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Abstract

Laras Fadillah
Graduate School of Chemical Sciences and Engineering
Hokkaido University

Anodizing of valve metals such as Ti, Nb, Ta, W and Al has become a subject of
scientific interest in recent years in view of possibilities to form self-organized
nanoporous and nanotubular anodic films on metal substrate. An extension of anodizing
process to oxidizable metals such as Fe opens the way for applications of nanostructured
oxides to cost-effective electrochemical devices such as those used in energy conversion
and storage systems. The current thesis focusses on anodizing of Fe and electrochemistry
of self-organized nanotubes/nanopores in order to estimate the possibility of application
in energy conversion and storage. Anodic iron oxide has not been extensively explored
so far in electrochemical devices among which hematite (Fe;O3) is a promising
photoanode for water splitting and negative electrode material for lithium ion battery. The
objective of the present study is the fundamental understanding of the growth of anodic
nanopores/nanotubes on iron implicating the studies on iron single crystals for evaluation
on how the anodic film grows depending on facet index number. The modification of the
anodic film growth by addition of an alloying element is studied to control full transition
between nanopores and nanotubes in order to meet the requirements of high surface area
for desired applications and physicochemical parameters such as bandgap engineering.
Further, the functionality of nanostructured anodic iron oxide films for photocatalytic
water splitting and lithium ion battery applications is investigated.

This dissertation includes seven chapters, and the organization is explained
bellow.

The background of this study including the details of anodizing process and
specific objectives of this dissertation are described in Chapter 1. Chapter 2 consists of
theoretical and practical details of the techniques used in the present study. Chapter 3
describes investigations of the effect of crystallographic orientation of iron on anodizing
process. Anodizing of iron (100), (110) and (111) single crystals in ethylene glycol
electrolyte containing 1.5 mol dm=3 water and 0.1 mol dm~3 ammonium fluoride leads to
formation of anodic nanopores/nanotubes where the nanopores are essentially composed

of oxide nanotubes separated by iron fluoride cell boundaries. The



nanoporous/nanotubular film formation apparently depends on the index number of facets
on which the anodic film is formed. The film formation on (100) facet is associated with
extended gas evolution upon anodizing and consequently corresponds to a shift of
current-time curve towards higher current density values comparing with those formed
on higher index number facets. The nanotubes formed on (100) facet have a general
chemical formula of Fe.O3-FeF,, whereas those formed on higher index number are
composed of FesOs-FeF,. The anodic films formed on Fe (110) and Fe (111) are
essentially amorphous whereas the one formed on (100) facet shows high degree of
crystallinity. The results are discussed in view of anisotropic properties of iron.

In Chapter 4, the effect of alloying of sputter-deposited Fe with 9 at.% tungsten
on the growth of nanoporous anodic oxide is studied in ethylene glycol electrolyte
containing 0.1 mol dm= ammonium fluoride and 1.5 mol dm= water. The classic
nanoporous anodic film (Al2Os-like) is developed on pure Fe while the transition of
nanopores to nanotubes (TiO-like) is observed for anodizing of Fe-W alloy. The
pores/nanotubes having average diameter 50-110 nm and 30-60 nm are formed on pure
Fe and Fe-W alloy at voltage 40-60 V, respectively. Both nanoporous/nanotubular anodic
films grow in line with the field assisted flow model with a few fundamental details: i)
transition of nanopores to nanotubes occurs upon anodizing of Fe-W alloy, ii) significant
reduction of the cell size (nanotube diameter) is obtained on Fe-W alloy, iii) relatively
thick layer is produced at Fe-W alloy/oxide interface. The primary reason of this
transition to nanotubes as well as chemical changes is discussed in view of effective
modification of the cell boundary region with tungsten species, probably WFs compound,
upon growth of anodic film under influence of high electric field strength. The possible
reason of developing the space in between nanotubes is faster kinetics of WFs reaction
with water. Alloying of iron is one of the effective ways to modify the nanostructure of
the anodic film on iron.

Furthermore, the functionality of Fe-W oxides as photoanode is demonstrated in
Chapter 5. The nanotubes-type anodic film with 800 nm in length and barrier-type with
540 nm length is grown by modifying anodization conditions, including the water content
and anodizing time. The following thermal treatment from 300 - 400 °C for 30 min
enhances the crystallinity of the films. the photocatalytic activity of Fe-W oxides is
compared with that of Fe oxides, the results demonstrate that the activity is highly
enhanced by the addition of tungsten species. The possible explanation is attributed to the

efficient separation of the photoinduced electron—hole pairs and large surface area of the
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uniform nanotube arrays.

The performance of anodic nanoporous/nanotubular films grown on iron for
lithium ion battery application is examined and the results are summarized in Chapter 6.
The iron oxide nanotubes formed by anodizing of polycrystalline iron in ethylene glycol
electrolyte containing 0.1 mol dm= of ammonium fluoride and 1.5 mol dm= of water are
thermally treated at 350-500 °C in order to control the crystallographic structure of the
oxide. An increase of crystallinity, the increased ratio of hematite (Fe2Os) to magnetite
(Fe30s) and elimination of the fluorides are observed with an increase in annealing
temperature. The differential capacity plots of dQ-dE* reveal quasi-reversible
lithiation/delithiation process through Li>.O formation. The anodic nanotubes/nanopores
annealed at 500 °C exhibit relatively high areal capacity of 3.5 mA h cm? at a
charge/discharge current density of 20 pA cm assembled in the half-cell of lithium ion
battery. The better electrochemical performance is found for nanotubes/nanopores having
higher degree of crystallinity, high ratio of hematite (Fe.Os) to magnetite (Fes0.) and
eliminated fluorides. The cycling stability tests supported with optical microscopy
observations of the negative electrode assembled in electrochemical cell for in-situ
measurements indicate adhesion problems, leading to gradual degrease of rate capability
mainly caused by the detachment of oxide.

Finally, the main findings of this dissertation are summarized, and future

prospects are given in Chapter 7

Vi



Chapter 1 Introduction and
Literature Survey

1.1. Introduction

On December 29" 1959, the physicist Richard Feynman was given a lecture at an
American Physical Society meeting at Caltech with the tittle “There’s plenty of Room at
the Bottom”. In this lecture he predicted that if we can control the matter in the microscale,
we can get plenty of excellent properties and realize plenty of change in them. He also
suggested that it would be possible to make nanoscale machine that can “arrange the atom
the way we want” and do chemical synthesis by mechanical manipulation.

Since then, plenty of techniques were introduced to design and control the
microstructures of the materials. Among the microstructures formed, free-standing
nanoporous and nanotubular oxides are the most promising shapes in terms of
functionality and applications. Anodizing is one of the facile and straightforward
processes to growth such microstructures, In 1995, Masuda and Fukuda reported the
porous anodic aluminum oxide with self-organized hexagonal array by two step
anodizing [3]. Afterward, anodizing has attracted much attention as one of key fabrication
process of nanomaterials for a range of nanodevices and nanobiosensors, in addition to
the traditional importance for corrosion protection of metals and the improved aesthetic
appearance of the metal components. Anodizing of aluminum, which forms self-
organized Al>O3 nanoporous films, is of interest for aerospace, biomedical, architecture
and nanotechnology applications, as well as templates for the fabrication of nanomaterials
in the form of nanowires, nanopores, and nanotubes [3-9]. On the other hand, self-
organized nanotubes were produced by anodizing of titanium that has many applications
including solar cells, photocatalysts and biomaterials, because of the useful
semiconductor properties of TiO, and unique morphology of 1-dimensional nanotube.
Moreover, self-ordered porous structures were also successfully designed by anodizing
of zirconium and tungsten [10-12]. While many studies on formation, properties and
applications of anodic films on valve metals are available because of ready and efficient
film growth in aqueous electrolytes, limited studies have been conducted on anodizing of

non-valve metals including iron.



1.2. Anodic Films

Anodizing is a process that results in the formation of oxide film on a metallic
substrate. In general, most metals; except noble metals are covered with a very thin air-
formed oxide, Fig 1.1 a. The structure of this oxide has an impact to the oxide that formed
by anodization [13, 14]. When a metal (M) is exposed to a sufficiently high anodic voltage
in an electrolyte containing water, oxidation of metals takes place. In the first stages of
anodization, a compact film is formed, due to the large amount of water in the
environment, Fig 1.1 b. The MO, layer formation occurs at the metal/film interface by
migration of oxide ions inwards in the oxide film under the high electric field as can be
written as Eq. (1.1) [15]:

M+ n0?*~ - MO,,, + 2ne” (1.1)
and at the film/electrolyte interface by outward migration of cations that react
with water in the electrolyte (1.3) [15]:

Mt + Tl/ZHZO - MOn/Z +nHt (13)
a) b) Electrolyte
H,O
Air-formed Oxide MO,, |0

Metal Metal

Figure 1.1 Schematic diagram of (a) thin air-formed oxide and (b) the oxidation on the first step
of anodizing processes.

The properties of metal oxide, MOns, will be determined by the underlying metal.
If the MO is easy to dissolve then the metal will not be protected and it will be degraded.
The opposite is if the MO is not dissolved, a barrier layer is formed resulting compact

film that may protect the underlying metal from further corrosion.



1.2.1. Types of Anodic Oxide Films

As mentioned above, the microstructures of the oxides are depending on the
metal/alloy substrate and the parameters used for anodizing, such as the composition of
electrolyte, anodizing time, applied voltages and current density. Three morphological
types of films can be produced by anodizing metals: barrier-type, nanoporous-type, and
nanotubular-type [16-18].
Barrier-type Anodic Films

Barrier-type films are formed in the electrolytes, in which almost no dissolution
of substrate species proceeds. Defects always exist in the barrier layer and the population
densities of the defect are on the order of 108 to 10 m [19]. Defects population depends
on the substrate surface condition and the film thickness. The generation of the defects is
essentially related with local heterogeneities in the metal substrate [20]. The presence of
such defects might cause the reduction of current efficiency during the anodizing
processes. During the growth of barrier-type films at 100 % Faradaic efficiency,
formation voltage increases linearly with time under the galvanostatic condition until the
dielectric breakdown of the anodic film occurs at a certain voltage. The breakdown
voltage depends on the type of metallic substrate and electrolyte used. The barrier-type
films are compact and thin, usually in the order of hundred nanometers, and use as
applications for capacitors and corrosion protection. Barrier-type anodic films formed on
Al, Nb, Ta, and W are usually amorphous and the thickness of those anodic films are
proportional to the formation voltage before reaching to dielectric breakdown [9, 21-25].

Xu et al. reported that growth of barrier-type or porous-type films on aluminum
depends on the effective current efficiency in a specific electrolyte [26]. The growth
efficiency of the barrier-type alumina film decreases with a decrease in current density
and the pH of the electrolyte employed. For low current densities than a critical value,
film formation at the film/electrolyte interface involves field-induced dissolution and the
formation of a porous layer commences. In the case of aluminum anodizing, this critical
current density for the formation of a porous film depends on the electrolyte
concentration, temperature, and pH of the electrolyte [26]. Extensive studies on barrier-
type anodic alumina films show that these films are not pure oxides of aluminum, but
contain a small amount of electrolyte-derived anion species that significantly influence
the properties of resultant anodic films. In addition, the distribution and extent of the

depth of these species within the film is complex. Shimizu et al. [27] and Skeldon et al.



[28] have reported that the distribution of incorporated species is determined by the
transport number of metals ions as well as by the relative migration rates of incorporated
species during the growth of barrier films. Boron, phosphate, chromium, molybdenum,
and tungsten species are usually incorporated into the anodic films and they show
different distribution in the resultant barrier-type anodic films owing to their different
migration rates. Such species can be used as tracers for the investigation of ion transport
processes during the film growth [17, 27-31]. It is well-known that phosphate is
incorporated within outer two-third of the anodic alumina film and an inner one-third is
usually a phosphate-free, relatively pure alumina region. Investigations of the barrier-type
anodic films on aluminum in phosphate electrolyte revealed that phosphorous species
migrate inwards at a rate of ~ 0.5 times that of O [32-34].

The incorporation and different depth distributions of various electrolyte anion-
derived species are strongly correlated with the ionic transport process in growing anodic
oxides. Extensive research work on the growth of barrier-type anodic film on aluminum
has been done to clarify whether the growth proceeds owing to the migration of metal
cation through the film to react with electrolyte species, or due to the migration of oxide
anions across the film to react with the metal at the metal/film interface, or due to the
migration of both cations or anion species. Hoar and Mott reported that hydroxyl ions
also carry the ionic current during film growth and the outer region of the film materials
are usually hydrated while Brock and Wood suggested that only oxide anions are mobile
as no hydration is found in glycerol-based organic electrolytes [35, 36].

It is well known that the growth of amorphous barrier-type films proceeds by high
field conduction mechanisms, where transportation of ionic species occurs under the
electric field of 10%-107 V cm™* and new film material is formed at the film/electrolyte and
metal/film interfaces by outward migration of metal cations and inward migration of
electrolyte-derived anion species, respectively, as shown in Fig. 1.1. In contrast to
aluminum, films formed on some metals such as zirconium and hafnium are crystalline
and growth proceeds predominantly by the migration of O% ions, with a minor
contribution from zirconium cations Zr** [37]. Films formed on titanium show a transition
from amorphous to a mixture of amorphous and crystalline oxide at relatively low
voltages less than 10 V [13]. The current density, Ji, during amorphous film growth is

related to the electric field by the following eq.1.3 [38],

Ji = Aexp(BE) (1.3)



where E is the electric field, A and B are constants that depend on temperature. The
electric field E is further related to the anodizing voltage, V, and film thickness, d, by the

following equation.

V = Ed (1.4)
a) Electrolyte b) Electrolyte
H,O H,0
0 0
AI3+L > AI3+L >
o 7
O%/OH 3 O%/OH- 3
1.0 1.0
Aluminum Aluminum
c) Electrolyte d) Electrolyte
H,O H,O
0 0
B B
[X]Z"f Al L :(8> Al L >
n [X]> 7
O%/OH- 3 O%/OH- 3
1.0 1.0
Aluminum Aluminum
a) Electrolyte b) Electrolyte

Figure 1.2 Schematic diagram of immobile Xenon tracer experiments to determine the migration
of electrolytes species during the barrier-type films formed in aqueous electrolytes
galvanostatically at 100 % Faradaic efficiency; (a) impurity-free anodic alumina film, (b) anodic
alumina film containing an immaobile electrolyte species that contaminate the outer 0.4 of the film,
(c) anodic alumina film containing electrolyte species migrating outwards that contaminate < 0.4
of the film thickness and, (d) anodic alumina film containing electrolyte species migrating inwards
that contaminate > 0.4 of the film thickness [44].

Various tracer techniques such as ion implantation, micro-analytical, and
radioactive techniques have also been employed to understand the ionic transport
processes [35, 36, 39, 40]. It is now well known that aluminum cations transport number
is approximately 0.4 under 100 % Faradaic efficiency [41]. Later studies on barrier-type
film on aluminum suggested that electrolyte-derived species are incorporated within the

film at a constant rate under constant current film growth and electrolytes-derived species



could be immobile, migrate outwards or inwards at different rates [42-44]. Wood et al.
presented a model for the incorporation of electrolyte-derived species during the growth
of barrier type anodic films in aqueous electrolytes at constant current density [43] as
shown in Fig. 1.2. They concluded that the amount of electrolyte-derived species to
aluminum is independent of the Faradaic efficiency, but depends on the mobility of

species.

Porous-type Anodic Films
The formation behavior of compact barrier films is relatively simple in terms of

electrochemical theories with the film thickness is controlled by formation voltage. In
contrast, the formation behavior and the formation mechanism of self-organized porous
oxide films have attracted much debate in recent years. These films on aluminum are
formed in certain acidic and alkaline electrolytes, such as phosphoric acid, oxalic acid,
sulfuric acid, and borax that have the capability of partially dissolving the film. In
potentiostatic anodizing, the current decreases continuously when a barrier type anodic
film is formed at high current efficiency, while a steady current appears when a porous
anodic film is developed. The porous-type anodic films comprise a relatively thick porous
layer with numbers of cylindrical pores normal to the metal substrate and a thin barrier
layer sandwiched between the metal substrate and the porous layer (Fig. 1.3 a). Various
film parameters, including barrier layer thickness and cell sizes, are directly proportional
to anodizing voltage. These films are usually formed by anodizing at a constant voltage
or constant current. The typical voltage vs time and current density vs time responses
during porous film growth are shown in Fig. 1.3 b. and c.

When a constant current is applied to the growth of porous film, the cell voltage
rises linearly with time until the maximum is reached, and then decreases gradually to a
steady sate voltage. Linear non-steady rise of potential is associated with thickening of a
barrier layer and then, pores start to develop when the voltage-time curve is deviated from
the slope of the linear voltage rise. At the steady-state constant voltage, thickening of
porous layer proceeds with the barrier layer thickness remained constant. In anodizing at
a constant voltage, an initial rapid current rise is observed, followed by a decrease in
current density to a minimum value. Thereafter, current rises to local maximum before

reaching to steady state.
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Figure 1.3 a) Schematic illustration of nanoporous-type films and typical voltage-time and
current density-time responses during anodizing at: b) constant current condition and ¢) constant
voltage condition.

Nanotubular-type Anodic Films
In addition to barrier and porous-type anodic films, self-organized ordered

nanotubular anodic films on titanium [43], zirconium [44], niobium [45], tantalum [46],
and iron [47] have also attracted significant attention because of their unique properties
in various fields, including energy conversion, photocatalysis and biomedical devices,
since the observation of titanium surface by Assefpour-Dezeuly et al. in 1984 [48] and
formation of self-organized nanotubes on titatnium by Zwilling et al. [49-52] in fluoride-
containing electrolytes. Among various porous morphologies, nanotubular morphology
provides an extra degree of freedom in its wall thickness that can be tuned in addition to
the diameter and length of nanotubes to obtain the required properties. Furthermore,
nanotubes provide a large surface area than nanowires of the same diameter and length.
The morphology of nanotubes depends on applied voltage, duration, temperature, and
fluoride concentration. While voltage, duration, and fluoride concentration primarily
control the nanotube length, diameter, and growth rate, the electrolyte composition
including water content, pH, viscosity, and conductivity also affect the nanotube
properties. Apart from the parameter optimization of nanotubes growth for specific
applications, several studies have been conducted for the investigation of growth

mechanism and efforts have been made to understand the transitional from nanoporous



to the nanotubular structure. The nanotubes are typically formed under constant potential
in fluoride-containing nonaqueous electrolyte; such as glycerol and ethylene glycol and
in aqueous electrolytes [53-56]. Recent direct observation on the formation of nanotubes
on titanium and zirconium in non-aqueous electrolytes have proved that transition from
nanoporous to nanotubular films starts along the cell boundaries [57-59]. The formation
of the fluoride-rich layer along the cell boundaries can be explained by their fast migration
rate compared with oxide anions [60, 61]. These fluoride species are then preferentially
dissolved into the electrolyte, thus forming the nanotubes. A schematic of fluoride
enrichment and dissolution is shown in Fig. 1.4.

a) Electrolyte b) Displacement of c) Dissolution of

Dissolution Fluoride Rich Layer Fluoride Rich Layer

0z

> >
2 z 2
F Qo o =3
3] =5 3)
1! I L
3 3 3

Fluoride Reach Layer

o
TI Titanium

Figure 1.4 Schematic illustration of TiO2 nanotubes formation (a) formation of fluoride richlayer,

(b) displacement of fluoride rich layer and c) dissolution of fluoride rich layer. [1, 2]

1.3. Iron-based Anodic Films

Iron (Fe) is one of the most abundant metals in earth and the practically most
important metal. Iron can be oxidized to various kind of iron oxides, including magnetite
(Fe304), maghemite (y-Fe203), and hematite (a-Fe203). The ordered micro/nanostructures
(nanotubes, nanopores, nanowires, nanoparticles, etc.) of the iron oxides are
technologically crucial for many research activities in magnetic, environmental,
biomedical and material studies; including humidity and gas sensors, photocatalysts,
magnetic storage devices, lithium ion batteries, and electrodes for electrochemical
capacitors [62-68]. Nanoporous/nanotubular iron oxides film can be prepared by a
polymer precursor method, thermal oxidation of iron, electrospinning, hydrothermal
process, and very recently besides valve metals the self-organized
nanoporous/nanotubular oxide films have been grown on iron and stainless steels by
anodizing in organic electrolytes containing fluorides and small amounts of water [47,

69-74].



Anodizing of iron has been explored in the past decade [75, 76]. Anodization of
iron to produce nanoporous films like anodic Al.Os and nanotubular films like anodic
TiO- is however relatively new [69-73, 77-86]. Concerning the growth mechanism of
porous anodic alumina [87], oxide flow is assumed, originating from the stress-induced
plasticity of the oxide barrier layer. To minimize the stress, the oxide behaves visco-
plasticity and continuously being pushed upwards from metal oxide interface, forming
scalloped structure which will then develop into pores.

The transition from nanoporous to nanotubular structure occurs with increasing
the electrolyte temperature. According to La Tempa [88], the transformation from
nanoporous to nanotubular was observed when the electrolyte temperature was increased
from 35 °C to 55 °C. Another method is by modifying the electrolyte composition. The
use of organic electrolytes provides the formation of thick anodic films with high growth
efficiency on iron and stainless steel and improves the uniformity of the self-ordered
porous or nanotubular array. Hence, for the efficient fabrication of nanoporous and
nanotubular anodic oxide films on iron, understanding of growth behavior of the porous
films and the inter-relationship between structure, composition, and morphology of the

anodic films on iron is of crucial importance [72].

1.3.1. Anodizing in Fluoride-containing Electrolytes

As mentioned above modifying the composition of the electrolyte is important to
control the morphology on anodic films. Extensive studies on the formation of titania
nanotubes in HF-based aqueous electrolytes showed that nanotubes could be grown only
up to few hundreds of nm, consequently reducing the growth efficiency. This limited
growth may be assumed to be the result of fast dissolution process during anodizing.
Thus, nanotube length is limited to 500 nm for acidic and 2 um for neutral aqueous
electrolytes containing fluoride [49]. In contrast, TiO2 nanotubes of 1 mm thickness were
reported at 60 V in ethylene glycol electrolytes containing 0.5 wt. % ammonium fluoride
and 3 % water [89]. Therefore, organic electrolytes with low conductivity compared with
aqueous electrolytes allow the growth of nanotubes with highest efficiencies and with
high degree of ordering. In addition to organic electrolytes, nanotubes growth rates on
titanium are also determined by a balance between water and fluoride concentration. High
fluoride concentration (> 0.1 mol dm= ammonium fluoride) enhances the dissolution of
nanotubes, while the small addition of water to organic electrolytes allows sufficient rate

of oxidation. In this regards, most recent studies have focused on the formation of



nanoporous and nanotubular anodic films on Ti, Al, Zr, and Fe in fluoride and water-
containing glycerol/ethylene glycol electrolytes.

In anodizing of iron, there are three important parameters for nanoporous or
nanotubular formation, which are listed as follow:

e Composition of the electrolyte (NHs4sF and Water, in Ethylene
glycol/Glycerol)
e Applied Voltage
e Anodization time (3 minutes - 4 hour)
The correlation between the film morphology and anodizing conditions reported so far is

summarized in Table 1.1;

Table 1. 1. Summary of the anodizing conditions related to the type of anodic iron oxide films

Voltage (V)/
Current

Type Electrolyte Density (A/m)
Nanopores [69] Glycerol + 0.5 wt.% N1I;4EC+ 0.2% 0.1M HNO:3 at 90V
Nanotubes [71] Ethylene glycol + 0.5 wt.% NH4F + 3vol% H>O 50V
Nanotubes [47] Ethylene glycol + 0.1 wt.% NH4F + 3vol% H>O 50V
Nanotubes [78] Ethylene glycol + 0.3 wt.% NHsF + 2 vol% H.O S0V
Nanotubes [73] Ethylene glycol + 0.1 M NH4F + 3vol% H>O 50V
Nanopores [90] |  Ethylene glycol + 0.1 M NHF + 1.5 M Hz0 50 Am*
Nanopores and | £ 0n6 glycol + 0.1 M NHF + 1.7 M Hz0 50 V

Nanotubes [80]

Nanopores [91] Ethylene glycol + 0.1 M NH4F + 3vol% H>O 50V

Nanopores and . —y

Nanotubes [82] Ethylene glycol + 0.5 M NH4F + 3wt% H.0

Nanotubes [85] | Ethylene glycol + 0.1 M NH4F + 1 M H20 at 25 °C 40V

+

Nanopores [86] Ethylene glycol + 0.14 M NH4F + 1.7 M H,0 at S0V
room temperature
+ + 1.

Nanotubes [gs] | CoYiene glycol +0.14 I\éICNH4F 1.7 M Hz0 at 60 50V

0
Nanotubes [g4] | CiYiene glycol + 0-357 XV;/SCN HaF +2 M H.0 at 40V
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0-45 V, rate 2.5

Multi-layer Ethylene glycol + 0.37 wt% NH4F + 2 M H,0at | V/s: then pulsing
voltage between

nanotubes [84] 25+2°C 20V -45

Triangular profile
with voltages

Wave like tubes | Ethylene glycol + 0.37 wt% NH4F + 2 M H,0 at
between 30 V -60

[84] 25+2°C
V
Ethyl lycol + 0.1 M NH4F + 0.1-2.0 M H
Nanopores [83] thylene glycol + 0 4sF+0 0 20 at <50V
room temperature
Ethylene glycol + 0.1 M NH4F + 1.5 M H20 at 60 VV-100 V

Nanotubes [83
[83] room temperature

From the table above, we understand that the concentration of NH4F is important
to control the morphology of the anodic film on iron. The presence of F~ adjacent to the
bottom of the pore will induce further dissolution of the oxide. Water concentration also
significantly affects the resultant film morphology and growth efficiency. Shahzad, et al.
[83] discussed the growth mechanism that is dependent on the water concentration
(Figure 1.5); at lower water concentration a barrier layer is thick and the metal/film
interface is flat, not scalloped, and at high water concentration a layer of nanopores or
nanotubes can be formed. The transformation from nanopores to nanotubular can be

explained by the preferential dissolution of fluoride-rich layer at the cell boundaries.

Y -
g2z
> B >
3 82 3
O v D_
= Yy =
(@) Z (@)
T 5 iy
o -
Fluoride Rich Layer g | \ P/ .\ 8 9

Scalloped Interface
21 mol dm-=3H,0,
Formation of nanotubes
from nanopores 2 60 V

Figure 1.5 Schematic illustrations of the change in film morphology of the anodic films on iron
in the ethylene glycol electrolytes containing 0.1 mol dm™ ammonium fluoride (a) flat metal/film
interface at water concentration < 1 mol dm™ water, (b) scalloped metal/film interface at water
concentration >1 mol dm™ water and formation of nanotubes at cell boundaries > 60 V.

Flat Interface
< 0.1 mol dm=H,0
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1.3.2. The Influence of Crystal Orientation on Formation of Anodic
Films

In the past decade, the ability to control the morphology of anodic films by
choosing the proper crystallographic orientation of the aluminum and titanium substrate
has been proposed. Beck et al. demonstrated that the large scale of perfect hexagonal
packed pores in anodic alumina can be obtained by using the coarse-grained
microstructure in aluminum [92]. The correlation between the size of the regions with
perfect hexagonal pore ordering in the anodic alumina porous structure and the
crystallographic orientation of the Al substrate has been shown: the largest mean domain
size and, as a consequence, the best transverse positional order have been observed for
aluminum foils with (100) texture [93]. Clement, et al. demonstrated, the structure of
anodic alumina formed in sulfuric acid on the surface of the single crystals of aluminum
with (111), (110), and (100) orientations was analyzed [94]. According to scanning
electron microscopy (SEM) measurements the smallest fraction of defects (dislocations
and high- and low-angle grain boundaries) has been found for the (100) substrate.
Obtained results have been explained in terms of minimizing the anodic alumina/Al
interface energy. According to previously reported data [95], anodic alumina with the
best transverse positional order of the pores is formed on (100)- oriented Al grains,
whereas pore arrangement in the films grown on Al(110) does not show any resemblance
to a hexagonal pattern. A theoretical description of this phenomenon has been performed
by numerical simulations of the pore growth process involving different ratios of the
formation of free and bound forms of AI** ions at the Al/anodic alumina interface.[96]
An alternative explanation proposed for the influence of the crystallographic orientation
of the Al substrate on the ordering of the amorphous anodic alumina porous structure
involves the anisotropy of aluminum oxidation rates, which governs long-range
transverse orientational pore ordering.[97] Indeed, the mosaicist of the porous structure
was found to be minimal in the case of anodic alumina grown on Al(111) faces with 6-
fold symmetry, whereas in the case of the 4-fold symmetry Al(100) crystal two equivalent
options for the arrangement of a hexagonal lattice of pores were shown.

On anodic titania, the crystallographic orientation of the titanium substrate can
affect the film thickness, donor concentration, electronic conductivity, the rate of ion
transfer reactions and electron transfer reaction [98-101]. A combination of
electrochemical analysis with electron backscatter diffraction (EBSD) has been

performed to study the correlation between the crystallographic orientations of the Ti
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metal substrate and the electrochemical behavior of the compact anodic oxide formed
[100]. The anodic film thickness and its crystallinity were analyzed. Thin crystalline
oxide with electronical conductivity are formed on lower index facet (001), whereas
thicker oxides with less crystalline and lower electronic conductivity grow on higher
index facet (hk0). As a consequence of the high electron conductivity on growing anodic
films on (001) facet, an electronic current also flows through the film in addition to the
ionic current. Therefore, a competition between anodic film growth and other
electrochemical oxidation side reactions occurs and results on the presence of oxygen
evolution reaction [102]. For TiO2 on Ti(001), anodic oxygen evolution comes to pass at
potentials of >4 V, while on higher index Ti(hk0) facets, only an ion transfer reaction
(oxide growth) observed during anodizing; resulting in the thick nanotubes film formation
[101]. Leonardi et al. showed how the growth characteristics of anodic nanotubular TiO-
films, produced in an aqueous electrolyte solution of 1 M (NH4) H2POz and 0.5 wt %
NHaF, can be tailored by controlling the orientation of the underlying Ti metal substrate.
It was found that open or partially capped amorphous TiO2 nanotubes form on Ti(hkO)
grains, where growth of thick nanotubular oxide films is permitted. On Ti (001) grains,
the anodic films exhibited large degree of structural crystalline disorder with mixed
anatase and rutile phase [103-105]. Except for this research, one paper reported
exceptional nanotube growth on the Ti(001) surface [106]. The results reported therein,
even though interesting, there are several contradictory theories and experimental results
concerning the influence of the crystallographic orientation of the titanium substrate on
the morphology of anodic nanotubular titania films.

The effects of crystallographic structure of iron on anodizing process has not been
studied so far either on grains of polycrystalline iron or iron single crystals, however the
crystallographic structure of oxides grown on passive film iron has been a subject of
immense debate for the last few decades in corrosion community. For the passive films
on iron, the presence of Fe203 or FesOs has been proposed [107-109]. Nagayama et al.
found that the passive oxide can be composed of Fe3Oa inner-layer and Fe203 outer-layer
[76, 110, 111]. Several reports suggested that the passive films may be amorphous having
FeOOH like structure [112-117]. The other studies showed that passive oxide is
composed of Fe203 or FesOs [118, 119]. Toney et al. [120] and Davenport et al. [121]
evaluated the structure of passive oxide formed on iron single crystals of (001) and (110)
by means of in-situ surface X-ray diffraction technique, and found that the passive oxide

has the LAMM phase, analogous to Fe203 or FesO4. The oxide formed on (100) plane
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was less defective and has larger crystallites than that formed on (110) single crystal
surfaces as shown in Figu.1.6 [120, 121]. Takabatake et al. found that the passive film on
iron has bi-layered structure, with FesOas as an inner-layer and Fe203 as an outer-layer,
varying in the thickness proportion of -inner to -outer layers depending on the surface
energy of the substrate related to its crystallographic orientation [122]. The mechanical
properties of passive oxides formed on iron (100) and (110) single crystals were
conducted by Seo and Chiba, the hardness of the passive iron (100) orientation was lower
by 10% than the passive iron of (110) orientation [123]. Taking into account the nature
of oxide formed on iron, immensely investigated by corrosion community, one may
expect that the structure of oxide formed by anodizing may also depend on the
crystallographic structure of metal on which it is formed.

gnm 5 nm
3.5 nm—fﬂtm 2 nm W
Fe (100) Fe (110)

Figure 1.6 Schematic illustrations of the change in film morphology of the anodic films grown
on (100) and (110) orientation [119].

1.3.3. Tracer Study

Various mechanisms have been proposed to explain the growth of nanoporous or
naotubular films [33, 83, 87, 124-127]. Hoar and Mott suggested that pore formation was
associated with the field-induced and thermally assisted dissolution of anodic alumina at
the pore base [33]. O' Sullivan and Wood proposed that field-assisted dissolution is
accelerated by the polarization of Al-O bonds [7, 33]. Cherki and Sielka employed the
180 tracers to investigate the mechanisms of dissolution, transport, and growth associated
with oxygen during the formation of porous films and estimated that 40 % of ionic current
is carried by aluminum ions, while about 60 % is transported by oxide anions. They also
found that pore formation causes the loss of aluminum cations to the electrolyte, resulting

reduced growth efficiency close to 60 % for porous film formation [124].

The field-assisted ejection of aluminum cations to the electrolyte was first
confirmed by Xu et al. using a xenon inert marker [24]. Sato gave the concept of plastic

flow and mechanical breakdown of the oxide film and estimated that electrostriction
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stresses at the pore bottom are 100 times higher than that acting on the pore walls and
proposed that stresses at the pore bottom are sufficient for plastic flow of oxide materials
from pore base [125]. In addition to the experimental study, the various mathematical
model is have also been developed, based on ionic transport processes and interfacial
reactions, as well as on the effects of surface energy, and elastic stress[128, 129].

In 2006, Manchester group proposed a flow mechanism based on direct
experimental evidence, to explain the mechanism of pore generation and development in
porous anodic alumina films. They found an increase in thickness of porous anodic films
relative to that of metal consumed by an expansion factor of 1.35 during anodizing in 0.4
M sulfuric and phosphoric acids. This value of expansion factor exceeded the expected
value of 1.16 based on purely field-assisted dissolution model. They estimated that
increased film thickness is equal to pore volume. They predicted that plastic flow of
alumina beneath the pore in the presence of ion transport and compressive stresses
displace the material from the barrier layer towards the cell wall region and this
contributes to an increased thickness of porous film relative to that of metal consumed
[130]. Houser and Hebert in 2009, proposed a model for the potential distribution in
porous anodic alumina films during steady state growth using computational approach
[87]. Manchester group also conducted a series of tracer experiments and they
incorporated tungsten tracer into the sputtered-deposited aluminum substrate prior to
anodizing in phosphoric acid electrolyte [131, 132]. They found from direct TEM
observations that tungsten band is distorted, flowing upwards toward the cell wall regions
from the pore base as pore develops. These findings are contradictory to the field-assisted
dissolution model of pore development, indicating the flow of film material owing to the
plasticity and high compressive stresses in the barrier layer of porous anodic alumina
films. A schematic diagram, indicating flow mechanism is shown in Figure 1.7, which
shows the incorporation of tungsten tracer into the barrier layer and its subsequent

migration towards the pore wall.
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Figure 1.7 Schematic diagram illustrating the migration of tungsten tracer band during
growth of porous film on aluminum; (a) tungsten tracer in the barrier layer and (b, c)
migration of tungsten tracer towards the walls from pore base during pore growth [131].

1.4. The Application of Anodic Films Formed on Iron and Its Alloys

1.4.1. Photoelectrochemical study
The process of photoelectrochemical decomposition of water using
semiconductor photoelectrodes was first reported in 1972 by Fujishima and Honda.
Titanium dioxide (TiO2) was used to absorb ultraviolet (UV) radiation and internally
generate an electric potential due to the separation of charges within the material. By
applying a small outside bias potential, it was observed that water is electrochemically
split into hydrogen and oxygen gases. Titanium dioxide allow to absorb UV light of <
414 nm, which is only a small portion of the total solar spectrum, because TiO, band gap
is relatively high (3.2 eV). Thus, it is unable to show sufficient efficiency to split water.
This limitation indicates that titanium dioxide cannot itself stand up to the task of
photoelectrochemically generating hydrogen.
A great deal of effort has been invested into devising photoelectrochemical cell
(PEC) systems that will generate hydrogen efficiently at low cost. When a semiconductor
electrode becomes illuminated, it absorbs photons with energies (hv) greater than its band
gap energy (Eg),
hv = E,
(1.5)
where h is Planck’s constant (4.14 x 10" eV s) and v is the frequency of the light.
The frequency may be obtained from the wavelength (1) by the relationship,
c= Av (1.6)
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The band gap is the energy difference between the material’s valence and
conduction bands. Materials with band gaps greater than 4 eV are considered as
insulators; those with little or no band gap are considered metals. Semiconductors lie in
between. When photon energy is absorbed, electrons from the valence band are excited
up into the conduction band and a positively charged hole is left in the valence band. n-
type semiconductors have upward band bending at potentials more positive than the flat
band potential, as shown in Figure 1.8. The excited electron moves to the back of the

electrode, while hole moves to the surface. The standard electrolysis reaction is;

4H,0 — 4H* + 40H" (1.7)
photo anode material + sunlight — 4h* + 4e~ (1.8)
40H™ + 4h* > 0, + 2H,0 (1.9)
4H* + 4e~ - 2H, (1.10)
The overall reaction is:
H,0 + photoanode + sunlight - H, + 1/20, (1.11)
A+
Red‘:ﬁon =0 Conduction Band
P \ / /¥
Oxidation w Je'ance Bajgy

)
BBhotocat alyst Photocatalyst  “Adsorbed Dye Molecule

(a) Catalyzed Photoreaction (b) Sensitized Photoreaction
Figure 1.8 Schematic presentation of photocatalytic processes [133].

Iron oxide, among other iron oxides, is commonly found as rust, which is formed
from iron (Fe) in the presence of water. However, it may be produced as the anhydrous
form which has been found to be a cheap and useful semiconductor material. o-Fe.O3 has
a band gap of 2.0 to 2.2 eV and may absorb electromagnetic radiation with wavelengths
up to 621 nm which is in the visible portion of the solar spectrum. Its band gap makes it
a perfect candidate as the top junction for hybrid multijunction PECs because it will
absorb in the same range as the portion of the multijunction it replaces. The problem with
pure iron oxides is that it is a resistive semiconductor, and therefore the introduction of

dopants or combination of higher valence to make it more n-type, or lower valence to
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make it more p-type, has also been investigated to enhance its electrical characteristics.
On the other hand, WOs itself has emerged as a promising candidate as combining
materials with iron oxide photocatalyst, due to its suitable physical and chemical
properties. The effective utilization of this n-type material in solar water splitting was
first presented in 1976 by Hodes et al. Since then, significant research contributions have
been reported. However, WOz with a band gap of 2.6-2.8 eV can only absorb a maximum
of ~12% of the incident solar light [134]. A combination of different semiconductor
materials; such as, WOs/Ti0O; [135], TiO2/Fe203 [136] and Fe.03/WO3 [137-139] proved
to increase the semiconductor performance in many ways such as the increase of optical
absorption, charge separation enhancement, faster surface kinetics, and the modification
of the electronic structure between both materials [137].

1.4.2. Lithium lon Battery

Lithium batteries are playing an important role among of energy storage
technologies, because of their high specific per unit weight and also per unit volume
compared to other batteries available on the market (Figure 1.9), such as lead-acid (Pb-
acid), and nickel-metal hydride (Ni-MH) batteries. The use of Pb-acid batteries is
restricted only to starting, lighting, and ignition in automobiles applications, while Ni-Cd
batteries continue as the most suitable technologies for high-power applications (for
example, power tools). Since their introduction in 1991, lithium-ion battery (Li-ion
battery or LIB) has transformed portable electronic devices, such as laptops, cell phones,

digital cameras and other consumer electronics.
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Figure 1.9 Comparison of the different battery technologies in terms of volumetric and
gravimetric energy density [140].
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The first commercialized LIBs were developed by Sony Corporation in 1991 with
a graphite negative electrode, a LiCoO> positive electrode and the electrolyte, and have
been dominant in the Li-ion battery market for 20 years due to their high energy density
and long cycle life. However, this combination is not suitable for large scale batteries for
vehicle and grid use. Firstly, the high cost of LiCoO: is due to scarcity and not
environmental friendliness of cobalt resources. Secondly, there are potential safety
hazards in such a system which will greatly enlarge in large-scale batteries. The safety
hazards arise from the strongly oxidizing delithiated Li;-xCoO> cathode in the charged
state, which can release O, and the reducing lithiated graphite negative electrode, coupled
with a flammable electrolyte, that commonly co-exist in a LIBs system. Furthermore,
lithium-alloyed metals such as Al, Bi, Cd, Mg, Sn, and Sb also used due to high and fast
storage capacities produced, despite that extensive volume expansion limits the cycle life
of the batteries [141, 142]. To overcome these problems, the use of the metal oxides had
been proposed. The most-publicized metal oxide negative electrode are based on titanium
for example titanium dioxide [143, 144], LisTisO12 [145-147] or NaxTizO [148-150]
which does not demonstrate large volumetric changes during lithiation/delithiation
process. However, the used of this electrode limited only at low energy density. Other
metal oxides for instance tin dioxide[151] have been investigated as an negative electrode
in lithium batteries. However, the continuous aggregation of the elemental particles upon
lithiation/delithiation in these electrode leads to rapid capacity degradation. This can be
avoided by the use of transition metal oxides, for which the elemental transition metal
does not alloy with lithium. So far, transition metals specifically, nickel oxide [152-154],
copper oxide[155, 156], cobalt oxides[157-159], manganese oxide [160-162], zinc oxide
[163], iron oxide [164] have been investigated as negative electrode for lithium ion
batteries.
Iron Oxide for Lithium lon Battery

Iron oxide is one of the most interesting and important transition metal oxides for
application in LIBs due to its relatively high theoretical capacity of 1007 mAh g for
Fe,Os3 [165, 166] and 926 mAh g for FesOs [167-169] and it has multiple electron
valence states; Fe®, Fe?* and Fe®* to provide rich redox pairs, and have abundance and
environmental friendliness, and been studied as candidate negative electrode material
since first reported as conversion-type material. The chemical reaction for the lithiation
process on the iron oxides may be described as follow [170-172] , [173-175]:

Fe,0; + xLi* + xe- - LiyFe,03 (1.12)
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Liy Fe,05 + (2 —x)Li* + (2 —x)e™ — Li,Fe,04 (1.13)

Fe;0, + xLi* + xe- — LiyFe;0, (1.14)

LiyFe;0, + (2 — x)Li* + (2 — x)e~ - Li,Fe;0, (1.15)

Despite so many advantegous of iron oxides for LiBs application, iron oxide still
suffers from rapid capacity fading and poor cycle stability due to the electrode
pulverization and volume expansion during lithiation/delithiation process. To improve
the electrochemical performance of electrode materials, nanostructured engineering has
been considered as a promising avenue towards the development of high-performance
LIBs with high energy density, high power density, long cycle life, and improved safety.
In general, nanostructures can provide reduced distance for ion and electron transport,
larger electrode/electrolyte contact area, and good accommodation ability of the volume
changes. Therefore, a wide variety of nanoarchitectured iron oxides with differing
morphologies has been extensively explored, such as such as 1D (nanorods [176-180],
nanowires [181], and nanotubes [165, 182, 183]), 2D (nanosheets [184, 185], Fe203
nanoflakes [186-188]) and 3D (nanoparticles [189-191], mesostructured Fe>O3 [192],
Fe>03 hollow microcubes [193], multi-shell Fe2Os hollow spheres [194], porous Fe2Os
nanocubes [195], flower-like structures[196-198], Fe2Os nano-assembled spindles[199],
self-assembled Fe3Os nanoparticle clusters [200], hierarchical FezOs hollow
microspheres [201, 202]) studied as negative electrode with good capacity and improved

cyclability.

1.5. Objectives and Content of This Thesis

This thesis comprises work related to developing and establishing structures of
anodic iron oxide materials. The objective of the present study is the fundamental
understanding of the growth of anodic nanopores/nanotubes on iron implicating the
studies on iron single crystals for evaluation on how the anodic film grows depending on
facet index number and the modification of the anodic film growth by addition of an
alloying element is studied to the control full transition between nanopores and nanotubes
in order to meet the requirements of high surface area for desired applications and
physicochemical parameters such as bandgap engineering. Further, the functionality of
nanostructured anodic iron oxide films for photocatalytic water splitting and lithium ion

battery applications is investigated.
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This thesis consists of total seven chapters. Chapter 1 describes the brief
introduction of anodizing of iron, as well as scientific background behind the formation
of various types of anodic films and their growth mechanisms, the state-of-the-art and
objectives presented in the present introduction chapter. The Chapter 2 elaborates the
details of different characterization methods used to assess the fabricated
nanopores/nanotubular films and its application on photoelectrochemical study and also
lithium ion batteries.

In Chapter 3, the effect of crystallographic orientation of iron on anodizing
processes in organic electrolyte is studied. The objective of this chapter is to evaluate how
the crystallographic orientation of iron affects the growth of anodic films on individual
single crystals for BCC iron. In Chapter 4, the anodizing of Fe-W alloy was studied for
the first time. The main interest in this study was to examine the influence of tungsten
species on the growth process of formed oxide. The results were compared with that of
anodizing of pure Fe for a better understanding the growth mechanism of the anodic iron
oxide films. Furthermore, the influence of anodizing conditions, especially water contain
and anodizing voltage was analyzed.

In Chapter 5, the photochemical characteristics of Fe-W oxides of controlled
thickness and structure grown by anodizing sputter-deposited Fe-W in a fluoride
containing solution, followed by annealing at different temperatures are examined. The
results are compared to the nanoporous iron oxide to understand the effect of WOz to the
photocatalytic activity on the iron oxides. DRS analysis, photocurrent measurements, and
photodegradation on methylene blue were also performed to explore the influence of
Fe>03-WOs3 hybridization on the photocatalytic performance. The Chapter 6 focuses to
explore the influence of crystallographic structure of anodic iron oxide to the areal
capacity, efficiency and stability as negative electrode for lithium ion batteries (LIBS).

Finally, Chapter 7 contains the main conclusions of the results of the previous

chapters as well as the perspectives and also includes prospects for future work.
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Chapter 2 Characterization
Techniques

“We never know how good something is, until we know what it is capable of”.
The same situation also applied in this thesis. Every samples which we produce, should
pass the process of characterization and this work is no exception. Naturally in thin films-
related work, the microstructure is important. Thus, the Chapter begins with detailed
information on how we can see the microstructure of the thin films, (even what
components made the microstructure) by two common electron microscopy methods,
namely scanning electron microscopy and transmission electron microscopy. This is
followed by characterization techniques that allow us to “touch” and reveal the state of
nanoscale surface, that is, X-ray diffraction, X-ray photoelectron spectroscopy, Raman
spectroscopy, glow discharge optical emission spectroscopy and time of flight-secondary
ion mass spectroscopy. Later on, in this Chapter, 1 will introduce one of the main
characterization techniques used in photocatalysis and lithium ion batteries-related
studies, as well as specific and detailed descriptions of the measurement setups used

throughout the project.

2.1. Morphological Characterization

Conventional optical microscopy have an usage limit, which unable to investigate
image smaller than ordo micron due to diffraction of light comes into play, thus the image
cannot be focused to a point in the optical microscopy [1]. To overcome this problem, the
use radiation with substantially shorter wavelength is needed. Electrons are the perfect
choice as a probe, due to its dual wave-particle enables their usage as “light” in
microscopy. There are two basic types of electron microscopy: Scanning Electron

Microscopy (SEM) and Transmission Electron Microscopy (TEM).
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2.1.1 Scanning Electron Microscopy
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Figure 2.1 Generation of electrons and X-rays as a result of electron beam-solid interactions
[2].
Scanning electron microscope (SEM) is a powerful instrument for the

examination and analysis of the microstructure characteristics of materials surface. As its
name says, the SEM produces the image by scanning the electron beam across the
specimen point by point. In the imaging system there is a deflection system which causes
the beam to move to a series of discrete locations along a line and then along another line
below the first, and so on, until a rectangular “raster” is generated on the specimen. With
a small electron probe, the investigation of a small area of material can be performed.
Basically, a SEM consists of an electron gun, lens system, electron collector, visual and
recording in computerized. The electron gun, located on the top of the column, generates
and accelerates electrons to energies in the range of 0.1 — 30 kV. There are several types
of electron guns normally used: thermionic emitters (made of tungsten and LaBs), cold
and thermal or Schottky field emitters. The field emitters are being used especially in the
modern SEMs due to their enhanced performance, reliability and lifetime.

Upon the bombardment, the electron beam-solid interactions produce various
kinds of excitations, as shown in Figure 2.1, secondary electrons, backscattered electrons,
Auger electrons, as well as X-rays. These different excitations, which can be detected by
a state-of-the-art SEM’s different types of detectors and analyzers. As imaging modes are
concerned, only secondary electron and backscattered electron signals contain
information about topography. The two, however, originate from different process and
have different energies. Thus, they are captured using different detectors and carry

different information.
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Primary electrons, the electrons bombarding the sample, may lose some of their
energy upon colliding and interacting with the sample. This process is known as inelastic
scattering and occurs by interaction with electrons of the sample. From the principle of
conservation of energy, the energy lost from the primary electrons will be compensated
as a “gain” in energy of the electrons of the sample. If these are the outer-shell electrons,
weakly bound to an atomic nucleus, most of the energy will be retained as kinetic energy,
allowing the electrons to escape and travel through the solid as secondary electrons (SE).
SE typically have kinetic energies of less than 100 eV and the average distance they can
travel in the solid is limited to just one or two nm. This property provides excellent
information about the surface structure as the secondary electrons that can be detected
have to be created very close to the surface. Secondary electrons are thus able to produce
the so-called topographical contrast of the samples studied.

Backscattered electrons (BSE), on the other hand, are elastically scattered primary
electrons. Hence, BSE escape from the sample with energies only slightly smaller than
the primary electron energy (i.e. higher energy than SE). Since elastic scattering is
strongly dependent on the details of atoms the electrons collide with (e.g. atomic mass,
crystal orientation, defects etc.), BSE can provide information about microstructural
parameters of materials. For typical use of SEM, BSE offer good composition contrast if
different chemical elements are present in a sample. Together, BSE and SE can be used
interchangeably in an SEM to obtain topographical information complemented with some
compositional information.

The interaction of primary electrons and the sample also creates the emission of
X-rays resulting from electronic shell transitions in the sample (Figure 2.2). The emitted
X-rays, which may originate from several microns deep within the sample, carry energy
characteristics of the element emitted from (i.e. every element has its own set of
characteristic peaks in its X-ray emission spectrum). Thus, detection and measurement of
these energies permits quantitative elemental analysis known as energy dispersive X-ray
spectroscopy (EDS).

SEM has been an instrumental tool for the work presented in this thesis. While the
charging effect by itself is not damaging the sample, it nonetheless creates distorted and
poor resolution images due to the built-up of electrons on the surface, creating an electric

field, which in turn deflects the incoming electron beam in undesirable ways.
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2.1.2 Electron Backscatter Diffraction (EBSD)

Rich information provided by BSE outlined above spurred a class of techniques
called electron backscatter diffraction (EBSD) [3]. Specifically, EBSD is employed to
characterize microstructural-crystallographic parameters in bulk materials such as crystal
orientation, grain morphology and defects. A bulk material is crucial for EBSD to provide
a high enough number of scattered electrons to be detected. In EBDS, a tilted sample is
irradiated with a beam of electrons which interact with the atoms in the crystal lattice.
Some of the BSE leave at the Bragg condition from the sample crystal planes and form
the so-called Kikuchi patterns as shown on Figure 2.2. These patterns relate to each of
the diffracting planes in the lattice and thus a crystal orientation map can be constructed
[4]. This map provides essential information of the crystalline state of the sample, such

as grain orientation and grain boundaries.

Uﬁb}ecn‘fe lens

backscatter
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Figure 2.2 Kikuchi diffraction in the SEM [5].

In this thesis, Backscatter Kikuchi Diffraction (BKD) is employed to reveal the
microstructural details of the single crystal bulk iron studied in Chapter 3. Specifically,
determination of the orientation after mechanical polishing and electropolishing was

conducted.
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2.1.3 Cross Sectional TEM sample preparation: Focused lon Beam
(FIB)

The focused ion beam (FIB) techniques are most powerful sample preparation for
TEM observation; which required very thin specimens to be investigated. Below 100 nm
thick; on the term of “electron transparent” is essential. FIB allows to produce a very large
thin area; FIB also allows us to select the target area very precisely. Compared to other
methods, FIB preparation is fast and reliable. Last but not least, the FIB preparation
techniques are virtually independent from the nature of the material, which means that
most materials including ceramics, metals or even biological materials, can be prepared
using this technique. With all those advantages, FIB preparation techniques have become
the most powerful TEM sample preparation techniques over the last two decades.
Nowadays FIB techniques can be used not only as preparation tools but also make
material and failure analysis of isolated, sub-micron electrically tested structures
possible.[6, 7]

gas injection needles ion column

detector

sample
o
I_ sample stage I

vacuum chamber

Figure 2.3 Schematic diagram of the FIB instrument [8].

As shown if Figure 2.3, the conventional FIB instrument consists of a vacuum
system and a chamber, a liquid metal ion source (normally gallium), an ion column, a
sample stage, detectors, gas delivery system, and a computer to run the complete
instrument. A gallium (Ga) reservoir is positioned in contact with a sharp Tungsten (W)
needle, later on the gallium wets the tungsten needle tip. A high extraction field more
than108 V/cm, is used to pull the liquid gallium into a sharp cone about 5-10 nm radius
size. Finally, ions are emitted as a result of field ionization and post-ionization and then

accelerated down the FIB column [9]. As source, this liquid metal ion source (LMIS) of
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Ga is used because of two advantages: (i) it has a low melting point therefore the liquid
state may exist near room temperature, and (ii) it can be focused to a very small probe
size (<10nm in diameter).

Conventional and lift out techniques are two common FIB-based sample
preparation techniques. In the conventional technique, the specimens are picked up from
the bulk specimen and then mounted on a cross section of Cu plate. Afterwards, it can be
thinned and used as TEM specimens. Detailed explanation about conventional methods
can be found in [10]. On the other hand, in the lift out technique the specimens will be
milled to an electron-transparent membrane, and later on the membrane will be attached
to a TEM grid using a manipulator. There are also two additional sub-techniques, ex-situ
and in-situ lifts out. In the ex-situ lift out technique, the attachment process is done outside
the FIB instrument while in the latter technique, it is done inside the FIB instrument [11-
14].

All TEM specimens in this study were prepared by in situ lift out technique using
a Hitachi FB-2100 focused ion beam (FIB) system employing a Ga* ion beam. The
process consisted of two steps; milling the specimens and re-thinning the attached lamella
at TEM grid. The samples were first covered by carbon and platinum and in the FIB
chamber it was covered by tungsten to protect the surface layer of the specimens from Ga
ion bombardment. Next, the lamella was cut trace by trace on both sides. After the lamella
reached a thickness of about 500 nm, it was cut on the bottom and both left and right
sides. At the right and the left sides small parts of the area were left to make sure the
lamella was still fixed by the bulk specimen. The lamella was then tilted for 15° by the
user and one side of the lamella is attached to a micromanipulator. The lamella was made
completely free from the bulk specimens by cutting all of the rest connected side and was
attached to the micromanipulator to be transported to the TEM grid later on. In the second
process, the lamella was attached to TEM grid, which is normally made of copper or
molybdenum. Afterwards, the lamella was thinned on both sides until the thickness is less
than 100 nm.
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2.1.4 Transmission Electron Microscopy (TEM)

As seen in Figure 2.4, electrons which pass through the specimen can be used in
investigations [15] by TEM. Back in 1932, the first TEM was developed by Knoll and
Ruska and four years later the first commercial TEM was developed by Siemens and
Halske in Germany in 1936. After World War 11, TEMs have become widely available
from several commercial companies, namely Siemens, Zeiss, Hitachi, JEOL, Philips
(now FEI) and RCA.

STEM mode

Electron Gun

<L system of condenser lenses
N

SAS STEM detector
__ADF | r_B‘ﬂ |_ADF | (back focal plane of objective lens)

amplification,
modulation,
computer display

‘ BF image H DF image

Figure 2.4 Schematic drawing of a TEM with STEM capability [15].

A conventional TEM consists of an electron source, illumination system,
specimen stage, imaging system, projection system and viewing screen to view the image.
Furthermore, a modern TEM is equipped with analytical equipments such as energy
dispersive X-rays and electron energy-loss spectroscopy. There are three types of electron
emission guns in TEMs; thermionic, Schottky and field emission. In conventional TEM
instruments, two-three condenser lenses (C1, C2) are located above the specimen. In
normal TEM mode, those lenses are adjusted to illuminate the specimen with a parallel

beam. Below the specimen, an objective lens will form images and also diffraction
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patterns. The next lens is an intermediate lens which is important to produce either the
diffraction pattern or an image on the viewing screen. Since electrons cannot be “seen”,
a viewing screen, normally coated with a material such as ZnS will translate electron
intensity to light intensity (A = 550nm). Furthermore, both the diffraction patterns and
images, can be recorded onto photographic emulsion or Charge-Coupled Device (CCD)

cameras with high sensitivity, which are available nowadays.

Two conventional imaging techniques in TEM are the bright-field (BF) and the
dark-field (DF) imaging. Both transmitted and diffracted beam will make contrast. This
condition rises because the diffracted intensity recombines with the transmitted intensity
at the viewing screen and produces contrast. When the objective aperture is used to block
all diffracted beam and allow only the direct transmitted beams, the BF image will be
formed. When the direct transmitted beams are tilted and the objective aperture is used to

block it, the formed image is called as the DF image (Figure 2.5).
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Figure 2.5 Condition for (a) bright- and (b) dark-field imaging [16].
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2.1.5 Scanning Transmission Electron Microscopy (STEM) and
Energy Dispersive X-Ray (EDX) Analysis

A modern TEM can also have scanning capability, known as scanning TEM
(STEM), which allows the specimen to be scanned point by point with a small probe of
electrons. In order to obtain a small probe with a diameter of ~ 0.2-5 nm, a large aperture
angle a must be used. Two additional pairs of scan coils below the condenser lenses allow
the raster process to be performed. Besides producing secondary electron signal, TEM
can also produce bright field images, dark field and annular dark field (ADF) images.
Annular detector is positioned below the specimen that will collect electrons diffracted in

large angles allow to present variety mode (see Fig. 2.6).
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Figure 2.6 (a) Schematic of the HAADF, conventional annular dark-field (ADF) and BF
detectors in a STEM; and (b) electron scattering by a single isolated atom in STEM [17].

The strong Coulomb interaction of the negatively charged electrons with the
positive potential of an atom core, leads to high angle scattering as described in

Rutherford scattering as follow:

do(0) etz?
= ) (2.1)
as 16(E,)? sin*-
where,
do(0)
a0 = differential scattering cross sections as a function of scattering angle
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E 0 = incident beam energy
e = electron charge

YA = atomic number of the scattering nucleus

As seen in Eq. 2.1, these diffracted electrons are very sensitive to increasing Z
(atomic number) and the contrast is approximately proportional to Z2 Based on that
formula, heavier elements will be brighter in ADF STEM images compared to the lighter
elements. This effect is even more pronounced when the electrons are diffracted in a very
large angle (>50 mrad). The technique is known as high-angle annular dark-field or
HAADF imaging, or Z-contrast imaging, which has been introduced by Crewe and co-
workers [18].
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Figure 2.7 Characteristic X-ray and excitation process [19].
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The electron beam also generates X-rays photons in the beam-specimen
interaction, which have energies characteristic for each element in the specimen and can
be used in STEM analysis (Figure 2.7). These characteristic X-rays are emitted from inner
shell electrons of a specimen atom. They are referred to as characteristic X-rays since the
energy of an emitted X-ray is related to the energy differences between the sharply
defined levels of the atom. When the beam electron interacts with an inner-shell electron,
it knocks out the bound electron, which leaves the atom in an excited state with a hole in
the electron shell. During subsequent deexcitation, an electron transition involves a
change in energy, and the energy released from the atom can manifest itself either in the
form of an X-ray or an ejected (Auger) electron. These X-rays will be captured by energy-
dispersive spectrometers (EDS). These spectrometers use lithium-drifted silicon Si (Li)
solid state X-ray detectors or intrinsic or high-purity Ge (HPGe) EDS detectors. A
detailed explanation about the principle of EDS can be found in literature [20]. In this
study, STEM and EDX observation were carried out using JEOL, JEM-ARMZ200F
scanning transmission electron microscope (STEM) with energy dispersive X-ray
spectrometry (EDS) facilities at the Research Institute for Electronic Sciences, Hokkaido

University, Japan.

2.1.6 High Resolution Transmission Electron Microscopy

By definition, high-resolution transmission electron microscopy (HRTEM) is one
of imaging mode of the TEM; which allows the imaging of the crystallographic structure
of a sample at an atomic scale. In contrast to the conventional imaging mode in CTEM
which relies on a diffraction contrast, the image formation in HRTEM relies on phase-
contrast resulting from an interference of several beams. In this case, to understand the
image formation and the interpretation of the object structure on the atomic scale, one
needs to understand the interactions of the electron beam with the crystal, the influenced
of the lens aberrations and the wave transferred by microscope.

As mentioned before, the image formation in a high-resolution electron
microscope is an interference phenomenon. A parallel, coherent incident beam is
diffracted by the thin crystal placed in the object plane of the objective lens. The
aberrations of real lenses deform the electron waves and decrease the resolution of the
microscope. These aberrations are defocus, spherical aberration, chromatic aberration,

astigmatism and coma.
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Besides receiving detailed crystallite structure in atomic scale such as defects,
grains and crystal growth, the high resolution TEM image can also be used to inform the
exact positions of atomic columns with respect to black and white contrast on the
micrograph. But unfortunately, the direct interpretation is possible only where the final
image correspondence to the projected potential of the whole specimen. In real crystal,
the interaction of the crystal with the incident electron beam and also the transfer of the
intensity of the image are not linear.

The position of the maxima and minima of interference with respect to the atomic
columns depends on the crystal thickness and on the defocus of the objective lens, in
which both values are often very difficult to determine. To overcome that problem,
creating model of the corresponding crystal and simulating its interaction with the
electrons and obtaining the wave function emerging from the crystals are necessary.
Later, the image of this wave function is calculated and compared to the result form the
experimental micrograph. Detailed explanation about the high resolution TEM can be
found in the literatures [21-23].

2.2. Analytical Composition
2.2.1 X-ray Diffraction
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Figure 2.8 Schematic diagram illustrating the glazing incidence and bulk modes of X-ray
diffraction measurements [24].

The phases in the anodic films were identified by a Rigaku, RINT-2000 X-ray
diffractometer using Cu Ka irradiation (A = 0.15418 nm). The diffraction occurs only

under conditions of constructive interference when Bragg’s law is satisfied. In bulk XRD
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mode, also known as 0-20 or Bragg-Brentano geometry, the incident angle of X-ray onto
the specimen surface is maintained at the same angle as the detecting angle. However,
this mode produces a weak signal from a surface thin film and the intense signal from the
substrate. For the analysis of thin anodic films in this study, grazing incidence XRD
(GIXRD) was used to minimize the contribution of the substrate material, in which the
incidence angle (alpha) is fixed at a small value and only the detecting angle (20) was
varied. Fig. 2.8 shows the schematic of thin film and bulk modes of XRD. In the present
study, both 6-26 and a-26 (o = 1°) modes were employed to obtain information of the
individual phases within the film material. The quantitative analysis of the phases on the
XRD pattern in this thesis is done using the Rietveld method on GSAS software. Rietveld
refinement requires a reference structure file of the identified phase, and chi-square
method were used to minimize the difference between the observed pattern and calculated
profiles. During the fitting, the phase weight can be calculated by modifying values of

scale factors, number of formula units per unit cell, and the unit cell volume [25].

2.2.2 X-Ray Photoelectron Spectroscopy (XPS)
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Figure 2.9 XPS photoelectron mechanism [26].

X-ray photoelectron spectroscopy (XPS) relies on the photoelectric effect to
reveal the surface chemistry of a sample. When electrons are emitted by a material that
irradiated by photons it can produce photoelectric effects. In a typical experiment, X-rays
with specific energy (e.g. Mg Ka with energy of 1253.6 eV) are used to irradiate the
sample. As the photons interact with the material, energy is transferred from the photons
to the electrons in the material. If the energy is sufficient to overcome the binding energy,
electrons will be emitted from the material. These electrons are called photoelectrons

(Figure 2.9), whose kinetic energies can be described by:
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Ekin=hv — Epingd — Ds (22)

where hv is the energy of the photon, Ening is the binding energy of the photoelectrons and
@s is the spectrometer work function which is defined by the spectrometer used. As the
mean free path of photoelectrons is very short, only a small portion of them, i.e. the ones
originating from the top-most layer of the material being analyzed, can exit the material
and reach the detector without further energy loss. Thus, XPS is a very surface sensitive
technique. XPS spectra can then be constructed by plotting the energy and number of
electrons emitted from the material. Since each element possesses its own unique set of
binding energies, XPS spectra can be used to identify elements present on the surface of
a material. Furthermore, the chemical state of the elements (e.g. oxidized state) can also
be determined since depending on whether an element is bound to another species or not,
it will possess slightly different binding energies of its electrons. This difference in
energies is due to electron transfer between the different species, which depends on their
relative electron affinities. Finally, a relative elemental quantification can also be
obtained by integrating the area of different peaks in the spectrum. The unique surface
elemental information provided by XPS is valuable especially for the oxides grown on
alloy systems, (see Chapter 4). The XPS analysis presented in this thesis was carried by

our collaborator form Warsaw University.

2.2.3 Raman Spectroscopy
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Figure 2.10 Energy level diagram showing the states involved in Raman signal [27].
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Raman spectroscopy is the technique to observe rotational, vibrational, and other
lower frequencies modes in system. This spectroscopy relies on inelastic scattering and/or
Raman scattering of monochromatic light, from visible, near infrared or near ultraviolet
laser. The laser interacts with molecular vibration, phonon or other excitation in the
system; results on the shifted of energy of the laser photon to up or down. The energy
shifting gifts the information about the vibrational mode in the system. Infrared
spectroscopy yields similar, but complementary information. Raman spectroscopy is
more often used in chemistry field, because of the vibrational information give specific
chemical bond and symmetry of molecule.

The Raman effect occurs when light infringed upon molecule and interacts with
the electron cloud and the bonds of the molecule. For the spontaneous Raman effect, a
photon will excite the molecule from the ground state to a virtual energy state. When the
molecule relaxes, the molecule will emit a photon and returns to a different state. The
energy differences between the original state and the new state undergo to shift the
emitted photon’s frequency away from the excitation wavelength. If the new vibrational
state of the molecule is more energetic than the initial state, the emitted photon will be
shifted to the lower frequency for the total energy of the system to remain balanced. The
frequency shifted is labelled as a Stokes shift. On the contrary, anti-Stokes shift is labeled
from the emitted photon shifting to higher frequency, due to less energetic of final
vibrational state than the initial state. (Figure 2.10) Raman scattering is an example of an
inelastic scattering because of the energy transfer between the photons and the molecule
during their interaction. Molecular polarization potential changed or the deformation of
the electron cloud on the vibrational coordinate is required to exhibit the Raman effect.
The Raman scattering intensity is determined by amount of polarization change, while
the pattern of shifted frequency is determined by rotational and vibrational states of the
samples. [28, 29] The Raman spectra in this study were collected at Faculty of
Engineering, Hokkaido University, using Horiba XploRA Raman microscope (Kyoto,

Japan); equipped with an Olympus microscope (Tokyo, Japan).

2.2.4 Glow Discharge Optical Emission Spectrometry (GDOES)

Glow discharge optical emission spectroscopy (GDOES) is the technique to for
the depth profiling of thin films. The rapid analysis without using an ultrahigh vacuum,
high sensitivity to all elements of periodic table including hydrogen, high accuracy, and

excellent depth resolution allow us to obtain the information from nanometers to the few
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micrometers of film materials. GDOES has also proven its capability of rapid analysis of
film thickness from a few nanometers up to several hundred micrometers, being suitable

for depth profile analysis of both barrier-type and porous type anodic films.
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Figure 2.11 Schematic diagram illustrating GDOES sputtering and emission process [25].

A schematic illustration of GDOES process is shown in Fig. 2.11. When a voltage
applied in GDOES, electrons are accelerated toward the anode and then they collide with
gas atoms (Ar/Ne). The energy from the collisions were remove the electron from the gas
atoms, and generated ions are accelerated toward the samples as cathode. These ions
impinge the surface of the samples and sputtered the sample atoms from the surface. The
sputtered atoms then diffuse into the excitation regions of the plasma where they can
undergo excitation via some collisional processes, and then the photons can be detected
with optical emission spectrometry. This study uses Jobin-Yvon 5000 RF GDOES
instrument for depth profile analysis. The RF power of 13.56 MHz and 35 W was used
for elemental depth profile analysis of anodized films formed on iron at various water
concentrations. It is well known that fluorine atomic lines (F-I) as well as ionic lines (F-
I1) are hardly observed in the argon-glow discharge plasma, whereas they can be emitted
by using neon plasma [30]. Therefore, porous anodic films on bulk iron were sputtered in
a neon atmosphere of 1100 Pa to excite the most intense fluorine line of 685.6 nm instead
of normally used argon gas when depth profile of fluorine was needed at a power of 50
W, with a data acquisition time of 0.05s. A copper anode of 4 mm diameter and a
polychromator was employed for the detection of emission intensity from the sputtered

elements.
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2.2.5 Time of Flight — Secondary lon Mass Spectroscopy (ToF-SIMS)

Time of Flight (ToF)- Secondary ion mass spectrometry (SIMS) was first
introduced in the 1980s [31]. 60 years ago, the SIMS technique was first used to analyze
oxides and metals. As reviewed by Benninghoven et al. (1987) [32], The use of ToF
technique was to provide spatially resolved information on the SIMS as an ion-optical
collection system to preserve the spatial relationship of the desorbed ions. Nowadays, the
SIMS technique has been improved extensively and can be used in various kind of
operational modes [33-35].
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Figure 2.12 Schematic representation of secondary ion generation [36].

SIMS is a technique that analyzes ejected ions from the surface of sample material
by energetic ion bombardment. The SIMS technique uses focused ion beam of primary
ions which impinge upon the surface. The atomic collisions transfer the primary ions
energy to the target atoms, so that a collision cascade occurs. And then, the primary ions
set an atom in motion, both by direct or indirect collisions of atoms in motion with other
target atoms (Figure 2.14). The energy produced is transferred back to the surface which
allows surface atoms and molecules of approximately the top 2-3 molecular layers to
overcome their surface binding energy [37]. The sputtered atoms or molecules from the
target surface are named as the secondary ions. Secondary ions come off neutrally
charged, however a small portion generated can be ionized, which subsequently analyzed
as positive or negative ions. Depending on the ion mass to charge ratio m/z, dynamic and
static mode SIMS can be introduced. Static SIMS is performed with low primary ion

doses, while dynamic SIMS is performed at high primary ion doses. Approximately
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below 1% of the top monolayer is impacted by primary ions on static SIMS, to produce
elemental or molecular distribution of secondary ions. The principle of Time of Flight
(ToF) mass analysis mass spectrometry is based on the fact that ions with different masses
travel with different velocities. Essentially, desorbed secondary ions from the target
surface by energetic particle bombardment are accelerated and then the ions are traveled
to the detector. The TOF analyzer separates the secondary ions from how long time it
takes to travel through the length of the field free Time of Flight (ToF) tube. The time
interval needed is related to the mass and charge of the accelerated secondary ions.
Normally, the lighter secondary ions are faster than the heavier ones where the
mass spectrum could be recorded. The mass spectrum then used to obtain composition,
distribution and molecular information of surface constituents [38]. With ToF-SIMS
techniques, spatially resolved images; with a spatial resolution less than 100 nm, of
molecular species with weight up to 1000 Daltons can be produced [39]. Furthermore,
ToF-SIMS has so many advantages; parallel detection of multiple samples with excellent
mass resolution, monolayer sensitivity and the ability to record the location of atoms and
molecules, as well as the ions, lipids, and metabolites. In TOF-SIMS, the uses of pulsed
primary ion beam is to achieves greater precise mass-to-charge measurements [40]. The
ToF-SIMS presented in this thesis was carried out using TOF SIMS 5, ION-TOF GmbH,;

by our collaborator form University of Warsaw.

2.3. Photoelectrochemical Measurement

2.3.1 Photocurrent & Photodegradation Measurement

Photocurrent is the electric current which generated by a photosensitive material
device such as a photovoltaic cell, photocell, photodiode, etc. upon exposure to light as a
result of either photovoltaic, photoconductive or photo-emissive effect. The general
physical mechanism of light sensing can be summarized as follows: the photon excites
certain molecules in the sensing element; in turn, this excitation generates secondary or
higher order reaction that creates free flowing electric charges. The movement of the
photon-generated electrical charge under an applied electrical field is what constitutes the
photocurrent. The photocurrent is directly proportional to intensity of radiation when a
suitable radiation is used and can be further enhanced by internal gain due to photons and
ions interaction on applied field. Photocurrent increases with accelerating potential until

saturation current is reached at which the generated photocurrent is at maximum and does
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not increase further with increasing accelerating potential. On the other hand, there is a
retarding potential called stopping potential at which no photocurrent is generated for a
given frequency of incident light rays.

2.3.2 UV-DRS Measurement
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Figure 2.13 Schematic representation of reflectance measurement.

When light propagates through a material, the scattering and absorption events
exist because of its constituent particles. After several scattering events, the light that exits
the tissue will be nearly isotropic and is therefore considered to be diffusely reflected
light. The difference between specular and diffuse reflectance is illustrated in Figure 2.13.
Incoming light (black) is reflected both specularly (red) and diffusely (green). For diffuse
reflectance, the source-detector separation (SDS) is defined as the distance between the
incoming source beam and the point at which the diffusely reflected light is collected. We
know the light cannot penetrate solid samples; however, it can be reflected on the surface
of the samples. Figure 2.15 show the "specular reflection,” which is attributed to the
incident light reflected symmetrically to the normal, while "diffuse reflection” is
attributed to the incident light scattered in different directions. Reflectance spectroscopy
is almost similar to the UV/Vis spectroscopy, which use visible light to excite valence
electrons to empty orbitals. UV/Vis spectroscopy technique measures transmittance of
light changed as it passes through a solution, meanwhile the diffuse reflectance is
measuring the relative amount of reflected light off changed of a surface. This UV DRS
measurement was performed at Ohtani Lab using JASCO V-670 spectrophotometer

equipped with PIN-757 integrating sphere.
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2.4. Electrochemical Measurements

The electrochemical techniques used in this work are galvanostatic cycling with
potential limitation (GCPL) and galvanostatic discharge-charge cycling. In this thesis, the
electrochemical study was performed in two-electrode systems at a constant current
density in the potential range of 2.6 - 0.01 V using PAT-Cell (EL-cell) as shown on Figure
2.14 and EC-Lab electrochemical workstation (Bio-Logic Science Instruments),
respectively, with metal plate with an oxide thin film as working electrode and L. foil for

a reference and counter electrodes.
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Figure 2.14. PAT-Cell core assembly [42].
In order to understand the degradation and the loss of capacity of Lithium-ion

batteries, a differential capacity plot studies have been performed. The "differential
capacity” curve is obtained by differentiating the capacity Q vs. voltage E. It is defined in
the equation below.

140l _ 10r=Qr-|
dE Et—E¢_1

(2.2)

Where, Qt, Etare capacity and voltage values measured at a given time t. Qt1, Et-
1are capacity and voltage values measured at a previous time t-1. Differential Capacity
curve can be plotted with voltage or Q or vs. other parameters. The differential capacity
vs potential gives information about structural transformations during
lithiation/delithiation process. The advantage of the differential capacity curve is that
plateaus in the E vs. Q charge curve can clearly identify by the peaks in the dQ/dE vs. E
curve. These peaks are associated to phase transitions of the electrode material. The
cathodic and the anodic curves by differential capacity gives information about the

reversibility of the electrode reaction.
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Galvanostatic techniques generally apply a constant current source across the cell
between working and counter electrodes and measure the potential response. Some
electrochemical performances of a cell could be expressed on the galvanostatic charge-
discharge curves, such as specific capacity, reaction plateau and coulombic efficiency. A
charge-discharge cycle is the process of charging a rechargeable battery and discharging
it as required into a load. The charge-discharge cycle is typically used to specify expected
life of the batteries, as the life time is more affected by the number of charge-discharge
cycles than the mere passage of time. Generally, the charge and discharge cycling number
for arechargeable battery; reflected how long does it can go through the complete process
charging and discharging until its failure or starts to lose capacity. Coulombic efficiency
in the other hand, describes the efficiency of electron charges transferred in a system that
facilitates electrochemical reaction.
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Chapter 3 The Influence of Crystal
Orientation on Formation of Anodic
Films on Single Crystalline Iron

3.1. Introduction

The effects of applied voltage, current, temperature, and electrolyte composition
are well known to influence the growth of anodic film. The crystallographic structure of
oxides grown on iron has been a subject of immense debate for the last few decades by
corrosion community. with the aim to understand the passivity of iron. For the passive
film the presence of Fe2Oz or FezO4 has been proposed. [1-3] Nagayama et al. found that
the passive oxide can be composed of Fe3O4 inner-layer and Fe.O3 outer-layer. [4-6] The
passive film may be amorphous having FEOOH like structure. [7-13] In contrast to the
above findings, the other studies showed that passive oxide is composed of Fe>Os or
Fes0a4. [14, 15] Toney et al. [16] and Davenport et al. [17] evaluated the structure of
passive oxide formed on iron single crystals of (001) and (110) by means of in-situ surface
X-ray diffraction technique, and found that the passive oxide has the LAMM phase,
analogous to Fe>O3 or FesO4. The oxide formed on (001) plane was less defective, has
larger crystallites and grains than that formed on (110) single crystal surface. [16, 17]
Takabatake et al. found the passive film on iron has bi-layered structure, with Fe3Os as
an inner-layer and Fe.Oz as an outer-layer, varying in the proportion of -inner to -outer
layers depending on the surface energy of the substrate related to its crystallographic
orientation. [18] The mechanical properties of passive oxides formed on iron (100) and
(110) single crystals were conducted by Seo and Chiba, the hardness of the passive iron
(100) orientation was lower by 10% than the passive iron of (110) orientation. [19] Taking
into account the nature of oxide formed on iron, immensely investigated by corrosion
community, one may expect that the structure of oxide formed by anodizing may also
depend on the crystallographic structure of metal on which it is formed.

In the present study, the author investigated the correlation of anodizing behavior
when the anodization process is carried out and the nanoporous anodic film
characteristics, such as the pore diameter, the wall thickness, and the thickness of
nanoporous with (111), (110) and (100) orientated iron single crystals as substrate using

ethylene glycol electrolytes with additions of fluorides and water. The morphology of the
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formed nanoporous film was investigated by scanning electron microscopy (SEM) and a
scanning transmission electron micrograph (STEM). We also determined the phase
structure of the anodic iron oxide layers by X-ray diffraction (XRD), Raman

Spectrometry and Auger Electron Spectroscopy (AES) analysis.

3.2. Experimental Details

Iron single crystal (100), (110) and (111) disk electrodes of 10 mm in diameter
grown by Czochralski process were purchased from Goodfellows (purity 99.98%).
Polycrystalline iron specimen purchased from Nilaco, Japan (purity 99.99%) was used as
a reference. Before anodizing the specimens were mechanically polished with SiC
grinding paper from up to 1500 grade, then polished with set of alumina suspension using
3 pum, 1 um, and 0.05 um. Then, specimens were electropolished in a mixture of
perchloric acid and ethanol (40:60 v/v). This solution is vulnerable due to its
aggressiveness and oxidizing nature and should be used below 10°C. The schematic of
electropolishing setup is shown in Figure 3.1. About 800 mL of ethanol was obtained in
1 L beaker containing magnetic stirrer and surrounded by ice in a bath to maintain the
temperature of the beaker below 10°C. 200 mL of perchloric acid was slowly added to a
beaker containing ethanol and magnetic stirrer. The electropolishing was carried out in a
two electrode-cell in a fume cupboard with single crystal iron and aluminum sheet serving
as working and counter electrode. Electropolishing was performed at optimized 20 V
applied from a power source. Stirring of the solution was also performed during
electropolishing.
Electropolishing was carried out
for 4-5 minutes. After electropolishing,
fCathode . e the specimen was removed and rinsed

Thermometer  thoroughly first in ethanol and then in

Ice Water Bath deionized water in an ultrasonic bath for

15 min and dried in a cool air stream.

Magnetic Stirre

Prior to anodizing the iron specimen
was observed by electron backscatter

Figure 3.1 Schematic illustration of electropolishing . . .
process. diffraction (EBSD) mapping.
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Iron single crystals were anodized at 60-100 V for 900 s in ethylene glycol
electrolyte containing 0.1 mol dm= ammonium fluoride and 1.5 mol dm™ deionized water
in o-ring type electrochemical cell (V=4 mL) with a two-electrode system using platinum
counter electrode as schematically shown in Fig. 3.2. The distance between working and
counter electrodes was kept constant at 2 cm, before anodizing the electrolyte was cooled
down to 20 °C by a Huber K6 then the anodizing was carried out at 20 °C with the
temperature of substrate controlled by Peltier element at 20+0.1°C. After anodizing, the
specimens were rinsed in ethylene glycol, ethanol (99,8%), and then dried in nitrogen
stream. Anodizing at selected voltage was repeated ten times on each single crystal
specimen to ensure the effect of plane orientation.
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Figure 3.2 Schematic illustration ofdthe anodizing apparatus used in single crystal study,
indicating two electrode anodizing cell in a cooling condition using Peltier element.

The surfaces and cross-section of the electropolished single crystal samples and
anodized specimens were observed using a JEOL JSM-6500F field emission scanning
electron microscope equipped with a TSL-EBSD system. EBSD maps were analyzed with
respect to grain size distribution and crystallographic texture using the OIM5.22 software.
Electron-transparent sections were prepared by a Hitachi FB-2100 focused ion beam
(FIB) system employing a Ga* ion beam. Electron-transparent cross-sections of the
anodized specimens were observed by a JEOL, JEM-ARMZ200F scanning transmission
electron microscope (STEM) with energy dispersive X-ray spectrometry (EDS) facilities.
The lattice fringes and corresponding electron diffraction spots on high-resolution
transmission electron microscopy (HRTEM) images was observed by using JEOL JEM-

2010 electron microscope operated at an accelerating voltages 200 kV.
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Raman spectra of the anodized iron specimens were collected from 100-1200 cm"
! with Horiba XploRA Raman microscope (Kyoto, Japan) equipped with an Olympus
microscope (Tokyo, Japan) with 100x magnification. Calibration of spectra was
conducted using a silicon wafer with a main peak at 520.7 cm™! as reference. The spectra
were collected with a 532 nm line, solid-state lasers (12 mW at the sample); 2400
lines/mm grating in back-scattering, with exposure time 10 s with 3 integration times.
The phase in the anodic films was identified by Rigaku, RINT-2000 X-ray diffractometer
using Cu-Ka radiation (A =0.15418 nm) with a 26 range of 10-80 degrees at a scan speed
of 0.5 degree/min and collected by a tube voltage of 40 kV and 20 mA tube current. For
the analysis thin film, grazing incidence XRD mode (o = ?) was used to minimize the
contribution of the substrate material. Auger spectroscopy analysis was performed on iron
(100) and (110) anodized samples using a JAMP-9500F spectrometer. The Auger
spectroscopy point analysis used 10 KV primary electron energy, 10.2 nA beam current,
with a cylindrical mirror analyzer of incidence with respect to the surface normal of 30°

slope and performed at a pressure of ~10° Pa.
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3.3. Results and Discussion

3.3.1 EBSD Analysis
a) b) c)

Figure 3.4 Schematic illustrations of atomic structure for iron (a) (100), (b) (110) and (c) (111)
orientation, grey color represents first atomic layer, purple color represents second atomic layer
and green color represent third atomic layer.

3 Fe (100)

&) Fe (111)

Figure 3.3 EBSD grain orientation maps of (a) polycrystalline iron and iron single crystals with
(b) (100), (c) (110) and (d) (111) plan orientation.
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The effect of crystallographic orientation of iron on anodic oxide growth was
investigated by means of anodizing of single crystal iron grown by Czochralski method.
The atomic structure of each single crystal iron having plane orientation of (100), (110)
and (111) is schematically demonstrated in Fig. 3.3 with the emphasis on the first three
atomic layers. The surface energy of each crystal significantly differs as a result of
variations in atomic density of 1.2 x 10'°, 1.75 x 10%°, and 0.7 x 10%° atom m-2for (100),
(110) and (111) surface, respectively.

The surface state of iron specimens after polishing with 0.05 pm alumina
suspension and subsequent by electropolishing was investigated by electron backscatter
diffraction (EBSD) analysis. Figure 3.4 shows the inverse pole figures (IPF) and
corresponding Kikuchi patterns obtained after background subtraction form each electron
backscatter diffraction (EBSD) analysis of iron single crystals (100), (110) and (111). The
IPF image for polycrystalline iron (Fig. 3.4a) as reference sample depicts the grain size
of 2-10 um is shown as reference sample. The IPF images for single crystals after surface
pretreatment are characterized with one mono-crystalline domain indicating proper

crystallographic plane exposed at solid electrolyte interface in anodizing process.

3.3.2 j-t curves in anodizing process

Anodizing of iron single crystals and polycrystalline reference specimen was
performed at a constant voltage of 60 V in ethylene-glycol electrolyte containing 1.5 mol
dm water and 0.1 mol dm= NH4F at 20°C for 900 s. Figure 3.5a shows the current-time
(j-t) transients which are characterized by current spike observed in the first tens of
seconds followed by quasi-steady state where the current density is nearly constant. The
first stage of anodizing typically corresponds to initial barrier type-oxide formation at the
metal-electrolyte interface and possible pore initiation, while the second stage is linked
to steady state growth of nanoporous structure [20]. Significant differences in the current
density values were found on j-t curves depending on indexing number of single crystal
specimen. The current density in the steady state growth on iron (100) is larger than that
on (110) and (111) by a factor of 1.4. This is more apparent when one compares the total
charge (Q) passed in the anodizing process at 60 V for Qre(100)= 26 C cm2with Qreq111)=
Qre1100=19 C cm™. The difference in anodizing on low index facet is much more
pronounced at higher voltages. Figure 3.5b shows the current density as a function of
voltage applied in anodizing of single crystal specimens. The slope of j=f(U) for Fe (100)
is 3.06 significantly higher than that of 0.76 for Fe (110) and Fe (111) giving the current
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density for low index facet larger by a factor of 2.5 at 90 V. By looking at the j-t transients
in Fig. 3.5a one may assume that both the ionic current and electronic current may be
involved in the anodizing process.
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Figure 3.5 (a) Current-time (j-t) responses for poly crystalline, (100), (110) and (111) single
crystal orientations of the iron substrates in an ethylene glycol electrolyte containing 1.5 mol
dm™ of water and 0.1 mol dm™ of NH4F at 20°C at 60 V anodizing, and current-voltages

correlation at (b) 450 s and (c) 900 s on anodizing Fe(100), Fe (110) and Fe(111) shown in panel
(b) and (c).

The ionic current leads to ionic migration during the oxidation process leading to
film development according to reactions (3.1-3.4). FesOa, Fe20s, FeFx on both metal/film
and film electrolyte interfaces according to reactions (3.1-3.6) and/or injection of ionic

species to the electrolyte at film/electrolyte interface. The possible reactions at metal/film
interface may be expressed as follows:

3Fe + 407 —» Fe304 + 8¢ (3.1)
2Fe + 30% —» Fe;03 + 6¢” (3.2)
Fe + xF— FeFx + xe’ (3.3
Fe — FeX" + xe (3.4)

59



and consequently, at film/electrolyte interface:

3Fe** + 4H,0 — Fe304 + 8H' + (8-3x)e (3.5)
2Fe** + 3H,0 — Fep03 + 6H* + (8-3x)e” (3.6)
2H,0 — O (T)+ 4H" + 4e” (3.7)

The presence of electronic current strongly depends on electronic structure of the
developed oxide of which the conductive/resistive nature controls injection of electrons
from electrolyte across the oxide to the metal back contact. If true electronic current is
present, the decomposition of water takes place resulting in oxygen generation according
to reaction (5). The kinetics of oxygen evolution strongly depends on electronic nature of
the anodic oxide; for instance, for aluminum no oxygen evolution is typically observed
due to resistive nature of Al>Og; for titanium, oxide formation is typically accompanied
with O evolution as a result of semi-conductive nature of TiO». The visual observation
of the iron anodizing process indicated massive gas evolution during oxide formation on
(100) facet, whereas very little gas evolution was observed on high index facets in Fig.
3.6. Fast kinetics of gas evolution suggest dominant role of reaction (5) in the shift of j-t

curve towards higher current density values on iron (100).

Figure 3.6 Oxygen evolution photos of three different single crystal orientations (a) Fe (100), (b)
Fe (110), and (c) Fe (111) in an ethylene glycol electrolyte containing 1.5 mol dm™ of water and
0.1 mol dm™ of NH,4F at 20°C.

Given the truth that the temperature of the electrode was controlled by using a
Peltier element, and the other anodizing parameters were precisely controlled, we can
conclude that the difference in the current density is caused only by the crystallographic
orientation of the iron substrate. However, on anodizing (110) and (111) crystal
orientation substrate at 100 V the steady state region also breaks, leading to a continuous

increase in current density with time (Figure 3.7). In fact, the electrode (iron) and bath
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temperature increases during electrochemical anodization due to Joule heating. Possible
explanation of the increase in the current density and higher oxygen evolution reaction

on (100) crystal orientation will be explained later.
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Figure 3.7 Current-time (j-t) responses for (a) (100), (b) (110) and (c) (111) single crystal
orientations of the iron substrates in an ethylene glycol electrolyte containing 1.5 mol dm? of
water and 0.1 mol dm™ of NH,4F at 20°C at 60-100 V.

3.3.3 Morphology of anodic films

The surface morphology and corresponding cross-section images for anodic
oxides formed on iron (100), (110) and (111) at 60 V depicting the presence of classic
nanoporous structure analogous to that formed on polycrystalline iron surface [20, 21]
are demonstrated in Fig. 3.8. The average inner-diameter of nanopore was found to be 99
+ 1 nm, 102 £ 1 nm, and 103 + 1 nm, for anodic oxide formed on iron (100), (110) and
(111), respectively. The thickness of anodic film formed on Fe (100) is 2.3 £ 0.1 um,
followed by (111) 2.2 £ 0.1 pm and (110) orientation around 2.2 + 0.1 pum.
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Figure 3.8 Surface and cross-section SEM images for (a,d) Fe (100) orientation, (b,e) Fe (110)
orientation, and (c,f) Fe (111) orientation, anodized at 60 V in ethylene glycol electrolyte
containing 1.5 mol dm™ of water and 0.1 mol dm™ of NH4F at 20 °C.

a) Fe (100) b) Fe (110) c) Fe (111)

Figure 3.9 Camera pictures and SEM surface images of oxides grown on (a) Fe (100) orientation,
(b) Fe (110) orientation, and (c) Fe (111) orientation, anodized at 100 V in ethylene glycol
electrolyte containing 1.5 mol dm™ of water and 0.1 mol dm™ of NH,F at 20 °C.
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Increase in the anodizing voltage results in more apparent changes in surface
morphology as well as the presence of defects on the surface depending on the indexing
number of the facet (Fig. 3.9). On anodizing iron at high anodizing voltage, the pitting
corrosions is present. As seen in Fig. 3.9; high anodizing voltage of 100 V is not suitable
for uniform film growth. However, the (111) facet shows less significant in pitting
corrosion in agreement with lower current density compared to the other facets on Fig.
3.7. For further detailed studies on the impact of exposed facet we choose the conditions
at which oxygen evolution is considerably low and do not cause damages on the anodic
film surface. The scanning transmission electron micrograph (STEM) of a focused ion
beam (FIB) lamellas for Fe (100) and Fe (110) anodized at 60 V are shown in Fig. 3.10
a,b. The results of high angle annular dark field (HAADF) have shown that the thickness
of the barrier layer is 97 and 104 nm formed on (100) and (110) facets, respectively. The
inter-pore distance for anodic film formed on (110) is approximately ten nanometers
thicker than that formed on (100) facet. A critical point of observation between anodic
film formed on high and low index facets is the presence of roughness in the barrier-layer
with dark spots on formed on (100) surface possibly associated with the higher degree of

crystallinity.

mm 100 nNm

Figure 3.10 TEM images for (a,c) (100) and (b,d) (110) orientation of iron substrate anodized at
60 V in ethylene glycol electrolyte containing 1.5 mol dm™ of water and 0.1 mol dm™ of NH4F at
20°C.
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3.3.4 Analysis of Composition

Figure 3.11 displays the HAADF images and corresponding high-resolution
energy dispersive x-ray spectrometry (EDS) elemental maps for anodic films formed at
60 V on (100) and (110) facets. The EDS maps reveal the fluorine, oxygen, and iron at
the bottom regions of anodic oxides. A more detailed analysis of EDS compositional
maps for oxide formed on polycrystalline iron is demonstrated elsewhere.[21].The
structure of anodic film formed on iron, observed by SEM and TEM, is typically
considered to be nanoporous (Al>Os-like nanopore). If one compares, however, TEM
image with oxygen elemental map in Fig. 3.11 it is easy to understand that the true
structure of oxide is nanotubular (TiO»-like nanotube). The fluorine enrichment at the cell
boundaries and at the metal/anodic-film is apparent from fluorine elemental map. Both
regions are practically free from oxygen species suggesting formation of iron fluoride.
The detailed compositional EDS analysis of the inner-part of barrier layer, denoted “2”
in Fig. 3.11 c,d, reveal composition of 32 at.% of Fe and 65 at.% of F for film formed on
(100) facet, 63 at.% of Fe and 34 at.% for film formed on (110) facet. The composition
of the fluoride rich layer located at metal/anodic-film interface is in agreement with

atomic ratio of 1:2 for FeF> compound. According to the field assisted flow model, [21]
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Figure 3.11 High resolution energy dispersive X-ray spectrometry (EDS) maps obtained for
bottom regions of focused ion beam (FIB) cross-sections of anodic porous film formed on (a, ¢)
(100) and (b, d) (110) single crystals at 60 V in ethylene glycol electrolyte containing 1.5 mol
dm™ of water and 0.1 mol dm™ of ammonium fluoride for 900s at 20°C. The star symbol *“*”
indicates the calculated chemical composition at selected regions of nanopore/nanotube bottom
region.
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FeF2 layer is switched from horizontal position to vertical position positioned at cell
boundaries, well observed on superimposed iron-fluorine-oxygen EDS images in Fig.
3.11. By choosing appropriate anodizing conditions, [21] the FeF2 may be dissolved from
cell boundaries and therefore the nanopores can be further transformed into nanotubes
following the shape of nanotube visible on oxygen map. The outer part of barrier-layer,
which refers to the inner shell of oxide nanotube bottom, is composed of Fe, O, F with
atomic ratio of 38, 38, 24 at.%, and 40, 43, 17 at.% for anodic film formed on (100) and
(110) surface, respectively. If we assume that: i) all fluorine present in the outer part of
barrier-layer is bounded to iron and forms iron-fluoride compound, ii) iron bounded to
fluoride has an oxidation number 2+, and iii) no oxyfluorides are formed, the calculated
anodic structure formed on iron (100) facet can be expressed by the following formula:
Fe20s-FeF,. Consequently, the calculated structure of the anodic outer part of barrier-
layer formed on (110) facet would be Fe3Os-FeF,. The initial formation of FeFs the has
been considered as a result of ions migration under high electric field conditions,
however, its presence in the anodic film structure is neglected due to its faster dissolution
in electrolyte over FeF: due to difference in solubility constants of Krers=5.2x10"* mol dm-
3 and Kkrer2=8.3x10" mol dm [21].

Figure 3.12a shows the X-ray diffraction (XRD) spectra for anodic oxides formed
on (100), (110) and (111) single crystals. The iron with the (110) orientation shows an
intense peak at 44.70° corresponding to the 110 reflection, and a weak 200 reflection is
found for iron with the (100) orientation. The relatively weak 200 reflection of the (100)
iron compared with the 110 reflection of the (110) iron is mainly originated from the
crystal structure factor. In fact, the randomly oriented iron shows the intensity of 200
reflection that is about one tenth that of 110 reflection. The absence of 111 reflection for
the (111) iron is due to the extinction rule. The anodic films formed on all three single
crystal surfaces show peaks at 26.82° corresponding to 110 reflection of FeF, (ICSD no.
81-2271) (Fig. 3.12b). The 26 peaks at 35.40° and 56.94° for anodic films formed on
(110) and (111) single crystals may be indexed to 311 and 511 reflection of Fez04 (ICSD
no. 75-1372). The obvious presence of FeOOH for anodic films formed on (110) and
(111) iron (ICSD no. 75-1594) with 119 peak at 11.90°, and other peaks that overlap with
those observed for Fe304 35.30° (211 reflection) and 56.61° (251 reflection) cannot be
excluded. Surprisingly, additional peaks at 24.10°, 33.10° and 35.60° appear on the
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diffraction pattern obtained for anodic film formed on (100) single crystal, and could be
assigned to 012, 104 and 110 reflection of Fe2Os (ICSD no. 80-2377). The Fe.O3
diffraction peaks are essentially absent for anodic films formed on high index number
single crystals which can be more clearly seen on magnified pattern in Fig. 3.12c. The
formation of Fe;,O3 on (100) iron surface and FezO4 on (110) and (111) iron surfaces,
detected by XRD, is in agreement with the stoichiometry of anodic films calculated from
high resolution compositional EDS maps in Fig. 3.11.
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Figure 3.12 X-ray diffraction patterns for anodic porous films formed on (100), (110) and (111)
single crystals at 60 V for 900 s in ethylene glycol electrolyte containing 1.5 mol dm of water
and 0.1 mol dm™ of ammonium fluoride at 20°C.

3.3.5 Analysis of Crystallinity

Figure 3.13 shows high resolution TEM images obtained for FIB cross-sections
of anodic films formed on (100) and (110) iron single crystals. Comparing both TEM
micrographs one may notice that, fundamentally, higher degree of crystallinity was
observed for the film formed on (100) single crystal. The lattice fringes having 0.33 nm
and 0.23 nm corresponding to (110) and (111) planes of FeF,were found in the inner part
of barrier layer for both anodic films (ICSD no. 81-2271). The outer part of barrier-layer
(Fig. 3.13 a) for film formed on iron (100) single crystal is characterized by presence of
large crystalline domains with the lattice fringes of 0.37 nm, 0.25 nm and 0.27 nm which
may be indexed to (012), (110) and (104) planes of Fe;O3, respectively (ICSD no. 80-
2377). The anodic film formed on (110) single crystal is essentially of amorphous nature
having a little nanocrystal with lattice fringes at 0.25 nm, 0.16 nm and 0.48 nm which
may be indexed to (311), (511) and (111) planes of FezO4 (ICSD no. 75-1372).
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Figure 3.13 High resolution TEM images of focused ion beam (FIB) lamellas performed for
iron (a) (100) and (b) (110) single crystals anodized at 60 V for 900 s in ethylene glycol
electrolyte containing 1.5 mol dm™ of water and 0.1 mol dm™ of ammonium fluoride at 20°C.

Figure 3.14 shows Raman spectra recorded for each anodized single crystal in
order to get more insight into the structural variations in anodic porous films. The spectra
for anodic films formed on (110) and (111) facets show typical magnetite (FezOa) features
which are attributed to the Aig mode at around 700 cmtin Fig. 3.14 [22-24]. The weak
spectral features at 300 and 550 cm™* are assigned to the Ti4 vibrational mode [22, 25].
The Raman spectrum for anodized (100) single crystal exhibits the spectral signatures
characteristic for hematite (Fe2O3) in addition to the peaks associated with the presence
of magnetite (Fe3O4). More specifically, the peaks at 229 cm™ and 500 cm ™ are assigned
to the A1y modes of hematite (Fe»Oz3) [22, 23] with the remaining five peaks at 249, 295,
302, 414, and 615 cm™* assigned to the Eq modes of hematite (Fe,Os) [22]. The strong
peak seen at approximately 660 cm™ has been widely observed in Raman spectra for
magnetite (FesOs) or maghemite (y-Fe2Os3) and also attributed with the presence of
hematite (Fe203) [22-25]. Except obvious differences in the chemical structure for andic
porous films formed on high and low index facets, the spectrum obtained for anodized
(100) single crystal is characterized by the presence of more sharp and more intense
Raman peaks which is directly related to higher degree of crystallinity for anodic film

formed on low index facet.
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Figure 3.14. Raman spectra of anodic porous films formed on iron (100), (110) and (111) single
crystals anodized at 60 V for 900 s in ethylene glycol electrolyte containing 1.5 mol dm of
water and 0.1 mol dm™ of ammonium fluoride at 20°C.

Auger spectroscopy measurement have been applied to distinguish the oxidation
state of oxide grown on single crystal iron (100) and (110) orientation (Figure 3.15). The
spectra associated to Ckyr, OkLL and FeLmm were obtained on the anodic films. It is known
that the Fe LMM-peaks in the Auger spectra of metallic Fe, FeO, Fe.Oz and Fez04 are
almost identical in shape [26-28]. Except typical features characteristic for FexOy
compound, the Auger spectrum in Fig. 3.15b shows additional peak at ~650 eV
corresponding to FeF2. The basic curve fitting of the spectrum using standard shift peak
database of Fe20s, FeO, and combination of both corresponding to standard line of FesOa
could not be performed with satisfactory fitting due to complexity of the spectrum
because presence of intense peak at ~650 eV. However, close inspection of the spectrum
obtained for anodic film formed on Fe (100) and that formed on Fe (110) reveal higher
intensity peaks at 595 and 703 eV for films formed on low index number facet whereas
the peak at ~650 eV essentially remains unchanged. This suggests the contribution of
Fe20s for film formed on low index number facet whereas the shape of the spectrum
obtained for higher index number specimen is analogous to FesOa. Several studies have
reported similar results on passive oxidation studies of Fe (100) and (110) orientation.
[29-31]
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Figure 3.15 a) Wide Auger electron spectra and b) Fe.mm spectra for anodic porous film formed
on iron (100) and (110) single crystals anodized at 60 V for 900s in ethylene glycol electrolyte
containing 1.5 mol dm™ of water and 0.1 mol dm™ of ammonium fluoride at 20°C.
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3.3.6 Anisotropy of Iron

Anodizing of iron single crystals, with (100), (110) and (111) orientation,
indicated that the anodic porous film growth depends on the index number of facet on
which the film is formed. The variations in the growth may be possible if one considers
following physicochemical properties of iron: i) planar atomic density and corresponding
ii) surface energy, iii) magnetic anisotropy, and/or iv) electronic properties. The j-t
transients obtained during anodizing of single crystals indicated that there is a significant
difference in the formation of anodic film on (100) facet and the other single crystals. The
porous anodic film formed on (100) facet is composed of Fe203-FeF2 whereas that formed
on higher index facet consists of FesOs-FeF2. The conversion of iron into iron oxide
essentially results in volume expansion which is described by Pilling-Bedworth ratio [32].
Under influence of high electric field strength, the volume change typically generates
mechanical stress at the metal/oxide interface which, together with electrostriction forces,
is responsible for the change of the horizontal oxide growth into vertical one developing
nanoporous/nanotubular shape [33]. A relationship between internal stress and
crystallization has been proposed by several authors [34-37]. High degree of crystallinity
for the oxide formed on low index number facet, as evidenced by XRD and Raman
spectroscopy, may be related to the presence of higher stress at the Fe(100)/oxide
interface, and therefore crystallization of the oxide during the growth. The formation of
nanocrystals results in modification of electronic properties of the oxide, i.e. increase of
conductance which leads to electronic current increase and consequently evolution of
oxygen as observed in Fig. 3.6, according to reaction (3.7). The gas evolution is typically
observed for electrically conductive anodic oxides such that formed on titanium [38] in
contrast to non-conductive oxides such as those formed on aluminum [33].

The anisotropy of crystal in the sense of variations in physical properties along
different molecular axes such as difference in planar density shown in Fig. 3.3, should be
discussed in view of its effect on the anodizing process. The surface energy of a single
crystal is directly related to the planar density of the substrate because of the number of
unsatisfied bonds [39, 40]. In the case of orientated iron single crystals, the calculated
atomic density is 1.75 x 10*°,1.20 x 10*°, and 0.70 x 10*® atom m for (110), (100) and
(111) surface, respectively, with the surface energy increasing in the same sequence. Our
experimental results, however, show that anodizing conditions differ only on (100)

surface, having the middle surface energy estimate, therefore we rule out the effect of
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surface density in this particular case. The other physical properties such as elastic
modulus, work function and magnetic anisotropy show dependence on the index number
of the crystal [41-48]. For instance, an elastic modulus of iron (100) has been reported to
be half lower than the other orientations, according to the following sequence: 129, 221
and 276 GN m? for (100), (110) and (111) orientation, respectively [41, 49]. In the
anodizing process the presence of compressive-stress and tensile-stress is critical on the
effects on convex geometry and therefore formation of nanoporous/nanotubular shape of
anodic film. Twice lower elastic modulus value means that iron single crystal is more
prone for deformation in (100) direction. The motion at the metal/film interface would
therefore be dependent on the number of index facet in line with the tendency of the
material towards elastic deformation. Consequently, the stress distribution would be
different on (100) facet than that on the higher index number facets as a result of variations
in the material motion. The magnetic anisotropy of iron is another aspect which may have
an influence on the presence of magnetic field in the electrochemical cell and therefore
affect electrochemical process. [42, 44, 46-48, 50] The easiest direction of magnetization
of iron is (100) orientation, followed by (110) and (111) orientation [42]. In our
experimental work, presented here, there is no indicator linking the magnetic anisotropy
with anodizing of iron, however, the effect of magnetic field cannot be ruled out and

should be explored more in depth in further work.

3.4. Conclusions

The anodic iron oxide nanopores/nanotubes were formed on iron (100), (110) and
(111) single crystals in ethylene-glycol electrolyte containing 1.5 mol dm of water and
0.1 mol dm® ammonium fluoride. It was found that anodic film growth depends on the
index number of facet on which the film is formed. Based on the results obtained the
following conclusions can be drawn:

1. Nanoporous/nanotubular anodic film formed on (100) iron facet was formed with
electric charge ~30% larger than that on (110) and (111) single crystals. The electric
charge increase was accompanied with extensive gas evolution on (100) facet.

2. Chemical composition of anodic film formed on (100) facet was Fe,OsFeF;
whereas film formed on higher index number was composed of FezOsFeF,
evaluated by high resolution TEM/EDS mapping of FIB lamella.

3. The anodic films formed on (111) and (110) single crystals were of amorphous

nature whereas those formed on (100) facet were found to be crystalline. The
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crystallization upon anodic film growth is a possible reason for modification of
electronic properties followed by extensive oxygen evolution on Fe>Os nanocrystals
observed on (100) facet.
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Chapter 4 The Influence of Alloying
Element to Anodic Films on Iron

4.1. Introduction

Anodizing of iron is practically more complex in processing in relation to other
valve metals, due to difficulty of keeping the passive state of iron. Growth of porous
anodic film is therefore not favored in aqueous electrolytes since at high potential,
formation of soluble ferrate ions is promoted [1, 2] as well as anodic gas generation. The
key for growth of thick porous anodic layer on iron is therefore good control over the
passivity/corrosion which can be effectively provided in organic electrolytes containing
small amounts of water and fluorides. The morphology of the anodic layer is mainly
controlled by the voltage/current in the anodizing process. In ethylene glycol electrolyte
containing 0.1 mol dm= ammonium fluoride and 1.5 mol dm= water, the nanopores
(Al203-like) and nanotubes (TiO2-like) can be formed on iron. The nanoporous-type
anodic film is preferentially formed on iron, possibly due to relatively slow kinetics of
dissolution of fluoride-enriched cell boundary regions [3]. The partial transition of
nanopores into nanotubes is typically observed at enhanced voltages/currents. The
primary reason of this transition is formation of fluoride rich layer at metal/anodic-film
interface [4] and its transfer to the cell boundary region, once the porous film grows by
field assisted plastic flow [3]. Although the formation of nanopores on aluminum is quite
well understood, some features of the nanotubular film formation are still the subject of
debate. The transport number of cations during film growth is dependent upon the oxide
composition and electric field [5-7] . The relatively high contribution of both cations and
anions to ionic current is characteristic of the amorphous anodic oxides. The anodic films
are contaminated with electrolyte anion species, and their distributions in the anodic films
are also dependent upon their mobilities. Thus, the incorporated anions are often used as

a tracer for the investigation of ionic transport process during film growth [3, 8-13].

In the present study, the anodizing of Fe-W alloy was studied for the first time. The
results were compared with that of anodizing of pure Fe for a better understanding the
growth mechanism of the anodic films. Moreover, the influence of operating conditions,

especially anodizing voltage on the geometry of nanopores including pore diameter, is

75



analyzed. The primary interest in this study was to examine the influence of tungsten on
the growth process as well as chemical changes of formed oxide.

4.2. Experimental Details

Magnetron-sputtered Fe and Fe-W (9 at.%) films having the thickness of
approximately 550 nm were used for anodizing. The target consisted of 99.99 % pure iron
disk of 100 mm in diameter and one 99.9 % tungsten disk of 20 mm in diameter placed
on the sputter erosion region of the iron disk. Sputter deposition was carried out in 99.99%
pure argon atmosphere at 2.5x10~2 Torr with the current 0.5 A and voltage 350 V for 15
min. The surface image of Fe and Fe-W are shown on Figure 4.1. The thickness of the

alloy deposit was 550 nm (Fig. 4.1c). The composition of the alloy was evaluated by

electron probe micro analyzer (EPMA) and equaled to 9 at.% tungsten.
a) b)

c)
- T

Figure 4.1 Surface SEM images of magnetron sputter deposited (a) Fe and (b) Fe-W and (c) cross
section SEM image of Fe-W at 2.5x10°% Torr with the current 0.5 A and voltage 350 V for 15
min.

The Fe and Fe-W alloys were anodized
| at 40-60 V for 300 s in ethylene glycol

Counter  f__ == : electrolyte containing 0.1 mol dm ammonium
Electrode

Electrolyte

Py ]

fluoride and 1.5 mol dm deionized water at

O-Ring Working room temperature in o-ring type cell with a

Electrode ) ]
two-electrode system using platinum counter

electrode without stirring of electrolyte. The
schematic illustration of the anodizing cells is

Figure 4.2 Schematic illustration of the shown in Figure 4.2. After anodizing, the
anodizing apparatus used in this study at

room temperature. specimens were rinsed in ethylene glycol,

ethanol, and then dried in the air stream.
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The surface morphology and cross sections of the specimens were examined by a
Zeiss Sigma 500 field emission scanning electron microscope (SEM) instrument.
Elemental depth profiles of the specimens were obtained by a Horiba Jobin Yvon 5000 RF
glow discharge optical emission spectrometer (GDOES) in neon atmosphere at 800 Pa by
applying 35 W RF power under a pulse mode. The data were recorded at a sampling interval
0.02 s. The diameter of sputtered area was 4 mm. The cross-sections of anodic films were
examined by a JEOL, JEM-ARM200F scanning transmission electron microscope
(STEM) with energy dispersive X-ray spectrometry (EDS) facilities. Electron-transparent
sections were prepared by a Hitachi FB-2100 focused ion beam (FIB) system employing
a Ga* ion beam. X-ray photoelectron spectroscopy (XPS) measurements were acquired
using a Kratos Axis Supra spectrometer, equipped with a monochromatic Al Ko radiation
(1486.7 eV) source. The instrument work function was calibrated to give a BE of 84.0 eV
+ 0.1 eV for the 4f72 line of metallic gold and the spectrometer dispersion was adjusted
to give a BE of 932.62 eV for the Cu 2psy2 line of metallic copper. Energy resolution was
examined on silver sample. Survey (wide) spectra were collected with a quality
corresponding to the full width at half maximum (FWHM) parameter for Ag 3d line equal
to 0.71 eV at energy step size equal to 0.5 eV. For high resolution spectra the FWHM
parameter for Ag 3d line was equal to 0.58 eV at step size of 0.1 eV. Kratos charge
neutralizer system was used to reduce charge compensation. The peaks fitting was
conducted using CasaXPS software version 2.3.18 on a Shirley background. All spectra
were calibrated using the adventitious C 1s peak with a fixed value of 285.0 eV. The in-
depth composition of the films was probed by using secondary-ion mass spectroscopy
(SIMS). As-received samples were transferred without special pre-treatment to the
analytical chamber where the pressure was 7 x 1071% Torr. Distribution of elements was
obtained with a time-of-flight SIMS apparatus (TOF SIMS 5, ION-TOF GmbH)
operating in dual beam mode. Samples were sputtered by Cs* ions (2 keV, 135 nA),
rastered over 320 um by 320 um area. Exposed this way, internal layers of films were
analyzed with use of Bi" ions (at 64 um by 64 pum central region only). The primary ion
(target) current was typically 1.2 pA. Low energy electron flood gun was used to reduce
sample charging during analysis. The internal mass calibration was performed using

several ions from the mass range starting from C up to W20s".
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4.3. Results and Discussion

4.3.1. Influence of water concentration

Figure 4.3 shows the current density transient during anodizing Fe-W at 60 V in
ethylene glycol electrolyte containing 0.1 dm=® ammonium fluoride and various
concentrations of water at 20 °C. The current density increases with an increase in water
concentration during the constant-voltage anodizing at 60 V. The electric charge increases
linearly with water concentration. As a consequence of this increase in the electric charge
during anodizing, the thickness of the anodic film also increases with water concentration
up to 1.5 mol dm™ (Fig. 4.4).

300 — .

_ Anodizing Curve Fe-W Films
E 250 60 V Anodizing
<
> 200 1.5MH,0
‘»
S 1504 \
- LOMHO
£ 100+
Pt
S 501 0.1MH,0
)

0

0 50 100 150 200 250 300
Time (s)

Figure 4.3 Current-time curves of Fe-W during anodizing at 60 V in ethylene glycol electrolyte
containing 0.1 mol dm® ammonium fluoride and various concentrations of water at room

temperature.

The surfaces and cross-sections of the anodized specimens at various water
concentrations were examined by scanning electron microscopy. Fig. 4.4 shows the
surface and cross-section images of the iron anodized at 60 V in the electrolyte from the
lowest water concentration 0.1 mol dm™ to 1.5 mol dm=. The porous anodic film is
developed at all conditions and the size of pores increases with increasing water
concentration. The thickness of the anodic film at 0.1 mol dm water is 0.35 um. On the
other concentration of water, the nanotubular formation was formed, the anodic films
were detached from the metal substrate in the cross-sectional scanning electron
micrographs (Figs. 4.4), which probably occurred during fracturing of the anodized

specimens for SEM observations.
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Figure 4.4 Surface and cross-section morphology SEM images for Fe-W (9 at.%) alloy anodized
at 60 V in ethylene glycol electrolyte containing (a) 0.1, (b) 1 and (c) 1.5 mol dm™ of water and
0.1 mol dm of NH,F at room temperature.

4.3.2. Influence of formation voltage

Anodizing of sputter-deposited Fe and Fe-W (9 at.%) alloy was performed at a
constant voltage between 40 V and 60 V in ethylene glycol electrolyte containing 1.5 mol
dm-3 water and 0.1 mol dm= NH4F at room temperature for 300 s. Figure 4.5 shows the
current-time (j-t) transients obtained during anodizing of both specimens. Two distinct
stages are clearly visible on j-t curves Fig. 4.5.; the first stage of anodizing, observed
within the first tens of seconds is characterized by rapid current drop and is typically
associated with initial formation of barrier-type oxide at the alloy/electrolyte interface [5]
and possible pore initiation (Fig. 4.6). The second stage of anodizing is a quasi-steady
state where the current density is nearly constant. The time scale for the stage | is
independent of the applied voltage, but the magnitude of current drop slightly increases
with anodizing voltage. The current drop in stage | region is seven times faster for Fe-W
alloy than that for pure Fe so that a quasi-steady state anodizing condition is more rapidly
established on the Fe-W alloy. An initial anodizing stage is more distinct by plotting j-t
curves in the logarithmic scale. [14, 15] This is more apparent when one looks at the j-
logt graph and compares charge passed during the first stage of anodizing of 2.2 and 0.9
C cm2 for Fe and Fe-W, respectively, estimated at 40 V where the contribution of oxygen
evolution reaction, involved during anodizing of Fe and Fe-W alloy in this electrolyte, is

significantly reduced [3].
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Figure 4.5 Current-time (j-t) responses for anodizing of sputter deposited (a) Fe and (b) Fe-W (9
at.%) alloy at 40 V, 50 V and 60 V in an ethylene glycol electrolyte containing 1.5 mol dm™ of
water and 0.1 mol dm™ of NH4F at room temperature.

During anodizing of Fe and Fe-W alloy, oxygen evolution was observed by naked
eye for anodizing at 60 V and became less significant at lower voltages. The shape of j-t
curve for Fe in Fig. 4.5a strongly depends on the applied voltage and is characterized by
a steady state current density at 40 V while the current density gradually increases at 50
and 60 V probably due to Joule heat effect [3]. The current density for anodized Fe-W
alloy in Fig. 4.5b is slightly higher than the current density for pure Fe in Fig. 4.5a due to
the higher electric field applied over a thinner barrier layer formed on Fe-W alloy as

discussed later. The total charge passed during 300 s anodizing of Fe and Fe-W at 40 V
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equals to 10 and 12 C cm, respectively. The current drop observed during last 20 s of
anodizing of Fe-W alloy at 60 V results from consumption of the alloy above glass
substrate and subsequent narrowing of the surface area available for oxidation of Fe-W,

having negligible effect on the final structure.

o
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Figure 4.6 Schematic illustration of the growth mechanism of anodic Fe and Fe-W during stage
I and Stage II.

The cross-section SEM images for Fe-W alloys anodized at 40-60 V for 300 s are
demonstrated in Fig. 4.7 with an anodic layer formed on pure Fe at 60 V shown as a
reference. The thickness of anodic layer varies with applied voltage and equals to 0.98,
1.28 and 1.76 um for alloy anodized at 40, 50 and 60 V, respectively, aligned with higher
electric field at higher anodizing voltage. The thickness variations corelate very well with
the applied total electric charge (Q) of 12, 15 and 20 C cm upon anodizing at 40, 50 and
60 V, respectively.

Cross-sections Fe-W 60V Reference Fe 60V
™ nanotube

Fe-W 50V
Fe-wd4ov | W 7% "

1.28 um

J 2
LR L 44 ' !
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ang
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Figure 4.7 Cross-section SEM images of nanopores/nanotubes formed by anodizing of Fe-W
alloy at 40, 50 and 60 V. The anodic layer formed on pure Fe at 60 V is shown as a reference.
The metal/alloy layers were anodized in ethylene glycol electrolyte containing 1.5 mol dm™ of
water and 0.1 mol dm™ of NH4F at room temperature.

This suggests that the enhanced oxygen gas generation observed at higher
anodizing voltage is due to the increased current density, not the increased current

efficiency for gas generation. Anodizing of Fe-W alloy at 60 V results in formation of
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1.76 pum thick anodic layer which is approximately the same as anodic film formed on
pure Fe shown as a reference in Fig. 4.7. The total electric charge of 17 C cm is required
for anodic film development on pure Fe which is 15% less than that for Fe-W case at the
same anodizing conditions. The slight difference in Q; value may be related to the
thickness/morphology changes and/or oxygen evolution reaction aspects.

The classic Al,Os-like nanopores are developed on pure Fe as expected for short
anodizing time and relatively low voltage impacts according to the previous study[3]. The
detailed analysis of the anodic layer formed on Fe-W alloy uncovers the shape of TiO»-
like nanotubes (Fig. 4.7). The inset of SEM image of Fe-W alloy at 60V in Fig. 4.7 shows
that the bottom part of the anodic film is composed of the array of nanotubes.

The surface morphology of nanoporous/nanotubular anodic film formed by
anodizing of pure Fe and Fe-W alloy at 40-60 V is shown in Fig. 4.8. The microstructure
of the as-deposited substrate surface (Fig. 4.8 a,e) has an impact on the surface
morphology and self-organization of pores/tubes particularly observed at lower anodizing
voltages for Fe-W case where the formed nanopores/nanotubes are organized along the
longitudinal grains (Fig. 4.8). Such arrangement can be clearly understood in terms of
preferential nucleation of the pores in the dimples [16] of the textured alloy which slightly
differs from that of pure Fe. The pore diameter and the interpore distance linearly increase
with anodizing voltage 40-60 V from 50 to 110 nm and from 30 to 60 nm for anodic film
formed on pure Fe and Fe-W alloy, respectively (Fig. 4.9). The effective cell size

reduction is therefore observed with alloying of the iron with tungsten.

d) FAnodizing Fe)60V .

o

9) Anodizing FeW:60%

Figure 4.8 Surface morphology images for (a,e) as deposited Fe and Fe-W alloys, (b-d) Fe and
(f-h) Fe-W (9 at.%) alloy anodized at 40-60 V in ethylene glycol electrolyte containing 1.5 mol
dm™ of water and 0.1 mol dm™ of NH,F at room temperature.
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Figure 4.9 Pores size as a function of anodizing voltage for anodic films formed on Fe and Fe-W
alloy anodized in ethylene glycol electrolyte containing 1.5 mol dm™ of water and 0.1 mol dm™
of NH4F at room temperature.

4.3.3. Multilayer Fe/Fe-W/Fe

Since nanotubes morphology was easier developed by the addition of tungsten on
the iron substrate, further investigation of the formation of anodic films for the tracer
studies at various water concentration at 50 V anodizing voltage was carried out.
Backscattered images from scanning electron micrographs reveal the tungsten tracer, by
atomic number contrast, as a fine, light band, in the columnar-grained sputtering-

deposited iron on Figure 4.10.

Fe-FeW-Fe

Figure 4.10 Cross-section SEM images and BSE of sputter deposited Fe/Fe-W/Fe at 2.5x1073
Torr with the current 0.5 A and voltage 350 V for 15 min/5 min/15min.
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Figure 4.11 show the surface and cross-section morphologies of the anodic films
formed at 1.0 and 1.5 mol dm water concentration at the 50 V. Surface morphologies,
shown in Fig. 4.12, demonstrate that a nanotubes morphology is developed. However, the
cross-section images show that an undefined porous morphology is always present at the
bottom part of the anodic films. The formation of nanotubes will be discussed later in
detail.

- Nanotubes

Nanoporous =

Figure 4.11 Surface morphology images for Fe/ Fe-W/Fe anodized at 50 V in ethylene glycol
electrolyte containing (a) 1.0 and (b) 1.5 mol dm™ of water and 0.1 mol dm™ of NH4F at room
temperature.

4.3.4. Composition of anodic films

Figure 4.12 (a,b) shows GDOES elemental depth profiles, displaying the change
in the optical emission intensities from oxygen, iron, fluorine and tungsten with the time of
sputtering for Fe and Fe-W anodized at 60 V. The depth distribution of Fe, W and O
clearly identifies the interface between alloy and formed anodic film. The total time
required to sputter through the thickness of the porous anodic film is approximately 22
and 54 s for pure Fe and Fe-W alloy, respectively, resulting from different sputtering rates
and variations in porosity. The GDOES depth profile revealed the incorporation of fluorine
species from electrolyte and their distribution in anodic layer strongly depending on
alloying element. The enrichment of fluoride in porous anodic film immediately above the
metal/film interface formed on pure Fe should be associated with faster migration of F~ions
relative to that of O% ions under the high electric field during film growth [4]. The
accumulation of fluorides at the metal/oxide interface for pure Fe case is evident from
high resolution transmission electron microscope / energy dispersive spectroscopy
(TEM/EDS) mapping studies shown in a previous study [3]. The essential difference in

the elements distribution for porous films developed on Fe and Fe-W alloy is the unusual
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distribution of fluorine, i.e. the absence of F peak at alloy/oxide interface for Fe-W
system. Another interesting feature for anodic film developed on Fe-W alloy is the
presence of oxygen peak at the first 10 s of sputtering time suggesting modification of

surface region, both discussed in the next section of this chapter.
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Figure 4.12 Glow discharge optical emission spectroscopy (GDOES) depth profiles for anodic
layers formed at 60 V on a) pure Fe and b) Fe-W alloy.

The qualitative analysis of the surfaces for Fe and Fe-W alloy anodized at 60 V
was conducted based on the XPS wide scan spectra (Fig.4.13 a.). Results allowed to
confirm the presence of Fe, W, F, C and O composing nanoporous/nanotubular anodic
films. The high-resolution spectra Fe 2p region of anodic films formed on Fe and Fe-W,
shown in Fig. 4.13 b. and c., consist of two peaks assigned to the Fe 2ps2 and Fe 2pi..
spin-orbits components (A=13.2 eV). Determination of iron oxidation state was based
on the Fe 2ps/> region which was curve-fitted with two well resolved components located
at 711.3 and 714.2 eV. According to literature data, analysis of the lower binding energy
peak is not unequivocal. This peak can be related to the presence of Fe(Il) and Fe(ll1) in
FeF> [17-19], Fe20s [19, 20] or FesOs [21]. In addition, binding energy of F 1s
(648.8+0.2 eV) and its symmetrical shape is in accordance with the literature given for
metal fluoride [17, 18, 22]. The presence of FeF. is consistent with identification of
fluoride-rich-layer by Shahzad et al. [3] by means of TEM/EDS elemental mapping in
the transition of anodic nanopores into nanotubes formed on bulk iron. The primary
location of FeF is the cell boundary and oxide/metal interface [3]. In the XPS spectrum

a very intense signal of O 1s region was recorded. The spectrum can be resolved into
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two peaks for anodic Fe or three peaks for anodic Fe-W. The high binding energy
component O 1s (532.0 eV) recorded for anodic Fe is related to the presence of organic
impurities, which is confirmed in C 1s region (signal from C-O, C-O-C, C-O=0,
carbonates). The other peak, at 530.3 eV comes from lattice oxygen which confirm the
presence of FexOy. The position of this peak slightly shifts into higher binding energy
(530.5 eV) after addition of tungsten, which is similar to the O 1s values for WO3 [23].
Additionally, 531.7 and 533.5 eV appear. High binding energy peaks can be assigned,
like previously, to the presence of organic and adsorbed water, respectively. Based on
the W 4f region it can be excluded that the peak around 531.7 eV is related to the
presence of WOs. phase, caused by the existence of hydroxyl groups on the surface.
The W 4f has well separated spin-orbit components (A=2.15 eV). The position of W 4f
72 (35.8 eV) and its symmetrical shape suggest presence of only WO3 phase [24-26].
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Figure 4.13 a) The wide XPS spectra and high resolution spectra of Fe 2p, F 1s, O 1s, W 4f
and C 1s core level spectra for b) anodized pure Fe, ¢) anodized Fe-W alloy at 60 V in ethylene
glycol electrolyte containing 1.5 mol dm of water and 0.1 mol dm™ of NH.F for 300s at room

temperature.
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ToF-SIMS mass spectra, cumulated during the depth profiling measurement,
were acquired in negative mode to avoid the influence by an external oxygen source
(Fig. 4.14). The spectra show many components which can be assigned to the iron
oxides, iron fluorides, tungsten oxides and tungsten oxide fluorides ion fragments. For
detailed analysis the 225-325 m/z region was chosen as the most characteristic ions
produced at the sample surface are WO\ clusters [27]. Anodizing of tungsten or its alloys
typically results in formation of WOs domains in anodic film structure [28, 29]. The
complexity of the spectrum is affected by the presence of oxide-fluoride forms.
Tungsten has five isotopes of which four are present in the predominant quantity and
relatively similar amount. This isotopic fingerprint allowed us to distinguish the
contribution of individual fragments from groups of peaks that occurs at 230, 246, 271
and 293 m/z values. Figure 4.14. shows that WO3™ and various WOxFy", such as WOF4
and WOzF2", could be assigned. Since WFs form was our main point of interest a zoomed
data at 292.5-300.5 m/z range is given in Fig. 4.14 proving that WFe molecule is present
in the film structure. The depth profile experiment allowed to monitor the content of
above fragments in the nanotubular film structure. Figure 4.14 shows that various
fluorides forms are stable among the film depth. A typical behavior for ToF-SIMS
measurements in the depth profiling mode is the stabilization of the etching process,
therefore, the content of individual fragments in the first stage undergo non-specific
changes during the first 60 seconds. It is obvious that the only component that intensity
change differs from the other fragments is WFe. A clear disappearance of this
component in the near-surface region is visible. We assume that this part of the film has
been exposed to air/water and this reactive compound has decomposed as discussed in

the next section of the paper.
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Figure 4.14 Negative ion ToF-SIMS mass spectra (a,b) and depth profile (c) for Fe-W alloy
anodized at 60V in ethylene glycol electrolyte containing 1.5 mol dm™ of water and 0.1 mol dm™
of NH4F for 300s at room temperature.

4.3.5. Analysis of film by STEM

The transmission electron micrograph (TEM) of a FIB lamella for Fe-W alloy
anodized at 60 V is shown in Fig. 4.15.
angle annular dark field (HAADF) images. The thickness of the anodic film is

The shape of nanotubes is evident from high

approximately 1.7 pum with the inner nanotube diameter of ~80 nm, consistent with
previous SEM observations. The regions with lighter appearance on TEM micrograph
(Fig. 4.15 b) are corresponding to nanotube walls composed of mixed tungsten/iron oxide
containing fluorides. Relatively thick layer at the alloy/oxide interface was detected (Fig.
4.15 c). Its thickness varies across the FIB lamella from 40-130 nm as demonstrated in
low resolution TEM image (Fig. 4.15 d). Such large thickness variations cannot be caused
by electrochemical reaction as the high electric field is primarily localized in the barrier-
layer forming uniform anodic layer depending on the applied voltage. Those thickness
variations supported by unusual GDOES elemental depth distribution suggest chemical

nature of its formation.

89



Chemical layer

Fe-W alloy

meesssssssss 50)(0Onm

7 tube opening Shape of
V’ - i
(b) , \‘ 8 Dy A ' nanotube

cell odﬁd vy f‘ ! Chemical
b‘ ﬁ h ' Layer

i ‘
: ;/a
1544

tube Wall

Figure 4.15 High angle annular dark field (HAADF) images of (a) full view, (b) upper side, (c,d)
bottom side FIB lamella for Fe-W alloy anodized at 60 V in ethylene glycol electrolyte
containing 1.5 mol dm™ of water and 0.1 mol dm™ of NH4F at room temperature.
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4.3.6. Growth of nanoporous/nanotubular anodic films

The above findings reveal that alloying of iron with 9 at.% of tungsten results in
structural changes upon anodizing in ethylene glycol electrolyte containing 1.5 mol dm™3
water and 0.1 mol dm~3 ammonium fluoride. Essentially, two types of anodic structures
are observed: Al>Oz-like nanopores developed on pure Fe, and TiO2-like nanotubes

developed on Fe-W alloy. Schematic illustration of formed structures is demonstrated in

Anodizing Chemical Process After
FeF, H,0 Anodizing

Chemical Layer

Iron

Figure 4.16 Schematic illustrations of anodic porposed growth mechanism for
nanopores/nanotubes formed on a) iron, and b) iron tungsten alloy, c) illustrates post reaction with
tungsten fluorides leading to formation of thick layer at metal/oxide interface.

Fig. 4.16.

Two fundamental mechanisms have been proposed for formation of nanoporous
/nanotubular anodic films: i) field assisted dissolution model [30], and ii) field assisted
flow model [31-33]. Very recently Shahzad et al. showed that porous anodic film on iron
may grow according to both models critically depending on the water concentration in
electrolyte [3]. In the classic field assisted dissolution model, the barrier-layer between
metal and porous layer is kept constant under constant voltage. The formed structure is
typically characterized by i) presence of less organized nanopores, ii) thick barrier-layer,
and iii) flat metal/oxide interface. In the field assisted flow model, which was proposed
using tungsten tracer studies [32-35], the resulting structure is typically characterized by
i) presence of nanopores or nanotubes with high degree of self-organization, ii) thin

barrier layer, iii) scalloped metal/oxide interface.

The key mechanism for the growth of anodic film on Fe-W alloy is the field
assisted flow model, as only the plastic flow may rearrange the initial horizontal position
of anodic layers into vertical position and therefore develop nanotube with the

composition of the -outer and -inner shell corresponding to -bottom and -top of the barrier
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layer, respectively [5]. The general growth is analogous to that formed on pure Fe in
electrolyte containing 1.5 mol dm water [3] except a few fundamental aspects: i) the
transition of nanopores into nanotubes is observed by alloying with tungsten, ii)
significant reduction of the cell size (nanotube diameter) is obtained on Fe-W alloy, iii)
relatively thick layer is produced at alloy/oxide interface.

The nanotubes instead of nanopores are considered to be formed due to faster
kinetics of WF¢ (or similar compound) dissolution. WFe domains and their decomposed
forms have been detected on ToF-SIMS mass spectra in the nanotubular film. Taking into
account fast inward-migration of F~ [4] and very slow outward-migration of W®* species
[36] in anodic film, the primary location of WFes compound should be the bottom of
barrier-layer which is switched to the cell boundary position due to stress generated at the
barrier-layer and material flow according to the field assisted flow model as discussed
above. The difficulty in detection of WFe s its decomposition due to hydrolysis reaction
[37] in contrast to FeF2 which has low solubility constant of 8.3x10" mol dm™ [38]. WFe
is generally considered to be a gas at standard conditions [37, 39], however, may be
stabilized by the oxide structure as the WFs domains and their decomposed forms, have
been identified by ToF-SIMS analysis. The primary consequence of alloying with
tungsten is therefore modification of the cell boundaries and full transition into

nanotubes.

The cell size, which is corresponding to the developed nanotube diameter, is
effectively modified by alloying element as demonstrated in Fig. 4.9. The reduction of
cell size may be understood as an effect of thinner barrier layer formed on Fe-W alloy
during the initial growth as observed in stage | of the i-t curves in Fig. 4.1 and therefore
development of smaller in size cells by means of horizontal to vertical oxide
reorganization due to material flow effect. Since the same voltage is applied, over a
thinner barrier layer on Fe-W, to some extent a stronger electric field may be applied

leading to morphological alternations.

The origin of a thick layer formed at metal/nanotubular-film interface observed
on TEM image (Fig. 4.15a) may be misidentified and at first glance could suggest that
alloying of iron with tungsten leads to change of growth mechanism from flow model
into field assisted dissolution model as similar barrier layers are formed. The clear shape

of developed nanotubes is however against that concept and suggest another origin of its
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formation. Variations in thickness of this layer 40-130 nm (Fig. 4.15 d) suggest chemical
nature of formation since electric filed located in barrier layer produces homogeneous
layers of regular structure and thickness. The possible reason of the layer formation would
be post reaction of WFs or similar compound remaining at the bottom of nanostructure,
with moisture after completed anodizing process. WFe is typically unstable and easily
hydrolyze with water though three elementary steps (4.1-4.3):

WF¢ + H. O — WOF, + 2HF (4.1)
WOF; + H,O — WO2F; + 2HF (4.2)
WO3F; + H O — WOz + 2HF (4.3)

The overall reaction is WFs + 3H,0 = WO; + 6HF where 1 mol dm™ WFs
produces 6 mol dm™ hydrofluoric acid. Such harsh acidic conditions may drive chemical
reaction with alloy at anodic film base, and therefore thickening the layer at the
alloy/nanotubular-film interface as demonstrated in Fig 4.15 c. On the Figure 4.12 also
shown that the anodizing Fe/Fe-W/Fe has nanotubular on the upper part, but on the
bottom part the morphology become undefined nanopores, this might be happened
because of the present of HF harm the metal during anodizing. The absence of
characteristic fluorine peak in the GDOES depth profile, in contrast to that for pure Fe
case (Fig. 4.13), at alloy/nanotubular-film interface and consequently uniform
distribution of fluorides suggest that originally formed fluoride rich layer is consumed in
post reaction process. The fluoride rich layer, FeFx formed on pure iron is practically free
of oxygen species as demonstrated elsewhere[3]. The composition of the layer obtained
by TEM/EDS analysis on Fe-W alloy shows 17.2, 3.4 35.4 and 44.0 at.% for Fe, W, F
and O, respectively, indicating rather complex structure of the layer containing

compounds such as metal oxides and metaloxyfluorides as a result of post reaction.

4.4. Conclusions

The present study shows that alloying of iron with 9 at.% tungsten has meaningful
implications on the growth and resulting structure of anodic film. Based on the results
obtained the following conclusions can be drawn:

1. Alloying of iron with 9 at.% of tungsten results in transition of nanoporous oxide
into nanotubular nanostructure. The possible reason of this transition is faster

kinetics of WFs reaction with water over the presence of low solubility FeFx
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species, easily developing the space in between nanotubes.

The pore size of the anodic films on the Fe-W alloy is smaller than that on pure Fe
and the quasi-steady state anodizing condition is more rapidly established on the
Fe-W alloy. Such influences of alloying with tungsten are most likely due to
formation of thinner barrier layer formed on the Fe-W alloy.

The anodic nanopores developed on pure Fe and anodic nanotubes developed on
Fe-W alloy composed of FexOy and WO3 domains grow in line with the field
assisted flow model. The thick layer formed at the alloy/oxide interface is possibly

aresult of chemical reaction due to exposition of structure to moisture.
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Chapter 5 Photoelectrochemical
analysis of Fe-W anodic oxide films

5.1. Introduction

Iron oxides have been studied intensively as semiconductor materials for the
photodegradation of organic matrices, as it is fairly stable in aqueous solutions, and also
high availability, nontoxicity, and chromatic characteristics. Fe2O3 has a small band gap
value of 1.6 to 2.1 eV [1-4]; this narrow band gap causes an effective absorption of the
spectrum of solar light when compared to TiO2 and WO3 [5]. However, the slow kinetics
of oxygen evolution in water splitting and short hole diffusion length in iron oxides are
seen as the reasons for the lower practical conversion efficiencies [6]. WOz has also been
intensively studied; this material is abundant and therefore cheap, non-toxic and corrosion
resistant. Tungsten oxide is an n-type semiconductor, having lower energy band gap about
2.4-2.8 eV in comparison with TiO2 and it allows to absorb a visible range of the solar
light spectrum [7, 8]. Also from its high stability in acidic conditions and good charge-
carrier transport properties, this semiconductor is a very attractive material for
photocatalytic-purifying environmental water containing organic pollutant [9-11].
However, WO3 could theoretically employ approximately only 12% solar light [12].
Additionally, because of indirect bandgap, WOs inquire a quite thick layer for harvesting
light, which typically leads to enormous electron—hole recombination loss and results in
reduced photoactivity[13]. One method to solve this problem is the combination of
different semiconductor materials. This combination method can increase the
semiconductor performance in various ways such as by optical absorption improvements,
charge separation enhancement, or the modification of the electronic structure of the
interface between both materials [14]. Several combined system has been successfully
synthesized such are WO3/TiOz [15], TiO2/Fe203 [16] and Fe.O3/WO3 [14, 17, 18].

The Fe203/WO3 system is a good model and a promising photoanode for many
reasons, because of effective operation, low cost, and environmentally friendly materials.
Their beneficial energy band positions also allow the transfer of electrons from Fe,O3
conduction band to WOs and holes from WO3 valence band into Fe2Os, which reduces

the recombination of the electron—hole pair and results in an efficient charge separation
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and better photocatalytic efficiency. Several system configurations of Fe>Os and WOs3
have been proposed, including mixed films [19, 20], host—guest structure [17, 21, 22],
and also modified nanowires [14, 18]. So far, the combining materials method has been
successfully prepared via various procedures, for instance sol—gel [23], chemical vapor
deposition [24], and hydrothermal process [25-27]. In chapter 4, the author successfully
synthesized vertically aligned Fe-W oxides nanotube arrays. In this chapter the author
demonstrates the photocatalytic activity of the annealed anodic nanotubular and barrier
Fe-W oxides grown by anodizing sputter deposited Fe-W alloy in a fluoride containing
electrolyte, tested in the aqueous MB under visible-light irradiation and compared with
those of anodic nanopores iron oxide.

5.2. Experimental Details

Magnetron-sputtered iron-tungsten alloy films were deposited on flat glass. The
target used for sputtering is 99.99 % pure iron disk of 100 mm in diameter and 0.5 mm
thickness, which was bonded on a copper backing plate, and one 99.9 % tungsten disk of
20 mm in diameter placed on the sputter erosion region of the iron disk. The composition
of the alloy was evaluated by electron probe micro analyzer (EPMA; JEOL, JXA-8530F)
and equaled to 9 at.% tungsten. Two types of anodic films were formed at different
anodizing conditions: (1) barrier-type anodic films with ~510 nm thickness, obtained by
anodizing the sputter-deposited iron-tungsten film at a constant voltage of 60 V in
ethylene glycol (99.5 % Kanto Chemical Co., Inc.) electrolyte containing 0.1 M NH4F
(97.0 % Kanto Chemical Co., Inc.) and 0.1 M H,O for 15 s; (2) nanotubes type anodic
films of ~860 nm thickness, obtained by anodizing the sputter-deposited iron-tungsten
films at a constant voltage of 60 V in ethylene glycol solution containing 0.1 M NH4F
and 1.5 M H>0O for 150 s. Both anodic films (barrier-type and nanotubes-type) were
annealed for 30 min in air at 300, 350, 400 and 450 °C. For comparison, nanopores-type
anodic films were grown on the sputter-deposited iron films at a constant voltage of 60 V
in ethylene glycol solution containing 0.1 M NH4F and 1.5 M H,0 for 150 s.

The morphology of the fabricated materials was investigated by using a Zeiss,
Sigma 500 scanning electron microscope using 1 kV accelerating voltage. X-ray
diffraction (XRD) analysis was performed by Rigaku, RINT-2000 with Cu Ko radiation
and collected at a tube voltage and current of 40 kV and 20 mA, respectively. Micro

Raman analysis were carried out through a Renishaw in Via Raman. Microscope
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spectrometer equipped with a microprobe (50x) and a CCD detector with an Nd:YAG
laser of 532 nm. Glow discharge optical emission spectroscopy (GDOES) were used for
depth profile analyses of the anodic films; Jobin-Yvon 5000 RF instrument in 900 Pa
argon atmosphere and rf of 13.56 MHz and a power of 50 W. The wavelength signals
were detected from approximately 4 mm diameter of circular area.

Photocurrent Versus voltage
characteristics of the anodized iron foils
(surface area ;1 cm?) were recorded by
scanning the potential from 0.1 to 10.5 V
(versus Ag/AgCl) at 10 mV/s, using a
potentiostat (Autolab I1I, Metrohm, the

Netherlands). The measurement was done

using a three-electrode system, with Pt rod
counter electrode and Ag/AgCl/sat. KCI
Figure 5.1 Schematic illustration of the reference electrode in solutions containing 1
photocurrent measurement.

M NaOH. A xenon light source (LSP-X150,

Zolix Instruments, Beijing, China) with an intensity of 100 mW/cm? was used as solar

Filter

simulator (AM 1.5) to irradiate the annealed samples. Diffuse Reflectance Spectra (DRS)
analysis was performed to characterize photo-absorption properties of samples by JASCO
V-670 spectrophotometer equipped with PIN-757 integrating sphere with Barium
sulphate (BaSO4) powder as baseline. The obtained DRS was converted into Kubelka-
Munk plot to obtain the band gap energy. 8 mL of methylene blue (MB) solution with
initial concentration 5 mg L™ was used to observe the photocatalytic activity of the
samples. Prior to illumination on visible light, the Xenon light with an intensity of 100
mW/cm? was equipped by 370 nm long-pass filter OptoSigma SCF-50S-37L at interval
30 minutes. The MB solution was sonicated for 10 min to homogenize the mixture and
the solution was magnetically stirred in the dark for 2 h to establish the adsorption—
desorption equilibrium of MB on the surface at room temperature. During irradiation,
stirring was maintained, photo degradation efficiency was computed by measuring the
absorbance values of the MB solution. The concentration of MB as a function of time was

calculated by the absorbency values of the original and measured samples.
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5.3. Results and Discussion

5.3.1 Structural and morphological characterization

The structure of the Fe-W oxides as photoactive materials was investigated using
X-ray diffraction (XRD). As mentioned in Chapter 3 and Chapter 4, the anodizing of Fe
or Fe-W forms semi-crystalline iron oxide, iron fluoride species and some iron hydroxide,
and the resultant films were not photoactive owing to their disordered structure.
Therefore, a post annealing process is essential to remove fluorine and hydroxide from
the anodic films and to crystallize fully the anodic films. Figure 5.2 displays the XRD
patterns of all the annealed materials, and the results indicated that the sample annealed
at 300 °C contain a very weak peaks which indexed to Fe»>Os, but the oxide seems to be
rather amorphous. The reflection of remaining iron layer beneath the anodic films
corresponding to (200) peak at 26=44.674° (COD 9013472) is present on all anodic films
of Fe-W oxides. By increasing annealed temperature, the oxide crystallizes and the Fe>O3
(COD 9000139) and Fe304 (COD 9000139) are clearly observed after annealing at 450°C.
It is worth noting that no tungsten-containing phase was observed in the XRD patterns
because of very limited amount of tungsten in the samples; however, based on the phase
diagram of Fe>O3 and WOs mixture in the oxygen atmosphere and atmospheric pressure,
at lower temperature (<800 °C ) the mixture of Fe.Os and Fe,WOQOs might be present. [28-
31]
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Figure 5.2 X-ray diffraction patterns relating to (a) anodic films grown on sputter-deposited Fe-
W at 60 V and annealed for 30 min at different temperatures under air exposure. Growth
conditions: 1.5 M H,O for 150 s. and (b) the nanoporous film grown on Fe in ethylene glycol
containing 0.1 mol dm™ NH4F, 1.5 mol dm® H,O for 150 s, barrier film grown on Fe-W in
ethylene glycol containing 0.1 mol dm= NH4F, 0.1 mol dm™ H,O for 10 s, and nanotubes film
grown on Fe-W in ethylene glycol containing 0.1 mol dm™ NH4F, 1.5 mol dm™ H,O for 150 s,
and annealed for 30 min under air exposure at 450 °C.
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Fig. 5.3 shows the Raman spectra of the thermal-treated porous films as a function
of the annealing temperature. Again, the peaks become less broad with increasing the
annealing temperature, thus better crystallization was achieved. Nevertheless, the Raman
spectra are similar regardless of annealing temperature. Seven phonon lines of Fe.O3 are
expected in the Raman spectrum: two A1q modes are corresponding to 223 and 498 cm ™2,
and another five Eq modes correspond to 247, 293, 409, and 610 cm™t. A careful
inspection of Fig. 5.3 shows that for samples annealed at T>400 °C, Raman peaks are
present at the wave number corresponding to all these modes. However, two other peaks
are present (at 650 and 1,315 cm™?) not included in the above reported list. According to
the literature [32], the small peak at 650 cm™ corresponds to a phonon which, in perfect
Fe>Oscrystals, is Raman inactive and unobserved. This mode becomes active during the
crystallization process owing to the symmetry breaking. The strong band at 650 cm™
phonons is usually interpreted as an overtone of the 650 cm™ phonons.
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Figure 5.3 Raman spectra relating to anodic films grown on sputter deposited Fe at 60 V
anodizing and annealed for 30 min at different temperatures under air exposure. Growth
conditions: 1.5 M H,0O for 150 s.
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In Figs. 5.4 and 5.5, the author compares the surface morphology of the barrier layers
with the porous films after 30 min of annealing at different temperatures. It is interesting
to mention that the surface of the barrier films in the micrographs at 300 °C has similar
morphology as porous-type films, as evident that the porous type also can be produced
by prolonging anodizing time on fluoride electrolyte with low water concentration (Fig.
5.4a). Nevertheless, by increasing the annealing temperature, these porous features
become less visible due to higher density causing by the onset of annealing process
assisted at the higher temperature (see Fig. 5.4b, c). On anodic films prepared at high
water concentration; 1.5 M H>O for 150 s, a well-defined nanoporous/nanotubular
structure is present, as shown in Fig. 5.5. The thermal treatment does not change the film
features even when the thermal treatment is performed at 450 °C (see Fig. 5.5 a-d).

/400 mm

Figure 5.4 SEM images relating to anodic film grown on sputter-deposited Fe at 60 V anodizing
in ethylene glycol containing 0.1 mol dm™ NH.F and 0.1 mol dm™ H,O for 30 s, and annealed for
15 min under air exposure at (a) 300 °C, (b) 350 °C, (c) 400 °C, and (d) 450 °C.
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Figure 5.5 SEM images relating to anodic film grown on sputter-deposited Fe at 60 V anodizing
in ethylene glycol containing 0.1 mol dm™ NH.F and 1.5 mol dm™ H,O for 150 s, and annealed
for 15 min under air exposure at (a) 300 °C, (b) 350 °C, (c) 400 °C, and (d) 450 °C.

In Fig. 5.6, the author can observe the barrier-type film with 510 nm of thickness
and nanotube-type film with 860 nm of thickness morphology on cross section SEM
observation. In chapter 4, the author reported of the presence of chemical layer around
100 nm between the substrate and porous layer; in this chapter, the annealed iron oxide
forms thicker barrier layer (thermal oxide layer) around 200 nm in thickness at the metal-
film interface. The nanotubular morphology is obvious in the cross-section of the porous
anodic film formed on the Fe-W, whereas the anodic film on iron is nanoporous-like (Fig.
5.6a). The annealed barrier-type anodic film is rather compact throughout the film

thickness.
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Figure 5.6 Surface and cross-section images relating to anodic film grown on sputter-deposited
(a) the nanoporous film grown on Fe in ethylene glycol containing 0.1 mol dm NH4F, 1.5 mol
dm H0 for 150 s, (b) nanotubes film grown on Fe-W in ethylene glycol containing 0.1 mol dm"
® NH4F, 1.5 mol dm™ H,O for 150 s, and (c) barrier film grown on Fe-W in ethylene glycol
containing 0.1 mol dm™ NH.F, 0.1 mol dm™ HO for 10 s, and and annealed for 30 min under air

At chapter 4, the author understands that a chemical layer is present beneath the
nanotubular anodic film grown on Fe-W. Therefore, the composition of anodic films at
two different morphology annealed at high temperature was examined qualitatively by
GDOES elemental depth profile analysis. According to the sputtering time required to
reach the oxide/alloy interface, it is clear that the thickness of the anodic films increases
by increasing the water content at anodized process. The content of tungsten is uniform
in both nanotubular and barrier type films. However, on the nanotubular type films at
metal-film interface, the content of tungsten is decreasing with the increasing of iron. It
is known that the thickness of the iron oxide films increases with increasing the annealing
temperature. A thermal oxidation process is active under air exposure leading to

formation of iron oxide at the metal-film interface.
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Figure 5.7 GDOES depth profiles of the anodic film grown on sputter-deposited Fe-W at 60 V
anodizing in ethylene glycol containing 0.1 mol dm= NH4F, (a) 1.5 mol dm™ H,O for 150 s and
(b) 0.1 M H20 for 10 s, and annealed for 30 min under air exposure at 450 °C.
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5.3.2 Photoelectrochemical characterization
The PEC performance of a photoelectrode is strongly dependent on its optical

properties. The effect of morphology on optical properties of anodic film was studied by
UV-vis diffuse reflectance spectral analysis. The UV-vis diffuse reflectance spectra of
barrier type with different annealing temperatures are displayed in the Fig. 3. As seen
from Fig. 3, the absorption sharp edge photocatalysts are found to be around 650-750 nm,

respectively.
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Figure 5.8 (a) UV-vis diffuse reflection spectra and (b) band gap estimate assuming indirect
optical transition of the anodic film grown on sputter-deposited Fe-W at 60 V anodizing in
ethylene glycol containing 0.1 mol dm NH.F, 0.1 mol dm™ HO for 10 s and annealed for 30

min under air exposure at varying temperature.
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From the UV-absorption data, the bandgap of the samples was calculated
according to the solid band theory by using the following equation:
ahv = A,(hv —E )" (5.1)
where a was the absorption coefficient, Eq was the optical bandgap of the material.
The value of n depended on the nature of band transition. Its value could be 1/2 or 3/2 for
direct allowed and forbidden transitions, and 2 or 3 for indirect allowed and indirect
forbidden transitions, respectively. The bandgap was calculated by plotting (ahv)!/?
versus photon energy hv. It is worth to noting that, this bandgap value follows a positive
linear dependence in the temperature range. The increase of the indirect band gap with
substrate temperature was also reported for sprayed, sputtered and reactive evaporation
a-Fe;Os thin films [2, 33, 34]. This increasing might be correlated to the crystalline

structure of the anodic films.

Figure 5.9 presents the estimated bandgap of anodic Fe oxide and Fe-W oxides grown
on 1.5 M of water in ethylene glycol electrolyte for 150 s and annealed at 450 °C. Despite
the fact that iron oxides exhibited favorable bandgap energy, its potential use for PEC
water oxidation was limited by poor light absorption properties due to the indirect
bandgap nature with a small, wavelength-dependent absorption coefficient. The
calculated values of indirect bandgap for nanopores iron oxide is 1.65 eV, the reported
bandgap value of Fe;Osis varied from 1.3 — 2.3 eV while small bandgap of 0.1 eV was
produced by FesOs4 [2, 35-37]. Our values of the band gaps showed an increasing value
of Fe-W barrier = 1.72 eV dan Fe-W nanotubes = 1.84 eV, this increasing value of
bandgap is presence due to the addition of tungsten species in the case of anodic films.
Fe>WOs, is an n-type semiconductor, it might be act as a photo-absorber at wavelengths
below the optical absorption limit. A majority charge carrier collector of electrons
generated in iron oxides due to its high conductivity, and an electron—hole recombination

Suppressor.
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Figure 5.9 (a) UV-vis diffuse reflection spectra and (b) band gap estimate assuming indirect optical
transition of the nanoporous film grown on Fe in ethylene glycol containing 0.1 mol dm™ NH4F,
1.5 mol dm™ H,0 for 150 s, barrier film grown on Fe-W in ethylene glycol containing 0.1 mol dm
3 NHJF, 0.1 mol dm™® H,O for 10 s, and nanotubes film grown on Fe-W in ethylene glycol
containing 0.1 mol dm™ NH.F, 1.5 mol dm™ H,O for 150 s, and annealed for 30 min under air
exposure at 450 °C.
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In order to quantify the influence of alloying elements of the substrate on anodic
iron oxides on the photocatalytic properties, the photoelectrochemical(PEC)
measurements were performed in a three-electrode cell (reference, counter and working)
in NaOH electrolyte, with Ag/AgCl/sat. KCI as reference. Fig. 5.10 displays the photo-
electrochemical measurements which conducted under dark condition and light
irradiation; this measurement was carried out to investigate the electron-hole generation
on the anodic film surfaces. The photocatalytic activity of anodic Fe-W oxide films was
evaluated by measuring photocurrent densities. This picture shows significant effect on
alloying elements with resulting on the presents of tungsten species on the anodic films.
The nanotubes structures of Fe-W oxides result on high current density of 10.8 mA cm
at 0.8 V vs Ag/AgCl/sat. KCI under visible light illumination intensity of 100 mW cm™.
The onset potential of our nanopores iron is +0.4 V Ag/AgCl, which can be converted to
+0.65 V vs. NHE, thus, the valance band level of our iron oxide is 2.3 V vs. NHE.
FeaWOs, reported to be an n-type semiconductor [38], the onset potential of Fe;WOg is +
1.01 V vs. NHE with the valance band level of + 2.83 V (vs. NHE) [39], suggesting that
the valance band of FeaWOgs is located more positive than that of our iron oxides system
2.3V vs. NHE.
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Figure 5.10 (a) Dark and (b) photo-current responses of the nanoporous film grown on Fe in
ethylene glycol containing 0.1 mol dm™ NH4F, 1.5 mol dm™ H,O for 150 s, barrier film grown on
Fe-W in ethylene glycol containing 0.1 mol dm™ NH,4F, 0.1 mol dm™ H,0 for 10 s, and nanotubes
film grown on Fe-W in ethylene glycol containing 0.1 mol dm™ NH4F, 1.5 mol dm™ H,0O for 150
s, and annealed for 30 min under air exposure at 450 °C.
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The author uses methylene blue as model of the hazardous organic dye sample to
evaluate the photocatalytic activity of the pure Fe and Fe-W oxide samples. The
photocatalytic experiments were carried with definite dye concentration (1 x 10~° mol/L),
to compare the efficiency and select the most active sample. As seen from the Fig 5.11
obtained, the concentration changes C/Co versus time for photo-degradation of methylene
blue on the anodic nanopores iron oxide exhibited a limited photocatalytic performance
towards degradation with an efficiency of 9.2% after 180-min irradiation, respectively.
However, on both anodic Fe-W oxides, weather barrier or nanotubes photocatalysts were
found to exhibit a significantly high photocatalytic activity than that of nanoporous iron
oxide. This clearly indicates that the added tungsten species had a significant influence
on the photocatalytic performance of anodic films. The high adsorption capacity of the
barrier-type sample can be inferred from the large amount of dye removal (40 %) under
exposure to light irradiation. The enhancement in photocatalytic performance of the oxide
can be contributed improved the absorption ability as well as efficient electron-hole
transfer occurred at the interfaces of anodic films. Therefore, the degradation studies
proved that the addition of tungsten as the alloying elements of the substrate is an effective

photocatalyst material for degradation of organic pollutants from the wastewaters.
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Figure 5.11 The photocatalytic activity of methylene blue degradation under visible light
radiation of the anodic film grown on sputter-deposited Fe and Fe-W at 60 V anodizing in

ethylene glycol containing 1.5 mol dm™ H,O for 150 s, and annealed for 30 min under air
exnosure at 450 °C.
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Generally, the photocatalytic activity of a catalyst for the photo oxidation of
organic compounds is mainly related to the position of valence band of the photocatalyst
and the mobility of photogenerated carriers [40]. Fe2WOe which might be present on the
anodic film act as an electron acceptor. Under illuminations, photogenerated electrons in
the conduction band iron oxides inclined to transfer to the conduction band of Fe2WOs,
while the holes in the valence band move to the opposite direction from the electrons, as
shown in Fig. 5.12. These processes improve the effective separation of photogenerated
electron—hole pairs and prohibits their recombination, which might be ascribed to the

promotion of the photocatalytic performance of the anodic Fe-W oxide.
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Figure 5.12 Illustrations of (a) nanotubes film grown on sputter-deposited Fe-W at 60 V
anodizing in ethylene glycol containing 1.5 mol dm™ H,O for 150 s, and annealed for 30 min
under air exposure at 450 °C and (b) its photogenerated electron transfer pathway.

5.4. Conclusions

This chapter present for the first time the photoelectrochemical study of well
aligned Fe-W oxides system synthesized via anodizing method. Depending upon the
anodization conditions, including the water content and anodizing time, the nanotubes-
type with 800 nm in length and barrier-type with 540 nm length was achieved. The anodic
films were annealed from 300 - 400 °C for 30 min to form crystalline structures. The
barrier type has lower value of indirect bandgap compared with the nanotubular type of
Fe-W oxides, due to its lower surface areas which are similar to flat electrode and
provides longer distance for holes to travel hence much of the photogenerated carriers

have recombined. The thermal treatment result enhances the crystallinity of the films and
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simultaneously increases the concentration of defects on the anodic films results on

increase of the bandgap value. The author compared the photocatalytic activity of Fe-W

oxides and Fe oxides, it results on high performance with the addition of tungsten species

on the anodizing substrate, the possible explanation might be attributed to the efficient

separation of the photoinduced electron-hole pairs from Fe.Os/Fe;WOs heterojunction

system and large surface area of the uniform nanotubes arrays.
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Chapter 6 Electrochemical synthesis of
1D-1ron Oxide as Negative Electrode for
Lithium lon-Battery Microelectrode

6.1. Introduction

In the past decades, the microelectrode lithium ion batteries (LIBs) with the
thickness bellow 100 um were widely used as miniature electronic, intelligent labels,
micro-electromechanical systems (MEMS), CMOS back up and implantable medical
devices [1-4]. Efforts have been made to provide higher energy and power, due to
requirement for emerging technology needs. 1D lithium ion batteries are introduced to
maximize the energy and power densities in a small area ¢1 cm2) while maintaining short
lithium ion transport distances. Various fabrication methods were applied to produce 1D
materials, including hydrolysis[5], precipitation[6], thermal decomposition [7] and
anodizing [8]. Among of them, the anodizing is a reliable fabrication method that allows
formation of ordered and free-standing oxide without the addition of binders and
conductive paste. By anodizing metals using organic electrolyte containing fluoride; self-
ordered anodic titania, niobia, iron oxides can be formed.

Iron oxide is one of the most interesting and important transition metal oxides for
application in LIBs. Trigonal R-3C Fe20s3, with lattice parameters of a=b =0.51 nm and
¢ = 1.39 nm (Figure 6.1 a.), being the most thermodynamically stable iron oxide phase,
has relatively high theoretical capacity of 1007 mAh g* [5, 9] and the theoretical capacity
value of cubic Fd3m Fe3Oa, with a = b = ¢ = 0.602 nm (Figure 6.1 b.) is 926 mAh g !
[10-12]. In addition, multiple electron valence states of Fe°, Fe?* and Fe®" provide rich
redox pairs, and iron has abundance and environmental friendliness, and has been studied
as candidate negative electrode material since first reported as conversion-type material.
In this study, the use of iron oxide thin film electrodes prepared via anodizing method
was investigated for the first time. The objective is to investigate the influence of
crystallographic structure of anodic iron oxide to the areal capacity, efficiency and
stability as the negative electrode in a half cell with 1 M LiPFs in ethylene
carbonate/dimethyl carbonate, EC/DMC (1:1 v/v) as electrolyte was used to control the

electrochemical lithiation/delithiation process.
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Figure 6.1 Crystallographic representation and outline of the unit cells of Fe;Osand Fes0.. [13]

6.2. Experimental Method

High purity of 99.9% polycrystalline iron foils; 0.3 mm thick, 1 cm? area (Nilaco
Corp., Tokyo, Japan) was anodized at 60 V for 4 h in ethylene glycol electrolyte
containing 0.1 mol dm= ammonium fluoride and 1.5 mol dm deionized water in bath
type electrochemical cell with a two-electrode system using platinum counter electrode.
The distance between working and counter electrodes was kept constant at 15 mm. During
anodizing the temperature of electrolyte was kept at 20 °C using circulated temperature-
controlled water (Eyela CTP-1000, Tokyo Rikakikai Co, Ltd, Japan). After anodizing,
the specimens were rinsed in ethylene glycol, ethanol (99,8%), and then dried in air
stream. The as-anodized iron oxide layers were thermally annealed in a muffle furnace
(Model FO310, Yamato Scientific Co. Ltd, Japan) at 350 °C, 450 °C and 500 °C in air for
30 min. In all the cases, the heating from room temperature to the selected temperatures
was carried out at a rate of 10 K min™. And finally, the samples were left to cool down
within the oven.

The surface morphology and cross sections of the specimens were examined by a
Zeiss Sigma 500 field emission scanning electron microscope (SEM) instrument; 1 kV
accelerating voltage was used to investigate the morphology. The lamella of anodic oxide
were prepared by a Hitachi FB-2100 focused ion beam (FIB) system employing a Ga*
ion beam to observe the electron distribution. Cross-sections of the anodized specimens

were observed by a JEOL, JEM-ARM200F scanning transmission electron microscope

116



(STEM) with energy dispersive X-ray spectrometry (EDS) facilities. The phase in the
anodic films identified by Rigaku, RINT-2000 Ultima X-ray diffractometer using Cu-Ka
radiation (A = 0.15418 nm) with a 26 range of 10-80 degrees at a scan speed of 0.5
degree/min and collected by a tube voltage of 40 kV and 20 mA tube current. For the
analysis thin film, grazing incidence XRD mode was used to minimize the contribution
of the substrate material.

The anodic iron oxide

=T L icroelectrod lectrochemicall
___;; Current Collector microelectrode was electrochemically
= L tested as negative electrodes in half cell
' Iron Oxide PAT-Cell (EL-cell) with constant
Electrode .
current charge/ discharge at 20 pA cm’
_ 2 and the in-situ optic and raman
Insulation Sleeve
= (Separator and spectroscopy was observed by using
Lithium reference

electrode) Optical-Cell (EL-cell) with constant

- Lithium current charge/ discharge at 13 A cm’
2 in lithium ion battery. The coin cells

‘ Current Collector were assembled in argon filled glove-
L}’) box  using lithium  foil as
counter/reference electrode and 1 M
LiPFe in ethylene carbonate/dimethyl
carbonate, EC/DMC (1.1 viv)
electrolyte. A potential range of 2.60 to

Figure 6.2 Schematic of lithium ion battery half-
cell.

0.05 V vs. Li reference electrode was used to extract the capacity and cyclic stability of
the material. The rate capability and cycle stability were evaluated by current varied
between 0.1 to 2 mA cm2 For avoiding experimental error, the term of mass of
gravimetric capacity, (mA.h.g?) was changed to terms of areal capacity (mA.h.cm?) as

demonstrated for other anodic systems.
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6.3. Results and Discussion

6.3.1. Structural and morphological characterization

The structure of polycrystalline iron anodized at 60 V for 4 h in ethylene glycol
electrolyte containing 0.1 mol dm of ammonium fluoride and 1.5 mol dm of deionized
water at 20 °C is shown in SEM images in Fig. 6.2. The surface morphology shows
nanotubular structure with average nanotube diameter of 100 + 1 nm. The cross-section
image indicates thickness of anodic layer of 7 + 0.2 um. The close inspection of the
structure indicates that top of the structure is nanotubular (TiO2-like) and the bottom is
nanoporous (Al.Os-like) with the length ratio of nanotubes to nanopores of 0.4. The
transition from nanopores to nanotubes is typically observed during anodizing process
due to relatively slow kinetics of dissolution FeF> located at the cell boundary region of
nanopore/nanotube [8].

Figure 6.4 shows the high angle annular dark field (HAADF) image of the focused
ion beam (FIB) lamella prepared for iron anodized at 60 V. The region with lighter
appearance in the micrograph corresponds to iron substrate while darker fractions to
anodic film. The compositional structure of anodic film is evident from high resolution
energy dispersive X-ray spectrometry (EDS) elemental maps for distribution of Fe, F and
O. At the first glance, the anodic film looks nanoporous from HAADF image, however,
the EDS analysis reveals that the oxide is in the form of nanotube separated by FeF>
matrix. The formation of FeF, at the base of nanotube is possible due to relatively fast
migration of F ions relative to that of O* ions under the high electric field during film
growth. [14] The horizontal position of FeF» is changed to vertical one at the cell
boundary region due to material flow at convex geometry of the pore/tube.[8, 15] The
enrichment of the cell boundary region with fluorine is key in the transition of nanopores
into nanotubes due to the solubility of the FeF» in the electrolytes already demonstrated

in a previous study.[8]
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Figure 6.3 (a) Surface morphology and (b) cross-section SEM images obtained by SE mode at 3
kV; of nanopores/nanotubes formed by anodizing of Fe at 60 V in ethylene glycol electrolyte
containing 1.5 mol dm of water and 0.1 mol dm® of NH4F at 20 °C, detail of nanotubular
formation on top part and nanoporous formation on bottom part shown on (c) and (d).
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Figure 6.4 High Angle Annular Dark Field (HAADF) and Energy Dispersive X-Ray
Spectrometry (EDS) mapping images for anodic layers formed on iron, anodized at 60 V in
ethylene glycol electrolyte containing 1.5 mol dm™ of water and 0.1 mol dm™ of NH4F at 20 °C.

In order to estimate the effect of crystallographic structure and chemical
composition of 1D anodic nanotubes on the performance of the lithium ion battery, the
specimens were subjected for thermal treatment at 350, 450, and 500 °C in the presence
of oxygen and studied by means of x-ray diffraction (XRD) (Fig. 6.5) and EDS (Fig. 6.7).
All of the specimens show a very intense 28 diffraction peak at 65.20° corresponding to
200 reflection coming from underling metal substrate. The as formed
nanotubes/nanopores were generally amorphous with very low degree of crystallinity
having 26 peaks at 24.10° indexed to 012 reflection of Fe2O3 (ICSD no. 80-2377), 35.40°
and 56.94° corresponding to 311 and 511 reflections of FezO4 (ICSD no. 75-1372) and
20 peaks at 26.82° and 52.10° matching FeF2 110 and 211 reflections (ICSD no. 81-
2271). It is known that the tubes/porous layer can be converted to Fe2Oz and underlying
barrier layer and thermal oxide changes to Fes04.[16] Annealing at 450 °C and 500 °C
crystallizes the oxide whereby peaks of Fe2Oz and Fe3O, are clearly observed and indexed
according to the ICSD cards as mentioned above, whereas the peaks indexed to FeF, were
not detected. By using with Rietveld refinement method using GSAS software, the ratio
of Fe-Os to Fes0O4 was roughly estimated. The specimen annealed at 450 °C appears to
have 88 % Fe>03, 12 % Fe304. The 500 °C annealed sample has 96% Fe;Os3, 4% Fe304

temperature, respectively. (The Rietveld ravinement results shown on Figure 6.6).
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Figure 6.5 XRD patterns of the annealed and as-formed iron oxide microelectrodes formed at
60 V in ethylene glycol electrolyte containing 1.5 mol dm of water and 0.1 mol dm™ of NH4F
at 20 °C.
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Figure 6.6 XRD refinement of the annealed iron oxide microelectrodes formed at 60 V in ethylene
glycol electrolyte containing 1.5 mol dm= of water and 0.1 mol dm™ of NH4F at 20 °C after
annealing at (a) 350 °C, (b) 450 °C and (c) 500 °C.
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Annealing at 350 °C resulted in higher percentage ratio of Fe3O4 77% and 23% of
Fe20s. A low intensity diffraction peak corresponding to 211 reflection of FeF: is
detected. The presence of FeF, is consistent with identification of fluoride-rich-layer by
Shahzad et al. by means of TEM/EDS elemental mapping in the transition of anodic
nanopores into nanotubes formed on bulk iron [8]. According to composition evaluated
in chapter 3, as-anodized sample resulted in formation of amorphous structures with some
semi crystalline phase of FesO4 and FeF.. The anodic film composition on various spot
on the surface of as-anodized and annealed iron oxides was investigated by means of EDS
analysis with the atomic ratio of iron to oxygen and fluorine to iron shown in Fig. 6.7.
The atomic ratio of F/Fe is high for as-anodized iron according to expected composition
of Fe3Oa4.FeF, formed on high index facets of iron . The fluorine content is significantly
reduced upon annealing, more specifically the trace amount of fluorine was detected for
anodic film annealed at 350 °C whereas specimens annealed at 450 - 500 °C are
essentially free from fluorine. The atomic ratio of oxygen to iron for as-anodized iron
depends on crystallographic orientation of iron as demonstrated on single crystal studies
with preferential formation of FesO4 on high index facets of iron and therefore in line
with FesOs structure of polycrystalline specimen. The ratio of oxygen to iron increases
with annealing temperature revealing that specimen annealed at 500 °C has a ratio similar
to hematite (Fe20z), the one annealed at 450 °C shows ratio for mixed structure of
hematite (Fe2Os) and magnetite (FesO4), whereas the oxide annealed at 350 °C ratio of

magnetite (Fe30a).

1.8

Fe

©

2o/aFe-FeF:
H
‘?
a/

=
N
1

1.0 T T T T
25 350 450 500

Annealing Temperature / °C

Figure 6.5 Atomic ratio of oxygen and fluorine to the iron on as formed and annealed iron oxide
microelectrodes formed at 60 V in ethylene glycol electrolyte containing 1.5 mol dm™ of water
and 0.1 mol dm™ of NH4F at 20 °C.
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6.3.2. Electrochemical characterization of iron oxides

Making an assumption Fe;Os and Fe3Os are the main phases of anodic
nanotubes/nanopore which electrochemically active during lithiation and delithiation in
the potential range of 5 mV - 2.6 V vs. Li/Li*, the electrochemical process may be
described by following the reactions: [17-19] , [20-22]

Fe203 + 6L1+ + 6e_ <> ZFEO + 3L120 (61)
Fe304 + 8L1+ + 86_ <> 3Feo + 4‘L120 (62)
FeF, + 2Li*T + 2e- <> Fe® + 2LiF (6.3)

Galvanostatic cycling with potential limitation (GCPL) was carried out to
investigate in details the electrochemical activity of nanotubular/nanoporous anodic film
in the lithiation process. In order to get an insight into the lithiation process the GCPL
was performed at 20 pA.cm?, typical current density range of nanotubular
microelectrodes, in the potential window of 5mV — 2.6 V vs. Li/Li* reference electrode.
Figure 6.8 shows the first lithiation of the differential capacity plot, dQ.dE™, for 500 °C
annealed specimen. The first cathodic scan corresponding to initial lithiation of the
nanopores/nanotubes (Fig. 6.8) shows the cathodic peaks at 0.86 V (P1) and 0.77 V (P2)
vs. Li/Li*, with P1 observed upon electrochemical reduction of Fe,Os to Fe® with the
formation of Li>O according to reactions 6.1 and P2 is assigned the reduction of Fe3O4 to
Fe? with the formation of Li-O according to 6.2 [23].

c o.o-; —
o 5 1% Lithiation
< 011

< 0.2 Li,Fe,0,

LL P2

0.0 0.5 1.0 1.5
E V)

Figure 6.6 Differential capacity plot recorded for the first lithiation of 500 °C annealed iron oxide
microelectrode.
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The succeeding 1% anodic scan in Fig. 6.9 shows the broad anodic dQ.dE™* peak
containing two components P4 and P5 at ca. 1.6 V and 1.8 V vs. Li/Li" corresponding to
oxidation of Fe®to Fe,Osand FesO4 [17-19] , [20-22]. For the subsequent cycles, the
anodic scan of the 300 °C annealed and as-anodized samples only show one peak; this
suggests that most of FesO4 may not be regenerated. The cathodic peaks of all the samples
after the first cycle shifts to lower voltage due to the irreversibility of the redox reaction
with decreased intensity which could be caused by crystal damage, volume expansion or
shrinkage of iron oxides (Fe2Os/Fes04) and formation of the SEI film. The 350 °C
annealed and as-anodized microelectrodes shown on Fig. 6.9 c-d exhibit similar kind of
redox reaction with an additional peak in PA 2.25 V vs. Li*/Li for the as-anodized
electrode and PA 2.1 V vs. Li*/Li at 350°C annealed electrode. The PA might be
correlated to the remaining fluoride content and lower crystallinity in the samples as
describe in the reaction 6.3. For the subsequent cycles, only one cathodic peak appears
and shifts to P2* of 0.77 V vs. Li*/Li for as-anodized one and P2’ of 0.98 V vs. Li*/Li for
350 °C annealed one with decreased intensity which could be caused by of the crystal

damaging, volume expansion or shrinkage of Fe;Oz/Fes0a/FeF.
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Figure 6.7 Differential capacity plots recorded for (a) as anodized, (b) 350 °C, (c) 450 °C and (d)
500 °C annealed iron oxide microelectrode in 1 mol dm™ LiPFs EC:DMC 1:1 at constant current
density 20 pA cm 2,
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In-situ Raman spectra of the iron oxide annealed at 450 °C in the working battery
during lithiation and delithiation were recorded and shown at Fig. 6.10. The Raman
spectrum was collected before the charge process began, exhibiting the Raman peaks of
crystalline Fe;Os3, FesOs and the electrolyte near 890 cm™. The Raman intensity peak
stays high, followed by a sharp decrease at 1.2 V vs. Li*/Li, due to the lithiation of the
iron oxides film, in line with differential capacity plot recorded at Figure 6.9 b. The
decrease of Raman intensity might be related to the conversion reaction; to the reduction
of metallic Fe. After the discharge process, the intensities of Raman peaks for Fe,O3 and

Fe-Os increase at 1.7 V vs. Li*/Li, confirming that our system is reversible.
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Figure 6.8 in-situ Raman spectroscopy recorded for 450 °C microelectrode in 1 mol dm™ LiPFs
EC:DMC 1:1 at constant current density 3 pA cm 2,
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Fig. 6.11 compares the cycling performance of the 1% to 10" cycles of 500 °C, 400
°C, 300 °C annealed and as-anodized as the electrode. The electrochemical behavior of
all electrodes is similar and in general consistency with the literature[5, 24, 25]. Fig. 6.10a
shows high capacity of 3.5 mA h cm? and well-defined shape of charge-discharge
capacities, a steep voltage drops from open circuit voltage to 1.2 V vs. Li*/Li. A plateau
at a potential of 1.2 V vs. Li*/Li corresponding to the reversible reaction between
LixFe,Os/ LixFesO4 and Fel. Then, the plateau is followed by a voltage drop to 0.05 V
correspond to the conversion from LixFe;Os/ LixFesO4 to metal Fe and the formation of
Li>O. Similar to 500 °C annealed, the cells with 450 °C annealed in Fig. 6.10b have well-
defined shape of charge—discharge capacities, indicating that the annealing process is
responsible for the enhancement in cycling performance. As shown in Fig. 6.11 c-d the
poor defined shape, the voltage fades and the capacities of the cells with 350 °C annealed
and as-anodized specimens decrease drastically after first cycle. The initial capacity loss
might be attributed to the presence of small amounts of iron fluorides on the metal film
interface. Iron fluorides (FeF2) are well-known for their intrinsically poor electronic
conductivity yield to stunted electron transport resulting in a very low capacity [26, 27].
The voltages fade also could be originated from the lack of crystallinity of the 350 °C

annealed and as anodized microelectrodes.
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Figure 6.9 Typical charge/discharge curves for the initial 10 cycles recorded for the (a) as
anodized, (b) 350 °C, (c) 450 °C and (d) 500 °C annealed iron oxide microelectrode in 1 mol
dm™ LiPFs EC:DMC 1:1 at constant current density 20 uA cm 2.

Assuming perfect iron oxide nanotubes arrangement over the entire substrate area,
with a length of 7 um, a tube inner diameter of 55 nm and outer diameter of 110 nm. The
theoretical volume of iron oxide 4.3 x 10* cm® is obtained from 1 cm? surface. The
density of Fe;Os and FesO4are 5.24 g cm™ and 5.17 g cm®, the estimated mass for 450
°C annealed sample is 2.2 mg cm™. The mass of the 450 °C annealed sample was also
measured gravimetrically after cycling the samples for 100 times; with 2.4 mg cm™. By
the data given, with approximately 10% mass experimental error; the expected capacity
at 2.3 mA cm for 450 °C annealed sample is 958 mAh g*. The theoretical capacity of
Fe,O3 = 1000 mAh g [5, 9] and Fe3O4= 926 mAh g* [10-12], it is reasonable to assume
that all the iron oxide compound was electrochemically active during lithiation and

delithiation processes.
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Fig. 6.12a displays the areal capacities vs. cycle number with coulombic
efficiency for 500 °C, 400°C, 300 °C annealed and as-anodized specimens. It can be seen
that the cells containing the 500 °C annealed iron oxide microelectrode provided the
highest initial areal capacity of 3.5 mA h cm, followed by 2.3 mA hcm?, 1.7 mA hcm’
2and 0.9 mA h cm2for 400°C, 300 °C annealed and as-anodized electrodes, respectively,
using a constant current density of 20 pA cm2. After 10 cycles, 300 °C annealed and as-
anodized electrodes have maintained its stability of 0.26 mA h cm 2 and 0.1 mA h cm™
over 50 cycles, respectively. The rate capability of 500 °C, 400 °C, 300 °C annealed and
as-anodized electrodes is measured by galvanostatic cycling of the cells at different
current densities, as shown in Fig. 6.12b. The electrodes are first cycled at a rate as low
as 0.1 mA cm2, the 500 °C annealed specimen have a capacity of 2 mA h cm?, after 22
cycles the capacity decreases to 1.4 mAh cm. Subsequently, as the current is increased
stepwise to 2.0 mA cm, the reversible capacity pronounced to decrease progressively.
This decrease in reversible capacity is mainly due to the low conductivity of the
nanotubes, less participation of active material or surface of the active material only
involved in the electrochemical reaction. As can be seen, the electrode delivers stable
capacities of 0.06 and 0.02 mA h cm?at 0.4 and 2.0 mA cm?, respectively. As-anodized
electrode shows low specific discharge capacities of 0.048, 0.035, 0.024, 0.013, 0.005,
and 0.001 mA h cm? at current densities of 0.1, 0.2, 0.4, 1.0 and 2.0 mA cm?,
respectively. It should be noted, after 125 cycles, with the current being again decreased
back to 0.1 mA cm from 0.4 mA cm the cell failed to maintain the stability as the

capacity fluctuate to higher value.
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Figure 6.10 (a) Plot of capacity vs. cycle number and columbic efficiency of microelectrodes iron
oxide in 1 mol dm® LiPFs EC:DMC 1:1 at constant current density 20 pA cm2and (b) rate
capability for iron oxide in 1 mol dm™ LiPFs EC:DMC 1:1 at different current densities from 0.04
to 2 mA cm 2,
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Moreover, the stability of 450 °C annealed specimen under 0.1 mA cm2in LiPFs
electrolyte was measured (Fig. 6.13a).
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Figure 6.11 (a) Plot of capacity vs. cycle number and columbic efficiency and (b) SEM images
for iron oxides annealed at 450 °C after 100 cycles of charge/discharge in 10 vol.% of FEC in 1
mol dm™ LiPF¢ with area specific charge density of at 0.1 mA cm 2, EC: DMC 1:1.

It is obvious that the capacity decreasing from 1.1 mA h cm™ to 0.2 mAh cm,
the SEM images on Figure 6.13b. shows there is no deformation of nanotubes
morphology after 100 cycles. However, the in-situ observation using optical microscopy

was conducted, to have better understanding on the stability of the iron oxide nanotubes
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microelectrodes. As shown in Figure 6.13 (a.), after the subsequent cycle it was obvious
there are some objects floating in the electrolyte. Despite of there is no deformation of
nanotubes morphology, the detachment of the iron oxides from the substrate were clearly
observed which causes the capacity fade.

Taking into account that ordered nanotubular structures has beneficial role to the
capacity values of the lithium ion batteries. Figure 6.14 compares the performance of our
system to the recent reports on the iron based microelectrodes and nanotubular anodic
oxides microelectrode; e.g.: Fe,Os prepared by thermal oxidation (0.042 mAh cm~2on 1%
discharge, 0.026 mA h cm after 50 cycles at 20 pA cm2) [28], electrodeposited FesOx4
thin films on copper plate (about 0.3 mAh cm™2 at 0.01 mA cm2) [29], nanowires FezOa/
nanotubular TiO2 (0.47 mAh cm™2 on 1% discharge, 0.2 mA h cm™2 after 45 cycles at 25
HA cm2 of about 3 pm thick) [30], nanotubes TiOz/nanowires-SnO (0.110 mA hcm™2on
1% discharge, 0.095 mA h cm™2 after 50 cycles at 100 pA cm2) [31], Si/TiO2 nanotubes
(0.55 mAh cm2 on 1% discharge, 0.2 mA h cm after 50 cycles at 20 pA cm 2 of about 3
um thick) [32], TiOz nanotubes (0.7 mA h cm2 on 1% discharge, 0.6 mA h cm after 100
cycles at 25 pA cm 2 of about 14.5 um) [33]. Our capacity values on nanopores/nanotubes
microelectrode are quite attractive, suggesting that our electrode systems might be a
potential candidate for the fabrication of 1D nanostructured thin films microbatteries. The
enhancement of electrochemical properties on iron oxides lithium batteries may be
possible if we consider the geometrical properties of the anodic nanopores/nanotubular
structures. First of all, the nanotubes can provide larger material-electrolyte contact areas,
providing increased number of electrochemically active surface sites. Secondly, the space
between nanotubes provides better electrolyte accessibility and can hold the structural
deformation due to volume expansion during lithiation/delithiation. Finally, well align
and uniformly distributed nanopores/nanotubes ensures continuous pathways for electron

transports.
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Figure 6.12 Areal capacity vs. the current density for the present iron oxide 1D nanotube
microelectrode and other 1D micro-battery electrodes.

6.4. Conclusions

1D iron oxides have been synthesized by anodizing of iron foil in ethylene glycol
electrolyte containing 0.1 M of ammonium fluoride and 1.5 M of water. The formation
of nanopores/nanotubular structures of anodic iron oxides shows possibility to use anodic
nanotubes formed on iron as a 1D negative electrode tested in the half cell of lithium ion
battery. 450 °C annealed specimen can provide high areal capacities of 3.5 mA h cm™2 at
a charge/discharge current density of 20 uA cm2 in lithium ion batteries. This sample
show better electrochemical performances due to the elimination of FeF, and higher
degree for crystallinity of the iron oxides and high composition ratio of Fe>Osthan the as
formed anodic film. Poor cycling stability and the rate capability of this system mainly
caused by the detachment of oxide in the substrate observed by in-situ microscope optic

observation.
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Chapter 7 General conclusions
and future suggestion

7.1. General Summary and Conclusions

In this Chapter, | will give a brief summary of each chapter, followed by a short

outlook:

Chapter 3 explored the
influence of grain orientation of Electrolyte v er ozT
iron substrate on the formation of | A™4¢H™ rs F"mFezog 02 ’
nanoporous/nanotubular  anodic AR
films. Single crystalline (100), FeF FeF """""""""
(110) and (111) facets were
examined in this study. The film Fe (110) Fe (100)

formation on (100) facet involved Fig. 7.1. Schematic illustrations showing the barrier

extended gas evolution upon layer of anodic films, beneath the porous layer, formed
anodizing, thus resulting in the on the (110) and (100) iron single crystals.

shift of the j-t curve to the higher current density in comparison with those on higher
index number facets, although the morphology and thickness of the developed anodic
films were little influenced by the iron facet plane. Phases in the anodic films were
dependent upon the facet. The anodic film formed on (100) facet has general chemical
formula of Fe;Os.FeF,, whereas the anodic film formed on higher index number is
composed of FesO4.FeF2. The anodic films formed on high index number facets are
mainly amorphous or poorly crystalline whereas the one formed on (100) facet is
crystalline (Fig. 7.1). Since the crystalline phase has higher electronic conductivity over
the amorphous oxide resulting in enhanced gas generation on the (100) facet. Although
anodizing behavior and crystallinity of the anodic films are dependent upon the iron facet,
it is worth mentioning that the morphology and thickness of the nanoporous/nanotubular
anodic films are similar on three facets examined in this study. Thus, it is possible to form
the nanostructured anodic films with uniform morphology on polycrystalline iron

substrate.
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Chapter 4 deals with the important question about the growth mechanism of iron
oxides by alloying with tungsten. Main findings on the film growth on Fe-W alloy are as
follows; i) transition of nanopores to nanotubes is observed upon anodizing of Fe-W
alloy, ii) significant reduction of the cell size (nanotube diameter) is obtained on Fe-W
alloy, iii) relatively thick layer is produced at Fe-W alloy/oxide interface. The primary
reason of this transition to nanotubes as well as chemical changes near the metal substrate
is discussed in view of effective modification of the cell boundary region with tungsten
species, probably WFs compound, upon growth of anodic film under influence of high
electric field. The possible reason of developing the space in between nanotubes is faster
kinetics of WFs reaction with water over the presence of low solubility FeFy species.
Alloying of iron is one of the effective ways to modify the nanostructure of the anodic

film on iron
Anodic Film on Fe Anodic Film on Fe-W

FeF, Anodizing Chemical Process After Anodizing

H,0

WFe¢

Chemical Layer

Iron Iron-Tungsten

Iron-Tungsten

WF¢ compound is reactive
with water via hydrolysis
reaction

WF; + 3H,0 = WO, + 6HF.

1M of WF4 would give 6M of

hydrofluoric acid which may

drive chemical reaction with
alloy

Fig. 7.2. Schematic illustrations showing the morphology of anodic films formed on

iron and Fe-W alloy.

In chapter 5, the photocatalytic properties of anodized Fe-W alloy were explored.
Two types of anodic films were developed on the Fe-W alloy: a barrier-type and a
nanotubular-type. Their photocatalytic properties were compared with those of the
nanoporous-type anodic film formed on iron. They were annealed at high temperatures to
get sufficiently crystallized oxides and to remove fluorine species. The photocurrent of
the Fe-W alloy specimens with the nanotubular and barrier oxide films is remarkably

higher than that of the iron with the nanoporous layer. In addition, enhanced
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visible Light photodegradation of methylene
blue under the presence of the
anodized Fe-W alloy specimens is

06558 e eie e K%o//tc:gﬂuction found in comparison with that
E 2 - -
? e d e T 1ev under the anodized iron. Thus, the
F9203 n I ' . .
2{ Fe,Woq 3 addition of tungsten improves
2.3 eV ° N .
S neh b - markedly ~ the  photocatalytic
Product L 78 eV ]
Photo-oxidation T EENE B properties. The nanotubular-type
Dyes . .
specimen shows superior
Fig. 7.3. Illustration of photogenerated electron  photocurrent and

transfer pathway of the anodic nanotubular film grown

_ photodegradation properties
on sputter-deposited Fe-W

compared with the barrier-type
counterpart. Although XRD patterns of the anodized Fe-W alloy specimens revealed only
Fe2O3 and FesO4 after annealing, it is likely that Fe>Os(FesO4)/FesWOs hybrids were
developed because the solubility of tungsten species into iron oxides are very limited at
equilibrium. The development of such hybrids may effectively separate the
photogenerated electron-hole pairs at the heterojunction, resulting in the high
photocatalytic properties. Hence, the nanotubular-type of Fe-W oxide is possible
candidate for visible-light-driven photocatalysts.

Another application of nanotubular iron oxides is the 1D microelectrode for
lithium ion batteries, which is described in Chapter 6. The influence of crystallinity of the
electrode on the microbattery performance also investigated by annealing treatment.
Compared with the as-anodized iron, the annealed iron with nanotubular anodic film
revealed markedly improved charge-discharge performance. The better electrochemical
performance of 1D iron oxide formed by annealing of anodized iron can be accomplished
as decreasing of fluorine content and better crystallinity of the annealed electrode. The
500°C-annealed electrode with 96.3 at.% of Fe.O3 and 3.7 at.% of FesO4 was found to
provide the best microbattery performance with areal capacities of 3.5 mA h cm™ at
current density of 20 HA cm. However, cycling stability and the rate capability of this
system are not sufficiently high, because of the detachment of oxide in the substrate, as
observed by in-situ microscope optic observation. Further modification of nanostructure

is needed for practical applications.
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7.2. Future prospects

There are many possibilities to continue the work presented in this thesis. In
Chapter 3, the author demonstrates that the crystallographic orientation of iron substrate
influences the composition of the anodic films. Grain orientation effect of metal substates
on passive film and anodic film growth have been studied on several metals, including
aluminum, titanium and iron, and many important findings, including the present study,
have been obtained. However, the reasons on the grain orientation dependence are not yet
fully understood. Further fundamental study is needed to develop well controlled anodic
films on polycrystalline iron and other metal substrates.

Anodizing is one of the promising techniques to develop electrode materials with
high surface area and 1D morphology. The present study demonstrates that poor
photocurrent and photodegradation of an organic pollutant of iron oxides formed by
anodizing of iron is remarkably enhanced by the addition of tungsten. The formation of
Fe203/Fe,WOs heterojunction appears to improve the photocatalytic properties. Thus,
this study opens up the novel approach of anodizing iron alloys to tailor the iron oxide-
based photocatalysts with superior properties under the visible light irradiation. Since the
study on anodizing of iron alloys is currently very limited, it is important to continue
fundamental studies on the formation of nanoporous/nanotubular anodic films on a range
of iron alloys as well as application studies as electrodes. Further precise control of film
morphology and composition is particularly important for application to lithium ion
batteries for further improving the cycle stability and improving the capacity to approach
the theoretical values.

Anodizing is a unique and very promising process to form self-ordered
nanostructured oxide films, which have many potential applications. The history of
anodizing of iron to form nanoporous/nanotubular films is only 15 years. Further study is
waited in this field for a better fundamental understanding of film growth and properties

of developed nanostructured oxide
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