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Chapter 1

General Introduction

1.1. Advantages of electrodeposition

Electrodeposition is a process to obtain an adherent deposit onto an electrode by reducing metal ion
dissolved in an electrolyte. Compared with other dry processes such as vapor deposition, sputtering
and chemical vapor deposition, electrodeposition is advantageous in that (1) high vacuum or high
temperature is not required, (2) substrates with a complex shape can be used, (3) deposition rate is
relatively high, and (4) patterning or microfabrication is possible by using an insulating mask. Owing
to these advantages, electrodeposition is a favorable process for obtaining metal films for a variety of
applications such as decorative or protective coatings, electric circuits, large surface battery electrodes,

and micro electro mechanical systems (MEMS) components.

1.2. Electrodeposition of metals from non-aqueous electrolytes

Although aqueous solutions were most conventional electrolytes for electrodeposition, in the middle
20™ century and later, electrodeposition from non-aqueous electrolyte gained research attention with
the aim of obtaining reactive metals that cannot be electrodeposited from aqueous systems. The
scientific research on non-aqueous electrolytes has also been motivated by the demand of rechargeable
batteries. Most simple non-aqueous system was molten salts composed of metal halides, and various
reactive metals such as Al, Mg, Ti, and W were obtained from molten salts[1]. One drawback of molten
salts is that they need to be maintained at high temperature and the substrate is limited to heat resistant
materials. In order to achieve a melting point that is as low as ambient temperature, room temperature
molten salt called as ionic liquid (IL) was developed [2]. The lower melting point of ILs is achieved
owing to their relatively large ions. In the 1980s, Wilkes developed 1-ethyl-3-methylimidazolium
chloride (EMIC)-AICI; system, which has low melting point below 0°C, negligible vapor pressure,
and wide electrochemical window [3-5]. In the past 20 years EMIC—AICI; has been the most popular
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IL in which electrochemical behavior of reactive materials such as Al, Li, Zn, and Fe is studied [2].

Molecular organic solvents such as esters, ethers [6], sulfones [7] in which metal halide are dissolved
are also known as alternative non-aqueous electrolytes. However, relatively high melting point or low
conductivity needs to be addressed in some systems.

Recently, a new class of non-aqueous electrolytes called as deep eutectic solvent (DES) has been
studied intensively, with the aim of developing low-cost non-aqueous electrolytes [8,9]. Being deep
eutectic means that a mixture of two substances has a significantly lower melting point than those of
its single constituent. In this sense DESs are not different from ILs but DESs can contain even
electrically neutral molecular substances whereas ILs are composed only of ions. DESs are usually
mixtures of quaternary ammonium salt and a metal halide or hydrogen bond donor [9]. The low cost
of constituting substances and easy synthesis make DESs suitable for large scale electrochemical
applications. In the following sections, electrodeposition from molten salt, IL and DES is described.

Al W and Fe are taken as subjects of scientific and industrial interest.



1.2.1. Aluminum

Al is an important material for industry owing to its high electrical and thermal conductivity,
corrosion and oxidation resistance, high reflectivity, and abundance in mineral resource. The possible
applications of Al electrodeposition are corrosion protective coating, electric circuit, and Li secondary
battery cathode.

Al is an electrochemically negative material with a redox potential of —1.7 V vs. SHE [10], and
therefore it is almost impossible to obtain Al by electrodeposition from aqueous solutions. History of
Al electrodeposition goes back to development of Al production process, which is known as Hall-
Héroult process using NaF-AIF;—ALLO3 molten salt. The temperature of this system is as high as
1000°C and thus Al is obtained as liquid on the cathode. Electrodeposition at such a high temperature
is not suitable for surface finishing or any other application described above. Molten salts with lower
melting temperature have been developed and one representative example is NaCl-AlCl; and NaCl—
KCI-AICI3 systems, which melt at around 120°C [11]. In these systems, however, the hazardous AICl3
fume is generated, and it is difficult to obtain a dense and smooth Al film probably because of the high
viscosity of the electrolyte [12]. Recently, ILs [13], DESs [14] and other organic solvents such as
sulfones [7,15] and ethers [6,16] have become popular as an electrolyte for Al electrodeposition owing
to lower melting point and lower vapor pressure. Examples of these electrolytes are shown in Fig. 1—
1.

Corrosion protective coating is one of the interesting applications of Al electrodeposition [13].
Researchers have paid significant efforts to obtain dense and smooth Al films by using additives
[17,18] or to improve the anticorrosion performance and mechanical durability of Al by eliminating
nonmetal impurities [19-21]. In order to improve the corrosion resistance and mechanical durability
of Al, alloying of Al with other transition metals seems to be effective. A series of studies on pitting
corrosion of sputtered Al alloys showed that alloying of Al with refractory metals such as Cr, Mo and
W improves the pitting corrosion resistance of Al significantly and that AI-W alloys with around 10

at.% W have the highest corrosion resistance [22—24]. Many researchers have studied electrodeposition



of binary or ternary Al alloys and a variety of Al alloys have been obtained successfully [13,25].
However, the low solubility of W in electrolytes has made it difficult to obtain AI-W alloys by

electrodeposition [26,27].



1.2.2. Tungsten

W has high melting point, high strength, and low thermal expansion ratio. Thus W is widely used as
a material for heat-resistant or ultra-hard materials. In recent years, W is also expected to find
applications in microfabrication of thin heat sinks and MEMS components [28-30]. However, the high
melting point and high hardness of W have made it difficult to process W into a thin film or
nanostructure by using conventional techniques. Therefore application of electrodeposition combined
with well-developed LIGA (Lithographie, Galvanoformung, Abformung) process is of interest [31].

W is not as electrochemically negative as Al [10], and alloys of W with other transition metals such
as Fe-W and Ni-W can be electrodeposited from aqueous electrolytes [32]. However,
electrodeposition of pure W from aqueous electrolytes has not been realized, and it is suggested that
using non-aqueous electrolytes is necessary. The first electrodeposition of pure W was achieved by
Senderoff et al. using a molten fluoride salt in the temperature range of 700-850°C [33]. Since this
achievement, researchers have attempted to lower the electrolyte temperature using a variety of molten
salt or ILs. Lowest deposition temperature of 250°C was achieved using ZnCl,—NaCl-KCl molten salt
[29]. However, this temperature is still harmful to insulating masks used in LIGA process and even

lower temperature is needed.



1.2.3. Iron

Fe could be the most essential materials for our civilization, owing to its abundance in mineral
resource, relatively low cost of production and recycling, and designability of its physicochemical and
magnetic properties by controlling alloying elements. Therefore, electrodeposition of Fe and Fe alloys
has been a significant topic.

Fe can be electrodeposited from aqueous electrolytes. However, hydrogen evolution on the cathode
can cause hydrogen embrittlement. At the same time, precipitation of Fe hydroxides is also noted due
to the local increase of pH at the cathode surface [34]. In addition, it is difficult to obtain Fe alloys
containing less noble elements such as Si, Nd and Al, even though these elements are known to
improve the magnetic property of Fe and bring about thermoelectric properties [35,36]. These
drawbacks and limitations of the conventional aqueous electrolytes have motivated researchers to
develop non-aqueous electrolytes for Fe electrodeposition.

Electrochemical behavior of iron in imidazolium and pyrrolidinium based ILs has been investigated
[35,37], and electrodeposition of elemental Fe, Fe—Al and Fe—Si alloys was demonstrated in some of
them[35,36]. However, these Fe films suffered from powdery morphology probably because the
viscosity of the electrolyte is high [35]. The cost of these ILs also needs to be addressed.

Recently, DESs have been becoming popular as an electrolyte for electrodeposition of Fe group
metals (Fe, Ni and Co) [9]. The motivation of using DESs seems to be eliminating H,O from the
electrolyte. However, many of the DESs used for Fe electrodeposition in literature contained OH
groups as in ethylene glycol or H2O molecule as in FeCl2*6H>O, and therefore hydrogen evolution can
occur in these systems [38,39]. Development of DESs that do not contain protonic species is of interest

as a low-cost non-aqueous electrolyte for Fe electrodeposition.



1.3. Objectives of this study

As described above, electrodeposition from low-temperature non-aqueous electrolytes is studied
intensively, but some metals and alloys cannot be obtained yet.

In the study described in chapter 2 of this thesis, to begin with, electrodeposition of corrosion
resistant AI-W alloy films with a high W content is investigated in EMIC—AICI;3 bath containing W(II)
chloride. The electrochemical behavior of W, film morphology, crystallinity, and corrosion properties
are investigated. The possibility of electrodeposition of elemental W is also discussed.

The mechanical properties of corrosion protective coatings are important, because mechanical
damages penetrating through the film can promote the corrosion of the substrate. In chapter 3, the
hardness and Young’s modulus of electrodeposited AI-W alloy films are evaluated by using
nanoindentation. The effects of W content and microstructure on the hardness and Young’s modulus
are discussed.

It is expected that the increase in W content of the AI-W alloy films should enhance their properties.
However, as described on chapters 2 and 3, the W content of the AI-W alloy films is not higher than
~12 at.% when EMIC—-AICI; baths with the AICI;/EMIC molar ratio of 2 are used. A decrease in the
AICI;/EMIC molar ratio is expected to suppress the electrodeposition rate of Al, and therefore, to
increase the W content of the resulting films. In chapter 4, electrodeposition in EMIC-AICI3—WsCli2
baths with an AIC1;/EMIC molar ratio of 1.5 was carried out to obtain A1-W alloy films with a higher
W content.

In chapter 5, a new process to provide the AlI-W alloy films with photocatalytic self-cleaning ability
is described. Tungsten(VI) oxide (WO3) is known to have a visible light-driven photocatalytic ability
[40—42]. This chapter describes a new process for providing the corrosion-resistant AI-W alloy films
with self-cleaning properties through the formation of a WO; surface layer. This process is comprised
of'a chemical dissolution step and heat treatment. Al is selectively removed by dissolution in an acidic

solution, and a W-enriched layer is formed at the surface of the AI-W alloy film. Subsequent heat



treatment in air converts the W-enriched surface layer to photocatalytic WO3. The self-cleaning ability
under visible light illumination of the resulting films is investigated.

In chapter 6, the formation of a DES by the mixture of FeCl; and acetamide is described. This
mixture can be expected as a low cost non-aqueous electrolyte for Fe electrodeposition. The
physicochemical properties of the mixtures such as melting point, viscosity, and electrical are
determined. These properties are discussed with the Fe speciation analyzed by spectroscopic

techniques. Electrodeposition of metallic Fe is also demonstrated.
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Figure 1-1. Examples of components that form (a) ionic liquid, (b) deep eutectic solvent, and (c)
organic solvent used for Al electrodeposition. These components are usually mixed with AICI3 to

prepare electrolytes.
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Chapter 2

Electrodeposition of AI-W alloy films using tungsten(II) chloride

2.1. Introduction

Aluminum and its alloys are highly resistant to corrosion and oxidation. Thus they have attracted
attention as corrosion-protective coatings for reactive materials such as Mg alloys and steels [1-3].
Among Al-based binary alloys, AI-W alloys containing approximately 10 at.% W are known to have
the highest resistance to chloride-induced pitting corrosion [4,5].

Since the maximum solubility of W in Al phases is only 0.022 at.% at 640 °C in the equilibrium state
[6], the formation of Al-W alloy films having high corrosion resistances requires non-equilibrium
processes, such as sputtering [4,5,7-11], ion implantation [12], laser alloying [13], and
electrodeposition [ 14—19]. Of these methods, electrodeposition is advantageous in that low pressure or
high temperature is not required, and a uniform film can be formed onto substrates with a complex
shape. Various Al based alloy films have been electrodeposited in molten salts such as NaCI-AICl3
containing alloying element precursors. Recently, electrodeposition using ionic liquids has become
more popular owing to their low melting point and low volatility. A representative ionic liquid used for
the electrodeposition of Al alloys is 1-ethyl-3-methylimidazolium chloride (EMIC)—-AICI; (where the
AICI;/EMIC molar ratio >1). Electrodeposition of Al alloys such as AI-Ni [20], A-Ti [21], AV [21],
Al-Zr [22], AI-Mo [23], A-Mn [24], and AI-Hf [25] has been reported and several review articles are
available in literature [3,26-31].

A previous study reported that electrodeposition in an EMIC—AICI; bath containing W(IV) chloride
(WCly) yielded AI-W alloys but the W content was lower than 1 at.% [14]. More recently
electrodeposition of AI-W alloy films in an EMIC-AICI; bath containing potassium W(III) chloride
(KsW2Clo) was reported [15,32]. Although the W content of the resulting AI-W alloys reached nearly

96 at.%, the deposits with high W content had a powdery morphology. When the current density was
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high (>20 mA c¢cm™), dense AI-W alloy films were obtained, but the W content decreased to <3 at.%.
This decrease in the W content at high current density was due the rate of W deposition being controlled
by the diffusion of W ions. The diffusion-controlled deposition of W was inevitable in this liquid
because the saturation concentration of K3W>Clo was as low as 8 mM at 80 °C.

To electrodeposit dense AI-W alloy films with a high W content, an effective approach could be to
use a W ion source that can dissolve in EMIC—-AICI; at high concentration. In our preliminary
experiments, it was found that the solubility of W(II) chloride (WsCli2) in EMIC—-AICI; is significantly
higher than that of KsW>Clo. In addition, the oxidation number of W is lower in WsCli2 (i.e., II) than
in KsW2Clo (i.e., III), and therefore it was expected that WsCli> would be reduced more readily to
metallic W. In this study, electrodeposition of AI-W alloys in EMIC-AICI3 containing WeCli2 was
examined. The W content, surface morphology, and crystal structure of the resulting deposits were
investigated. Furthermore, the pitting corrosion resistance of the resulting dense AI-W alloy films was

evaluated.

2.2. Methods
Preparation of the electrolytic bath

The electrolytic bath was prepared by adding anhydrous aluminum chloride (AICl3, 99%, Fluka) to
EMIC (97%, Tokyo Chemical Industry) at a molar ratio of 2:1. The EMIC was dried under vacuum at
120 °C prior to use. The W ion source, WsCli2, was synthesized by a method similar to those described
in previous reports [33,34]. Briefly, a mixture of tungsten(VI) chloride (WCls, 99.9%, Wako) and
bismuth powder (Bi, 99.9%, Wako) at a molar ratio of 3:4 was charged into a two-chamber glass tube
and flame-sealed under vacuum. The mixture placed in one chamber was heated in a furnace, first at
280 °C for 2 days and then at 355 °C for more than 5 days. During the heating at 355 °C, WCls was
reduced by Bi to produce WeCli2, and the byproduct, BiCl;, was sublimed into the other chamber,
which was exposed to a lower temperature. After heating, black powder collected from the product

chamber was washed with concentrated aqueous HCI at room temperature, and then dissolved in
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boiling concentrated aqueous HCIL. From the solution, yellow crystals of (H30)2[We¢Cli4]- 7H2O were
recrystallized. The crystals of (H30)2[ WsCli4]- 7H20 were heated at 325 °C for 1 h in vacuum, yielding
a bright yellow powder of W¢Cli2. EDX confirmed that the CI/W atomic ratio of the powder was 2.
XRD patterns of the powder agreed with that of poorly crystallized W¢Cli2 [35]. The synthesized

WsCli2 powder was added to the EMIC—AICI; bath until it was saturated.

Electrochemical experiments

Electrochemical experiments using the EMIC—AICI3—WsCli2 bath were carried out in an argon-filled
glove box (SDB-1A0, MIWA MFQG). A glass vessel with a volume of 25 mL was used as an electrolytic
cell. The bath temperature was kept at 80 °C by a heater and thermostat (TJA-550, AS ONE) connected
to a rubber heater wound around the cell and a thermocouple soaked in the bath. Cyclic voltammograms
were recorded using a Pt electrode and an Al plate as the working and counter electrodes, respectively.
An Al wire immersed in neat EMIC—AICI; (1:2) ionic liquid separated from the bath by a porous glass
frit (BAS) was used as the reference electrode. The potential scan was started from the open circuit
potential to the cathodic direction at a sweep rate of 10 mV s,

Potentiostatic electrodeposition was performed on a mirror polished Cu plate. A section of the Cu
plate was covered with PTFE tape so that a certain area (5 mm x 5 mm) would be exposed. An Al plate
and the Al wire electrode were used as the counter and reference electrodes, respectively. The Cu plate
and Al plate were placed vertically and in parallel with each other. The distance between the Cu and
Al plates was less than 10 mm. During the electrodeposition process, the bath was agitated at 150 rpm
using a magnetic stirrer (PC-420D, CORNING) and a magnetic flea (15 mm X 5 mm). The

electrochemical experiments described above were carried out using an electrochemical analyzer (660c,

ALS). After electrodeposition, the deposit was washed with distilled water and ethanol.

Characterization of the deposit

A scanning electron microscope (SEM, S-3500, Hitachi) combined with energy dispersive X-ray
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spectroscopy (EDX, INCAxact, Oxford Instruments) was used to observe the morphology and measure
the elemental composition of the deposit. X-ray diffraction (XRD) patterns were obtained using an X-
ray diffractometer (X pertPRO-MPD, PANalytical) with Cu-Ka radiation. Some of the deposits were
analyzed with X-ray photoelectron spectrometry (XPS; JPS-9010TRX, Nihon Denshi). The partial
current density for the deposition of W was calculated from the amount of deposited W, as determined
by inductively coupled plasma-atomic emission spectroscopy (ICP-AES; Optima 5300 DV,
PerkinElmer). The sample solution for the ICP-AES was prepared by dissolving the deposit in 5 mM
aqueous NaOH solution. To promote the dissolution of W, a small amount of H>O> solution was added
to the solution. After the deposit was completely dissolved, residual H>O> was vaporized by heating
the solution to 70 °C. The pitting corrosion resistance of an Al plate (99.5%, Nilaco) and the AI-W
alloy films was evaluated from potentiodynamic polarization curves in 3.5 wt.% aqueous NaCl solution,
which was deaerated with bubbling argon gas prior to each experiment. A Pt plate and an Ag/AgCl/sat.
KCl electrode were used as the counter and reference electrodes, respectively. The potential scan was
started from —0.8 V in the anodic direction at a sweep rate of 0.5 mV s~ !. The potential scan was

performed using an electrochemical analyzer (HZ-5000, Hokuto Denko).

2.3. Results and discussion
Solubility of WsCl;> in EMIC-AICI3

WsCli2 was added to the Lewis acidic EMIC—-AICI; (1:2) until it was saturated. The saturation
concentration of W¢Cli2 was 49 mM at 80 °C. WsCli2 and MosCli2 have the same atomic arrangement
in their crystal structures, which both comprise a [McCls]** core, where M = W or Mo [36,37]. MosCli»
is believed to dissolve in Lewis acidic EMIC—AICI; while maintaining the form of the [MosCls]*" core
in solution [38]. WsCli2 should also dissolve in EMIC—AICI; in the same manner as MosCli2 by the

following reaction:

xALCl;7 + WeCliz = 2xAICL + [\,7\76(:18](:14—XXJr [1]
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Cyclic voltammetry

Figure 2—1 shows cyclic voltammograms recorded at a Pt electrode in the EMIC—AICI3 bath before
and after the addition of 49 mM W5Cli2. Before adding WsCli» (Fig. 2—1a), the cathodic current rises
steeply at —0.1 V during the cathodic scan. After the scan is reversed at —0.2 V, an anodic current with
apeak at +0.1 V is observed. These cathodic and anodic currents are due to the deposition and stripping,
respectively, of Al. After the addition of 49 mM WeCli2 (Fig. 2—1b), a small cathodic current is observed
in the potential range from +0.4 V to —0.15 V, and the cathodic current rises steeply at —0.15 V. After
the scan is reversed, a small anodic current is observed with a peak at +0.4 V. The small cathodic
current in the potential range from +0.4 V to —0.15 V is not observed before the addition of W¢Cli».
Therefore, there is a possibility that this cathodic current is caused by the reduction of W ions. The
shift in the anodic current peak to a more positive potential upon the addition of W¢Cli» indicates that
an AlI-W alloy phase is formed during the cathodic scan. By alloying with W, which is more noble than

Al Al becomes more difficult to dissolve during the anodic scan.

Potentiostatic electrodeposition and characterization of the deposits

Potentiostatic electrodeposition was carried out at every 0.1 V in the potential range from —0.5 to
+0.4 V vs. AVAI(III). The amount of charge was set at 8.0 C cm 2, which corresponds to the value
required to electrodeposit a 2.8-pum thick pure Al film or a 3.9-um thick pure W film, assuming 100%
current efficiency.

The steady-state cathodic current density is as low as 0.3 mA cm 2 at potentials more positive than
0 V. In contrast, at potentials more negative than 0 V, the current density increases with decreasing
potential, and reaches 38 mA cm 2 at —0.5 V.

Every electrodeposition in the potential range from —0.5 V to +0.4 V yields deposits on the Cu
cathode substrates. The appearance of the deposit varies significantly at a potential of 0 V. In the

potential range from 0 to +0.4 V, the deposits are black, and exhibit poor adhesion to the substrates. In
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the potential range from —0.5 to —0.1 V, the deposits are gray, and exhibit good adherence. The typical
EDX spectra of the deposits obtained at potentials: >0 V and <0V, are shown in Fig. 2-2. EDX shows
that all these deposits contain Al and W. The presence of other elements such as Cu and O is also
observed, owing to substrate and surface oxidation, respectively. The larger signals of Cu and O from
the deposits obtained at potentials >0 V are probably derived from the presence of many cracks in the
deposits, as discussed in detail later. The W content calculated by considering the presence of Al and
W is plotted against the deposition potential, as shown in Fig. 2—-3. The W content of the deposit also
changes drastically across 0 V. In the potential range from 0 to +0.4 V, the W content is high (64-92
at.%) with a large scattering. In the potential range from —0.5 to —0.1 V, the W content is low (6.6—12
at.%), and has a small potential dependency.

Figure 24 shows the surface SEM images of the deposits. The deposit containing 64 at.% W
obtained at +0.1 V (Fig. 2—4a) exhibits many cracks. The enlarged image reveals that some parts of
the deposit are exfoliated from the substrate. This cracking and exfoliation are typical for deposits with
high W contents electrodeposited at potentials more positive than 0 V. The deposit containing 6.6 at.%
W obtained at —0.1 V (Fig. 2—4b) is composed of grains with leaf-like morphology. The deposits
containing 9.1-11.8 at.% W electrodeposited at —0.2—0.5 V (Figs. 2—4c—f) are composed of rounded
and needle-like nodules with diameters less than 3 um and no crystallographic facets. As shown by the
arrow in the insets of Fig. 2—4d and 2—4e, some of the rounded nodules appear to have grown into
those with needle-like shapes. The deposits at —0.2—0.5 V (Figs. 2—4c—f) form dense films with no
cracks.

The XRD patterns of the deposits are shown in Fig. 2—5. The deposit obtained at +0.3 V presents no
clear diffractions, except for those from the Cu substrate. All the deposits containing > 64 at.% W
obtained at potentials more positive than 0 V present no clear diffractions. This suggests that these
deposits are amorphous, or not thick enough to cause detectable diffractions. In contrast, clear signals
are detected from the deposits with up to 12 at.% W obtained at potentials more negative than 0 V. The

deposit with 6.6 at.% W obtained at —0.1 V show a characteristic diffraction pattern for fcc Al. The
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deposits with 9.1-11.4 at.% W obtained at —0.2, —0.4, and —0.5 V also show the pattern for fcc Al, but
the peak intensities are significantly smaller. In addition, a broad halo appears at around 26 = 42°. The
deposit with 11.8 at.% W obtained at —0.3 V shows only a broad halo.

An enlarged view of the Al(111) diffraction peaks is shown in the right-hand graph in Fig. 2-5. The
Al(111) peak positions of the deposits with 6.6—11.4 at.% W shift to higher angles compared to that of
the electrodeposited Al metal. These peak shifts indicate the formation of a solid solution of fcc Al
containing W atoms, which have a smaller radius than the Al atoms. According to AI-W binary phase
diagrams, the maximum solubility of W in fcc Al is 0.022 at.% at 640°C [6]. Therefore, a super-
saturated Al-W solid solution constitutes the deposits with 6.6—11.4 at.% W. The deposit with 6.6 at.%
W, which shows clear fcc Al diffractions, is mainly composed of a solid solution. In contrast, the
deposits with 9.1-11.4 at.% W show weaker diffractions for fcc Al and a broad halo around 26 = 42°,
indicating that these deposits contain a small amount of the solid solution phase, and a large amount
of an amorphous phase. The deposit with 11.8 at.% W shows only a halo around 26 = 42°, indicating
that this deposit is composed of an amorphous phase only. The presence of amorphous phase in the
deposits with 9—12 at.% W agrees with the fact that the deposits are composed of nodules with no
crystallographic facets (Figs. 2—4c—f). The formation of the super-saturated solid solution and the
amorphous phase was also observed in the electrodeposition of AI-W alloy in the bath containing
K5W:Cly, although the amorphous phase appeared at a lower W content (5 at.%) [32].

The XRD analysis was not able to reveal the phase of the deposits with a high W content obtained
at potentials more positive than 0 V, because the diffraction signals were too small. In these cases, the
deposits were examined with XPS. Fig. 2—-6 shows the W 4 f and Al 2s spectra of the deposit obtained
at +0.3 V (92 at.% W) before and after Ar" etching. The peak seen at 122.5 €V in Fig. 2-6b is the Cu
3s peak derived from the substrate [39]. Before Ar® etching, the W 4f spectra (Fig. 2—6a) shows peaks
ascribable to W>Os and WOs. The Al 2s spectra (Fig. 2-6b) show peaks for ALOs. After Ar" etching
for 30 s, the peak intensity for the W oxides in the W 4f spectra decreases, and peaks ascribed to W

metal appear. In the Al 2s spectra, the ALO; peak is present as well as before etching. After etching for
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870 s, the peaks for the W metal become more intense relative to those of the W oxides, while the Al
signal disappears.

The peak shifts in the W 4f spectra upon etching may imply that W in the metallic state is
electrodeposited but the surface of the deposit is oxidized in air after electrodeposition. However, the
electrodeposition of W metal cannot be concluded, because long-time Ar" etching during XPS
measurement can reduce W oxides to a lower oxidation state, and eventually to W metal [40]. Although
the oxidation state of W is ambiguous, Al clearly exists only in the oxide state, because Al 2s spectra
do not show any peak shift after etching. The Al 2s signal disappears after the 870-s etching, while the
W 4f signal is still clearly observed. This means that Al exists only near the deposited surface.
Therefore, the A1bO3 detected by XPS is probably derived from residues of the bath components on
the deposited surface. The large scattering of the W content determined by EDX (Fig. 2-3) is
attributable to variations in the amount of residue from the bath components.

The examination of the deposits described above shows that AI-W alloy films containing up to 12
at.% W are electrodeposited at potentials <0 V, while deposits with a high content of W, whose

oxidation state is unclear, are obtained at potentials >0 V.

Partial current density and current efficiency

The amount of W in deposits obtained at each potential was measured with ICP-AES to calculate
the partial current density for W deposition (Jy,,). The partial current density for Al deposition (J4;) was
also calculated from J,, and the W content of the deposits. The steady-state total current density
(Jtotar)» Jw» and J4; are plotted against the deposition potential in Fig. 2—7. At potentials more positive
than 0 V, Ji,, is calculated to be as low as 5.0 x 10> mA cm 2, assuming that all the W atoms in the
deposits are in the metallic state. As revealed by XPS, Al is not electrodeposited at potentials >0 V, and
therefore J,; is negligible. From the comparison of J,, with J;,rq:1, the current efficiency for W
deposition at potentials >0 V is estimated to be less than 2%. The current loss is most probably due to

the reduction of protonic impurities in the electrolytic bath. The presence of protonic impurities was
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confirmed by a cathodic wave at around +1.0 V in cyclic voltammetry using a Pt electrode [41]. The
deposition rate at potentials >0 V is so low that the impurity reduction current accounts for a large part
of Jiotar, leading to the low current efficiency. Since the deposit is fragile as evidenced by the SEM
image (Fig. 2—4a), exfoliation of the deposits from the electrode during electrodeposition could also be
responsible for the low current efficiency. In contrast, at potentials <0 V, [, as well as J,; increase
at more negative potentials and J;, reaches 1.2 mA cm™ at —0.3 V. From the comparison of [y, + J4
with Jiora1, the current efficiency for AI-W alloy deposition is estimated to be approximately 90%.
The deposition rate is low at potentials >0 V, whereas the rate increases drastically when W is co-
deposited with Al at potentials <O V. This means that at potentials more negative than 0 V, the
deposition of W is induced by the deposition of Al. This induced-electrodeposition behavior for W was
not observed in the previous study on AI-W electrodeposition using K3W>Clo as the W ion source. The
difference in the deposition behaviors for W arises mainly from the solubility of the W ion source in
the ionic liquid. Because the solubility of K3sW»Cly is low, the deposition rate of W is limited by the
diffusion of W ions in the bath. In contrast, WsCli2 dissolves in the ionic liquid at a higher concentration,
and therefore the deposition rate of W is increased by Al deposition without being limited by diffusion

of the W ions.

Pitting corrosion resistance of AI-W alloy films

As mentioned above, potentiostatic electrodeposition at <0 V yields dense and adherent AI-W alloy
films containing up to 12 at.% W. The corrosion resistance of the AI-W alloy films was examined by
measuring the pitting potential in 3.5 wt.% aqueous NaCl solution through potentiodynamic
polarization. Figure 2—8 shows polarization curves for an AI-W alloy film (10.5 at.% W) and an Al
plate. In the polarization curve for the pure Al plate, the anodic current density presents a steep rise at
—0.48 V, which is close to the rest potential (—0.53 V vs. SHE). Conversely, in the polarization curve
for the AI-W alloy film, the anodic current density presents a steep rise at +0.14 V, which is more

positive than the rest potential (—0.34 V). The steep rise in the anodic current density is attributed to
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the pitting corrosion on the surface. The AI-W alloy film exhibits a pitting potential that is +0.62 V
more positive than that for the pure Al plate.

In a previous report, an Al-2.3 at.% W alloy film electrodeposited from an EMIC-AIC1:—K3W>Cly
bath displayed a pitting potential that was +0.3 V more positive than that for pure Al [32]. As reported
in a series of studies on sputtered AI-W alloys, AI-W alloys exhibit higher pitting potentials with
increasing W content [4,5,7,9-11]. However, the AI-W alloys electrodeposited from the K3W>Cly bath
had powdery morphologies and were easily exfoliated from the substrate when the W content was > 5
at.%, making it difficult to carry out polarization experiments. In contrast, the Al-W alloys
electrodeposited from the W¢Cli2 bath in the present study are dense and adherent, even when the W
content is > 10 at.%. As a result, the alloy film obtained from the W¢Cli2 bath shows a higher pitting

potential than those from the K3sW>Cly bath.

2.4. Conclusion

WsCliz dissolves in an EMIC-2AICI; ionic liquid at concentrations as high as 49 mM at 80 °C.
Potentiostatic electrodeposition at various potentials in the bath containing 49 mM WsCli» revealed
that AI-W alloy films containing up to 12 at.% W were electrodeposited at potentials more negative
than 0 V vs. AI/AI(III). The deposition current density at > 0 V was lower than 0.3 mA cm™, while that
for AI-W alloy films was higher and reached 38 mA cm™ at —0.5 V. The deposition of W was induced
by the deposition of Al at potentials more negative than 0 V. The AI-W alloy films were composed of
a super-saturated solid solution at lower W content, and they comprised an amorphous phase in the W
content range of 9-12 at.%. The AI-W alloy films comprising an amorphous phase exhibited a high

pitting corrosion resistance.
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Figure 2—1. Cyclic voltammograms recorded at a Pt electrode in an EMIC—-AICI; (1:2) bath at 80 °C

(a) before and (b) after adding 49 mM WCl2. The scan rate was 10 mV s
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Figure 2-2. Typical EDX spectra of the deposits obtained from an EMIC—AICI; bath containing 49

mM WiCli2. The applied potentials are: (a) +0.3 V and (b) —0.5 V.
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Figure 2-3. W content of the deposits obtained at various applied potentials in an EMIC—AICI; bath

containing 49 mM WsCl».
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Figure 2—4. Surface SEM images of the deposits obtained in an EMIC-AICI; bath containing 49 mM
WisCli2. The applied potentials and the W contents of the deposits are; (a) +0.1 'V, 64 at.%, (b) —0.1V,

6.6 at.%, (c) —0.2 V, 11.2 at.%, (d) —0.3 V, 11.8 at.%, (e) —0.4 V, 11.4 at.%, (f) 0.5 V, 9.1 at.%.
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Figure 2-5. (Left) XRD patterns of the deposits obtained in an EMIC—AICI; bath containing 49 mM
WisCli2. The applied potentials and the W contents of the deposits are; (a) +0.3 'V, 92 at.%, (b) —0.1V,
6.6 at.%, (c) —0.2 V, 11.2 at.%, (d) 0.3 V, 11.8 at.%, (e) —0.4 V, 11.4 at.%, (f) —0.5 V, 9.1 at.%. The
arrows indicate the diffraction peaks from the Cu substrate. The peak positions for fcc Al (ICDD: 00-
004-0787) are shown at the top of the figure. (Right) An enlarged view of the Al(111) diffraction peaks

of the deposits and (g) an electrodeposited Al film.
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plate (dashed line) in 3.5 wt.% aqueous NaCl solution. The scan rate was 0.5 mV s~'. The pitting

potential for each curve is indicated by the arrow.
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Chapter 3

Evaluations of hardness and Young’s modulus of electrodeposited AI-W

alloy films using nanoindentation

3.1. Introduction

In the previous chapter, dense Al-W alloy films with a W content of up to 12 at% were
electrodeposited from an EMIC—AICI; ionic liquid containing W¢Cli2 [1]. These AI-W alloy films
showed a high resistance to chloride-induced pitting corrosion. When Al-W alloy films are employed
as corrosion-protective coatings, the mechanical strength of the films is also an important factor to
consider. In particular, if the film is applied onto a reactive material such as Mg alloys and steels,
mechanical damage penetrating through the film can accelerate the corrosion of the base material due
to the formation of a galvanic couple [2]. To avoid such corrosion, the film needs to have a high
mechanical strength. However, the data on the mechanical properties of AI-W alloy films are limited.

A few reports on the Vickers hardness of sputtered AI-W alloy films are available in the literature
[3,4]. According to the reports [3,4], the hardness increases from 1.7 GPa for an Al-0.6 at% W alloy
to 20 GPa for an Al-50 at% W alloy. No data for electrodeposited films has been published. The
mechanical properties of the alloy films should depend on their composition, constituting phase, grain
size, and process conditions. In this study, films with different W contents and different phases were
prepared by electrodeposition using EMIC—AICI; ionic liquids at several W¢Cli2 concentrations. The
hardness and Young’s modulus of the resulting films were measured by nano-indentation. The effects

of W content, phase, and grain size on the hardness and Young’s modulus are discussed.
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3.2. Methods

The preparation of EMIC-AICI:—WsCli2 bath and experimental setup of electrochemical
measurement were described in chapter 2. Galvanostatic electrodeposition was performed on a
polished Ni plate. The purpose of using Ni plates instead of Cu plates as in chapter 2 is to avoid the
deformation of the substrate during the nano-indentation tests. A section of the Ni plate was covered
with polytetrafluoroethylene tape so to expose a defined area (5 mm x 5 mm). An Al plate was used as
the counter electrode.

Film characterization using SEM, EDX and XRD was described in chapter 2. The hardness and
Young’s modulus of the AI-W alloy films were determined by nano-indentation tests using a nano-
indenter (G200, Agilent Technologies) with a diamond Berkovich tip. The surfaces of the
electrodeposited 10-um thick pure Al and Al-W alloy films were mirror polished prior to the
indentation tests to minimize the errors caused by surface roughness. Indentation data were collected
with the continuous stiffness measurement technique [5—8] with a vibration frequency of 45 Hz. In
each indentation, the hardness and Young’s modulus values were obtained at a depth of 200 nm, where
the influence of the Ni substrate was not influential. The indentation size effect [9] and the influence
of the residual stress caused by polishing were also negligible at this depth. Each value reported for the
hardness and Young’ s modulus are averages of the values taken at 12 indentation points, which were
separated by more than 50 um in all directions. In the evaluation of the Young’s modulus, the Poisson’s
ratio of the AI-W alloy films was assumed to be 0.3, which is a typical value for metallic materials
[10]. The error of the Young’s modulus caused by varying Poisson’s ratio between 0.2 and 0.4 was
within 10% [11]. The Young’s modulus of the Al film was calculated using the Poisson’s ratio reported

for Al (0.34) [12,13].

3.3. Results and discussion
3.1. Electrodeposition and composition of the deposits

To obtain Al and AI-W alloy films with different W content, galvanostatic electrodeposition was
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carried out at 20 mA cm 2 in EMIC—AICI; baths containing 0-49 mM W¢Cli2. The amount of charge
was set at 30 C cm 2, which corresponds to the value required to electrodeposit a 10.4-um-thick pure
Al film or a 14.8-um-thick pure W film. Every electrodeposition cycle in the 0-49 mM WCl;2 baths
yielded a whitish-gray film on the Ni substrate. Fig. 3—1 shows the typical EDX spectra of the deposits,
showing that the deposit was composed only from Al and W. No other element was detected, except
for a slight amount of O owing to surface oxidation. The W content of the deposits determined by EDX
is plotted against the W¢Cli> concentration in Fig. 3-2, where only the Al and W presence was
considered. The W content increases with increasing W¢Cli2 concentration, reaching 12.4 at% when
the W¢Cli2 concentration is 24 mM. When the W¢Cli2 concentration is higher than 24 mM, the W
content is almost constant between 12 and 13 at%. The behavior of the W content with respect to the
WsCli2 concentration is like the Langmuir type adsorption isotherm, suggesting that the
electrodeposition of W¢Cli2 to W(0) occurs via adsorption of W(II) ions on the cathode surface. It can
be inferred that the reduction process of the adsorbed W(II) ions to W(0) is slow, and therefore, the
number of the W(II) ions adsorbed on the cathode surface is nearly in equilibrium with the W¢Cli
concentration during the electrodeposition. Saturation of W content of the electrodeposited alloy would
be due to the saturated adsorption site of W(II) ions on the cathode surface at the bulk WeCli»

concentration of > 24 mM.

3.2. Morphology

Surface and cross-sectional SEM images of the Al film and the AlI-W alloy films are shown in Fig.
3-3. The 0-9.8 at% W films obtained from the 0-20 mM WsCli2 baths are composed of angular grains.
The grain size of the 0-7.2 at% W films increases with the increase of the W content from ~3 um for
the 0 at% W film to ~10 pm for the 7.2 at% W film, although smaller grains (< 3 pm) are also present
in the 7.2 at% W film. The 9.8 at% W film is composed of grains smaller than those observed in the
7.2 at% film. The films with 12—13 at% W obtained from the baths containing more than 24 mM

WeCli2 (Figs. 3-3f and g) are composed of rounded nodules with diameters less than 10 um. Grains
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with crystallographic facets are not observed in these films. The cross-sectional image of the 12.4 at%
W film obtained from the 49 mM WsCli2 bath shows that the film is dense and has good adhesion to
the substrate. The average thickness is ~11 um, which agrees with the value estimated from the electric

charge.

3.3. Phase identification

The XRD patterns of the Al and AI-W alloy films are shown in Fig. 3—4. The films with 0-7.2 at%
W show characteristic diffraction patterns for fcc Al. The 9.8 and 12.4 at% W films from the 20 and
24 mM WqCli2 baths show weak fcc Al peaks and a halo around 20 = 42°. The 12-13 at% W films
from the baths containing more than 32 mM WsCli2 show only the halo around 20 = 42°.

An enlarged view of the Al(111) diffraction peaks is shown in the right-hand graph in Fig. 3—4. The
Al(111) peak position shifts to a higher angle with the increase of the W content. These peak shifts
indicate the formation of a substitutional solid solution of fcc Al containing W atoms, which have a
smaller radius than the Al atoms. According to the AI-W binary phase diagram, the maximum solubility
of W in fcc Al phase is 0.022 at% at 640°C [14]. Therefore, the 2.0-12.4 at% W films from the 2-24
mM WsCli2 baths comprise a super-saturated solid solution of fcc Al phase. The 2.0-7.2 at% W films
show only the distinctive diffraction pattern for fcc Al, indicating that these films are mainly composed
of'the fcc solid solution. The 9.8 and 12.4 at% W films from the 20 and 24 mM WsCl,> baths show the
diffraction pattern for fcc Al and a halo around 26 = 42°, indicating that the fcc Al solid-solution phase
coexists with an amorphous phase. The halo is more evident in the 12.4 at% W film than in the 9.8 at%
W film, and therefore the volume fraction of the amorphous phase is higher in the 12.4 at% W film
than in the 9.8 at% W film. The 12—13 at% W films from the baths containing more than 32 mM WsCl2,
showing only the broad halo, should be composed of a single amorphous phase.

The lattice parameters of the fcc Al phase in the 0—12.4 at% W films were calculated from the peak
positions of Al(111) based on Bragg’s law. In this calculation, the Ni(111) peak position of the Ni

substrate was employed as the internal standard. The aluminum lattice parameter (a,;) is plotted
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against W content in Fig. 3-5. The value of a,; decreases linearly with increasing W content at 0—7.2
at% W. When the W contents are 9.8 and 12.4 at% W, however, the value of a,; is greater than that
expected from the linear relationship seen for 0—7.2 at% W (solid line in Fig. 3—5). This indicates that
some of the W atoms in the 9.8 and 12.4 at% W films are not involved in the fcc Al phase and form
the amorphous Al-W alloy phase.

As shown in Figs. 3—4fand g, even though the W contents are almost the same at around 12-13 at%,
the film from the 24 mM W5Cli» bath is composed of fcc and amorphous phases, whereas those from
the higher WsCli> concentration baths are composed of a single amorphous phase. This fact indicates
that, besides the W content, the W¢Cli> concentration affects the formation of the amorphous phase.
Similar observations were reported for several alloys electrodeposited from aqueous solutions [15,16].
According to the explanations given in these reports [15,16], ions adsorbed on the electrode surface
prevent the surface diffusion of adatoms and their incorporation into the crystal lattice. Therefore, an
amorphous phase tends to be formed in a bath with a higher ion concentration. The formation of the
single amorphous phase in higher WsCli> concentration baths can be explained by the same mechanism.

The formation of a super-saturated solid solution and the transition to the amorphous phase at a
higher W content were also observed in previous studies [1,17,18]. The same trend was also been

reported for electrodeposited AI-Mn alloy films [19].

3.4. Hardness and Young’s modulus

The hardness (H) and Young’s modulus (E) of the electrodeposited Al and AI-W alloy films were
determined by nano-indentation. In Fig. 3—6a, the H values of these films are plotted with solid
symbols against the W content. The H value increases with increasing W content up to 9.8 at% but
decreases with a further increase in the W content to 12.4 at%. This trend is described in more detail
in relation to the phase. In films comprising the fcc single phase (0-7.2 at% W), the H value
monotonically increases with increasing W content. Further increases in the / value are observed by

the transition from the fcc single phase to the fcc and amorphous phases. However, an increase in the
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W content in the two-phase region (9.8—12.4 at% W) decreases the H value. The H value of the single
amorphous film is almost the same within the error as that of the two-phase film with the same W
content (12.4 at%).

As shown in Fig. 3—6a, a comparison with the data reported for electrodeposited Al-Mn alloy films
reveals that the H values at the same solute (W or Mn) content and the behavior of the H values
depending on the phase are almost the same in the AI-W and Al-Mn alloy films. This fact suggests
that the strengthening mechanisms are basically the same in both cases. In the 0-7.2 at% W crystalline
films, the increase in H value can be attributed to the effects of solution strengthening. Although grain
refinement (the Hall-Petch effect) also accounts for the increase in H values in the electrodeposited
Al-Mn films, it is ruled out in the present case because a decrease in the grain size with increasing W
content is not observed in 0—7.2 at% W films by SEM (Figs. 3—3a—d) and XRD; the full width at half
maximum (FWHM) of the Al(111) XRD peak for these films is almost constant regardless of the W
content (the right-hand graph in Fig. 3—4). According to the report on electrodeposited Al-Mn alloy
films [19], the strengthening of the two-phase films is attributed to their microstructure, where fine
crystal grains are dispersed in an amorphous matrix, and explained in the manner well known for
amorphous metals containing nanocrystals [20,21]. It is suggested that the decrease in the H value with
increasing Mn content in this two-phase region is caused by a decreasing volume fraction of the
reinforcing crystalline phase. The same explanation can be applied to the high H values of the 9.8 and
12.4 at% W two-phase films. The grain refinement of these films is confirmed by the SEM images
(Figs. 3—3e and f) and the fact that the FWHM of the XRD peak is larger for the two-phase films than
for the 0-7.2 at% W films (the right-hand graph in Fig. 3—4). The decrease in / value with increasing
W content from 9.8 to 12.4 at% W is reasonable in terms of the decreasing volume fraction of the
crystalline phase, as evidenced by XRD.

The H values for the electrodeposited AI-W films are lower by ~2 GPa than the values reported for
sputtered AI-W alloy films with similar W contents [4]. The lower values are probably because the

grain size of the fcc phase is larger in the electrodeposited films.
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Figure 3—6b shows the E values of the films. The £ value of the Al film (78+4 GPa) was slightly
higher than the value reported in literature of 70 GPa [12,13], which was determined by the pulsed
ultrasonic method, but close to the value (75-80 GPa) determined by nano-indentation by other
research groups [22,23]. Radvic et al. demonstrated that the £ value of an Al alloy determined by nano-
indentation is slightly higher than that determined by other techniques such as resonant ultrasound
microscopy, impulse excitation, and four-point bending [24]. The higher value by nano-indentation is
ascribed to material pile-up around the indenter tip during the indentation test [25].

As is shown in Fig. 3—6b, the trend of the change in the E value with W content is similar to that in
the H value, but the decrease in the £ value from 9.8 to 12.4 at% W is larger than that in the H value.

The increase in E value with increasing W content in the 0-7.2 at% W films is attributed to stiffer
interatomic bonding caused by solute W atoms. In general, the stiffness of interatomic bonding
increases with decreasing interatomic distance [10,26,27]. In the 0-7.2 at% W films, solute W atoms
decrease the interatomic distance, as evidenced by the decrease in the value of ay; (Fig. 3-5). The
drastic decrease in £ values at 12.4 at% W is attributed to the amorphous phase. The interatomic
distance in amorphous alloys is slightly larger than in their crystalline counterparts, and therefore, in
elastic deformation of amorphous alloys, each atom experiences larger displacements that cannot be

prescribed by the macroscopic strain, leading to lower E values [28,29].

In general, hard materials exhibit a high resistance to mechanical damages. Furthermore, Leyland
et al. suggested that materials with a high ratio of hardness to Young’s modulus (H/E) exhibit a high
wear resistance [30,31]. The H/E ratios of the electrodeposited 0—12.4 at% W films are shown in Fig.
3—6¢. The H/E ratio increases with increasing W content, and the 9.8-12.4 at% W films show a
relatively high H/E ratio 0of 0.03—0.05. These alloy films, which have relatively high H values and H/E

ratios, can be expected to have a higher resistance to mechanical damage than Al films.
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3.4. Conclusion

The electrodeposited AI-W alloy films were composed of a super-saturated fcc Al solid solution
phase when the W content was lower than ~9 at%, and an amorphous phase was formed with higher
W contents. The hardness (H) and Young’s modulus (£) of the electrodeposited AI-W alloy films with
0-12.4 at% W were measured by nano-indentation. The H value increased with increasing W content
up to 9.8 at% but then decreased slightly with a further increase in the W content to 12.4 at%. A similar
trend is observed for the change in the £ value. These changes in H and E values can be explained by
the structural behavior. The 9.8-12.4 at% W films exhibited relatively high H values and H/E ratios,

and therefore these films are expected to have a higher resistance to mechanical damage than Al films.
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Fig. 3-3 (a—g) Surface and (h) cross-sectional SEM images of Al and AI-W alloy films obtained from
EMIC-AICI; baths containing 0-49 mM WsCli2. The WeCli2 concentration and the W content of the
films are (a) 0 mM, 0 at%, (b) 4 mM, 2.0 at%, (c) 8 mM, 5.0 at%, (d) 16 mM, 7.2 at%, (e) 20 mM, 9.8

at%, (f) 24 mM, 12.4 at%, and (g, h) 49 mM, 12.4 at%
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Chapter 4

Electrodeposition of Al-W alloy films from electrolytes with different

compositions

4.1. Introduction

In chapter 2 and 3, dense AI-W alloy films with up to ~12 at.% W were successfully electrodeposited
from EMICAICI3 bath containing W(II) chloride (WsCli2). The resulting films were confirmed to
exhibit a good corrosion resistance. In addition, these films were proven to have a higher hardness and
a higher ratio of hardness to Young’s modulus than Al metal, suggesting that these films could have a
higher mechanical strength.

Based on these results, it was expected that AI-W alloy films with an even higher W content (>12
at.% W) would have an even higher mechanical strength. However, AI-W alloy films with the W
content higher than ~12 at.% were not obtained using EMIC—-AIC]I; (1:2) bath. As discussed in chapter
3, the W content of the alloy films electrodeposited at a constant current density increased linearly up
to ~12 at.% with increasing WsCl 2 concentration of the bath in a low W¢Cli2 concentration range, but
the W content of the films saturated at ~12 at.% at a higher W¢Cli2 concentration. Potentiostatic
electrodeposition at various potentials in an EMIC—AICIs bath saturated with WeCli» also failed to
produce alloy films with >~12 at.% W as discussed in chapter 2.

One of the parameters that have not yet been explored in this system is the AICl3/EMIC molar ratio
ofthe bath. A decrease in the AICI;/EMIC molar ratio below the previously tested value of 2 is expected
to suppress the electrodeposition rate of Al, and therefore, increase the W content of the resulting films.
In the present study, electrodeposition in EMIC—-AICl3-WsCli2 baths with an AICl;/EMIC molar ratio
of 1.5 was carried out to obtain AI-W alloy films with a higher W content. The surface morphology,

crystal structure, hardness, and Young’s modulus of the electrodeposited films were investigated.
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4.2. Methods
Preparation of the electrolytic bath, setups of the -electrochemical experiments, film
characterizations using SEM, EDX, XRD and nano-indentation were carried out in the same way as

those described in chapter 2 and 3.

4.3. Results and Discussions
Electrolytic bath composition

Previous studies have shown that a maximum of ~12 at.% W could be obtained in AI-W alloy films
were electrodeposited in EMIC—AICL—W4gCli2 baths where the AICI;/EMIC molar ratio was 2. In the
present study, electrodeposition was carried out using ionic liquids with a lower AICI;/EMIC molar
ratio (1.5), with the aim of obtaining alloy films with a higher W content. The compositions of the
electrolytic baths employed are shown in Table 1. In the EMIC-2AICI; bath, which had been employed
in the previous studies, WsCli> concentration reached saturation at 49 mM. The composition of this
bath (bath A) is expressed as EMIC-2AICI3—0.015WsCli2 in molar ratio. Bath B (EMIC-1.5AICI—
0.015W¢Cli2 in molar ratio) has the lower AICI/EMIC ratio of 1.5, while the W¢Cli2/EMIC ratio is
fixed at 0.015, as in bath A. The volume molar concentration of WsCl;2 in bath B is 56 mM, which is
a little higher than, but almost the same as, that in bath A. We found that W¢Cli> was more soluble in
EMIC-1.5AICl; than in EMIC-2AICI;, with a WeCly2 saturation concentration in EMIC—1.5AICI; of
105 mM. The composition of this WeCliz-saturated bath (bath C) is expressed as EMIC-1.5A1CI—

0.027WeCly2.

Electrodeposition and characterization

Electrodeposition was carried out using bath B to examine the influence of the lower AICIz;/EMIC
ratio (1.5) on the W content of the resulting AI-W alloy films. The charge for each electrodeposition
experiment was set at 8 C cm ™2, which is the charge required for the electrodeposition of a 2.8 pm Al

film or a 3.9 um thick W film.
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Figure 4-1 compares the current density vs. electrolysis potential plots obtained during
electrodeposition in baths A and B. An Al wire immersed in an EMIC-2AICI; ionic liquid separated
from the bath with a porous glass frit was used as the reference electrode. In bath A, the current density
increased with the decrease in the potential from —0.1 V, which is close to the equilibrium potential of
Al (0 V). In bath B, a similar trend was observed, except that the current density observed for bath B
was almost half of that for bath A at each potential. Previously, AI-W alloy films with <~12 at.% W
were electrodeposited in bath A at potentials of <—0.1 V, where the current efficiency was ~90% [1].
Accordingly, about 80% of the current density observed for bath A at <—0.1 V is attributed to the
deposition of Al. Therefore, the lower current density observed for bath B in comparison to bath A
reflects the lower deposition rate of Al in bath B. This is reasonable because of the lower AICI3

concentration of bath B.

Electrodeposition in bath B at potentials more negative than —0.1 V produced deposits on the
substrate. However, the deposits obtained at >—0.2 V were fragile and easily exfoliated from the
substrate during the washing process, making further analysis impossible. A typical EDX spectrum of
the deposits obtained from bath B at <—0.2 V is shown in Fig. 4-2. The EDX spectrum indicates that
the deposit is composed of Al and W, except for a small amount of O, which is derived from the surface
oxidation layer, confirming that AI-W alloys can also be electrodeposited in bath B. The W content of
the deposits determined by the EDX is shown in Fig. 4-3. The W content of the alloys obtained from
bath B was higher than that from bath A at each potential. The maximum W content of the alloys

obtained from bath B reached 15.7 at.%, which was higher than that from bath A, ~12 at.%.
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With the aim of obtaining alloys with a further increase in W content, electrodeposition in an EMIC—
1.5AICl3 bath saturated with WeCli2 (bath C) was carried out. Deposits firmly adhering to the substrate
could be obtained by electrodeposition at potentials <—0.2 V, as was the case in bath B; the deposits
obtained at >—0.2 V were too fragile and easily washed away. The W contents of the alloys obtained
at >—0.2 V are shown in Fig. 4-3. The W contents of the alloys obtained from bath C were higher than
those of the alloys from bath B, and reached 19.4 at.%, reflecting the higher W¢Cli> concentration in
bath C in comparison to bath B.

Figure 44 presents the typical surface SEM images of the alloys with >15 at.% W obtained from
the EMIC-1.5AICI; baths. These alloys are mainly composed of globular grains without defined facets.
The alloys with W content up to ~18 at.% exhibit a dense and relatively smooth morphology (Fig. 4—
4a). However, the alloys with higher W contents, exceeding 18 at.%, exhibit a rough surface with
conical-shaped needle-like grains (Fig. 4-4b). Similar needle-like grains have also been observed in
the electrodeposition of other Al-based alloys such as Al-Mo-Mn and Al-Mo-Ti [2,3]. Although the
detailed mechanism is not clear, the needle-like grains commonly tend to be formed when the
electrodeposition is performed at a low overpotential (i.e., at a low deposition rate) in a bath with a
high concentration of the ions of the alloy constituents. The formation of the needle-like grains may
be attributed to the adsorption of the metal ions, which suppress the electrodeposition of Al onto the

surface of the electrodeposit.
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Figure 4-5 presents the typical XRD patterns of the alloy films with >15 at.% W obtained from the
EMIC-1.5AICI; baths. Apart from the diffraction peaks of the Cu substrate, the XRD patterns of these
alloy films show only a halo at around 20 = 42°, indicating that these films are composed of an
amorphous phase. Previous studies using EMIC-2AICI3 baths showed that the electrodeposited alloys
with <~10 at.% W are composed of a single phase, a solid-solution of fcc Al containing W atoms; the
alloys with >~10 at.% W comprise two phases, the fcc Al and an amorphous phase, with the proportion
of the amorphous phase increasing with increasing W content; the alloys with ~12 at.% W are
composed of a single amorphous phase [4]. The present results show that the single amorphous phase
extends up to at least 19.4 at.% W.

As described above, AI-W amorphous alloy films with high W contents exceeding ~12 at.% were
obtained by using baths with the low AICI;/EMIC molar ratio of 1.5. We also examined baths with an
even lower AICI3/EMIC molar ratio of 1.2. However, alloys with a high W content could not be

obtained because only a small amount of W¢Cli» dissolved in such baths.
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Nano-indentation test

The hardness (H) and Young’s modulus (£) values of a high W content film (17.7 at.% W) were
evaluated using nano-indentation. Although a higher W content alloy (19.4 at.% W) was obtained,
reliable data for this alloy could not be obtained from the nano-indentation test because of the increased
surface roughness visible in Fig. 4—4b.

The H and E values of the 17.7 at.% W film are shown in Figs. 4—6a and b. The figures also show
the H and E values of the 0-12 at.% W films examined in chapter 3. The trend in the variation of the
H and E values is explained by the W content and phase of the films. The H value of the <10 at.% W
films, which are single-phase fcc Al solid solutions, increases with increasing W content. The H value
of the ~10 at.% W film, where the fcc Al phase coexists with an amorphous phase, shows a local
maximum. With a further increase in W content to ~12 at.%, the presence of the amorphous phase
increases and the H value slightly decreases. The variation in E is similar to that for the H values.

The 17.7 at.% W film obtained in the present study is composed of a single amorphous phase, and
its W content is higher than that of the single amorphous W film obtained previously (12 at.%). The H
and E values for the 17.7 at.% W films are higher than those for the ~12 at.% W films. The increases
in H and F values for the single amorphous films with increasing W content can be understood in terms
of the average interatomic distance. As is the case with crystalline alloys, the elastic behavior of
amorphous alloys depends on the interatomic distance [5—7]. A decrease in interatomic distance leads
to stiffer interatomic bonding, resulting in a higher £ value. In addition, the plastic deformation, which
is related to H, of an amorphous alloy is considered to proceed by the propagation of shear
displacement in a group of atoms wherein the interatomic distance is relatively large [8,9]. Therefore,
the decrease in the average interatomic distance increases the resistance to shear displacement,
resulting in a higher H value [10]. Because W has a smaller atomic radius than Al, the average
interatomic distance in AI-W alloy films should decrease with increasing content of W atoms [1,4,11].
Therefore, the higher H and E values of the 17.7 at.% W film in comparison to those of the ~12 at.%

W amorphous films are reasonable.
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Coating materials with a high hardness (H) value and a high ratio of hardness to Young’s modulus
(H/E) are believed to have a high wear resistance. As shown in Figs. 4—6a and c, the H value and H/E
ratio of the 17.7 at.% W film are higher than those of the <~12 at.% W film containing the fcc Al phase.
A comparison between the values of the single-phase amorphous films with ~12 at.% W and 17.7 at.%
W proves that the H/E ratio is almost the same for these two films, but H value is higher for the 17.7
at.% W film. Therefore, the 17.7 at.% W film obtained in the present study is expected to have a higher

resistance to mechanical damages than the films obtained previously.

4.4. Conclusion

Electrodeposition of AI-W alloys in EMIC-AICl3-WsCl;2 baths with AICI;/EMIC molar ratios
lower than 2 was examined. W¢Cli2 was more soluble in EMIC—1.5AI1Cl; than in EMIC-2AICIs, but
was much less soluble in EMIC-1.2AICI; bath. Electrodeposition in the EMIC-1.5AICI3 baths
generated alloy films with up to 19.4 at.% W, which was higher than those previously obtained from
EMIC-2AICI3 baths (~12 at.% W). The increase in W content for the EMIC—-1.5AICl3 baths can be
explained by the lower deposition ratio of Al and higher WsCli> concentration. Alloy films with up to
~18 at.% W were dense and smooth, whereas those with >~18 at.% W exhibited a rough surface. The
hardness of the 17.7 at.% W film was higher than those of the AI-W alloy films previously obtained
from EMIC-2AICI; baths, owing to the higher W content of the film. Young’s modulus also increased
with the increase in W content from 12 to 17.7 at.%, while the ratio of hardness to Young’s modulus

remained almost constant.
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Table 4-1. Bath compositions employed in our previous (bath A) and present studies (baths B and

Q).

Bath EMIC:AICI3: WeCl2 WsCli2 concentration
(molar ratio) (mM)
A 1:2:0.015 49
B 1:1.5:0.015 56
C 1:1.5:0.027 105
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Figure 4-1. Current density vs. electrolysis potential during electrodeposition in baths A and B.
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Figure 4-2. EDX spectra of the deposit electrodeposited in bath B at —0.2 V.
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Figure 4-3. W contents of electrodeposited Al-W alloy films vs. electrolysis potential during

electrodeposition.
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Figure 4—4. Surface SEM images of AI-W alloy films with (a) 17.7 and (b) 19.4 at.% W. These films

were electrodeposited from bath C at potentials of —0.23 V and —0.38 V, respectively.
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Figure 4-5. Typical XRD patterns of AI-W alloy films with >15 at.% W. The W contents are (a) 19.4
and (b) 17.7 at.%. The arrows indicate the diffraction peaks from the Cu substrate. The solid triangle

('¥) indicates the diffraction peak from Cu,O, which is obtained from the oxidation of the Cu substrate.
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Figure 4-6. (a) Hardness (H), (b) Young’s modulus (E), and (c) H/E ratio of AI-W alloy films. Solid
symbols indicate the data for the 17.7 at.% W film, which was newly obtained in this study. The 17.7
at.% W film was electrodeposited from bath C at potentials of —0.38 V. Square, triangle, and circle
symbols represent the fcc Al solid solution phase, fcc Al + amorphous coexisting phase, and single

amorphous phase, respectively.
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Chapter 5

Formation of a photocatalytic WOs3 surface layer on electrodeposited AI-W

alloy films by selective dissolution and heat treatment

5.1. Introduction

In chapters 2—4, dense AI-W alloy films with W contents of up to 18 at.% were electrodeposited
from EMIC—-AICI3 ionic liquids containing WsCl,».

Meanwhile, self-cleaning coatings have been developed extensively, owing to the practical
advantages of energy savings and environmental compatibility [1-4]. Such coatings can be obtained
by forming a hydrophilic surface layer with a photocatalytic material, such as titanium dioxide (TiO>),
which catalyzes the photodecomposition of adsorbed organic compounds [1,2,4—7]. TiO»-based
coatings only exhibit self-cleaning properties when exposed to UV illumination, such as sunlight. This
behavior is due to the wide bandgap of TiO> (~3.2 eV). In contrast, tungsten oxide (WO3), which has
a narrower bandgap of 2.5-2.8 eV, can absorb visible light energy. WO3 thus exhibits self-cleaning
properties under visible light illumination [8—11].

This chapter describes a new process for imparting corrosion-resistant AI-W alloy films with self-
cleaning properties through the formation of a WOs3 surface layer. This process is comprised of a
chemical dissolution step and heat treatment. Al is selectively removed by dissolution in an acidic
solution, and a W-enriched layer is formed at the surface of the AI-W alloy film. Subsequent heat
treatment in air converts the W-enriched surface layer to photocatalytic WOs3. Through this process, a
corrosion-resistant Al-W coating with self-cleaning ability under visible light illumination is obtained.
Many strategies for preparing WOs3 surface layers have been reported in the literature, including
sputtering [12—14], chemical vapor deposition [15], vacuum evaporation [16], spin-coating [8], spray
pyrolysis [17,18], sol-gel processing [19,20], and hydrothermal growth [9,21]. The process described

herein differs from these routes in that W present in the alloy film itself serves as the WO3 precursor;
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hence, no additional W precursor is required. For this reason, this process is cost-effective and
facilitates successive and large-scale production.

In this study, the feasibility of forming photocatalytic WO3 layers on Al-W alloy films via this
process was examined. The conditions required for the formation of photocatalytic WO3; on AI-W
alloy films were determined. Then, the self-cleaning properties of the WO3/Al-W alloy films were
evaluated by monitoring the photodegradation of stearic acid (SA) and methylene blue (MB) under

visible light illumination. Finally, the corrosion resistance of the WO3/Al-W alloy films was confirmed.

5.2. Methods
Electrodeposition of AI-W alloy films

Preparation of the electrolytic bath and setups of the electrochemical experiments, film
characterizations using XRD and potentiodynamic polarization were carried out in the same way as
those described in chapter 2 and 3. In the present study, a 100 nm thick Cu film formed on a glass
substrate by sputtering was used. The purpose of using this Cu/glass substrate was to make the cross-
section observation easier. A part of the Cu/glass substrate was covered with polytetrafluoroethylene

tape, such that a defined 1 x 1 cm? area was exposed to the bath.

Selective dissolution and heat treatment of AI-W alloy films

The electrodeposited AI-W alloy films were mechanically polished to obtain smooth surfaces. The
portion of each Cu substrate on which the alloy film was not deposited was covered with KTC-AC-
828T masking resin (Kakoki Trading Co., Japan), after which the films were immersed in 0.56 M (3.5
wt.%) aqueous HNO3 solution at room temperature.

The films were heat treated in a KBF848N1 electric furnace (Koyo Thermo Systems Co., Japan) in
air. The films were heated from room temperature to the desired temperature at a rate of 2 °C min™',

held at that temperature for 10 h, and then cooled slowly over several hours to room temperature.

The surface and cross-sectional morphologies of the alloy films were examined by field-emission
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scanning electron microscopy (FE-SEM), and the elemental compositions of the films were determined
by EDX on a SU6600 field-emission scanning electron microscope (Hitachi, Japan) equipped with a
Quantax Xflash 4010 detector (Bruker, USA). To prevent charging effects during the SEM analysis, a
thin Au coating was deposited onto the samples by sputtering.

The XPS spectra of the film surfaces were analyzed by using JPS-9030 (JEOL, Japan) with Mg Ka

(1253.6 eV) X-ray source. The spectra in this paper were calibrated using Cls peak at 285¢eV.

Evaluation of photocatalytic self-cleaning properties

The photocatalytic self-cleaning properties of the films were evaluated by monitoring the
photodegradation of SA and MB [2]. The reagents used in these tests were purchased from Wako
Chemical Co. (Japan) and used as received. For both tests, the films were illuminated with visible light
at wavelengths from 380 to 520 nm. The light was emitted from a HAL-320 xenon solar simulator
lamp (Asahi Spectra, Japan) with a light intensity of 1 sun passed through a Super Cold 750 filter and
an SHPF-25C-533 short-pass filter (SIGMA KOKI, Japan) with a transmittance range of 380—520 nm.
Wavelengths of >520 nm were blocked to prevent self-decomposition of MB via light absorption.

The photodegradation of SA was monitored according to the Japan Industrial Standards R 1753
method (2013). Each alloy film was illuminated with a LUV-16 UV lamp (ASONE Co., Japan) for 24
h in a dark room to ensure that the surface was devoid of interferents. Each film was then coated with
a thin layer of SA by spin-coating 1 mL of 0.3 wt.% SA solution in heptane at 2000 rpm and dried at
70 °C on a hot plate for 10 min. Following SA coating, each film was illuminated under visible light
from the solar simulator lamp in a dark room. The contact angle of a water droplet (<1 pL) on each
film was measured with a ME2 contact angle meter (Asumi Giken Co., Japan).

For the photodegradation of MB, each film was first immersed in a large volume of aqueous 5 uM
MB solution for >12 h to ensure that the adsorption/desorption equilibrium was reached. The film was
then placed in a 4.5 mL acryl vial containing 1.5 mL of 5 uM MB solution and illuminated with visible

light. The absorption spectrum of the MB solution was collected with a UV-2450 UV-VIS spectrometer
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(Shimadzu, Japan). The absorbance at 663 nm was used to determine the MB concentration according

to Beer’s law.

5.3. Results and discussion
Electrodeposition of AI-W alloy films

The typical energy-dispersive X-ray spectroscopy (EDX) spectrum of an electrodeposited AI-W
alloy film in Fig. 5-1a indicates that only Al and W are present in the film. No other elements were
detected, except for a small amount of O due to surface oxidation. The W content of the alloy film was
determined to be ~12 at.% based on the EDX spectrum. The X-ray diffraction (XRD) pattern (Fig. 5—
3a) shows halos located at approximately 26 = 21° and 42°, indicating that the as-deposited alloy film

was amorphous. The average film thickness was ~11 pm.

Selective dissolution of AI-W alloy films

In the first attempt to form a surface oxidation layer, the electrodeposited AI-W alloy film was
heated in air. However, this thermal oxidation of the as-deposited film generated a complex oxide
(ALO3-3WO:3) rather than single phase WO; (Fig. 5-2a). The photocatalytic activity of the thermally
oxidized film (ALLO3-3WO3/Al-W alloy) was negligible (Fig. 5-2b).

To obtain WOs3 instead of the complex oxide, the W content of the alloy film had to be increased
prior to thermal oxidation. The Al-W alloy films were immersed in 0.56 M (3.5 wt.%) aqueous nitric
acid (HNO3) solution before heat treatment, with the intention of dissolving Al selectively to form a
We-enriched surface layer. Figure 5—1b shows a typical EDX spectrum collected from the surface of an
alloy film immersed in aqueous HNO3 for >15 h. The amount of Al was significantly reduced after
immersion in aq. HNOs, indicating that Al was selectively dissolved from the AI-W alloy films. This
result is consistent with the expected behavior based on potential-pH diagrams [22], which show that
Al dissolves in acidic solutions, whereas W is passivated. The increased amount of O indicated that

oxidation of residual W proceeded simultaneously during the dissolution process. The XRD patterns
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of the films after selective dissolution for different durations are shown in Fig. 5-3b—d. The pattern of
the film after 9 h (Fig. 5-3b) contained no diffraction peaks except for the amorphous halo pattern of
the AI-W alloy. In contrast, faint diffraction peaks attributed to HoWO4-H>O (JCPDS: 18-1420) and
an intense peak near 28° were observed in the pattern of the film treated for 12 h (Fig. 5—3c¢). The peak
near 28° may be derived from WO3-0.33HO, but this is not a certainty owing to the absence of other
diffraction peaks. The film treated for >15 h (Fig. 5-3d) clearly yielded a diffraction pattern
corresponding to HoWO4-H;O.

Liu et al. reported that selective dissolution of a sputtered W-rich AI-W alloy film (>45 at.% W)
under similar conditions yielded a metallic B-W phase [23]. The formation of HoOWO4-H>O in the
present work could be attributed to the lower W content of the starting alloy, which contained 12 at.%
W. The dissolution of Al from the AI-W alloy with the lower W content should generate many atomic
vacancies and the residual W atoms should have relatively weak metallic bonding to each other. Thus,
these W atoms are highly active, resulting in a higher probability of being oxidized to form bulk
HoWO4-H2O [24,25]. The formation of HoWO4-H>O by selective dissolution of electrodeposited Fe—
W alloy films has also been reported, although the W content of the alloy films was not indicated [26].

Figure 54 shows surface scanning electron microscopy (SEM) images of the alloy films after
selective dissolution for various durations. Small cracks a few hundred nanometers in length were
observed at 9 h (Fig. 5—4a). These cracks were attributed to volume shrinkage caused by Al dissolution
at the surface. With increasing duration, portions of the film along the cracks were exfoliated, but one
side remained attached to the film surface to form petal-like structures, as indicated by arrows in Fig.
5-4b. Based on the XRD pattern shown in Fig. 5-3c, the petals in Fig. 5-4b were composed of
WO03-0.33H20 and HoWO4-H2O. The petals covered the entire surface by 15 h (Fig. 5—4c), at which
point they were composed of HoWO4-H>O (Fig. 5-3d). The width and thickness of each HoWO4-H>O
petal were <300 nm and <50 nm, respectively. A similar petal-like morphology is commonly observed
following selective dissolution of sputtered Al-W alloy films containing >45 at.% W [23] and

electrodeposited Fe—W alloy films [26], although the residue of the former is composed of B-W and
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that of the latter is composed of HoWO4-H>O. Increasing the dissolution duration from 15 to 24 h (Fig.
5—4c¢ and d) did not cause a notable change in the petal-like morphology, but the film treated for 24 h
suffered from significant volume shrinkage that generated macroscopic cracks a few micrometers in

width. Based on these results, a dissolution duration of 15 h was selected for the following experiments.

Dehydration of H:2WO.+H>O to WO3

Since HoWO4-H>0 is known to have negligible photocatalytic activity [27,28], heat treatment was
performed in air to dehydrate HoWO4-H>O to photocatalytic WO3. The XRD patterns obtained after
heat treatment (Fig. 5-3e and f) show that HoWO4-H>O was converted to cubic (c)-WO; (JCPDS: 41-
0905) at 300 °C and orthorhombic (0)-WO3 (JCPDS: 20-1324) at 350 °C. These results were consistent
with those in a previous report [29], which showed that HoWO4-H>O was dehydrated to c-WO3 at
300 °C and converted to 0-WOs3 by heating at 300 °C for a longer duration. The X-ray photoelectron
spectroscopy (XPS) W 4f spectra of the films showed that W existed as W*", W', and W®" in
H,WO4-H,0, with subsequent heat treatment causing complete conversion to W°* (Fig. 5-5a). The
XPS Al 2s spectra confirmed that the WO3 phase after heat treatment contained no elemental Al (Fig.
5-5b).

Surface SEM images (Fig. 5—6a and b) revealed that the petal-like grains were almost unchanged
by heating at 300 °C, whereas the grains were sintered at 350 °C to form more compact grains. The
cross-sectional image of an AI-W alloy film following heat treatment at 350 °C (Fig. 5—6¢) shows that
an ~300 nm thick WO; layer was formed on the film. The EDX spectrum of the AI-W alloy underlayer
(Fig. 5-6d) indicated that it remained unoxidized, and the alloy composition was nearly identical to
that of the as-deposited film.

It was thought that heat treatment at even higher temperatures might generate WO; with enhanced
photocatalytic performance [30]. However, heat treatment at temperatures of 400 °C or higher
crystallized the amorphous AI-W alloy to form intermetallic compounds such as AlsW and Ali2W (Fig.

5-7). The films containing these compounds were quite brittle and thus impractical for use as coatings.
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Photocatalytic self-cleaning properties of WO3/AI-W alloy films

Photocatalytic degradation of SA and methylene blue (MB) on the WO3/Al-W alloy films obtained
by selective dissolution and heat treatment as described above was examined to evaluate the self-
cleaning properties of the films. The photodecomposition of SA was monitored by measuring the
change in the water contact angle on the film coated with SA. Absorption spectra of MB solutions in
contact with the films were analyzed to monitor the photodegradation of MB.

The water contact angle on each film was measured under illumination with visible light after the
film was treated with SA solution in heptane. For comparison, the contact angle on a bare AI-W alloy
film was also measured following treatment with SA solution in heptane. As shown in Fig. 5-8, the
contact angle on each film prior to illumination (¢ = 0 h) exceeded 50° due to the hydrophobicity of
the SA adsorbed on the film surfaces. The contact angle for the bare AI-W alloy films remained almost
constant regardless of illumination time, indicating the SA was present on the surface. In contrast, the
contact angles on the c-WO3; and 0-WOs films decreased with increasing illumination time, indicating
these films photocatalyzed the degradation of SA. The contact angle decreased more rapidly on the o-
WO3 film than on the c-WO3 film.

The concentrations of MB in aqueous solutions in contact with the 0-WO3; and ¢c-WO3 films under
visible light illumination were calculated from the absorption spectra of MB (Fig. 5-9a). The variations
of the MB concentration in aqueous solutions in contact with the c-WO3 and 0-WOs films under visible
light illumination are shown in Fig. 5-9b. The MB concentration remained almost constant in the
solution with the c-WOs3 film, whereas the MB concentration decreased with increasing illumination
time in the solution with the 0-WOs3 film. This result demonstrated that the 0-WO; film could
photocatalyze the degradation of MB. The inability of the c-WOs film to photocatalyze the degradation
of MB has been reported elsewhere and was attributed to the c-WO3 bandgap of 2.0 eV [31], which is
lower than those of WO3 in the orthorhombic and monoclinic phases (2.5-2.8 eV) [30,32,33].

Based on the photocatalytic degradation results for SA and MB, the 0-WO3/Al-W alloy film
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photodegraded organic compounds adsorbed on its surface more effectively than the c-WO3/A--W
film. Thus, the self-cleaning ability of the 0-WO3/Al-W alloy film is superior to that of the c-WOs3/Al-

W film.

Corrosion resistance of the WO3/AI-W alloy films

The resistance of the 0-WO3/Al-W alloy film to pitting corrosion was investigated by measuring
the pitting potential in 3.5 wt.% aqueous NaCl solution through potentiodynamic polarization tests.
The polarization curve of the 0-WO3/Al-W alloy film is shown in Fig. 5-10, with the polarization
curves of bare AI-W alloy films containing 12.4 and 10.5 at.% W and an Al plate included for
comparison. In each of the curves, the anodic current density exhibited a steep rise at a certain potential.
This steep rise was attributed to pitting corrosion on the surface of the alloy films. The pitting potential
of the 0-WO;3/Al-W alloy film was lower than that of the bare alloy film with a similar W content
(12.4 at.% W); however, it was higher than those of the AI-W alloy film with 10.5 at.% W and the Al

plate.

5.4. Conclusion

A photocatalytic WO3 surface layer was formed on electrodeposited AI-W alloy films by selective
dissolution and heat treatment. The selective dissolution of Al and oxidation of W proceeded during
immersion of the AI-W alloy films in an aqueous HNOj3 solution and nanostructured HoWO4-H20 was
formed on the alloy surface. Subsequently, HyWO4-H>O was dehydrated to c-WOs3 or 0-WO3 by heat
treatment at 300 or 350 °C, respectively. The orthorhombic WO3/Al-W alloy film exhibited superior
visible-light photocatalytic activity for the photodegradation of SA and MB adsorbed on the surface.
Although the resistance of the WO3/Al-W alloy film to pitting corrosion was slightly lower than that
of the untreated AI-W alloy film, it was still better than that of the AI-W alloy film with 10.5 at.% W.
These results demonstrate the feasibility of selective dissolution and heat treatment as a new process

to obtain corrosion-resistant alloy films with photocatalytic self-cleaning abilities under visible light
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illumination.
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Fig. 5-1 EDX spectra of (a) as-deposited AI-W alloy film and (b) AI-W alloy film immersed in aq.

HNO:s for 15 h. The Au in (b) is due to the sputtered Au coating added to prevent charging effects.
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Fig. 5-2 (a) XRD pattern of the AI-W alloy film after heat treatment at 350 °C for 10 h. The diffraction
pattern of CuO is derived from the oxidation layer of the Cu substrate outside the electrodeposition
area. (b) Concentration of MB in aqueous solution in contact with the AI-W alloy film after heat

treatment at 350 °C under visible light illumination.
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Fig. 5-3 XRD patterns of (a) as-deposited AI-W alloy films and the films after immersion in ag. HNO3
for (b) 9 h, (c) 12 h, and (d) 15 h. XRD patterns of the films after heat treatment at (e) 300 °C and (f)
350 °C. The diffraction patterns for Cu and CuO are derived from the Cu substrate outside the
electrodeposition area and its oxidation layer. The reported peak positions for WO3-0.33H.0 (JCPDS:
01-087-1203, Fmm2,Z=12;a=0.73447 nm, b = 1.25470 nm, ¢ = 0.77367 nm), H,WO4-H,0O (JCPDS:
18-1420, P2/m, Z = 2; a = 0.75000 nm, b = 0.69400 nm, ¢ = 0.37000 nm, $ = 90.5000°), cubic WO3
(JCPDS: 41-0905, Pm3m, Z =1, a = b = ¢ = 0.37140 nm), and orthorhombic WO3 (JCPDS: 20-1324,

Pcnb, Z =4, a=0.73840 nm, b = 0.75120 nm, ¢ = 0.38460 nm) are also shown.
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Fig. 54 Surface SEM images of AI-W alloy films after selective dissolution for (a) 9 h, (b) 12 h, (¢)
15 h, and (d) 24 h. The arrows in (b) indicate exfoliation of the film along the cracks with one side

remaining attached to the film surface.
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Fig. 5-5 (a) W 4f XPS spectra of AI-W alloy films after selective dissolution for 15 h (dashed line)
and after selective dissolution and heat treatment at 350 °C (solid line). (b) Al 2s XPS spectra of an
Al-W alloy film after selective dissolution and heat treatment at 350 °C. The binding energies of W*,

W3, Wé* A, and AI** are denoted by arrows.

84



= Al 89 oW
o o0
5 W41 gay
§7
| o=
L
= [
- o
3%
A=W alloy — —— 1 5 3 4 5
Energy (keV)

Fig. 5-6 Surface and cross-sectional SEM images of the AI-W alloy films after selective dissolution

and heat treatment at (a) 300 °C and (b, c¢) 350 °C. (d) EDX spectrum of the AI-W underlayer.
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Fig. 5-7 XRD pattern of an AI-W alloy film after selective dissolution for 15 h and heat treatment at
400 °C. The diffraction pattern of aluminum tungsten oxide (Al,O3-3WOQO3) is attributable to oxidation

of the AI-W alloy underlayer.
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Fig. 5-8 (a) Shapes of water droplets and (b) water contact angles on bare AI-W, ¢c-WO3/Al-W, and

0-WO3/AI-W alloy films under visible light illumination.
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Fig. 5-9 (a) Absorption spectra of a MB aqueous solution in contact with the 0o-WO3/Al-W alloy film
under visible light illumination. (b) Concentration of MB in aqueous solutions in contact with c-

WO3/Al-W and 0-WO3/Al-W alloy films under visible light illumination.
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Fig. 5-10 Polarization curves for an 0-WO3/Al-W alloy film, bare AI-W alloy films with 12.4 and
10.5 at.% W, and an Al plate in 3.5 wt.% aq. NaCl solution. The arrows indicate the pitting potential

in each curve.
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Chapter 6

Iron(III) chloride and acetamide eutectic for the electrodeposition of iron and

iron based alloys

6.1. Introduction

The electrodeposition of iron alloys is a significant research topic, owing to the potential applications
such as corrosion/wear-resistant coatings [1], magnetic thin films [2—4], and catalyst electrodes [5].
Although aqueous electrolytes have been mostly used for electrodeposition, vigorous hydrogen
evolution on the cathode can lead to hydrogen embrittlement and precipitation of metal hydroxides [4].
In addition, less noble elements such as aluminum and silicon cannot be co-deposited from aqueous
electrolytes due to the limited electrochemical window [2].

To overcome the limitations of aqueous solutions, non-aqueous systems such as molten salts and
ionic liquids have gained significant research attention [6—10]. Ionic liquids have wider potential
windows and have been used to study alloy deposition. The electrochemical behavior of iron
complexes in imidazolium- and pyrrolidinium-based ionic liquids, and electrodeposition of metallic
Fe was demonstrated in some liquids [2,11-14]. Many ionic liquids are, however, not viable on a
practical scale.

Deep Eutectic Solvents (DES) which are mixtures of quaternary ammonium salt with a metal halide
or a hydrogen bond donor have been developed as alternatives to ionic liquids [15,16]. The low cost
of constituting materials and easy synthesis make DESs suitable to large scale electrochemical
applications. Several researchers have studied electrodeposition of Fe and Fe alloys using DESs that
include ethylene glycol-choline chloride [3,4,17—19] and urea—choline chloride mixtures [20]. In these
systems, Fe species were added to a relatively low concentration and hydrated Fe salts were used in
some systems. This can make it difficult to avoid low deposition rates and precipitation of metal

hydroxides. Fe-based DESs with anhydrous Fe species could be of interest for Fe electrodeposition,
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because the high concentration of anhydrous species allows for fast deposition with a high purity.
Mixtures of amide (urea and acetamide) or alcohol (ethylene glycol and hexanediol) with some metal
halides such as ZnCl, and AICl3 are known to form DESs [16,21-23]. These systems are ionic because
the metal salt disproportionates into an anionic and cationic species i.e.

2 AICI3 + urea — [AICLurea]” + [AICL]"

In the present study, mixtures of FeCl;—acetamide were investigated and their physicochemical
properties such as melting point, viscosity and electrical conductivity were characterized. Chemical
speciation of Fe was analyzed using different spectroscopic techniques and the electrodeposition of

metallic Fe and Fe—Ni alloy films with tunable composition and phase was demonstrated.

6.2. Methods

Acetamide (CH3CONHa», Alfa Aesar, 99%) and iron(IlI) chloride (FeCls, Aldrich, 98%) were used
as-received. The water content in pure acetamide was measured to be 0.1 wt.% using Karl Fischer
titration. The DESs were formed by adding FeCl; to molten acetamide at around 90 °C with stirring
until a homogeneous brown colored liquid had formed. Melting and glass transition points were
determined using a Mettler Toledo DSCI differential scanning calorimeter (DSC). DSC measurement
started at —50 °C, heated up to 120 °C at a rate of 10 °C min™". Viscosity of the mixture was measured
using a Brookfield DV-E Viscometer (Brookfield Instruments, USA) fitted with a temperature probe.
The electrical conductivity was measured using a Yokogawa SC72 conductivity meter (Yokogawa
Electric, Japan) fitted with an inherent temperature probe (cell constant = 5.14 cm ™).

UV-VIS absorption spectra of the mixture were recorded using a Mettler Toledo UV5 Bio
Spectrophotometer. All the spectra were recorded at 80 °C, which was maintained by a Mettler Toledo
Cuve T cuvette thermostat accessory. Since diluting the liquid may change the metal speciation, neat
liquid samples were placed between two quartz plates. Raman spectra were recorded using a LabRAM

HR Raman microscope (HORIBA Jobin Yvon, France). Fourier Transmission Infrared (FTIR) spectra
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were recorded using an Alpha II FTIR spectrometer with a diamond attenuated total reflectance module
(Bruker, USA).

Cyclic voltammetry was carried out using an IVIUMSTAT electrochemical analyzer controlled with
Iviumsoft. A three-electrode system was used, consisting of a platinum working-electrode with an area
0f 7.85x1073 cm?, a platinum flag counter-electrode and a platinum quasi-reference electrode. Using a
Pt quasi-reference electrode in DES systems is common when the liquid contains a redox couple[4].
The working electrode was polished with alumina powder and cleaned by rinsing with distilled water
and acetone prior to use. All CVs were recorded at 80 °C at a scan rate of 10 mV s~!. Bulk
electrodeposition experiments were carried out in a 100 mL Beaker. A copper plate (2x2 cm?) was used
as a cathode to facilitate subsequent characterizations. Copper plates were cleaned with acetone and
distilled water prior to use. Part of copper plates was masked to expose a defined area of 1x1 cm? to
the electrolyte. An iridium oxide-coated titanium mesh electrode (3x3 cm?) was used as an anode. In
all the experiments the electrolyte was maintained at 80 °C. Electrodeposition was carried out until the
amount of charge reached 30 C cm 2, which can theoretically produce a Fe film with thickness of 7.4
um. After electrodeposition the cathode plates were removed from the cell and washed with acetone
and distilled water.

The surface morphology characterization and elemental analysis of the deposit composition were
carried out using a QUANTA FEG 650 scanning electron microscope (SEM, ThermoFisher Scientific,
USA) equipped with a X-Max energy dispersive X-ray spectroscopy (EDX, Oxford Instruments, UK)
with an accelerating voltage of 20 keV. X-ray diffraction (XRD) patterns of deposits were recorded
using a BRUKER D8 ADVANCE X-ray diffractometer with Cu Ko radiation (A = 1.5406 A).

Linear sweep voltammetry (LSV) of Fe and Fe—Ni alloy deposits and a commercial Ni wire was
carried out in 0.1 M potassium nitrate (KNO3) aqueous solution using a three-electrode system. The
deposits were covered with a masking tape to expose a 3x3 mm? area and were used as a working
electrode. A platinum flag electrode and an Ag/AgCl reference electrode immersed in 3 M KCl aqueous

solution and separated with porous glass were used as a counter and reference electrode, respectively.
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All LSVs were recorded at room temperature at a scan rate of 5 mV s,

6.3. Results and discussion
Melting/glass transition behavior, viscosity, and electrical conductivity

Mixture of FeCls:acetamide were made in the molar ratio range 1:2 to 1:10. All these mixtures were
dark brown liquids at 80 °C. The 1:4 mixture was liquid at room temperature, whereas the other ones
formed orange crystals. Phase transitions were analyzed using DSC and Figure 6—1 shows a typical
DSC curves of FeCls—acetamide mixtures with 1:4 and 1:10 composition. The 1:10 mixture shows a
heat capacity change (baseline shift) at around —22 °C and an endothermic peak at around 66 °C. The
1:4 mixture also shows a heat capacity change at —15 °C, but at higher temperature it does not show
significant change in heat capacity. The baseline shift and endothermic peak in the DSC curves are
attributed to a glass transition and melting, respectively. The absence of an endothermic peak as
observed in 1:4 mixture is also the case with some other ionic liquids and deep eutectic solvents and it
is attributed to slow transition from a viscous or rubbery state to a liquid [24]. The eutectic composition
is 1: 4, where Ty is —15 °C and no discernable 71y is observed (c.f. pure FeCls (282 °C) and acetamide
(84 °C)). Mixtures of ZnCl, and AICI; with acetamide are also known to form eutectic liquids (type 4
DES:s), and their eutectic composition and melting point are compared to the present FeCls system in
Table 1 [21,22]. The eutectic composition and 7, of the FeClz and ZnCl> mixtures are quite similar,
and these mixtures have a lower eutectic composition and a higher 7§ than those of AICI3 mixture. This
suggests that the FeCl; and ZnCl, mixtures have a similar chemical speciation and interaction in liquid.
The higher Ty of the FeClz and ZnCl, mixtures than that of the AICl; mixture could be attributed to the
higher Tmp of the first two metal halides. The narrower range of eutectic composition of the FeCl; and
ZnCl, mixtures could be attributed to the less strong Lewis acidity than AICls.

The viscosity of the FeCl;—acetamide mixtures with a composition of 1:4 and 1:10 is plotted as a
function of temperature (Fig. 6—2a). Both of these mixtures showed higher viscosity than that of pure

molten acetamide (~2 cP [25]) and the viscosity increased with increasing FeCls/acetamide ratio. This
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indicates FeCl; and acetamide molecules form a less mobile complex. Conductivity of the FeClz—
acetamide mixtures is plotted as a function of temperature (Fig. 6-2b). The 1:10 mixture showed much
higher conductivity than that of pure molten acetamide (31 pS cm! at 90 °C [26]) but higher
concentration of FeCl; (FeCls:acetamide ratio of 1:4) lowered conductivity rather than increasing it.
This implies the formation of complexes with lower ionic mobility in the 1:4 mixture. The FeCls
mixtures showed relatively high conductivity than the mixtures of ZnCl, and AlCl; with acetamide as
compared in Table 2 [21,27].

Change in viscosity (1) and conductivity (o) as a function of temperature (7) is described by the
following Arrhenius equations 1 and 2;

Iny = Inpo+ E,/RT (1)

Inog = Inoo— E/RT 2)

where 7o and opare a constant, and E, and E, are the activation energy for viscous flow and
conductivity. £, and E, corresponds to the activation energy for viscous flow and conductivity. The In
n and In ¢ values for FeCl; mixtures are plotted as a function of 1000/7 (Fig. 6-3c and d), and it is
found that both 1:4 and 1:10 mixtures follow a good linear correlation in each plot. The least square
fitting gives E, and E, values shown in Table 2. The FeCl; mixtures have higher E, and E, compared
to those of the ZnCl, and AICI3 mixtures [21,27]. In FeCl3 mixtures, £, and E,increased with increasing
FeCl; ratio. This makes a clear contrast with AICls_acetamide mixtures with a composition range of
1:1-1:2. The different behavior of E, and E, in FeCl; and AICl; mixtures will be explained by the

change in chemical interaction in the following section.

Chemical speciation of Fe

UV-VIS, Raman, FT-IR spectra were obtained to investigate the chemical speciation of Fe species
(Fig. 6-3a—c). UV-VIS spectra (Fig. 6—4a) show three peaks located at 242, 319 and 367 nm and a
faint shoulder peak located at around 270 nm. These peaks were also observed in aqueous FeCls

solution with concentrated Cl”, and indicate the presence of FeCls [28]. Raman spectra (Fig. 6-3b)
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show that distinct peaks of pure acetamide located at 879, 1151 and 1360 cm™! [29] are significantly
weakened in FeClz—acetamide mixtures, indicating that acetamide molecules formed a complex with
FeCls. The spectra of FeCl;—acetamide mixtures also have a sharp peak at 334 cm ™! and a broad peak
at around 302-305 cm™!, both of which were not observed in pure acetamide. The peak at 334 cm
was also observed in FeClz—C4mimCl ionic liquid with a composition of FeCl3:C4smimCI=1:1.5, and
was attributed to FeCls™ [30,31]. In Raman spectra of aqueous FeCls solution, a broad peak was
observed at around 315 cm™! and it was attributed to the most abundant species, FeCl(H20)4" [32].
The broad peak at around 302-305 c¢cm! could be attributed to a similar Fe species such as
FeCl,[CH;CONH:],"(Fig. 6-3d). FTIR spectra (Fig. 6-3c) show the N-H (3300 and 3150 cm™'), C-H
(2816 cm™), C=0 (1674 cm™"), and C-N (1392 cm™!) vibration peaks of acetamide molecules [33]. In
the FeCl;—acetamide mixtures, the N-H peak shifted to higher wavenumbers and C-H, C=0 and C-N
peaks shifted to lower wavenumbers. It is also noted that in the FeCls—acetamide mixtures the intensity
of N-H, C=0, C-N peaks increased compared to pure acetamide and the increment is most significant
for the C=0 peak. These variations of FTIR spectra were also observed in ZnCl,—acetamide mixtures
[23] and the authors suggested the formation of metal-oxygen bond between Zn?>" and C=O in
acetamide. The formation of similar complex between Fe species and acetamide could be expected in
the present FeCls—acetamide system. Combining all the information of spectra described above, the Fe
species are thought to be FeCls™ and FeCL[CH3CONH:]," that are formed by disproportionation of
FeCl; (formula 3). ZnCl, and AICI; are also known to cause similar disproportionation. A possible

coordination number n in FeCl,[CH3CONH:]," is 4, which forms an octahedral complex (Fig. 6-3d).

MClx + nCH3CONH; = MClx:1~ + MClx-1[CH;CONH:]»" (M = Fe, Zn, and Al) (3)

The viscosity and conductivity of FeCls—acetamide mixtures are better understood in terms of
chemical speciation. The increase in viscosity and decrease in conductivity with increasing FeCls ratio

could be attributed to the increasing amount of the less mobile complex, FeCl,[CH3;CONH:],".
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Increasing E, and E, with increasing FeCls ratio could also be attributed to the strengthening of the
ionic interaction due to the increasing ionic species (FeCl,[CH3CONH:]," and FeCls") and the
decreasing free acetamide molecules. By contrast, in AICI3 mixtures with AlCls/acetamide ratio of >1,

E, and E,remain almost constant with increasing AICI3 ratio. When AlCls/acetamide ratio is >1, there
exists an equilibrium between AICL,[CH3CONH:].", AICLs~ and ALCl; ions and there is no free

acetamide (formula 3 and 4) [27]. Therefore, the change in ionic interaction could be less significant

than the FeCls mixture.

AlICl4~ + AICI = ALCly ™ (AlCls/acetamide>1) (4)

Cyclic Voltammetry

Cyclic Voltammetry on a Pt working electrode was carried out in FeClz—acetamide mixture with
1:10 composition (Fig. 6—4a and b) at 80 °C and scan rate of 10 mV s~ '. The working electrode

potential was measured with a Pt quasi-reference electrode. CV was also carried out in NiCl—
acetamide (Fig. 6—4c) and FeCl;— NiClr—acetamide (Fig. 6—4d) mixtures, with an aim of examining
co-deposition of Fe and Ni.

In the 1:10 FeCl;—acetamide mixture, two reduction waves were observed at around O V and —1.5 V.
After switching to anodic sweep at —2 V, two oxidation waves located at —0.65 V and —0.05 V and one
oxidation wave at +0.5 V were observed. The reversible redox couple around 0 V was also observed
when the potential sweep was switched to anodic direction at —1.2 V (Fig. 6-4b), and it is attributed to
Fe(IlT)/Fe(IT) redox couple. The cathodic wave at —1.5 V and anodic wave at —0.65 V are attributed to
the reduction of Fe(Il) to Fe(0) and the stripping of Fe(0), respectively. The difference between the
potentials of Fe(III)/Fe(IT) and Fe(Il)/Fe(0) is around 1.3 V, which is similar to those observed in
chlorine chloride—urea—FeCls deep eutectic solvents [20,34]. The oxidation current at +0.5 V could be

attributed to decomposition of acetamide. When the potential is swept to a more negative value such
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as —3 'V, irregular current waves were observed and they could also be attributed to decomposition of
acetamide.

NiCl; dissolved quickly into molten acetamide and formed a mixture with slightly lower melting
point than pure acetamide. CV in NiClh—acetamide (Fig. 6—4c) shows the Ni deposition and stripping
at around —1 V and —0.1 V, respectively. In the ternary FeClz— NiCl—acetamide mixtures (Fig. 6—4d),
lower reduction current density was observed, probably because of the increased viscosity. The onset
potentials of Fe deposition and stripping shifted to more positive potentials and the stripping wave is
much smaller than the deposition wave. The shift and decrease of the stripping wave could be attributed

to the formation of a nobler Fe—Ni alloy phase and the passivation of the deposit, respectively.

Electrodeposition of Fe and Fe—Ni

Electrodeposition of Fe and Fe—Ni alloy onto a Cu substrate was examined in 1:10 FeCls—acetamide,
1:0.1:10 FeCl3—NiCly—acetamide, and 1:1:10 FeCl3—NiCl,—acetamide mixtures) at 80 °C. The applied
current density was 100 mA cm? for the first two mixtures and 30 mA cm 2 for the last mixture,
because in the last mixture a higher current density caused decomposition of acetamide. The amount

2

of charge passed was 30 C cm ™ “, which can theoretically produce a Fe film with thickness of 7.4 um.

Electrodeposition in each mixture produced metallic gray films, and SEM images show that all the
films are dense (Fig. 6—5a-1-a-3). The 1:10 FeCl;—acetamide and 1:0.1:10 FeClz-NiCl,—acetamide
mixtures produced a similar morphology composed of round grains which are a few micrometers in
scale. The 1:1:10 FeCl3—NiCl—acetamide mixture, on the other hand, produced much smaller grains.
EDX spectra (Fig. 6-5b) show that these three deposits are Fe, Fe72Nizg and Fei2Nigs alloys. Traces of
oxygen were detected in all deposits and a trace of chloride was detected only in the 1:1:10 FeCls—
NiClr—acetamide mixture. The presence of O is attributed to surface oxidation in ambient air. Cl seems
to be trapped during electrodeposition, probably because the 1:1:10 FeCl3—NiCl,—acetamide mixture

is relatively more viscous. Cl trapping in electrodeposited film was also observed in AlClz—dimethyl
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sulfone and AlCls—glyme baths [35,36].

XRD patterns were obtained to analyze the phase of the deposits (Fig. 6-5¢). The deposits obtained
from 1:10 FeClz—acetamide (Fe) and 1:0.1:10 FeCl—NiCl—acetamide (Fe72Nizg) mixtures showed
peaks of bee Fe (JCPDS No. 006-0696, a=b=c=2.8664A). On the other hand, the one obtained from
1:1:10 FeCl3—NiCl—acetamide mixture (FeioNigg) showed peaks of fcc Ni (JCPDS No. 004-0850,
a=b=c=3.5238A). It is expected that Fe72Ni»s and Fei2Niss deposits are substitutional solid solutions,
but XRD peak shift is not evident because the atomic radii of Fe and Ni are almost the same.

Linear sweep voltammetry (LSV) of the deposits was carried out to characterize their oxidation
behavior (Fig. 6-6). LSV of commercial Ni wire was also obtained as a comparison. The open circuit
potentials are in the order of Fe<Fe7,Nixg<Fe12Nigg<Niand vice versa for the oxidation current density.
This indicates that the Fe;oNixg and Fe12Nigs deposits are composed of a Fe—Ni alloy phase which is

nobler than pure Fe.

6.4. Conclusion

The electrodeposition of iron and iron-nickel alloys has been demonstrated using a novel ferric
chloride-acetamide eutectic. The liquid contains both anionic and cation iron containing species and
was found to have higher conductivity and lower viscosity than corresponding eutectics with aluminum
chloride and zinc chloride. Dense iron and iron-nickel alloys with tunable composition were obtained

and displayed improved corrosion resistance with increasing nickel content.
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Table 6—1. Glass transition temperatures and melting points of metal chloride mixtures with acetamide

at their eutectic compositions.

MCl MCl : acetamide T, (°C) Tnp of MCIx (°C)
FeCls 1:4 —-15 282
ZnClp 1:4 -16 293
AlCl3 1:1 —63 192

Table 6-2. Viscosity, conductivity, £, and E, of MClx (M = Fe, Zn, and Al)-acetamide mixtures.

Viscosity and conductivity were referred to at 90 °C.

MCIx: acetamide Viscosity ~ Conductivity E, Es
(cP) (mS cm™) (kJ mol ™) (kJ mol ™)
FeCls 1:10 6.5 13.5 36 32
FeCls 1:4 9.6 11.2 89 47
ZnCl, 1:4 3.7 24 62 28
AlCI3 1:1 13.4 6.78 25.6 23.4
AlCIs 1.5:1 10.9 8.12 25.5 22.2
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Chapter 7

General conclusions

In this thesis, electrodeposition of corrosion resistant AI-W alloy films with a high W content was
investigated in EMIC—AICIs3 bath containing W(II) chloride. The electrochemical behavior of Al and
W, film morphology, crystallinity, corrosion resistance, and mechanical properties were investigated.
The possibility of electrodeposition of elemental W is also discussed. This thesis also proposed a new
process to provide the AI-W alloy films with photocatalytic self-cleaning ability through the formation
of a WOs3 surface layer. Furthermore, the formation of a DES by the mixture of FeCl; and acetamide
for a low cost non-aqueous electrolyte was also investigated. The results obtained through this work is

summarized as follows:

Chapter 2

The electrodeposition of AI-W alloy films in an EMIC-AICI; ionic liquid using W(II) chloride
(WesCli2) as the W ion source was investigated. W¢Cli2 dissolved in the ionic liquid at a higher
concentration of 49 mM than other W 1on sources such as WCls and K3W»>Clo, which were used in
previous studies. Potentiostatic electrodeposition revealed that dense AI-W alloy films containing up
to 12 at.% W were electrodeposited at potentials more negative than 0 V vs. Al/AI(II). W-rich deposits
were obtained at potentials of 0 V and more positive values, but no evidence was obtained to confirm
that these deposits are composed of metallic W. The deposition current density at >0 V was lower than
0.3 mA cm 2, whereas that for AI-W alloy films was higher and reached 38 mA cm™ at —0.5 V. The
deposition of W was induced by the deposition of Al. At lower W concentrations, the AI-W alloy films
were composed of a super-saturated solid solution, and in the W content range of 9—-12 at.% they
comprised an amorphous phase. Potentiodynamic polarization showed that the AI-W alloy films

containing >10 at.% W exhibited high pitting corrosion resistance.
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Chapter 3

The hardness (H) and Young’s modulus (E) of the AI-W alloy films with 0-12.4 at% W were
examined by nano-indentation. These alloy films were composed of a super-saturated fcc Al solid
solution phase when the W content was lower than ~9 at%, and an amorphous phase was formed with
higher W contents.

The H value increased with increasing W content up to 9.8 at% and then decreased slightly with
further increases in the W content up to 12.4 at%. A similar trend was observed in the E value with
increasing W content, but the decrease in £ value at 12.4 at% W was more significant than that in H
value. These changes in the H and E values were explained by the grain size and the constituent phases.
The 9.8—-12.4 at% W films exhibited relatively high H values and H/E ratios, and therefore these films

were expected to have a higher resistance to mechanical damage than Al films.

Chapter 4

Electrodeposition of AI-W alloy films with high W contents was investigated using EMIC-AICI; —
WsCli2 with different AICI;/EMIC molar ratios. Although the corrosion resistance and hardness of the
alloy films are expected to be improved with an increase in the W content, dense films with W contents
higher than ~12 at.% were not obtained from the baths with the AIClz3/EMIC molar ratio of 2, as
described in chapter 2 and 3. This chapter demonstrated that electrodeposition from baths with a lower
AICI3/EMIC molar ratio can yield AI-W alloys with higher W contents owing to the lower deposition
rate of Al and higher solubility of WsCli2. The maximum W content of the dense alloy films
electrodeposited using the EMIC—-1.5AICI; bath reached 18 at.%. The hardness (H) and Young’s
modulus (£) of the dense and smooth 18 at.% W film were determined by nano-indentation. The H
and E of this film was confirmed to be higher than those of the AI-W alloy films previously obtained

from the EMIC-2AICI; baths.
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Chapter 5

This chapter discussed the feasibility of the formation of WOs3 surface layer on electrodeposited Al-
W alloy coatings by selective dissolution of Al and heat treatment, with the aim of providing corrosion-
resistant AI-W alloy coatings with photocatalytic self-cleaning properties. The selective dissolution of
Al and oxidation of residual W was realized by immersing Al-W alloy films in an aqueous HNO3
solution. A nanostructured HoWO4-H>O surface layer was formed on the alloy film by this process.
The HoWO4-H>0 layer was dehydrated to cubic or orthorhombic WO3; by heat treatment 300 or 350 °C,
respectively, yielding a multilayered WO3/Al-W alloy film with an approximately 300 nm thick WO3
layer. The 0-WO3/Al-W alloy film exhibited photocatalytic self-cleaning, as demonstrated by the
photodegradation of stearic acid and methylene blue. Although the resistance of the WO3/Al-W alloy
film to pitting corrosion was slightly lower than that of the untreated AI-W alloy film with the same

W content (12 at.%), it was higher than that of the AI-W alloy film with 10.5 at.% W.

Chapter 6

This chapter demonstrated that eutectics of FeCls and acetamide are easily formed and a 1:4 molar
mixture gives a liquid at ambient temperature. The physicochemical properties and chemical speciation
were investigated. Electrodeposition of Fe and Fe—Ni alloys was also demonstrated. These eutectic
mixtures have a relatively high conductivity (>10 mS cm™' at 90°C) compared to other eutectics
formed from AICIz or ZnClh. UV-VIS, Raman, FT-IR spectroscopy revealed that FeCls
disproportionates to form both anionic (FeCls") and cationic (FeCl,[CH3CONH:],") species in these
mixtures. The electrodeposition of dense Fe and Fe—Ni alloy films was demonstrated and it was shown

that the Fe—Ni alloys had improved corrosion resistance.
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Future perspectives

In chapter 2—4, corrosion resistant AI-W alloy films were electrodeposited using WsCli2, owing to
the high solubility of WsCli2 in EMIC—AICI; ionic liquids. However, the mechanism of the dissolution
of WeCli2 remained unclear. Elucidating the dissolution mechanism can lead to development of
electrodeposition method for other metals such as Mo and Cr that are less soluble in non-aqueous
solutions.

In chapter 2, the possibility of electrodeposition of W was investigated but no evidence to confirm
the presence of elemental W was obtained. The W-rich deposits obtained in this study seemed to be
some W oxide. The origin of oxygen could be attributed to the water or oxygen in the EMIC-AICI3
electrolyte or in WsCli2. Eliminating the oxygen from the bath can potentially lead to electrodeposition
of elemental W.

In chapter 5, a WOs surface layer was formed on electrodeposited AI-W alloy coatings by selective
dissolution of Al and heat treatment, and photocatalytic self-cleaning properties were demonstrated. A
variety of Al based alloys have been obtained by electrodeposition. Therefore, selective dissolution of
Al from electrodeposited Al based alloys could also realize other nanostructured materials than WO3
as in the present study, and many applications such as (photo)catalytic materials and battery electrodes.

In chapter 6, deep eutectic formation of FeCl; and acetamide was examined and Fe and Fe—Ni
electrodeposition from these mixtures was demonstrated. This mixture is of interest as a non-protonic
electrolyte for Fe electrodeposition, because the electrolytes used in the previous studies contained OH
groups or hydrated Fe species. Using such non-protonic electrolytes can allow for alloying of Fe with
less noble elements such as Si, Nd and Al, which are known to improve the magnetic properties of Fe

and bring about thermovoltaic properties.
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