesized also, each could be utilized as a
part of particularly for their constituent metal covering such as chrome,

nickel, copper, zinc ....etc ##%1.

Advancement of chloroaluminate was not stopped at replacing the
imidazolium or pyridinium by the less sensitive boron tetrafluoride or

phosphate hexafluoride ions.
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Abood 24 was synthesized another sort of ionic liquid from alum sulfate
instead of aluminium chloride for its ease of handling, cheaper, greener and
availability of these compounds in variable industrial applications such as
water  purification.  Alum of the type  AINH4(SO,),.XH,0,
AIK(SO,),.XH,0 and AI(NO;).9H,0/Urea®" with urea or acetamide
offered room temperature ionic liquids with exceedingly air and moisture
stable characterization. This is a green ionic liquid as it was expected to be
used in variable process such as metal coating since it offers good media for
some insoluble compounds in aqueous media to dissolve easily in this ionic

liquid such as metal oxides or silver sulfate.

lonic liquids come in two primary classifications, namely simple salts
(made of a single anion and cation) and binary ionic liquids (salts where an
equilibrium is involved). For example, [EtNH3]NO; is a simple salt whereas
mixtures of aluminum(ll1) chloride and 1,3-dialkylimidazolium chlorides (a
binary ionic liquid system) contain several different ionic species, and their
properties depend upon the mole fractions of the aluminum(lll) chloride
and 1,3-dialkylimidazolium chloride present. Examples of ionic liquids

consisting of simple salts are given in Figure (1-3).

P

_NiN A | [P Sy (BE] {\\:\ /} ING;|

W
Celly;

Figure (1-3) : Examples of simple room-temperature ionic liquidst®.
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There are numerous approaches to prepare different types of ionic liquids

such as®!;

1- Metathesis reactions: are great competitors for the preparing of new ionic
liquids for the first time. Nonetheless, they can leave the ionic liquids
contaminated with a small amount of halide ions that may react with

solute materials.

[EMIM]I + Ag[BF,]——— [EMIM][BF] + Agl at 12°C

2- Acid-base neutralization reaction: tetraalkylammonium sulfonates have
been prepared by mixing equimolar amounts of the sulfonic acid and
tetraalkylammonium hydroxide, the excess water was removed in

vacuum.

3- Direct combination of salts: direct combination of a halide salt with a

metal halide such as:

AICl; + [EMIM]CI ——— = [EMIM]+ + AICI,4 (basic part)

When a large amount of AICI; was added, it gave [ALCI;] this
considered (acidic part), and the addition of excess from AICIl; gave

[Al;Clyo], this reaction must done in dry and high purity conditions.
4- Eutectic method: Another method for ionic liquid preparation:

C5H14C|NO + CO(NHZ)Z _— [C5H14C|NO] [CO(NHz)g]

The imidazolium-based ionic liquids can be derived from a

corresponding common precursor, the 1-alkyl-3-methylimidazolium halide,

in general the chloride. This precursor is prepared by alkylation of

methylimidazole. The alkylation is carried out in an autoclave, at 6
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atmosphere of nitrogen and 90°C without addition of solvent, if the
chloroalkane is gaseous at room temperature (e.g. chloroethane), higher

homologues can be prepared under atmospheric pressure.

This precursor is then either used in a metathetic reaction, where the 1-
alkyl-3-methylimidazolium halide is reacted with a Group 1 metal salts, in
particular a sodium salt, or a silver salt of the desired anion, or in an acid-
base neutralization reaction®!. This reaction is stoichiometric and therefore,
equimolar amounts of waste MX or HX are produced. This could be

circumvented by the direct alkylation of 1-methylimidazole with

alkyltrifluoromethanesulfonate or alkyl bis(trifluoromethanesulfonyl)
amide, for example ",
=y . O R R
Most commonly S e = R, . R, NGE_~ S
used cations 3N f\'l\ 7\/ \1\ \N/ /P\
R ! Rl LRl ][R
1-alkyl-3-methyli- V-alkyl- V-alkyl- letraalkyl- letraalkyl-
imidazohum pyridinium Ve-methyl- ammonium phosphonium
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Figure (1-4): The building blocks of ionic liquids.
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1.2 Physico-Chemical Properties of lonic Liquids

1. Melting Point: lonic liquids have melting points below 100 °C and the
greater part of them are liquid at room temperature. The increase in anion
size leads to a decrease in melting point, for example, the melting point
of [C,MIm]" type ionic liquid with different anions such as [BF.]” and
[Tf,N] are 15 °C and -3 °C, respectively. Cations size and symmetry
have a critical effect on the melting point of ionic liquids. Large cations
and increased asymmetric substitution results in a melting point

reduction®®.

2. Density: lonic liquids are denser than water with values ranging from 1
to 1.6 g cm™, the increase in the length of the alkyl chain in the cation
lead to decrease in densities. For example, the density in ionic liquids
composed of substituted imidazolium cation and CF3SO; anions
decrease from 1.39 g/ml for [C,MIm]" to 1.33 g/ml for [C,EIm]", 1.29
g/ml for [C,MIm]" and 1.27 g/ml for [C,EIm]". The densities of ionic

liquids are additionally influenced by the identity of anions®*°!.

3. Viscosity: In general, ionic liquids are more viscous than molecular
solvents and their viscosities are ranging from 10 mPa s to about 500

el?®3% The viscosity of ionic liquids is

mPa s at room temperatur
determined by Van der Waals (VDW)"" forces and hydrogen bonding.
Electrostatic forces may also play an essential part. Alkyl chain
lengthening in the cation leads to an increase in viscosity. This is due to
stronger Van der Waals forces between cations leading to an increase in
the energy required for molecular motion. Also, the ability of anions to

form hydrogen bonding has a pronounced effect on viscosity!®2.
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4. Conductivity: lonic liquids have sensibly great ionic conductivities
compared with those of organic solvents/electrolyte systems (up to 10
mS cm™) B3 However, their conductivities are usually lower than those
of concentrated aqueous electrolytes at room temperature . Based on the
fact that ionic liquids are composed solely of ions, it would be expected
that ionic liquids have high conductivities. This is not the case since the
conductivity of any solution depends not only on the number of charge
carriers, but also on their mobility. The extensive constituent ions of
ionic liquids reduce the ion mobility which thus leads to lower
conductivities. Beside, ion pair formation and/or ion aggregation lead to
reduced conductivity. The conductivity of ionic liquids of higher
viscosity exhibit lower conductivity. Increasing the temperature increases

conductivity and lowers viscosity®?],

5. Electrochemical window: The electrochemical window is an essential
property and plays a key role in using ionic liquids as solvents for the
electrodeposition of metals and semiconductors. The electrochemical
window is the electrochemical potential range over which the electrolyte
is neither reduced nor oxidized at an electrode. This value determines the
electrochemical stability of solvents. The electrochemical potential
window is mainly dependent on the resistance of the cation to reduction
and the resistance of the anion to oxidation. As known in agueous
solution, the electro-deposition of elements and compounds is
constrained by the low electrochemical window of water (about 1.2 V).
Actuality, ionic liquids have fundamentally larger electrochemical
windows, e.g. 4.15 V for [BMIM]BF; at a platinum electrode, 4.10 V for
[BMIM]BF4 and 5.5 V for [BMP]Tf,;N at a glassy carbon electrode. For
electrochemical application, the potential window of the electrolyte

solution is one of the most essential properties. The potential window is

10
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administered not only by the chemical structure of the materials used, but
also by the electrode materials, sweep rate of the potential, temperature,
atmosphere, solvent and impurities. The use of an alternate reference
electrode to determine cathodic and anodic limits of an ionic liquid

makes the circumstance even more complicated .

6. Thermal stability: lonic liquids can be thermally stable up to
temperatures of 450 C°. The thermal stability of ionic liquids is limited
by the strength of their heteroatom-carbon and their heteroatom-

hydrogen bonds, respectively?®!.

7. Low nucleophilicity and capability of providing weakly coordinating or

non-coordinating environment™®!,

8. Color: lonic liquids are known to be colorless such as [BMIM]" cation
and a variety of anions such as PFg, BF;, CFCO, and (CF3SO,),N',
despite the fact they are not 100% pure. The color of less pure ionic
liquids mostly ranges from yellow to orange. The formation of the color
has been credited to the use of raw materials with color or by more

heating during the synthesis of imidazolium salt®>*®],

9. Hygroscopicity: Viscosity estimations illustrate that ionic liquids
become less viscous with increasing the water content. Hence, the water
content has an influence on the viscosity of ionic liquids. Hydrolysis
problems can also happen. Most of the ionic liquids have amazingly low
vapor pressure, which allows removing water by simple heating under

vacuumt!,

10. Hydrophopicity: The degree of polarity can be shifted by changing the
length of the alkyl chain . The anion chemistry has a large impact on the

properties of ILs, however, little variation in properties might be

11
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expected between the same cation salts, so the actual differences can be
significantly dramatically, for example, [BMIM]PFs is immiscible with

water, whereas [BMIM]BF, is water solublel*.

1.3 Some applications of ionic liquids®">"

1- Homogeneous and heterogeneous catalyst

lonic liquids apparently are both homogeneous and heterogeneous
catalysts. This is because some selected ionic liquids can be immiscible
with the reactants and products, but dissolve the catalysts. This has the
advantages of a solid for immobilizing the catalyst, with the advantages of a
liquid for allowing the catalyst to move freely.
2- Biological reactions media

Because of enzymes are stable in ionic liquids, this opens the possibility
for ionic liquids to be used in biological reactions, such as the synthesis of
pharmaceuticals.
3- Treatment of high-level nuclear waste

The ionizing radiation does not affected in ionic liquids, so they could
even be used to treat high-level nuclear waste.
4- Removing of metal ions

Several new ionic liquids have been designed and synthesized to remove
cadmium and mercury from contaminated water. When these water-
insoluble ionic liquids come in contact with contaminated water, they
snatch the metal ions out of water and sequester them in the ionic liquid.
5- Purification of gases

lonic liquids can selectively dissolve and remove gases and could be used

for air purification on submarines and spaceships.

12
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6- Synthesis of coordination complex

The reports of directed synthesis of coordination complexes in ionic
liquids are oxo-exchange chemistry, exposure of chloroaluminate ionic
liquid to water leads to formation of aluminum oxo- and hydroxo-

containing species.

7- Synthesis of organometallic compounds
The imidazolium-based ionic liquids being utilized to prepare metal

imidazolylidene complexes and some other compounds
8- Electrochemical applications

RTILs can provide high opportunities for overcoming the limitations
encountered in traditional chemical processes, particularly in
electrochemistry. The wide electrochemical window, nonvolatile,
noncombustible, and heat resistance nature of RTILs is observed for
applications in electrodeposition, batteries, fuel cells, electrosynthesis,

electrocatalysis, and electrochemical bio sensing.
1.4 Electrodeposition

The terms of electrodeposition and electroplating are often used
interchangeably. As a matter of fact, "electroplating” can be considered to
occur by the process of electrodeposition. The electrodeposition is the
process of delivering a metallic deposition on a surface by the activity of
electric current. The deposition of a metal on the surface of substrate is
achieved by converting the substrate to anion to be coated and immersing it
into the solution of the metallic salt. The positive charges carried by the
metallic ions are thus attracted to the negatively charged substrate, they
give electrons to diminish the positive charge ions to metallic form.

Electrodeposition is essential for a variety of industries like electronics,

13
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optics, sensors, automotive and aerospace. The conventional solutions, such
as water, suffer from , the draw back that it has a relatively small potential
window, hence the deposition of metals with high negative reduction
potentials is hindered by oxygen and hydrogen being produced. RTILs are
superior media for the electrodeposition of metals and semiconductors, and
have an exceptional potential to revolutionize electroplating. The use of
ionic liquids heralds not only the ability to electrodeposit metals that have
hitherto been impossible to reduce in aqueous solutions, but also the
capability to engineer the redox chemistry and control metal nucleation

characteristics!*!.
1.4.1 Electrodeposition of semiconductors

Semiconductors are widely utilized in many fields, e.g. in electronic

devices and solar cellst

. lonic liquids were used successfully to get
semiconductors, which cannot be obtained from aqueous solutions because
of hydrogen evolution, which sets in before semiconductor
electrodeposition.  Endres et al™“*l. reported that the elemental
semiconductor germanium can be electrodeposited in 1-butyl-3-
methylimidazolium hexaflurophosphate ionic liquid that was saturated with
germanium bromide (GeBr,) or germanium chloride (GeCl,), and they
stated that the reduction of elemental germanium from Ge(lV) halides
occurs via Ge(ll) species. As germanium, silicon cannot be obtained from
aqueous media. Zein EIl Abedin et al. ™! had reported that nanocrystalline
silicon of 50-150 nm diameter can be electrodeposited in the room
temperature ionic liquid 1-butyl-1-methylpyrrolidinium bis
(trifluoromethylsulfonyl) amide.

lonic liquids are not only utilized to get elemental semiconductors, but
they can be also employed to get compound semiconductors like indium

14
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antimonide (InSb)™**! and cadmium telluride (CdTe)* by electrodeposition
in 1-ethyl-3-methylimidazoliumchloride / tetrafluroborate ionic liquid.
These two compound semiconductors are relevance in electronics and solar

cells industries.
1.4.2 Electrodeposition of metals and alloys

Room temperature ionic liquids can be utilized as solvents for the
electrodeposition of metals and alloys, for example, Katayama and co-
workers 1 have reported that the room temperature ionic liquid 1-ethyl-3-
methylimidazolium tetrafluoroborate ([EMIM]BF,) is applicable as an
alternative electroplating bath for silver. This ionic liquid is prevalent to the
chloroaluminate systems since the electrodeposition of silver can be
performed without the risk of aluminium co-deposition. Also, the
electrochemical deposition of silver was investigated at a glassy carbon
electrode in hydrophobic 1-n-butyl-3-methylimidazolium
hexafluorophosphate  [BMIM]PFs and  hydrophilic  1-n-butyl-3-
methylimidazolium tetrafluoroborate [BMIM]BF, ionic liquidst*®.. Tai et al.
19T studied the electrodeposition of Pd—Ag alloys from the basic [EMIM]CI-
BF, ionic liquid in solutions containing Pd(Il) and Ag(l) in a temperature
range from 35 to 120 °C. Scanning electron micrographs of the coatings
indicated that the Pd—Ag alloys were nodular and become more compact
upon increasing the temperature up to 120 °C. It was moreover expressed
that copper can be coated in a mixture of 1-ethyl-3-methyl imidazolium
tetrafluoroborate [EMIM]BF, and [EMIM]CI and the deposits obtained are
red brown in appearance with good adhesion®%. Chen et al.® reported that
copper and copper-zinc alloys can be electrodeposited on tungsten and
nickel electrodes in a Lewis acidic 50-50 mol % ZnCl,—[EMIm]CI molten

salt containing Cu (I). The copper content in the Cu-Zn alloys increases as

15
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the Cu (1) concentration in the plating bath and/or the deposition
temperature increases and decreases as the deposition overpotential
increases. Cadmium also can be electrodeposited in basic 1-ethyl-3

methylimidazolium chloride / tetrafluoroborate?.

Electrodeposition of palladium—indium alloys is of interest because the
incorporation of indium into palladium provides higher microhardness and
wear resistance than pure palladium without yielding the low contact
resistance of the palladium™. Thus, the Pd—In coatings can be used as
replacement for pure gold. The electrodeposition of Pd—In in aqueous baths
are also available nowadays ®*. The general difficulties associated with the
electrodeposition of Pd-In from aqueous baths are the significant difference
between the deposition potentials of palladium and indium, the low
hydrogen overvoltage and the large hydrogen solubility in the Pd metal.
Therefore, trials have been made to reduce these problems, one approach is
to replace the agueous bath with aprotic solvents. The Pd-In coatings were
electrodeposited successfully in the [EMIm]CI-BF, ionic liquids and the

obtained deposits are compact and smooth °!.

The electrodeposition of Zn and its alloys is possible in the Lewis acidic
ZnCl,—[EMIM]CI ionic liquid. It was shown that ionic liquid (when the
molar percentage of ZnCl, is higher than 33 mol%) was potentially valuable
for the electrodeposition of zinc and zinc containing alloys™. Huang and
Sun had shown that Pt-Zn alloy®™”, iron and Zn—Fe alloy®®, tin and Sn—Zn
alloy™ can be electrodeposited in Lewis acidic ZnCl—[EMIM]CI ionic
liqguid. Moreover, Zinc can be coated from Lewis basic 1-ethyl-3-
methylimidazolium bromide — zinc bromide molten salts with and without

dihydric alcohols (ethylene glycol, 1,2-propandiol, 1,2 butanediol) at 120
e [60]

16
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The study of nanoparticles of catalytically active material has attracted
grown interest in recent years because of the important role of nanoparticles
in catalysis. Platinium film/nanoparticle is of particular interest, as it is
known to be one of the most important catalysts for many chemical
reactions, for example, production of hydrogen from methane, conversion
of automobile exhaust gas, and especially oxygen reduction and methanol
oxidation in a fuel cell®. Ping et. al.’ reported that platinum can be
electrodeposited in [BMIM]BF, and [BMIM]PF¢ ionic liquids at glassy
carbon electrodes, and the electrocatalysis effect of nanostructured platinum
films obtained in these ionic liquids on the methanol electro oxidation was
also investigated. The obtained platinum deposits were uniform, shiny and
fairly dense and the separate spherical nanoclusters were less than 100 nm,
obviously different from those of far more than 100 nm prepared in HCIO,
aqueous solution. Based on the observed size of platinum nanoclusters, it
was reasonable that the catalytic performance and usage efficiency of the
platinum film prepared in [BMIM]BF, and [BMIM]PF would be much
higher than that prepared in HCIO, aqueous solution. Nanostructures
possess unique properties due to size and interface effects and hence find
many applications in electronics, catalysis, and material sciencel®.

Therefore many attempts have been done to make nanostructured materials.

Electrodeposition is considered as a versatile method to prepare metal
nanostructures, as it allows the precise control over grain size by adjusting
the electrochemical parameters such as over potential, current density and

the bath composition.

Abbott et. al.® studied the electrodeposition of aluminum and
aluminum/platinum alloys from AICls/benzyltrimethylammonium chloride

ionic liquid.

17
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Abbott et. al. ®* have reported the synthesis and characterization of new
moisture stable, Lewis acidic ionic liquids/deep eutectic solvents made
from metal chlorides and quaternary ammonium salts, which are
commercially available. They have shown that mixtures of choline (2-
hydroxyethyltrimethylammonium) chloride (H3;C);NC,H,OH)CI and MClI,
(M = Zn, Sn) gave conducting and viscous liquids at or around room
temperature. These liquids are easy to prepare, they are water and air
insensitive and their low costs make their use in large-scale applications
likely. Furthermore, they have reported®® that a dark green, viscous liquid
can be formed by mixing choline chloride with chromium (I1l) chloride
hexahydrate and the physical properties of this liquid are characteristic of
an ionic liquid. The eutectic composition is found to be 1:2 choline
chloride/chromium chloride, from this ionic liquid, chromium black can be
electrodeposited efficiently to yield a crack-free deposit. Addition of LiCl
to the choline chloride/CrCl;-6H,O mixture was found to allow the

deposition of nanocrystalline black chromium films®".

1.5 Electrodeposition of aluminium

Aluminum is the most abundant metal and the third most abundant
element in the earth's crust, after silicon and oxygen. It makes up about 8%
by weight of the earth’s crust. Aluminum is very reactive chemically to
occur naturally as a free metal. alternatively, it is found combined in over
270 different minerals. The main raw of aluminum is bauxite, a mixture of
hydrated aluminum oxide (Al,0s.xH,O) and hydrated iron oxide
Fe,03.xH,0. Cryolite (NazAlFg) is another mineral critical in the generation
of aluminum metal. However, cryolite is not used as an ore and thus

aluminium is not extracted from it. Metallic aluminum was first prepared by
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Hans Oersted, a Danish chemist, in 1825. He obtained the metal by heating

dry aluminum chloride with potassium metal.
AICl; + 3K ——— Al + 3KCI

Robert Bunsen prepared aluminum metal in the 1850 by passing an
electric current though molten sodium aluminum chloride. However,
because both electricity and potassium metal were quite expensive,
aluminum remained a chemical lab compound and of an interest until after
the invention of the mechanical electrical generator. In 1886, Charles
Martin Hall of Oberlin, Ohio, and Paul Héroult of France, they were both
22 years old at the time, autonomously discovered and patented the process
in which aluminum oxide is dissolved in molten cryolite and decomposed
electrolytically®®. With Hall-Héroult process, this method is still the main
industrial method for primary aluminum production. The first step in the
commercial aluminum production is the separation of aluminum oxide from
the iron oxide in the bauxite. This is accomplished by dissolving the
aluminum oxide in a concentrated sodium hydroxide solution, aluminum

ions form dissoluble complex ion with hydroxide ions, but iron ions do not.
A|203.XH20(S) + ZOH_(aq) - > ZAI(OH)_4 (aq) + (x-3) H20(|)

After filteration the insoluble iron oxide from the solution, AI(OH); is
precipitated from the solution by adding acid to reduce the pH to about 6.
After that the precipitate is heated to produce dry Al,O3; (alumina).

2Al(OH)35) ——————>  AlOg) + 3H0(g)

In the Hall-Heéroult process Figure (1-5), aluminum metal is obtained by
electrolytic reduction of alumina. Pure alumina melts at higher than 2000

9C. To produce an electrolyte at lower temperature, alumina is dissolved in
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molten cryolite at 1000 °C. The electrolyte is put in an iron vat, lined with
graphite. The vat works as the cathode and the carbon anodes are inserted
into the electrolyte from the top. The oxygen produced at the anodes
interacts with them, forming carbon monoxide and carbon dioxide.
Therefore, the anodes are consumed and need to be replaced occasionally.
Molten aluminum metal is produced at the cathode, and it sinks to the

bottom of the vat. The principal cell reactions are:
cathode: 4A1"° + 126 ———>4 Al

anode: 60° ——> 30,p+12¢

net: 4Al By 6 0_2 —>4 A|(|) + 302/]\(9)

In stages, a plug is uprooted from the vat and the molten aluminum is
drained. The heat needed to keep the mixture molten is equipped by
resistive heating of the electrolyte by the current passing through the cell.

Typical cells use a potential of 4 to 5 volts and a current of 300,000

Vent for gases
CO, CO,, HF

amperes.

Device to lower
anode as itis
consumed

removable
cover

.
-

crust of
frozen
electrolyte

carbon
anode

5 v, 300,000 A

molten electrolyte 3NaF-AlF;, CaF,
molten aluminum

carbon
cathode

Figure (1-5): The Hall-Héroult process.
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Aluminum is a silvery-white metal with numerous valuable properties. It
is light (density 2.70 g/cm®), nontoxic, with an electrical conductivity 60%
that of copper and a much lower density, it is utilized extensively for
electrical transmission lines. Pure aluminum is soft and brittle, but can be
strengthened by alloying with small amounts of copper, magnesium, and
silicon. Based on its chemical reactivity, aluminum should not be very
useful at all. Its standard reduction potential is -1.67 volts, indicating that it
Is a very good reducing agent. It is far more active than iron, which has a
reduction potential of -0.44 volt. Aluminum obviously better than iron,
because the product of its corrosion, Al,O3 , adheres strongly to the metal's
surface, protecting it from further reaction. This is quite different from the
behavior of iron. Rust flakes off the surface of iron, exposing the surface to
further corrosion, as shown in Figure (1-6). The protective oxide coating on
aluminum is frequently enhanced by the process of anodization. Aluminum
metal is made the anode in an electrolytic cell, where aluminum metal is
oxidized, and its protective oxide coating is thickened. The oxide coating on
aluminum renders it impenetrable to most acids. However, any chemicals
that form a strong complex with aluminum ions, e.g. OH and CI ions, will
react with the oxide coating. Therefore, aluminum will dissolve in

hydrochloric acid and sodium hydroxide solutions.

02
H20
. '.'
Al203 gy ———— ——~— e mF 0.
/ = Fe203
Al == /-Fe

Figure (1-6): Difference between Al,O3; and FeO.Fe,O3 protective layer.
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Currently, there are several methods available for aluminium plating such
as hot dipping ©*™ thermal spraying ['Y, sputter deposition *" vapor
deposition ™! and electrodeposition " but all of these methods except
electrodeposition are expensive, performed at elevated temperatures which
may damage the specimens, low dissolving capability of Al salts, high
volatility, flammability and not suitable to get a thin aluminium films.
However, it was reported that electrodeposition was employed successfully
to get a thin aluminium film with higher purity and lower porosity. The
coating has a good corrosion resistance and the thermal stress can be

avoided since electroplating process can be carried out below 180°Cl®l.

Aluminium cannot be electrodeposited from an aqueous solution
because of its reactivity (E° = -1.67 V vs. normal hydrogen electrode
NHE). The electrodeposition process would be restricted by hydrogen
evolution at the cathode surface, consequently, aluminium can only be
electrodeposited from non-aqueous aprotic electrolytes such as molten
salts and organic solvents. Many of these electrolytes are sensitive to air
and moisture so that the electrodeposition process must be carried out in

inert atmosphere such as argon or nitrogen gas.

There are some requirements for aluminium electrodeposition before

introducing the different baths used for electrodeposition of aluminium:

a) The electrolyte should consist of a solvent acting as a slight Lewis base
and a solute acting as a Lewis acid so that mutual coordination and

dissolution of the solute can take place.

b) The solute that is used as an Al source should exhibit a high solubility
in the solvent. A stable complex must be formed in the plating

solution.
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c) For some applications, it is desirable that the composition of the bath
remains constant during the operation. This implies that the electrode
process has to be chemically reversible. This permits the long-term
operation of the bath without a change in the electrodeposition

characteristics.
d) The medium must exhibit reducing and water-consuming properties.

Additionally a potentially suitable solvent for the preparation of Al-

electrodeposition baths must comply with the following criterial™:-

1) The solvent must be electrochemically stable in order to permit the
reduction of an Al (l1I) compound without electrolysis of the solvent.
This requires that the standard potential that characterizes the
electrochemical equilibrium between metallic aluminium and the
aluminium complex in solution lies within the existence regime of the

solvent.

I1) The electrode reaction has to be kinetically feasible (low overpotential)
and mass-transport phenomena have to favour a controllable surface
morphology. The free energy of the co-ordination complex of the
solvent and aluminium solute, e.g. aluminium halide, should be

sufficiently low to ensure a good solubility of the salt.

1ii) The dissociated Al complex ion must release Al at a less negative

potential than that of possible electrode reactions involving the solvent.
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1.6 Aluminium electrodeposition baths

1.6.1 Electrodeposition of Aluminium from organic solvents

The first attempt to electrodeposit aluminium from organic solvents
was made by Plotnikov ™!, He used solutions of aluminium bromide and
Alkali bromide in benzene, toluene and xylene. Till now, there are three
classes of organic solvents, which have been successfully used for

aluminium electrodeposition®”.
1.6.1.1 Etheric solvents or hydride baths

In these baths the etheric solvents, such as diethyl ether (Et,O) and
tetrahydrofuran (THF), AICI; and LiH or LiAlIH, are combined together
to form solutions containing the electroactive species from which
aluminium can be electrodeposited. These resulting solutions are called
hydride baths and they are classified into two baths, NBS (National
Bureau of Standards) and THF baths.

1) National Bureau of Standards (NBS) baths

Brenner and co-workers®-# at the NBS succeeded to electrodeposited
aluminium in an industrial scale by using solution made by dissolving
aluminium chloride (AICI;) and lithium hydride (LiH) in diethylether
(Et,0O). Later, lithium hydride was replaced by lithium aluminium hydride
(LiAIH,), which can be dissolved in diethylether more easily®®®l. The
addition of LiAlH, increased the bath lifetime. The obtained cathodic
current efficiency at current densities 2-5 A dm? and ambient
temperatures was 90%. The anodic current efficiency was 100% but the
anodically dissolved aluminium could not be deposited onto the cathode,

therefore the aluminium content of the bath decreased during the
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electroplating process and AICI; must be added from time to time to
increase the bath lifetime. NBS electrolyte was used on a pilot plant scale
at General Electric by Schmidt and coworkers®®! who electroformed
parabolic mirrors. The cathode current densities were 1.5 - 10 A dm™.
Both the micro and the macro throwing powers were reported to be
excellent. Adherent aluminium coatings of 300 um in thickness were
deposited on various aluminium alloys, titanium alloys and copper alloys
as well as steel in NBS baths®!. The application of the NBS bath to
Electro-Optical Systems®! was similar to the application at General
Electric, namely the electroforming of solar mirrors. Withers and
Abrams®! electroformed composites containing boron filaments. To
strengthen the aluminium deposit they added magnesium solution to the
NBS bath, probably as ethylmagnesium bromide. By using bare Al
anodes, Clay et al.’¥ succeeded in determining the optimum conditions
such as agitation, low current densities (up to 2 A dm®) and somewhat
higher temperature (40 °C) to prolong lifetime of the bath. Under these

circumstances the anodic current efficiency was found to be 100 %.

Levinskas and coworkers®”

studied the relation between the geometry
of the cell and the pre-treatment of the cathode surface on the one hand
and the optimum current density on the other hand. They also studied the
influence of additives such as diethylamine, butylamine and piperidine on

the deposit and bath quality!®".

The NBS bath™® had several drawbacks such as flammability, limited
lifetime, variation of the composition and low anodic current efficiency,
hydrogen embrittlement due to excessive hydrogen evolution.
Nevertheless the process has been a commercial reality for a long time,
and has also been adopted by NASAF!,
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i) The tetrahydrofuran (THF) baths

The use of THF alone or THF in combination with benzene instead of
diethyl ether has been suggested by Ishibashi and Yoshio®4. It was not
only less flammable and less volatile, it also showed better anode
dissolution and therefore a longer bath lifetime. The composition of the
bath was roughly 60 vol.% THF, 40 vol.% benzene with 0.7-1.3 mol/L
AIC1; and LiAlH,. Excellent deposits were obtained with an
AlIC1;:LiA1H, molar ratio of 3:1. Other hydrocarbons were tried in
addition to benzene, such as 1,2-dichloroethane and toluene, in these
cases the deposit on the cathode was obtained but a white precipitate was
observed on the anode. An unsuccessful endeavor was made to improve
the operation of the NBS electrolyte by adding some aromatic

hydrocarbons!®.

The THF electrolyte has been utilized by the Nisshin Steel Co. in Japan
for the continuous aluminium coating of steel wires and strips used, for
example, in integrated circuits®. Also, It has been used for the
electroplating of carbon fibers®). Graef studied the mechanism of
aluminium electrodeposition from solutions of AICIl; and LiAIH, in
THFPE, In 20001°°1% | efebvre and Conway reported in two papers that
aluminium can be electrodeposited from plating baths of varying ratios of
AICl; and LiAIH, dissolved in THF. They studied the Kkinetics,
mechanisms, nucleation and surface morphologies in the process of
electrocrystallization of aluminium on smooth gold and glassy-carbon

substrates.
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1.6.1.2 Aromatic hydrocarbons baths

These electrolytes are known as bromide baths because AlBr; is the
aluminium-containing compound. The aromatic hydrocarbons used are

usually benzene, toluene, xylene and their mixtures and derivatives.
1) AIBr; + MBr as the electroactive components

Attempts were done to increase the conductivity of AlBr; solutions by
the addition of quaternary ammonium or pyridinium salts such as
ethylpyridinium  bromide™™,  ethylenepyridinium dichloride and
ethylenepyridinium dibromide™. The best deposits were obtained with
quaternary pyridinium or dimethylaniline salts in toluene. The anionic
species was assumed to be Al,Br; on the basis of conductivity
measurements. These electrolytes are complicated to operate and the
results are rather poor. In small amounts, the quaternary salts can improve
the brightness of the deposit but higher concentrations lead to the
incorporation of the quaternary salt into the deposit and thus to a decrease

in its purity and corrosion resistance.
i) AlBr; +HBr as the electroactive components

This mix has been utilized by Capuano and Davenport!!®*%! The
electrolyte consisted of 36-45 vol.% Al1Br; in a 1:1 mixture of
ethylbenzene or diethyl benzene and toluene. The electrolyte was
prepared using an inert gas saturated with water vapor and passed
through the solution prior to dissolution of the AlBr3;, and this led to the
formation of HBr. The solution thus prepared must be carefully protected
against moisture and oxygen by an inert atmosphere. The presence of
HBr in the solution ensures the required specific conductivity of 3-4 mS

cm™. The coated surfaces were copper and steel and the anode was pure
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aluminium. Although Davenport and Capuano regard their electrolyte as

highly suitable for application, no industrial use is known as yet.
1) Organoaluminium compounds as the electroactive components

The bath is based on the compounds: (C,Hs);NCI / 2AI(C,Hs);, NaF /
2AI(C,Hs); and NaF/2AI(C,Hs)s/3.3C;Hs. The solvent is toluene. The
composition of the bath and the influence of additives on the brightness
of the deposit have been studied by Détzer and coworkers 11071,
Electrolytes with organoaluminium compounds are used by SIGAL
(Siemens- Galvano- aluminium) in discontinuous operation for
manufacturing reflectors as well as light and heat radiators. In principle
the electrolytic cell is put in a double-walled chamber filled with inert gas
to prevent the influence of air and moisture on the electrodeposition

process.

1.6.1.3 Electrodeposition of aluminium from dimethylsulfone
(DMSO,)

With various of attractive features such as: high conductivity, good
thermal stability, ability to dissolve numerous metallic cations,
dimethylsulfone (DMSQO,) has been considered a promising organic
solvent for rechargeable cells!®l. Recent investigations "% have
shown that aluminium can be reversibly plated and stripped in a mixture
(2:1 mole ratio) of AICI; : LiCl dissolved in DMSO, while no aluminium
plating was observed in that of a 1:1 mole ratio. SEM observations **
showed that smooth and continuous aluminium deposits could be
obtained from the DMSO, baths by potential step technique. A Raman
study™™ revealed:
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a) AICl, ion was always the main Al (111) species even in a melt without
LiCl.

b) Al,Cl; was never found even in the more acidic baths, i.e. with

AICI,/LiCl mole ratio greater than one.

c) A coordination complex, AI[(CH5),SO,]s*" was formed in the acidic
melts between DMSQO, and Al (I11). This complex was responsible for
aluminium deposition on tungsten electrode from AICI;/LiCI/DMSO,

bath through the following reactions "
AI[(CH3);S0,]5>* + 38— Al + 3(CHs), SO,

No aluminium plating process occurred in a mixture (2:1 mole ratio) of
AICl; : LiCl, indicating that as a Lewis base, DMSO, was weaker than CI’
but stronger than AICIl,, leading to the following equilibrium for
DMSO,-based electrolytes:

A|C|3 +Cl ——— A|C|4_
4 AICI; + 3(CH),S0, — 5 AI[(CH3),S0,]5%* + 3AICI,™

Unfortunately, All the organic solvent baths have many disadvantages
such as they are flammable, volatile, hygroscopic and consequently
relatively complicated to handle. For example, from the disadvantages of
organoaluminium baths, their self-ignition in air and their vigorous

reaction with water.

To avoid the disadvantages of organic solvent baths, the investigation
of new nonaqueous electrolytic systems for the electrodeposition of
aluminium has continued. Of them, ambient temperature chloroaluminate

molten salts such as AICI;-NaCl and related lower melting
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chloroaluminates based on quaternary ammonium chloride salts (ionic
liquids) such as N-butylpyridinium chloride (N-BPC) and 1- ethyl-3-
methylimidazolium chloride [EMIM]CI. These ambient temperature
molten salts have received more attention as the most promising

aluminium plating baths for industrial applications.

1.6.2 Electrodeposition of aluminium from chloroaluminate molten

salts

Electrodeposition of aluminium in molten salts would have many
advantages. The low working temperature (120 °C and higher) compared
with the hot plating process suppresses the formation of brittle
intermetallic compounds in the under layer. The higher electrical
conductivity of the electrolyte (by 1 to 2 orders) makes it possible to
carry out the electrolysis at higher current densities. There is less toxicity
and no danger of explosion and control of the thickness of the Al layer

make it potentially attractive for wider application!*®).

Aluminium can be electrodeposited in molten salts (chloroaluminate
molten salts), mainly chlorides, where Al can be deposited either by using
a soluble aluminium anode or the electrochemical decomposition of the
electroactive species, Al,Cl; , which formed in the Lewis acidic molten
AICl; : Alkali metal chloride mixture of 2:1 mole ratio. The
electrochemical reduction of the electroactive species occurs by the

following reaction!™?:
4 AlLCl;, +3¢ —> Al+7AICl,

The first paper on the electrolytic aluminium deposition from a molten

AICl;-NaCl mixture was published at the mid of nineteenth century!*?l,
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Bromides as well as chlorides have been tested as possible electrolytes

for the deposition of Al layers™*4%°]

The drawbacks of the AICI;-NaCl molten salt are its high AICI; vapor
pressure, which may result in explosions at elevated temperatures and the

fact that the melt is very corrosive.
1.6.3 Electrodeposition of aluminium in ionic liquids

Popular examples of ionic liquids include the chloroaluminates, which
are prepared by mixing anhydrous AICI; with a suitable organic halide.
This kind of ionic liquids can be considered as the first generation of
ionic liquids. Furthermore, it is the simplest system from which
aluminium can be easily electrodeposited. As the molar ratio of this
mixture changes, the melt can be classified as basic, neutral or acidic in
the sense of Lewis acidity. In the neutral 1:1 melt Al is present almost
entirely as AICI, ions, whereas in the 2:1 melt it is present as ALLCI; . In
melts having a molar ratio between 1:1 and 2:1, both Al,CIl; and AICI,
ions will be present. The acid-base properties of the melt at ambient

temperature may be described by the following equilibrium equation™*°!.

2 A|C|4_ <> A|2C|7_ + CI B

with an equilibrium constant K = 3.8 x 20™ at 30 °C. In acidic melts, in
which the electroactive Al,Cl; ions are the only reducible species from
which aluminium can be electrodeposited according to the following

reaction:

4AILCl; +3¢ — > AlI+T7AICl,
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In presence of excess of AICI;, the following reaction is virtually

complete:
AICIl, + AICl; —— AlLCI;

A lot of work has been done using chloroaluminate ionic liquids to
obtain high quality aluminium deposits by other researchers. For
example, aluminium chloride / 1-ethyl-3- methylimidazolium chloride
and aluminium chloride / N-butylpyridinium chloride have been widely

used in electrodeposition of aluminium and its alloys™ .

1.6.3.1 Electrodeposition of aluminium in aluminium chloride /

imidazolium based ionic liquids.

Hussey and co-workers carried intensive studies on the
electrodeposition of aluminium and aluminium alloys in AICl; /
[EMIM]CI ionic liquid. They succeeded to electrodeposit transition
metal-aluminium alloys such as Al-Mo**® AI-Til*®¥] Al-zfH 2 Ag-
Al and  ternary  Al-Mo-Mn  alloyst??.  These alloys are
technologically important because of their corrosion resistance, especially
pitting corrosion, and in some cases, their interesting magnetic properties.
The AICI; / [EMIM]CI ionic liquid is especially attractive for the
electrodeposition of aluminium and its alloys because it has a very low
melting point over a wide range of compositions, high intrinsic electrical

conductivity at room temperature and a low vapor pressure.

Jiang et all*®!

. have studied the electrodeposition, electrochemical
nucleation and surface morphology of aluminium on both tungsten and
aluminium electrodes from 2:1 molar ratio AICI; \ [EMIM]CI ionic
liquid. The electrodeposits obtained on both tungsten and aluminium

electrodes were dense, continuous and well adherent.
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The AICI; / [EMIM]CI ionic liquid was used to electroplate mild steel
by well adherent and highly resisted to scratches aluminium coatingst?4,
However, the quality of the deposit can be greatly improved by utilizing
pulse plating techniques™®*?®! or by addition of some organic solvents
such as benzene and methyl t-butyl ether™®! that improve the deposit
surface morphology. It is possible that the organic molecules play the role

of brighteners.

Endres et al™*"). reported that nanocrystalline aluminium can be made
electrochemically in Lewis acidic ionic liquids based on AICI; and

[EMIM]CI under galvanostatic conditions by addition of nicotinic acid.

Lait™?® have electrodeposited aluminium in room temperature AICly
/[[EMIM]CI ionic liquid on glassy carbon, platinum and tungsten.
Moreover, he has studied the mechanism of the electrodeposition and
dissolution processes in this ionic liquid and found that the aluminium
deposition process at the above-mentioned substrates is preceded by a
nucleation step and is kinetically complicated. The deposition of Al was
found to be unstable and subject to a slow corrosion process. This is due

to impurities and organic cation present in the liquid.
1.6.3.2 Electrodeposition of aluminium in (AICIl; / N-BPC) system.

The aluminium chloride / N-butylpyridinium chloride (AICI; / N-BPC)
system is liquid at ambient temperatures over a wide composition range
(molar ratio from 0.75:1 to 2:1 AICI; / N-BPC) 1%,

Researchers used different electrodes such as glassy carbon, tungsten
1301 and platinum ™ to investigate the mechanism of aluminium
deposition and dissolution reactions in AICl; / N-BPC melts at ambient

temperature. The results showed that the electrodeposition of aluminium
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from this liquid at glassy carbon and tungsten electrodes is Kinetically
complicated and the corrosion rate of aluminium is linearly proportional
to the acidity of the melt at 40 °C. Besides impurities, the major reason
for the corrosion of the deposited aluminium in that melt was also found
to be due to the organic butylpyridinium cation (BuPy+) while at
platinum electrodes, the results indicated that the aluminium deposition
reaction is a quasi-reversible process and there is an evidence for

formation of Pt-Al alloy in the initial stages of aluminium deposition™3!,

In 1980, Robinson and Osteryoung ™2 studied the electrodeposition
and stripping processes of aluminium in AICI; / N-BPC melts with and
without benzene at tungsten, platinum and glassy carbon electrodes.

[133]

Yang studed the electrodeposition of aluminium from an acidic liquid
of this system by using DC constant current and pulse current methods at
30 °C. The quality of deposited aluminium layer was improved by
applying pulse current, the particle size decreased and the adhesion

became much better.

Abood and co-workers ! had investigate that the addition of simple
amide (urea or acetamid) to anhydrous AICI; causes the formation of a
liquid of the form [AICI,.nAmide]” AICI,, the materials thus produced
is liquid over a wide temperature range, this liquid is relatively insensitive
to water and has the properties of ionic liquid. This prepared liquid is
shown to be a suitable medium for acetylation of ferrocene and the
electrodeposition of aluminium and demonstrated that quaternary

ammonium cations are not always needed to form ionic liquids.

The ionic liquid AlCls/urea was found to be yellow colored net, deep

red color in benzene and of dark green color in toluene™*,
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The reaction that occur to produce the aluminium based ionic liquid is:
2AICI; + nAmide o [AICl,.nAmide]” + AICI,

This ionic liquid can be easily handled by adding a layer of
hydrophobic liquid on its surface, such as decane. Relatively thick, good

adherent coating of aluminium can be obtained by using this ionic liquid
[135]

1.7 Parameters effect on surface morphology of Al coatings

It is necessary to explore optimum experimental conditions of
aluminium coatings on substrate for industrial application. Consequently,

the effect of the main experimental parameters includs:
1.7.1 Temperature

Temperature has a significant impact on the surface morphology of
aluminium coatings, so it is necessary to find the optimum temperature

that is suitable for metal electrodeposition.

Zheng and co-workers ! highlighted on the study of the effect of
different temperatures on surface morphology of Al coatings. By using
2:1 AICI/[AMIM]CI ionic liquid, smooth, bright, dense deposits were
obtained in the range of temperature from 40 to 80 °C , while the
deposits turned dark and poorly adherent at temperature higher than 80
°C, particularly at 100 °C. The SEM micrographs shows the deposits
produced at 40, 60 and 80 °C all display homogeneous and dense with
spherical particles. By contrast, a relatively rough and incompact surface
with large clusters of platy shaped crystals is observed at 100 °C. A

higher temperature up to 80 °C display a nonuniform distribution of
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current density and high deposition rate is prone to promote the dendritic

growth, which often leads to rough coatings ***.
1.7.2 Current density

Appropriate current density is probably the key to the Al coatings. It
has a significant influence on the deposit brightness, thickness

distribution, current efficiency and microstructure of electrodeposits.

Zhang and co-workers™! studied the effect of different current density
on the microstructure of Al deposits. They use current density from 8 to
26 mA/cm’ in 2:1 AICI/[BMIM]CI ionic liquid at 45 °C. The result
showed that the deposits are dense, homogeneous, adherent. Actually, the
deposits formed at 14-24 mA/cm? were completely bright, smooth, dense,
smaller crystallites and thus the optimum current densities were
determined to be in this range. Relatively rough surface with large cluster
of particles was observed at 26 mA/cm?. The current efficiency slightly
decreased with increase in the current density. As the current density
increases, the total charge passed through the cell increases, hence the
theoretical amount of deposits also increases. However, the actual weight
deposited does not follow a similar trend as that of current density due to
the current loss (polarization effects) involved in electrolysis process.
Therefore, lower current efficiencies can be attributed to the above
phenomena. It should be noted that higher current densities > 26 mA/cm?
resulted in darker grey deposits with dendritic growth and poor
adherence™". Jiang and co-workers *® had investigated the morphology
of Al coatings on tungsten and aluminium electrodes from 2:1 molar ratio
AICI/[EMIM]CI ionic liquid. They proved that the deposits obtained at
lower current densities are quite dense and well adherent to the Al

substrates and those obtained at higher current density have dendritic
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growth with relatively poor adherence. The ionic liquids also became less
chemically stable when the electrodeposition was performed at higher
current densities. However, the morphology of aluminium deposits was
relatively independent on current density at constant temperature, as we
say the current density affected morphology of aluminium deposit as a

function of temperature ™,
1.7.3 Deposition time

In general, time has a significant influents on the thickness of deposits
and effected on the structured and the aggregation of particles and their

compaction***].

To understand the relationship between electrodeposition time and the
nominal thickness, Zhang and co-workers ™" had investigated the
deposition time from 10 to 60 minutes for 2:1 AICIl; /[[BMIM]CI at 318k
and found that the nominal thickness increased with increasing the

deposition time and the grain size increased also.
1.7.4 Molar ratio

The molar ratio of the salts from which ionic liquids are prepared is an
Important parameter that influences the reactions taking place at the
electrodeposition. For example, when the molar ratio of AICl;
to[BMIM]CI is 1:1, Al is present almost entirely as AICI, ions which
cannot be reduced, when the molar ratio of AICl; to [BMIM]CI is greater
than 1 (Lewis acid), the AICIl, tends to further complex with AIClI;
forming ALCIl; which is the only reducible aluminium species 1%,
Kamavaram and co-workerst**! | highlighted on the study of the effect of
molar ratio on surface morphology of aluminium deposit by using

different mole ratios of AICI; with [BMIM]CI. It can be seen that with
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increase in AICI; content in the electrolyte, the current density was
increased and the amount of deposited aluminium also increased, and the

clustering of particles can be seen at higher AlIClI; content.
1.7.5 Diluents

Many groups of researchers had studied the effect of additives on the
morphology of aluminium deposits™****4, Hussey et al. had investigated
the Lewis acidic AICI/[EMIM]CI ionic liquid [>50 mol % AICIs] and
found that aluminium could be electroplated from the neat liquid, but the
quality of the electrodeposit is greatly enhanced by adding benzene as a

co solvent 144,

Abbott and co-workers™™ studied the addition of 18% toluene to
AICIL/[BMIM]CI ionic liquid which caused an increase in the charge
associated with both the deposition and stripping processes which showed
that mass transport may have an effect on metal growth rates. The
addition of toluene decreased metal concentration and viscosity. Hence,
diluents could have two effects: first they will cause a decrease in
solution viscosity and metal concentration; second is the change in

speciation.
1.7.6 Water content

The influences of water content was studied in the BMP-TFSI
melts containing aluminum chloride hexahydrate. With adding the
hydrate, a new reduction wave appeared in cyclic voltammograms at
the potential range more positive that for the aluminum deposition.
As the concentration of water increased, the peak current density of

this cathodic peak became higher. The peak current for the
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aluminum deposition became lower with the water content. These
results indicated that water in the melt prevented the
electrodeposition of aluminum, while, the aluminum could be deposit

from BMP-TFSI melt under an argon atmosphere!t**®l.

1.8 Techniques of topographic and morphology study

1.8.1 Atomic Force Microscopy (AFM)

AFM used to measure the topography for the surface of the sample by
producing a 3D image at magnifications over one million times giving
much more topographical information than optical microscopes. It works
by scanning an extremely fine probe on the end of a cantilever across the
surface of material. The AFM tip gently touches the surface and records

the small force between the probe and the surface, Figure (1-7).74]

There is a renewed interest in the study of surface roughness. Nanda
and co-workers 19981°% investigated the relationship between roughness
and thickness of the surface of sample and found that roughness depends
on the thickness of the surface. As the thickness of a sample increases,

the roughness increases.
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Figure (1-7): Block diagram of atomic force microscope using beam deflection
detection.

1.8.2 Scanning Electron Microscopy (SEM)

SEM used instead of optical microscopes for micro- and nanoscale.
Electron microscopes used electrons instead of photons, because
electrons have a much shorter wavelength than photons and so allow
observing matter with atomic resolution. Signals produced by SEM result
from interactions of the electron beam with atoms at or near the surface
of the sample, include secondary electrons, back-scattered electrons
(BSE), characteristic X-rays, light (cathodoluminescence), specimen

current and transmitted electrons as shown in Figure (1-8).

By detection of secondary electron, SEM can produce vivid images of
a sample surface (secondary electron image SEI), with superior resolution
about 1 to 5 nm. Due to the relative narrower electron beam, SEM has a
much greater depth of field than TEM, thus yielding a characteristic
three-dimensional appearance useful for investigating the surface of

objects which have a complicated topography.
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Characteristic X-rays are emitted as the electron beam removes an
inner shell electron from the sample, causing a higher energy electron to
fill the shell and release energy. These X-rays can be used to identify and

quantitatively determine the elements in samplest*>!.

Electron gun —

— Electron beam

First condensor lens —§

Second condensor lens —

— X-ray detector

Deflection coils <f-f~—
Objective lens
Backscatter | £ =—>—>—2
electron detector [
Sample —4\
| | Secondary
Vacuum pump electron detector

Figure (1-8): Schematic of an SEM illustrates the stages of signal production.
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1.9 Aim of The Present Work.

1. Preparation of AIClz/Urea room temperature ionic liquid which does

not need an organic cation.

2. Electrolytic deposition of aluminium metal on copper from AlCl3/Urea
ionic liquid.

3. Investigating the effect of changing parameters such as, temperature,

mole ratio, potential and deposition time on the morphology of the

expected deposited aluminium on copper substrate with the aid of

Scanning Electron Microscopy, Atomic Force Microscopy , Energy

dispersive x-ray analysis EDAX.
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Chapter two

Experimental part

2.1 Chemicals.

All chemicals were used with the most available purity without further

purification. Table (2-1) shows the reagents, their purities and suppliers.

Table (2-1): The chemicals used in this work with their purities and suppliers.

Chemical compounds Formula [ Company

Anhydrous aluminum AICl; : BDH
chloride

Acetone CH3;COCH; . Thomas
Baker

Decane CH3(CHsCH3 . Fluka

Paraffin oil CiHoneo

Propan-1-ol CH;CH,CH,0OH
Toluene CsHsCH; . BDH

Urea NH,CONH, 99.5 Thomas
Baker

8 Sodium Hydroxide NaOH 99 BDH
9 Hydrochloric acid HCI 37 BDH
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2.2 Practical Methods.
2.2.1. Preparation of Aluminum chloride- Urea ionic Liquids:

Anhydrous aluminium chloride and urea were utilized to prepare the
chloroaluminate ionic liquids in different mole ratios which are within 2:1

to 1:1 mole ratios to insure the formation of the ionic liquids®**’.

Two procedures were used to prepare the ionic liquid:

1- First method consist of mixing the salts in presence of an inert organic
solvent like toluene. This was carried out by weighting a proper amount
of the salts, each one separately and a volume of toluene to make the
right volume percentage with ionic liquid. Aluminium chloride was added
to a reaction tube containing toluene. Then the weighted urea was added
incrementally to the reaction tube, when color changed from color less to
green color and the consuming of aluminum chloride and urea indicating
the reaction of urea with aluminum chloride forming ionic liquid. This
was continued until no further urea or aluminum chloride was left in the

reaction tube.

2- Second method was made inside a schlenk tube under nitrogen gas
using a glove box as shown in Figure (2-2). A small portion of aluminium
chloride (pre-weighted) was introduced inside the reaction tube and then
a little amount of uncrushed urea was added and stirred with a glass
road. When ionic liquid was formed then additional portions were added
until both salts were consumed. Un immediate elevation in temperature
was noticed when salts reacted which was reported to be 75 °C %, The
liquid was left to cool to room temperature producing clear, yellow
colored and free flowing liquid. A layer of decane can be added on the
top of the liquid to protect the top layer from air.
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Figure (2-1): The glove box under nitrogen gas.

After that the ionic liquids produced from both procedures were kept

in a sealed tube and wrapped by para film for experiments.
2.2.2. Pre-treatment of cathode and anode.

In electroplating experiments, a cathode copper metal sheet of
(60mm*10mm*1mm) with an immersed part of 20mm length in ionic
liquid, and an anode of aluminium mesh with (30mm diameter) were
used. The cathode was rubbed with sand paper followed by rinsing with
deionised water, then plunged into 0.5% HCI, rinsed with deionized water
then immersed in 0.5% NaOH, rinsed with deionized water and acetone
sequentially. The anode was abraded with iron brush followed by rinsing
with deionized water, dipped it into 0.5% HCI, deionized water, 0.5%

NaOH, deionized water and finally rinsed with acetone.
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2.2.3. Post-treatment of specimens

The specimen when removed from the ionic liquid was directly treated
by dipping it in toluene until all ionic liquid was removed and then rinsed
with n-propanol, acetone respectively and finally dried and stored for

further analyses.
2.3 Instruments.

2.3.1. Scanning Electron Microscope (SEM)

The surface morphology of specimens of aluminium coatings on
copper surfaces was investigated by using a high-resolution field
emission scanning electron microscopy (INSPECT S50). The
measurements were carried out in the laboratories of department of

physics /college of science /Al-Nahrain university.
2.3.2. Energy dispersive X-ray analysis (EDAX)

The (X Flash 6110) Bruker EDX was used in conjunction with SEM.
This was used to determine the composition of samples surface. This was
carried out in the laboratories of department of physics / college of

science / Al-Nahrain university.
2.3.3. Atomic force microscopy (AFM)

The surface topography of samples was analyzed by atomic force
microscopy (AFM) (AA2000, Angstrom Advanced Inc.) contact mode.
These were carried out in the laboratories of department of chemistry /

college of science / Al-Nahrain university.
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2.3.4 Microscope

The (OLYMPUS BX 51-P POLARIZING MICROSCOPE) was used for
visual observation. This was carried out in laboratories of department of

engineering mechanics / college of science / Al-Nahrain university.
2.4 The Electrochemical cell deposition process.

The (Thurlby 15V-4A, England) power supply was used to control the
current and the potential of electrodeposition process as shown in Figure
(2-2).
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Results &Discussion

3.1 Preparation of Aluminum Chloride-Urea lonic Liquid.

Aluminium chloride-Urea ionic liquid was prepared in this work by
two methods:

The first was by slowly mixing aluminium chloride with urea in a schlenk
tube under nitrogen gas to form portions of ionic liquid with different
mole ratios. The addition of wurea to aluminium chloride caused the
formation of a yellow liquid which reported to contain the cationic
species [AICI,.n Urea]” and the anionic species AICI, as illustrated in the

following equation 2%
2AICI; ., n.Urea — 5 [AICl,.n Urea]” + AICI,

The aluminium chloride and urea were found to reacted immediately
due to the strong Lewis acid nature of aluminium chloride with the Urea
as Lewis base. They reacted exothermically without external heating
and the mixture was hot which reach a temperature around 75 °C 1?9,
The liquid, at the end of preparation, was left to cool gradually to room
temperature producing transparent, yellow colored, free flowing liquid as

shown in Figure (3-1).
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Figure (3-1): Optical photograph of AICls/urea neat ionic liquid.

The produced ionic liquid was found to be relatively insensitive to air
when compared with other chloroaluminate ionic liquid such as
AIClg:Imidazolium salts or pyridinium %! that immediately reacted when
exposed to air. The prepared liquid has a density of 1.4 g cm™ with a
conductivity of 0.804 ms cm™, viscosity of 60 cp at 25 °C and a glass
transition temperature around -63 °C and thermally stable up to 100 °C
1201 Although the liquid is less sensitive to air, it was covered with a layer
of Decane to prevent it from direct contact reaction with air ™. This
ionic liquid was shown to be a suitable medium for electrodeposition of
aluminium and demonstrated that quaternary ammonium cations are not

always needed to form ionic liquid®®.

A second method was used to prepare the same aluminium chloride /
urea ionic liquid in the diluent, such as toluene. A different mole ratios of
the salts (from 1:1 to 2:1) and different volume ratios of toluene (20, 25,
30, 35, 40, 50, 60, 70, 75V%) were prepared and the 2:1 mole ratio
(AICI3/Urea) diluted with 35v% toluene and 1.6:1 mole ratio AICI; / Urea
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also diluted with 35v% toluene were used in this work for
electrodeposition of aluminium. Toluene as a diluent did not react with
Jor dissolve aluminium chloride or urea **3. This made the preparation of
the aluminum chloride / urea ionic liquid safer, since toluene would work
as a protector for the unreacted salt and as a diluent to the ionic liquid
because aluminium chloride and its ionic liquids known to be sensitive to
air moisture or water. This method afford toluene as a reaction medium
and it helped to disperse the heat that released from the exothermic
reaction usually evolved from direct mixing of the reactant, thereby
preventing the ionic liquid from overheating. This would also prevent the
formation of hot spots area which could burn some of ionic liquid and

there by forming impurities by undesirable decomposition reaction.

It is worthy to know that this type of preparation is not necessarily
successful with other reactant or other medium as a protective layer to the
medium on the surface of reactant particles that could prevent the reactant
to commence a reaction. This could occur if the medium is viscous
enough to make a protective layer on the surface of the reactant particles
preventing the contact needed to commence the reaction within the time
limit needed for such reaction particularly when a solid-solid reaction is

to be carried out.

Toluene interacted with the ionic liquid indicated by changing it from
faint yellow to dark green color as shown in Figure (3-2). The color
change to green of ionic liquid in presence of toluene was studied by UV-
Visible recently™? and related to a coordination interaction between
aluminium cation and the lone pair of the benzene ring of toluene. This is
therefore expected to give different color change if ionic liquid is
prepared in different diluent, particularly if the solvent provide a lone pair
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to interact with aluminium cations and the absorption is within the visible

region.

Figure (3-2): Optical photograph for ionic liquid 2:1 mole ratio diluted with 35v%
of toluene.

3.2 Pretreatment of the cathode.

Pretreatment of copper substrate is a common procedure to obtain a
successful coating. Copper is fast to be oxidized under the existence of
oxygen and moisture. It form a type of rust known as copper oxide. So
the pretreatment is very important to reduce impurities and oxide from
the surface as shown in the experimental part. An electrochemical
pretreatment is important in order to strengthen the adherent of Al on the
surface of cathode ™ as was observed in this work by reverse
polarization at -1V for 2 minutes. This protocol was found to reduce the
impurities from the surface of cathode which dissolved in the ionic liquid

with a very thin layer of copper. Hence, the surface of cathode became
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clean and ready for electrodeposition process with expected good

adherence of coated metal on the surface.

3.3 The effect of electrolyte mole ratio on the morphology of
deposited aluminium.

lonic liquids of the mole ratios 1.6:1 and 2:1 AlCls;.Urea were used for
electrodeposition of aluminium metal on copper substrate. Both ratios
were diluted with 35v% toluene to insure fast mobility and expected
better coating!**? as free movement of ions could influence the rate of
deposition. The electrodeposition were conducted at a potential of -0.6V
for 2 hours at 25 °C. The appearance of coated aluminium on the cathode
was silvery white from both mole ratios as shown in the corresponding
optical photograph of the samples in Figure 3-3(c) and Figure 3-4(c). The
electrodeposited layer of aluminium from both experiments were well

adhered to copper with smooth texture.

Current densities were found to follow the aluminium chloride
concentration in ionic liquid as it was found to be 6.6 mA/cm? in 1.6:1
mole ratio, while it increased to 10 mA/cm? in 2:1 mole ratio due to the
increase in the reducible aluminium cation concentration in the
electrolyte ™. It was reported that on increasing the concentration, the
cathodic polarization decreases due to the decrease in the thickness of the
diffusion layer at the cathode. An increase in the concentration of ions at
the cathode favors growth of the existing layer of the deposit and hence,

resulting in the formation of larger amount of coated aluminium 4%,
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Scanning Electron Microscopy of coated aluminium samples from both
mole ratios of ionic liquids is presented in Figure (3-3) and (3-4) at

different magnifications.

Deposited aluminium particles took the form of a leaf dendritic shape
with particle size ranged between 200nm-550nm deposited from the 2:1
mole ratio, Figure (3-3). However, a relatively larger particle size of
aluminium with 600nm-1000nm were obtained with an oval shape
arranged in chips lines, Figure (3-4). these differences might be related to
the concentration effect of ionic liquid probably influence the polarization

at the double layer of the cathode.
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(a) (b)
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Figure (3-3): SEM images of aluminium deposited from 2 AICI3: 1Urea diluted
with 35v% of toluene at - 0.6V, 2 hours at room temperature and under statistic air,
(a) Magnified at 70748x, (b) Magnified at 204384x, (c) The corresponding optical
photograph of the deposited aluminium on copper substrate.
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Figure (3-4): SEM images of aluminium deposited from 1.6AICl3: 1Urea diluted

with 35v% of toluene, at - 0.6V, 2 hours at room temperature and under statistic

air, (a) Magnified at 8796x, (b) Magnified at 13967x and (c) The corresponding
optical photograph of the deposited aluminium on copper substrate.
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AFM images and data of the coated aluminium samples are
presented in Figure (3-5) and Table (3-1) respectively. The average
height and roughness of coated aluminium crystals have a higher value in
1.6:1 mole ratio than in 2:1 mole ratio ionic liquids. It can also be noted
that the increase in current density from 6.6 mA/cm? to 10.0 mA/cm? for
both mole ratio associated with an increase in the amount of
electrodeposited aluminium as indicated in the increased percentage of Al
from (72.2 At. %) in 1.6:1 mole ratio to (95 At. %) in the 2:1 mole ratio.
This follows a normal increase in the rate of reaction with increasing
concentration of present aluminium cations that are available in higher

concentration in the larger ionic liquid mole ratio (2:1).

From EDAX spectra Figures 3-6 (a) and (b) revealed that there is
consensus between the results of deposited aluminium percentage and the
EDAX spectra, the peak of copper metal from 2:1 mole ratio is smaller
compared with the peak from 1.6:1 mole ratio, this agree with the large
percentage of deposited aluminium from 2:1 mole ratio (95 At. %)
compared with (72.2 At. %) from 1.6:1 mole ratio.

This normal increase in deposited aluminium and increasing current
densities with increasing aluminium mole ratio were also reported in
AICIly/[BMIM]CI ionic liquid 244
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235.69nm 201.44nm

(a) 2:1 mole ratio (b) 1.6:1 mole ratio

Figure (3-5): AFM images (contact mode)of aluminium deposited (a) from 2:1
mole ratio AICl3:Uere ionic liquid,(b) from 1.6:1 AICI;:Urea ionic liquid, both
diluted with 35v% of toluene, at - 0.6V, 2 hours at room temperature and under
statistic air.
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Figure (3-6): EDAX spectra of deposited aluminium (a) from 2:1 mole ratio
AICl3:Uere ionic liquid,(b) from 1.6:1 AICl3:Urea ionic liquid.
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Table (3-1): Grain number, roughness, average size, average height, % of Al
coating and particle size of electrodeposited aluminium at different mole ratio
AlICl3/Urea ionic liquid diluted with 35v% of toluene, E=-0.6V and 2 hours at room
temperature under statistic air.

Mole ratio Roughness |  Avg. Particle
(Ra) size[nm?] size [nm]
[nm]

2:1mole 147806 200-250
ratio diluted
with 35v%

of toluene

1.6:1 diluted 145975 . 600-1000
with 35v%
of toluene

3.4 Effect of temperature on the morphology of deposited
aluminium.

Temperature is reported to have an impact on the surface morphology
of aluminium coatings from chloroaluminate ionic liquid %*®, so it was
useful to study the temperature effect on electrodeposition of aluminium
in this ionic liquid.

The effect of a temperature range from (20 - 60) °C on surface
morphology of copper cathode was investigated using 1.3:1 mole ratio
AICl3/Urea net ionic liquid covered with Decane. All experiments were
carried out for 1.5 hour at -0.6V under statistic air. Figure (3-7) shows the

variation in current density obtained as a function of temperature, which

increases with increasing temperature.
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The current densities obtained from these experiments were lower than
14-24 mA/cm? reported by Zhang and co-workers ™ to give a bright
appearance of electrodeposited aluminium from 2:1 AICI;/[BMIM]CI
ionic liquid. The differences might be related to different viscosities of
both ionic liquids [compare 60 cp for AICIs/Urea with 19 cp for
AICI/[BMIM]CI ionic liquid]. Temperatures would influence physical
properties of the electrolyte, such as conductivity. Electrical conductivity
increases with increasing the temperature due to lowering the viscosity of
the electrolyte and hence the mobility of the ions increases which would

cause an increase in rate of reaction!*%®!,
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Figure (3-7): Relation between temperature and current density of aluminium
deposited from 1.3:1 mole ratio AlCl3:Urea ionic liquid for 1.5 hour, at -0.6V and
different temperature under statistic air.
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The shape of particles and appearance of deposited aluminium on the
surface of copper cathode were found to be non-identical and affected by

changing temperature.

The shape of particles is sand like at 20 °C, Figure (3-8), while at 30
°C the shape was flak, Figure (3-9), both were compact and smooth

metallic coating and well adhered to copper substrate.

However aluminium changed its shape to less compact coating of
needles and flaks at 40 °C, Figure (3-10), while a net of needles was
formed at 50 °C, Figure (3-11) and a sponge with needles at 60 °C, Figure
(3-12). All are smooth coating and well adhered to copper. The latter was

characterized with holes surrounded by metallic aluminium coating.

From the corresponding optical photograph of deposited aluminium
on the copper cathode at different temperatures, it was found that the
appearance of coated aluminium was silvery white at 20 °C , silvery at
30 °C, silvery gray at 40 °C, gray at 50 °C and was darker gray at 60 °C.
This was associated with changes in the shape of particles and hence
changed in the reflection of light. The more hole spaces between the
particles made scattering of the light and thereby reducing the reflection
of light and the appearance of deposited aluminium becomes more darker
as shown in samples at 40, 50 and 60 °C with less dense and dull
appearance. In contrast, more dense and less hole spaces between the
particles made the appearance of deposited aluminium more brighter as in
samples at 20 and 30 °C.
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(b)

Inspect S 50 SEM

Figure (3-8): SEM images of aluminium deposited from 1.3:1 mole ratio
AICl3:Urea ionic liquid at 1.5 hour, -0.6V, 20 °C and under statistic air, (a)
Magnified at 5226x, (b) Magnified at 20782x and (c) The corresponding optical
photograph of the deposited aluminium on copper substrate.
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(a) (b)

(c)

Figure (3-9): SEM images of aluminium deposited from 1.3:1 mole ratio
AICl3:Urea ionic liquid at 1.5 hour, -0.6V, 30 °C and under statistic air, (a)
Magnified at 1877x, (b) Magnified at 5801x and (c) The corresponding optical
photograph of the deposited aluminium on copper substrate.
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(a) (b)

Figure (3-10): SEM images of aluminium deposited from 1.3:1 mole ratio
AICl5:Urea ionic liquid at 1.5 hour, -0.6V, 40 °C and under statistic air, (a)
Magnified at 2152x, (b) Magnified at 10334x and (c) The corresponding optical
photograph of the deposited aluminium on copper substrate.
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Figure (3-11): SEM images of aluminium deposited from 1.3:1 mole ratio
AICl3:Urea ionic liquid at 1.5 hour, -0.6V, 50 °C and under statistic air, (a)
Magnified at 9646x, (b) Magnified at 48769x and (c) The corresponding optical
photograph of the deposited aluminium on copper substrate.
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Figure (3-12): SEM images of aluminium deposited from 1.3:1 mole ratio
AICl3:Urea ionic liquid at 1.5 hour, -0.6V, 60 °C and under statistic air, (a)
Magnified at 10551x, (b) Magnified at 20540x and (c) The corresponding optical
photograph of the deposited aluminium on copper substrate.
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AFM images and data are presented in Figure (3-13) and Table (3-2)
respectively. The data were inconsistent with temperature (total grain and
roughness) except the average height of the coated particles increased
gradually with temperature (20 to 50 °C) from 123 nm to 139 nm
respectively, but showed a jump from 139 nm at 50 °C to 152 nm at 60
°C.

The amount of aluminium adhered coating on copper increased from
(20 to 50) °C as shown in Table (3-2) from (55 At. % at 20 °C to 91 At.
% at 50 °C), but at 60 °C when the percentage of aluminium dropped from
(91 At.% at 50 °C to 82 At.% at 60 °C).

The size of particles ranged from (600-900 nm) at 20 °C, (500-700 nm)
at 30 °C , (450-650 nm) at 40 °C, (250-500 nm) at 50 °C and (400-600
nm) at 60 °C.

168.15nm

I 0.00nm

o 156.18

(b)30°C
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I 0.00nm
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Figure (3-13): AFM images (contact mode) of the deposited aluminium obtained
from 1.3:1 mole ratio AlICl3:Urea ionic liquid for 1.5 hour, -0.6V and different
temperature, (2)20 °C, (b) 30 °C, (c) 40°C, (d) 50°C and (e) 60 °C under statistic air.
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Table (3-2): Grain number, roughness, average size, average height, % of Al
coating and particle size of deposited aluminium obtained from 1.3:1 mole ratio
AICl3:Urea ionic liquid for 1.5 hour, -0.6V at different temperature and under
statistic air.

.| Temperature Roughness |  Avg.

°C (Ra) size[nm?]

[nm]

150883 600-900

183420 : 500-700

147806 : 450-650

213961 250-500

310630 400-600

EDAX spectra in Fig. 3.14(a), (b), (c), (d) and (e¢) shows the
correspondence between the results of the percentage of deposited
aluminium and the peak from EDAX, we observed that when the

temperature increase the peak for copper metal begins to decline.
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This results is consistent with the percentage of deposited aluminium

with increased temperature. Sample at 60 °C showed the drop in

deposited aluminium percentage to 82 At.% compared with 91 At.% at 50

°)c

as stated earlier.
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Figure (3-14): EDAX spectra of deposited aluminium from 1.3:1 mole ratio
AICl3:Urea ionic liquid for 1.5 hour, at -0.6V and different temperature, (a)20 °C,
(b) 30 °C, (c) 40°C, (d) 50°C and (e) 60 °C under statistic air.
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In comparison with reported electrodeposited aluminium from different
ionic liquid of AICI;/[AMIMICI at different temperatures™®, it was
found that the darker appearance also appeared in presence work with
increasing temperature. Yet it was reported at higher temperature in
above reported ionic liquid (i.e. > 80 °C) while it appeared at around 60
°C in present work. Both obtained aluminium shared a good adherent to
substrate with smooth coating. However, the shapes in presence work
varied with temperature while in the other ionic liquid it said to have an
incompact spherical shape up to 80 °C and only changed to cluster of
platy shape crystals at 100 °C said to be due probably to the non-uniform
distribution of current density. The latter was not observed in this work as
the current density was homogenously increased linearly with

temperature, Figure (3-7).

3.5 The effect of time on the morphology of deposited
aluminium.

Long coating time was expected to influence the thickness of deposited
metal and effected the aggregation of particles and their compaction™.
The effect of deposition time of aluminium ranging from 1 to 3 hours was
investigated from 1.3:1 mole ratio of AlICls:Urea net ionic liquid covered

with decan at -0.6V and 25 °C under statistic air.

Figure (3-15) shows the SEM images for the deposited aluminium at 1
hour, Figure (3-16) at two hours and Figure (3-17) at three hours.

The current density was found to be simillar (6.5 mA/cm?) during the
three experiments with time as the potential and temperature was

constant.
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It was found that the appearance of coated aluminium was silvery
white as shown in the corresponding optical photograph of the sample in
Figure (3-15)(c), (3-16)(c) and (3-17)(c) respectively, with bright, dense

and homogeneous deposits.

AFM image presented in Figure (3-18) show the accumulation and
the building up of particles that increased with increasing the deposition

time.

EDAX spectra in Figure (3-19) shows the correspondence between the
results of the percentage of deposited aluminium and the peak from
EDAX, we observed that the percentage of deposited aluminium in 1 and
2 hours was relatively convergent 64.93 At% and 68.16 At. %
respectively, while in 3 hours the percentage increased to 76.86 At.% and
this results are consistent to the EDAX peak. In 1 and 2 hours the peak
for copper metal was relatively similar and it was decreased in 3 hours, so

this is consistent with the percentage of deposited aluminium.

Table (3-3) shows the total grain, roughness, average size, average
height, percentage of Al coating and particle size of deposited aluminium
obtained from 1.3:1 mole ratio AICI;:Urea neat ionic liquid, -0.6V, 25 °C
and under statistic air that all increased with time, except the average size

which decrease with time.
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Figure (3-15): SEM images of deposited aluminium from 1.3:1 mole ratio
AICl3:Urea ionic liquid, -0.6V, 1hour, at room temperature 25 °C and under
statistic air, (a) magnified at 2323x, (b) magnified at 9848x and (c) the
corresponding optical photograph of the deposited aluminium on copper substrate.
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Figure (3-16): SEM images of deposited aluminium from 1.3:1 mole ratio
AICl3:Urea ionic liquid, -0.6V, 2hours, at room temperature 25 °C and under
statistic air, (a) magnified at 5902x, (b) magnified at 21532x and (c) the
corresponding optical photograph of the deposited aluminium on copper substrate.
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Figure (3-17): SEM images of deposited aluminium from 1.3:1 mole ratio
AICl3:Urea ionic liquid, -0.6V, 3 hours, at room temperature 25 °C and under
statistic air, (a) magnified at 10414x, (b) magnified at 20876x and (c) the
corresponding optical photograph of the deposited aluminium on copper substrate.



Chapter Three Results &D/jscussion

169.73nm 175.63nm

I 0.00nm

17563
nm

0.00

(a) 1 hour (b) 2 hours

178.92nm

I 0.00nm

(c¢) 3 hours

Figure (3-18): AFM images (contact mode) of the deposited aluminium obtained
from 1.3:1 mole ratio AlICl3:Urea ionic liquid, -0.6V, at room temperature and
different deposition time (a)1hr, (b)2hrs and (c)3hrs under statistic air.
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Figure (3-19): EDAX spectra of deposited aluminium from 1.3:1 mole ratio
AlICl3:Urea ionic liquid, at room temperature, -0.6V, and different deposition time,
(a)1hr, (b)2hrs and (c)3hrs under statistic air.

(c¢) 3 hours
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Table (3-3): Grain number, roughness, average size, average height, % of Al
coating and particle size of deposited aluminium obtained from 1.3:1 mole ratio
AICl3:Urea ionic liquid, -0.6V, at room temperature 25 °C, using different
deposition time and under statistic air.

Roughness
(Ra)

[nm]

Avg.

size[nm?]

420210

414175

408693

%o of Al
from
EDAX

Particle

size [nm]

750-1200

500-950

500-1000

It was observed that the shape of particles was relatively similar and
did not changed with increasing the deposition time, while the percentage
of deposited aluminium and the number of particles was increased. This
IS in a good agreement with other workers who reported the increase in

deposition thickness with time 71,

The shape of particles was comparable to the shape of particles at 20
OC which is sand like, Figure (3-8), this is due to the temperatures which
were relatively close (20 °C and 25 °C) and they are classified under room
temperature, so it was noticed that the temperature have an impact on the
shape of particles, particularly on the roughness of the surface and an

increase on the average height of the coating.
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3.6 Effect of the potential on the deposited aluminium
morphology.

The effect of cell potential on current density of the electrodeposition
process of aluminium was obtained in the range of (-0.6V to -1V) at
temperature of 35 OC from 1.3:1 AICIs/Urea net ionic liquid covered with
Decane under statistic air. Figure (3-20) shows the variation of current
density with cell voltage. The current density was also found to increase
linearly with increasing potential expected leading to increase the rate of
reduction of aluminium at the cathode. This increase in current densities
is similar to that obtained at increasing the temperature from 20 to 60 °C

in the same ionic liquid, Figure (3-7).
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Figure (3-20): Relation between potential and current density of deposited
aluminium from 1.3:1 mole ratio AICl;:Urea ionic liquid from different potential,
35 °C and 2 hours under statistic air.
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At -0.6V and -0.7V The shape of particles were homogeneous in stars
shape with two layers. The first layer crystals were small while the
second layer crystals were larger. This different in size may be due to the
different in substrate. The first layer adherent on the copper substrate,
while the second was adherent on the first layer of electrodeposited
aluminium which adherent on the copper cathode as shown in Figure (3-

21) and Figure (3-22) respectively.

At -0.8V the particles compacted together with prism shape as shown
in Fig. (3.23).

At -1V the shape of compacted particles like needles and they
arranged in random orientation. Some are vertical and other are

horizontally built on each other's as shown in Figure (3-24).

The appearance of coated aluminium in all experiments with changing
potential was silvery gray as shown in the corresponding optical
photographs of the deposited aluminium on copper substrate Figure 3-21
(c), Figure 3-22(c), Figure 3-23(c) and Figure 3-24(c) respectively. It was
revealed that the appearance of coated aluminium did not changed with
increasing potential as in the case of changing temperatures. The
appearance was relatively similar to the appearance of deposited

aluminium for the sample at 40 °C, Figure 3-10 (c).

AFM images and data are presented in Figure 3-25(a), (b), (c) and (d)
and Table (3-4) respectively. It can be revealed the difference in the

accumulation of particles for samples at different potential.

EDAX spectra for deposited aluminium at different cell potential
was shown in Figure 3-26(a), (b), (c) and (d).
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Figure (3-21): SEM images of deposited aluminium from 1.3:1 mole ratio
AICl3:Urea ionic liquid, 2hours, 35 °C, -0.6V and under statistic air, (a) magnified
at 9383x, (b) magnified at 17390x and (c) the corresponding optical photograph of

the deposited aluminium on copper substrate.
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Figure (3-22): SEM images of deposited aluminium from 1.3:1 mole ratio
AICl3:Urea ionic liquid, 2hours, 35 °C, -0.7V and under statistic air, (a) magnified
at 5073x, (b) magnified at 8988x and (c) the corresponding optical photograph of

the deposited aluminium on copper substrate.
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Figure (3-23): SEM images of deposited aluminium from 1.3:1 mole ratio
AICl5:Urea ionic liquid, 2hours, 35 °C, -0.8V and under statistic air, (a) magnified
at 7499x, (b) magnified at 16574x and (c) the corresponding optical photograph of

the deposited aluminium on copper substrate.
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Figure (3-24): SEM images of deposited aluminium from 1.3:1 mole ratio
AICl3:Urea ionic liquid, 2hours, 35 °C, -1V and under statistic air, () magnified at
5386x, (b) magnified at 11046x and (c) the corresponding optical photograph of the

deposited aluminium on copper substrate.
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Figure (3-25) AFM images (contact mode) of the deposited aluminium obtained
from 1.3:1 mole ratio AlCI3:Urea ionic liquid using different deposition potential,
(a)-0.6V, (b)-0.7V, (c)-0.8V and (d)-1V, 2hours, 35 °C and under statistic air.
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Figure (3-26): EDAX spectra of deposited aluminium from 1.3:1 mole ratio
AICl5:Urea ionic liquid, 35 °C, 2 hours, using different deposition potential, (a)-
0.6V, (b)-0.7V, (c)-0.8V and (d)-1V and under statistic air.
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Table (3-4): Grain number, roughness, average size, average height, % of Al
coating and particle size of deposited aluminium obtained from 1.3:1 mole ratio
AICl3:Urea ionic liquid using different deposition potential, 2hours, 35 °C and
under statistic air.

Potential
[volt]

Roughness
(Ra)

[nm]

Avg.

size[nm?]

118166

313435

106758

174695

%o of Al
from
EDAX

Particle

size [nm]

200-600

600-1000

600-900

700-1200

From Table (3-5) we can conclude a simple comparison between the

samples. A very good value of Ra was measured for the roughness of Al

coating ranging between 40 nm to max of 76 nm, Colum 8, Table (3-5).

This value indicated a smoothness comparable to superfinishing of metal

process and within the range of Fly cut or Ground aluminium ™** which

have Ra values of less than 100 nm and better than milled aluminium

which has Ra value of less than 1000 nm.

It can be seen that increasing the AICI; mole ratio would influence the

amount of coated aluminium on copper substrate (comparing samples of
Al, A2 with D1) which conducted at 2:1, 1.6:1 and 1.3:1 mole ratio of

91



Chapter Three Results &D/jscussion

AICl3:Urea ionic liquid, although the latter sample was 10 °C higher than
the previous samples. Lowering the temperature to 20 °C for sample B1
or increasing to 35 °C for sample D1 did not give a large difference in the
amount of coated aluminium although the time for both samples were

different too (1.5 and 2 hours respectively)

The average height was decreased with increasing mole ratio

comparing A1, A2 and C1 of 69 nm, 80 nm and 128 nm respectively.

Also the average height increased with increasing temperature from
(123nm to 152 nm) for B1 to B5 of 20 °C to 60 °C respectively. Yet, at
(40 °C and 50 °C ) this trend was not found in roughness value as similar

value were obtained for B2 and B3 with 56 nm and 57.1 nm respectively.

The percentage of electrodeposited aluminium was found to increase
with increasing temperature, time, potential and mole ratio of the
aluminium chloride in ionic liquid. Although at 60 °C sample B5, showed
a drop in deposited aluminium percentage of 82 At.% compared with B4
of 91 At.% deposited at 50 °C.

Good Ra values could be obtained from samples A1 and D3 with Ra
values of 46 nm and 40 nm of average height of 69nm and 77nm

respectively.

Comparing Al with D3, increasing the potential from -0.6V to -0.8V
and the temperature for 25 °C to 35 °C, did not give a higher % of
aluminium when ionic liquid contain 2:1 AlCls:Urea than 1.3:1 mole ratio
( comparing 95 At. % with 86.7At. % ).

However, Ra was relatively smaller in D3 than in A1, (compare 40 nm
with 46nm).
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Table (3-5) : Grain number, roughness, average size, average height, % of Al
coating and particle size of electrodeposited aluminium from AlICls/Urea ionic

liquid at different conditions.

Potential Temperature Roughness || Avg. size % of Al Particle
Samples : (volt) ’c [nm] [nm?] from Size [nm]
EDAX

147806 200-250

145975 . 600-1000

150883 600-900

183420 . 500-700

147806 . 450-650

213961 250-500

310630 400-600

420210 750-1200

414175 500-950

408693 500-1000

118166 200-600

313435 600-1000

106758 . 600-900

174695 . 700-1200
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Conclusions:

1. The RTIL of aluminium chloride and urea have a stable properties
towards air that differ from other ionic liquids based on quaternary
ammonium cations or chloroaluminate ionic liquid. It was easy to
prepare, less water sensitive and easy to handle by adding a layer
of Decane on the top of the liquid as protective top layer from air,
so the electrodeposition process was successfully conducted
under statistic air.

2. The deposition of aluminium metal from AlCls/Urea ionic liquid is
possible with and without diluent at different mole ratio of AICl;
2, 1.6 and 1.3 to 1 mole urea. The deposition was found to be
smooth, well adhered to copper cathode in all the studied
conditions. The appearance of coated aluminium was metallic
coating changed to dull appearance with increasing potential (> -
0.8V) or temperature (> 60 °C).

3. The average height of coated particles was less than 139 nm with
the highest value obtained for particles at 60 °C at -0.6V and 1.5
hours.

4. The Ra values are within the smooth mean of metal surfaces with
Ra < 77 nm at -0.6 V and 60 °C, too. From other chloroaluminate
ionic liquid, the deposition of aluminium could not be occur if the
mole ratio of AICI; < 2:1, while in the present ionic liquid a good
adherent aluminium coating from 1.3:1 mole ratio of aluminium
chloride/urea ionic liquid was obtained.

5. It could be concluded that aluminium chloride/urea ionic liquid is
a promising RTIL to extract or refine aluminium at reasonable and

controlled conditions.
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Future work:

1- Due to the ease of obtaining electroplating of copper substrate, it
could also be possible to study the effect of crystallographic
properties of electroplating different substrate such as Ni, Fe,
etc....

2- The present results could also be studied further by X-ray
diffraction to illustrate the nature of crystallographic layer at
different conditions.

3- In addition, it might be possible to study the reduction of other
metal from this ionic liquid as it offered a wide range of
electrochemical window.

4- Furthermore, aluminium alloy co-deposition of other metals is a

possible area of research in the present ionic liquid.

95



[ >4
e

P\

Sed|

cw [ 4 [ >4 [ >4 [ 4

e AT AT S
o\-q"o G eV e AW o A
pedig s Rig s g g




Refererces

References:

[1] D. R. MacFarlane, J. Golding, S. Forsyth, M. Forsyth and G. B.
Deacon, "Low viscosity ionic liquids based on organic salts of
the dicyanamide anion”, J. Chem. Commun., 16, 1430-1431,
2001.

[2] M. Earle and K. Seddon, "lonic Liquids. Green solvents for the
future”, J. Pure Appl. Chem., 72, 1391-1398, 2000.

[3] S. Sugden and H. Wilkins, "CLVXIL the preacher and chemical
constitution. Part VII: fused metals and salts", J. Chem. Soc.,
1291-1298, 1929.

[4] P. Wasserscheid and W. Keim, " lonic Liquids-New “Solutions”
for Transition Metal Catalysis”, J. Angew Chem. Int. Ed., 39,
3772-3789, 2000.

[5] C. Gordon, "New development in catalysis using ionic liquids", J.
Appl. Catal., 222, 101-117, 2001.

[6] T. Welton , " Review lonic liquids in Catalysis", J. Coord. Chem.
Rev., 248, 2459-2477, 2004.

[7] S. Gabriel and J. Weiner, "Ueber einige Abkmmlinge des
Propylamins”, J. Ber., 21 (2), 2669-2679, 1888.

[8] P. Walden, J. Chem. Zentralbl., 85, 1800-1801, 1914.

[9] C. Granacher ," Cellulose solution”, Claims., 6,152-260, 1934.

[10] F. H. Hurly and T. P. Weir, "Electrodeposition of metals from

fused quaternary ammonium salts”, J. Electrochem. Soc., 98,
203, 1951.



http://en.wikipedia.org/wiki/Chem._Commun.

Refererces

[11] H. Chum, V. Koch, L. Miller and R. Osteryoung, "
Electrochemical Scrutiny of Organometallic iron complexes and
hexamethylbenzene in a room temperature molten salt", J. Am.
Chem. Soc., 97, 3264-3267, 1975.

[12] J. Wilkes, J. Levisky, R. Wilso and C. Hussey, "
Dialkylimidazolium chloroaluminate Melts: a new Class of
Room-Temperature lonic  Liquids for Electrochemistry,
Spectroscopy and Synthesis", J. Inorg. Chem., 21, 1236-1264,
1982.

[13] F. H. Hurley and T. P. Wier, " Electrodeposition of Metals from
Fused Quaternary Ammonium Salts", J. Electrochem. Soc., 98,
203-206 , 1951.

[14] R. Gale, B. Gilbert and R. Osteryoung, " Raman Spectra of
Molten Aluminum Chloride: 1-butylpyridinium chloride Systems
at Ambient Temperatures” J. Inorg. Chem., 17, 2728-2729, 1978.

[15] J. Braz, "On the Solid, Liquid and Solution Structural
Organization of imidazolium lonic Liquids”, J. Chem. Soc.,
15(3), 2004.

[16] J. Fuller, Carlin, R. T., De Long, H. C. and D. Haworth,
"Structure of 1-ethyl-3-methylimidazolium hexafluorophosphate:
Model for room temperature molten salts", J. Chem. Soc., Chem.
Commun., 299-300, 1994 .

[17] D. Sheng, Y. H. Ju and C. E. Barnes, "solvent extraction of

strontium nitrate by a crown ether using room temperature ionic
liquids”, J. Chem. Soc., Dalton. Trans., 8, 1201-1202, 1999.

[18] A. G. Fadeev, M. M. Meagher, " Opportunities for lonic Liquids
in Recovery of Biofuels", J. Chem. Commun., 295-296, 2001.




Refererces

[19] F. Endres, D. MacFarlane and A. Abbott, "Electrodeposition
from lonic Liquids", WILEY-VCH, 2008.

[20] H. M. A. Abood ,A. P. Abbott, A. D. Ballantyne and K. S.
Ryder, ™ Do all lonic Liquids need Organic Cation?
Characterisation of [AICIl, nAmide]+AICl, and Comparison with
imidazolium Based System", Chem., Commun., 47, 3523-2525,
2011.

[21] A. P. Abbott, G. Capper, D. Davies, H. Munro, R. Rasheed and
V. Tambyrajah, "Preparation of novel, moisture-stable, Lewis-
acidic ionic liquids containing quaternary ammonium salts with
functional side chains", J. Chem. Commun., 19, 2010.

[22] A. P. Eardley, C. A. Farley, A. P. Abbott and N. R. S. Pratt, "
Novel room temperature molten salts for aluminium
electrodeposition ', J. Trans. Inst. Met. Finish., 77, 26-28, 1999.

[23] R . C. Tambyrajah, V. Jenkins, Morales, P. R. Davies and D. L.
Abbott, " The Regiospecific Fischer in dole Reaction in Choline
Chloride:2ZnCl, with Product Isolation by
Direct Sublimation from the lonic Liquid ", J. A. P. Chem.
Commun, 158-159, 2004.

[24] a) H. M. A. Abood, "New ionic liquid made from hydrated
aluminum sulfate with amide", Patent, Central Organization for
Standardization and Quality, Property division, Iraq, Application
no. 336, 3915, 2011.

b) N. M. Hassan, "Complexation, Electronic and Polagraphic

Investigation of Some Transition Metals In lonic Liquids”, PhD.
Thesis, Baghdad University, Iraq, 2015.

[25] T. Welton, "Room-Temperature lonic Liquids. Solvents for
Synthesis and Catalysis", J. Chem. Rev., 99(8), 2071-2084, 1999.




Refererces

[26] K. Seddon, A. Stark and M. Torres, " Influence of Chloride,
Water, and Organic Solvents on the Physical Properties of lonic
Liquids" J. Pure Appl. Chem., 72(12), 2275-2287, 2000.

[27] P. Bonhote A. Dias, N. Papageeorgiou, K. Kalyanasundaram and
M. Gratzel, " Hydrophobic, Highly Conductive Ambient-
Temperature Molten Salts", J. Inorg. Chem., 35(5), 1168-1178,
1996.

[28] P. Wasserscheid and T. Welton, "lonic Liquids in Synthesis”, 2"
edition, Wiley-VCH Verlag GmbH & Co. KGaA 1, 13-125,
2009.

[29] S. Zhang, N. Sun, H. Xuezhong, L. Xingmei, and X. Zhang,
"Physical Properties of lonic Liquids: Database and Evaluation”,
J. Phys. Chem., 35(4), 1475-1517, 2006.

[30] J. Jacquemin, P. Husson, A. A. H. Padua and V. Majer, "Density
and Viscosity of several Pure and Water-Saturated lonic
Liquids", J. Green Chem., 8, 172-180, 2006.

[31] D. Fox, "From curiosities to commodities: ionic liquids begin in
the transition", J. Chem. Comm., 11, 1209-1212, 2003.
[32] P. Suarez, S. Einloft, J. Dullius, R. De Sousa and J. dupont, "

Synthesis and  physical-chemical properties of ionic liquids

based on 1-n-butyle- 3-methylimidazolium cation”, J. Chem.
Phys., 95(7), 1626-1639, 1998.

[33] F. Endres and S. Zein El Abedin, "Air and water stable ionic
liquids in physical chemistry”, J. Chem. Phys., 8(18), 2101-2116,
2006.




Refererces

[34] U. Shroder, J. Wadhawan, R. Compton, F. Marken, P. Suarez, C.
Consrti, R. Desouza and J. Dupont, " Water-induced Accelerated
lon Diffusion :Voltammetric Studies in 1-Methyl-3-[2,6-(s)-
Dimethylocten-2-yl]  Imidazoliumm  Tetrafloroborate, and
Hexafluorophosphate lonic Liquids”, J. New J. Chem., 24, 1009-
1015, 2000.

[35] P. Walden and P. Bull, J. Acud. Imper. Soc., 8, 2291, 1914.

[36] M. Jessop, P. Kariya, T. Noyori, "Homogeneous catalysis in
Supercritical Fluids™, J. Chem. Rev., 99, 475-493, 1999.

[37] R. Renner, "lonic Liquids: an Industrial Cleanup Solution™, J.
Enviro. Sci. & Tech., 35, 410-413, 2001.

[38] P. Wasserscheid and T. Welton, " lonic liquid in synthesis: direct
in organic and organometalic synthesis”, 2nd edition, Wiley, 2,
569-572, 2007.

[39] J. O,m Bockris and K. Amalya and N. Reddy "Modren
Electrochemistry” 2™ ed, Kluwer, 1998.

[40] Y.-S. Liu and G.-B. Pan, "lonic Liquids for the Future
Electrochemical Applications”, Materials Science, Fluids,

Applications and Perspectives, chapter 28, 2011.

[41] F. Endres, "Electrodeposition of Nanosized Germanium from

GeBr, and GeBr, in an lonic Liquid”, J. Electrochemical and
Solid State Letters., 5, 38-40, 2002.

[42] F. Endres and S. Zein El Abedin, " Electrodeposition of stable
and narrowly dispersed germanium nanoclusters from an ionic
liquid”, J. Chem. Commun., 8, 892-893, 2002.




Refererces

[43] F. Endres and S. Zein EI Abedin, " Nanoscale electrodeposition
of germanium on Au(111) from an ionic liquid: an in situ STM
study of phase formation, part Il: Ge from GeCl,", J.
Phys.Chem.Chem.Phys., 4(9), 1640-1649, 2002.

[44] S. Zein ElI Abedin, N. Borissenko and F. Endres,
"Electrodeposition of nanoscale silicon in a room temperature
ionic liquid", J. Electrochem. Commun., 6, 510-514, 2004.

[45] M.-H. Yang, M.-C. Yang and I.-W. Sun, "Electrodeposition of
indum antimonide from the water-stable 1-ethyl-3-methyl
imidazolium chloride/ tetrafluoroborate ionic liquid”, J.
Electrochem. Soc., 150(8), 544-548, 2003.

[46] S.-l. Hsiu and I.-W. Sun, " Electrodeposition Behaviour of
Cadmium Telluride from 1-ethyl-3-methylimidazolium Chloride
Tetrafluoroborate lonic Liquid”, J. Appl. Electrochem., 34,1057-
1063, 2004.

[47] Y. Katayama, S. Dan, T. Miura and T. Kishi," Electrochemical
Behavior of  Silver in  1-Ethyl-3-methylimidazolium
Tetrafluoroborate Molten Salt", J. Electrochem. Soc., 148, 102-
105, 2001.

[48] H. Ping, L. Hongtao, L. Zhiying, L. Yang, X. Xiudong, and L.

Jinghong, "Electrochemical Deposition of Silver in Room-

Temperature lonic Liquids and Its Surface-Enhanced Raman
Scattering Effect"”, J. Langmuir., 20(23), 10260-10267, 2004.
[49] T. Chia-Cheng, Su. Fan-Yin and I-W. Sun," Electrodeposition of

palladium-silver in a Lewis basic 1-ethyl-3-methylimidazolium

chloride-tetrafluoroborate ionic liquid"”, J. Electrochim. Acta., 50,
5504-5509, 2005.




Refererces

[50] P. Y. Chen and I. W. Sun, "Electrochemical study of copper in a
basic 1-ethyl-3-methylimidazolium tetrafluoroborate room
temperature molten salt”, J. Electrochim. Acta., 45(3), 441-450,
1999.

[51] P.Y. Chen, Mei-Chen Lin and I-W. Sun, "Electrodeposition of
Cu-Zn alloy from a Lewis acidic ZnCI2-EMIC molten salt ",J.
Electrochem. Soc., 147 (9), 3350-3355, 2000.

[52] P.Y. Chen and I-W. Sun, "Electrochemistry of Cd(lIl) in the basic
1-ethyl-3-methylimidazolium chloride/tetrafluoroborate  room
temperature molten salt”, J. Electrochim. Acta., 45(19), 3163-
3170, 2000.

[53] M. Schlesinger, M. Paunovic, J. Wiley and Sons, New York,4th
editors, 483-553, 2000.

[54] G. I. Medvedev, A. A. Rybin and N. A. Makrushin,
"Electrodeposition of Tin-Indium Alloy from a Sulfate
Electrolyte in the Presence of Organic Substances", J. Applied
Chemistry., 85, 604-611, 2012.

[55] SI. Hsiu, Tai, Chia-Cheng, Sun, I-Wen, "Electrodeposition of
Palladium-indium from 1-ethyl-3-methylimidazolium chloride
tetrafluoroborate ionic liquid”, J. Electrochim. Acta., 51(13),
2607-2613, 2006.

[56] J. F. Huang and IW. Sun, "Formation of nanoporous platinum by
selective anodic dissolution of PtZn surface in Lewis acidic zinc
chloride-1-ethyl-3-methylimidazolium chloride ionic liquid", J.
Chem. Mater., 16, 1829-1835, 2004.

[57] J. F. Huang and Sun IW, "Electrodeposition of PtZn in a Lewis

acidic ZnCl,-1-ethyl-3-methylimidazolium chloride ionic liquid",
J. Electrochim. Acta., 49, 3251-3258, 2004.




Refererces

[58] J. F. Huang and I.-W. Sun, " Nonanomalous Electrodeposition of
Zinc-lron Alloys in an Acidic Zinc Chloride-1-ethyl-3-
methylimidazolium Chloride lonic Liquid", J. Electrochem. Soc.,
151, 8-14, 2004,

[59] J. F. Huang and IWSun, " Electrochemical study of tin in zinc
chloride-1-ethyl-3- methylimidazolium chloride ionic liquids", J.
Electrochem. Soc., 150, 299-306, 2003.

[60] K. Koyama, T. lwagishi, H. Yamamoto, H. Shirai and H.
Kobayashi, "Electrodeposition of zinc from 1-ethyl-3-
methylimidazolium bromide-zinc bromide molten salts with
dihydric alcohols", J. Electrochemistry., 70(3), 178-182, 2002.

[61] K. Y. Chan, J. Ding, J. W. Ren, S. A. Cheng, and K. Y. Tsang,
"Supported mixed metal nanoparticles as electrocatalysis in low
temperature fuel cells”, J. Mater. Chem., 14, 505-516, 2004.

[62] H. Liu, Ping, Z. Li and J. Li, " BATTERIES, FUEL CELLS,
AND ENERGY CONVERSION", J. Electrochem. Soc., 152(4),
146-153, 2005.

[63] C. B. Duke and E. W. Plummer (ed), "Frontiers in Surface and
Interface Science", J. Elsevier, Amsterdam., 2002.

[64] A. P. Abbott, C. A. Eardley, N. R. S. Farley, G. A. Griffith, and

A. Pratt, "Eletrodeposition of aluminium and aluminium /

platinum alloys from AIClI; /benzyltrimethylammonium chloride
room temperature ionic liquids"”, J. Appl. Electrochem., 31, 1345-
1350, 2001.




Refererces

[65] A. P. Abbott, G. Capper, D. L. Davies, H. L. Munro, R. K.
Rasheed and V. Tambyrajah, "Preparation of novel, moisture-
stable, Lewis-acidic ionic liquids containing quaternary
ammonium salts with functional side chains", J. Chem.
Commun., 7, 1010, 2001.

[66] A. P. Abbott, G. Capper, D. L. Davies and R. K. Rasheed, " lonic
Liquid Analogues Formed from Hydrated Metal Salts”, J. Chem.-
Eur., 10(15), 3769-3774, 2004.

[67] A. R. Brukin, "Production of Aluminium and Alumina", Critical
reports in Applied Chemistry, John Wiley, Chichester, U.K. ,20,
1987.

[68] J. R. Davis (Editor), "Metals Handbook™, ASM International, 2nd
Edition, 417-499, 1998.

[69] DQ. Wang, ZY. Shi, LJ. Zou, "A liquid aluminum corrosion
resistance surface on steel substrate”, J. Appl Surf Sci., 214, 304-
311, 2003.

[70] DQ. Wang, ZY. Shi, "Aluminizing and oxidation treatment of
1Cr18Ni9 stainless steel", J. Appl Surf Sci., 227, 255-260, 2004.

[71] RSC. Paredes, SC. Amico, ASCM. d’Oliveira, "The effect of
roughness and pre-heating of the substrate on the morphology of
aluminium coatings deposited by thermal spraying”, J. Surf Coat
Technol., 200, 3049-3055, 2006.

[72] A. Boogard, JJ. van den Broek, "Crystallisation and electrical

resistivity of sputter-deposited aluminium-germanium alloy
films", J. Thin Solid Films., 401,1-6, 2001.

[73] H. Kersten, GMW. Kroesen, R. Hippler. "On the energy influx to
the substrate during sputter deposition of thin aluminium films",
J. Thin Solid Films., 332, 282-289, 1998.




Refererces

[74] C. Charrier, P. Jacquot, E. Denisse, JP. Millet and H. Mazille,
"Aluminium and Ti/Al multilayer PVD coatings for enhanced
corrosion resistance", J. Surf Coat Technol., 90, 29-34, 1997.

[75] D. Yang, R. Jonnalagadda, BR. Rogers, JT. Hillman, RF. Foster
and TS. Cale, "Texture and surface roughness of PRCVD
aluminum films", J. Thin Solid Films., 332, 312-318, 1998.

[76] M. Galova, "Electrodeposition of aluminium from organic aprotic
solvents", J. Surface Technology., 11, 357-369, 1980.

[77] YG. Zhao and TJ. VanderNoot, "Electrodeposition of aluminium
from nonaqueous organic electrolytic systems and room
temperature molten salts", J. Electrochim Acta., 42, 3-13, 1997.

[78] M. Galova, Pantony and D.A., "Electrochemical behaviour of
aluminium(ll) and beryllium(ll) perchlorates in
dimethylformamide”, J. Amsterdam Elsevier., 18, 1209-1216,
1971.

[79] V. A. Plotnikov, J. Russ. Phys. Chem. Soc., 34, 466, 1902.

[80] M. C. Lefebvre and B.E. Conway, "Elementary steps and

mechanism of electrodeposition of Al from complex hydride ions
in tetrahydrofuran baths", J. Electroanalytical Chemistry., 480(1),
34-45, 2000 .

[81] A. Brenner, in Advances in Electrochemistry and Electrochemical
Engineering (Edited by C. W. Tobias), Published by Interscience,
New York, 5, 217, 1967.

[82] A. Brenner, " Electrolysis of Organic Solvents with Reference to
the Electrodeposition of Metals", J. Electrochem. Soc., 106, 148-
154, 1959.




Refererces

[83] D. E. Couch and A. Brenner, "Electrodeposition of metals for
organic solutions, part 1. Further studies on the electrodeposition
of aluminium from a hydride bath", J. Electrochem. Soc.,
103(12), 657, 1956.

[84] F. J. Schmidt and I. J. Hess, "Electroforming aluminum for solar
energy concentrators", NASA Tech. Rep. CR-197, 1965.

[85] A. G. Buschow, I. J. Hess and F. J. Schmidt, "Electroforming
aluminium composites for solar energy concentrators”, NASA
Tech. Rep. CR-66322, 1967.

[86] W. C. Schickner, J. Steel., 125, 133, 1953.

[87] R. N. Hanson, D. G. Du Pree and K. Lui, J. Plating., 55, 347-355,
1968.

[88] J. C. Withers and E. F. Abrams, " The Electroforming of
Composites”, J. Plating., 55, 605-611, 1968.

[89] F.A. Clay, W. B. Harding and C. J. Stimetz, "Electroplating of
aluminium”, J. Plating, 56, 1027-1037, 1969.

[90] A. L. Levinskas and J. J. Sinius, J. Elektrokhimiya., 8, 1053,
1972.

[91] B. I. Ingaunite and A. L. Levinskas, J. Issled. Obl. Elektroosazhd.
Met., 2, 140, 1973.

[92] A. G. Buschov and C. H. Esola, J. Plating, 55, 931-940, 1968.

[93] J. Hess and J. F. Betz, J. Metal Finish., 69, 38-51, 1971.

[94] N. Ishibashi and M. Yoshio, " Electrodeposition of aluminium
from the NBS type bath using tetrahydrofuran—benzene mixed
solvent", J. Electrochim. Acta, 17, 1343-1352, 1972.




Refererces

[95] M. Yoshio and N. Ishibashi, "High-rate plating of aluminium
from the bath containing aluminium chloride and lithium
aluminium hydride in tetrahydrofuran", J. Appl. Electrochem., 3,
321-325, 1973.

[96] M. Yoshio, J. Mat. Finish., 7, 22-33,1987.

[97] S. P. Sidelnikova, V. N. Sherstkina and A. N. Jakubetz, J. lzv.
Akad. Nauk Mold. SSR, Ser. Fiz.-Tekh. Mat. Nauk, 1, 69, 1979.

[98] M. W. M. Graef, "The Mechanism of Aluminum
Electrodeposition from Solutions of AICI3 and LiAIH4 in THF",
J. Electrochem. Soc., 132 (5), 1038-1046, 1985.

[99] M. C. Lefebvre and B. E. Conway, "Elementary steps and
mechanism of electrodeposition of Al from complex hydride ions
in tetrahydrofuran baths", J. Electroanal. Chem., 480, 34-45,
2000.

[100] M. C. Lefebvre and B. E. Conway, "Nucleation and

morphologies in the process of electrocrystallization of

aluminium on smooth gold and glassy-carbon substrates”, J.
Electroanal. Chem., 480, 46-58, 2000.

[101] F. H. Hurley and T. P. Wier, " The Electrodeposition of
Aluminum from Nonaqueous Solutions at Room Temperature”,
J. Electrochem. Soc., 98, 207-212, 1951.

[102] W. Safranek, W. Schickfier and C. Faust, " Electroforming
aluminum waveguides using organo-aluminum plating baths", J.
Electrochem. Soc., 99, 53-59,1952.

[103] G. A. Capuano and W. G. Davenport, "Electrodeposition of Al
from Alkyl Benzene Electrolytes”, J. Electrochem. Soc., 118,
1688, 1971.




Refererces

[104] G. A. Capuano and W. G. Davenport, "Plating Al onto Steel or
Copper from Alkyl Benzene Electrolytes”, J. Plating, 60,
251,1973.

[105] G. A. Capuano and W. G. Davenport , Can. Patent 4375, 1971.

[106] R. Dotzer, "Galvano-Aluminium und seine anodische Oxidation
Galvano-Al-Eloxal-Schichten-eine neue Oberflache”, J. Chem.
Ing. Tech., 45, 653-658, 1973.

[107] R. Dotzer, E. Todt and H. G. Hauschildt Ger. Offen, Patent
2553830, 1976.

[108] J. P. Pereira-Ramos, R. Messina and J. Perichon, ™
Electrochemical behaviour of some transition metal oxides in
molten  dimethylsulphone at  150°C", J.  Applied
Electrochemistry., 16(3), 379-386, 1986.

[109] L. Legrand, A. Tranchant and R. Messina, " Behaviour of
aluminium as anode in dimethylsulfone-based electrolytes”, J.
Electrochim. Acta., 39, 1427-1431, 1994,

[110] L. Legrand, A. Tranchant and R. Messina, "Electrodeposition

Studies of Aluminum on Tungsten Electrode from DMSO 2
Electrolytes: Determination of Allll  Species Diffusion
Coefficients", J. Electrochem. Soc. 141(2), 378-382, 1994.

[111] L. Legrand, A. Tranchant, R. Messina, F. Romain and M.
Lautie, " Raman Study of Aluminum Chloride—Dimethylsulfone
Solutions™, J. Inorg. Chem. 35(5), 1310-1312, 1996.

[112] G. R. Stafford, "The Electrodeposition of an Aluminum-
Manganese Metallic Glass from Molten Salts J. Electrochem.
Soc., 136(3), 635-639, 1989.

[113] R. Bunsen, Poggendorf’s Ann., 97, 648, 1854.




Refererces

[114] R. Wehrmann and L. F. Yntema, " The Electrochemistry of
Baths of Fused Aluminum Halides. 11l. Bromide Baths", J. Phys.
Chem., 48(5), 259-268, 1944.

[115] R. G. Verdieck and L. F. Yntema, " The Electrochemistry of
Baths of Fused Aluminum Halides. IV.", J. Phys. Chem., 48(5),
268-279, 1944,

[116] J. Robinson and R. A. Osteryoung, " The Electrochemical

Behavior of Aluminum in the Low Temperature Molten Salt
System n-Butyl Pyridinium Chloride: Aluminum Chloride and
Mixtures of This Molten Salt with Benzene", J. Electrochem.
Soc. 127, 122-128, 1980.

[117] T. Wen-Ta, L. Chien-Liang, P. Szu-Jung, "Susceptibility of Ti-
6Al- 4v alloy to stress corrosion cracking in a Lewis-neutral
aluminium chloride-1-ethyl-3-methyleimidazolium chloride ionic
liquid™, J. Corrosion Science(ELSEVIER)., 76, 494-497, 2013.

[118] T. Tsuda, C. L. Hussey and G. R. Stafford, " Electrodeposition
of Al-Mo alloys from the Lewis acidic aluminum chloride-1-
ethyl-3-methylimidazolium chloride molten salt", J. Electrochem.
Soc. 151(6), 379-384, 2004.

[119] T. Tsuda, C. L. Hussey, G. R. Stafford and J. E. Bonevich,
"Electrochemistry of Titanium and the Electrodeposition of Al-Ti
Alloys in the Lewis Acidic Aluminum Chloride—1-Ethyl-3-
methylimidazolium Chloride Melt", J. Electrochem. Soc. 150(4),
234-243, 2003.

[120] T. Tsuda, C. L. Hussey, G. R. Stafford and O. Kongstein,
"Electrodeposition of Al-Zr alloys from lewis acidic aluminum
chloride-1-ethyl-3-methylimidazolium  chloride  melt", J.
Electrochem. Soc. 151(7), 447-454, 2004.




Refererces

[121] Q. Zhu, C. L. Hussey and G. R. Stafford, " Electrodeposition of
silver aluminum alloys from a room-temperature chloroaluminate
molten salt", J. Electrochem. Soc. 148(2), 88-94, 2001.

[122] T. Tsuda, C. L. Hussey and G. R. Stafford, " Electrodeposition
of Al-Mo-Mn ternary alloys from the lewis acidic AICIs-
EtMelmCIl molten salt”, J. Electrochem. Soc. 152(9), 620-625,
2005.

[123] T. Jiang, M. J. C. Brym, G. Dube, A. Lasia and G. M. Brisard, "
Electrodeposition of aluminium from ionic liquids: Part Il -
studies on the electrodeposition of aluminum from aluminum
chloride (AICI3)- trimethylphenylammonium chloride (TMPAC)
ionic liquids”, J. Surface and Coatings Technology, 201(1-2), 10-
18, 2006.

[124] Q. X. Liu, S. Z. El Abedin and F. Endres, " Electroplating of
mild steel by aluminium in a first generation ionic liquid: A green
alternative to commercial Al-plating in organic solvents”, J.
Surface and Coatings Technology., 201(3-4), 1352, 2006.

[125] Q. Zhu and C. L. Hussey, "Galvanostatic pulse plating of Cu-Al

alloy in a room-temperature chloroaluminate molten salt -

Rotating ring-disk electrode studies”, J. Electrochem. Soc.,
148(5), 395-402, 2001.

[126] Q. Zhu and C. L. Hussey, " Galvanostatic Pulse Plating of Bulk
Cu-Al Alloys on Nickel Electrodes from Room-Temperature

Chloroaluminate Molten Salts Containing Benzene", J.
Electrochem. Soc., 149(5), 268-273, 2002.




Refererces

[127] F. Endres, M. Bukowski, R. Hempelmann and H. Natter, "
Electrodeposition of Nanocrystalline Metals and Alloys from
lonic Liquids", J. Angew. Chem. Int. Ed., 42(29), 3428-3430,
2003.

[128] P. K. Lai and M. Skyllas-Kazacos, "Electrodeposition of
Aluminium in AICIs/t-methyl-3-ethylimidazolium chloride" J.
Electroanal. Chem., 248, 413, 1988.

[129] J. Robinson and R.A. Osteryoung, "An electrochemical and
spectroscopic study of some aromatic hydrocarbons in the room
temperature molten salt system aluminum chloride-n-
butylpyridinium chloride”, J. Am. Chem. Soc 101(2), 323-327,

1979.

[130] P. K. Lai and M. Skyllas-Kazacos, J. Electrochim. Acta, 32(10),

1443-1449, 1987.

[131] D. S. Austin, J.A. Polta, T.Z. Polta, A.P.-C. Tang, T.D. Cabelka
and D.C. Johnson, " Electrocatalysis at platinum electrodes for
anodic electoanalysis ", J. Electroanal. Chem., 168(1-2), 227-248,
1984.

[132] J. Robinson and R. A. Osteryoung, " The Electrochemical

Behavior of Aluminum in the Low Temperature Molten Salt
System n Butyl Pyridinium Chloride: Aluminum Chloride and
Mixtures of This Molten Salt with Benzene", J. Electrochem.
Soc., 127(1), 122-128, 1980.

[133] C.-C. Yang, "Electrodeposition of aluminum in molten AICl;-n-
butylpyridinium chloride electrolyte™, J. Materials Chemistry and
Physics., 37, 355-361, 1994.




Refererces

[134] M. H. Fadhil, "SPECTROSCOPIC INVESTIGATION FOR
SOME TRANSITION METAL SALTS IN IONIC LIQUID",
MSC. Thesis, Al-Nahrain University, Irag, 2013.

[135] A. P. Abbott, R. C. Harris, Y. Hsieh and S. Karl "Aluminium
electrodeposition under ambient conditions”, J. Phys. Chem.
Chem. Phys., 16, 14675-14681, 2014.

[136] Y. Zheng, S. Zhang, X. LU, Q. Wang, Y. Zuo and L. Liu, "
Low-temperature Electrodeposition of Aluminium from Lewis
Acidic  1-Allyl-3-methylimidazolium Chloroaluminate lonic
Liquids ", J. Chemical Engineering., 20 (1), 130-139, 2012.

[137] S. Zhang, Z. Yanli, L. Xingmei , and L. Shucai , "A Promising
Method for Electrodeposition of Aluminium on Stainless Steel in
lonic Liquid", J. AIChE Journal., 55, 783-796, 20009.

[138] T. Jiang, C. Brym, M. J., Dubé, G., Lasia, A., Brisard and G. M.,
"Electrodeposition of aluminium from ionic liquids: part I-

electrodeposition and surface morphology of aluminium from

aluminium chloride (AICl3)-1-ethyl-3-methylimidazolium
chloride ([EMIm]CI) ionic liquids", J. Surf. Coat. Technol., 201,
1-9, 2006.

[139] E. Guneria, C. Ulutasb, F. Kirmizigulb, G. Altindemirb, F.

Godec and C. Gumus, " Effect of deposition time on structural,

electrical, and optical properties of SnS thin films deposited by
chemical bath deposition™”, J. Applied Surface Science., 257,
1189-1195, 2010.

[140] V. Kamavaram, D. Mantha and R. G. Reddy, "Recycling of
aluminum metal matrix composite using ionic liquids: effect of
process variables on current efficiency and deposit
characteristics", J. Electrochim Acta., 50, 3286-3295, 2005.




Refererces

[141] V. Kamavaram, D. Mantha and R. G. Reddy,
"ELECTROREFINING OF ALUMINUM ALLOY IN IONIC
LIQUIDS AT LOW TEMPERATURES", J. Mining and
Metallurgy., 39 (1-2)B, 43-58, 2003.

[142] W. H. Safranek, W. C. Schickner and C. L. Fraust, "
Electroforming  Aluminum  Waveguides Using  Organo-
Aluminum Plating Baths", J. Electrochem. Soc., 99, 53-59, 1952.

[143] E. Peled and E. Gileadi, " The Electrodeposition of Aluminium
from Aromatic Hydrocarbons . Part 1. Composition of Baths and
Effects of Additives", J. Electrochem. Soc., 123, 15-19, 1976.

[144] (@) Q. Zhu, C. L. Hussy and G. R. Stafford, J. Electrochem.
Soc., 88, 148(2), 2001; (b) Q. Liao, W. R.Pitner, G. Steward and
C. L. Hussey, J. Electrochem. Soc., 144, 936, 1997.

[145] A. P. Abbott, F. Qiu, H. M. Abood, M. R. Ali and K. S. Ryder,
"Double layer, diluent and anode effects upon the
electrodeposition of aluminium from chloroaluminate based ionic
liquids", J. Phys. Chem. Chem. Phys., 12, 1862-1872, 2010.

[146] K. Miyahara, N. Mori, and M. Matsunaga, "Influences of water
on Aluminum Electrodeposition in BMP-TFSI Ambient
Temperature Melts", J. The Electrochemical Society., 53, 2007

[147] H. You, R.P. Chiarello, H.K. Kim and K.G. Vandervoort, "X-
ray reflectivity and scanning-tunneling-microscope study of
kinetic roughening of sputter-deposited gold films during
growth", J. Phys. Rev. Lett., 70, 2900-2903, 1993.

[148] A. lwamoto, T. Yoshinobu and H. Iwasaki, J. Phys. Rev. Lett.
72, 4025-4028, 1994.




Refererces

[149] G. W. Mbise, G. A. Niklasson and C. G. Granqvist, "Scaling of
surface roughnessin evaporated calcium fluoride films", J. Solid
State Commun., 97, 965-969, 1996.

[150] K. K. Nanda, S. N. Sarangi and S. N. Sahu, "Measurement of
surface roughness by atomic force microscopy and Rutherford
backscattering spectrometry of CdS nanocrystalline films", J.
Applied Surface Science., 133, 293-297, 1998.

[151] Z. WL and W. ZL, "Scanning Microscopy for
Nanotechnology”, New York, NY, Springer, 2006.

[152] H. M. A. Abood and M. H. Fadhil, " Investigation of Lewis
Acid-Base Reaction of Acidic Species Present in Aluminum
Chloride-Urea lonic Liquid [AICl,.nUrea]™, Journal of Al-
Nahrain University., 17, 71-75, 2014.

[153] J.-M. Hu, L. Liu, J.-Q. Zhang and C.-N. Cao, "Effects of

electrodeposition potential on the corrosion properties of bis-1,2-

[triethoxysilyl] ethane films on aluminum alloy", J.
Electrochimica Acta., 51, 3944-3949, 2006.

[154] P. L. Young, T. P. Brackbill and Satish G. Kandlikar,
"Estimating Roughness Parameters Resulting From Various
Machining Techniques for Fluid Flow Applications”, J. The
American Society of Mechanical Engineers., 827-836, 2007.




