
PREPARATION AND CHARACTERIZATION OF
POROUS ANODIC ALUMINA NANOSTRUCTURES

Thesis
Submitted in partial fulfillment of the requirements for the degree of

DOCTOR OF PHILOSOPHY

by

P. RAMANA REDDY

DEPARTMENT OF PHYSICS

NATIONAL INSTITUTE OF TECHNOLOGY KARNATAKA SURATHKAL,

MANGALORE - 575025

October 2017



TO MY FAMILY



DECLARATION

By the Ph.D. Research Scholar

I hereby declare that the Research Thesis entitled “PREPARATION AND CHAR-

ACTERIZATION OF POROUS ANODIC ALUMINA NANOSTRUCTURES” whi

-ch is being submitted to the National Institute of Technology Karnataka, Surathkal

in partial fulfillment of the requirements for the award of the Degree of Doctor of Phi-

losophy in Physics is a bonafide report of the research work carried out by me. The

material contained in this Research Thesis has not been submitted to any University or

Institution for the award of any degree.

P. RAMANA REDDY

Reg. No.: 112024 PH11F08

Department of Physics

Place: NITK, Surathkal.

Date: October, 2017



CERTIFICATE

This is to certify that the Research Thesis entitled PREPARATION AND CHAR-

ACTERIZATION OF POROUS ANODIC ALUMINA NANOSTRUCTURES sub-

mitted by P. RAMANA REDDY, (Reg. No.: 112024 PH11F08) as the record of the

research work carried out by him, is accepted as the Research Thesis submission in par-

tial fulfillment of the requirements for the award of degree of Doctor of Philosophy.

(Dr. Ajith K.M)

Research Supervisor

(Prof. N.K. Udayashankar)

Research Supervisor

Chairman - DRPC



ACKNOWLEDGMENT

Foremost, it is my immense pleasure to thank my research supervisors, Prof. N.K.

Udayashankar and Dr. Ajith K.M for their excellent and eminent guidance throughout

my research work. I thank them for introducing me to the exciting areas of research in

nanomaterials and nanostructures for multifunctional applications. I am indeed grateful

for their constant encouragement and support. I am inspired greatly from their discipline

and guidance in spite of their busy schedules.

I thank the members of my Research Progress Assessment Committee (RPAC)

Dr. Ravishankar K.S (Department of Metallurgical and Materials Engineering) and Dr.

H.S. Ngaraja (Department Physics), for their comments and suggestions during every

stage of my dissertation work.

I am grateful to, Dr. M.N. Satyanarayana (H.O.D), Prof. H.D. Shashikala, Dr.

H.S. Nagaraja, Dr. Deepak Vaid, Dr. Partha Pratim Das, Dr. Karthick Tarafder, Dr.

T.K. Shajahan and Dr. Kishore Sridharan for their kind support.

I express my sincere thanks to Prof. Narayana Prabhu, Materials Science and

Engineering Department, NITK for allowing me to carry out contact angle measurement

of the samples and to his student Dr. Mrunali Sona for helping in this regard.

I would like to acknowledge the help and cooperation of the Physics staff including

Mr. Dhanraj, Mrs. Saritha, Mrs. Ashalatha, Miss. Usha, Mr. S. Nayak and Mr.

Chandranna during my research work and daily activities in the physics department.



I thank my beloved mother and father for their endless love and bestowing me all

that because of which I stand today as what I am.

I express my sincere thanks to all my brothers and all my family members for their

unending love and affection.

Finally, I would like to express my gratitude to my friends, Dr. Nagaraja K K,

Dr. Paramesh G, Dr. G. Venkateswararao, Dr. A. Santosh Kumar, Dr. Sadananda

Kumar, Dr. Manoj Kumar, Dr. Shashidhar, Dr. Hidayath Ulla, Dr. Kunal Kumar, B.

Naveen Kumar Reddy, Kiran P, Brian Jeeven Fernandes, Mahendra K, Suchitra S.M,

Sreejesh, Martha Ramesh, Bindu K, Kathik Bhat, Amuda, M. R. Kiran, Jean Maria

Fernandes, Nimith, Achyutha K, Makesh M, Siby Thomas, Manju M. S, Karthik Hegde,

Rajani, Ahmed Rizwan, Safir, Subhashini, Soumalya Bhattacharya, Akhila B, Shreyas,

I. Ramesh Reddy, M. Vijay and others at NITK. I thank all my friends in NITK for their

cooperation and encouragement.

I remain thankful to all those who helped me directly and indirectly in carrying

out this work. I would like to salute and thank them, for those who are always giving

me the required strength, energy, patience, knowledge, and resources which lead into

Success in Life.

I thank the Authorities of National Institute of Technology Karnataka for giving

me the opportunity for doing research in the department of physics.I am also greteful to

Ministry of Human Resource Department (MHRD)-Government of India for awarding

research scholarship.

Place: NITK, Surathkal P. RAMANA REDDY

Date: October, 2017



ABSTRACT

This thesis describes the preparation and chacacterization of porous anodic alumina

(PAA) membranes and synthesis of metal nanostructures based on PAA templates. The

aim of this investigation is to optimize the process parameters and prepare metal nanos-

tructures on the pores of PAA membranes using chemical methods. The effect of

process parameters such as anodizaton duration, temperature of electrolytic bath and

electrolyte concentration are systematically investigated. In this way pore diameter

was found to be tunable from 20 to 100 nm and template thickness acheived varied

from 20 to 100 µm. Hexagonal pore array with honeycomb-like structures were ob-

tained via self-organised oxidation process. The pore diameters and interpore distances

were varied by changing anodization conditions and pore widening time. The regu-

larity ratio (RR) of the PAA membranes were studied in detail using 2D fast Fourier

transform (FFT) analysis. Mechanical properties of PAA membranes such as hardness

and Youngs modulus were studied using micro and nanoindentation techniques. PAA

membranes obtained in sulphuric acid exhibited an extremely high hardness of 7.5 GPa

and Young’s modulus was 146.5 GPa. The optical absorbance and photoluminscenc

of PAA membranes were investigated. The PL spectra of PAA membranes showed an

assymetrical behaviour in the blue region. This spectrum was divided into two sub-

bands by Gaussian analysis, originating from two kinds of oxygen-deficient centers,

F+ (oxygen vacancy with one electron) and F centers (oxygen vacancy with two elec-

trons) respectively. Contact angle measurements of PAA membranes were analysed at

different anodization time and pore widening durations. Synthesis of metal nanostruc-

tures (Silver and Copper) by chemical method were studied and presented in detail.

Keywords: Porous anodic alumina, Anodization, Regularity ratio, pore diameter, inter-

pore distance, photoluminscence, Microindentation, Nanoindentation.
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Chapter 1

INTRODUCTION

This chapter provides a preface to the nanoporous metal oxides, an overview of porous

metal oxides especially anodic alumina (Al2O3) nanostructures, basics of anodic alu-

mina formation and their fundamental properties and application studies. The chapter

ends with the objectives and organization of the thesis.

1.1 OVERVIEW

Nanoporous metal oxides have attracted a great deal of attention by researchers in the

field of nanotechnology, due to their unique physical and chemical properties. Nano-

porous materials have shown a lot of flexibility for the control of their structural prop-

erties, because of their high surface to volume ratio and large porosity. Porous nano-

materials of different pore size, porosity, pore distribution and composition have been

developed for different potential applications such as energy harvesting and storage (Lu

and Zhao, 2004), sensors (Kumeria et al., 2014), solar cells (Martinson et al., 2007),

light emitting diodes (Fu et al., 2011), photocatlysis (Albu et al., 2007), optics and elec-

tronics (Basu et al., 2001), capacitor dielectrics (Jason and Wood, 1955), templating

nanomaterials and in prevention of corrosion of metal substrates from their functional

environment (Bengough and Stuart, 1923). Owing to certain useful physico-chemical

and surface properties, porous materials are widely used in the laboratory and indus-

trial scale in diverse research areas, such as petrochemicals (Kulkarni, 1998), medicine

(Corma, 2003), chemistry (Doadrio et al., 2004), energy and advance composite materi-

als (Vallet-Regı́, 2006). Porous anodic oxide films have also been obtained on surfaces
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of valve metals, such as titanium (Paulose et al., 2006a), hafnium (Takahashi et al.,

1988) niobium (Sieber et al., 2005a), tantalum (Sieber et al., 2005b), tungsten (Mukher-

jee et al., 2003), vanadium (Stefanovich et al., 2004), and zirconium (Tsuchiya et al.,

2005). Among these nanoporous metal oxides, Al2O3 based porous oxides had a signif-

icant impact on the nanomaterials research because of easy fabrication besides a variety

of potential applications. The ideal structure of porous anodic alumina (PAA) mem-

branes were reported long ago at certain anodizing conditions (Masuda and Fukuda,

1995). Afterwards, with the expanding progress in nanotechnology, PAA has been used

as an ideal template for fabrication of various types of nanostructured materials (Step-

niowski and Salerno, 2014). The most significant structural difference between PAA

and other metal oxides is that in PAA pore array is continuous while in the other metal

oxide pore array is in discontinuous manner (Gong et al., 2001). One of the sailent

features of PAA is its application in quite diverse sectors of materials science (Ing-

ham et al., 2012). This thesis deals with the fabrication, structural, mechanical, optical

characterization and some application studies of anodic alumina (Al2O3) based nanos-

tructures.

1.2 ANODIZATION OF ALUMINIUM

Anodization of aluminium has been widely used for several decades to manufacture

protective and decorative coatings on Al surface. Anodization of aluminium is an elec-

trochemical oxidation process carried out by applying positive voltage to Al electrode

dipped in an electrolyte and this results in the thickening of its oxide namely, Al2O3.

Due to their easy fabrication procedure and their excellent chemical, thermal stability

and corrosion resistance porous anodic alumina (PAA) membranes have been used in

many products for the last fifty years. The development of electron microscopy tech-

niques made it possible to study the nanostructures of PAA membranes (Diggle et al.,

1969). Depending on the anodization process parameters, it was found that two types

of oxides can exist such as barrier-type and porous-type oxide layers. If Al is anodized

in acidic electrolytes such as oxalic, sulphuric and phosphoric acids, deep pores, having

pore diameters 20-100 nm and length few microns are formed. This type of oxide is rep-
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resented as porous anodic aluminium oxide (PAA). Insted, if Al is anodized in neutral

or bases solutions (pH > 5) a flat, non-porous, insulating barrier oxide is formed. As

shown in the Figure 1.1, anodic aluminium oxide layer (barrier or porous) result from

anodization process. It consists of two parts called inner layer and outer layer. These

inner and outer layeres are due to the non-homogeneity in anionic content across the

film thickness (Nielsch et al., 2001). The general structure of PAA membrane is shown

in the Figure 1.2. Self-organized anodic porous alumina grown by the anodization of

aluminium can be represented schematically as a closed-packed array of hexagonally

arranged cells containing pores in each cell enter (Figure 1.2). Highly ordered PAA

membranes are often characterized by various parameters such as a pore diameter, wall

Figure 1.1 Schematic diagram of (left) barrier type alumina and (right) porous type
alumina (Nielsch et al., 2001).

thickness, barrier layer thickness and interpore distance. The uniform pore diameter,

which is easily controlled by altering the anodizing conditions, can range from a few

nanometres to hundreds of nanometers. The depth of fine parallel channels can even

exceed 100 µm, a characteristic which makes anodic porous alumina one of the most

desired nanostructures with a high aspect ratio and high pore density.

1.3 CHEMICAL REACTIONS IN ALUMINIUM AN-
ODIZATION

Anodic oxides (barrier-type and porous-type) formed by the anodization of aluminium

are amorphous oxides. The studies showed no presence of crystalline structure of alu-
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Figure 1.2 Idealized structure of anodic porous alumina (A) and a cross-sectional view
of the anodized layer (B) (Balde et al., 2015).

mina γ−Al2O3. Additionally, the anodic alumina is characterized by incorporation of

electrolyte ions within its structure, thus it cannot be considered as pure Al2O3. The

overall chemical reaction during the anodization of aluminium can be written as (Li

et al., 1998):

2Al +3H2O−→Al2O3 +3H2 (1.3.1)

Although this reaction is formally correct, it does not reflect the details of the whole

electrochemical process. A schematic illustration of processes occurring during an-

odization is shown in the Figure 1.3. The equilibrium chemical reactions can be sum-

marized as follows:

At the metal/oxide interface, Al3+ ions are formed and migrate into the oxide layer

Al−→Al3++3e− (1.3.2)

The Al3+ ions migrate outwards under the electric field across the oxide from the

metal/oxide interface toward the oxide/electrolyte interface:

2Al +3H2O−→Al2O3 +6H+ (1.3.3)

At the oxide/electrolyte interface the water-splitting reaction occurs (Despić and Parkhutik,

1989)

H2O−→2H++O2− (1.3.4)

The O2− (oxide) ions migrate inwards under the electric field across the oxide from the

oxide/electrolyte interface toward the metal/oxide interface, to form Al2O3:

2Al +3O2−−→Al2O3 +6e− (1.3.5)
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Figure 1.3 Schematic representation of cross-sectional view and illustration of ion
movement through the electrolyte/oxide and oxide/metal interface during the anodiza-
tion in an acidic electrolyte (Patermarakis and Moussoutzanis, 1995).

In the acidic electrolyte where the oxide is soluble, the film dissolution happens:

Al2O3 +6H+−→2Al3++3H2O (1.3.6)

Some anions in the electrolyte may also be incorporated in the PAA layer, in addition

to the above principal reactions. In the case of phosphates and chromate as electrolytes,

due to high current efficiency the majority of Al3+ are involved in the formation of oxide

at the electrolyte/oxide interface. In contrast, for anodizing in oxalate electrolytes ac-

companied with low current efficiency, the direct ejection of Al3+ ions to the electrolyte

is expected. These two processes of the formation of oxide result in the migration of

the electrolyte ions (e.g.SO−4
2 ,COO−2

2 ,PO−4
3 ) through the oxide layer in the formation

of PAA membranes.

1.4 CALCULATION OF THE STRUCTURAL PARAME-
TRES OF PAA MEMBRANES

A major advantage of PAA membranes is that pore parameters such as layer thickness,

pore diameter, cell size and barrier layer thickness can be controlled by anodizing con-

ditions or chemical methods. One of the most important parameters is pore diameter.

Pore diameter mainly depends on the anodizing conditions, where the main controlling

parameter is the anodization voltage. Earlier reports have confirmed that in the case

of porous anodic alumina obtained from oxalic acid, the pore diameter Dp has a linear
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relation with applied anodizing potential (U) in the following manner:

Dp = λp.U (1.4.1)

Where λp is a proportionality constant ( 1.29 nmV−1). As a result the uniform pore

diameter achievable is in the range of 10-100 nm. The interpore distance (Dc) is also

linearly proportional to the anodizing potential:

Di = λi.U (1.4.2)

Where λi is approximately 2.5 nmV−1. Each electrolyte has a restricted working

potential range. The anodizing potential range for sulfuric acid is 10−25V , for oxalic

acid 40− 80V , and phosphoric acid, it is 120− 200V for mild anodization process.

Another morphological feature, namely, the wall thickness (W) is estimated from pore

diameter and interpore distance using the equation:

W =
Di−Dp

2
(1.4.3)

One of the important parameters is the porosity of the PAA membrane. Assuming

a perfect hexagonal array of pores in the alumina obtained by self-organization, the

porosity (α), can be expressed as (Sulka and Parkola, 2007):

α =
π

2
√

3
.

(
Dp

Di

)2

= 0.907
(

Dp

Di

)2

(1.4.4)

Where Dp and Di denote the pore diameter and the interpore distance, respectively.

The knowledge of porosity is an important factor for electrochemical deposition using

PAA membranes because it defines the working electrode surface.The porosity of PAA

may vary a lot due to various types of pore widening mechanisms during anodization

in different electrolytes or post-treatment procedures (etching of barrier layer). It is

usually in the range of 10−40% or even more in extreme cases, however the standard

values are around 10%. The following relation was used for the calculation of barrier

layer thickness (B) for the anodization performed in oxalic acid (Zaraska et al., 2010).
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B = 1.12 W (1.4.5)

This compact dielectric layer at the pore bottom makes electrochemical deposition

into the pores almost impossible or at least very complicated. On account of this limit,

the thickness of the barrier layer is extremely important and can determine required

modifications of PAA for various applications.

1.5 IMAGE PROCESSING

The basic parameters of PAA membranes have been measured using the Image-J 1.37v

software (https://imagej.nih.gov/ij/). At first, Image-J software was used to identify

all the nanopores within the particular image and the center of mass coordinates was

estimated for every pore. Then, the file with this information was employed as input

to calculate pore diameter (Dp), interpore distance (Di), porosity (α) and pore density

(n). In order to obtain such characteristic features of the pores, a binarization of the

SEM image (Garg, 2013) is performed and this provides an image containing black

Figure 1.4 FE-SEM micrograph of PAA membrane obtained in 0.3 M of oxalic acid (a)
before binarization and (b) after binarization performed using Image-J software.

and white zones. The black zones correspond to the pores and the white zones aare

ssociated with the alumina top surface of the PAA as shown in the Figure 1.4. To study

the morphological analysis of PAA membranes using image-J software, first of all we

have to do binarization of SEM image of PAA membrane. There are three methods to

perform binarization of the SEM image:1) Fixed Thresholding Method, 2) Otsu Method
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and 3) Kittler Method

Figure 1.5 Screen shot micrographs of PAA membranes before and after Thresholding
images using Image-J software

Figure 1.6 Flow chart gives the imge analysis proceess performed using Image-J soft-
ware.

Flow chart of the image analysis process developed within Image-J is shown in the

Figure 1.6. The analysis was carried out in two steps. The measure scale is set that is

suitable with the 2D SEM image. Furthermore the detail and required measurements

are set up includes in the first step, shown in the screeenshot Figure 1.5. In the second

step, the boundaries of each grain on the image were detected. The boundary can easily

be detected from binary images, which were obtained from the thresholded SEM im-

ages. After Thresholding the SEM image, choosing parameters required for analysis is

analyzed from the analyzing part of Image-J software.

In order to obtain a quantitative estimation of the regularity of the pores, a self-

correlation function (SCF) (Mı́nguez-Bacho et al., 2012) was performed on the SEM
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micrographs. The resulting self-correlated image (SCI) is a mathematical image that

gives information of how well an image correlates with itself under discrete displace-

ments in all possible directions. Also, the pore regularity has been studied using the

open software WSxM 4.0 (Horcas et al., 2007). A typical fast Fourier transform was

carried out for PAA membranes obtained by various anodization durations using WSxM

software. For a quantitative analysis, the correction aspects such as the number of pores

(n), analyzed surface area (S) and PAA porosity (α) have been considered in our anal-

ysis. The averaged regularity ratio (R), derived from the FFT radial average was calcu-

lated using the following equation (Stepniowski et al., 2014a).

R =
I

W

√
n

S3/2 (1.5.1)

Where I is the intensity of the radial average, W is the width of the radial average at

half of its height, n is the number of pores on the analyzed image and S is the analyzed

surface area. The radial averages form soft, separate peaks which make the estimated

results truthful. The physical significance of the radial average is that it exhibits the

distribution of the interpore spaces in the inversed space. Hence, if the distribution of

pores is not uniform, the FFT image will not be clear and the intensity of the radial

average would be lower. Moreover, the abscissa of the radial average peak corresponds

to the average interpore space (Stepniowski et al., 2014a) and breadth of the peak at

half of its width is strongly related to the distribution of the interpore spacing values.

The combination of both the software Image-J and WSxM allows the calculation of the

most relevant geometrical features of the PAA membranes.

1.6 APPLICATIONS OF PAA MEMBRANES

Anodic porous alumina which exhibits a characteristic nano level-honeycomb structure

has received increasing attention both experimentally and theoretically (Su and Zhou,

2008a). PAA membranes have been extensively used as templates for fabrication of

various nanostructured materials such as nanodots, nanowires, nanotubes, and many

other types, especially to realize the collective functioning of arrays of nano-elements

which may not be realized by individual nano-elements. PAA membranes are essential

for applications in high density magnetic media, photonic crystals, semiconductor de-
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vices, lithium- ion batteries, solar cells and nanocapacitors (Su and Zhou, 2008b), due

to the following advantages: the quasi-periodic arrangement of the nanopore channels,

narrow distribution of pore sizes and interpore distances, excellent thermal stability, and

very low cost.

Recently, the research on self-organization in nanotechnology has gained momentum

with the use of PAA. Due to its hydrophilic properties, PAA is currently used in micro

humidity sensors that show good response and are easily fabricated. These devices are

based on integrated electrodes that take advantage of the sensitive capacitance-humidity

relationship (Yao et al., 2009). Furthermore, these PAA membranes are now employed

as electrochemical biosensors. PAA membrane also acts as a support for enzymes and

other biological materials (Adiga et al., 2009). Another interesting characteristic of

PAA is its useful biological properties, and for years, PAA has been used in dental and

bone implants due to its biocompatibility and ease of integration with medical implant.

To date, for RF and microwave applications, PAA has been used mainly as an iso-

lation layer in multilevel circuits. PAA is also formed on a glass substrate to produce

Multichip Module Deposited (MCM-D) substrates. 1-D materials such as nanowires

or carbon nanotubes have already shown great promise in applications for quantum

devices. By using PAA, researchers have been able to fabricate an inexpensive, high

throughput and easily tunable template. Anodized porous alumina has several advan-

tages even to produce Carbon Nanotubes (CNTs). Primarily, they offer consistently

parallel pore channels and have the ability to engineer varying pore diameters. They are

optically transparent in the visible spectrum and are resistant to most chemicals except

for strong bases and acids. CNTs in PAA have been explored by several groups (Sui

et al., 2002).

Lithium batteries composed of nanowire arrays as anode show much higher energy

capacity compared with conventional thin film batteries, due to the large surface area

and a reduced Li-ion diffusion length. With the length of nanowire increasing, the

10



capacity can be further increased. However, due to the agglomerate of the high aspect-

ratio nanowires, the total surface area decreases, and significant degradation of perfor-

mance was found (Storm et al., 2003). The potential applications in electrochemical

devices, quantum wires and electrodes for rechargeable Li-batteries are just some of

the numerous areas that have been explored (Storm et al., 2003). The optical properties

of PAA have been well documented and the material has been utilized in both polar-

izers and electroluminescent devices. The photoluminescent (PL) properties of PAA

are further enhanced when they are filled with semiconductor composites such as CdS

or ZnO. These optical nanowires are being utilized in polymer light emitting diodes

(PLEDs) and optical displays (Wu et al., 2007).

Metal nanostructures have become the subject of intensive research in view of their

potential applications in the areas of plasmonics (Walsh and Chumanov, 2001), nano-

electronics (Yanson et al., 1998), biology (Reich et al., 2003), superconductivity (Tian

et al., 2003) and magneto-sensors (Liu et al., 1998). For these applications, nanostruc-

tures are usually embedded in various substrates including PAA membranes (Lu et al.,

2009). Also, PAA membranes are widely used materials for the nanomaterial fabrica-

tion because of the ease of synthesis of these membranes with good control over the

pore dimensions. Cu and Ag nanostructures have been grown onto the pores of PAA

membranes by electroless deposition method in the present work. The advantage of the

electroless deposition is that there is no necessity for the surface to be electronically

conductive unlike the electrochemical deposition method and the nanoowires can be

controlled by varying pore dimensions.

1.7 OBJECTIVES OF THE THESIS

In the last few years, the effort is focused on the fabrication of nanostructured ma-

terials by electrochemical template-synthesis method and the development of porous

anodic alumina nanostructures. In this thesis, we were focussed on the synthesis of

metal (Ag, Cu) nanostructures inside the pores of PAA membranes using electro-less

deposition method. The goal is to develop highly effective, versatile and low-cost PAA
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nanostructures. The optimization of growth parameters of PAA membranes, such as

anodization duration and electrolytes concentration wewre presented in detail. In addi-

tion to this, a degree of pore ordering array of PAA membranes were discussed by 2D

fast Fourier transform (FFT) using Image-J and WSxM softwares. Structural features

of PAA membranes such as pore diameter, interpore distance, porosity, pore density,

wall thickness and barrier layer thickness were studied in detail. The effect of poros-

ity and regularity ratio of pores on hardness and Young’s modulus of PAA membranes

wewre investigated. Contactangle measurements of PAA membranes wewre studied by

varying anodization time and pore widening duration. Furthermore, the effect of an-

odization duration and electrolyte concentration on Photoluminescence (PL) properties

of PAA membraneshas been discussed.

The objectives of the proposed research are:

1. To fabricate nano-porous anodic alumina by electrochemical two-step anodiza-

tion process.

2. To study the optical, morphological and structural properties of the fabricated

nano porous alumina templates.

3. To study the effect of high temperature annealing on the structural properties of

fabricated nano porous alumina.

4. To study the mechanical properties of the fabricated porous anodic alumina tem-

plates.

5. To prepare metal (Cu, Ag) nanostructures on porous anodic alumina templates by

using chemical methods.
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1.8 ORGANIZATION OF THE THESIS

The thesis is organized as follows:

Chapter 1 presents the overview of metal oxide nanostructures, especially Al2O3

nanostructures, preparation methods and application areas. The chapter also includes

the objectives and organization of the thesis.

Chapter 2 gives the brief description of two-step anodization process, which is em-

ployed to synthesize PAA and Al2O3 based nanostructures. This is followed by a con-

cise description of different characterization techniques.

Chapter 3 begins with a discussion of influence of anodization duration and elec-

trolyte concentration on the growth mechanism of PAA membranes. Also, it contains

the discussion on the degree of pore ordering in PAA membranes by changing the an-

odization process parameters.

Chapter 4 deals with the mechanical properties of PAA membranes such as hardness

and Youngs modulus obtained using micro and nanoindentation techniques. The effect

of porosity and regularity ratio of pores on mechanical properties of PAA membranes

were studied in detail.

Chapter 5 gives the optical properties of PAA membranes using UV-Visible and

Photoluminescence techniques. The effect of anodization duration and electrolyte con-

centration on optical properties of PAA membranes was studied in detail.

Chapter 6 gives the applications of alumina based nanostructures. It begins with the

wettability analysis of alumina nanostructures and also it discuss the synthesis of metal

nanostructures such as copper and silver nanowires grown on alumina membranes using

electroless deposition method.

Chapter 7 gives the overall summary of the results described in the previous chap-

ters. Moreover, the scope for future research work in this area is also discussed.
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Chapter 2

EXPERIMENTAL TECHNIQUES

This chapter gives a detailed description of experimental technique involving two-step

anodization process, which is employed to obtain PAA based nanostructures in the

present research work. This includes an acount of the basic mechanism of oxide for-

mation in PAA membranes. Measurement techniques and experimental setup used to

study the physical parameters such as structural, optical, mechanical and wettability

were discussed.

2.1 PREPARATION METHOD

2.1.1 Experimental setup for template preparation

In the present work, indigenously assembled anodization setup was used. The schematic

of the experimental setup is shown in the Figure 2.1. The main part of the setup was

a laboratory scale two-electrode electrochemical cell. The cell consists of a two elec-

trode setup stand, DC power supply, ice bath and a magnetic stirrer. The electrolyte

was taken in a borosil beaker and placed on the magnetic stirrer. The typical volume

of the electrolyte was 100 ml. The magnetic stirrer was used to stir the electrolyte con-

tinously. This keeps the electrolyte at equilibrium temperature. The potentiostat used

had a working range of 0-300 V and 0-5 A.
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Figure 2.1 Schematic of lab-made anodization set-up: icebath, magnetic stirrer, an-
odization holder and DC power supply

2.1.2 Preparation and morphology of anodic alumina oxide tem-
plates

In the present study, PAA membranes were prepared using two step self-organized an-

odization process. The purpose of this section is to describe the preparation conditions

of self-assembled porous alumina with variable pore diameter and aspect ratio. The

preparation of porous alumina consists of three processes, (a) pre-treatment, (b) an-

odization and (c) post-treatment shown in the Figure 2.2. Firstly, the aluminum foil

(high purity- 99.99%, Merck-0.3 mm thickness) is cleaned with acetone in an ultra-

sonic bath for 30 min to remove contaminations. Then the aluminum foil is annealed in

air at 500 ◦C for 5 h to reduce the stress in the material. The electrochemical polishing

of the aluminum foil is then carried out in a mixture of perchloric acid (HClO4) and

ethanol (C2H6O) with a volume ratio of 1 : 4, with polishing parameters of current den-

sity (200 mA/cm2) for 2 min at 10 ◦C. After polishing, the aluminum surface becomes

smooth and shiny. In our experiments, oxalic acid and sulphuric acid were employed as

the anodizing electrolytes. As an example, in the following we will describe the neces-

sary anodizing conditions for oxalic acid; the anodizing potential being 40 V. For each

electrolyte, there is a certain potential and concentration which can be applied without

burning the oxide film. The standard potential and concentration for sulphuric acid are

25 V and 0.3 M respectively. The self-organized growth of pores takes place perpen-
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dicular to the surface of the aluminum. In order to get a highly ordered arrangement of

pores, porous oxide layer was etched away chemically after the first step anodization.

This etching process was carried out in a mixed solution containing 6% phosphoric acid

(H3PO4) and 1.8% chromic acid (H2CrO4) in a water bath at 60 ◦C for 2 h. After re-

moving of the first oxide layer, the second step anodization was carried out with the

same conditions as those used for the first step. The anodizing time was varied from

2-20 hours depending on the required thickness. To obtain a free-standing template,

Figure 2.2 Schematic diagram of PAA membrane preparation using two-step anodiza-
tion process in oxalic acid.

usually it takes more than 8h for anodization. Otherwise, the template was too thin and

fragile to handle. The remaining aluminum base and barrier layer was removed from

the nonoxide side to open the pores. This step was called the post-treatment process. A

mixed solution of hydrochloric acid (HCl) and copper chloride (CuCl2) was employed

to dissolve the aluminum base. The barrier layer was removed afterwards with a 5wt%

phosphoric acid H3PO4 solution. For pores grown in oxalic and sulfuric acid, these

processes were carried out at 30 ◦C for 30 min, 30 ◦C for 15 min respectively. In gen-
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eral, with an increasing etching time, the pores were significantly widened because the

walls were dissolved along the horizontal direction. That means that the pore diameters

were increasing together with a decrease of pore wall thickness. SEM images and cross

sectional views of PAA membranes prepared using oxalic and sulphuric acid as elec-

trolytes were shown in the Figure 2.3. The average pore diameter of PAA membranes

formed in oxalic acid was 62 nm and those formed in sulphuric cid was 22 nm.

Figure 2.3 SEM micrographs and cross sectional images of PAA membrane formed in
oxalic acid (a, c) and sulphuric acid (b, d).

2.1.3 Basic mechanism of oxide formation in PAA membranes

The preparation and applications of PAA membranes were studied over the last three

decades, but the formation and growth mechanism of pores still remain quite controver-

sial. Several theories have been proposed and developed. First research group reported

that oxygen ions are generated on the bottom of the pores at the gas/electrolyte inter-

face. Meanwhile, the dissolution of the oxide layer leads to the pore growth (Baumann,

1936). Second research group developed a theory according to which a homogeneous

barrier film is formed at the beginning of the anodizing process and the dissolution is
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caused by the current. Meanwhile the current raises the local temperature enhancing

the dissolution of the oxide (Keller et al., 1953). Another research group developed a

theory for the oxidation process (Murphy and Michelson, 1962). They reasoned that

the outer side of the barrier layer was transformed into hydroxide and hydrate com-

pounds because of the contact with the electrolyte. This layer could absorb or bond

anions from the electrolyte to create a gel-form matrix. The inner layer is a dense

oxide layer. Transmission of oxygen anions towards the metal base leads to the oxida-

tion between the inner and the outer layer, and initial pores are formed at defect sites

Figure 2.4 Typical anodizing current density as a function of time. (a) formation of a
barrier layer on the aluminum surface, (b) random formation of pore centers, (c) pores
deepen and form a new barrier layer on the interface between the metal and the oxide
and (d) stable growth of pores.(Alkire et al., 2008)

(Murphy and Michelson, 1962). Four steps involved in the pore growth mechanism

of PAA templates are shown in the Figure 2.4, where each step is related with a dif-

ferent growth pore regime. In the stage-a, a constant voltage is applied on the surface

of the aluminum, the current decreases with time until the local minimum is reached.
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Simultaneously a barrier layer grows on the interface of the electrolyte and aluminum,

which is non porous with a homogeneous thickness. In the stage-b, the current increases

gradually to a steady point, and pore precursors form on the oxide layer (barrier layer)

surface, which can be dissolved in the electrolyte. In the stage-c, the formation of these

pore precursors is random, and usually occurs around a defect. Further anodizing and

etching results in the growth of pores, and the aluminum is constantly anodized un-

der an electric field, pores are widened, and at the same time the growth of the barrier

layer is increasingly stable. In the stage-d, the growth and the dissolution of the oxide

layer reach an equilibrium on the electrolyte-oxide interface and oxide-metal interface

(O’sullivan and Wood, 1970), the current density is constant. Anodizing conditions de-

termine the current parameters, such as the minimum current value, the rate of current

decrease, and the time after which the steady state forms.

2.2 CHARACTERIZATION TECHNIQUES

Several techniques have been used to characterize PAA and nanostructures including

metallic and molecular species based on PAA. X-ray diffraction data were used to con-

firm the amorphous nature of PAA and to derive information that allows an improve-

ment of preparation conditions. In addition, scanning electron microscopy (SEM) was

used to characterize the morphology of the nanostructures. Furthermore, the optical

properties and energy transfer were recorded by the photoluminescence (PL) spectra.

UV-Visible spectra is used to detect the oxygen vacancies in PAA. A standard Vickers

micro hardness tester and nanoindentation techniques were used to measure the me-

chanical properties of the PAA. Wettability properties of PAA membranes were studied

using contact angle measurement technique.

2.3 MORPHOLOGICAL ANALYSIS

2.3.1 X-ray Diffraction

The collection of X-ray Diffraction data is the first step in determining the structural

properties of any material synthesized. Interaction between matter and x-rays with
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suitable wavelengths results in inelastic and elastic scattering of the radiation. It is

the elastic scattering from the electrons inside the matter which leads to the observed

diffraction of the incident X-ray beam by the sample (Leng, 2009). By recording and

analyzing the diffraction pattern, information on the crystal structure of the material

is obtained. Although the scattering takes place from individual atoms, the observed

patterns can also be explained by assuming that planes of atoms are sources of the

scattered radiation waves. In XRD, a collimated beam of X-rays, with a wavelength

typically ranging from 0.7 to 2 Å, is incident on a specimen and is diffracted by the

crystalline planes in the specimen to give maximum intensity according to Bragg’s law

and it is illustrated in the Figure 2.5a:

nλ = 2dsinθ (2.3.1)

Where n is an integer denoting the order of diffraction, d is the spacing between atomic

planes in the crystalline phase and λ is the X-ray wavelength. Braggs law states that

large diffracted intensity takes place only when the phases of the scattered waves differ

by an integral multiple of wavelengths (nλ ). When this is the case, the waves sum

up leading to constructive interference and a peak is seen in the diffraction pattern.

Otherwise, the waves cancel each other out causing destructive interference and a lower

intensity is observed.

The intensity of the diffracted X-rays is measured as a function of the diffraction

angle and the specimen’s orientation. This diffraction pattern is used to identify the

specimen’s crystalline phase and to measure related structural properties. Generally,

Scherrer formula is used to determine the crystallite size and is given below:

D =
0.9λ

βcosθ
(2.3.2)

Where D is the crystallite size, λ is the X-ray wavelength, θ is the diffraction angle

in degrees, and β (in radians) is the full width at half maxima (FWHM) measured for

the corresponding Bragg reflection. In the present study, the average size of the PAA

based nanoparticles can be estimated using Scherrer equation. XRD pattern of PAA

membranes were carried out using X-ray diffractometer (Rigaku-miniflex-600:Figure

2.5b) to verify the amorphous nature of the PAA and crystalline phases in the PAA

based nanostructures. Data were collected using Cu Kα radiation (λ = 1.5418Å) in
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the diffraction angle (2θ) ranging from 20◦-80◦ with a scanning rate of 2◦ per minute.

The x-ray tube was operated at 40 kV and 30 mA. The XRD patterns obtained were

compared with those of Joint Committee on Powder Diffraction Standards (JCPDS)

data to assess the crystalline phases present.

Figure 2.5 (a) Reflection of X-rays from different atomic planes, illustrating Bragg’s
law, (b) XRD (Rigaku-MiniFlex-600) instrument.

2.3.2 Scanning electron Microscopy (SEM)

The scanning electron microscopy (SEM) is a unique and versatile electron microscopic

technique that provides image of a sample providing information about the surface of

the specimen at much higher magnification, higher resolution and large depth of focus

compared to optical microscopy. SEM uses a focused beam of high-energy electrons to

generate a variety of signals at the surface of solid specimens. The signals that derive

from electron sample interactions reveal information about the sample including exter-

nal morphology (texture), chemical composition, crystalline structure and orientation

of grains making up the sample. In most applications, data are collected over a selected

area of the surface of the sample, and a 2-dimensional image is generated that displays

spatial variations in these properties.

Figure 2.6 shows the schematics of a typical SEM instrument. Electron source in

SEM produces a finely focused beam of electrons having energy range from a few hun-

dred eV to 30 keV called the primary electron beam. When these electrons strike and

penetrate the surface of the sample by passing through two pairs of electromagnetic
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Figure 2.6 (a) Schematic representation of scanning electron microscope, (b)
SEM(JEOL-JSM 6380LA) instrument

deflection coils, the emission of secondary electrons (SE) and fewer backscattered elec-

trons (BSE) from the sample surface takes place. A more intense signal is developed

by secondary electrons than by the back scattered electrons. This is due to the num-

ber of low energy secondary electrons reaching the collector being far greater than the

number of back scattered electrons. SEM image can be produced by collecting the emit-

ted secondary electrons on cathode ray tube (CRT) screen and energy dispersive X-ray

analysis mode gives qualitative information about the elements present in the probed

area of the specimen. The images produced in the SEM are of three types: namely

secondary electron images, backscattered electron images and elemental X-ray maps.

In the present work, the surface morphology of the PAA membranes were studied

using scanning electron microscopy (SEM-JEOL JSM 6380LA, Japan) and PAA based

nanostructures were studied using Field Emission Scanning Electron Microscopy (FE-

SEM, ZEISS). In general, the generation of electron beams that is produced by the field

emission principle is different from that of an ordinary scanning electron microscope.

However, SEM is carried out by rastering a narrow electron beam over the surface and
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detecting the yield of either secondary or backscattered electrons as a function of the

position of the primary beam. Contrast is caused by the orientation, parts of the sur-

face facing the detector appearing brighter than parts of the surface with their surface

normal pointing away from the detector. The secondary electrons have mostly low en-

ergies (5-50 eV) and originate from the surface region of the sample. Backscattered

electrons come from deeper regions and carry information on the composition of the

sample because heavy elements are more efficient scatterers and appear bright in the

image.

2.3.3 Energy Dispersive X-ray analysis (EDX)

Energy dispersive X-ray analysis (EDX) is an X-ray technique to identify the elemen-

tal composition of materials. The data generated by EDX analysis consists of spectra

showing peaks corresponding to the elements making up the true composition of the

sample being analyzed. Both Scanning Electron Microscopy (SEM) and Energy Dis-

persive X-Ray (EDX) analysis can identify and characterize composition of particles,

surfaces and more. On using the combination of SEM interfaced with EDX, qualitative

information can be obtained on the full elemental composition for the prepared PAA

nanostructures.

2.4 OPTICAL ANALYSES

2.4.1 Photoluminescence (PL)

Luminescence is the general name given to the process of spontaneous emission of light

by excited atoms in a solid material. One of the ways in which the atoms can be pro-

moted into excited sates prior to spontaneous emission is by the absorption of light.

Luminescence can thus accompany the propogation of light in an absorbing medium.

Fluorescence and phosphorescence are two types of photoluminescence phenomena

(Mendham et al., 2006). The physical processes involved in photoluminescence are

more complicated than those in absorption. This is because the generation of light by

luminescence is tied up with the energy relaxation mechanism in the solid. Further-
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Figure 2.7 (a) Schematic diagram of experimental set-up for PL measurements, (b) PL
(FluoroMax-4)instrument.

more, the shape of the emission spectrum is affected by the distributions of electrons

and holes within their bands. A photoluminescence experimental arrangement consists

of a laser or any other wide range radiation source as an excitation source, a sample

holder (sometimes placed inside a crystal for low temperature measurements), suitable

lenses for collimation and collection, a scanning spectrometer to record a spectrum

and sensitive detector such as photomultiplier tube or charge coupled device (CCD).

A schematic diagram of the PL set-up and PL instrument used to analyze PAA mem-

branes is shown in the Figure 2.7. In the present work, PL spectra were studied using

FluoroMax-4 fluorescence spectrometer. Throughout PL calculations, the slit width

was set as 7 nm and each spectrum was obtained within 1 min. All the calculations

were performed at room temperature with an excitation wavelength of 320 nm.

2.4.2 UV-Vis spectroscopy (UV-Visible)

The absorption/ transmission measurements are done to determine the different elec-

tronic and optical transitions in the material and its band gap. When an incident light

falls on a material a part of it is reflected, a part transmitted and the rest absorbed. The

absorption occurs when the energy of the incident photon is absorbed by the electron

that is then promoted to a higher energy level. The absorption coefficient of any material

can be defined in terms of change in intensity of a monochromatic beam as a function

of the distance traversed in the medium:

I(λ ) = Io(λ )e−α(λ )t (2.4.1)
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The absorption coefficient is dependent on the wavelength of the incident light. All

Figure 2.8 Schematic diagram of single beam UV-Visible spectrometer.

the light is transmitted when the energy of the incident beam is less than the energy

of available transitions (e.g. transitions associated to the band gap Eg or to a mid-gap

states). As soon as the energy of the incident photon is equal to that of a transition,

the beam is absorbed by the material. When reflection is negligible, the most common

method to determine the absorption coefficient as a function of the wavelength is to

measure the transmittance of the film as a function of the wavelength of the incident

beam in the optical range of interest. A schematic diagram of single beam UV-Visible

spectrometer is shown in the Figure 2.8.

2.4.3 Contactangle measurement

Wettability is the ability of a liquid to maintain contact with a solid surface, result-

ing from intermolecular interactions when the two are brought together. The degree of

wetting (wettability) is determined by a force balance between adhesive and cohesive

forces. Contact angle of water droplet (in L) on PAA surfaces was measured using ses-

sile drop technique. This technique constitutes an optical system to capture the profile

of water droplet on solid substrate and an angle measuring goniometer. Baselines will

be drawn at solid-liquid and liquid-air interfaces. The angle between the intersections

of these lines is called contact angle (θ) of the liquid on that solid. The schematic rep-

resentation is depicted in Figure 2.9. The contact angle provides an indication of how
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Figure 2.9 (a) Schematic representation of contact angle of liquid drop on solid surface,
(b) Contact angle (FTA-200) instrument

effectively a liquid will spread over a surface. The droplet can be formed from a liq-

uid appropriate for the system being tested, for example the contact angle greater than

90◦(high contact angle) generally means that wetting of the surface is unfavorable so

the fluid will minimize contact with the surface and will form a compact liquid droplet.

Contact angles less than 90◦(low contact angle) usually indicates that wetting of the sur-

face is very favorable, and the fluid will spread over a large area of the surface. In the

case of a liquid (L) drop forming a contact angle (θ ) on a solid (S) surface, the surface

free energy (SFE) can be obtained using Youngs equation (Rudawska and Jacniacka,

2009) represented by

γS = γSL + γLcosθLS (2.4.2)

Where γS is the SFE of a solid,γSL the SFE corresponding to the solid-liquid interface,γL

the SFE of a measuring liquid. Further Youngs - Drup equation is given by

γSL = γS + γL−2 (2.4.3)

Using the above two equations the surface energy of the PAA membrane was mea-

sured. The contact angle of water on the PAA membranes has been determined using

a dynamic contact analyzer (FTA-200 Firsten angstroms). The effect of anodization

duration and pore widening duration on wetting properties of PAA membranes were

studied in the present work.

2.5 MECHANICAL ANALYSIS

Mechanical properties of PAA membranes including Youngs modulus (E) and hard-

ness (H) were studied. Indentation is a simple technique used often to obtain these
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parameters of brittle solids. Indentation involves applying a load to hard tip of known

mechanical properties (diamond) and measuring the area or depth. H could be defined

as the measure of resistance of the materials surface to penetration by hard indenter.

Harder the material, penetration would be lesser and gives a small residual area. Dif-

ferent types of indenters are available like spherical, canonical and pyramid. Analytical

models have been developed to extract the hardness and other parameters. Pyramid

indenters are used for micro and nano indentation experiments. Four sided diamond

pyramid indenter is called Vickers indenter whereas three sided one is called Berkovich

indenter. Both of them have the same projected area-to-depth ratio.

2.5.1 Microindentation

In micro indentation, prescribed load is applied to the indenter in contact with the spec-

imen for a finite time (1 - 2 min.). It leaves residual impression on the specimen surface

after load is removed and the area of the impression is obtained using an optical micro-

scope. In micro indentation, size of the indenter is comparable to that of microstructural

features. It enables one to obtain relative hardness of various micro constituents of the

sample. Vickers hardness measures the resistance of the specimen to permanent defor-

mation due to a constant compression load from a sharp indenter as shown in Figure

2.10a. It is calculated by dividing the indentation load by the surface area of the re-

maining indentation after unloading. The conventional Vickers hardness of the PAA

membranes were measured using a Vickers hardness testing machine. Vickers hardness

is estimated from the following equation (Fang et al., 2007)

Hv = 1.854
Pmax

d2 (2.5.1)

Here Pmax, Hv and d represent the indentation load (0.98N), Vickers hardness in

GPa and half of the average length of two diagonals, measured with a precision of 0.1

µm. Generally speaking, hardness depends strongly on both elastic deformation and

plastic deformation (Yamane and Mackenzie, 1974). In the present work, hardness of

PAA membranes formed in oxalic and sulphuric acid as electrolytes was examined by

Vickers diamond pyramid indentation technique (Clemex micro hardness tester, MMT
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Figure 2.10 (a) Schematic Diagram of Vickers indenter and (b) Clemex micro hardness
tester.

X7, Matsuzawa Seiki Corp., Japan) by applying loads of 0.98 N and 9.8 N. The duration

of test force was maintained for 10 s. Microhardness of PAA membranes were carried

out using the Clemex micro hardness tester was shown in the Figure 2.10b.

2.5.2 Nanoindentation

Nanoindentation is also called depth sensing or instrumented indentation. Here depth

of the indenter is measured as the load is applied to it. The area is calculated using the

depth at full maximum load applied and taking the known geometrical values of nano

pyramid indenter into account. The load-unload vs. depth curve and its shape enables

one to calculate the elastic modulus. Schematic load/unload displacement curve for

a non-flat indenter (Vickers or Berkovich) in a nanoindentation experiment is shown

in Figure 2.11. The elastic deflection (hel) of the anodic alumina at the maximum load

with negligible of pile-up is measured using Oliver and Pharr formula (Oliver and Pharr,

2004).

hel = ε
Pmax

S
(2.5.2)
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Here ε is a constant that depends on the geometry of the indenter and ε = 0.75 for

Berkovich indenter. Hardness is measured using the following equation:

Hv =
Pmax

Areal
(2.5.3)

Here Areal is the real contact area. The Youngs modulus (E) of the PAA structures can

be estimated by (Ko et al., 2006),

E = (1−ν
2)

[
1

E∗
− (1−ν2

i )

Ei

]−1

(2.5.4)

Here ν represents the Poissons ratio, Ei and νi are Young’s modulus and Poisson’s ratio

of the indenter. For a diamond tip, Ei = 1140 GPa, and νi =0.07, respectively and the

Poissons ratio of PAA structures is 0.22. The elastic modulus (E∗) related to the contact

area ( through the stiffness constant (S) is given by (Ko et al., 2006),

E∗ =
√

π

2
S

β
√

Areal
(2.5.5)

Here S = dP/dh indicates the stiffness of the test material, β represents the shape con-

stant of the indenter and 1.034 for the Berkovich tip. Nanoindentation of PAA mem-

Figure 2.11 Typical load/unload vs. displacement curve for a solid with non-flat inden-
ter. Here Pmax is maximum load applied to the indenter, hmax is the displacement or
depth at maximum load and h f is the depth after complete unloading.

branes was measured using Birkovich nano indenter (Hysitron Inc Minneapolis USA,

TI-900) with a maximum load of 10 mN associated with a loading and unloading rate

of 0.4 mN/s (resolution of force was 1 nN). Ten indents were taken on each specimen.

Nanoindentation measurements of PAA membranes were caarried out at Industrial re-

search and consultancy center (IRCC), IIT Bombay.
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Chapter 3

FABRICATION OF POROUS ANODIC
ALUMINA MEMBRANES: OPTIMIZATION
OF GROWTH PARAMETERS

This chapter provides a set of optimization conditions for growth of highly ordered

porous anodic alumina (PAA) membranes. Influence of anodization parameters such as

anodization duration and electrolyte concentration on the growth mechanism of PAA

membranes were studied in detail. Also, it discusses the nanopore arrangement of PAA

membranes using 2D fast Fourier transform analysis.

3.1 INTRODUCTION

In general, porous anodic alumina (PAA) membranes were prepared by two-step an-

odization process. During second-step anodization of Al, the pores are preferentially

nucleated at concaves and grooves on the surface, where the local electric field appears

to be higher (Poinern et al., 2011), (Li et al., 1998). Therefore it is important to en-

sure large areas on the Al surface which are flat and microscopically smooth (free from

trenches, hillocks, etc.). In order to ensure good pore ordering and surface quality of

the final PAA membranes, standard pretreatments are employed, such as thermal an-

nealing and electropolishing. Thermal annealing of Al foils allows formation of large

grains and wide flat areas on the surface of Al (Masuda et al., 1997). Electropolishing

removes protruding features from the Al surface; in the case of optimal process param-

eters it allows formation of very smooth surface on a big scale (Rauf et al., 2009), (Ma

30



et al., 2009). For thin (a few hundreds of nanometers) Al films such pretreatments are

not applicable. Annealing of such films at high temperatures leads to the growth of

hillocks (Ericson et al., 1991); electropolishing might remove too much material from

the film and even dissolve it completely. Thus, the preferred way of improving the sur-

face quality of thin Al films is the careful control over the deposition parameters which

influence the film microstructure and surface morphology. Structural aspects of PAA,

such as pore diameter and interpore distance depend on the operating conditions such

as the nature of the electrolyte, anodization potential and anodization process duration.

Studies have shown that with increasing anodizing potential, both pore diameter and

inter-pore spacing increase linearly (Chowdhury et al., 2011). The familiar methods

for the structural analysis of PAA membranes involves the study of the fast Fourier

transform (FFT) analysis of scanning electron microscope (SEM) images (Sulka and

Parkola, 2007) of PAA.

3.2 RESULTS AND DISCUSSION

3.2.1 Effect of anodization duration

Figure 3.1 XRD pattern of PAA membranes with Al substrate at 8 ◦C and 18 ◦C

To study the effect of anodization duration on the structural aspects of PAA mem-

branes, anodization was performed at two temperatures, namely 8 ◦C and 18 ◦C. At

each temperature, five PAA membranes were prepared at various anodizing durations,
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such as 2h, 4h, 6h, 8h and 10h. XRD analysis of PAA membranes prepared at an-

odization temperatures 8 ◦C and 18 ◦C were shown in the Figure 3.1. The diffraction

pattern confirms the amorphous nature of alumina along with the peaks related to the

aluminium substrate (Choudhari et al., 2012). All of these membranes exhibit a high-

Figure 3.2 SEM top-view micrographs (a, c and e ), their cross-sectional images (b, d
and f) of PAA membranes formed in 0.3 M oxalic acid at 8 ◦C at different anodization
durations such as 2 h, 6 h and 10 h for both steps.

intensity peak in the 2θ range 45.76◦, which is a characteristic of anodic aluminium

oxide (400) and matches with JCPDS data (02-1421). PAA membranes obtained with

6h anodization at 8 ◦C and with 2h anodization duration at 18 ◦C showed XRD peaks at

78.44◦ and 38.61◦ related to Al, corresponding to (311), (111) planes respectively and

match with JCPDS data (01-1180). The Energy dispersive X-ray spectroscopy (EDX)

analysis of the PAA membranes at 8 ◦C and 18 ◦C was carried out and tabulated in Table

3.2.1, indicating the presence of oxygen and Al elements. It was observed from EDX of
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PAA membranes, that for 2h anodization duration at 18 ◦C, the Al atomic percentage is

higher compared to those PAA membranes obtained with other anodization durations.

As can be seen from the Table 3.2.1, it was observed that, with increasing anodization

duration, there was a decrease in oxygen atomic percentage when synthesized at 8 ◦C

and increase for that which was synthesized at 18 ◦C. In contrast, Al atomic percentage

increased with increasing anodization duration at 8 ◦C and it decreased at 18 ◦C. Typ-

ical SEM top-view micrographs of the PAA membranes grown at 8 ◦C and 18 ◦C with

anodization potential of 40 V were shown in Figure 3.2 (a, c and e) and Figure 3.3 (a, c

Figure 3.3 SEM top-view micrographs (a, c and e ), their cross-sectional images (b, d
and f) of PAA membranes formed in 0.3 M oxalic acid at 18 ◦C at different anodization
durations such as 2 h, 6 h and 10 h for both steps.

and e). In all these cases, thick and hexagonally organized pores were observed. Larger

pore dimensions were observed when anodization was performed at 18 ◦C. These obser-

vations are also in agreement with the reported values (Stepniowski and Bojar, 2011).
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Further, it was observed that the PAA growth rate varied with the anodization duration.

Figure 3.2 (b, d and f) and Figure 3.3 (b, d and f) shows the cross-sectional images

of PAA membranes prepared at 40 V under 8 ◦C and 18 ◦C respectively. These SEM

micrographs directly give the pore depth, i.e., PAA film thickness, 85, 87, 92 µm for 2,

6, 10h at 8 ◦C and 81, 89, 94 µm for 2, 6, 10h at 18 ◦C respectively. With increasing

anodization duration, the thickness of PAA membranes increased from 85 µm to 92 µm

at 8 ◦C and from 81 µm to 94 µm at 18 ◦C. This is due to the fact that, the oxide growth

rate increases with increasing anodization time (Stepniowski et al., 2014c). In the Fig-

ure 3.2 and Figure 3.3 SEM micrographs of PAA membrane pores were asymmetrical,

however the fast Fourier transforms and their radial averages allow estimation of the

pore arrangement.

Table 3.2.1 SEM EDX data of PAA membranes prepared under different anodization
durations at 8 ◦C and 18 ◦C

Element 2h 8 ◦C 6h 8 ◦C 10h 8 ◦C 2h 18 ◦C 6h 18 ◦C 10h 18 ◦C
(At%) (At%) (At%) (At%) (At%) (At%)

O2 54.06 52.24 52.88 50.68 53.58 53.90
Al 45.94 47.76 47.12 49.32 46.42 46.10

3.2.2 Effect of electrolyte concentration

Figure 3.4 shows the typical XRD analysis of the free standing PAA membranes pro-

duced using oxalic acid in different electrolyte concentrations (0.1-0.9 M). All the mem-

branes provide a similar response to XRD measurements and no sharp diffraction peaks

were observed from any specific crystallographic plane of the PAA. Therefore, XRD

patterns in Figure 3.4 clearly show that the prepared alumina membranes were amor-

phous (Khan et al., 2013). A small peak was observed in PAA at an angle 26.3◦, related

to carboxyl impurities (carbon content), which occurs in the growth of alumina, and this

correspond to (1 1 1) plane matching with JCPDS data (75-0444). Figure 3.5 shows the

top view SEM micrographs (0.1-a, 0.3-c, 0.5-e, 0.7-g, and 0.9-i) of the PAA fabricated

using oxalic acid by varying electrolyte concentration from 0.1 to 0.9 M under a con-

stant anodization potential of 40 V. It was observed that, the concentration of oxalic

acid has significant influence on the morphology and regularity of the pore arrange-
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Figure 3.4 XRD pattern of the PAA obtained at different electrolyte concentration (0.1-
0.9 M)

ment. When the electrolyte concentration was 0.1 M, the orientation and organization

of the cells were not in a uniform order. The hexagonal shape was distorted and pores

were not circular. As the concentration of the electrolyte increases from 0.1 to 0.3 M,

pore arrangement and cell organization improved considerably. Further, when the con-

centration was increased to 0.7 and 0.9 M, the hexagonal pore array was retained, but

long-range order was disturbed. This can be attributed to growth rate and volume ex-

pansion of aluminium oxide that increased with the increasing electrolyte concentration

(Voon and Derman, 2013). Cross-sectional images (0.1-b, 0.3-d, 0.5- f, 0.7-h and 0.9

M-j) of the PAA at different electrolyte concentrations were shown in the Figure 3.5 and

these results show that oxide layer thickness increases with the concentration of oxalic

acid for 0.1 and 0.3 M electrolytes. In order to obtain relevent structural parameters,

the alumina layer thickness and growth rate of PAA were obtained by the following

equations (Senbahavalli et al., 2016)

Thickness =
W2−W1

Density of aluminium
×Specimen area (3.2.1)

where W1 and W2 represents the weights of the specimen before and after anodiza-

tion.
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Figure 3.5 SEM top-view micrographs (a, c, e, g and i), their cross-sectional images
(b, d, f, h and j) of PAA membranes formed in 0.3 M oxalic acid at 18 ◦C at different
electrolyte concentrations such as 0.1, 0.3, 0.5, 0.7 and 0.9 M.
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Figure 3.6 Thickness and growth rate as a function of electrolyte concentration for PAA
obtained at 0.1 to 0.9 M.

Growth rate =
Thickness

Anodization time (min)
(3.2.2)

Effect of electrolyte concentration on the formation and properties of PAA was stud-

iedby varying the concentration between 0.1 and 0.9 M under a constant potential of

40 V for second step anodization duration of 2h. The thickness and growth rate as a

function of electrolyte concentration was shown in the Figure 3.6. In this study, the

maximum thickness (49.25 µm) and growth rate (0.41 µm/min) was observed for 0.3

M oxalic acid. This is due to the inner movement of oxygen (O2−) or hydroxide ions

(OH−) towards the Al/oxide interface that increased with increasing the electrolyte in

the electrolytic bath. These anions react with the cations (Al3+) that are moving out-

wards from the Al surface. It was noticed that the thickness and growth rate of PAA

decreased, on further increasing the electrolyte concentration from 0.4 to 0.9 M. This is

because of more amount of hydroxide ions are produced in the electrolytic bath which

acidified the electrolyte near the anodic area. Based on these results, it was concluded

that highly ordered uniform porous membranes could be obtained by 0.3 M of oxalic

acid at 40 V for an optimum second step anodization duration of 120 min. The thickness

and growth rate data of all PAA were tabulated in Table 3.2.2.

37



Table 3.2.2 Thickness and growth rate data of PAA membranes obtained at different
electrolyte concentrations (0.1-0.9 M)

PAA (M) Thickness (µm) Growth rate(µm/min)
0.1 5.78 0.04
0.3 49.25 0.41
0.5 45.4 0.37
0.7 38.59 0.32
0.9 29.77 0.24

3.3 PORE PARAMETERS (Dp, Di, α and n)

A complete study of the structural features of PAA membranes was performed using

SEM micrographs. All collected measurements of the interpore distance and pore di-

ameters calculated from SEM top-view micrographs for different anodization duration

processes were divided into seven systems covering the whole series. Figure 3.7 and

Figure 3.8 show the distribution images of the interpore spacings (Di) and pore diam-

eter (Dp) determined from SEM top-view micrographs. The major part of the PAA

membrane shows the pore diameter among 61 nm to 69 nm at 18 ◦C and 64 to 73 nm at

8 ◦C. Alternatively, the interpore spaces are in the range of 103.5 to 100.2 nm at 8 ◦C

and 104 to 100.1 nm at 18 ◦C. Additionally, pore density and porosity were calculated

using data obtained from Image-J analysis software. The effect of anodization duration

on pore diameter and interpore spaces of nanoporous alumina obtained by anodization

at 8 ◦C and 18 ◦C is shown in Figure 3.9. It was observed that the anodization dura-

tion affects the pore diameter and linear associations between the pore diameter and

anodization duration (Figure 3.9).

A slight decrease of the interpore distance was noticed with an extension of the an-

odization duration. This was caused by the increase in the uniformity of pore structure

array with the increase of the anodization duration (Zaraska et al., 2009). A gradual

improvement in the regularity of the pore system to the perfect hexagonal array is ob-

served with increasing duration of anodization time. The average pore diameter of

anodic alumina was calculated by taking 1000 pores from each SEM micrographs for

various anodizing durations. Figure 3.9a shows the distribution diagram of anodization
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Figure 3.7 Pore diameter and interpore distance distribution of PAA membranes pre-
pared for different anodization durations, 2h (a) pore diameter (b) interpore distance,
4h (c) pore diameter (d) interpore distance and 6h (e) pore diameter (f) interpore dis-
tance at 8 ◦Cand 18 ◦C.
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Figure 3.8 Pore diameter and interpore distance distribution of PAA membranes pre-
pared for different anodization durations, 8h (a) pore diameter (b) interpore distance
and 10h (c) pore diameter (d) interpore distance at 8 ◦C and 18 ◦C

Figure 3.9 The influence anodizing duration on the pore diameter (a) and interpore
distance (b) of porous anodic alumina films formed in 0.3M H2C2O4 for 2h, 4h, 6h, 8h
and 10h at 8 ◦C and 18 ◦C
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duration with the pore diameter (Dp, eq.no 1.4.1)of PAA membranes formed in 0.3M

H2C2O4 at 2h, 4h, 6h, 8h and 10h at 8 ◦C and 18 ◦C. It was observed that the pore

diameter is linearly dependent on anodizing time. The effect of anodizing duration on

the interpore distance (Di, eq.no 1.4.2) of porous anodic alumina formed in 0.3M ox-

alic acid at different anodization durations at 8 ◦C and 18 ◦C was shown in Figure 3.9b.

It was found that interpore distance linearly decreased with the increase of anodization

duration. The average interpore distance of PAA membranes prepared for 2h, 4h, 6h, 8h

and 10h using two-step anodization process was estimated from SEM top-view images.

However, it may be noted that a little lower (Di) values were noticed for the anodization

performed at 18 ◦C. The structural data of PAA membranes were given in Table 3.3.1,

Table 3.3.2, Table 3.3.5 for 8 ◦C and Table 3.3.3, Table 3.3.4 Table 3.3.6 for 18 ◦C. The

other important aspects often used for the explanation of structural characterization of

porous anodic alumina are the wall thickness (W , eq.no 1.4.3) and the barrier layer (B,

eq.no 1.4.5) thickness.

The dense behavior of the barrier layer indicates the direct electrochemical depo-

sition of metals into the pores of PAA templates. For all the anodized samples, these

results were recorded in Table 3.3.5 and Table 3.3.6. The data in Table 3.3.5 show that

neither W nor B depends considerably on the anodization duration. Figure 3.10a, 3.10b

show the variation of barrier layer thickness and wall thickness with anodization dura-

tion. Increase of the thickness of W and B was noticed at high temperature as a result

of the advanced field-assisted dissolution of aluminum oxide at the oxide/electrolyte

interface. Production of a porous aluminum oxide layer using self-organized two-step

anodization of aluminum results in PAA membranes with the dielectric oxide film at

the pore bottoms, this barrier layer elimination is regarded as a significant step towards

the creation of a through-hole porous template for nanofabrication (Lee et al., 2006).

Owing to the fact that the interpore distance (Di) is directly related to the anodizing

potential, the pore density (n) should increase with increasing anodization duration. As

can be noticed, these results show that pore density increases with increasing anodizing

duration (Figure 3.11a) for all the temperatures which we have investigated. The effect

of anodization duration on the porosity (α , eq.no 1.4.4) of PAA membranes fabricated
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Figure 3.10 The influence anodizing duration on the wall thickness (a) and barrier layer
thickness (b) of porous anodic alumina films formed in 0.3M H2C2O4 for 2h, 4h, 6h, 8h
and 10h at 8 ◦C and 18 ◦C

by a two-step anodization process in 0.3M oxalic acid for 2h, 4h, 6h, 8h and 10h at

8 ◦C and 18 ◦C is shown in Figure 3.11b. The results in Figure 3.11b show that the

Figure 3.11 Anodizing duration influence on the pore density (a) and porosity (b) of
porous anodic alumina films formed in 0.3M H2C2O4 for 2h, 4h, 6h, 8h and 10h at 8 ◦C
and 18 ◦C

porosity of anodic alumina increases with increasing anodization duration, when an-

odizing was carried out for 2h to 10 hours. The porosity decreases from 42% to 39%

with increasing anodizing temperature from 8 ◦C to 18 ◦C for 10h duration. The pore

diameter increases with the duration of the anodization process and it may be due to the
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Figure 3.12 Effect of the anodization duration on the proportionality constant λp be-
tween the pore diameter and applied anodizing potential.

continual chemical action of the electrolyte on the Al2O3. Alumina was dissolved by

the acidic electrolyte and longer contact of the PAA with oxalic acid results in highly

developed alumina utilization by the electrolyte. At higher temperature, the rate of reac-

tion between pore walls and the electrolyte is enhanced. Further, it may be pointed out

that the proportionality constant (λp) is linearly dependent on the temperature and for

the longer anodizing duration the slope of the curve rises significantly. For anodization

carried out for 2h to 10h, λp varies from 1.6 to 1.8 at 18 ◦C and 1.5 to 1.7 at 8 ◦C as

shown in Figure 3.12. The proportionality constant data for all these PAA membranes

were tabulated in Table 3.3.5 and Table 3.3.6.

Table 3.3.1 Pore diameter and interpore distance of PAA membranes using SEM micro-
graphs and the software Image-J, for different anodization durations carried out in 0.3
M oxalic acid at a temperature of 8 ◦C.

Sample Duration (h) Pore diameter (nm) Interpore distance (nm)
SEM Image-J SEM Image-J

A1 2 72± 6 63 ± 4 107±6 101±7
A2 4 64±5 62±5 102±5 103±5
A3 6 67±7 66±4 101±5 102±4
A4 8 65±7 68±5 103±7 106 ±5
A5 10 63±6 69±5 100±8 104±5

43



Table 3.3.2 Porosity and Pore density of PAA membranes using the SEM micrographs
and the software Image-J, for different anodization durations carried out in 0.3 M oxalic
acid at a temperature of 8 ◦C.

Sample Duration (h) Porosity (%) Pore density (10×10cm−2)
SEM Image-J SEM Image-J

A1 2 40 35 1.00 1.13
A2 4 35 32 1.10 1.08
A3 6 39 37 1.13 1.10
A4 8 36 37 1.08 1.02
A5 10 35 39 1.15 1.06

Table 3.3.3 Pore diameter and interpore distance of PAA membranes using the SEM
micrographs and the software Image-J, for different anodization durations carried out
in 0.3 M oxalic acid at a temperature of 18 ◦C.

Sample Duration (h) Pore diameter (nm) Interpore distance (nm)
SEM Image-J SEM Image-J

A1 2 62± 4 61 ± 5 101 ±7 104±6
A2 4 70±5 67±4 103±4 108±5
A3 6 74±4 71±5 105±5 102±4
A4 8 67±7 70±5 104±7 101 ±5
A5 10 70±5 71±5 100±8 103±4

Table 3.3.4 Porosity and Pore density of PAA membranes using the SEM micrographs
and the software Image-J, for different anodization durations carried out in 0.3 M oxalic
acid at a temperature of 18 ◦C.

Sample Duration (h) Porosity (%) Pore density (10×10cm−2)
SEM Image-J SEM Image-J

A1 2 34 31 1.13 1.06
A2 4 37 34 1.08 0.98
A3 6 44 43 1.04 1.10
A4 8 37 43 1.06 1.13
A5 10 44 42 1.15 1.08

Table 3.3.5 Barrier layer thickness, wall thickness and proportionality constant of PAA
membranes using the SEM micrographs and the software Image-J, for different an-
odization durations carried out in 0.3 M oxalic acid at a temperature of 8 ◦C.

Sample Duration (h) Barrier layer thickness Wall thickness Proportionality constant
(B) (nm) 8 ◦C (W) (nm) 8 ◦C (λp) 8 ◦C

A1 2 62± 4 101 ±7 1.607
A2 4 70±5 103±4 1.680
A3 6 74±4 105±5 1.777
A4 8 67±7 104±7 1.805
A5 10 70±5 100±8 1.845
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Table 3.3.6 Barrier layer thickness, wall thickness and proportionality constant of PAA
membranes using the SEM micrographs and the software Image-J, for different an-
odization durations carried out in 0.3 M oxalic acid at a temperature of 18 ◦C.

Sample Duration (h) Barrier layer thickness Wall thickness Proportionality constant
(B) (nm) 18 ◦C (W) (nm) 18 ◦C (λp) 18 ◦C

A1 2 61 ± 5 104±6 1.527
A2 4 67±4 108±5 1.606
A3 6 71±5 102±4 1.664
A4 8 70±5 101 ±5 1.718
A5 10 71±5 103±4 1.747

3.4 FAST FOURIER TRANSFORM (FFT) BASED ANAL-
YSIS OF PORE REGULARITY

The regularity of the pore array in the PAA membrane is quantitatively investigated by

using 2D FFT pattern of the SEM micrographs. This is very effective in establishing

the effect of anodization conditions on the symmetry of pore distributions. FFT im-

ages for PAA membranes were generated from the image software using WSxM (http:

//www.nanotec.es.), which give the periodicity of the pores in the inverse space showing

the lattice points for the corresponding SEM images of PAA. It reveals the periodicity

of the pore distribution, such as, (i) six distinct points or six-fold symmetry for the

highly ordered pore distributions, (ii) the disc shape for disordered pore structure, and

(iii) a ring for ordered periodicity with non-uniform pore size. The effect of anodization

conditions based on their regularity profile is discussed below.

3.4.1 Effect of anodization duration

The fast Fourier transforms (b, e and h at 8 ◦C and b, e and h at 18 ◦C) and their radial

averages (c, f and i at 8 ◦C and c, f and i at 18 ◦C) of PAA membranes at different

anodization durations were shown in the Figure 3.13 and Figure 3.14. A quantitative

calculation, based on radial averages, shows a small increase of the averaged regularity

ratio with an increase of anodization duration from 2h to 6h at 8 ◦C and decrease from

8h to 10 h. At 18 ◦C, a decrease of average regularity ratio with an increase of anodiza-

tion duration from 2h to 10h is observed. The effect of anodization duration on the

alumina pore ordering at 8 ◦C and 18 ◦C is shown in the Figure 3.15. In this case, the
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regularity ratios (R, eq.no 1.5.1) were calculated from the FFT intensity profiles (Figure

3.13 c, f, i and Figure 3.14 c, f, i). The regularity ratio changes with time in a quite

asymmetrical manner. Certainly, anodization duration for both the first step and the

second step is the same, so the longer the anodization time means the longer first step

of anodization. It has been formerly shown that if the first step of anodization duration

Figure 3.13 SEM top view micrographs, 2D FFT images and average profiles of the
FFT radius of PAA formed 0.3 M of H2C2O4 for 2h (a, b and c), 6h (d, e and f), and 10
h (g, h and i) at 8 ◦C.

is longer, the final nanoporous array would be better (Stepniowski et al., 2011). Overall,

the increase of average regularity ratio with anodization duration was observed and at

low temperature, regularity ratio values were found to be larger compared with those at

higher temperatures. It may be noted that, the highest regularity ratio was observed for

PAA membranes, obtained for 6h anodization at 8◦C and 2h anodization at 18◦C.
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Figure 3.14 SEM top view micrographs, 2D FFT images and average profiles of the
FFT radius of PAA formed 0.3 M of H2C2O4 for 2h (a, b and c), 6h (d, e and f), and 10
h (g, h and i) at 18 ◦C.

Figure 3.15 Average regularity ratio vs anodization duration (2, 4, 6, 8 and 10h)at 18 ◦C
and at 18 ◦C.
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3.4.2 Effect of electrolyte concentration

Figure 3.16 SEM top view micrographs, 2D FFT images and average profiles of the
FFT radius of PAA formed with 0.1 M (a, b and c), 0.3 M (d, e and f), 0.5 M (g, h and
i), 0.7 N (j, k and l) and 0.9 M (m, n and o) of H2C2O4 under a constant anodization
potential of 40 V
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The electrolyte concentration was also influenced by the regularity of the pores in

the anodization process. Figure 3.16 indicates the 2D FFT images (0.1-b, 0.3-e, 0.5-h,

0.7-k and 0.9 M-n) and average FFT radius profiles (0.1-c, 0.3-f, 0.5-i, 0.7-l and 0.9 M-

o) of SEM images of PAA membranes obtained at different electrolyte concentrations.

In the case of 0.3 M oxalic acid, the periodicity of the pores is high and due to this

six distinct spots on the FFT spectrum was observed (Sulka et al., 2010) (Sulka and

Stepniowski, 2009). The periodicity of the pores decreases with increasing electrolyte

concentration from 0.5 to 0.9 M. Because of this disordered ring shape of FFT spectrum

was observed. But in the case of 0.1 M, thick ring shape FFT image reveals the low

periodicity of the pores. Moreover the quantitative investigation was carried out in order

to obtain deeper understanding of the regularity of pore arrangement.

Figure 3.17 The regularity ratio as a function of electrolyte concentration (0.1-0.9 M)
for PAA formed under a constant potential of 40 V

A moderately higher intensity of radial profile was observed in the case of 0.3 M

electrolyte concentration. Regularity ratio (R, eq.no 1.5.1) as a function of electrolyte

concentration is shown in the Figure 3.17. From the above results, it was concluded

that the better arrangement of pores in the PAA membranes was possible in 0.3 M (Fig-

ure16e) oxalic acid. Below and above this optimal concentration, a significant decrease

of the pore regularity was observed. Regularity ratios of PAA membranes obtained in

different electrolyte concentrations were tabulated in Table 3.4.1.
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Table 3.4.1 Regularity ratios of PAA membranes obtained at different electrolyte con-
centrations (0.1-0.9 M)

PAA (M) Regularity ratio (a.u)
0.1 3.17
0.3 6.46
0.5 3.97
0.7 4.18
0.9 3.64

3.4.3 Conclussions

1. The effect of process parameters such as anodization duration and electrolyte con-

centration on pore parameters of PAA membranes were studied systematically.

2. Increasing of anodization duration causes the changes in pore dimensions. This

was due to the increase in the uniformity of pore structure array with the increase

of the anodization duration.

3. Increasing electrolyte concentration also shows the changes in pore dimensions

from 0.1 to 0.3 M. This can be attributed to growth rate and volume expansion of

aluminium oxide which increases with increasing electrolyte concentration.

4. The nanopore arrangement was calculated based on the FFT images using WSxM

software. From the FFT analysis, it was revealed that the better nanopore ar-

rangement was possible for an optimal anodization duration of 6h and electrolyte

concentration of 0.3 M.
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Chapter 4

MECHANICAL PROPERTIES OF POROUS
ANODIC ALUMINA MEMBRANES

This chapter discusses the mechanical properties of PAA membranes, such as hardness

and Youngs moduli using micro and nanoindentation techniques. The effect of porosity

and regularity ratio of pores on mechanical properties of PAA membranes were studied

in detail.

4.1 INTRODUCTION

Presently, great attention is paid to the manufacturing of well-organized membranes

based on porous materials, such as the PAA membranes. These are being used to

produce nano structured surfaces on a large scale. The chemical structure of PAA

membranes are usually composed of four layers (Romero et al., 2014). In general,

the presence of these two layers and the existence of various crystallographic phases

after annealing the samples above 800 ◦C (Dehnavi et al., 2014) influence the mechan-

ical stability of PAA. Hardness and Youngs moduli can be varied to a large extent by

varying the anodizing (Aerts et al., 2007) conditions. The surface properties of the

PAA membranes make anodized aluminium products suitable for a broad array of ap-

plications, including their use in the aerospace industries, architectural applications and

packaging. In several of these applications an important role is played by the mechan-

ical properties like wear resistance and hardness (Ngan, 2005). In fact, the mechanical

response of macroscopic honey comb structures has raised a lot of research interest in
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the mechanics community (Lu et al., 2002). By varying the indentation depth, change

in elastic modulus and hardness of PAA membranes formed in oxalic acid were already

reported (Xia et al., 2004). However the mechanical properties of PAA membranes

synthesized using sulphuric acid as electrolyte have been much less investigated.

In the present work, the anodizing of polished samples was carried out in two dif-

ferent electrolytes, such as 0.3 M oxalic acid at 40 V and 0.3 M of sulphuric acid at

20 V for 6h, and then the formed oxide layer was eliminated by etching the samples

in a mixture of 1.8 wt% H2CrO4 and 6 wt% H3PO4 acid at 60 ◦C. The foils were then

anodized with similar conditions as those of the first step for 6h. After the second step

anodization, pore widening was performed using 5 wt% of H3PO4 for 30 min at room

temperature.

4.2 RESULTS AND DISCUSSION

4.2.1 Micro indentation

Figure 4.1 shows the FE-SEM (a and f), cross-sectional views (b and g), fast Fourier

transforms (c and h), radial averages (d and i) and surface roughness (e and j) images

of anodic alumina membranes obtained using oxalic and sulphuric acid as electrolytes

at a temperature of 8 ◦C. From Figure 4.1, it was noticed that highly ordered hexagonal

pores were produced in both oxalic and sulphuric acids. Closer analysis of the pores

tells us that they are round in shape with a porosity of 26.40% and 10.37% with a pore

diameter of about 60 nm and 23 nm for oxalic and sulphuric acids, respectively. Results

indicate that pores are arranged in uniform order and organized into a honey comb

like-array structure in both oxalic and sulphuric acid cases (Figure 4.1a-c and 4.1f-h).

The intensity of the radial averages calculated for whole FFT is higher in oxalic acid

(Figure 4.1d) as compared with that for sulphuric acid (Figure 4.1i). This may be due to

better array of pore arrangement in oxalic acid (Stepniowski et al., 2014b). The average

surface roughness of PAA membranes estimated using WSxM software, for oxalic acid

was ∼ 38 nm (Figure 4.1e) and for sulphuric acid ∼ 14 nm (Figure 4.1j) respectively.
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Figure 4.1 FE-SEM images (a, f), cross-sectional images (b, g), fast Fourier transforms
(c, h), radial averages (d, i) and average surface roughness (e, j) of PAA membranes
obtained in 0.3 M oxalic and 0.3 M of sulphuric acid at 8 ◦C.
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The alumina layer thickness of PAA membranes used in our study was measured about

47 µm and 41 µm for oxalic and sulphuric acids, respectively. These values are about

more than 4 times the nano-indentation depth. Vickers hardness was estimated using

the eq.no 2.5.1 (Tsyntsaru et al., 2014) discussed in the second chapter. In this study,

the forces were set as 0.98 N and 9.8 N. The evaluated hardness values at 0.98 N were

0.22 GPa and 0.47 GPa for oxalic and sulphuric acids respectively. Micro hardness of

PAA membranes changes with porosity and an increase of porosity in oxalic acid causes

decrease in hardness (Tsyntsaru et al., 2014).

Figure 4.2a and Figure 4.2e shows the SEM image of an indenter of the PAA using

a Vickers indenter with a load of 0.98 N for oxalic and sulphuric acids. These images

reveal that the pores (Figure 4.2b and Figure 4.2f) were crushed during the indentation.

Figure 4.2c (oxalic acid) and Figure 4.2g (sulphuric acid) show the SEM image of PAA

using a Vickers indenter with a load of 9.8 N. When load is about 9.8N, the alumina

structure undergoes a fracture along the pore wall. It may be noted that the crack is near

to the indent and an arrow mark illustrates that surface ring cracks are generated within

the Vickers indentation in oxalic acid case. Figure 4.2d is the higher magnified image

of crack formed in oxalic acid (Figure 4.2c), in which the gap between the two arrow

marks illustrates that the crack flow through the nano porous anodic alumina. Small

arrow and bigger arrow marks in Figure 4.2g indicate that the cracks are generated from

the corners of the Vickers indentation pattern and the higher magnified image of crack

produced in sulphuric acid is shown in Figure 4.2h. Compared with PAA membranes of

sulphuric acid, more cracks were generated in those of oxalic acid, with the application

of 9.8 N load due to the increase in pore diameter and increase in porosity was observed

by SEM analysis.

4.2.2 Nanoindentation

Figure 4.3 shows the corresponding AFM topographic images of nanoindentation im-

prints in samples prepared in oxalic (Figure 4.3a) and sulphuric acids (Figure 4.3d) after

indentation. Surface height profiles of residual Berkovich indents (Tan and Cheetham,
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Figure 4.2 SEM micrographs of the indent mark of the PAA using Vickers Indenter
and corresponding morphologies after applying loads at the edge of the indented PAA
formed using sulphuric acid:0.98 N (a ,b) and 9.8N(c, d) and oxalic acid:0.98 N (e, f)
and 9.8 N (g, h) at 8 ◦C
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2011) for oxalic acid (Figure 4.3b) and sulphuric acid (Figure 4.3e) cases made on

the three directions of PAA membranes can be seen. The strain hardening behavior

of PAA membranes were represented by red, green and blue arrows respectively along

the diagonals of the indenter. Green color direction exhibits higher value of the pile-

up developed around the indentation in both oxalic acid (Figure 4.3c) and sulphuric

acid (Figure 4.3f) cases. PAA membranes formed in oxalic acid case exhibits the least

amount of pile-up compared with sulphuric acid case around the indentation. This is

because in sulphuric acid case lower elastic deflection and surface roughness tend to

exhibit more pile-ups, ranging from 50-150 nm.

SEM images of the nanoindentation imprints for PAA membranes from oxalic acid

(Figure 4.3g) and sulphuric acid (Figure 4.3i) are shown in the Figure 4.3. Figure 4.3h

and Figure 4.3j show the indented images attained by applying a load of 10 mN for ox-

alic and sulphuric acid cases. From Figure4.3, it can be noted that, no cracks were seen

near or surrounding of the imprint in oxalic and sulphuric acid cases. This may be due to

the intrinsic structure of PAA and also due to the difference in other parameters affect-

ing the growth rate of PAA (Ng et al., 2009). The high-magnification images (Figure

4.3j) show that minor cracks are actually formed in sulphuric acid. It was attributed to

the strain induced owing to the difference in pore sizes (Li and Huang, 2007b). PAA

membranes formed in oxalic acid do not show any sign of cracking. It was observed

that, no cracks on PAA were produced in oxalic acid, when comparing with those pro-

duced in sulphuric acid, even though they had a larger pore size. This may be due to the

differences between the structural composition of PAA produced in sulphuric and ox-

alic acids. Figure 4.4 shows the corresponding load penetration depth curves for PAA

membranes formed in oxalic and sulphuric acids respectively. Load verses indenter

displacement shows a smooth behavior during indentation test. The indentation pene-

tration displacement was increased with increasing load (Figure 4.4a) and the indenter

displacement was not the same for oxalic and sulphuric acid PAA membranes during

loading time. It was noticed that the indenter did not penetrate in sulphuric acid case, as

much as it did in oxalic acid for maximum load. As a result, PAA membranes formed in

56



Figure 4.3 AFM topographic images of nano indentation imprints in oxalic acid (a) and
sulphuric acid (d) after indentation. Surface height profiles of residual Berkovich in-
dents made on the three directions of PAA membranes (Oxalic acid: b, c and Sulphuric
acid: e, f). SEM images typical Berkovich of the nano indentation imprints and in-
dented images obtained by applying a load of 10mN for oxalic acid (g, h) and sulphuric
acid (i, j).
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oxalic acid appears to be better capable to survive a state of deformation (Samantilleke

et al., 2013). This nature is attributed to the change of pore sizes in PAA membranes

that are attained by varying the anodization process parameters. At the beginning of

the loading process in oxalic and sulphuric acid nanopore walls crush with one another

(Fang et al., 2007), causing a little pop-in behavior (Figure 4.4b).

The elastic deflection (hel , eq.no 2.5.2 ) of the anodic alumina at the maximum load

with negligible of pile-up is measured using Oliver and Pharr formula (Oliver and Pharr,

2004). The plot of contact depth verses elastic deflection of the material surface is given

in Figure 4.4. Results indicate that surface elastic deflection of the PAA membranes

increases slowly with indenter displacement in both oxalic and sulphuric acid cases.

In oxalic acid case (Figure 4.4c) elastic deflection increases linearly with applied load,

but in sulphuric acid (Figure 4.4d) not in a linear manner, due to low porosity of PAA

membranes obtained in sulphuric acid. On the other hand, the magnitude of the contact

depth (hc) also increased with indenter displacement (hi) in oxalic and sulphuric acids

for the same applied load. It can be noted that, for small loads below 3 mN, the contact

depth increases quickly as a result of the crash of the nanopore walls (Samantilleke

et al., 2013).

In order to examine the mechanical properties further, we studied the hardness (Hν ,

eq.no 2.5.3) and Youngs moduli (E, eq.no 2.5.4) of PAA membranes obtained in oxalic

and sulphuric acids. The hardness and the E moduli of the PAA membranes for indenta-

tion depths of about 50-350 nm were 3 GPa to 6 GPa and 80 GPa to 110 GPa for oxalic

acid; 5GPa to 10 GPa and 120 GPa to 160 GPa for sulphuric acid respectively. Nano

mechanical features of PAA membranes obtained in oxalic and sulphuric acids are tabu-

lated in Table 4.2.1, Table 4.2.2, Table 4.2.3 and Table 4.2.4. A plot of the hardness and

E moduli as a function of applying load for oxalic and sulphuric acids is shown in the

Figure 4.4. The hardness and E moduli decreases with increasing applied load up to 4

mN and then remains almost constant from 4 mN - 10 mN. PAA membranes show quite

a similar trend for hardness (Figure 4.4e) and E Moduli (Figure 4.4f) as a function of

the applied load, in oxalic and sulphuric acid case apart from small loads, where there is
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Figure 4.4 Load-displacement curves of the PAA membranes formed in Oxalic and Sul-
phuric acid (a, b). The surface elastic deflection, contact depth and indenter displace-
ment as a function of the applied load for PAA membranes in oxalic (c) and sulphuric
acid (d). Hardness (e) and E Modulus (f) as a function of load (Pmax) for PAA mem-
branes prepared in oxalic and sulphuric acids.
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a huge dispersion. This is because of small difference in the porosity percentage of the

PAA membranes formed in oxalic and sulphuric acids (Ng et al., 2009). The hardness

Table 4.2.1 Nano mechanical analysis of PAA membranes formed in oxalic acid

Load Contact depth Stiffness constant Maximum displacement
Pmax(m/N) hc (nm) S(µm/nm) hmax (nm)

1 61.6 49.8 76.9
2 101.9 71.8 123.4
3 131.7 87.1 158.0
4 160.1 99.0 190.5
5 186.2 112.6 219.6
6 204.8 125.7 240.6
7 230.5 132.1 270.4
8 265.5 151.2 282.1
9 242.2 151.4 300.5

10 260.9 189.5 311.2

and the E moduli of the PAA membranes formed in oxalic acid is less compared with

those formed in sulphuric acid, because of lower porosity and regularity ratio of PAA

in sulphuric acid (Ng and Ngan, 2012). Residual mechanical stresses and differences in

the structure of PAA are reasons for the low values of hardness and youngs moduli in

oxalic acid case.

Table 4.2.2 Hardness and Young’s moduli of PAA membranes formed in oxalic acid

Load Hardness Young’s Modulus
Pmax(m/N) (GPa) (GPa)

1 5.79 101.59
2 4.92 106.41
3 4.61 99.87
4 4.27 95.77
5 4.25 93.86
6 4.03 91.37
7 4.02 90.70
8 3.91 89.52
9 3.76 85.97
10 3.70 85.85
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Table 4.2.3 Nano mechanical analysis of PAA membranes formed in sulphuric acid.

Load Contact depth Stiffness constant Maximum displacement
Pmax(m/N) hc (nm) S(µm/nm) hmax (nm)

1 51.8 60.2 64.4
2 70.4 82.2 88.8
3 96.6 93.3 120.9
4 102.8 101.4 125.7
5 115.7 115.3 142.0
6 137.3 115.9 170.1
7 142.7 126.2 172.6
8 157.6 149.2 193.7
9 160.2 140.7 192.4

10 197.3 171.0 237.9

Table 4.2.4 Hardness and Young’s modulus of PAA membranes formed in sulphuric
acid.

Load Hardness Young’s Modulus
Pmax(m/N) (GPa) (GPa)

1 7.81 146.68
2 7.78 142.93
3 7.70 139.88
4 7.53 138.80
5 7.26 136.18
6 6.63 128.81
7 6.48 128.77
8 6.40 128.77
9 6.35 127.06
10 6.01 124.28

4.2.3 Conclusions

1. Highly ordered hexagonal array of PAA membranes were prepared using oxalic

and sulphuric acids as electrolytes at 8 ◦C. Regularity ratio of PAA membranes

was more in oxalic acid than in sulphuric acid, because of uniformity of pore

arrangement obtained in oxalic acid.

2. Micro hardness of PAA membranes produced in sulphuric acid is high, due to the

difference between structural composition of PAA formed in oxalic and sulphuric

acids. The pile-up developed around the indent in PAA membranes formed in

sulphuric acid is more pronounced. This was caused by lower surface roughness

and elastic deflection of PAA formed in sulphuric acid. Nanoindentation does
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not reveal any major crack formation in PAA membranes prepared in oxalic and

sulphuric acids.

3. The hardness-contact depth analysis indicates that for oxalic and sulphuric acids,

hardness decreases with increasing applied load. However, the corresponding

hardness remains nearly constant at high loads (4 mN). Youngs modulus and nano

hardness of PAA in sulphuric acid is higher compared with those of oxalic acid

cases. This was attributed to the low porosity and regularity of pores obtained in

sulphuric acid.
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Chapter 5

OPTICAL PROPERTIES OF POROUS
ANODIC ALUMINA MEMBRANES

This chapter illustrates the optical analysis of PAA membranes using UV-Visible and

Photoluminescence techniques. The effect of growth parameters such as anodization

duration and electrolyte concentration on optical properties of PAA membranes were

studied in detail.

5.1 INTRODUCTION

In recent years, a great scientific attention has been focused on the porous materials with

ordered nanopore arrays, due to their potential applications as membranes in synthesis

of nanostructured materials (Jessensky et al., 1998). Among the different nanomateri-

als used to develop optical sensing platforms, PAA has gained increasing interest during

the last few years as a result of its interesting physical and chemical properties. (Santos

et al., 2014). PAA has been preferred as a suitable material for manufacturing optical

nanoscale devices (Liu et al., 2008) (Ye et al., 2011) due to their unique optical proper-

ties. Furthermore, studies on photoluminescence (PL) properties of PAA have attracted

considerable attention recently, because these membranes could be used as photonic

crystals (Li et al., 1999), humidity sensors (Nahar and Khanna, 1998), cathodes for

organic light emitting diodes (Kukhta et al., 2002) etc. Over the past decades, many ef-

forts have been made to explain the PL mechanism and the nature of PL centers in PAA

membranes (Li and Huang, 2007a). In these works, one suggests that F+ centers, are
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associated with the oxygen vacancies (Du et al., 1999). Further, F centers which are also

attributed to oxalic impurities get incorporated into PAA structure during the anodiza-

tion process (Li et al., 2003). The maximum peak intensity and position of PL curve

depends on anodizing parameters and generally the PL curve of PAA is a Gaussian-like

shape (bell structure).

In the present study, Anodization was carried out with a constant potential of 40 V by

varying the electrolyte concentration from 0.1 to 0.9 M with a step of 0.1 M at 18 ◦C.

First step anodization was carried out for 12h. The aluminium oxide obtained during

the first step anodization was removed by chemical etching in the bath containing 6 wt%

H3PO4 and 1.8 wt% H2CrO4 at 60 ◦C for 2h. Next, samples were re-anodized at the

same anodic conditions for 2h. Finally, to remove the remaining part of the aluminium

substrate, the sample was etched in a saturated CuCl2 solution.

5.2 RESULTS AND DISCUSSION

Figure 5.1a shows the optical absorption spectra of the oxalic and sulphuric alumina

and results indicated that optical absorption was high in oxalic alumina compared with

sulphuric alumina. The bandgap energy of PAA membranes estimated from UV-Visible

absorption spectra using the Tauc’s relation (Laatar et al., 2016),

(αhν)1/n = A(hν−Eg) (5.2.1)

Where Eg is optical bandgap, hν is incident photon energy, A is a constant parameter

independent of photon energy, α is absorption coefficient and n is a constant which

depends on the type of the transition between valance band and conduction band, for

amorphous materials the value of n is 2 (Kim et al., 2000). The plot of (αhν)2 as a

function hν(eV) is shown in the Figure 5.1b. The calculated bandgap energy values

for PAA membranes were found to be 3.7 and 4.3 eV for oxalic and sulphuric alumina

respectively. Decrease in band gap energy in oxalic alumina compared with sulphuric

alumina may be due to more absorption defects and oxalic impurities in oxalic alumina

(Majid et al., 2013), (Vrublevsky et al., 2014). Moreover, the incorporation of cations

and anions into oxides during anodic oxidation of metals also causes the change in the
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Figure 5.1 UV-Visible absorption spectra (a) and plot of (αhν)2 verses hν(eV) of PAA
membranes for oxalic and sulphuric alumina.

band gap of oxalic alumina (Stepniowski et al., 2016). The reflectance spectra of the

PAA membranes were shown in the Figure 5.2. The reflectance increases gradually and

smoothly from blue region to red region of the spectrum, the interference band with

Figure 5.2 Reflectance spectra of PAA membranes obtained in oxalic and sulphuric acid
solution.

maximum reflectance in the visible region shows a red shift in both oxalic and sul-

phuric alumina. The most significant factor for the red shift is the increase of thickness

of PAA membranes according to the calculations obtained from Braggs relation (Sha-

ban, 2016), (Chen et al., 2007) which indicates that the wavelength of the maximum

reflection increases with increasing film thickness. The reflectance spectra between

400-800 nm was also shown in the Figure 5.3 (Inset). Moreover, the coordinates of

the PAA membranes were estimated using the international commission on illumina-
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tion (CIE) 1931 and color functions are represented in Figure 5.3. The Chromaticity

coordinates calculated for oxalic and sulphuric alumina were x=0.3476, y=0.3371 and

x=0.3476, y=0.3369 respectively. The higher intensity reflectance peak was observed

Figure 5.3 CIE chromaticity diagram for reflectance spectra in (a) oxalic and (b) sul-
phuric alumina.

in the red region in sulphuric and oxalic alumina. It was also confirmed by the CIE

analysis of reflectance spectra for oxalic (Figure 5.3a) and sulphuric (Figure 5.3b) alu-

mina. The maximum number of interference reflections were more in oxalic alumina

compared with sulphuric alumina, due to lower thickness of alumina in sulphuric acid

solution. The PL spectra of the PAA membranes obtained in oxalic and sulphuric acid

electrolytes were shown in the Figure 5.4. It was inferred that PAA membranes exhibit

a broad luminescence in the blue region (300-600 nm).

To study the dependence of blue PL band on the pore array of alumina, the asym-

metric PL spectra can be assumed to be Gaussian (Huang et al., 2005), and it could be

divided into two sub-bands without deviations, as shown in the Figure 5.4a, 4b. Two

Gaussian components of emission peaks, one at lower energy side corresponding to op-

tical transitions in the F centers (oxygen vacancy with two electron), whereas another

one at higher energy side originating from F+ centers (oxygen vacancy with one elec-

tron) were found in oxalic and sulphuric alumina. The maximum emission intensity for

oxalic and sulphuric alumina were at 483 and 466 nm, which are near to middle of the

blue region. On the other hand lower emission intensity for oxalic and sulphuric alu-
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mina are at 423 and 421 nm, which are near to beginning of the blue region. Therefore,

it is necessary to highlight that in spite of various electrolytes, spectra of these mem-

branes do not coincide in position. From this it may be concluded that, the luminescence

Figure 5.4 PL spectra with Gaussian, separated into two sub-bands in oxalic (a) and sul-
phuric (b) alumina. Chromaticity diagram for PL spectra in (c) oxalic and (d) sulphuric
alumina.

of anodic alumina depends on the type of the acid in electrolyte solution. Chromaticity

analysis of PL spectra for oxalic and sulphuric alumina was shown in the Figure 5.4.

The chromaticity coordinates obtained for oxalic (Figure 5.4c) and sulphuric (Figure

5.4d) were x=0.1951, y=0.2033 and x=0.2075, y=0.2483 respectively. From Figure

5.4, it was observed that the maximum PL intensity of oxalic and sulphuric alumina

have blue emission color. The intensity of PL peak is lower for sulphuric alumina than

for membranes obtained in oxalic alumina. This could be due to presence of oxalic

impurities in the structure of PAA in oxalic acid (Tao et al., 2003). The structural and

optical analysis data was tabulated in Table 5.2.1 and Table5.2.2.
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Table 5.2.1 Structural analysis of PAA membranes formed in oxalic and sulphuric acids

Sample Pore diameter Interpore distance Porosity Wall thickness
(nm) (nm) % (nm)

OA 64 122 25 29

SA 34 69 22 17

Table 5.2.2 PL data of PAA membranes formed in oxalic and sulphuric acids

Sample λ F+(λ1) F(λ2)

(nm) (nm) (nm)
OA 428 423 483
SA 436 421 466

5.3 EFFECT OF ANODIZATION DURATION

To study the effect of anodization duration on the photoluminescence properties of the

PAA membranes, PL spectra for PAA membranes obtained for 2h, 6h, and 10h dura-

tions at two different temperatures (8 ◦C and 18 ◦C) were shown in Figure 5.5. All the

spectra of Figure 5.5 were attained at 325 nm excitation wavelength in order to investi-

gate the optical transitions. It may be pointed out that from Figure 5.5, with an increase

in the anodization duration the emission spectrum of the PAA membranes was broad-

ened and shifted in the direction of shorter wavelength side (Nourmohammadi et al.,

2012). Significant widening and shifting in the direction of UV region were noticed

for PAA membranes with 10h anodizing time at 8 ◦C. Thus, it was inferred that an in-

crease in anodizing time by 10h assisted in the creation of the optically active oxygen

positions with sub band gaps which were out of the visible range. This event decreases

the emission behaviour of the PAA membranes in the visible area. The locations of all

Gaussian emissions of PAA membranes formed at 18 ◦C were shown by a blue shift.

In Figure 5.5a, the greatest emission intensity (labeled as band 1) for 2h, 6h and 10h at

18 ◦C are at 483, 469 and 470 nm respectively, which are near to the middle of the blue

region. However, the lower emission intensity (labeled as band 2) for 2h, 6h and 10h

are 425, 421 and 426 nm which are near to the beginning of the blue region.
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Figure 5.5 PL spectra of the PAA membranes obtained using anodization of Al foils in
0.3M oxalic acid at 8 ◦C and 18 ◦C under different anodization durations of 2h (a, b),
4h (c, d) and 10h (e, f) respectively. Each spectrum can be Gaussian separated into two
sub bands, which are shown in thick lines and labeled as 1 and 2.

On the other hand, the greatest emission intensity (labeled as band 1) for 2h, 6h and

10h at 8 ◦C are 419, 434 and 419 nm respectively, which are near to the beginning of

the blue region. However, the lower emission intensity (labeled as band 2) for 2h, 6h
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and 10h are 397, 404 and 396 nm which are somewhat near to the UV region. All the

measured values are tabulated in Table 5.2. For the membranes which are anodized for

10 h at 8 ◦C, a low emission peak is observed at 396 nm which is somewhat near to the

UV region. This confirms the broadening of the electronic sub-band spacing because

of the oxygen positions during a long time anodization (Nourmohammadi et al., 2012).

After the formation of the pores in PAA, pore growth takes place in a steady state man-

ner was reported (O’sullivan and Wood, 1970). In this arrangement, the porous Al2O3

Figure 5.6 Effect of anodization duration on F/F+ ratio at 8 ◦C and 18 ◦C (a), relation-
ship of F/F+ ratio and regularity ratio at 8 ◦C (b) and 18 ◦C (c)

layer thickness increases with time, and no major growth take place in its arrangement.

It might be inferred that an increase in anodization duration would alone increase the

PL line intensities. Further, a significant blue shift is noticed in all the PL emissions

with an increase in the anodization duration (Figure 5.5). This shift is due to the longer

duration (10 h) of voltage application influencing the sub-band electronic spacing in the

anodic oxide layer. Additionally, the PL spectrum is gradually widened with increasing
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anodization duration from 2h to 10h (see peaks 1 to 2 Figure 5.5 b, d, f). It can be as-

sumed that these emissions were initiated from F+ centers, which occur in the main part

of the amorphous PAA membranes formed in the oxalic acid. Figure 5.6a shows the plot

between anodization duration and the PL intensity ratio of F and F+ centers (F/F+).

From the Figure 5.6a, it was noticed that the F/F+ ratio increases as the anodization

duration increases from 2h to 6h, and then decreases as the anodization duration further

increases to 10 h at 8 ◦C. But in the case of those PAA membranes synthesized at 18 ◦C,

an increasing anodization duration from 2h to 10 h, F/F+ ratio decreases. F/F+ ratio

is closely related to the regularity ratio of PAA, F+ and F centers might be present in

the pore walls and barrier layers of PAA (Chin et al., 2015). It is easier for PAA to ob-

tain free electrons from anions (OH−and O2−) in the electrolyte with higher regularity

ratio, which increases the possibility for the conversion of F+ to F centers. This was

considered to be the reason for the increased concentration of F centers relative to that

of F+ centers. This idea could explain the observed trend where F/F+ ratio increases

with the regularity ratio of PAA, at 8 ◦C (Figure 5.6b) and at 18 ◦C (Figure 5.6c).

Table 5.3.1 PL data analysis of PAA membranes. The maximum peak positions of the
PAA membranes (λ ), band1 (λ1) and band2 (λ2) are presented.

Temp (◦C) Anodization duration (h) λ (nm) λ1 (nm) λ2 (nm)
8 2 419 397 419
8 6 424 404 434
8 10 419 396 419

18 2 469 425 483
18 6 446 421 469
18 10 435 426 470

5.4 EFFECT OF ELECTROLYTE CONCENTRATION

Figure 5.7 shows the optical absorbance spectra of the PAA obtained by varying elec-

trolyte concentration, which was measured using UV-Vis photometer at room temper-

ature. Absorbance was found to slightly shift towards the higher wavelength side with

increasing electrolyte concentration. The maximum absorbance occurs for PAA ob-

tained in 0.1 M and minimum for those which were formed in 0.5 M electrolyte con-
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centration. Results show that, with increasing electrolyte concentration the oxalic acid

solution features showed different optical absorbance behaviour, among them only one

absorbance band appeared (Figure 5.7). It was revealed that the H2C2O4 with different

concentrations would have different existing forms in water (Tao et al., 2003). There-

fore, it was reasonable to infer that for all PAA (0.1-0.9 M), there are several kinds

of incorporated oxalic impurities with different existing forms, having different optical

transition probability and activity (Figure 5.7). The band gap energy of PAA calculated

using Taucs relation (Qurashi, 2013), for 0.1, 0.3, 0.5, 0.7 and 0.9 M of PAA were 3.68,

3.20, 2.79, 2.75 and 2.75 eV respectively. To evaluate the effect of electrolyte con-

Figure 5.7 UV-Visible spectra of PAA membranes at diffrent electrolyte concentrations
(0.1-0.9 M)

centration, the PL wavelength spectra of the PAA obtained in oxalic acid at different

electrolyte concentrations (0.1-0.9 M) were shown in the Figure 5.8. All the spectra of

Figure 5.8 were formed at 320 nm excitation wavelength of a Xe lamp, PAA formed

in 0.3 M shows a strong peak in the blue region. These results indicate that electrolyte

concentration has a strong influence on the light-emitting property of the PAA. It was

noticed that, the intensity of PL peak was maximum for 0.3 M oxalic acid, as compared

with PL peaks for other electrolyte concentrations (0.1, 0.5, 0.7 and 0.9 M). It was

found that the microstructural features of the membranes formed in different electrolyte

concentrations was different. Different electrolyte concentration can lead to different

anodic current during anodization (Zhou et al., 2012). This affects the local environ-
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ment of the oxygen positions, hence slight changes in the PL peaks of the membranes

formed at different electrolyte concentrations. According to the previous studies, the

presence of oxygen positions (F,F+) were considered to be responsible for observed

Figure 5.8 PL spectra of the PAA membranes obtained at different electrolyte concen-
trations (0.1-0.9 M) (a) under a constant potential of 40 V and Gaussian analysis of
PAA membranes at 0.1 (b), 0.3 (c), 0.5 (d), 0.7 (e) and 0.9 M (f).

PL in the anodic alumina (Liu et al., 2009). In order to investigate the origins of the

73



PL peak in alumina, each PL peak is studied using Gaussian fitting analysis (Figure

5.8b-5.8f). The PL spectra attained in all these cases were divided into two Gaussian

distributions. Besides these two bands, a small peak was observed at 350 nm for all

membranes. This may be due to oxalic impurities (C2O2−
4 ) incorporated into the PAA

during the anodization process. These ions can partly replace the O2− in the oxide as

substitutions or impurities during anodization, which can be transformed into lumines-

cent centers because of self-organization the pores (Tao et al., 2003). PL intensity of

the two bands varies with electrolyte concentration, representing two bands having dif-

ferent origins. The shift of the PL peak positions varies with electrolyte concentration,

maximum for 0.7 M (84 nm) and minimum for 0.1 M (35 nm) between two bands (1

and 2) shown in the Figure 5.8. This shift cannot be caused by one type of defect center

but arises from different defect centers existing in PAA.

The peaks at high energy side (2.85 eV- 0.5 M) correspond to F+ center (labeled

as -1) oxygen position with one electron and low energy side (2.44 eV- 0.7 M) is re-

lated to the F (labeled as -2) oxygen position with two electrons. The intensity of these

two peaks varies with the electrolyte concentration of oxalic acid. This suggests that

the relative densities of F and F+ centers have an affinity to increase or decrease cor-

respondingly with increase of the electrolyte concentration of the oxalic acid. The PL

intensity of F+ centers (0.1-423, 0.3-412, 0.5- 423, 0.7-431 and 0.9 M-430 nm) varies

with electrolyte concentration which are in violet region, where as F centers of 0.7, 0.9

M are 499, 492 nm which are near to green region and 0.1 , 0.3, 0.5 M are 476, 447, 477

nm which are in blue region. It was clearly visible in the chromaticity diagram analysis

of PAA in the Figure 5.8a-5.8c).

Moreover, the coordinates of the PAA estimated using the international commission

on illumination (CIE) 1931 (Yang et al., 2014) and color functions are represented in

Figure 5.9(a-c). The chromaticity coordinates were calculated for λmax, λ1 (F-center)

and λ2 (F+-center) all the membranes obtained at 0.1, 0.3, 0.5, 0.7 and 0.9 M respec-

tively under an excitation wavelength of 320 nm. It was observed that all the samples

have blue emissions color. In the case of F+ centers, PL peaks for PAA obtained in 0.7

and 0.9 M appeared near to red region. At low concentrations (0.1-0.3 M), density of F
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centers is larger, due to lower currents and further oxygen positions trap two electrons.

Whereas at higher concentrations (0.5- 0.9 M), density of F+ centers is large, because

of large currents and oxygen positions trap only one electron. Hence, the distribution

of two kinds of defects in the membranes were different for different samples. The

Figure 5.9 CIE chromaticity diagram for (a) maximum wavelength (max), (b) F+ cen-
ters, (c) F centers for PAA obtained at different electrolyte concentrations and (d)
Defect-distribution model of PAA.

concentration of F centers is more on the surface, followed by gradual decrease with

decrease in the pore wall thickness. The condition for F+ centers is just reversed. Our

results show that, PL peak position of F and F+ centers varies in asymmetric manner

with electrolyte concentration, indicating that the distribution of defects in the mem-

branes is inhomogeneous (Huang et al., 2003). This represents the presence of F and

F+ centers on the pore walls of PAA. From PL spectra of PAA, the values of F and F+

centers were noticed in Table. 3.
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Figure 5.10 Effect of electrolyte concentration on F/F+ ratio of PAA membranes.

The PL intensity ratio (F/F+) plotted as a function of electrolyte concentration to

study the competition in the charge carrier transport between the F+ transition and F

transition centers is shown in Figure 5.10. The F/F+ ratio is maximum for 0.3 M,

further increasing electrolyte concentration to 0.7 M, the PAA shows a large reduction

in this ratio. This may be due to intensity of F+ centers increasing with electrolyte

concentration as compared with F centers. The plot of regularity ratio verses PL in-

tensity ratio of F/F+ is shown in the Figure 5.11. The conversion of F+ to F centers

Figure 5.11 Relationship of regularity ratio and F/F+ ratio PAA membranes.
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increases with high regularity ratio (0.3 M), because it is easier for PAA to obtain free

electrons from anions (O2− and OH−) in the electrolyte with high regularity ratio and

these centers are present at pore walls (F+) and barrier layers (F) of PAA (Chin et al.,

2015). From the illustration, it is obvious that F/F+ ratio increases with the regularity

ratio from 0.1 to 0.3 M, and then decreases from 0.5 to 0.9 M. These results may be

quite useful for the structural tuning ability to control over the PL properties of alumina

membranes. PL and regularity ratio of PAA membranes were presented in the Table

5.4.1 and Table 5.4.2.

Table 5.4.1 PL data of PAA membranes for different electrolyte concentrations (0.1-0.9
M)

Electrolyte concentration (M) λmax (nm) F(λ1) (nm) F+(λ2) (nm)
0.1 435 423 476
0.3 425 412 447
0.5 434 423 477
0.7 443 431 499
0.9 439 430 492

Table 5.4.2 PL and regularity ratio analysis data of PAA membranes for different elec-
trolyte concentrations (0.1-0.9 M)

Electrolyte concentration (M) F/F+ Regularity ratio (a.u) PL Intensity (a.u)
0.1 0.888 3.17 949902
0.3 0.921 6.46 1106567
0.5 0.886 3.97 646630
0.7 0.863 4.18 533141
0.9 0.877 3.64 401919
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5.4.1 Conclussions

1. The absorption spectra of PAA slightly moves towards higher wavelength side

with increasing electrolyte concentration. PAA membranes obtained in oxalic

acid exhibit asymmetric luminescence band within 300-600 nm wavelength range

in blue region. Gaussian analysis of this spectrum show two sub bands originating

from two types of oxygen-deficient centers.

2. Increased anodization duration widens the PL spectra and reduces the PL be-

haviour of PAA membranes in the visible region. This spectrum was divided

into two sub-bands by Gaussian analysis, originating from two kinds of oxygen-

deficient centers, F+ and F centers respectively.

3. F/F+ ratio of PAA membranes attained highest value for 6h anodization duration

at 8 ◦C and for 2h anodization duration at 18 ◦C. F/F+ ratio increased with the

regularity ratio of PAA, which might be due to its improved capability to accept

free electrons from electrolyte followed by conversion of F+ centers to F centers.

4. Two PL emission bands could be observed from PAA formed in different elec-

trolyte concentrations at 420 (F+) and 470 nm (F), PAA grown by 0.3 M in oxalic

acid has the highest F/F+ ratio. In addition to these bands, a small peak was ob-

served at 350 nm, this may be due to oxalic impurities incorporated into the PAA

during the anodization process. F/F+ ratio increases with RR of PAA from 0.1

to 0.3 M and then decreases. This is due to its enhanced capability to obtain free

electrons allowing F+ centers to get converted into become F centers.
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Chapter 6

GROWTH OF DIFFERENT
NANOSTRUCTURES USING PAA
MEMBRANES

This chapter illustrates the applications of alumina based nanostructures. It begins

with the wettability analysis of alumina nanostructures and also it discuss the synthesis

of metal nanostructures such as copper and silver nanowires grown on alumina mem-

branes using electroless deposition method.

6.1 INTRODUCTION

Now a days, the fabrication of surfaces with special wettability, as well as super hy-

drophobicity, has attracted great research attention because these surfaces have high

potential for use as self-cleaning surfaces in micro fluidics and droplet based technolo-

gies (Barberoglou et al., 2010). A surface is called super hydrophobic when the effective

contact angle (CA) of a liquid water droplet with the surface exceeds 150◦ and, on the

other hand, super hydrophilic when the CA is smaller than 10◦ (Yuan and Lee, 2013).

For the fabrication of super hydrophobic materials, a low surface energy material is

regularly merged with a surface having hierarchical geography at the nanometer and/or

micrometer scale. In recent years, solids with nanometre-scale pores have become well-

known members for producing super hydrophobic surface due to their inherent surface

roughness (Tasaltin et al., 2011). Surface wettability property is considered to be man-

aged by both the chemical composition and geometrical arrangement of solid surfaces
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(Feng et al., 2002). The correlation between the structural attributes and the surface

wettability of PAA arrays with changing anodization and pore widening duration was

studied.

Metallic nanowires are a subject of relevant interest due to their promising applica-

tions in nanosensors, nanoactuators, and nanocarriers (Yan et al., 2011), (Yao et al.,

2008). The high aspect ratio of metallic nanowires confer them outstanding properties

and enhanced versatility promoting applications in diverse fields. Metallic nanowires

can play an important role in the middle scale of 10-200 nm to connect molecular scale

devices to the macroscale world (Pena et al., 2000), and to connect elements in nano-

electronics, due to rapid decrease in size of electronic devices. In the present study,

synthesis of metallic nanostructures such as Ag and Cu inside the pores of PAA mem-

branes were studied in detail.

6.2 WETTABILITY ANALYSIS

6.2.1 Effect of anodization duration

To understand how the interfacial features influence the introduction of water molecules

on PAA, it is necessary to carry out a careful study of the nature of the liquid-solid in-

terface. Here, the contact angle (CA) has been used as an evaluation of wetting between

a liquid and a solid surface (Redon et al., 2005). With increasing anodization duration,

the average pore diameter and the surface porosity of PAA membranes was found to in-

crease. With increasing pore diameter contact angle varies in a linear manner. Initially

the water drop is able to go into the pores, with increasing pore size, However gradu-

ally air is trapped in the pores leading to the higher contact angle (Leese et al., 2013).

To study the effect of the anodization duration on the wetting of PAA membranes in

detail, we measured the CA for PAA membranes for different anodization durations

such as 2h, 6h and 10h at 8 ◦C and 18 ◦C. Figure 6.1 shows the wettability behaviour

of PAA membranes formed at different anodization durations. From Figure 6.1, it is

to be noted that, PAA membranes show hydrophilic nature with contact angles 70.40◦,
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76.08◦ and 74.85◦ for 2h, 6h and 10h respectively at 8 ◦C. In addition, PAA membranes

prepared at 18◦C also show hydrophilic nature with contact angles 74.03◦, 79.53◦ and

78.07◦ respectively for 2h, 6h and 10h. Surface free energy of PAA membranes were

measured using Youngs equation (γS, eq.no 2.4.2) (Rudawska and Jacniacka, 2009) and

these calculated values are given in Table 6.2.1. Surface energy values vary from 32.45

Figure 6.1 Shows contact angle measurement images of PAA membranes obtained at
different anodization durations. (a) 2h, (c) 6h, (e) 10h at 8 ◦C and (b) 2h, (d) 6h, (f) 10h
at 18 ◦C.

to 28.95 mJ/m2 for PAA membranes obtained at 8 ◦C and it varies from 29.59 to 26.50

mJ/m2 for PAA membranes prepared at 18 ◦C. It was noticed from the above calcu-

lated surface energy values that with increasing anodization duration there is not much
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variation in the surface energy values. These PAA membranes are in fact high energy

solid materials which may be used for coloring and coating applications.

Table 6.2.1 Surface energy values of the obtained PAA membranes.

Temp. Anodization Surface energy Pore diameter Contact angle
(◦C) duration (h) (mJ/m2) (nm) (◦)

8 2 32.45 64 70.40
8 6 28.00 71 76.08
8 10 28.95 73 74.85
18 2 29.59 61 74.03
18 6 25.41 66 79.53
18 10 26.50 69 78.07

6.2.2 Effect of pore widening duration

To study the effect of a pore widening on the wetting properties of PAA membranes,

we etched the PAA membranes in 5wt% phosphoric acid at 30 ◦C. In the present study

PAA membranes were prepared using oxalic and sulphuric acid as electrolytes with an-

odizing potential of 40v and 20 V at 8 ◦C. The wetting of the PAA surfaces is largely

dependent on the surface porosity (Buijnsters et al., 2013). With increasing pore widen-

ing duration, the pore wall thickness decreases and as a result of both the average pore

diameter and the surface porosity increase. The pore widening results in a shift of

the contact angle (CA) toward higher values for PAA membranes. To examine the ef-

fect of the pore opening on the wetting of PAA in more detail, we varied the etching

time (60 min, 120 min) and the resulting oxide membranes were studied. Figure 6.2

shows the wettability behaviour of PAA membranes formed at different pore widen-

ing durations. The measurement on water contact angles (CA) at room temperature

are recorded in the Table 6.1. From Figure 6.2, it was evident that, PAA membranes

show hydrophilic behaviour with contact angle 21.50◦ and 21.30◦ for sulphuric acid

and oxalic acid respectively without pore widening. Furthermore with increasing pore

widening duration from 0 min to 120 min contact angles varies from 21.50◦ to 54.02◦

for sulphuric acid and to 21.30◦ to 72.07◦ for oxalic acid showing hydrophilic nature. In

addition, PAA membranes prepared using oxalic acid show hydrophilic behaviour and

sulphuric acid shows super hydrophilic nature with contact angles 17.04◦ and 6.00◦ in
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Figure 6.2 Contact angle measurement images of PAA membranes formed at different
pore widening durations: Without pore widening (a). Sulphuric acid and (b). Oxalic
acid; 1 hr pore widening (c). Sulphuric acid and (d). Oxalic acid; 2 hr pore widening
(e). Sulphuric acid and (f). Oxalic acid; In acetone medium (g) Sulphuric acid (h)
Oxalic acid.
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acetone medium. The surface energy of the PAA membranes was then calculated from

Youngs equation (γS, eq.no 2.4.2) (Rudawska and Jacniacka, 2009). It showed variation

between 45.23 to 68.67 mJ/cm2 for sulphuric acid and 30.69 to 66.69 mJ/cm2 for ox-

alic acid respectively (Table 6.1). From the wettability studies in acetone medium, the

surface energy values for oxalic acid was found to be 68.67 and for sulphuric acid 71.39

mJ/cm2 respectively. From the CA images and the obtained values of contact angle,

we can notice that the contact angle is directly influenced by the surface structure of the

film.

Table 6.2.2 Contact angle data for PAA membranes formed in 0.3 M of oxalic and
sulphuric acid at different pore widening durations.

Pore widening (min) Contact angle (◦) Surface energy (mJ/cm2) Pore diameter (nm)
SA OA SA OA SA OA

0 21.50 21.30 66.87 66.96 18 52
60 32.15 37.03 61.19 58.04 28 62
60 6 (Ace) 17.04 (Ace) 23.56 22.67 28 62
120 54.02 72.07 45.23 30.69 38 68

6.3 SILVER NANOPARTICLES

PAA membranes were prepared using two-step anodization process. The remaining

aluminium substrate was removed using saturated CuCl4 solution after the pore widen-

ing process. Then 0.5 M of silver nitrate solution was injected into the pores of PAA

membrane and dried at room temperature. Finally the membrane was annealed with a

heating rate of 40 ◦C/min, at 500 ◦C for 4h. Figure 6.3a shows the FE-SEM micrograph

of PAA membranes formed in 0.3 M of oxalic acid by two-step anodization process and

the corresponding cross sectional image is shown in Figure 6.3b. Hexagonal array of

pores were obtained with an average diameter of about 60 nm and interpore distance

134 nm. The circular pores are distributed on the entire surface, uniform pore size and

highly ordered pore arrangement was observed over a large area. Moreover to study

the surface morphology, 2D FFT images were generated for PAA and Ag-PAA using

WSxM software (Stepniowski et al., 2014c).
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Figure 6.3 FESEM images (a, e), Cross-sectional image (b), EDAX (f), 2D FFT images
(c, g) and radial averages (d, h) of PAA and Ag-PAA
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Radial average was estimated for each FFT image to measure regularity ratio (RR)

of pores. RR was calculated using the expression (R, eq.no 1.5.1) (Stepniowski et al.,

2014c), the analysis of FFT images indicated that a blurred ring for PAA (Figure 6.3c)

and Ag-PAA (Figure 6.3g). For an ideal hexagonal arrangement of pores, FFT pattern

consists of six points on the ring perimeter. The better arrangement was not observed

in both cases of PAA and Ag-PAA, because of which the shape of FFT pattern was a

blurred ring. It was noticed that intensity of radial average was more in the case of Ag-

PAA (Figure 6.3h) compared with that of pure PAA (Figure 6.3d). Silver nanoparticles

obtained by electroless deposition in 0.5 M of silver nitrate solution was shown in the

Figure 6.3e. Figure 6.3e represents the fact that the Ag nanoparticles were grown inside

the pores of the PAA membrane. These Ag nanoparticles were nearly spherical in shape

and uniformly distributed over a large area of the membrane. In order to further confirm

the existence of silver nanoparticles, the Energy dispersive X-ray (EDX) spectroscopy

of the sample was analyzed. The signal of Ag appeared shown in the Figure 6.3f.

Figure 6.4 XRD pattern of (a) PAA and (b) Ag-PAA.

The signals of Al and O elements were also shown in the EDX pattern. The trace of

carbon element is due to the adsorption of the oxalic acid on the aluminium cathode

(Gan et al., 2016). The atomic ratio of aluminium to oxygen was about 1:2, which was

characteristics of the Al2O3 in the PAA membrane. XRD patterns of PAA (Figure 6.4a)

and Ag-PAA (Figure 6.4a) was shown in the Figure 6.4. The XRD analyses show that

the diffraction peaks of pure Al2O3 with aluminium substrate were located at 40.05◦
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and 45.08◦ corresponding to the planes (2 2 2) and (2 2 0) matching with JCPDS data

(01-1304). These results reveal that as prepared PAA membrane with Al substrate in

oxalic acid was amorphous in nature (Reddy et al., 2016). As shown in the Figure

6.4b, six reflection peaks correspond to the Ag-PAA crystalline were observed. The six

reflection peaks were assigned to diffraction from 2θ = 20.68◦ (1 1 0), 2θ = 30.38◦ (1

2 0), 2θ = 34.75◦ (1 2 1), 2θ = 42.23◦ (0 3 1), 2θ = 60.06◦ (3 2 1) and 2θ = 63.39◦

(0 4 2) planes of Ag-PAA respectively and matched with JCPDS data (21-1070). From

the width of the peak (1 2 1), the diameter of the silver nanoparticles was estimated to

be about 26.78 nm by using Scherrer formula eq.no 2.3.2 (Kumar et al., 2013).

6.4 ALUMINA NANOWIRES

To prepare alumina nanowire (ANW) array, anodization process was carried out in 0.5

M electrolyte concentration, with anodization potential of 40 V and 20 V, duration

of 6 h in both oxalic and sulphuric acid solutions. After the anodization process PAA

membranes were etched in 1 M of phosphoric acid for 45 min. Immediately, the formed

alumina nanowires were annealed in air for 2h at 60 ◦C.

ANW arrays were produced from PAA membranes by chemically etching the sam-

ples in phosphoric acid solution (Han et al., 2007). The schematic illustration of the

formation of the of alumina nanowires was shown in the Figure 6.5. Figure 6.5a

Figure 6.5 Schematic of the formation of the ANW from APA: (a) porous structure
of the APA with triplet point, (b) Thinning of pore walls after dissolution of PAA in
H3PO4 solution, (c) Alumina nanowires formation from triplet points.
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Figure 6.6 SEM micrographs of the ANW formed in sulphuric and oxalic acid with the
dissolution of APA membranes 30 (a, b) and 45 min (c, d) in H3PO4 solution.

shows the PAA membranes with hexagonal array of pores, formed in 0.5 M of ox-

alic acid. During the dissolution of alumina membranes in phosphoric acid, pore walls

linking three neighboring cells (triplet point) undergo thinning as shown in the Figure

6.5b after the dissolution of 10 min. Further increasing etching time from 10 min to

20 min, the thinning walls are broken and triplet points are separated as shown in the

Figure 6.5c. After 30 min, the pore walls are dissolved and only nanowires remaining,

which are generated from triplet points of the pores observed in oxalic (Figure 6.6b)

and sulphuric acid (Figure 6.6a) respectively. Finally, after 45 min dissolution, the PAA

membrane is completely dissolved, dense alumina nanowires were observed in oxalic

(Figure 6.6d) and sulphuric acids (Figure 6.6c) with the same orientation. The thickness

of the PAA membranes can influence the morphology of the alumina nanowire arrays.

The nanowires have uniform diameter with a thickness less than 10 nm, and length is

below 5 µm in oxalic and sulphuric acid, which is related to the original thickness of

alumina membrane. Formation of the ANW corresponds to the splitting of the wall

surroundings of the pores. The number of pores on the surface of the PAA membranes
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is larger, compared with the interface between the PAA membrane and Al substrate in

the first step anodization (Mei et al., 2005). It is inferred that the wall between the

pores is thinner near to the surface as compared with the beneath. Splitting between

the pores is more likely to be near to the surface, because the pore density is high near

to the surface. The number of ANW array depends on the number of pore walls split.

In our studies the number of pore walls splitting is more in sulphuric alumina (Figure

6.6c) as compared with oxalic alumina (Figure 6.6d), due to smaller wall thickness in

sulphuric alumina (17 nm). It may be emphasized that growth of nanostructures on

the PAA membranes without the need to implant materials is the significant feature

of the present work. These alumina nanowires are suitable for applications in various

fields, such as catalyst, electrolytic capacitors and negative electrodes of Li-ion batteries

(Kondo et al., 2016).

6.5 COPPER NANOWIRES

6.5.1 Synthesis of Cu nanowires inside the pores of PAA membranes

Figure 6.7 gives a schematic diagram of copper nanowire array grown in to the pores of

PAA via electroless deposition process. Highly ordered PAA (Figure 6.7a) was obtained

by two-step self-organized anodization process in 0.3 M of oxalic acid with anodization

potential of 40 V. After pore widening of PAA for 30 min in 5 Wt% H3PO4, it was found

that the pore diameter was∼ 68 nm with thickness∼ 110 µm. Removal of barrier layer

using saturated copper chloride solution was shown in the Figure 6.7b. Then 0.5 M of

copper nitrate solution was injected into the pores of free-standing PAA and dried at

room temperature (Figure 6.7c) for 2h. Finally copper nanowires were obtained inside

the pores of PAA after annealing the sample at 60 C for 4h was shown in the Figure 6.7d.

During the annealing time, copper nitrate solution undergo thermal decomposition in

the presence of excess of oxygen leading to the formation of copper nanowires. Thermal

decomposition of copper nitrate solution near to the alumina surface is given below:

2Cu(NO3)2(s)→CuO(s)+4NO2 +O2 (6.5.1)
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Figure 6.7 Schematic of synthesis of Cu nanowires into the pores of PAA. (a) PAA
with highly ordered pores, (b) Free standing PAA film, (c) Electroless deposition of
copper nitrate solution into the pores of PAA and (d) Formation of Cu nanowires. The
corresponding FE-SEM images and variation of color (inset) of the sample for each step
(e, f, g and h) of fabrication of Cu nanowires.
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The conversion of the formed copper oxide into the pure copper nanowires after 4h con-

tinuous annealing was confirmed from the color change (Figure 6.7h) of the sample and

also from the EDX analysis. The corresponding FESEM images of PAA and variation

of color of the sample (Inset) for each step was illustrated in Figure 6.7e, 6.7f, 6.7g and

6.7h respectively. The main advantage of this method is to avoid the complex process

of Al and barrier layer removal prior to deposition.

Figure 6.8 (a) FE-SEM images of copper nanowires grown inside the pores of PAA,
(b) Higher magnified image of randomly oriented Cu nanowires, (c) Variation of cross-
sectional image PAA before and after growth of Cu nanowires and (d) EDX spectra of
Cu nanowires.

Figure 6.8 shows the typical FE-SEM images of free standing Cu nanowires fabricated

into the pores of PAA by electroless deposition method (Ren et al., 2007). Cu nanowires

grown were highly homogeneous in shape, continuous and uniform throughout the sur-

face of the membrane (Figure 6.8a). Higher magnified Cu nanowire (Figure 6.8b) array

reveals that nanowires were randomly oriented on the pores of PAA and tips of the

nanowires aggregated into clumps. The cross-section image of PAA was shown in the

Figure 6.8c. Inset images illustrate the variation of pore wall before and after depo-

sition of Cu nanowires. It was observed that after deposition of Cu nanowires, pore
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wall crushes near to the surface of PAA. The EDX spectra shown in the Figure 6.8d

confirms the existence of Cu. The dimensions of Cu nanowires is consistent with the

average value of pore diameter of PAA. It may be noted that such copper nanowires

have wide ranging applications in gas sensing, field emission and photovoltaic devices,

light emitting diodes and thin film solar cells (Rathmell et al., 2010).

6.5.2 Conclusions

1. Contact angle measurements showed that PAA membranes prepared at differ-

ent anodization durations were hydrophilic in nature and with increasing pore

diameter contact angle varied in a linear manner. Due to increasing pore size,

progressively air is trapped in the pores leading to the higher contact angle.

2. As the pore widening duration was increased, the contact angle was found to

increase in both oxalic acid and sulphuric acids. PAA membranes showed hy-

drophilic properties in both oxalic acid and sulphuric acid in water medium. In

fact, PAA membranes produced in sulphuric acid exhibited super hydrophilic na-

ture which was confirmed through contact angle measurements in the acetone

medium.

3. Silver nanoparticles were grown inside the pore of PAA successfully by electro-

less deposition method. XRD analysis of as PAA shows the amorphous nature,

whereas Ag-PAA shows crystalline nature. UV-Visible analysis of PAA was re-

vealed two absorption bands, but in case of Ag-PAA three absorption bands were

observed.

4. The wall thickness of the pores played a major role in the formation of ANW

array. The number of ANW array obtained in sulphuric alumina was more com-

pared with that obtained from oxalic alumina, due to smaller pore wall thickness

in sulphuric alumina.

5. Copper nanowires were grown into the pores of PAA membranes by electroless

deposition method. Cu nanowires were randomly oriented throught the surface

of the membrane and tips of the nanowires aggregate into clumps.
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Chapter 7

SUMMARY AND FUTURE DIRECTIONS

The conclusions of the thesis and scope for future directions are presented in this chap-

ter.

7.1 SUMMARY

Preparation and Characterization of PAA membranes

• The effect of process parameters such as anodization duration and electrolyte con-

centration on pore parameters of PAA membranes were studied systematically.

• Increasing of anodization duration causes the changes in pore dimensions. This

was due to the increase in the uniformity of pore structure with the increase of the

anodization duration.

• Increasing electrolyte concentration also shows the changes in pore dimensions

from 0.1 to 0.3 M in oxalic acid. This can be attributed to growth rate and volume

expansion of aluminium oxide that increases with increasing electrolyte concen-

tration.

• The nanopore arrangement was calculated based on the FFT images using WSxM

software. From the FFT analysis, it was revealed that the better nanopore ar-

rangement was possible for an optimal anodization duration of 6h and electrolyte

concentration of 0.3 M in oxalic acid.
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Mechanical properties of PAA membranes

• Highly ordered hexagonal array of PAA membranes were prepared using oxalic

and sulphuric acids as electrolytes at 8 ◦C. Regularity ratio of PAA membranes

was more in oxalic acid than in sulphuric acid, due to uniform order of pore

arrangement in oxalic acid.

• Micro hardness of PAA membranes produced in sulphuric acid is high, due to the

difference between structural composition of PAA formed in oxalic and sulphuric

acids. The pile-up developed around the indent in PAA membranes formed in

sulphuric acid is more pronounced. This was caused by lower surface roughness

and elastic deflection of PAA formed in sulphuric acid. However, nanoindentation

does not reveal any major crack formation in PAA membranes prepared in oxalic

and sulphuric acids.

• The hardness-contact depth analysis indicates that for oxalic and sulphuric acid

cases, hardness decreases with increasing applied load. However, the correspond-

ing hardness remains nearly constant at high loads (4 mN). Youngs modulus and

nano hardness of PAA in sulphuric acid is higher compared with those of oxalic

acid cases. This was attributed to the low porosity and regularity of pores ob-

tained in sulphuric acid.

Optical properties of PAA membranes

• The absorption spectra of PAA slightly moves towards higher wavelength side

with increasing electrolyte concentration. In all the cases of PAA membranes ob-

tained in oxalic acid, asymmetric luminescence band within 300-600 nm wave-

length range in blue region were obtained. Gaussian analysis of this spectrum

show two sub bands originating from two types of oxygen-deficient centers.

• Increased anodization duration widens the PL spectra and reduces the PL be-

haviour of PAA membranes in the visible region. This spectrum was divided
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into two sub-bands by Gaussian analysis, originating from two kinds of oxygen-

deficient centers, F+ and F centers respectively.

• F/F+ ratio of PAA membranes attained highest value for 6h anodization duration

at 8 ◦C and for 2h anodization duration at 18 ◦C. F/F+ ratio increased with the

regularity ratio of PAA, which might be due to its improved capability to accept

free electrons from electrolyte followed by conversion of F+ centers to F centers.

• Two PL emission bands could be observed from PAA formed in different elec-

trolyte concentrations at 420 (F+) and 470 nm (F), PAA grown by 0.3 M in oxalic

acid has the highest F/F+ ratio. In addition to these bands, a small peak was ob-

served at 350 nm, this may be due to oxalic impurities incorporated into the PAA

during the anodization process. F/F+ ratio increases with RR of PAA from 0.1

to 0.3 M and then decreases. This is due to its enhanced capability to obtain free

electrons allowing F+ centers to get converted into become F centers.

Wetting properties of PAA membraes

• Contact angle measurements showed that PAA membranes prepared at differ-

ent anodization durations were hydrophilic in nature and with increasing pore

diameter contact angle varied in a linear manner. Due to increasing pore size,

progressively air is trapped into the pores leading to the higher contact angle.

• As the pore widening duration was increased, the contact angle was found to

increase in both oxalic acid and sulphuric acids. PAA membranes showed hy-

drophilic properties in both oxalic acid and sulphuric acids in water medium. In

fact, PAA membranes produced in sulphuric acid exhibited super hydrophilic na-

ture which was confirmed through contact angle measurements in the acetone

medium.

PAA membranes based nanostructures

• Silver nanoparticles were grown inside the pore of PAA successfully by electro-
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less deposition method. XRD analysis of as PAA shows the amorphous nature,

whereas Ag-PAA shows crystalline nature.

• The wall thickness of the pores played a major role in the formation of ANW

array. The number of ANW array obtained in sulphuric alumina was more com-

pared with that obtained from oxalic alumina, because of smaller pore wall thick-

ness in sulphuric alumina.

• Copper nanowires were grown into the pores of PAA membranes by electroless

deposition method. Cu nanowires were randomly oriented throught the surface

of the membrane and tips of the nanowires aggregate into clumps.

7.2 FUTURE DIRECTIONS

• The analysis of structural and optical properties of PAA membranes prepared at

different anodization potentails (10-50 V) and to corelate the results with regular-

ity ratio of PAA membranes.

• Preparation of PAA membranes at different annealing temperatures and to study

the influence of regularity ratio and crystalline phase on the mechanical proper-

ties.

• Fabrication of Ni, Co, Fe and Ag nanowires on the pores of PAA membranes by

chenmical method. The sensing and megnetic properties of these metal nanos-

tructures will be of specific interest.
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