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Abstract

This thesis describes the mechanism of the electrodeposition and dissolution of
aluminum (AD from a non-aqueous, aprotic bath. Due to its highly negative
electrochemical potential, Al cannot be electrodeposited from aqueous solution. Al metal
does, however, possess many desirable characteristics promoting its application for
coating other, perhaps less corrosion-resistant materials, and as a portable energy source.
The present work arose from earlier research on Al dissolution in acetonitrile solution
which, itself, attempted to minimize limitations of the electrodissolution reaction in
aqueous media in connection with Al battery development. Efforts to electrodeposit the
metal, which would be interesting for coating applications as well as possible secondary
battery development, from an acetonitrile bath gave, however, disappointing results.
Herein was to lie the focus for the present author’s research project, to examine media
for the electrodeposition of Al and elucidate the mechanisms involved.

In order to electrodeposit Al, however, media which are aprotic are required, but
additionally Al complexes that are reactive. One system for such a purpose, based upon
mixtures of AlCl, and LiAlH, dissolved in etheric solvents, was examined as a starting
point for further exploration. Considering the generally low dielectric constants of
etheric solvents, it is actually quite remarkable that these so-called hydride-baths perform
so well for the purpose of depositing (and stripping) Al. " A limitation in the use of these
baths is the necessity to accommodate the reactive H- species.

Baths based on tetrahydrofuran (thf) have been investigated since 1970 and have
received attention in the literature, but, as discovered in the present research, they had
not been at all properly characterized. These difficulties led to a critical examination of
the published mechanisms of deposition of Al (Chapter 3), but, more fundamentally, an
exploration, in careful detail, of the means by which such mechanisms can be determined
from electrochemical measurements. This latter development, given in Chapter 2,
highlighted a number of limitations to the theory that seemed to be responsible for the
previously published, but incorrect conclusions on the mechanism of Al deposition from

the hydride-bath.



With the above critique in mind and in light of the kinetic development given in
Chapter 2, electrochemical results derived from cyclic-voltammetry, steady-state polariza-
tion and a.c. impedance applied in experiments on hydride-baths were carefully examined
in order to establish the mechanism of Al electrodeposition and dissolution. It was
established that the mechanism was dependent upon the composition of the hydride-bath,
for which, in fact, the symmetry factor, 3, in the electrode-kinetics varied between the
compositional extremes.

Interestingly, from neither of the two compounds composing the baths could Al be
deposited when examined separately in thf, but baths of nearly all proportions of the two
combined gave good quality Al electrodeposits at high rates. The success of the latter
baths has been found to lie in the ligand mixing, catalyzed by H:, which gives a distribu-
tion of aluminate complexes of varying ligation in solution.

The speciation of the plating bath, which was found to contain up to nine different
aluminate complexes, was examined by ¥Al-NMR over a wide range of bath composi-
tions. Additionally, a comparative examination of relative chemical shifts, linewidths and
concentration dependences was conducted in an effort to characterize the reactivity of the
individual chloro-hydrido-aluminates that were found to be responsible for the
composition-dependent behaviours observed for these baths.

The Al deposit from the hydride-bath was generally of very good quality. The
morphology of deposits from the hydride-bath was characterized by electron microscopy
and the mechanism of initial phase formation examined in terms of nucleation and growth
theories and was also found to depend upon the composition of the plating bath.

The results of this work either have already formed or soon will form the bases of
a number of publications. One, on the content of Chapter 5, the NMR investigation into
the reactivity of aluminate complexes composing the hydride-baths, has just (at time of
thesis submission, January, 1997) received acceptance for publication by the Journal of
Electroanalytical Chemistry. The contents of Chapter 2, specifically the effect of a
stoichiometric number on multi-step electrode reaction kinetics, will shortly be submitted



as a Chapter in an electrochemical review series. A further publication will describe how
the mechanism of the Al deposition reaction from the hydride-bath can be determined
based upon the electrochemical experimental data recorded in Chapter 6 and with due
consideration of the results that have been previously reported elsewhere in the literature
as reviewed in Chapter 3.

iv
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Chapter 1 Introduction

1.1, Preamble

The present thesis is concerned with the electrodeposition of aluminum (Al). The
reduction potential of Al is too negative to permit electroplating from aqueous solution,
hydrogen evolution via solvent decomposition being the preferred electrochemical reac-
tion. This fact necessitates the use of non-aqueous aprotic media or melts. This chapter
will cover the principal properties of Al, outline its aqueous and non-aqueous electro-
chemistry, demonstrating -the reactivity of aluminum species in various media, and will
also describe the few practical plating baths that are available.

A description of the scope and structure of the present thesis work will be given at
the end of this chapter which is more appropriate for presenting the scope of the new re-
search since its motivation will be more easily understood after appropriate introduction.

1.2. Aluminum: Properties and Production Background

Aluminum is the most abundant metal found in the earth’s crust, composing 8.1%
of its weight by one estimate. Pure aluminum, which is a silvery-white metal, possesses
many desirable characteristics. It is abundant and widely distributed, is one of the light-
est metals and is nontoxic. It can be easily formed, machined or cast, is malleable (2*
among metals), ductile (6*) and has good corrosion resistance due to a protective oxide
film. It is nonmagnetic, nonsparking, has high thermal conductivity, while its good
electrical conductivity is 60% that of copper per area of cross section and being a third
less dense, its conductivity by mass is therefore twice that of copper. Pure aluminum is,
however, soft and lacks strength, but it can be alloyed with many metals such as copper,
magnesium, silicon, manganese to increase its strength [1:p.B7].

Aluminum is never found free in nature. The most important aluminum-contain-
ing minerals are the feldspars in which aluminum is found in combination with silica.
Alumina occurs naturally as the minerals boehmite (a-ALO,-H,0), diaspore
(8-AL,O5;-H,0), gibbsite (a-Al,05:3H;0), bayerite (8-AL0,-3H,0), corundum (Al,O,) and
bauxite (a mixture of hydrated oxides the composition of which is known to vary consid-



erably from source to source) [2]. The latter is so named because it was first found at
Les Baux, Provence, France and is now the major industrial feedstock. Bauxite is the
most common Al ore and is found in large deposits around the world in Jamaica,
Australia, Surinam, Guyana, etc. Metallic aluminum was first obtained and positively
identified as an impure metal in 1825 by Oersted. An interesting condensed version of
the history of the development of its refining process and its strikingly slow commercial
application is given by Williams [3].

The most commonly used method for obtaining aluminum metal is by electrolysis
of alumina dissolved in molten cryolite (Na;AlF), the so-called Hall-Heroult process
named for the workers who in the US and France developed it separately, but very nearly
simultaneously in 1886. Cryolite is a natural ore found in Greenland, but is no longer
widely used in commercial production, having been replaced by an artificial mixture of
sodium, aluminum and calcium fluorides. Bauxite is refined in the Bayer process by
dissolving the impure ore in sodium hydroxide, filtering and reprecipitating the aluminum
as Al,0,-3H,0 with CO,, then heating to drive off the hydrate water [4]. The alumina
thus prepared can then be used directly in the Hall-Heroult refining process which, in
Canada, is practiced at Arvida Québec.

Aluminum production represents one of the major products of the electrochemical
industry, using fully 60% of the consumed electrical energy [1:p.B7]. Global primary
production is about 25 million metric tons (estimated from 20 years of data up to 1990
from [S]). Canada, as one of the world’s largest electrical energy producers, is also one
of the principal refiners of aluminum and the largest exporter of aluminum. It may be
remarked that the electrochemical smelting technology involves consumption of electrons
on the order of 125 metric tons per month globally!

Aluminum has many useful properties which have led to various industrial appli-
cations that may be separated into two general categories: use in structure and corrosion
protection (automobile parts, toasters, beverage cans, etc.), this being by far its major
application; and in portable energy production applications (for instance the aluminum-air
mechanically rechargeable battery [6,7]). The metal and its alloys can be formed, cast or
extruded for structural and decorative applications, vapour deposited for cladding as used
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in the electronics industry; also it has found specific application as a highly reflective
coating for visible and infrared radiation (in fact, only gold and silver reflect infrared
radiation better than does Al and these only slightly so) and can also be electro-dissolved
in applications involving batteries or electrodeposited for cladding. These latter uses are
the focus of the present thesis.

1.3. Aluminum Hydride and Chlorides: Chemical and Electrochemical
Reactivity

The aluminum compounds of major interest in the present work are those that
have hydrogen and chlorine as ligands, specifically LiAIH, and AICl,. The electronic
configuration of atomic aluminum is 3s?3p' and Al3* is its only stable oxidation state. It
usually tends to form compounds with only three covalent bonds, although a coordination
compound such as Al(H,0)** is known. There is, however, spectroscopic evidence
confirming the existence of short-lived Al'* compounds in the gas phase at elevated
temperatures [2:p.1011] while there is no such evidence for an Al2* species. Al
compounds are coordinatively unsaturated in their octet and, as a result, they are usually
strong Lewis acids which accounts for their chemical reactivity. There is a tendency for
Al compounds to form bridged dimeric species to complete their octets and, for the same
reason to favour coordination with solvent donor moieties which drives the solubilization
of Al compounds in many solvents. This process is dependent upon the donor number
[8] of the solvent in question; for instance in benzene, D, = 0.1, AIX, (X = halide) exists
as dimers, but in tetrahydrofuran (thf), D, = 20.0, it exists as monomers. Indeed
AICl,-2thf can undergo auto-ionization as:

2AIX, 2thf «~ AIX,*4thf + AIX, @)
to an extent that depends on the particular solvent’s dielectric constant or donor number.
Addition of agents which promote ionization, usually LiH or LiAIH,, can improve
conductivity in solvents of low dielectric constant.

Aluminum has a large negative standard electrochemical potential under nearly all
conditions (see Fig. 1.1). Its electrochemical energy characteristics are amongst the best
of all metals given its small atomic weight and its three valence electrons, i.e. close in
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equivalent energy terms to that of Li. Its theoretical charge capacity by weight is 2.98
Ahg! (note 1 Ah = 3600 C) which is second only to that of lithium and, by volume at
8.05 Ahcm?, is the highest among anode materials. Table 1.1 is from reference [9] and
compares the properties of Al, including theoretical capacities, with those of other poss-
ible anode materials in acidic electrolytes. The oxidation of aluminum metal to its most
common hydrated oxide, Al,0,-3H,0, in aqueous solution is accompanied by a standard
Gibbs energy change of 11.7 kWhkg'. Only hydrogen and a few other elements (lith-
ium, beryllium and boron) have better characteristics, but Al has the advantage of being
easier to handle (particularly over hydrogen) and being of much greater availability and
lower price that the other elements.

Table 1.1.  Characteristics of Electrode Materials in Lewis Acidic Electrolytes.

Material Weight StdPotl  Charge Density Capacity
g mol?! \'4 gem? Ahg' Ahcem?

H, 2.0 0.0 2 26.59

Li 6.9 -3.01 1 0.54 3.86 2.06
Na 23.0 2.71 1 0.97 1.16 1.14
Mg 24.3 -2.38 2 1.74 2.20 3.80
Al 26.9 -1.66 3 2.69 2.98 8.10
Ca 40.1 -2.84 2 1.54 1.34 2.06
Fe 55.8 0.4 2 7.85 0.96 7.50
Cd 1124 -0.40 2 8.65 0.48 4.10
Pb  207.2 -0.13 2 11.34 0.26 2.90

As was noted earlier, the electronic configuration of ground-state atomic alumi-
num is 3s*3p' and thus not all of its valence electrons are degenerate. Its electrochem-
istry can, therefore, be expected to be complex, involving muitistep reaction mechanisms
with sequential transfer of three electrons. Al'* has a complete 3s orbital, hence is a
more probable intermediate than Al2* and the former of these, as stated above, has been
confirmed spectroscopically. However, either the Al'* or Al1?* would be expected to
disproportionate quickly as follows:



3AI(D) - 2Al1 + Al(OD) or 3AIOD - Al + 2A1(0D) @)

14. Alnminum Electrochemistry
1.4.1. Aqueous Electrochemistry

The majority of studies of the aqueous electrochemistry of Al have concentrated
on the growth, structure and stability of its oxide film [10]. The practical electro-
chemical and mechanical properties of aluminum are both determined by this surface
oxide and in order to exploit the electroactivity of Al this oxide must be discouraged from
being formed or be easily breached. A detailed description of aqueous Al systems will
not be given here, but some general characteristics of aluminum’s oxide film will be
presented in order to emphasize the difficulty of accessing the actual electroactivity of
bare Al. These points will serve to highlight the necessity for studying the behaviour of
Al in non-aqueous aprotic solvents.

Most of the work on anodic dissolution of Al is closely related to development of
the Al-air battery. Serious impediments to the application of Al as an electroactive
material in water exist. The product of its anodic dissolution is its oxide (or hydroxide)
which is highly resistive and under certain conditions insoluble (aluminum’s oxides are
dissolved by acid, base and a specific complexing affinity is exhibited with chloride).
The oxide film can be a barrier to electronic and, depending on its structure, ionic
conduction and these prevent high reaction rates rendering the Al passive.

The thermodynamic region of stability of water is bounded by (anodic) oxygen
evolution on the positive side and (cathodic) hydrogen evolution on the negative side and
is potential-dependent. It is usual to represent the pH and potential regions of stability of
the solvent and those of any possible compounds (solution species and precipitates; e.g.
oxides) and phases in so-called Pourbaix diagrams. Such a diagram for aluminum is
given in Fig. 1.1 (from [11]). The electrochemical potential of bare aluminum metal is
significantly negative of the cathodic stability limit of water (lower dashed line in Fig.
1.1) at all pH, but note also that only at low (< 4) and high (> 12) pH are aluminum
solution species stable (see Fig. 1.1). In the case of the anodic dissolution of Al, hydro-
gen evolution will occur simultaneously on the bare, dissolving aluminum reducing the
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Fig. 1.1. Pourbaix diagram for aluminum in water defining potential and pH regions
of species that are thermodynamically stable (from [11]).



efficiency of the Al anode as a battery material which assumes a potential lower than its
theoretical thermodynamic value in aqueous solution. The rate of the simultaneous H,
formation is known to increase with Al dissolution current-density, and thus the percen-
tage of aluminum lost to corrosion involving hydrogen formation increases up to high
current-densities (and this phenomenon is termed the "negative difference effect”
[10:p.444]) which is a serious disadvantage to its practical utilization as an electrochemi-
cal energy source. Alloying Al with a small percent of a number of less base metals has
been shown to suppress hydrogen evolution while remarkably also activating aluminum
dissolution [12], specifically with gallium, indium or thallium.

In the case of cathodic electrodeposition of Al, the stability of solution species
such as [Al(H,0)s]** relative to solvent decomposition makes it impossible to electro-
plate Al from protic media due to the preferred reduction of protons.

1.4.2. The Oxide of Aluminum

Oxides of aluminum are expected to be present on the surface of the metal under
all conditions, even in dry non-aqueous aprotic solvents, due, of course, to the nearly
impossible task of completely removing all air and water from them.. Indeed the oxide
has been observed to reform quickly on fresh Al surfaces produced by scratching or
guillotining Al rod electrodes [13,14], even in rigorously dried non-aqueous solvents.
The Gibbs energy for the formation of aluminum oxide by hydrolysis from metallic
aluminum and water (i.e. 2AP* + 3H,0 - ALO, + 3H,; AG%.,. = -864.6 kJ mol") is
very large and negative under standard conditions and therefore this reaction should occur
spontaneously, but usually does so only until a compact layer of the insoluble oxide has
formed since Al’s oxide is an excellent electronic insulator (its electrical band-gap
energy, E,, is ca. 8 eV* [10)).

The nature of the oxide on Al can be quite complex [10]. Aspects that may
contribute to its complexity are: 1) the structure of the oxide which can vary from being
entirely amorphous, to highly ordered; 2) this structure can, in turn, affect the ionic

* Compare to a narrow band-gap semiconductor, Si, E, = 1.1eV and an insulator, diamond, E, = 5.4eV.

7



conductivity through it (even though it is an electronic insulator) and; 3) the composition
of the film can vary; although the anhydrous oxide is the most stable, hydrates up to
ALO;+3H,0 (or AI(OH),) can form. The result is that the oxide film on Al can be
nonuniform and possess a great deal of microheterogeneity [10].

1.4.3. Aluminum: Its Non-aqueous Electrochemistry

The restrictions imposed by the thermodynamics of reactions of aluminum and its
compounds in water necessitate utilization of aprotic solvents for studies of its practical
electrochemistry. While, in many cases, shifting the working potential window into the
region of stability of many Al compounds, use of these solvents presents fundamental
technical problems in that the conductivities realizable are lower in these solvents since
they often have a much lower dielectric constant than water.

The reduction of a number of Al compounds in organic solvents at mercury has
been reported in the literature [15,16] and several examples are listed in Table 1.2.

Table 1.2.  Polarographic Results for AICI, in Various Organic Solvents

Solvent Potential® / V vs SCE Donor Number®
AlCl, AlBr,
Acetonitrile” -0.96 -0.73 14.1
-1.07
Propylene carbonate -1.08 15.1
Tetrahydrofuran® -1.68 -1.48 20.0
-1.83 -1.58
Dimethylformamide -1.92 26.6
-2.05
Dimethylsulfoxide -2.08° 29.8

a Values from [15] except * from [16].

b From (17] and which gives a relative measure of solvent coordinating ability.

¢ Estimated from a value cited against an Hg-pool reference.

Although the reduction of the aluminum species showed multiple polarographic waves for
a number of solvents, these waves were usually ill-defined, the ratio of their wave-heights

not being proportional to electron charges (and thence corresponding to separate electron
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transfers). The variation of the reduction potentials of AICI, listed in Table 1.2 seem,
however, to have a rough correlation with solvent donor number [8,17]. The aluminum
species are reduced with increasing difficulty, i.e. at increasing negative potentials when
they are coordinated by a more strongly ligating or donative solvent. Table 1.2 also
includes polarographic E,, values for AlBr, in two solvents [16]. Compared to AICI,,
AlBr; is reduced more easily, thus demonstrating the decreasing trend in stability with
increasing size and decreasing basicity of ligand (which has also been shown to extend to
AlL; in the few solvents in which it was studied).
There is a paucity of work on the dissolution of aluminum and aluminum alloys in
non-aqueous solveats, studies on the latter being dwarfed by the work in aqueous media.
The low dielectric constant of many non-aqueous solvents makes them less interesting for
technical applications but, beyond this, due to the extreme difficulty of excluding water
from such solvents, the same problems with regard to maintaining an oxide-free Al
surface arise in non-aqueous as in aqueous media. Aluminum and its alloys have been
studied in acetonitrile [13,18-20], dimethylformamide [21], tetrahydrofuran [22]. Table
1.3 lists some physical properties for solvents of significance in aluminum electro-
chemistry and will be referred to throughout the present thesis.

Table 1.3.  Physical Properties of Selected Solvents: Formula Weight, Melting and
Boiling Points, Density (p), Viscosity (7), Donor (D,) and Acceptor (A,)
Numbers [17] and Dielectric Constant. Compiled from [1:pp.ES1 &
F41,23,24].
Solvent Formula mp bp p N D, A, Dielectric
Weight °C °C gem® P Constant
Acetonitrile 41.1 48 81 0.7 0.35 14.1 18.9 38.0
Dimethylformamide 73.1 -61 153 0.94 0.79 26.6 16.0 36.1
Dimethylsulfoxide @ 78.1 +18 189 1.10 1.96 29.8 193 45.0
Tetrahydrofuran 72.1 -108 65 0.8 0.46 20.0 8.0 7.8
Toluene 92.1 93 111 0.87 0.59 05 85 24
Water 18.0 0 100 1.00 0.89 33.0 54.8 81.0




L.5. Aluminum Plating

The aqueous solution species of Al are all very stable and hence their reduction in
water is beyond the window of this latter’s stability due to the preferred deposition of
hydrogen. Thus any practical aluminum plating bath must start from an aprotic solvent
or molten salt. Due to the low dielectric constants of most organic solvents, such
solutions usually have poor conductivities, whereas these should be at least 1 mS cm! for
practical purposes. A strategy to accomplish this is to e;tploit the Lewis acid properties
of octet-deficient aluminum species such as AICL and the Lewis base properties of a
donative solvent or an added ionization agent. Dissolution and ion formation should
result from the specific acid-base interaction. The coordination energies between the
solvent and solute must not, however, be so strong as to prevent release of aluminum
during electrolysis. Coordination centres such as oxygen atoms in ethers or conjugated
double bonds in aromatic hydrocarbons have been used in selecting organic plating baths.
All Al plating baths are extremely water sensitive and must be operated in moisture-free
environments, although a certain amount of moisture is permissible since the components
of the baths will usually exhibit water-consuming properties.

Electroplating of aluminum has generated much attention since the first report of
successful electroplating of Al in 1950 by Couch and Brenner [25]. Their bath was based
upon mixtures of AICl; and LiAlH, in diethyl ether and since they were working at the
National Bureau of Standards at the time, it has been subsequently referred to as the NBS
bath. This bath was even upscaled during the 50°s for application to electro-forming of
mirrors [26] and electro-cladding of uranium rods [27]. The bath was limited in the
amount of Al it could deposit by the amount of AIC], that was initially and subsequently
added to the bath. An improvement to this was introduced in 1968 by using AICL, LiH
and a quaternary ammonium salt, 2-ethoxyethyl trimethylammonium chloride in diethyl
ether [28] which permitted continuous Al plating (and commensurate sacrificial-anode
dissolution) not limited by the amount of Al species in solution. However, this procedure
did not seem to attract attention and in the same year a much simpler improvement was
employed where the diethyl ether was replaced by tetrahydrofuran (thf). The difference
seemed to lie in the improved solubility of LiCl in thf. The use of thf has been the

10



standard ever since for the hydride-type baths. One group has termed this bath the REAL
(Room temperature Electrodeposition of ALuminum) and has applied it for coating steel
wire in a continuous process [29].

Most published work on the ether hydride-bath has been of a technical nature [25-
28,30,31], the electrode processes involved in plating from this abandoned bath being still
in doubt [32,33]. Work on the thf-based hydride-bath started in the 70’s and over the
next twenty years a number of scientific papers have characterized the conductivity [34-
37] as well the kinetics and mechanism of Al deposition [32,38-41] from thf and mixed
solvents. There was, however no concensus of mechanism amongst the above reports.
Herein was to lie the motivation for the present thesis work. A detailed discussion of the
results in these papers will be preseated in Chapter 3.

Another type of organic bath for plating aluminum that has received a significant
amount of attention is that based on mixtures of AIBr; and an alkali metal bromide or
HBr in aromatic hydrocarbon solvents. In fact, baths of this type were the first to be
tried for Al deposition from organic solvents as early as 1899 ([33) and references there-
in). Gileadi and his group studied the alkali metal halide, often in a mixture of alkyl
benzenes [42-45]. Capuano and co-workers studied the HBr bath which was reported to
have an excellent operational lifetime [13,46-49]. In these aromatic hydrocarbon solvent
baths Al exists as the bulky anionic dimer AL,Br;” and the role of HBr or MBr was as an
ionizing agent to promote formation of the dimer in these solveats of poor dielectric
constant. Low bath conductivities, meagre practical current-densities and a comparably
low reported purity of deposited Al seem to have precluded applications of this bath.

Extremely high-purity deposits have been reported for baths based on solutions of
Al(C;Hy), and an alkali metal hydride, sodium flouride or quaternary ammonium salts in
toluene. The bath operates above 80°C and has been applied industrially to coating
mirrors [50-52]. Table 1.4 compares the properties of these most promising of the baths
based on organic solvents.

Molten salts arise from Lewis acid-base interactions with, for instance, AICl, and
can provide very interesting environments in which to conduct electrochemical investi-
gations (e.g. [53-58]) since they are highly conductive and have variable basicity and

11



Table 1.4.  Characteristics of Popular Aluminum Plating Baths

System Bath Solvent Operation Cond. CD  Purity
Components Temp. °C mScm* mAcm?
Bromide AlBr, Alkyl 10-25 10 1-10 99.5%
MBr or HBr benzenes
M = alkali
Hydride AlCL, thf 10-40 10 150 99.99%
LiAlH,
Organo- Al(Et), toluene 80-100 20 1-5 99.9999%°
Aluminum  MH; NaF; NR),*
M = alkali
Compiled from [33,52] * claimed in [33]

melting point depending upon the ratio of acid (AICl,) to base. Inorganic molten salts are
usually operated at temperatures above 150°C and have had application in Al electro-
deposition [59-62]). The driving force for formation of these ionic liquids is the signifi-
cantly reduced lattice energy, as compared to that of the separate components involved,
of the [AICl;-organic salt anion] acid-base adduct that preferentially forms when the
components are mixed. If the salt serving as the Lewis base is sufficiently bulky, as is
the case for quaternary alkyl-ammonium halides, the melting point of mixtures with AICl,
may drop below room temperature, but if it is too bulky the liquids may be too viscous.
Aluminum can be electroplated from organic molten salts when these are acidic in
character, i.e. where AICI, is in greater proportion than the organic salt. A ratio of 2:1
is usually used since it has been found that ALCl; is the only species from which
aluminum can be reduced [63]. Plating aluminum from molten electrolytes based upon
butylpyridinium salts [55,64-69], substituted imidazolium salts [70-73], trimethyl-phenyl-
ammonium chloride [74] or trimethyl-sulfonium chloride [75], has been studied near
ambient temperatures and in dimethylsulfone [76-78], at higher temperatures. Problems
with these molten saits, apart from their intrinsically high viscosity, arise from the fact
that the deposition process produces local compositional changes that can significantly
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alter the conductivity and melting point of the melts near the surfaces of the electrodes
since both these properties are extremely composition sensitive. Other solvents have been
examined seemingly for the purpose of electroplating aluminum, for instance aniline and
substituted anilines [79,80], and also dimethylsulfoxide [81], but results in these were
poor.

1.6. Motivation and Scope of the Thesis Work
1.6.1. Origins of the Work

The present work arose from earlier research in our laboratory on the dissolution
of Al and Al alloys in acetonitrile solutions of AICL; as electrolyte [13,20] in connection
with examination of new systems for Al battery development. In that work excellent
dissolution rates and active Al potentials were realized. Putting aside its potential toxicity
under certain conditions (e.g. it can decompose to release HCN), acetonitrile has excel-
lent electrochemical properties, a large dielectric constant and moderate donor and
acceptor numbers [8,17,82]; however, a preliminary investigation into the cathodic side
of the Al reaction in this medium gave disappointing resuits [83]. Following this, a
number of solvent systems such as sulpholane and hexamethyl-phosphoramide, and mix-
tures of these with acetonitrile, were cursorily explored, but with no success.

Attention was then turned to the literature of Al electrodeposition to find a more
suitable starting point for further study and development. Examination of the character-
istics of the major baths in the field listed in Table 1.4 pointed to the hydride-bath as the
one that offered the highest purity deposit, the cheapest ingredients and the most practical
of operating conditions to study the electrochemical reactivity of electro-depositable Al
species. Even though the thf hydride-bath has received attention in the literature (see
above), it had not been, as we discovered during the course of our work on the bath, at
all completely or properly characterized. This was the motivation for the careful invest-
igation given here in the present work of the interesting behaviour and reactivity of this
aluminum plating bath.

The hydride-bath is actually a complicated mixture of aluminate species produced
from the mixing of AICl; with LiAIH, in thf, where H" (as LiH) might initially have been
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added as an ionizing agent. Auto-ionization of AICL, is expected to be low in thf, given
this solvent’s dielectric constant, and the role of H- as an ionizing agent is significant, but
through the course of the present thesis work the participation and importance of the H-
ligand in the Al electrodeposition reaction, beyond simply promoting jonization, became
very clear.

1.6.2. Structure of the Thesis

The structure of the thesis describing this work is as follows. In Chapter 3 a
critical review of published literature on the kinetics and mechanism of Al electrodeposi-
tion [32,38-41] from the thf hydride-baths is given. The mechanisms derived in these
works were all based on the results of Tafel polarization experiments, and all were
consistent with those deduced in the present work, but their derived conclusions were
disparate. Their experimental works were, however, incomplete and their diverse
conclusions based especially on measured transfer coefficients evaluated from experiment-
al steady-state or Tafel plots, demonstrated a lack of thorough understanding of the basis
on which these experimental electrochemical observables are related to critical aspects of
reaction mechanism when an overall multistep reaction is involved.

For the purpose of avoiding the apparent ambiguities in the above mentioned
publications and in order to establish a firm link between experimental transfer coeffi-
cients and the mechanisms of potentially complicated multistep electrode processes, a
thorough development of the concept and significance of transfer coefficients from gener-
alized reaction schemes in which a single step controls the rate of the reaction is given in
Chapter 2. Of specific importance is the inclusion amongst the generalized schemes of
the possible role of a stoichiometric number®. This development is presented before the
above mentioned literature critique in order to establish some common ground, so to
speak, which will facilitate discussion in Chapter 3 of the mechanistic particulars of the
Al deposition and dissolution reactions that have been previously reported but incomplete-
ly analyzed.

® This discussion is being prepared for inclusion as a chapter in an electrochemical review series [84].
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The experimental equipment and methods employed in the research will be
described in Chapter 4, although subsequent chapters may aiso include such subsections
where deemed appropriate. Chapter 5 presents the results of NMR experiments on the
hydride-bath for the nuclei ¥Al, *C and "Li, conducted in order to elucidate speciation in
the baths and characterize the chemical reactivity of the component aluminates °.

Results of the electrochemical experiments are presented in Chapter 6 which
include the cyclic-voltammetric behaviour, Tafel relation measurements, a.c. impedance
results, etc. for the Al deposition reaction from hydride-baths having varying ratios of
starting components . Theoretical aspects of the more obscure techniques and theories
involved in the discussed mechanisms are also presented. Chapter 7 describes and
discusses the relevance of 3, the electrochemical symmetry factor, (a parameter central to
electrochemical mechanistic analysis) to the Al electrodeposition mechanism.

Apart from fundamental electron-transfer and chemical reaction steps, deposition
reactions involve the incorporation of depositing atoms into a continuously growing lattice
resulting in a continuously changing reaction interface. Chapter 8 examines aspects of
the electrocrystallization or the initiation of an Al phase onto foreign substrates as well as
the macroscopic morphology of deposits from the hydride-bath while Chapter 9 summar-
izes and concludes the thesis.

¢ The results in that chapter have been submitted for consideration for publication [85].

4 The electrochemical results will be prepared and submitted for publication.
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Chapter 2 Development of Kinetic Equations

2.1. Foreword

The theory necessary for evaluation of the kinetics of an electrochemical reaction
which proceeds in several consecutive steps, one of which is rate-determining, is present-
ed here in order to demonstrate how potential vs current relations can be employed for
mechanism elucidation. The impetus for the material presented in this chapter originates
from work we have been conducting on the cathodic plating reaction of aluminum in non-
aqueous solvents. A particular bath for this is the well known "etheric hydride-bath” [25]
and a number of publications have appeared discussing the kinetics and mechanism of
aluminum deposition from this bath [38-41] when the ether is tetrahydrofuran (thf).
Aluminum is electroplated from the hydride-bath via a multistep reaction, but there has
been no concensus of derived conclusions on mechanism amongst the above mentioned
works although all of them are based on essentially the same experimental results (these
will be presented and discussed thoroughly in Chapter 3). This problem prompted a
closer examination and ultimately a re-derivation of the theory upon which the above
conclusions were made.

The aims of mechanistic studies of chemical reacti