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Abstract

TEM gold grids act as sensing chambers for liquid crystal based sensing
applications, which are expensive. Anodized aluminum oxide (AAQO) channels can
replace these chambers and can help in performing multiple sensing on one
substrate. In this research work, impure aluminum foil is used to study and optimize
the AAO channels through anodization because of cost effectiveness and ease of
fabrication. Stepwise anodization is performed by varying voltage and working
temperature for nine set of experiments to increase the pore size of AAO channels.
Anodization process was monitored to make current profiles that are a function of
current and time to predict and analyze the mechanism of pores. The process of high
voltage anodization produces local heat at the surface of aluminum foil which was
reduced by maintaining low working temperatures of anodization bath and also with
continuous stirring of electrolyte. Scanning electron microscopy was used to
investigate surface morphology and cross sectional analysis of anodized aluminum
oxide channels for each set of experiment. This research work resulted in formation
of AAO channels with pore size ranging from 40-270 nm and length of 1-17 pum
through optimized two-step anodization of impure aluminum foil performed

in 5-vol % phosphoric acid at anodizing voltage of 40-190 V.
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Chapter 1

Introduction

1.1. Anodization of aluminum

The anodization of aluminum is an electrochemical process to produce
protective and decorative coatings on aluminum substrates. A positive
constant voltage is applied to an aluminum foil, sheet or film in an acidic
electrolyte, which results in the formation of an oxide layer on the surface of
aluminum [1]. This oxide layer formed on the surface of aluminum is known
as anodized aluminum oxide (AAQ) and has hexagonal structure as shown in

Figure 1.1 that was successfully revealed by Keller et al. [2] in 1953.

Figure 1.1. TEM image of hexagonal structure of AAO obtained in phosphoric acid
at 120 V [2].



1.2.

The structural features of AAO can be optimized easily by varying the
parameters of anodization [3]. In 1995, Masuda et al. [4] fabricated
honeycomb structure of anodized aluminum oxide by two step anodization
process. By slight changes in anodization parameters, various templates of
AAO can be obtained on aluminum to use them in number of applications
such as protective coatings [5], solar cells [6], power storage [7-9],
separation membranes [10], bio-sensing [11, 12], wetting [13] and magnetic
applications [14, 15].

Anodic aluminum oxide channels and effects of anodization

parameters on the aluminum

Anodization of aluminum foil can be performed in acidic solutions like
sulfuric acid, oxalic acid and phosphoric acid [16], and the most common
electrolyte to obtain pores, is sulfuric acid [17]. The selection of electrolyte
depends on final application and pore size of channels. The more bigger
pores need concentrated acidic solutions [18], while small and regular pores
of AAO can be obtained by using sulfuric acid at low working temperatures
[19, 20]. The anodization parameters define the final morphology of the
anodic aluminum oxide channels. The anodization performed in dilute acidic
electrolyte at constant anodic voltage is known as potentiostatic anodization
[21] while anodization performed at constant anodic current is known as
galvanostatic anodization [22]. Generally, the potentiostatic condition is used
to carry out anodization in the range of 10-15 V for sulfuric acid [23, 24],
25-40 V for oxalic acid [25] and 60-195V for phosphoric acid [26]. Anodic
aluminum oxide channels produced in sulfuric acid have low flexibility, less
surface hardness, and good scratch resistance. Local heat on the surface of
aluminum is generated during high voltage anodization that can be
compensated by using low working temperatures. However, at low working
temperatures anodization results in thick, compact and hard oxide layer [27].
It is reported by researchers that every parameter holds its importance and
can affect the final morphology of anodic aluminum oxide channels by
variation in any anodizing parameter [28-30]. Moreover, the final pore size
and height of channels depends on the electrolyte, working temperature,

applied voltage, thickness of sample, local heat, anodization time and

2



pretreatments. Among all, the applied voltage has linear relation with final
pore size of anodic aluminum oxide channels [31]. A huge growth is seen in
research publications from 1990 to 2015 [32] for anodic aluminum oxide

channels as shown in Figure 1.2.
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Figure 1.2. Growth in research publications of AAO from 1990 to 2015 [32].

1.3. Electrochemical reactions

There are numerous electrochemical techniques such as electro-deposition
[33], electro-polishing [34, 35], electro-etching [36], anodization [37, 38],
pitting [39, 40] and corrosion protections [41]. However, for electrochemical
reactions, presence of four components is important that make the
electrochemical cell and if any of the component is absent, the reaction will
not start. The main four components are given as [42, 43]:

Anode

Cathode

Electrolyte (for ionic conduction)

Electrical connection between anode and cathode (for flow of electron

current)



1.3.1. Electro-deposition
In electro-deposition, inert electrode such as graphite or lead is used as an
anode, while the metal on which the deposition is required is used as
cathode. Positive ions from electrolyte are deposited on the surface of
cathode and hence deposition is achieved on the metal. The schematic of

electro-deposition is shown in Figure 1.3.
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Figure 1.3. Electro-deposition [44].

1.3.2. Electro-etching
In this electrochemical process, sample is attached to the positive terminal of
the DC power supply. Positive ions are discharged from the surface of a
sample, which acts as an anode, to the electrolyte while the electrons reach to
the cathode through the electrical connection of an electrochemical cell. The

mechanism of electro-etching is presented in Figure 1.4.
i ‘ e

-\ ‘e el —

,
ol M

L Electrolyte y

Figure 1.4. Electro-etching [44].



1.3.3.

1.3.4.

Electro-polishing

The sample acts as an anode while an inert electrode acts as a cathode.
Concentrated acidic electrolytes are used for the electro-polishing, in which
metallic surface oxidizes and dissolves into the electrolyte and hence the

electro-polishing is achieved on sample. The mechanism is shown in Figure
= =
e e

= te el r—

M, M

Electrolyte

N, >

Figure 1.5. Electro-polishing [44].

Anodization

Working electrode is an anode while cathode acts as a counter electrode that
receives electrons from the anode through electrical connection. The
electrolyte has the negative charged ions, which will move towards the anode
[10, 38] and form an oxide layer on the surface of anode. In case of
aluminum as an anode, this oxide is known as anodized aluminum oxide

[30]. The mechanism of electrochemical anodization is depicted

‘_->
e e

te ¢}

in Figure 1.6.

F
. » .
B M
Electrolyte
" w

Figure 1.6. Anodization [44].



1.3.5.

1.3.6.

1.4.

14.1.

Pitting

It is a localized form of corrosion that results in the form of cavities and
holes in the metal. It is one of the most destructive and insidious form of
corrosion which is considered to be more hazardous than uniform corrosion

because it is difficult to detect and predict [45].

Corrosion protection

It is a preventive technique to protect the surface of metals by making that
surface cathode of an electrochemical cell. The major two types of corrosion
protection are; sacrificial anode cathodic protection and impressed current

cathodic protection [41].

Liquid crystals

A substance that flows like a liquid and has some degree of ordering in the
arrangement of its molecules, is called liquid crystal.

Liquid crystals are intermediate between the solid and liquid phase. It can
flow like a liquid and at the same time, it can behave like a solid. So, in brief
terms it has flow ability and has degree of order in arrangement of
molecules, which act as a solid. It has anisotropic, electrical, optical [46],
magnetic properties and fluidity; so it is an intermediate state of matter
having functions of solid and liquid at the same time [46].

Phases of liquid crystals
On the basis of ordering, temperature, concentration, organic and inorganic

molecules, the major phases of liquid crystals are:

1.4.1.1.Lyotropic

Liquid crystals, which show phase change in response to change in

temperature and concentration are termed as lyotropic liquid crystals [47].

1.4.1.2.Metallotropic

The liquid crystals having organic-inorgainc ratio of molecules at low

temperature are classified as metallotropic liquid crystals [47].



1.4.1.3.Thermotropic

1.4.2.

These liquid crystals have different phases in different ranges of temperature.
Among above phases, thermotropic phase is significant because it totally
depends on the temperature and it transforms to other phases at different
temperatures. It is subdivided into more phases which are briefly described

as follows [47]:

Nematic phase
Nematic is derived from its Greek meaning “Thread”; it is translucent and
transparent which causes the polarization of liquid crystals. The liquid

molecules align themselves into a thread like orientation.

Smectic Phase
This word derived from Latin, which means to clean, or of soapy nature.
Their layers are well defined when observed at temperatures lower than

nematic phases.

Cholestric phase

Due to the presence of chiral molecules there is a twist in nematic phase.
Such a twisted helical phase is known as cholestric liquid crystal phase.
There are quasi-nematic layers in cholesteric liquid crystals but layers are

present at some definite angle.

Alignment of liquid crystals
There are two types of alignments found in liquid crystal molecules, namely
as homogeneous alignment and homeotropic alignment. Both are briefly

explained as below:

Homogenous alignment
When the molecules of liquid crystals align themselves parallel to the

substrate then alignment is said to be homogenous alignment.

Homeotropic alignment
When the molecules of liquid crystals align themselves perpendicular to the

substrate then alignment is said to be homeotropic alignment.



1.5.

Liquid crystal sensors

Liquid crystals are responsive to the foreign molecules, voltage and light.
This responsive nature of LC molecules is used for sensing applications.
4 cyano — 4 pentyl bi phenyl (CisH1sN), displays a nematic mesophase,
commonly known as 5CB and is widely used in electro-optic display and
sensing devices. N — dimethyl — N — octyl — N — 3-trimethoxy silyl propyl
ammonium chloride (DMOAP) is used as surfactant to obtain homeotropic
alignment. The function of surfactant is to provide an alignment layer on
glass substrate. TEM Gold grids provide the confinement chambers to LC
molecules. The liquid crystal molecules are smeared uniformly in 20-um
thick TEM grids having 150-um cell diameters as shown in Figure 1.7. The

liquid crystal form stable freestanding films in each grid cell.

Y a:_té L TEM
Pan m R Gold
A | end
' =. ..

I3 Gold |~ — 2 2-----] Goid |- ~.1
=== Gaid |-~ % $5CB-=22] Grig |-~ % | 20wm
HiFars e 3200 e s s 0 Sy an
| DMOAP Coated Glass Slide |

Figure 1.7. TEM gold grids used for LC based sensing applications [48].

Liquid crystal sensing is performed by applying LC molecules on DMOAP
coated glass substrate having TEM grids as confinement chambers and then
glass substrate is observed under polarized optical microscope. There would
be some leakage of light when LC molecules are not aligned in perpendicular
direction as shown in Figure 1.8 (a). The leakage of light due to non-
alignment of LC molecules is observed from optical microscope as shown in
Figure 1.8 (b). Annealing of LC molecules is performed at 40°C to get
homeotropic alignment as shown in Figure 1.8 (c) and now the light is

completely blocked as shown in Figure 1.8 (d). The orientation of LC

8



molecules is responsive to any foreign molecule. When foreign substance is

applied on the substrate, the alignment can be disturbed and the amount of

disruption will be directly proportional to the amplification of optical signal.

This disruption of light due to presence of foreign molecule is basis of LC

based sensing.

Gold

Grid 7]
i
3
1l 1
DMOAP/Co Glass Substrate

Gol
Grid

DMOAP o?(éd Glass Substrate
-~
<

d

Figure 1.8. Principle of liquid crystal sensor (a) light allowed due to partial

alignment of LC molecules (b) observation of light transmittance under optical

microscope (c) light completely blocked due to complete alignment of LC molecules

(d) light blocked and appeared black in optical microscope [48].

1.6. Anodisc ® whatman alumina

It is commercially available membrane having AAO channels with pore size

200 nm that is mostly used as filtration membrane for specialized

applications like HPLC mobile phase filtration and bacterial analysis by light

microscopy.



1.7.

Problem statement

TEM Gold grids are being used in sensing applications as sensing chambers
for liquid crystal molecules and require functionalization of DMOAP; that
makes them costly and sophisticated [49]. They are labile and should be
replaced with any robust and cheap sensing chamber. One of the best
solutions suggested by Hussain et al [48]; is anodized aluminum oxide
channels for replacement of TEM grids. This research work is dedicated to
design and optimize the anodization setup and to exploit the self-ordering of

anodic aluminum oxide channels through anodization on aluminum foil.

10



Chapter 2

Literature Review

Peter et al. [50] have studied anodization of aluminum in different
electrolytes to observe the corrosion protection behavior of alumina with the
help of scanning electron microscopy and potentiostatic tafel scans. Samples
which were anodized in sulfuric acid gave the better protection against
corrosion than samples anodized in other electrolytes. Porous anodic
aluminum oxide templates were prepared by Parang et al. [20] in which three
different electrolytes; sulfuric, oxalic and phosphoric acids were used
separately as well as in mixed conditions. Small pore diameters were
obtained in sulfuric acid, while oxalic acid and phosphoric acid gave large
size AAO pores. The surface morphology and processing conditions to get
ordered cylindrical channels were discussed by Jessensky et al. [51] and
anodization was concluded to be self-organized process for oxalic acid

compared to anodization performed in sulfuric acid as shown in Figure 2.1.

— 100 nm
Figure 2.1. Comparison of regularity of hexagonal pore structure of AAO in two

electrolytes (a) SEM bottom surface view of a AAO prepared in sulfuric acid
(18.7V, 1°C) (b) SEM bottom surface view of a AAO prepared in oxalic acid (40V,
1°C) [51].
Daniel et al. [52] reported the fabrication of porous anodic alumina (PAA)
films from commercially available impure aluminum foil. However, the

PAA layers from impure aluminum foil contained smaller pores and less
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ordered porous structure than obtained from ultrapure aluminum foils as

shown in Figure 2.2 (a).

____500nm ©_ 500nm
Figure 2.2. SEM micrographs of top surface of PAA films fabricated from impure

and ultrapure aluminum foils (a) anodization of impure aluminum foil in 0.3 M
oxalic acid with no prior foil annealing (b) anodization of annealed impure
aluminum foil in 0.3 M oxalic acid (c) anodization of annealed ultrapure aluminum
foil in 0.3 M oxalic acid at 40 V (d) anodization of annealed ultrapure aluminum foil
in 0.3 M oxalic acid at 56 V [52].

Daniel et al. [52] also found that regularity of pores, geometric consistency
and self-ordering can be increased by prior annealing of impure aluminum
foil as shown in Figure 2.2 (b). At 40 V as shown in Figure 2.2 (c) pore
ordering is good while at 56 V as shown in Figure 2.2 (d) pores are irregular
and showing less hexagonal ordering.
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2.1 Pore formation process

The typical anodization process depends on the current profiles that is a
function of current and time as depicted in Figure 2.3. It is divided into

following four stages:

a. Oxide formation
b. Pore initiation
C. Pore formation
d. Pore growth.

<

=

[«P}
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=

Q

Y

Time (s)

Figure 2.3. Schematic illustration of the kinetics of porous oxide growth in
potentiostatic condition [53].

e B 4

Figure 2.4. Development of porous anodic aluminum oxide channels with stages of

a
Oxide

Aluminum

pore formation [53].

2.1.1 Stage a: oxide formation
During oxide formation as shown in Figure 2.3 (a) and 2.4 (a), the current
density is decreasing with time due to the resistant behavior of oxide film on
aluminum. The oxide formation will occur when the current overcomes the
resistive oxide layer on aluminum.
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2.1.2

2.1.3

Stage b: pore initiation
In this stage as shown in Figure 2.3 (b) and 2.4 (b), the pores precursors are
all set to form. The resistance of oxide barrier film reaches its maximum

value, and then after it, the pore propagation will start.

Stage c: pore formation

The porous structure starts to propagate in this stage as shown in
Figure 2.3 (c) and 2.4 (c). Pores grow perpendicular due to repulsive forces
of neighboring pores. Hexagonal arrays of pores are developed in the
presence of tensile and compressive stresses because hexagonal shape arrays
are favorable in order to minimize the energy of pore formation. Some pores
continue to grow while some merge with other as shown in Figure 2.5. Pores
are breaking barrier layer and growing into channels, and steady state growth
of pores as shown in Figure 2.3 (d) and 2.4 (d) is achieved in this stage [54].

B

f g’

Figure 2.5. Initial pore formation process [55].

2.1.4 Stage d: pore growth

The pores will grow as shown in Figure 2.5, from the confined cracking of
the pre formed oxide barrier layers due to internal stresses. The pores are
ready to propagate and will grow steadily in equilibrium state. A dynamic
equilibrium is achieved by formation and dissolution of anodic aluminum

oxide at the same time [56].
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2.2

221

Electrochemical parameters

Electrolyte

Most commonly used electrolytes are sulfuric acid , oxalic axcid, and
phosphoric acid yet some also tried selenic acid [57], malonic acid [58],
tartaric acid [59], phosphonic acid [60] and etidronic acid [31, 61]. The
electrolytes are selected according to the desired pore size of AAO channel.
The graphical representation of electrolyte, pore diameter, and voltage is
shown in Figure 2.6. In this research work phosphoric acid is used in the
range of 60-195 V.

£00 — 1 T - T ' T
700 - Q
1 ek Etidronic ]
E s i
‘qu = | Phosphoric |
ol Tartaric ]
o
a| o s -
- alonic
— ool Oxalic _ _ |
Proportionality constant:
s _ ol
100k Saelenic 2.5 nmy |
L Crd— Sulfuric :
0 L | i | i | i | I 1 I
0 50 100 150 200 250 300
Voltage (Volts)

Figure 2.6. Relationship between electrolyte, voltage and pore size [31].

2.2.2 DC voltage

Dc voltage is applied in accordance with electrolyte and required pore size.
The general relation between voltage and pore size is as follow:
Pore size = A * voltage

A is a process dependent constant which have values in the range of 1.2 to
1.8. By considering A = 1.5, we have to apply 200 volts to get 300 nm pore
size of AAO channels. To increase pore size there are pore widening
techniques [62] in which sample is dipped in 5 vol % H3PO4 for 30 minutes
after first anodization and it can also be increased by two-step anodization
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[22, 63] process. Recommended values of voltage against electrolyte are

summarized below in Table 2.1.

Electrolyte Concentration Voltage References
Sulfuric Acid H2SO4 0.3M 12V-25V [20, 24]

Oxalic Acid (COOH); 0.3M 30V-60 V [64-68]
Phosphoric Acid HsPO4 0.1M 90V-195V [14, 16, 65, 69]

Table 2.1. Relationship between electrolyte and voltage.

2.2.3 Poresize

Pore size is the key factor in anodization. The combination of anodization

paramters are adjusted according to the requirement of final pore size of

AAO channels.The pore size is directly proportional to applied voltage

irrespective of the substrate [70]. Following is the gist of combination of

anodization parameters used by researchers in order to obtain AAO channels.

Pore
Voltage Time
Electrolyte | Concentration : Size References
V) (hours)
(nm)
0.3M 30 40 8,10 [71]
0.3M 60 80 38 [72]
Oxalic acid
0.4M 40 50 8,10 [71]
0.5M 50 80 8,10 [73]
Sulfuric 4,
0.5M 18 70 [74]
acid variable
) Not Specified 195 200 variable [75]
Phosphoric
id 1step/ 76
acl 0.4 5t040 | 20t0 75 _ [76]
variable

Table 2.2. VVoltage, time and final pore size achieved from three commonly used

electrolytes for the fabrication of anodic aluminum oxide channels [77].
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2.3

Overview of applications

The Figure 2.7 is showing extensive use of anodic aluminum oxide channels
in almost every field of science. In biomedical AAO channels are being used
for implants, drug delivery, and cell growth. While in electronics, they are
used for optical, photonics, magnetism, energy storage, fuel cells and as solar
cells. AAO channels are widely used as separation membranes to filter and
transport different liquids. Very limited work is done in bio sensing and
chemical sensing [78]. Researchers are working on bio sensing by using
AAO channels, which will bridge the gap between science and technology.
By seeing diversified applications in all fields, there is room to explore its
usability in the field of sensing through biological and chemical molecules,

which is also a motivation to this research work.

Biomedical —————- !

Separation

Separation

Transport | Catalysis

T —————— - -

sensing sensing

Energy
storage

Figure 2.7. A schematic overview of applications of anodic aluminum oxide
channels [79].
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Chapter 3

3.1.

3.11

Experimental Procedure

Electrochemical anodization setup

The electrochemical setup is used mostly for fabrication of anodic aluminum
oxide channels. The essential part of anodizing setup is DC power supply
that should be able to give constant voltage up to 60 V in case of sulfuric and
oxalic acid, while 190 DC volts are required for large pore size anodization,
which is mostly, performed in phosphoric acid. The remaining accessories
are attached according to the final application of anodic aluminum oxide
channels. The additional components are digital multimeter, re-circulation
chillers for low temperature experiments, inert electrodes, thermometers and
mechanical/magnetic stirrers. A computer interface is optional in order to
record current output values against applied voltage with respect to time. The
current versus time graph obtained from computer interface can help to
predict and improve growth of pores. A magnetic stirrer is necessary for high
voltage anodization (performed above 60 V) to remove the heat produced on
the surface of anode. Components required for electrochemical anodization

setup are described here as follows:

Power supply

QPX 1200S power supply as shown in Figure 3.1 was used for anodization
experiments performed in the range of 40-60 V while locally manufactured
power supply was used for the high voltage anodization experiments up to
190 V.

20000 5000

Figure 3.1. DC Power supply for anodization.
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3.1.2 Digital multi-meter
Digital multimeter of Uni-Trend group as shown in Figure 3.2 was used to
determine the current vs time behavior. The model used was Uni-T 60-A
which had the RS232C interface accessory. The data points are continuously
saved in a computer, which are used to generate current profiles. The range
(400mA - 10A) of UNI-T 60A was used for anodization experiments.

Figure 3.2. Digital multi-meter.

3.1.3 Computer interface
Digital multi-meter with RS232C as shown in Figure 3.3 is a vital tool to
increase the reliability of anodization experiments. The computer interface
allows the user to monitor the current vs time readings and help to
understand the behavior of pores. The complete growth of pores depends

upon the four stages of current vs time graph as explained in section 2.1.

Figure 3.3. Digital multi-meter with computer interface.

3.1.4 Magnetic stirrer
To prevent the localized heating at surface of sample, magnetic stirring is
necessary in anodization bath. For this purpose, digital hotplate MSH20D
wise stir ® as shown in Figure 3.4 was used for stirring to reduce the heat
produced at surface of anode. Stirring can be achieved by mechanical means,

or by magnetic means.

19



Holder+Clamp
(CL220)

Ceramic Coated
Plate

Back Light LCD

Digital Precise Hotplate (HP-20D-Set)

Figure 3.4. Digital hotplate and magnetic stirrer.

3.1.5 Re-circulating chiller

A re-circulating chiller of Haake F3 as shown in Figure 3.5 was used to
circulate anti-freezing pure iso-propanol to maintain low working
temperatures in anodization bath. 1-liter glass beaker was used as an
anodization cell that was placed in 2-liter beaker to achieve low working
temperatures by means of circulation of pure iso-propanol as shown in
Figure 3.5. The anti-freezing solution (pure iso-propanol) enters the 2-liter
beaker at inlet, and leave the beaker at outlet as shown in Figure 3.5. The
inlet and outlet are connected to re-circulating chiller and its temperature was
set to -15°C. The temperature of electrolyte was monitored continuously with
the help of thermometers. It was observed that electrolyte temperature in
anodization bath is -8°C when re-circulating chiller is set to -15°C.
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Figure 3.5. Schematic for recirculation of anti-freezing iso-propanol for high voltage

experimentation.

3.16

3.1.7

3.18

Anode
Anode is working electrode in electrochemical anodization. A strip of 1.5 cm

long x 4cm wide aluminum foil is used as an anode for all experiments.

Cathode
Cathode can be any inert electrode such as lead, platinum and graphite. Lead

is used as inert electrode for all experiments.

Electrolyte

Electrolyte is the solution in which anodization take place; it provides the
negative ions to the positive anode. 0.3 M oxalic acid and 5 vol %
phosphoric acid was used for all anodization experiments. The preparation of

electrolytes for desired concentration is as follows:

0.3 M oxalic acid
Oxalic acid of analytical grade BDH was used in initial anodization

experiments and in first two set of experiments. Oxalic acid is very useful in
obtaining regular pores at room temperature [20]. In order to prepare 0.3
molar oxalic acid, 37.821g of dihydrate oxalic acid was added in 1-liter

de-ionized water.
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3.2

3.21

3.2.2

3.2.3

3.24

3.2.5

3.3

5 Vol % Phosphoric acid

Phosphoric acid is widely used for large pore size anodization. 5 vol %
phosphoric acid was used for experiments performed in the range of 60-190
V. It was prepared by adding 50 ml of phosphoric acid into 1-liter de-ionized

water.
Experimental steps

Sample preparation

Sample preparation is very important to obtain high quality AAO channels.
First step is to anneal the aluminum foil at 500°C for 5 hours in muffle
furnace which help to reduce internal stresses, burning and cracks on the

surface of anodized aluminum oxide [52].

Electro polishing
After annealing, samples are electro polished in 2 wt % NaOH and cleaned
by rinsing with ethanol.

15t Anodization
In 40-50 V were used as anodizing voltage for 0.3 M oxalic acid while 60-

150 V were applied to 5 vol % phosphoric acid for one hour for all samples.

Pore widening
Pore widening is performed after 1% anodization to increase pore size of
AAO channels by dipping samples in 5 vol % phosphoric acid at 20°C for 30

minutes for all samples.

2"d anodization
In second anodization, 40-50 V were used as anodizing voltage for 0.3 M
oxalic acid while 60-190 V were applied to 5 vol % phosphoric acid for

2-3 hours for all samples.

Detailed experimental scheme

To optimize the anodization parameters for large pore size AAO channels,
preliminary combinations of experiments were performed to obtain regular
network of anodic aluminum oxide channels. After successful initial

experiments, the anodization setup was designed for low working
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temperatures and following set of experiments, as enlisted in Table 3.1, were

designed to optimize the anodic aluminum oxide channels on aluminum foil.

Time (h) Temp. | DC Voltage
S.No | Sample ID Electrolyte
A 2 A (°C) V)
1. AOla
2. AO1b 0.3 M Oxalic acid 1 2 5 40
3. AOlc
4. AO2a
5. AO2b 0.3 M Oxalic acid 1 2 5 50
6. AO2c
7. AP3a
5Vol %
8. AP3b o 1 2 -2 60
Phosphoric acid
9. AP3c
10. AP4a
5 Vol % )
11. AP4b o 1 Nil -2 90
Phosphoric acid
12. AP4c
13. AP5a
5Vol %
14. AP5b o 1 2 -5 110
Phosphoric acid
15. AP5c
16. AP6a
5Vol %
17. AP6b o 1 2 -5 130
Phosphoric acid
18. AP6C
19. AP7a
5Vol %
20. AP7b o 1 1.5 -8 150
Phosphoric acid
21. APT7c
22. AP8a
5 Vol %
23. AP8b o 1 2 -8 170
Phosphoric acid
24, AP8c
25. AP9a
5Vol %
26. AP9b o 1 3 -8 190
Phosphoric acid
217. AP9c

Table 3.1. Experimental plan for anodization at different voltages and temperatures.
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3.4  Anodization cell
A beaker of 2000 ml was used throughout in experimentation for re-
circulation of anti-freezing iso-propanol solution and for holding anodization
cell of 1000 ml beaker as shown in Figure 3.6 that has the electrolyte, anode,
cathode, magnetic stirring bar and thermometer. Digital ammeter with
RS232C cable was connected to computer that records the output current of
anodization experiments with respect to time, while digital voltmeter was
connected to monitor the voltage values. Thermometer was placed in an
anodization cell to observe the temperature of an electrolyte throughout the
experimentation. Magnetic stirrer was used in order to minimize the heat
generated at surface of sample. The schematic of complete setup is depicted

in Figure 3.6.

‘ Digital Ammeter

E i —'i with computer —Jagas -
20000 500038 h : - -
‘ T interface E T

1213W1JOA [enbig

Thermometer -20°C to 100°C

)

peaT]

—— Cooling Outlet

| (spoyre0)

Magnetic Stirring Bar

V
/

L y

Cooling inlet at -15°C

Figure 3.6. Schematic of setup used to fabricate anodic aluminum oxide channels.
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Chapter 4

Results and Discussion

4.1 SEM results and current profiles
To optimize anodic aluminum oxide channels, experiments are divided into
nine sets based on voltage range of 40-190 V. Following are the results and

discussion for each set of experiment.

4.1.1 Surface analysis of AAO obtained at 40 V
Good and continuous porous network is obtained for anodization performed
at 40 V in 0.3 M oxalic acid. The parameters for anodization are given in

Table 4.1.
Time (h) Pore Size
Temp | DC Voltage )
Sample Electrolyte obtained
ITA | 29A (°C) V)
(nm)
AO1 0.3 M Oxalic acid 1 2 5 40 40 £5

Table 4.1. Parameters for anodization performed at 40 V in 0.3 M oxalic acid.

<
7’_,["‘
g

20kvV  X10,000 1p_m 2016 SEI NUST ->20k\A/“ -X50.0(A)(; 0.5pm 2016 SEI NUST
Figure 4.1. SEM micrographs for anodization of aluminum foil performed in 0.3 M
oxalic acid at 40 V and 5°C (a) at magnification of 10000x (b) at magnification of
50000x.
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Figure 4.1 is showing a good, regular and homogenous network of anodic
aluminum oxide pores. There are some cavities present at the surface of
aluminum foil due to formation of inter-metallic compounds. These inter-
metallic compounds can be minimized by pre-treatments and improving the
purity of aluminum foil. The average pore size obtained from this set of

experiments is 40 £5 nm.

4.1.2 Surface analysis of AAO obtained at 50 V
This set of experiment was performed to increase the pore size of anodic
aluminum oxide channels from previous set of experiment (section 4.1.1).
The anodization voltage was increased to 50 V and other parameters were

kept same and given in Table 4.2.

Time (h) Temp | DC Voltage Pore Size
Sample Electrolyte )
1A | 2¥9A | (°C) (V) obtained (nm)
AO2 0.3 M Oxalic acid 1 2 5 50 45 +4

Table 4.2. Parameters for anodization performed at 50 V in 0.3 M oxalic acid.

20kV  X10,000 1um 2016 SEI NUST 20kV  X50,000 0.5ym 2016 SEI NUST

Figure 4.2 SEM micrographs for anodization of aluminum foil performed in 0.3 M
oxalic acid at 50 V and 5°C (a) cross sectional view for AAO channels (b) top view

of anodized aluminum oxide with bigger pores on surface.

From Figure 4.2. pores are continuous and channels are formed in depth of
aluminum foil. Although there are some unnecessary large pores on the
surface (see Figure 4.2 (a) mentioned in Figure 4.2) which are due to little

variations in electrolyte temperature.
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4.1.3 Surface analysis of AAO obtained at 60 V
In this set of experiment, voltage was increased to 60 V and temperature was
reduced to 2°C. High voltage anodization produces heat at the surface of
sample. In order to overcome the heat generation, temperature was reduced

to 2°C. The anodization parameters for this set of experiment are given in

Table 4.3.
Time (h) Temp | DC Voltage Result
Sample Electrolyte
1A | 29 A (°C) V)
AP3a 5 Vol % 2 Burned
) ) 1 2 60 _
AP3 Db Phosphoric Acid -2 Pores Initiated

Table 4.3. Parameters for anodization performed at 60 V in phosphoric acid.

20kV  X10,000 1pm 2016 SEI NUST 20kV  X50,000 0.5pm 2016 SEI NUST

Figure 4.3 SEM micrographs of anodization performed at 60 V in 5 vol %
phosphoric acid at 2°C (a) burned sample with cracks (b) one major crack with no

pores on surface.

In this set of experiments, samples were not anodized efficiently due to
overheating of samples at 60 V. The temperature was not enough to
minimize the cracks on the surface of aluminum foil as seen in Figure 4.3.
After obtaining burned samples, experiment was improved by reducing
temperature to -2°C and by keeping all other parameters same. It was noticed
that cracking and burning is reduced as shown in Figure 4.4 by decreasing

working temperature.
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33 5

20kV  X25,000 1pm 20kV  X50,000 0.5pm 2016 SEI NUST

Figure 4.4. SEM micrographs for anodization performed at 60 V in 5 vol %
phosphoric acid at -2°C (a) No cracks and burning effects on surface of anodized
aluminum foil (b) formation of pores due to reduced working temperature with no

visible cracks at higher magnification.

4.1.4 Surface analysis of AAO obtained at 90 V
After successful pore initiation in phosphoric acid at low working
temperatures, magnetic stirrer was added in an anodization setup in order to
disspate the heat produced from surface of sample to anodization bath. The
magnetic stirring of electrolyte helped to get regular and homogenized
porous network as shown in Figure 4.5. The samples were anodized
according to parameters listed in Table 4.4. SEM was performed as shown in
Figure 4.5 after first anodization to observe the stirring effect on the surface

of anodized aluminum foil.

Time (h) ) )
Temp DC Pore Size Obtained
Sample Electrolyte Pore
1tA S (°C) | Voltage (V) (nm)
widening
5 Vol %
AP4 ) . 1 0.5 -2 90 100 +18
Phosphoric Acid

Table 4.4. Parameters for anodization performed at 90 V in 5 vol % phosphoric acid.
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20kV  X10,000 1pm 2016 SCME NUST 20kV  X50,000 0.5pm 2016 SCME NUST

Figure 4.5. SEM micrographs for anodized aluminum foil obtained after first
anodization in 5 vol % phosphoric acid at 90 V and -2°C (a) continuous network of
pores due to magnetic stirring (b) higher magnification image showing irregular

pores on surface of anodized aluminum foil.

4.1.5 Surface analysis of AAO obtained at 110 V

After obtaining regular porous network at 90 V with the help of magnetic
stirring, the next goal was to get larger pores by performing anodization at
higher voltages. As from previous set of experiments, it was observed that
magnetic stirring and low working temperature plays a key role in obtaining
homogenous network, so this set of experiment was performed at -5°C along
with magnetic stirring. The voltage was increased to 110 V as an intention of
getting large size of pores as applied voltage is directly proportional to the
final pore size of anodized aluminum oxide channel [31]. Other parameters
for this set of experiments are enlisted in Table 4.5.

Time (h) | Temp | DC Voltage Pore Size
Sample Electrolyte )
A | 29A | (°C) V) obtained (nm)
5 Vol %
AP5 o 1 2 5 110 160 +11
Phosphoric Acid

Table 4.5. Parameters for anodization performed at 110 V in 5 vol %

phosphoric acid.
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20kV  X10,000 1pm 2016 SCME NUST 20kV  X50,000 0.5um 2016 SCME NUST

Figure 4.6. SEM micrographs for anodized aluminum foil obtained in 5 vol %

phosphoric acid at110 V and -5°C (a) regular and homogenous network of pores on

surface of anodized aluminum (b) large size and regular anodic aluminum oxide

pores.

4.1.6

From SEM images presented above in Figure 4.6 (a), the regularity and
continuity in porous network is achieved by performing anodization at -5°C.
The reduced working temperature also helped to control the heat generataion
issue at the surface of sample. In Figure 4.6 (b) average pore size is found to
be 160 nm. Ther are no signs of burns and cracks at higher voltage
anodization due to continuous stirring of electrolyte and because of

re-circulating chiller which is maintaining the temperature at -5°C.

Surface and cross sectional analysis of AAO obtained at 130 V

After removing heat effects and obtaing regularity at higher voltage
anodization, next set of experiments are focused on increasing the pore size
of anodic aluminum oxide channels. This set of experiment was performed

according to electrochemical parameters given in Table 4.6.

Sample Electrolyte

Time (h) Temp DC Pore Size Obtained
1ItA | 2dA | (°C) | Voltage (V) (nm)

APG6

5 Vol %
Phosphoric Acid

1 2 -5 130 180 +18

Table

4.6. Parameters for anodization performed at 130 V in 5 vol %

phosphoric acid.
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20kV  X50,000 0.5um 2016 SCME NUST

7.61 pm > 7.34 um
long AAO channel | long AAO channel
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20kV  X5,000 S5um 2016 SCME NUST

Figure 4.7. SEM micrographs for anodized aluminum foil obtained in 5 vol %
phosphoric acid at130 V and -5°C (a) At lower magnification showing extensive
porous structure (b) At higher magnification showing uniform and self-organized
network of pores (c) cross section view of anodized aluminum foil to observe AAO

channels.

From SEM images shown in Figure 4.7 (a) and (b), pores are regular and
self-ordered. Pore size is increased to 180 nm with approximate 7 pum long
AAO channels as shown in Figure 4.7 (c). This set of experiment produced
best results in terms of pore size and channel length against the applied

electrochemical parameters.
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4.1.7 Surface and cross sectional analysis of AAO obtained at 150 V
After obtaining self-ordered pores with channels, voltage was increased to
150 V and temperature was decreased to -8°C to increase the pore size at
AAO channels. Parameters for this set of experiments are listed in Table 4.7.

Time (h) Temp DC Pore Size Obtained
Sample Electrolyte
1TA | 2dA | (°C) | Voltage (V) (nm)
5 Vol %
AP7 ) ] 1 15 -8 150 190 £32
Phosphoric Acid

Table 4.7. Parameters for anodization performed at 150 V in 5 vol %

phosphoric acid.

G

20kV  X10,000 1pm 2017 SElI NUST 20kv  X50,000 0.5uym 2017 SEI NUST

Figure 4.8. SEM micrographs for anodized aluminum foil obtained in 5 vol %
phosphoric acid at 150 V and -8°C (a) uniform and continuous porous network with
few cavities (b) porous network at higher magnification to observe cracks and

irregularities on surface of anodized aluminum foil.

From SEM images of AAO channels, (Figure 4.8 (a) and (b)) this set of
experiment produced better results regarding heat effects as working
temperature reduced to -8°C. At low magnification, there is one large cavity
present in Figure 4.8 (a) which is due to an impurity present in aluminum
foil. The impurities react with acidic electrolyte and leave the cavity on the
surface of sample [80]. The average pore size obtained from this set of

experiments is 190 £32nm.
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20kV  X5,000 5um 2016 SCME NUST

Figure 4.9. SEM image for cross section view of anodized aluminum oxide obtained
in 5 vol % phosphoric acid at 150 V and -8°C.

4138

Figure 4.9 is showing colonies of AAO channels with top surface and cross
sectional view of anodized aluminum foil. The AAO channels in this set of
experiment are short as compared to previous set of experiment. The reason
for short length of channels is that second anodization is performed for short
time because of inter-metallic compounds. When inter-metallic compounds
are formed, they left a cavity on the surface [80] which increase the current
density in that region and in turn more heat is generated at the surface of

sample which disrupts the overall working temperature.

Surface and cross sectional analysis of AAO obtained at 170 V

After achieving self-ordered and regular pores in previous experiments, this
set of experiment was performed in order to increase pore size by increasing
applied voltage. The length of channels depends on the time given to second
anodization, so in this set of experiment, second anodization was performed
for 30 minutes more than previous set of experiment. The parameters used
for anodization at 170 V are given in Table 4.8:
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Time (h) Temp DC Pore Size Obtained

Sample Electrolyte
1tA | 2dA | (°C) | Voltage (V) (nm)
5Vol %
AP8 ) ) 1 2 -8 170 220 +20
Phosphoric Acid

Table 4.8. Parameters for anodization performed at 170 V in 5 vol %

phosphoric acid.

20kV  X50,000 0.5um 2016 SCME NUST
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Figure 4.10. SEM micrographs for anodized aluminum foil obtained in 5 vol %
phosphoric acid at170 V and -8°C (a) At lower magnification showing homogenous
porous structure (b) At higher magnification showing morphology of pores (c) Cross

section view of channels along with pores on surface.
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4.1.9

From SEM images Figure 4.10 (a) and (b) it is observed that pores are
continuous and regular in geometry. In this set of experiment, there are no
cracks, burning and local heating effects on the surface of sample. The
average pore size obtained at surface of anodized aluminum foil is 220 +20
nm. The channels along with pores at surface of aluminum foil as shown in
Figure 4.10 (c) are 4 um long. As the time given in this set of experiment is
more during second anodization, so AAO channels also attain more length

than anodization performed at 150 V.

Surface and cross sectional analysis of AAO obtained at 190 V

By previous eight set of experiments, the electrochemical parameters are
optimized to get large size pores by anodization on aluminum foil. This is the
final set of experiment for optimization of AAO channels in which
temperature was maintained at -8°C and voltage was increased to 190. The

parameters for this set of experiments are listed in Table 4.9.

Sample Electrolyte

Time (h) Temp DC Pore Size Obtained
1tA | 24 A | (°C) | Voltage (V) (nm)

5 Vol %

AP9 1 3 -8 190 270 +13

Phosphoric Acid

Table 4.9. Parameters for anodization performed at 190 V in 5 vol %

phosphoric acid.

ol _udd
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Figure 4.11. SEM micrographs for anodized aluminum foil obtained in 5 vol %

phosphoric acid at190 V and -8°C (a) At lower magnification showing self-ordered

porous structure (b) At higher magnification showing hexagonal arrays.
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Figure 4.12. Cross sectional view of anodized aluminum foil obtained in 5 vol %
phosphoric acid at 190 V and -8°C showing 17 um long AAO channels.

In Figure 4.11 (a) a regular self-ordered hexagonal porous network of anodic
aluminum oxide channels is seen and in Figure 4.11 (b) it is magnified to
measure the pore size with good precision. The pore size is found to be
around 270 nm with standard deviation of 13 nm. To get the cross section of
aluminum foil, the sample attached in perpendicular direction in SEM
sample chamber to observe the channels. The channels length is 17um as

shown in Figure 4.12.

36



4.2  Comparison of current profiles
The current profiles are function of current and time that give the predictive
knowledge of pore formation. In start, the current increase due to resistance
of barrier layer and then after breaching barrier layer, it starts to decrease as
shown in Figure 4.13. Afterwards it achieves steady state and anodization is

performed for required time.
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Figure 4.13. Initial current profile of anodization of aluminum foil.

In Figure 4.14, the curve is showing abrupt increase in current values at final
stage. This abrupt change is linked with burning and cracking of samples as
shown in Figure 4.3 on page 27. These cracks and burns are produced due
to heat generated at surface of sample and can be reduced by
magnetic stirring and low working temperatures. All

remaining samples have similar current profile as shown in Figure 4.14.
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Figure 4.14. Comparison of current profiles for burned and normal samples after anodization of aluminum foil.
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4.3 LC alignment on commercial anodisc ® AAO channels

4.3.1 SEM of anodisc ® AAO channles
SEM of anodisc ® aluminum oxide channels was performed as shown in Figure

4.15. The average pore size observed from SEM is 94.5 nm.

Ta AR T

LRI !
Spm 2016 SEI NUST

Figure 4.15. SEM micrographs of commercially available anodisc ® AAQO channels
(a) Top surface view for average pore size and morphology (b) cross sectional view

for channels.

4.3.2 LC alignment on anodisc ® AAO channels

Figure 4.16. Observation of light transmittance under optical microscope for LC
alignment in anodisc ® AAO channels (a) bright field image before annealing
(b) dark field image before annealing (c) light is blocked due to perpendicular
alignment of LC molecules after annealing (d) light is blocked through glass and
AAO channels due to perpendicular alignment of LC molecules after annealing.
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4.4

Liquid crystal alignment on commercially available anodisc ® AAO
channels is carried out by attaching it on glass slide with the help of
transparent adhesive tape. A small quantity of LC was applied on these
channels and optical microscopy was performed as shown in Figure 4.16.
AAO channels were observed before and after annealing of LC molecules.
When LC molecules are annealed, they are transformed from smectic phase
(random orientation) to nematic phase (perpendicular orientation). Figure
4.16 (a) is showing that LC molecules are confined in AAO channels and
partial light is allowed due to random orientation of LC molecules. In Figure
4.16 (b) AAO channels are observed under dark field in which light is
blocked by glass slide. In Figure 4.16 (c) AAO channels are observed after
annealing under bright field in which LC molecules are not transmitting light
due to perpendicular alignment of LC molecules. This is further confirmed
from Figure 4.16 (d) by observing AAO channels under dark field when light
is blocked by applying cross polarizer. By observing AAO channels before
and after annealing of LC molecules under polarized optical microscope, it is
concluded that LC molecules are confined and perpendicular alignment is

achieved in these commercially available anodisc ® AAO channels.

Comparison of research work

This research work is carried out on 25 pm thin aluminum foil anodized at
190 V in phosphoric acid that resulted in 270 nm pore size of AAO channels,
while many researchers perform high voltage anodization on samples having
thickness more than 100 um. Chowdhury et al. [3] used 130-500 pum thick
aluminum foil and obtained 80 nm pore size at surface of AAO channels at
60 V in phosphoric acid. Moreover the anodization performed at high
voltage effect the surface by burning of AAO channels as reported by
Montero et al. [66] yet in this research work burning is successfully avoided
at high voltage anodization as shown in Figure 4.11 on page 34. The
anodization of impure aluminum foil results in poor morphology and
ordering of AAO channels as presented in Figure 4.17 (a) performed by
Budiman et al. [81] is showing poor ordering while in this research work, an

impure aluminum foil is used for optimization of anodic aluminum oxide
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channels through anodization that resulted in continuous, self-ordered and

homogeneous porous network as shown in Figure 4.17 (b).

20kv  X50,000 0.5pym 2016 SCME NUST

Figure 4.17. SEM micrographs of AAO channels obtained through anodization on
(@) impure aluminum foil anodized by Budiman et al. [81] (b) impure aluminum foil

anodized in this research work.

4.5 Future perspective
Considering the results presented in this thesis, the key points on the
fabrication of anodic aluminum oxide channels have been identified.
However, little variation in anodization parameters can be made to obtain
through holes and close-ended pores, depending on the intended
applications. To move forward in the exploitation of anodic aluminum oxide

applications, following directions are suggested for the new researchers:

> Anodization of pure and thin aluminum coated on glass slides to test for

liquid crystal based sensing applications.

> Preparation of anodized membranes of desired pore size on thin films for

nano-filtration.
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Conclusions

AAO channels are successfully fabricated by controlling different set of

electrochemical parameters through anodization on impure aluminum foil.

Annealing and pre-treatments of impure aluminum foils prior to anodization,

increase the regularity and surface morphology of AAO channels.

For aluminum samples, low working temperature of electrolyte in the range
of -2 to -8°C is very essential to compensate the local heat generated at the

surface during anodization.

Continuous stirring of electrolyte maintains the overall temperature of
anodization cell and it improves the hexagonal ordering and continuity of

porous network of AAO channels.

Lower anodizing voltage will yield smaller pores as anodization performed
in oxalic acid at 40 V produced 40 nm pores of aluminum oxide while
anodization performed in phosphoric acid at 190 V produced 270 nm pores
of AAO channels.

AAO channels are successfully optimized at different set of experiments for
pore size ranging from 40-270 nm with 1-17 um long channels through

anodization on impure aluminum foil.
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