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Chapter 1 
 

Introduction 
 

In the field of advanced materials the importance of nanomaterials has been 

realized due to the interesting characteristics associated with the nano scale dimensions. 

This chapter recounts a brief overview of nanomaterials with particular focus on 

nanowires and porous anodic alumina. Finally, objectives of the work have been outlined.  

1.1 Nanomaterials  

Nanotechnology deals with materials and devices whose structures or 

substructures are in the nanoscale range, i.e., 1-100 nm. Very similar to other advanced 

technical fields, nanotechnology is an interdisciplinary area encompassing physics, 

chemistry, biology, materials, and all disciplines of engineering. The fields of 

nanoscience and nanotechnology flourished during the last two decades with an 

exponential pace. This has been possible because of successful synthesis of a variety of 

nanomaterials in conjunction with the invention of tools for their manipulation and 

characterization.  

The nanostructures could be in the form of nanoclusters, quantum dots, nanowires, 

nanotubes, and nanocrystals. Also in group form the nanostructures are in arrays, 

assemblies, and superlattice structures. Nanomaterials constitute a bridge between 

molecular structures and infinite bulk systems. The distinction of these nanostructures is 

that their physical and chemical properties are quite different from those of molecular 

scale structures and the bulk matter.  

Of particular significance is the size dependence of many properties in 

nanomaterials, for example, an enhancement in strength and hardness of solids; useful 

changes in electrical; high chemical reactivity, possibility of attachment of functional side 

groups for controlled and selective reactivity; control of optical and optoelectronic 

properties [1] by variation of the size and microstructure of the nanoclusters; the 

possibility of creating nanostructures of metastable phases with non-conventional 

properties, including superconductivity and magnetism. 

Nanomaterials exhibit interesting optical properties [2-4]. For instance, 

nanoparticles of noble metals (e.g., Au) exhibit photoabsorption due to surface plasmon 
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excitation. The photoabsorption exhibits shift in wavelength (and a change in color) with 

decrease in particle size (below a critical limit). The semiconductor nanoparticles (e.g., 

Ge and Si) exhibit a blue shift with decrease in particle size that is being exploited for 

more efficient solar devices. A red shift in absorption edge is observed in case of titanium 

oxide with decrease in the particle size. These characteristics offer their applications in 

optoelectronic devices [5, 6]. 

The photoluminescence (PL) of semiconductor, including ZnO, ZnS, In2O3, InN, 

CdS, and InP nanomaterials, have shown that the PL energy peak and band gap increases 

with a decrease in wire diameter, as attributable to enhanced quantum confinement effects 

[7-13]. These nanomaterials have potential applications in nanoelectronics, 

optoelectronics and chemical sensors [14, 15]. 

Nanoparticles exhibit interesting magnetic properties, including 

superparamagnetism with little coercivity when the size decreases below a critical limit. 

The coercivity can, however, be tuned by slight oxidation at the surface. For 1 bit 

corresponding to one single domain particle or a nano-magnet, with controlled diameters 

and periodicities of magnetic nanodots the possibility of ultrahigh density memory of 

1Tbit/in2 has been explored [16, 17].  

Because of extremely high surface to volume ratio and a huge number of atoms 

available at the surface, the nanomaterials exhibit interesting catalytic properties [18]. 

The higher chemical reactivity, in addition to interesting electrical and electronic 

properties make them suitable for the synthesis of sensor devices [19-21]. 

1.1.1  Nanowires 

Nanowires are one-dimensional nanostructures. Their diameter is in the nanoscale 

range, while their length can extend up to several micrometers. Nanowires exhibit 

interesting magnetic, optical, electrical and mechanical properties 

By increasing the aspect ratio of the magnetic materials, i.e., making nanowires of 

iron, nickel and cobalt, the squareness of the magnetic hysterisis loop can be increased 

significantly with associated increase in coercivity and remanance [22-25]. These 

nanowires have potential applications for high density memory devices [26]. The 

magneto-optical (MO) spectra of magnetic nanowires are reported to vary with the 

diameter, clearly deviating from their corresponding bulk counterparts [27-29].  

One of the important areas of application for nanowires is electronics [30, 31]. 

Several semiconductor nanodevices have been fabricated employing nanowires such as 
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junction diode [32], logic and memory circuits [33, 34], transistor, and Field Effect 

Transistors (FETs) [35-37]. The FETs made of nanowires exhibit remarkably modified 

conductance behavior and their operational speed is much faster than that of the bulk 

FETs [38-40].  

The non-linear optical properties of nanowire make them suitable for photonic 

materials [41]. The sharp increase in energy of the absorption peak with the reduction in 

diameter of the nanowires has been exploited to develop optical switches, which are 

capable to operate at lower energy with higher switching speed compared to the known 

switches. The unique electronic band structure and diameter dependent variation in 

electron density state make the nanomaterials potential candidates for various 

thermoelectric applications [42, 43]. The enhanced density of electronic states at the one-

dimensional sub-band edges, due to quantum confinement effects, increases the Seebeck 

coefficient or thermopower, (a measure of the magnitude of an induced thermoelectric 

voltage in response to the temperature difference across the materials) of the metal 

nanowires many fold. It has also been demonstrated that the thermopower of the metal 

nanowires is significantly influenced by the wire diameter and the alloy phase 

concentration [44]. The electronic wave function becomes more localized when the 

diameter of the nanowires is reduced, that is considered to be the major reason for 

exhibiting the thermoelectric properties [45, 46]. The manifold increase in the 

thermopower of nanowires makes them suitable for thermoelectric cooling system and 

energy conversion devices [47]. 

Capable of working at lower electrical energy as compared to the conventional 

sensors, the chemical and biological sensing probes made of nanowires exhibit enhanced 

sensitivity and fast response. Hydrogen sensor from Pd based nanowires have been 

fabricated, exhibiting a rapid reversible decrease in their resistance [48-50]. The pH 

sensor made of Si nanowires has been demonstrated, in which the amine- and oxide-

functionalized Si nanowires exhibit pH-dependent conductance due to the change in 

surface charge by protonation and deprotonation [51]. 
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1.1.2 Synthesis of Nanomaterials  

One of the major challenges with nanostructures is how to prepare them. Many 

methods for preparing nanomaterials have been developed, ranging from physical, 

chemical and electrochemical techniques to lithographic methods [52-54]. Broadly 

speaking, there are two approaches for the synthesis of nanomaterials; top-down and 

bottom-up. In the former approach, materials of ever-smaller dimensions are carved out 

of its bulk size. The bottom up approach consists of growing materials of desired 

composition, size, and shape that is usually accomplished by chemical means. This 

approach is very flexible and usually inexpensive, but it too suffers from significant 

problems, major among them are size and positioning control and throughput. Porous 

nanostructures have attracted a lot of interest due to a template-assisted synthesis of 

nanoparticles, and particularly, the nanowires that are difficult to synthesise otherwise. 

The term “template-assisted synthesis” involves the preparation of a variety of 

nanomaterials with the desired morphology, replicating the shape provided by the 

template [55-57]. In broader sense, template is a structure which forms a network and by 

filling it with the material of desired composition and morphology with subsequently 

dissolving the template provide with the free standing nanostructures. Various porous 

“templates” are employed and the nanostructures are synthesized within their pores by a 

variety of chemical, electrochemical and sol-gel methods. It is less expensive and readily 

scalable to mass production. The diameter, density and length of nanomaterials are easily 

controlled. It also offers the advantages of less contamination. However, there could be 

difficulties in finding appropriate templates with pore channels of desired diameter, 

length and surface chemistry and to remove the template completely without 

compromising the integrity of grown nanomaterials. Among nanoporous materials the 

most interesting are the ones that exhibit ordered porosity. For instance, cylindrical 

nanochannels may extend through the template with two-dimensional hexagonal ordering. 

1.1.3 Template-assisted Growth of Nanowires 

Various porous nanostructures with cylindrical nonpores have been investigated 

extensively for the last two decades. These include track-etched membranes, self-ordered 

porous alumina, self-ordered diblock copolymers [58], self-ordered zeolites (MCM-41) 

[59, 60]. Diblock polymer has been demonstrated as a template for the synthesis of 
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nanostructures of metals and alloys [61-65], semiconductors [66-68], and conductive 

polymers [69]. Among the mesoporous silica the MCM series (MCM-41, MCM-48) [60, 

70-72], containing hexagonal arrays of mesopores has been demonstrated as a template 

for preparation of nanowires.  

Among various templates for the growth of nanowires, the most particular focus 

has been on track-etched membrane and porous anodic alumina.  

1.1.3.1 Track-Etched Membrane as a Template 

Track-etched membranes are formed by passing high energy heavy ions through a 

suitable, dielectric material, most commonly, polycarbonate. The ions passing through a 

straight path causes latent nuclear damage. These cylindrical zones of structural damage 

are extremely reactive than the undamaged material. A suitable chemical can dissolve the 

ion tracks with high selectivity making nanochannels with a diameter of a few tens of 

nanometers. Pore density may approach109 cm-2. The Track-etched membranes have been 

employed for the electrochemical deposition of metallic nanowires [73-75], conducting 

polymer, like polypyrole nanotubes [76-79] and electroless deposition of gold [80]. 

The major demerits of the track-etched membrane include non-uniform diameter 

of the pores and their random distribution. Moreover, the limited availability of high 

energy ion sources hinders its popularity.  

1.1.3.2 Porous Anodic Alumina (PAA) as a Template 

Porous anodic alumina prepared by electrochemical oxidation of aluminum under 

appropriate conditions is one of the most extensively studied porous materials due to its 

unique properties [81-84]. The major advantage of PAA is its easy fabrication, i.e., 

anodizing of aluminum, providing with the pore diameter ranging from 5 to 200 nm with 

a pore density of 1011 to 109 cm-2. It exhibits high thermal and chemical stability for the 

synthesis of nanomaterials in aggressive environments. The hexagonal ordering of the 

pores offers superlattice of the nanopores as well as the nanowires that fill these pores. 

This offers regular interwire distances to study their mutual interaction. The pore 

diameter is extremely uniform depending on the hexagonal ordering. By using PAA 

membrane as a template, various approaches have been employed for fabricating a variety 

of nanowires, encompassing metals, semiconductors, polymers, metal oxides, etc.  

Cobalt, nickel, and iron nanowires with different aspect ratios have been deposited 

in PAA, exhibiting magnetic (shape) anisotropy, resulting in square-shape M-H curves 
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and high coercivity [22-25]. These magnetic nanowires, as well as many others, have 

been electrodeposited in PAA by AC and DC electrodeposition [25, 85], pulse 

electrodeposition [86], and electroforming [87]. Metal nanotubes have also been prepared 

by employing PAA as a template [88-91]. Uniform sized Cu nanoparticles have been 

prepared by using a low-temperature Atomic Layer Deposition technique in PAA 

template [92]. Pd nanoparticles were deposited on PAA pores walls by sequential 

electrodeposition [93]. In a PAA template with a thickness of 500 nm nanorods of Ni and 

Au have been prepared that exhibit interesting optical properties [6]. Ag nanorods were 

deposited in the pores of PAA by deposition of saturated AgNO3 followed by its 

decomposition by drying that exhibits enhanced surface-enhanced Raman scattering [94]. 

Utilizing saturated vapor adsorption Ge nanorods have been synthesized in PAA template 

[95].  

Template-based carburization technique has been employed to fabricate carbon 

nanotubes by pyrolysis of propylene at higher temperature in the nanochannels of PAA 

[96]. Transition metals, Ni, Co and Fe in the bottom of PAA nanochannels, have been 

used as catalysts for the decomposition of hydrocarbons by different deposition processes 

[97-103]. Semiconductors, SiC, Ge, and Si, can also be used as catalysts instead of the 

transition metals [104].  

Nanowire and nanotubes of TiO2, WO3, ZnO, In2O3 and Ga2O3 have been 

prepared using PAA template by sol-gel technique [105-108]. CdS (II-VI semiconductors 

group) nanowires with diameters as small as 9 nm have been electrochemically deposited 

in PAA from a non-aqueous electrolyte, dimethyl sulfoxide (DMSO). Single crystal CdS 

has been synthesized by electrochemical deposition in the pores of PAA [109, 110]. 

Sulfurizing of the electrodeposited Cd metal in nanochannels of PAA also resulted in CdS 

nanowires [111]. CdS nanotubes have been fabricated by chemical bath deposition in 

PAA [112]. 

Semiconductor ZnO nanowires with the diameter of 15 to 90 nm were synthesized 

by electrodeposition of Zn in PAA with subsequent oxidation [7]. Aligned ZnO arrays 

embedded in PAA have been prepared by electrophoretic deposition. Single crystal GaN 

nanowires have been fabricated in the pores of PAA by chemical vapor deposition with 

Indium particles as a catalyst [113]. 

Superconductive nanomaterials have also been prepared by different techniques, 

using PAA as a template [114-120]. Sol-gel route has been adopted for the synthesis of 

crystalline YBa2Cu3O7 (YBCO) nanowires in PAA. Xu et al. [116] described the 
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experimental conditions for the deposition of YBCO in the pores of PAA with subsequent 

heat treatment up to 950 ºC for the crystallization of the deposit, responsible for the single 

crystalline nature of the YBCO nanowires. Zhang et al. [117] reported a novel sol-gel 

method that lowers the crystallization temperature of YBCO while employing PAA as a 

template. The superconducting transition temperature  of the YBCO nanowire is observed 

to be around 92 K.  

The aligned single crystal superconducting MgB2 nanowires with the diameter of 

20-150 nm have been prepared by depositing Boron in PAA by chemical vapor 

deposition with subsequent incorporation of Mg in a sealed vacuum quartz tube [117]. 

Superconducting, crystalline FCC, uniform Pb nanowire arrays were prepared by 

electrodeposition technique employing PAA template. The temperature dependency of 

the magnetic behavior of Pb nanowires was investigated, exhibiting anisotropy and 

Meissner effect to be different from the bulk Pb. The superconductor transition was 

observed at 5 K [118]. 

Apart from employing for the growth of nanowires, several other nanostructures 

have also been prepared through various routes. Employing the PAA mask, Indium 

nanodots on Al substrate [121], germanium nanodots [122], and metal (Au, Ag, Cu, etc) 

nanodots [123] on silicon have been prepared by vacuum evaporation technique. 

Titanium oxide on Si [124] and sapphire substrate [125] by electrochemical anodizing of 

TiN layer in PAA mask. Ni nanodots on Si with Cu film were electrodeposited by DC 

current using PAA as a mask [126]. The oxidation of aluminum on Si substrate with 

subsequent removal of the alumina resulted in Al nanodots array on silica substrate [127]. 

Nanodots of Ag, Ni, ZnO, and Er doped Si were synthesized with PAA mask on Si by 

pulse laser deposition [128]. Au nanodots with interesting properties were synthesized 

with PAA mask by vapor deposition [129]. Similarly ultra thin PAA mask (below 100nm 

thickness) have been employed for the synthesis of nanomaterials by other techniques 

[130-132]. 
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1.2 Anodic Alumina  

1.2.1 Physical and Chemical Characteristics  

1.2.1.1 Structure of Anodic Alumina 

Polycrystalline Al2O3 is known as corundum and single crystal Al2O3 as sapphire. 

Its crystal structure can be described as consisting of two sublattices: a FCC sublattice of 

O2– ions and a sublattice of Al3+ ions occupying two thirds of the octahedral sites in the 

first one. 

It has been well established that PAA has amorphous structure [133-138]. The 

TGA-DTA and XRD characterizations of anodic alumina when heat-treated reveals two 

major phase transitions at 850-950 ºC and 1100-1250 ºC. The former transition is 

considered as the formation of metastable γ-alumina and the later to the formation of 

stable α–phase (corundum) [135-137].  

In a series of investigations performed by inert layer marker and tracers [139] and 

glow discharge optical emission spectrometry (GDOES)[140], it has been revealed that 

during anodizing of PAA the electrolyte related anions (oxalate, sulfate or phosphate, etc) 

along with the O2- / OH- migrate from the electrolyte / oxide interface to the metal/oxide 

interface under the electric field applied [139] in the opposite direction of the Al3+ cation, 

which migrate from the metal/oxide interface to the electrolyte / oxide interface. Due to 

the difference in the transport numbers of these migrating species [141, 142] and the 

electric field along the barrier layer, a distribution of the incorporated anion can be 

expected [143]. It has been suggested that the pore wall of the oxide consists of two main 

regions; the inner region which is relatively compact and pure alumina extending from 

metal / oxide interface, and the outer region, which is contaminated with the impurity 

from the electrolyte extending from the electrolyte / oxide interface [138, 144].  

1.2.1.2 Thermal and Chemical Stability of Anodic Alumina 

Yang et al. [145] investigated the morphological stability of PAA prepared in 

oxalic, sulfuric and phosphoric acid when treated under high temperature annealing and 

chemical etching in acidic and alkaline media. Similar results at high temperature 

treatment have also been presented by Kirchner et al. [136]. These investigations have 

revealed that the nanopore morphology remain quite stable under the crystallization of 
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PAA. Moreover the crystalline PAA maintain its porous morphology when etched in 

sulfuric acid and sodium hydroxide at 50 °C [145]. 

1.2.1.3 Mechanical Property 

The Young's modulus of PAA was measured to be 140 GPa, not significantly 

affected when heat treated up to 600 °C [146]. The hardness of the PAA was found to 

vary from 5.2 to 6.3 GPa by similar heat treatment. The fracture toughness sharply 

decreases from 3.4 to 0.4 MPa-m (1/2) by the heat treatment [146]. A number of other 

investigations on mechanical properties of different types of anodic alumina have also 

been performed [147-152].  

1.2.1.4 Optical and Photoluminescence Properties  

PAA is almost transparent to visible light. Depending on the anodizing voltage 

and the electrolyte it appears as light yellow to brown. It also exhibits photoluminescence 

(PL) in the visible range [133, 153, 154]. In this way, PAA finds applications as an 

optical material, including photonic crystals (polarizers) [155], and host for other optical 

and fluorescent materials [1, 7, 8, 105].  

The nature of the luminescence in PAA has been assigned to different excitation 

centers. The first systematic and detailed study on the PL of PAA prepared in oxalic acid 

was reported by Yamamoto et al. [156]. By gradual dissolution of PAA the distributions 

of color materials and the PL centers in PAA wall was determined. It was suggested that 

most of the color material was the incorporated oxalic impurity located in the outer and 

middle regions of the pore wall. Du et al. [153] prepared PAA in oxalic and sulfuric acid 

and investigated their PL after annealing at different temperatures. This study suggested 

that the PL band originates from singly ionized oxygen vacancies (F+ centers) in PAA. 

Since then numerous studies have been conducted in diverse directions to determine the 

exact origin of PL in PAA. Due to the absence of any direct method to exactly determine 

the PL centers some authors attributed them to the oxalate related impurities [134, 157] 

while some others to the oxygen vacancies with varying oxidation states [154, 158-161]. 

Several authors have also attributed PL to both the oxalate impurities and oxygen 

vacancies depending on the PL wavelength [134, 135, 162-165]. As far as the effects of 

anodizing conditions are concerned, the optical properties have been shown to depend on 

anodizing voltage and electrolyte [154, 158, 166]. These have also been shown to depend 

on anodization time.  
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1.2.2 Types of Anodic Alumina 

Anodic alumina is formed by anodic oxidation of aluminum in suitable 

electrolytes. 

1.2.2.1 Barrier Anodic Alumina  

The barrier type anodic alumina film is formed by galvanostatic or potentiostatic 

anodizing of aluminum in nearly neutral electrolytes at high current densities. It is a 

compact anodic film whose thickness is proportional to the applied / resultant voltage, 

limited by the break down voltage [138, 167].  

1.2.2.2 Porous Anodic Alumina  

Porous anodic alumina can be synthesized galvanostaticallly as well as 

potentionstatically in appropriate acid electrolytes with lower pH value having the 

tendency to moderately dissolve the oxide formed [138].  

In case a uniform current density is applied during anodizing the voltage rises due 

to the barrier layer formation, proportional to its thickness, and then attains a steady state 

value, after which porous film grows over the barrier type layer [168].  

When a constant potential is applied, the current drops suddenly due to the 

formation of a barrier layer, and then rise to a certain value due to nucleation of the pores 

and then attains steady state value during the growth of the pores. The porosity, 

morphology, and structure of the PAA strongly depend on the type of electrolyte and 

anodizing conditions. 

1.2.2.2.1 Pore Formation in Anodic Alumina  

A detailed mechanism for pore formation has been suggested in literature [138, 

144, 168-171]. After the barrier layer formation, the anodic film start cracking, with the 

local electric field lines concentrating at the crack bottoms (where effective layer 

thickness is smaller than other regions). These cracks finally turn out into pores that 

continue growing with the growth of porous oxide. The field assisted dissolution of oxide 

occurs only at the pore tip, because of which the pore tip steadily moves ahead. This is 

accompanied by oxidation of aluminum at oxide-metal interface that maintains a barrier 

layer continuously separating the electrolyte from the metal at the pore tip. Under steady 

state growth of the porous layer, the thickness of the underlying barrier layer remains 

constant. These oxides are always in the form of two layers: barrier-type oxide layer 
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whose thickness is proportional to the anodizing voltage, and the porous layer whose 

thickness depends on the anodizing time. Depending on the type of electrolyte and other 

anodizing conditions, the pores may attain extremely high aspect ratio, if they continue 

growing straight without any appreciable branching and annihilation. They can also 

arrange in hexagonal pattern with appropriate anodizing conditions. Interpore distance 

and pore diameter are also a function of anodizing conditions, among which the most 

important is the anodizing voltage.  

Al+3 cations form at the metal / oxide interface and distribute in the oxide layer 

near the oxide /metal interface. Under the influence of electric field the cations transport 

from metal / oxide interface towards oxide / electrolyte interface. The water-splitting 

reaction occurs at the electrolyte / oxide (near the pore bottom). Due to the electric field, 

the O2- anions migrate within the barrier layer from the electrolyte/ oxide interface to the 

oxide / metal interface, and react with the Al+3 cation there, forming Al2O3. An electric-

field-assisted dissolution of cations occurs at the pore tip [168, 169, 172]. The overall rate 

of oxidation of aluminum remains greater than its dissolution that is responsible for 

continuous growth of porous layer over the underlying barrier layer. Hexagonal ordering 

has also been achieved by appropriate choice of voltage and other anodizing conditions.  

1.2.3 Self-organized Porous Anodic Alumina  

By the invention of Scanning Electron Microscope, F. Keller et al. [173] had 

shown the tendency of the pores to undergo short range ordering in hexagonal 

arrangement.  

Masuda, H. and Fukuda, K made the breakthrough by discovering the conditions 

for the synthesis of a long range hexagonally ordered PAA by two-step replicating 

method [81]. In this method the self-organized PAA, in which the pores arranged 

themselves in perfectly close-packed hexagonal structure with the cell size around 100 

nm, was synthesized by prolonged anodizing at 40 V in 0.3 M oxalic acid. Subsequently 

self-ordering of cell arrangement of the porous structure of PAA with finer dimensions 

(cell size ~ 60 nm) has been demonstrated in sulfuric acid at 25 to 27 V [82], and with 

coarser dimensions (with cell size of 500 nm) in phosphoric acid [174].  

Urich Gosele’s group, whose major contribution was proposing theoretical models 

for pore formation and rules for the self-organization of the pores under different 

conditions [172, 175-178], proposed that self-ordering of PAA is possible with any 

interpore distance provided with suitable choice of anodizing conditions and the 
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electrolyte if 10% porosity is maintained [177], although this could never be realized and 

self ordering voltages (and corresponding interpore distances) remained limited, for 

instances, around 40 V in oxalic acid.  

Among various parameters for good hexagonal ordering, it is believed that the 

aluminum must be extra-ordinarily pure. Recently Lo and Budiman [179] reported the 

fabrication of PAA films from commercially available impure and ultra-pure aluminum 

foils. The PAA films from impure aluminum foil contained pore arrays of much smaller 

size and less consistently sized pores as compared to those of PAA from ultra pure foils. 

Although these qualities are improved by either annealing or electropolishing the impure 

aluminum foil prior to anodization, however, not to the extent obtained from the ultrapure 

foils. Furthermore, improvement is significant for annealed foils compared to 

electropolished foils. The impurities, sometimes, concentrate at the surface during 

electropolishing [180-182]. Otherwise these may concentrate at oxide-metal interface. 

Anyway, it is generally believed that impurities in aluminum are extremely detrimental to 

the hexagonal ordering.  

Removing the crystal defects, including grain boundary areas by grain growth and 

annealing out the dislocations, etc. have been believed to be necessary for obtaining large 

domains of hexagonal order [183, 184].  

1.2.4 Porous Anodic Alumina with Interesting Cross Sectional 

Morphologies 

O'Sullivan and Wood [171] were the first ones who studied the effects of 

changing the anodizing voltage during the growth of porous anodic alumina, some 

changes in diameter were observed to form funnel like pores, but the shape was not well-

defined due to non-ordering conditions. Hoyer et al. [185] reported the preparation of 

regularly structured PAA with two different diameters, by chemical pore widening of 

anodic alumina followed by another anodizing step at the same voltage without pore 

widening. In this way funnel type structures were obtained. PAA with double diameters 

have been used as templates for the synthesis of Bi nanowires with metal and semi-metal 

junction characteristics [186], silica nanotubes for biosensing [187], and stepped carbon 

nanotubes [188]. Extending this methodology, synthesis of bone-shaped (dog bone-

shaped) pores has also been demonstrated. In this technique the 1st and 2nd layers were 

fabricated in same way as mentioned above, i.e. at 40 V in oxalic acid. A 3rd layer was 
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synthesized at 80 V in phosphoric acid. The bone-shaped carbon nanotubes (bone-shaped 

T-CNT) were synthesized in these pores. 

Extending the methodology of multiple anodizing at the same voltage with 

intermittent pore widening, Yanagishita et al. [189] demonstrated recently the preparation 

of PAA with taper hole. The shape of taper holed PAA was controlled by a series of 

repeated anodizing at 40 V in oxalic acid, for a few seconds, and pore widening of the 

pores in phosphoric acid for a few minutes. Following this Nagaura et al. [190] 

demonstrated the synthesis of PAA with inverted cone morphology with different aspect 

ratios by manipulating the time interval of the repeated anodizing and pore widening. 

Y-branched alumite layers have also been formed [171, 191, 192]. Gao et al. [192] 

prepared PAA with Y-shaped nanochannels by preparing the 1st layer with hexagonally 

ordered pores at 40 V in oxalic acid and the 2nd layer at self-ordering voltage of 25 V in 

sulfuric acid. In this case the Y-branched PAA, with stem and branch diameters of 40 and 

25 nm, respectively, was synthesized under the self-ordering conditions. Y-junction metal 

nanowire was synthesized using it as a template. Similarly other authors also reported the 

synthesis of Y-junction nanostructures with electrocatalytic activity by employing Y-

branched template [193].  

Ho et al. [194] has demonstrated fabrication of multitiered branched PAA, 

consisting of an array of pores branching into smaller pores in succeeding tiers. The tiered 

three-dimensional structure of PAA with arrays of pores branching into smaller pores in 

succeeding tiers was synthesized by sequentially stepping down the anodization potential 

with intermediate pore widening / barrier thinning [194]. PAA prepared by cyclic or pulse 

anodization in appropriate electrolyte also resulted in interesting pore structures [195-

199]. 

1.2.5 Effects of Pre-treatments  

Lager area domains with ordered porosity can be achieved by pretexturing the 

aluminum surface prior to anodizing [200-207]. The shallow nanoindents (about 20 nm 

and even lesser deep) obtained by indentation or lithography serve as nucleation sites for 

the pore initiation during anodizing. This gives a possibility for the synthesis of 

monodomain with different cell sizes, although continued growth of the pores with same 

hexagonal arrangement required anodizing under self ordering conditions [208]. 

Otherwise, an order-disorder transition may occur through the branching and annihilation 

of nanochannels. The technique of prepatterning the Al surface was further extended to 
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synthesize PAA with square and triangular nanohole array architectures at the surface 

[204, 209].  

Although pre-texturing can be very useful for obtaining large (or single) domains 

of hexagonal ordering of the pores, it has not been popular for the synthesis of 

nanotemplates. The primary reason seems to be high cost. Anyway, the nucleation of 

pores at the indents (or nanopits) with a certain required depth has been clearly 

demonstrated by these experiments. 

1.2.5.1 Pre-texturing obtained by electropolishing  

Since 1995, when Masuda et al. [81] employed electropolishing of aluminum in 

Perchloric acid-alcohol solution, it has always been believed that this solution, providing 

with an ideally smooth surface, is inevitable for obtaining good hexagonal ordering in the 

self-ordered porous anodic alumina. The effects of chemical and electrochemical pre-

treatments to give various nanostructures at the surface on pore nucleation, and thus, on 

hexagonal ordering of the pores during subsequent anodizing have not been explored.  

Nanotextures on aluminum surface obtained by electropolishing in Perchloric 

acid-alcohol solution, being an excellent electropolishing electrolyte, have been 

extensively studied by various workers, although consistent and reproducible results (for 

different electropolishing times) have been scarce. Egg-shaped morphologies, nanostripes 

with different spacing, and other morphologies have been shown, depending on the 

electropolishing parameters and its duration. Similarly other electropolishing pre-

treatments may also give rise to other unique nanotextures, possibly with deeper nanopits, 

suitable for pore nucleation under given anodizing conditions.  

Such nanomorphologies may affect nucleation density of the pores, and interpore 

interactions during initial transients may give rise to an improvement in self-ordering. 

This may extend the variety of alumite templates in terms of new interpore distances (or 

cell sizes), and pore diameters with retained or improved hexagonal ordering in 

comparison with conventionally employed electropolishing in Perchloric acid alcohol 

solution.  
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1.3 Objectives of the Present Work 

So far self organization of PAA is specific under specific conditions and deviating 

from them leads to loss of hexagonal order. The nano-sized indents, formed on aluminum 

surface by lithography or other indentation techniques, have been employed successfully 

for preferential nucleation of the pores during anodizing. On the other hand, 

electropolishing treatment, in addition to providing with a smooth surface, also develops 

nanoscale textures. The present work intends to study if the type of electropolishing pre-

treatment and the resulting nano-features on aluminum surface have any influence on 

hexagonal ordering of the pores. This may extend the possibility of improving hexagonal 

ordering by a suitable choice of electropolishing pretreatment and anodizing conditions.  

Apart from working on improving the ordering quality, the work will be extended 

to relate the photoluminescence with the ordering quality. New templates will be 

prepared, based on sandwiched structures. The two layers for the sandwiched structures 

will be prepared by complete anodization of aluminum sheet from opposite sides or by 

changing the anodizing conditions. 

Synthesis of the nanowires will be performed employing the hexagonally ordered 

alumite templates. Particular focus has been paid to employ square-wave pulse 

electrodeposition of nickel nanowires in aqueous medium and in Dimethyl sulfoxide 

(DMSO). Silver nanowires have also been grown using AC deposition and electroless 

deposition.  

1.4 Outline of the Thesis 

Chapter 1 recounts an overview of nanomaterials with particular focus on 

nanowires and porous anodic alumina with self-organized hexagonality.  

Chapter 2 presents experimental methods employed for synthesis and 

characterization.  

Chapter 3 presents changes in hexagonal ordering with electropolishing 

pretreatment.  

Chapter 4 covers changes in photoluminescence excitation with hexagonal 

ordering. 

Chapter 5 covers two-layer alumite structure formed by through thickness anodic 

oxidation of aluminum sheet from both sides.  
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Chapter 6 covers two-layer alumite structures grown by doubling the anodizing 

voltage. 

Chapter 7 presents formation of Ni and Ni(S) nanowires grown by square-wave 

pulse plating in aqueous bath and DMSO. 

Chapter 8 covers the growth of silver nanowires by AC deposition and electroless 

deposition.  

Chapter 9 presents a brief overview of the results in addition to conclusions of 

the thesis.  
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Chapter 2 
Synthesis and Characterization Techniques 

This chapter describes the details of fabrication of anodic alumina. Prior to 

anodizing aluminum sheet was pretreated and electropolished under different conditions. 

The post-treatments, like pore widening and barrier layer thinning, usually required for its 

application as a template, have also been mentioned. The growth of nanowires has also 

been described. The techniques employed for characterization have also been described.  

2.1 Experimental Methods 

2.1.1 Chemicals 

99.99% pure aluminum sheet of 1 mm thickness was used. Other chemicals 

included Sodium carbonate-Na2CO3 (Panreac, 99.5%), sodium phosphate-Na3PO4 12H2O 

(Riedel, 98%), chromic acid-CrO3·2H2O (Merk, 99%), phosphoric acid-H3PO4 (BDH, 

98%), Oxalic acid-C2H2O4·2H2O (Riedel, 97.5%), sulfuric acid-H2SO4 (Riedel 98%), 

perchloric acid-HClO4 (Riedel 70%), alcohol-C2H5OH (Merk 99.8%), nickel chloride 

NiCl2 (Riedel 98%), nickel sulfate-NiSO4 (BDH 98%), and silver nitrate-AgNO3 (Peking 

99%). 

All the chemicals were received from commercial resources and used without 

further purification.  

2.1.2 Annealing of Aluminum  

Annealing was carried out to grow largest grain size and remove dislocation and 

other defects, as the grain boundaries and defects may affect subsequent anodizing and 

ordering of the pores. Annealing of the aluminum sheet (1mm thickness) was carried out 

in a box furnace. The samples of 3 × 1.5 cm size were cut from the sheet with a scissor. 

The samples in a china dish were placed in the furnace, and the temperature was slowly 

raised to 500 °C. The annealing temperature was maintained for five days. Then the 

furnace was turned off and the samples were allowed to cool in the furnace. Long time 

annealing was performed to ensure substantial grain growth. 
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2.1.3 Electropolishing of Aluminum 

Electropolishing of pure aluminum was performed in perchloric acid-alcohol 

solution or in Brytal solution.  

2.1.3.1 Ultrasonic Cleaning  

In order to clean the surface from organics, like grease, etc, cleaning of the 

aluminum samples was performed. The annealed aluminum pieces were rinsed in 

sufficient acetone in a beaker, and subjected to ultrasonication for about 15 minutes. The 

samples were, then, washed with distilled water and dried in air.  

2.1.3.2 Perchloric Acid-Alcohol Solution 

A solution of Perchloric acid and alcohol (65%) was prepared in 1:4 ratios by 

volume. Care should be taken as the solution is dangerous and aggressive. The mixing of 

perchloric acid and alcohol results in a very rapid rise in temperature. About 60 ml of 

alcohol was taken in a beaker and cooled to 0 °C. 15ml of the perchloric acid was poured 

in parts (say 5ml) to the alcohol beaker with aggressive stirring of the mixture. This will 

raise the temperature of the solution which should be allowed to cool down before further 

addition of the acid. 

Electropolishing in the perchloric acid-alcohol solution was performed in two-

electrodes cell placed in a thermostatically controlled refrigeration system kept at 0 °C. 

The temperature was monitored with a conventional thermometer immersed in the 

solution. Teflon tape was used to mask the samples to avoid any direct contact of the 

crocodile grip with the solution. Stirring of solution was continued during the 

electropolishing. A platinum strip was used as a cathode with the aluminum sample as 

anode; both were held in crocodile grips. An optimized constant voltage of 20 V was 

applied. It was difficult to maintain the temperature; as the temperature approached 10 

°C, the cell was switched off until the temperature again reached 0 °C, at which the cell 

was switched on again. Electropolishing was carried out for a total period of about 20 

minutes. After electropolishing, the samples were rinsed with distilled water for sufficient 

time to remove the electropolishing solution, which could adversely affect the subsequent 

anodizing.  
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2.1.3.3 Brytal Solution 

Brytal solution was prepared with 15% Na2CO3 and 5% Na3PO4 (by weight) 

dissolved in distilled water. The temperature was maintained at 80 ºC during 

electropolishing with rigorous stirring.  

After a series of experiments, the anodizing voltage for the pure aluminum sheet 

was optimized to be 2 V at 80 ºC. In the two-electrode cell, Pt was used as a cathode with 

aluminum sample as an anode. Suitable duration for electropolishing in Brytal solution 

was found to be about at least 45 minute. Hot distilled water was added to the solution so 

that the volume was maintained at a constant level in order to keep the solution chemistry 

unchanged. 

The electropolished samples were rinsed in distilled water for sufficient time to 

remove the adsorbed solution on the aluminum surface. 

2.1.4 Synthesis of Anodic Alumina by Two Step Anodizing  

2.1.4.1 Anodizing  

Anodizing was performed in a two-electrode cell with aluminum as working 

electrode (anode) and Pt strip as a cathode. The anodizing solutions were 0.3 M oxalic 

acid, 0.3 M sulfuric acid, or 0.3 M phosphoric acid, depending on the anodizing voltage. 

The electrolyte obtained in a beaker is placed in the refrigeration system and allowed to 

cool till the temperature of the electrolyte was around 1 ºC. The electropolished 

aluminum sample was hanged in the solution for a while so that its temperature 

approaches that of the bath. Anodizing was then performed without stirring. The 

temperature of the electrolyte was maintained at 1 ± 1 ºC, as monitored by a thermometer 

inserted in the solution. In some cases the temperature was maintained at 10 ºC, as 

mentioned in the text. Anodizing was usually performed for 3 to 12 hours; the higher the 

anodizing voltage the shorter the time of anodizing.  

2.1.4.2 Dissolution of the Oxide Formed by Anodizing 

In order to dissolve alumina formed on aluminum, chemical dissolution was 

performed in a mixture of 0.2 M CrO3-H2O and 0.4 M H3PO4 at 80 ºC for about 3 hours. 

The samples were subsequently washed in distilled water for sufficient time. Dissolution 
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was performed in order to reveal the underlying aluminum surface for its characterization, 

and prior to second anodizing step. 

2.1.4.3 Two-step and Three-step Anodizing  

For two-step anodizing the 2nd step anodizing was performed under the same 

condition as that of the 1st step anodizing, after dissolution of the oxide formed by 1st 

anodizing. Experimental conditions for the two-step anodizing have been summarized in 

Table 2.1. 3rd step anodizing was performed for the synthesis of the alumite with two 

layer structures (Chapter 6), for which the experimental conditions have been described in 

Table 2.2. 

2.1.5 Post Treatment of Anodic Alumina  

2.1.5.1 Pore Widening 

Under given anodizing conditions the pore diameter and the interpore distance of 

PAA are specific. In order to increase the diameter pore widening of the PAA was 

performed by acid etching. We performed pore widening by dipping the PAA sample 

with any of the two acids; 0.3 M H3PO4 or 0.3 M oxalic acid at 30 ºC. The required pore 

diameter would be obtained with appropriate time of acid etching. After pore widening 

the sample was preferably cooled down by immersing in cold acid/water to stop further 

etching. 

2.1.5.2 Barrier Layer Thinning  

One end of the pores of PAA is closed by a barrier layer, which separates the 

electrolyte in pores from underlying aluminum, offering hindrance in electrodeposition of 

wires. Acid etching, like pore widening, may reduce the thickness of the barrier layer up 

to some extent. Further thinning or perforation of the barrier layer is performed by barrier 

layer branching and current limited anodizing.  

2.1.5.3 Barrier Layer Branching 

For barrier layer branching, the anodizing voltage was reduced in steps, as 

schematically shown in Fig 2.2. The voltage was preferably reduced in such a way that 

V12 = (1/ √2)V1, V22 = (1/ √2)V12 and so on. The duration for each step was maintained so 

that the current just reached a steady state value prior to the next drop in voltage. The 

procedure was continued till the desired thickness of the barrier layer was obtained, 

proportional to the anodizing voltage at the last step. 
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Fig. 2.1 Schematic diagrams for the synthesis of PAA by two step anodizing a) Al 

surface; b) Al surface after electropolishing; c) PAA with Al after 1st anodizing; d) Al 

surface after dissolving the oxide prepared in 1st anodizing; e) PAA after 2nd anodizing.  
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Table 2.1 Experimental parameters for fabrication of PAA prepared by two step 

anodizing after electropolishing under different conditions. 

Experimental 

Sets 

Electropolishing Details Anodizing 

Electrolyte 

Anodizing 

Voltage* 

Samples 

Sets 

1 

 

 

Perchloric acid and 

alcohol (4:1 ratio by 

volumes) solution 

(Stirring) at 20 V and 

temperature below 10 ºC 

0.3 M oxalic 

acid at 1 ± 1 ºC 

40 V 

50 V 

60 V 

70 V 

set P 

2 

 

 

Brytal solution (Stirring) 

at 2 V and temperature of 

80 ºC 

0.3 M oxalic 

acid at 1 ± 1 ºC 

30 V 

40 V 

50 V 

60 V 

70 V 

set B 

*1st and 2nd anodizing were performed under the same conditions of electrolyte and voltage. 

 

Table 2.2 Experimental Parameters for synthesis of two-layer alumites. 

Sample 

Designation 

1st Step  

Anodizing**  

2nd Step 

Anodizing  

3rd Step Anodizing  

S20/C40 

 

20 V in 0.3 M 

H2SO4 for 12hrs 

20 V in 0.3 M 

H2SO4 for 4hrs 

40 V in 0.3 M C2H2O4 for 4hrs 

S25/C50 

 

25 V in 0.3 M 

H2SO4 for 4hrs 

25 V in 0.3 M 

H2SO4 for 3hrs 

50 V in 0.3 M C2H2O4 for 3hrs 

C40/P80 

 

40 V in 0.3 M 

C2H2O4 for 8hrs 

40 V in 0.3 M 

C2H2O4 3hrs 

80 V in 0.3 M H3PO4 for 1hr 

**the oxide formed by 1st step was dissolved in the mixture of chromic acid and phosphoric acid. 
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Fig. 2.2 Schematic diagram for barrier layer thinning by voltage reduction technique. 

The voltage is reduced from initial voltage, V1 to final voltage, V2, with intermediate 

voltage steps, V12, V13, and V14. 
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2.1.5.4 Current Limited Anodizing 

Current limited anodizing step is performed to reduce the barrier layer to the 

required thickness. This was performed galvanostatically, reducing the applied current in 

steps. A low current (starting from 70 μA-cm-2) was passed through PAA, which resulted 

in gradual reduction in the recorded potential. Decrease in voltage indicates thinning of 

the barrier layer. As the voltage reached a steady state, current was reduced to one half of 

its original value (35 μA-cm-2), and reduction in the voltage was recorded. This procedure 

was repeated till the required voltage /thickness was obtained. This process has been 

illustrated schematically in Fig. 2.3.  

2.1.5.5 Removal of Aluminum from Backside 

For exposing the backside of PAA the underlying aluminum can be removed by 

chemical dissolution. This was either carried out in HgCl2 or saturated CuSO4 solution. It 

may be noted that the former, being hazardous, should be used very carefully. Mostly we 

used the saturated CuSO4 solution for the selective dissolution of aluminum. 

2.1.5.6 Removal of Barrier Layer  

Removal of barrier layer from the backside of PAA was performed, when 

required, by chemical etching. We generally used 0.3 M phosphoric acid at 30 ºC for 

about an hour to dissolve the barrier layer for viewing the pores from bottom side. 

2.1.5.7 Dissolution of Anodic Alumina 

For releasing of nanomaterials deposited in PAA, it is required to dissolve the 

anodic alumina. For this purpose 1 M NaOH solution was used at room temperature. 

After complete dissolution of PAA, the solution was filtered. The deposit on the filter 

paper was carefully dissolved in ethanol. The residue was retained by filtering.  

2.2 Anodizing Sources 

Electropolishing and the subsequent anodizing were performed using Stabilized 

Power Supply (FARNELL, TSV70 MK.2). The current vs. time (I-t) curves were 

obtained using Function Generator (AMEL Mod-7800-Interface) and Potentiostat / 

galvanostat (AMEL Model 2053) in combination with a programmable power supply 

(GW INSTEK, PSP-603) 
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Fig. 2.3 Schematic diagram for barrier layer thinning by current limited anodizing 

technique after pore widening the anodic alumina prepared at 40 V. The typical reduction 

in voltage is obtained by multistage current limited anodizing.  
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2.3 Characterization 

2.3.1 Scanning Electron Microscopy (SEM) 

In SEM analysis a highly accelerated electron beam, thermoionically emitted from 

a tungsten or LaBr6 source, with typical energy from 10 to 30keV, in high vacuum is 

focused into a fine probe (by passing through a series of condensers and apertures) and 

subsequently raster scan over a small rectangular area is obtained. As the electron beam 

interacts with the sample it creates various radiations (back scattered electrons, secondary 

electrons, photon emission, etc.), which can be appropriately detected. These signals are 

highly localized to the area directly under the beam. By using these signals an image is 

formed on the screen by modulating the brightness of a cathode ray tube, which is raster 

scanned in synchronism with the electron beam. This results in a highly magnified image 

that is similar to the traditional microscopic image, but having a much greater depth of 

field and resolution power. With auxiliary detectors, like EDX, the elemental analysis of 

the sample can be achieved. It is mainly used for high magnification imaging typically 

ranging from 1000X to 50,000X and elemental (compositional) mapping. A conductive 

sample with a size of sub mm to few cm is required. In case of non-conductive samples, a 

thin conducting coat (usually gold) is applied, otherwise charging of the sample may 

occur. SEM LEO-440-i was used for the analysis of our samples.  

Field Emission Scanning Electron Microscope (FESEM) has some additional 

features to the conventional SEM that enhances the imaging capability with higher 

resolution. The general working principle is the same; however, the electron beam is 

highly accelerated and more focused as compared to the conventional SEM. This is 

managed by using a pointed electron source, which generates electron at lower 

temperature in higher magnetic field. These and similar modifications enhance its 

magnifying power (up to 300, 000X) and resolving power with a greater depth of field. 

The FESEM used for the characterization of our sample were LEO 1550 and JEOL JSM-

6700F. 

For characterization of PAA with SEM analysis a thin gold coating was applied 

by sputtered deposition. The sample was placed in the plating chamber in vacuum for 

about 30 minutes prior to gold deposition. Being a nanoporous material, this vacuum 

treatment is necessary for sufficient time; otherwise the retained moisture may damage 

the gold film, which may rupture under the higher vacuum in the SEM chamber. A gold 
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thin film was deposited on the samples from a high purity gold source with a current of 

10 mA for 30 to 45 minutes. The gold plated samples was placed on the SEM stage and 

electrically connected either through a silver paste or silver tape. This all was carried out 

with great care to avoid any surface contamination which could interfere with SEM 

analysis.  

For SEM study of nanowires, the nanowires released from the template were 

obtained in the alcohol-suspension, which was tickled drop by drop on a conducting glass 

and allowed to dry. A thin layer of gold was then deposited for providing conductivity. 

2.3.2 Transmission Electron Microscopy (TEM)  

In Transmission Electron Microscopy (TEM) a highly focused electron beam, 

similar to the SEM, with relatively higher energy (60-300 keV) in a high vacuum (~10-7 

tor) chamber is bombard a thin solid specimen of typical thickness of < 200 nm, prepared 

by special techniques. The electron beam is to transmit /scatter through the sample. A 

series of electromagnetic lenses then magnifies this transmitted electron signal. Diffracted 

electrons are observed in the form of a diffraction pattern beneath the specimen, which 

determines the atomic/crystal structure of the material in the sample. Transmitted 

electrons form images from small regions of sample that contain contrast, due to several 

scattering mechanisms associated with interactions between electrons and the atomic 

constituents of the sample. Analysis of transmitted electron images yields information 

both about atomic structure and morphology of the nanomaterials. The TEM used for the 

characterization of our sample was JEOL JSM-2010. 

2.3.3 Energy-Dispersive X-Ray Spectroscopy (EDS) 

An EDS system is usually used in combination with SEM or TEM or others with 

higher energy electron source. The high energy electron when interact with the samples, 

characteristic X-rays of the constituent elements are emited. The detection of these 

characteristic X-rays, usually with solid state detector (e.g. Lithium drifted silicon-Si(Li)) 

gives information about the composition of the samples. The X-rays that enter the Si(Li) 

detector are converted into signals which can be processed by the electronics into an X-

ray energy histogram that gives the information about the elemental composition and their 

relative amounts. The elements which are detectable through EDS range from Boron to 

Uranium in percentages.  
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2.3.4 Atomic Force Microscope (AFM) 

In Atomic Force Microscope (AFM), the interatomic forces between the atoms on 

the surface of sample and those on the sharp probe tip cause the deflection of a 

microfabricated cantilever. Because the magnitude of cantilever deflection depends 

strongly upon the separation between the surface and tip atoms, they can be used to map 

out surface topography with atomic resolution in all three dimensions. AFM is 

unsurpassed as high resolution (of the order of A°), three-dimensional profilometer. 

Raster scanning motion is controlled by piezoelectric tubes. Detection is most often made 

optically by interferometry or beam deflection. Both conducting and insulating materials 

can be analyzed without sample preparation. No special treatment of the samples is 

required prior to AFM characterization. The AFM machine used for our samples was 

AFM, QUESANT (Ambios) USPM). 

2.3.5 X-Ray Diffraction (XRD) 

In X-Ray Diffraction (XRD) a collimated beam of X rays, with wavelength of sub 

nm, is incident on a specimen which interact elastically with the regular arrays of atoms 

that is diffracted by the crystalline phases in the specimen according to Bragg's law (nλ = 

2dsinθ, where “d” is the spacing between atomic planes in the crystalline phase and “θ” is 

the angle of incident X-ray beam with the crystal lattice planes). Typically XRD consists 

of X-rays source, X-ray generator with monochromatic filters, diffraction assembly, and 

the diffracted X-rays data detection and analysis systems. The intensity of the diffracted 

X-rays is measured as a function of the diffraction angle 2θ and the specimen's 

orientation. This diffraction pattern is used to identify the specimen's crystalline phases 

and to measure its structural properties, including strain. The XRD can be used for a wide 

range of materials with appropriate proportion (> 3%). A small piece of sample (~ 0.5 

cm) for XRD analysis is used without special treatment. The XRD machines used for our 

sample were Rikagu X-ray Diffractometer (operating at 40 kV 150 mA) and Bruker D-8 

Discover.  

2.3.6 Photoluminescence (PL)  

When UV-visible light is incident upon materials, the photon induces the excited 

electronic states, which upon relaxation may emit light, depending upon the relaxing 

electronic states. PL is a technique in which the physical and chemical properties of 

materials are measured by analyzing the optical emission. Typically, light is directed onto 
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the sample for excitation, and the emitted luminescence is collected by a lens and passed 

through an optical spectrometer onto a photodetector. The spectral distribution and time 

dependence of the emission are related to electronic transition probabilities within the 

sample, and can be used to provide qualitative and, sometimes, quantitative information 

about chemical composition, structure (bonding, disorder, interfaces, quantum wells), 

impurities, kinetic processes, and energy transfer. Mainly PL is employed for the 

measurement of band gaps of semiconductors, carrier lifetimes, shallow impurity or 

defect detection, sample quality and structure. PL of our samples was carried out by 

Hitachi F-4000 Fluorescence Spectrometer with Xenon source with the emission and 

excitation band passes of 3 nm. No special treatment was applied to our PAA sample for 

the measurement of PL. During measurements the sample was positioned so that 

maximum PL emission is detected by the detector.  
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Chapter 3 

The Effects of Pretreatment on the Nanochannel Ordering of 

Porous Anodic Alumina Prepared in Oxalic acid 

3.1 Introduction  

One of the important nanostructures which has tremendous applications in 

nanotechnology is self-organized hexagonally ordered anodic alumina [57]. Anodic 

oxidation of aluminum can result in the formation of compact barrier oxide [148, 210-

212], porous oxide [81, 82, 168, 173, 174, 176, 177, 208, 213-216], or dissolution / 

electropolishing of aluminum [217, 218], depending on the electrolyte, temperature and 

applied voltage. An explosion of porous alumina research was ignited once the capability 

of producing a nanohole array with excellent regularity was established by Masuda et al. 

[81]. Self-organization of anodic alumina has been mostly achieved by two-step 

anodizing the aluminum surface after electropolishing in perchloric acid-alcohol solution. 

The best self ordering voltages have been found to be 25, 40 and 195 V when anodizing is 

performed in sulfuric, oxalic and phosphoric acids, respectively, within a range of 

concentration and temperature of the electrolytes [82, 168, 174, 176, 177, 208, 213-216]. 

There is a specific cell size or lattice parameter of the hexagonal order corresponding to 

the anodizing voltage [81, 82, 174, 177]. The hexagonality is lost or its quality 

deteriorates as the anodizing voltage deviates from the optimum one in a given electrolyte 

[82, 174, 176].  

The superlattice of pores and nanowires in anodic alumina has also been found 

extremely useful to exploit and study magnetic interactions, dielectric properties, and 

optical interference [55, 57, 219]. The applications are further being extended due to the 

possibilities of forming multiple layers of the anodic alumina. For instance, two or more 

layers with different diameters can be formed over each other, giving Y-type nanopores at 

the joint [191, 192].  

Pretexturing the surfaces by different physical techniques has been found to widen 

the range of ordering voltages in a given electrolyte [127, 176, 200, 203, 208]. This plays 

its role at the nucleation stage of pore formation as the pores are formed directly on the 
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troughs of pretextured surfaces. This has been useful to extend the cell sizes for long 

range ordering, however with limited aspect ratio [208]. This suggests that the nanoscale 

surface morphology or nanotexture of the aluminum surface before anodizing is 

important for ordering at a given voltage [127, 203, 208]. 

AFM studies have revealed that electropolishing of aluminum results in a variety 

of nanoscale surface morphologies, including self-patterned regular pits and stripes [220-

222]. In addition, the nanomorphology strongly depends on the electropolishing 

conditions [220] and chemistry of the electrolyte [218] used for the electropolishing. 

Rahimi et al. [223] have observed that hexagonal ordering of pores in anodic 

alumina formed in oxalic acid at 40 V is affected by electropolishing voltage in Perchloric 

acid-alcohol solution. Yu et al. [224] were also able to improve hexagonal ordering of 

alumite on commercial aluminum Al-1050 by varying electropolishing parameters: 

potential, temperature, agitation, and time.  

In most of the cases for self-organized anodic alumina, the electropolishing of 

aluminum has been carried out in the solution containing perchloric acid, presuming it to 

be the most appropriate electropolishing solution due to its ability to provide 

extraordinary smooth surfaces. However, variation in nanoscale features, depending on 

the electropolishing treatment / electrolyte may affect the pore ordering, similar to the 

other pretexturing treatments, which change the nucleation density and thus influence the 

interpore interactions. This may influence the ordering phenomenon and, thus, the quality 

of ordering. This aspect has been focused upon in the present work. 

3.2 Experimental 

After the pre-treatment of aluminum (sec. 2.1.2), electropolishing in perchloric-

acid-alcohol solution and Brytal solution was performed as detailed in chapter 2 (sec. 

2.1.3). First and second anodizing were performed in oxalic acid, as described in sec. 

2.1.4. Brief description of sample preparation and their designations have been tabulated 

in Table 2.1 

The samples were characterized using Scanning Electron Microscope (SEM, 

LEO-441-I), Field Emission Scanning Electron Microscope (LEO 1550) and Atomic 

Force Microscope (AFM, QUESANT (Ambios) USPM) as described in sec. 2.2. 
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3.3 Surface Morphology of Non-electropolished Aluminum  

Fig. 3.1 shows typical SEM images of aluminum surface without electropolishing. 

Rolling lines on the aluminum surface can be seen. Fig. 3.2 shows AFM image of the 

non-electropolished aluminum surface. In addition to deeper and wider surface features 

seen in the SEM image (Fig. 3.1), nanoscale features are revealed by AFM images. For 

instance, shallow rolling lines are seen 100-150 nm apart (Fig. 3.2 (a)), along with 

numerous mounds of the order of about 150 nm (Fig. 3.2(b)) and larger. 

3.4 Surface Morphology After Electropolishing  

Fig. 3.3 shows typical SEM images of aluminum surfaces after electropolishing in 

perchloric acid-alcohol solution at 20 V (a) and Brytal solution at 2 V (b). Comparing 

Figs. 3.3 (a) and (b) clearly indicate that electropolishing in Perchloric acid-alcohol 

solution results in a smoother surface as compared to that in Brytal solution, in agreement 

with the visual inspection. Anyway, both the surfaces are much smoother as compared to 

the non-electropolished surface (Fig. 3.1). It may be worth mentioning that the 

electropolished surfaces are mirror-like with better reflectivity in case of the samples 

electropolished in Perchloric-acid alcohol solution. 

3.4.1 Nanotexture on Electropolished Al Surface 

Figs 3.4 and 3.5 show typical AFM images of the aluminum surfaces of set P and 

set B samples, respectively. Comparing these with Fig 3.2 clearly reveals that 

electropolishing has been successful in giving rise to an extremely smooth surface. 

Nevertheless, nanoscale features strongly vary with particular electropolishing treatment. 

An ordered structure composed of typical nano-stripes is formed on the surface of the set 

P samples, as typically shown in Fig. 3.4 (a). The peak-to-peak distance is of the order of 

50 nm, while the trough depth is of the order of 2 nm, as evident from Fig 3.4 (b). On the 

other hand, the surface of set B samples exhibits a cellular structure composed of 

randomly located nanopits or depressions with an average distance of more than 100 nm, 

as typically shown in Fig. 3.5 (b). The average depth of these depressions is of the order 

of 5 nm that is greater than the trough depth of the nano-stripes observed in set P samples. 



 33

 

 

Fig. 3.1 The SEM images of annealed aluminum surface without electropolishing.  

a) 

b) 
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Fig. 3.2 AFM images of Non-electropolished Al Surface a) low magnification (10µm 

× 10µm); b) high magnification.  

a) 

b) 
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Fig. 3.3 a) A typical SEM image of aluminum surface after electropolishing in 

perchloric acid alcohol solution at 20 V (set P); b) Brytal solution at 2 V (set B). 

a) 
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Fig. 3.3 a) A typical SEM image of aluminum surface after electropolishing in 

perchloric acid alcohol solution at 20 V (set P); b) Brytal solution at 2 V (set B).  

 

 

b) 
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Fig. 3.4 Typical AFM image of the aluminum surface after electropolishing in 

perchloric acid alcohol solution at 20 V (set P); b) a higher magnification AFM image of 

the surface. 

a) 

b) 
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Fig. 3.5 Typical AFM image of the aluminum surface after electropolishing in Brytal 

solution at 2 V (set B); b) a higher magnification AFM image of the surface.

a) 

b) 
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3.5 First Step Anodizing of Electropolished Al  

3.5.1 I-t Curve during First Anodizing  

After electropolishing, the samples were anodized in 0.3 M oxalic acid at different 

voltages. Fig. 3.6 shows typical current vs. time (I-t) curves during 1st anodizing as a 

function of anodizing voltage and prior electropolishing conditions. The shape of the 

curves is typical for anodizing in oxalic acid, whereas initial decrease in current 

corresponds to the formation of barrier oxide and then, a rise is associated with localized 

thinning of the barrier layer that ultimately leads to the formation of vertical pores. This 

results in a typical two-layer structure of anodic alumina comprising a continuously 

growing porous layer lying over a barrier layer [168]. The time required for rise in 

current, after following its minimum value (valley), is clearly longer in case of the set P 

samples in comparison with the set B samples. This seems to be associated with the 

difference in smoothness and nanoscopic features (Figs. 3.4 and 3.5) of the surfaces; the 

relatively rougher features or deeper etch pits on the surface of the set B samples may be 

responsible for a relatively rapid localized thinning of the barrier layer resulting in an 

earlier rise in current. The anodizing current density remains higher in case of set B 

samples even after 900 s (15 minutes). This may be due to a comparatively higher pore 

density resulting from ease in their nucleation. Although not shown here, the current 

density of the set B samples remain higher after long time anodizing, except for 40 V at 

which the current density exhibited by set P samples exceeds that of the set B samples 

after about 2-3 hours anodizing.  
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Fig. 3.6 Typical current vs. time (I-t) curves during 1st anodizing in 0.3 M oxalic acid 

at 1 °C, as function of anodizing voltage and prior electropolishing conditions. 
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3.5.2 Pore Ordering during First Anodizing  

Fig. 3.7 shows a SEM image of top surface of PAA after 1st anodizing the 

electropolished Al surface (set P) at 40 V in 0.3 M oxalic acid. The pores are arranged in 

random fashion.  

Figs. 3.8 (a) and (b) show typical AFM images of aluminum surface of set P 

samples after 1st anodizing at 40 V for 12 minutes and 7 hours, respectively, followed by 

dissolution of the oxide. Dissolution of the oxide was carried out in order to reveal the 

order, if any, at the end of 1st anodizing for a specified period of time.  

In spite of the fact that a regular pattern of nanostripes existed after 

electropolishing (Figs. 3.4 (b) and 3.10(a)) an ordered pattern of the pores is not seen after 

12 minutes anodizing as revealed by Fig. 3.8 (a). This indicates that a regular patterned 

surface obtained by this popular electropolishing treatment (set P) has not been 

responsible for nucleating any ordered domains. Accordingly, the hexagonal arrangement 

(Fig. 3.8 (b)) must owe to the spontaneous adjustment of the pores during their growth. 

As shown in Figs. 3.8 (c) and (d), the hexagonal order has also been obtained successfully 

after long time anodizing at 50 V, both in case of set P and set B samples. 

3.5.3 Fast Fourier Transformation (FFT) Analysis  

AFM images (Figs. 3.8 (a-d)) were subjected to FFT analysis. In order to cover 

larger number of domains with varying ordering orientations and for improved statistics, 

larger AFM images of about 5 x 5 micron size were selected for this analysis. The FFT 

images obtained by this analysis are shown in Fig. 3.9. The formation of regular pattern 

and periodicity (Fig. 3.8 (b)) has resulted in the formation of a ring (Fig. 3.9 (b)) in case 

of the sample anodized at 40 V for long time, and a diffused FFT image is obtained after 

12 minutes anodizing (Fig. 3.9 (a)), in agreement with the AFM image of the same 

sample (Fig. 3.8 (a)). A more significant aspect is the formation of sharper rings /spots in 

Fig. 3.9 (d), as compared with Fig. 3.9 (c), suggesting that a relatively better order or 

periodicity can be achieved at 50 V if prior electropolishing is performed in Brytal 

solution (set B) instead of Perchloric acid-alcohol solution (set P). 
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Fig. 3.7 a) Typical SEM image of top surface of PAA prepared by single step 

anodizing in 0.3 M oxalic acid at 40 V after electropolishing in perchloric acid-alcohol 

solution; b) high magnification SEM image. 

a)

b)
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Fig. 3.8 Typical AFM images after 1st anodizing and subsequent dissolution to reveal 

the underlying surface; the anodizing conditions were: a) 40 V for 12 min, set P; b) 40 V 

for 7 hrs, set P; c) 50 V for 3 hrs, set P; d) 50 V for 3 hrs, set B.  

 

a) 
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Fig. 3.8 Typical AFM images after 1st anodizing and subsequent dissolution to reveal 

the underlying surface; the anodizing conditions were: a) 40 V for 12 min, set P; b) 40 V 

for 7 hrs, set P; c) 50 V for 3 hrs, set P; d) 50 V for 3 hrs, set B.  

b) 
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Fig. 3.8 Typical AFM images after 1st anodizing and subsequent dissolution to reveal 

the underlying surface; the anodizing conditions were: a) 40 V for 12 min, set P; b) 40 V 

for 7 hrs, set P; c) 50 V for 3 hrs, set P; d) 50 V for 3 hrs, set B.  

c) 



 46

 

Fig. 3.8 Typical AFM images after 1st anodizing and subsequent dissolution to reveal 

the underlying surface; the anodizing conditions were: a) 40 V for 12 min, set P; b) 40 V 

for 7 hrs, set P; c) 50 V for 3 hrs, set P; d) 50 V for 3 hrs, set B.   

d) 
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Fig. 3.9 Fast Fourier Transform (FFT) images obtained by analysis of AFM images of 

5 × 5 micron size; the samples were prepared by anodizing and subsequent dissolution to 

reveal the underlying aluminum surface; the anodizing conditions were: a) 40 V for 12 

min, set P; b) 40 V for 7 hrs, set P; c) 50 V for 3 hrs, set P; d) 50 V for 3 hrs, set B.  

a 

b 
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Fig. 3.9 Fast Fourier Transform (FFT) images obtained by analysis of AFM images of 

5 × 5 micron size; the samples were prepared by anodizing and subsequent dissolution to 

reveal the underlying aluminum surface; the anodizing conditions were: a) 40 V for 12 

min, set P; b) 40 V for 7 hrs, set P; c) 50 V for 3 hrs, set P; d) 50 V for 3 hrs, set B.  

 

c 

d 
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3.6 Second Anodizing  

3.6.1 I-t Curve during Second Anodizing  

The samples after 1st anodizing and subsequent dissolution of the oxide were 

subjected to 2nd anodizing. The I-t curves obtained during the 2nd anodizing are shown in 

Fig. 3.10. It may be noticed that the minima with a subsequent rise in current appear at an 

early stage, is in comparison with the 1st anodizing for all the samples (Fig. 3.6). This 

seems to be attributable to the deeper nanopits on aluminum surface, as clearly evident 

from comparison between Figs. 3.4 and 3.5 with Fig 3.8. These nanopits must have 

effectively provided the nucleation sites for the pores during 2nd anodizing. 

During growth of oxide at anodizing voltage of 50 V and above, the current 

density is higher in case of set B samples in comparison with the set P samples. On the 

other hand, the current density is higher in case of set P sample in comparison with set B 

sample when anodizing is performed at 40 V. This suggests a comparatively higher pore 

density or lower barrier layer thickness in case of set B sample when the 2nd anodizing 

was performed at 50 V and above, and vice versa at the anodizing voltage of 40 V. 

3.6.2 Pore Ordering during Second anodizing 

Figs. 3.11 and 3.12 show typical SEM images of the top surfaces of the PAA, 

after 2nd anodizing of set P and set B samples, respectively. Although, pores’ hexagonal 

arrangement is observed at the top surface in case of the samples prepared at 40 and 50 V, 

irrespective of the electropolishing pretreatment. However, on comparing the 2nd 

anodizing voltages, the best regular nanohole arrays in set P have been observed in 

sample prepared by at 40 V with substantially larger ordered domains (Fig. 3.11). This is 

in agreement with other authors who used perchloric acid-alcohol solution for 

electropolishing and found 40 V to be the best ordering voltage in oxalic acid [81, 168, 

176]. Dissimilar from the set P samples, the best ordering voltage during 2nd anodizing is 

observed to be 50 V in case of the set B samples (Fig. 3.12). It may also be noticed that 

the set B sample anodized at 60 V (Fig. 3.12 (c)) exhibits mixed regions of ordered 

domains and disordered regions, i.e., some order still persists, in contrast to Fig. 3.11 (c). 
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Fig. 3.10 Typical current vs. time (I-t) curve during 2nd anodizing in 0.3 M oxalic acid at 

1 °C, as function of anodizing voltage and prior electropolishing conditions. 
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Fig. 3.11 Typical SEM images of the top surface of PAA prepared by two-step 

anodizing in 0.3 M oxalic acid at 1 ºC with prior electropolishing in perchloric acid-

alcohol solution (set P); the anodizing voltage was a) 40 V, b) 50 V, c) 60 V, and d) 70 V. 

a) 
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Fig. 3.11 Typical SEM images of the top surface of PAA prepared by two-step 

anodizing in 0.3 M oxalic acid at 1 ºC with prior electropolishing in perchloric acid-

alcohol solution (set P); the anodizing voltage was a) 40 V, b) 50 V, c) 60 V, and d) 70 V. 

b) 
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Fig. 3.11 Typical SEM images of the top surface of PAA prepared by two-step 

anodizing in 0.3 M oxalic acid at 1 ºC with prior electropolishing in perchloric acid-

alcohol solution (set P); the anodizing voltage was a) 40 V, b) 50 V, c) 60 V, and d) 70 V. 

c) 
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Fig. 3.11 Typical SEM images of the top surface of PAA prepared by two-step 

anodizing in 0.3 M oxalic acid at 1 ºC with prior electropolishing in perchloric acid-

alcohol solution (set P); the anodizing voltage was a) 40 V, b) 50 V, c) 60 V, and d) 70 V. 

d) 
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Fig. 3.12 Typical SEM images of the top surface of PAA prepared by two-step 

anodizing in 0.3 M oxalic acid at 1 ºC with prior electropolishing in Brytal solution (set 

B); the anodizing voltage was a) 40 V, b) 50 V, c) 60 V, and d) 70 V. 

a) 
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Fig. 3.12 Typical SEM images of the top surface of PAA prepared by two-step 

anodizing in 0.3 M oxalic acid at 1 ºC with prior electropolishing in Brytal solution (set 

B); the anodizing voltage was a) 40 V, b) 50 V, c) 60 V, and d) 70 V. 

b) 
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Fig. 3.12 Typical SEM images of the top surface of PAA prepared by two-step 

anodizing in 0.3 M oxalic acid at 1 ºC with prior electropolishing in Brytal solution (set 

B); the anodizing voltage was a) 40 V, b) 50 V, c) 60 V, and d) 70 V. 

c) 
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Fig. 3.12 Typical SEM images of the top surface of PAA prepared by two-step 

anodizing in 0.3 M oxalic acid at 1 ºC with prior electropolishing in Brytal solution (set 

B); the anodizing voltage was a) 40 V, b) 50 V, c) 60 V, and d) 70 V. 

d) 
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3.6.3 Defect Density 

The defects in periodicity, as defined by the missing pore sites surrounded by six 

or five pores (white dots) and the pore surrounded by seven pores, as typically indicated 

on Fig. 3.12 (b) as X, Y and Z, respectively. Those with six surrounding pores have not 

been included in defects even if a true hexagon is not formed, as in the case of samples 

that do not exhibit hexagonal order. It is quite evident from Figs. 3.11 and 3.12 that the 

defects are mostly located at domain boundaries, which are at the junctions of differently 

orientated ordered nanohole arrayed domains, in case of self-ordering. Quantitatively it 

has been shown in Fig. 3.13 that the percent defects as varying with the anodizing 

voltages. For the samples electropolished in Brytal solution (set B) the minimum is found 

at 50 V. More specifically, the sample anodized at 50 V proves to be better in ordering 

than the 40 V, in case of set B samples, as observed at a different temperature i.e., 10 °C. 

By contrast, the sample anodized at 40 V exhibit better ordering as compared to the 

higher anodizing voltage in case of set P samples.  

Further investigation on hexagonality was performed by Fast Fourier Transforms 

of the SEM images of the anodic films formed by 2nd anodizing. A typical FFT image for 

the set B sample anodized at 50 V is shown in Fig. 3.14 (a). The intensity vs. radial 

distance from the center of the FFT image as a function of anodizing voltage has been 

shown in Fig. 3.14 (b). The FWHM / peak position (Fig. 3.14 (c)), which is a measure of 

the scatter of interpore distance (or wave vectors) with respect to their mean value, 

exhibits minimum at 50 V indicating a more uniform interpore spacing with respect to 

other anodizing voltages for set B samples. This confirms the visual impression obtained 

from the corresponding SEM images (Fig. 3.12). 

The peak position (rp) in the FFT curve (Fig. 3.14 (b)) should be proportional to 

the wave vector of periodic wave formed by the pores. Hence, its reciprocal (1/rp) should 

be proportional to the interpore distance or the cell size. On the other hand, the anodizing 

voltage may be considered proportional to the barrier layer thickness [225]. This implies 

that (1/rp) / Vanod should be proportional to the ratio of cell size to barrier layer thickness, 

which is considered to be an important parameter for pore ordering [226].  
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Fig. 3.13 Variation of percent defects (defined as hundred times the total number of 

defects divided by the total number of pores of the SEM image) with the anodizing 

voltage and prior electropolishing. 
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Fig. 3.14 Results of FFT analysis of SEM images of about 5 × 5 micron size. The 

samples were prepared by 2nd anodizing; a) a typical FFT image, 50 V anodizing, set B; 

b) integrated intensity of the FFT image, as a function of radial distance (a measure of 

wave vector) from center (zero wave vector position), set B; c) FWHM or peak position 

vs. anodizing voltage; d) (1/rp)/Vanod as a function of anodizing voltage. 
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Fig. 3.14 Results of FFT analysis of SEM images of about 5 × 5 micron size. The 

samples were prepared by 2nd anodizing; a) a typical FFT image, 50 V anodizing, set B; 

b) integrated intensity of the FFT image, as a function of radial distance (a measure of 

wave vector) from center (zero wave vector position), set B; c) FWHM or peak position 

vs. anodizing voltage; d) (1/rp)/Vanod as a function of anodizing voltage. 
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It can be seen in Fig. 3.14 (d) that the values of (1/rp) /Vanod is lowest at the 

anodizing voltage of 50 V for set B samples, while this is higher for 50 V than for 40 V in 

case of set P samples. It may be said that the smaller ratio of the interpore distance (or the 

wall thickness) to the barrier layer thickness favors the hexagonal ordering by providing 

the strongest repulsive interactions among the pore tips [227]. 

3.6.4 Pore Morphology of PAA Prepared under Non-Ordering 

Conditions 

In order to understand the phenomenon at non-ordering voltages, some of the 

samples were examined at high magnification, as typically shown in Fig. 3.15. 

Comparing a SEM image of alumite surface prepared by 2nd anodizing at an ordering 

voltage of 40 V (Fig. 3.15(a)) with an AFM image of the aluminum surface prepared by 

1st anodizing at 40 V and dissolution of the anodic oxide (Fig. 3.8(b)) reveals that almost 

each nanopit in the original surface (prior to 2nd anodizing) becomes a nucleation site for 

a nanopore in the porous oxide during 2nd anodizing. By contrast, most of the nanopits 

present prior to 2nd anodizing lead to the nucleation of 2-4 pores in case of non-ordering 

voltages as typically revealed by comparison between Figs. 3.15 (b) and (c). This may be 

attributable to the irregular shape of the nanopits prior to 2nd anodizing, as formed by 1st 

anodizing and subsequent dissolution of the oxide (Fig. 3.15 (c)). 

The cross-sectional SEM images of the PAA prepared at 40 V, 50 V and 60 V in 

the set B are shown in Fig. 3.16. The pores tend to grow perfectly parallel to each other, 

maintaining a constant interpore distance in case of the ordering voltage, as shown in 

Figs. 3.16 (a) and (b). On the other hand, some of the pores cease to grow or undergo 

branching, when the anodizing conditions are not sufficiently suitable for ordering, e.g., 

anodizing at 60 V, as typically shown in Fig. 3.16 (c). The pore branching is in agreement 

with the formation of more than one pore at a given nanopit (Fig. 3.15 (b)) in case of non-

ordering voltage. Hence, the metal-oxide interface at the pore tip seems to facilitate pore 

branching during the growth of oxide possibly due to its irregular shapes.  
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Fig. 3.15 Typical SEM obtained after, a) 2nd anodizing at 40 V, set P; b) 2nd anodizing at 

70 V; c) Al surface after dissolving the alumina prepared at 70 V (the surface prior to the 

2nd anodizing), set P. 

a 
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Fig. 3.15 Typical SEM obtained after, a) 2nd anodizing at 40 V, set P; b) 2nd anodizing at 

70 V; c) Al surface after dissolving the alumina prepared at 70 V (the surface prior to the 

2nd anodizing), set P. 

b 
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Fig. 3.15 Typical SEM obtained after, a) 2nd anodizing at 40 V, set P; b) 2nd anodizing at 

70 V; c) Al surface after dissolving the alumina prepared at 70 V (the surface prior to the 

2nd anodizing), set P. 

c 
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Fig. 3.16 Typical cross-sectional SEM images of PAA after anodizing at a) 40 V; b) 50 

V; and c) 60 V in 0.3 M oxalic acid, set B. 

a 
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Fig. 3.16 Typical cross-sectional SEM images of PAA after anodizing at a) 40 V; b) 50 

V; and c) 60 V in 0.3 M oxalic acid, set B. 

b 
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Fig. 3.16 Typical cross-sectional SEM images of PAA after anodizing at a) 40 V; b) 50 

V; and c) 60 V in 0.3 M oxalic acid, set B. 

c 
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3.6.5 Anodizing of the Non-electropolished Aluminum under Ordering 

Conditions  

Fig 3.17 shows typical SEM top-view images of the PAA prepared by anodizing 

the non-electropolished Al surface in 0.3 M oxalic acid at 40 V for several hours. The 

overall macroscopic features of the non-electropolished surface (Fig. 3.1) seem to persist 

after anodizing. As can be seen in the higher magnification image (Fig 3.17 (b)), majority 

of pores form along the crests of the rolling lines. 

Fig. 3.18 shows the top view SEM images of the PAA surface after 2nd anodizing 

at 40 V of the non-electropolished Al surface. The rolling lines are still visible (Fig 

3.18(a)), although, the surface is smoother as compared to the 1st anodizing (Fig. 3.17(a)). 

Furthermore, the nanoscopic rolling lines, observed in case of 1st anodizing samples (Fig. 

3.17(b)) vanish after 2nd anodizing, as shown in Fig. 3.18(b).  

Fig. 3.19 shows typical SEM images of PAA prepared by two-step anodizing at 

50 V in 0.3 M oxalic acid, with the intermediate dissolution of the oxide formed by 1st 

anodizing on non-electropolished Al surface. The oxide thickness is comparable to that 

formed by 2nd anodizing at 40 V (Fig. 3.18). By comparing Figs 3.18 (a) and. 3.19(a), it 

can be seen that the macroscopic morphology of the anodic alumina surface prepared by 

the two-step anodizing of the non-electropolished Al surface at 50 V is relatively 

smoother than that at 40 V. This indicates that by increasing the anodizing voltage in 0.3 

M oxalic acid electropolishing of the aluminum surface is improved. Fig 3.19(b) shows a 

higher magnification image, which exhibits an improved hexagonal ordering of the pore, 

as compared to the 40 V sample (Fig. 3.18(b)).  

These observations suggest that surface (interfaces) smoothening occurs during 

anodizing at ordering voltages, almost similar to electropolishing (Fig.3.3). As the pore 

tip needs to push each other in a given plane for hexagonal ordering, smoothening of the 

interface during the growth of the oxide appears to result in hexagonal ordering of the 

pores, in spite of employing a non-electropolished surface. An earlier formation of 

smooth interface would lead to an earlier formation of hexagonal order. Anyway, an 

electropolished surface provided in the beginning would be most appropriate for 

hexagonal ordering. 
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Fig. 3.17 a) The SEM image of the anodic alumina prepared at 40 Vin 0.3 M oxalic acid 

without electropolishing of the Al surface; b) a higher magnification SEM image of the 

squared area. 

a 

b 
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Fig. 3.18 a) The SEM image of the anodic alumina prepared by 2nd anodizing at 40 V in 

0.3 M oxalic acid after dissolving the oxide formed during the 1st anodizing on the non 

electropolished surface; b) a higher magnification SEM image of the squared area. 

 

a 

b 
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Fig. 3.19 a) The SEM image of PAA prepared by 2nd anodizing at 50 V in 0.3 M oxalic 

acid after dissolving the oxide formed during the 1st anodizing on the non electropolished 

surface; b) the higher magnification image of the squared area. 

a 

b 
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3.7 Discussion  

It has been shown that best ordering voltage is 40 V when anodizing is performed 

in 0.3 M oxalic acid after electropolishing in Perchloric acid-alcohol solution, which is in 

agreement with other researchers [81, 82, 174].  

It has been generally believed that extra-ordinarily smooth surface obtained in 

Perchloric acid-alcohol solution is essentially required for good hexagonal ordering of the 

pores. The effects of nanoscale morphology obtained in electropolishing pretreatment in 

various solutions on hexagonal ordering of anodic alumina have not been investigated.  

Electropolishing in Perchloric acid-alcohol solution resulted in the formation of 

nanostripes (Fig. 3.4(a)). Although the troughs would provide seeds for the formation of 

pores in rows [168], the samples anodized for shorter time did not exhibit any ordered 

domains (Fig. 3.8(a)). The ordering was, however, possible after long time anodizing 

(Fig. 3.8(b)) by self-ordering phenomenon.  

Electropolishing was successfully accomplished in Brytal solution, as well; 

although the features were slightly rougher (deeper) than obtained in Perchloric acid-

alcohol solution. This pre-treatment resulted in best pore ordering after anodizing at 50 V 

(Fig. 3.12), instead of 40 V. This observation covers uniform pore sizes & shapes, 

minimum defect density (Fig. 3.13), and maximum uniformity of the interpore distance or 

cell size (Fig. 3.14(b)) obtained at 50 V. Greater depth of nanopits / troughs after 

electropolishing in Brytal solution (instead of perchloric acid-alcohol solution) affected 

an ease in nucleation of the pores, as manifested by an earlier rise in current associated 

with localized thinning of barrier layer (Fig. 3.6).  

Higher pore density should provide larger effective surface area or smaller barrier 

layer (or wall) thickness to allow larger nominal current density at a given voltage. The 

current density of the samples pre-treated in Brytal solution during 2nd anodizing was 

higher at 50 V and above, suggesting a larger pore density in comparison with the 

samples pre-treated in Perchloric acid-alcohol solution. However, this trend was reversed 

at 40 V. This was accompanied by comparatively improved ordering at 50 V (and above) 

in case of the samples with prior electropolishing in the Brytal solution, while the vice 

versa was true at 40 V, where the ordering was better in case of the sample 

electropolished in perchloric acid-alcohol solution. These observations reveal that higher 
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pore density during the growth of nanoporous oxide at a given anodizing voltage results 

in a comparative improvement in ordering.  

3.7.1 Mechanism of Self-organization 

It is known that elastic strains (or stresses) develop at oxide-metal interface due to 

volume expansion during oxidation. The oxide-metal interface has protrusion below pore 

tips [171]. This stress distributes in such a way that it concentrates below the pore tips 

and relaxed below the pore wall [172]. These regions of high stress (below the pore tips) 

seem to repel each other depending on the magnitude of stress associated with the 

individual pore and the distance between them, i.e., cell size. This repulsive force should 

be proportional to the strain associated with the individual stress/strain center at the pore 

tip which in turn is proportional to the barrier layer thickness and thus the anodizing 

voltage. On the other hand the repulsive force should be strengthened by decrease in the 

cell size, i.e., the distance between the stress centers. Therefore, the repulsive force 

should increase with a decrease in the ratio of cell size to the anodizing voltage. We 

consider that the repulsive forces are responsible for the hexagonal ordering, and the best 

order should be attained when we have the strongest repulsive forces, which should be 

attained at the lowest ratio of the cell size to the anodizing voltage. 

As far as non-ordering voltages are concerned, it has been noticed by SEM images 

at high magnification (Fig.3.15 (c)) that oxide-metal interface at the pore tips (as revealed 

by dissolution of overlying oxide) is irregular. This seems to be responsible for continual 

branching (and an accompanied annihilation) of pores at different locations. As a result, 

the pores do not find sufficient time to interact among themselves through repulsive 

forces in order to attain an equilibrium hexagonal configuration.  

The two-step anodizing under ordering conditions, i.e., 40 and 50 V in 0.3 M 

oxalic acid, could not establish hexagonal ordering when anodizing was performed 

without prior electropolishing. These observations clearly suggest that the microscopic 

and macroscopic morphology of aluminum surface prior to anodizing play a vital role in 

determining the pores size distribution and their ordering. The repulsive forces between 

the neighboring pores, being responsible for ordering, for the rougher surface (non-

electropolished), are not as high as in the case of the electropolished smooth surface. This 

is because of the fact that most of the pores do not proceed in a single plane due to its 

microscopic roughness of the non-electropolished surface that could disturb the kinetics 

of interpore repulsive force, and hence ordering of the pores. 
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3.8 Conclusions  

Smooth surface obtained by electropolishing is inevitable for hexagonal ordering 

of the pores. During anodizing, some of the irregularities of the surface / metal-oxide 

interface may be ironed out, which may lead to hexagonal ordering after pronounced time 

for 1st anodizing. 

This study reveals that different nano-scale morphologies obtained by specific 

electropolishing pre-treatments may have a significant effect on the self ordering of pores 

in anodic alumina. 

The best ordering is obtained at 50 V in 0.3 M oxalic acid at 1 °C when prior 

electropolishing is performed in Brytal solution, although the best ordering voltage 

remains the usually known voltage of 40 V after electropolishing in Perchloric acid-

alcohol solution. 

The nano-scale morphology obtained by electropolishing affects the initial stages 

of anodizing by facilitating the pore nucleation in case of deeper nanopits or troughs. 

This, in turn, affects the pore density. 

The higher pore density at a given anodizing voltage improves the self-ordering, 

which may be attributed to the enhanced repulsive interactions with decrease in inter pore 

spacing or cell size. 

At non-ordering voltages, pore branching occurs due to irregular shape of the pore 

tips. This is also accompanied by pore annihilation. These factors do not allow the pore 

tips to interact with each other for a sufficient time, so that they could arrange themselves 

in a hexagonal pattern. 
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Chapter 4 

Effects of Ordering Quality of the Pores on the Photoluminescence 

of Porous Anodic Alumina Prepared in Oxalic Acid 

4.1 Introduction 

In previous chapter the ordering conditions for specific pretreatment of Al surface 

has been explored. Depending on the anodizing conditions, the pores can arrange in a 

well-ordered triangular (hexagonal) geometry with a narrow distribution of pore 

diameters and inter-pore distances, in addition to achieving straight pores with negligible 

branching or annihilation. Apart from anodizing conditions [81, 82, 174], electropolishing 

pre-treatment of aluminum has been shown to play a significant role in determining the 

quality of ordering, i.e., domain size, and defect density, etc. For instance, the quality of 

pore ordering improves at 50 V (and above) in oxalic acid when the aluminum is 

electropolished in Brytal solution instead of perchloric acid-alcohol solution, for which 

the 40 V is best ordering voltage (Chapter 3). 

PAA is almost transparent to visible light, although it appears as light yellow to 

brown depending on the anodizing conditions. It also exhibits photoluminescence in the 

visible range [133, 153, 154]. In this way, PAA finds applications as an optical material, 

including photonic crystals (polarizers) [155], and host for other optical and fluorescent 

materials [1, 7, 8, 105], etc.  

The optical properties of PAA, including photoluminescence (PL) wavelength 

have been known to change with anodizing conditions (electrolyte and voltage) [154, 158, 

166]. For instance, generally a blue shift in photoluminescence has been observed with 

decrease in anodizing voltage [158], and maximum photoluminescence intensity in the 

visible region has been recorded in the anodic alumina prepared in oxalic acid [153].  

The present work demonstrates that the PL also strongly depends on the quality of 

ordering at a given anodizing voltage. In this way, PL can be employed for estimating the 

ordering of PAA, as a quality control parameter. Investigations have also been performed 

to understand the origins of this behavior. 
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4.2 Experimental 

Anodic alumina samples used in these experiments were prepared and their 

morphologies were characterized as described in Chapter 3. For photoluminescence (PL) 

studies, Hitachi F-4000 Fluorescence Spectrometer with Xenon source was used as 

described in sec. 2.2.6. 

4.3 Photoluminescence Measurement of Anodic Alumina 

Prepared under Different Conditions 

4.3.1 Photoluminescence Emission (PL) 

Fig. 4.1 shows typical photoluminescence (PL) emission of the porous anodic 

alumina (PAA) samples, as a function of electropolishing pre-treatment and anodizing 

voltage. The excitation wavelength was 375 nm. The spectra are broad typical to the PL 

behavior of PAA. The PL peak position lies between 450 to 475 nm, although it tends to 

shift towards higher wavelengths with an increase in anodizing voltage.  

4.3.2 Photoluminescence Excitation (PLE) 

At a monitoring wavelength of 465 nm photoluminescence excitation (PLE) 

spectra were obtained by varying the excitation wavelengths between 220 to 500 nm, as 

shown in Figs. 4.2 (a-d). A red shift is seen in the sample prepared at 40 V after 

electropolishing in Brytal solution (set B) in comparison with Perchloric acid-alcohol 

solution (set P) (Fig. 4.2(a)). By contrast, a blue shift is observed for the former 

pretreatment (set B) in comparison with the later one (set P) at anodizing voltages of 50-

70 V (Figs. 4.2(b-d)). Variation in PLE peak position has been shown in Fig. 4.2(e). An 

increase in peak position (red-shift) with anodizing voltage occurs in case of set P 

samples. The set B samples deviate from this trend, such that PLE peak position at 50 V 

is lower than that observed at the voltage of 40 V (Fig 4.2(e)).  
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Fig. 4.1 Typical photoluminescence emission (PL) of the anodic alumina prepared in 

0.3 M oxalic acid at the anodizing voltages of 40-70 V. Electropolishing was performed 

in (a) Brytal solution, set B and (b) perchloric acid-alcohol solution, set P. The excitation 

wavelength was 375 nm.  
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Fig. 4.2 Typical photoluminescence excitations (PLE) spectra obtained at monitoring 

wavelength of 465 nm, comparing the set B and set P samples prepared at the anodizing 

voltage of (a) 40 V, (b) 50 V, (c) 60 V and (d) 70 V. (e) The PLE peak position as 

function of the anodizing voltage and electropolishing pretreatment. 
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Fig. 4.2 Typical photoluminescence excitations (PLE) spectra obtained at monitoring 

wavelength of 465 nm, comparing the set B and set P samples prepared at the anodizing 

voltage of (a) 40 V, (b) 50 V, (c) 60 V and (d) 70 V. (e) The PLE peak position as 

function of the anodizing voltage and electropolishing pretreatment. 
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Fig. 4.2 Typical photoluminescence excitations (PLE) spectra obtained at monitoring 

wavelength of 465 nm, comparing set B and set P samples prepared at the anodizing 

voltage of (a) 40 V, (b) 50 V, (c) 60 V and (d) 70 V. (e) The PLE peak position as 

function of the anodizing voltage and electropolishing pretreatment. 
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These observations reveal that PLE has been strongly influenced by the electropolishing 

pretreatment, apart from the anodizing conditions. 

PLE spectra were obtained at a wide range of PL monitoring wavelengths. PLE 

peak position as a function of monitoring PL wavelength (and anodizing voltage) has 

been shown in Figs. 4.3(a) and (b) for the set B and set P samples, respectively. The trend 

is in agreement with Fig. 4.2 (e). Particularly, the sample prepared at anodizing voltage of 

50 V exhibits a lower PLE peak position in comparison with the 40 V sample in case of 

the set B samples for the complete range of monitoring wavelengths (Fig 4.3(a)). On the 

other hand, the set P samples exhibit usual behavior of red shift with anodizing voltage.  

4.3.3 De-convolution of PLE Spectra of PAA Prepared under Different 

Conditions 

The PL has been observed to emerge from two [154, 158, 228] to three excitation 

centers [134, 159, 164], although their attributions have been varying among various 

oxalate impurities, oxygen vacancies with one or two residing electrons (F+ and F 

centers). 

The PLE spectra measured in a wide range of monitoring wavelengths for 

different samples have been successfully de-convoluted into three bands with their peaks 

at about 285 (b1), 355 (b2) and 395 nm (b3), as typically shown in Fig. 4.4. The 

integrated intensities of these bands, as a function of monitoring (PL) wavelength (area 

under the curve), are shown in Figs. 4.5 and 4.6, for the set B and set P samples, 

respectively. Relative contribution of b1 is almost insignificant. At anodizing voltages of 

40 and 50 V, the predominant photoexcitation band is b2 (exhibiting maximum emission 

at about 450 nm). At higher voltages, b3 (exhibiting maximum emission at about 500 nm) 

predominates particularly at monitoring wavelength of 475 nm and above. 

These observations suggest that photoluminescence is primarily from two 

excitation centers; one (b2) excites at about 350 nm that emits at about 450 nm and the 

other (b3) excites at about 395 nm with emission at about 500 nm. 
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Fig. 4.3 Variation of PLE peak position as a function of monitoring (PL) wavelength 

for the anodic alumina prepared at different anodizing voltages of 40, 50, 60, and 70 V 

after different electropolishing in a) Brytal solution; and b) perchloric acid-alcohol 

solution. 
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Fig. 4.4 Typical PLE spectra de-convoluted into three bands at 285 nm, b1; 355 nm, 

b2; and 395 nm, b3. The monitoring wavelength was 500 nm and the samples were 

prepared at anodizing voltage of (a) 40 V, (b) 50 V, (c) 60 V, and (d) 70 V, set B. 
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Fig. 4.4 Typical PLE spectra de-convoluted into three bands at 285 nm, b1; 355 nm, 

b2; and 395 nm, b3. The monitoring wavelength was 500 nm and the samples were 

prepared at anodizing voltage of (a) 40 V, (b) 50 V, (c) 60 V, and (d) 70 V, set B. 
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Fig. 4.5 The integrated intensities of the three sub-bands, b1, b2, b3, as a function of 

monitoring wavelength in the range of 400 to 575 nm. The set B samples were prepared 

by anodizing at (a) 40 V, (b) 50 V, (c) 60 V, and (d) 70 V.  
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Fig. 4.5 The integrated intensities of the three sub-bands, b1, b2, b3, as a function of 

monitoring wavelength in the range of 400 to 575 nm. The set B samples were prepared 

by anodizing at (a) 40 V, (b) 50 V, (c) 60 V, and (d) 70 V.  
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Fig. 4.6 The integrated intensities of the three sub-bands, b1, b2, b3, as a function of 

monitoring wavelength in the range of 400 to 575 nm. The set P samples were prepared 

by anodizing at (a) 40 V, (b) 50 V, (c) 60 V, and (d) 70 V.  
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Fig. 4.6 The integrated intensities of the three sub-bands, b1, b2, b3, as a function of 

monitoring wavelength in the range of 400 to 575 nm. The set P samples were prepared 

by anodizing at (a) 40 V, (b) 50 V, (c) 60 V, and (d) 70 V.  
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Although the concentration of the b3 excitation centers generally increases with 

anodizing voltage; however, it is also affected by the electropolishing pre-treatment. For 

instance, the relative contribution of b3 is higher at anodizing voltage of 40 V after 

electropolishing in Brytal solution with respect to Perchloric acid (Figs. 4.5(a), 4.6(a)), 

while the vice versa is true for the samples anodized at 50-70 V (Figs. 4.5(b-d), 4.6(b-d)). 

4.4 Correlation of PLE with the Structure of PAA 

4.4.1 Percent Defects in PAA 

It has been shown in chapter 3 that electropolishing pre-treatment has a strong 

influence on the structure of the alumite templates. In self-organized PAA, pores are 

coordinated with each other by making triangular geometry. However, defects are also 

formed at which this triangular geometry is not seen. These include pentagons & 

hexagons with missing pores at the center, and heptagons, as typically shown for 50 V 

sample in Figs. 4.7(a-c). Ratio of the defects to the triangles at a given anodizing voltage 

depends on electropolishing pre-treatment, as shown in Fig. 3.13 (chapter 3). The defect 

density is lower at 50-60 V while it is higher at 40 V in case of set B samples in 

comparison with the set P samples.  

4.4.2 Red Shift in PLE with Percent Defects  

Comparing Figs. 4.7(d) and 4.2 (e), the red or blue shift in PLE spectra at a given 

anodizing voltage may be related with an increase or decrease in the defect density. It 

appears that the oxide at the defects (pentagons and hexagons) allows larger number of b3 

excitation centers in comparison with the rest of oxide (triangular regions). 

A typical AFM image of aluminum surface after dissolution of anodic alumina has 

been shown in Fig. 4.8. This reveals the metal-oxide interface at the end of 1st anodizing. 

(The aluminum surface / interface formed by 1st anodizing, including the regions with 

ordering defects has not been revealed before). Concave regions are formed below the 

pore tips. Convex regions can be seen peaking at the centers of the triangles formed by 

pores, as typically marked by A. Larger and taller convex regions can also be seen at 

defect sites, i.e., centers of the pentagons (B), hexagons with missing pores (C), and 

heptagon (D). Accordingly, the oxide-metal interface at the defect site stays behind the 

rest of the (triangular) regions during the growth of the oxide, forming a metallic 

protrusion (or hill) at the center of the defect, i.e., the location of the missing pore. 
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Fig. 4.7 Top-view SEM images of the anodic alumina prepared at 50 V, highlighting 

(a) a typical hexagonal defect with missing pore, (b) typical pentagon, and (c) a typical 

heptagon. Well-ordered pores with triangular (hexagonal) organization can also be seen, 

as typically indicated in (a). The scale bar in (a) to c) is 200 nm.  
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Fig. 4.9 shows a typical SEM image of bottom of the anodic alumina, which has 

been exposed by dissolution of the barrier layer. The pores with triangular arrangement 

exhibit a rather circular shape. By contrast, flower like pattern is formed by five or six 

petal shaped pores at the defects (pentagons and hexagons). The contrast of oxide at the 

centers of these defects is relatively darker, suggesting altered characteristics, e.g., 

compactness of these regions with respect to rest of the oxide. 

4.5 Structure of the Oxides around the Ordered and Non-

ordered Pores 

Fig. 4.10(a) shows a schematic view of the pore geometry, metal-oxide interface, 

and barrier layer, covering a defect site along with other surrounding pores of the ordered 

region. In accordance with the AFM image of the metal-oxide interface (Fig. 4.8), a 

metallic hill is shown at the centre of the defect. For maintaining the electrolytic process, 

it is considered that the barrier layer thickness at defect site is almost comparable to that 

at the other (triangular) regions. The expected field lines across the barrier layer have 

been schematically shown as solid arrows in Fig. 4.10 (a). Away from the defect (metallic 

protrusion), the field converges from the metal-oxide interface to the oxide-electrolyte 

interface. By contrast, the field lines are almost parallel (as viewed from the cross-section 

Fig. 4.10(a)) in the oxide between pore wall and the metallic protrusion at the defect site.  

Fig. 4.10(b) presents a top view schematic of a section slightly below the top of 

the metallic hill (Fig. 4.10(a)), at a typical pentagon. The un-oxidized aluminum is at the 

center from which field lines are radiating towards the pores. As evident from the petal 

like appearance of the pores in the SEM image (Fig 4.9), the electro-ejection of aluminum 

(dissolution) is localized at the lobes pointing towards the defect center. In accordance 

with that, the field lines have been shown emerging from the un-oxidized aluminum to 

meet the pores at their respective lobes. The field lines radiating from the metal towards 

the pores make a star-like pattern, which is similar to the (relatively dark contrast) star-

like pattern seen in SEM image (Fig. 4.9) at the defect site. 

As can be understood from the schematics (Figs. 4.10 (a, b)), the field distribution 

across the barrier layer is very peculiar around the metallic hill at (missing pores or) the 

defect centers. This may influence the characteristics of the oxide in these regions. 
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Fig. 4.8 A typical AFM image of the aluminum surface exposed by dissolving the 

anodic alumina prepared at anodizing voltage of 50 V in 0.3 M oxalic acid. The regions 

marked as A, B C, and D represents typical triangular (hexagonal) region, pentagon, 

hexagon with missing pore, and heptagon, respectively.  
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Fig. 4.9 A typical SEM image of the bottom of the anodic alumina as exposed by 

dissolving the underlying aluminum and barrier layer in suitable solutions. The sample 

was prepared by anodizing at 50 V in 0.3 M oxalic acid. The inset presents a high 

magnification image showing typical pentagon and hexagon defects.  
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Fig. 4.10 (a) A schematic (cross-sectional) side view of the anodic alumina including a 

missing pore; (b) a schematic view from the top, just below the tip of the metallic hill / 

protrusion. The expected electric field lines are shown as arrows.  
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Flow of oxide in the barrier layer has clearly been demonstrated by oxide tracer 

experiments performed by Thomson group [169, 229], as related with electrostriction 

stresses and volume expansion. We consider that the peculiar nature of electric field 

distribution at defect site may influence electrostriction and flow pattern of oxide, 

transport of the ions across the barrier layer, and electro-ejection of Al3+, etc. This may 

affect the nature of the oxide in these regions, e.g., compactness, residual stresses, 

concentration of oxygen vacancies and their oxidation states (F, F+), etc. (The term 

vacancy is generally used for vacant sites of crystalline structure. However, the same term 

has also been employed for the vacant sites in amorphous materials that exhibit short 

order atomic arrangements.) 

4.6 Attribution of PLE Excitation Bands 

In 1981, Yamamoto et al. [156] performed a detailed investigation on the 

photoluminescence of anodic alumina prepared in oxalic acid. They related the PL at 

wavelength of around 450 nm carboxylate species. In 1999, Du et al. [153] clearly 

demonstrated that anodic alumina prepared in sulphuric acid can exhibit PL in the same 

wavelength range as that observed in case of oxalic acid. EPR studies pointed out the 

presence of F+ centers [153]. Li et al. [161] demonstrated an increase in PLE intensity at 

350 nm and PL at about 450 nm after heat treatment at 480 ºC with a subsequent decrease 

at elevated temperatures; being accompanied by similar changes in EPR signal. The 

emission and excitation wavelengths for PL in case of anodic alumina have been however 

considerably different from those observed in cases of crystalline alumina. For crystalline 

alumina, emission related with F+ centers has been observed to occur at 413 nm [229]. 

Another PL centre in crystalline alumina exhibits emission at a higher wavelength of 430 

nm is generally attributed to F centers [230]. In this regards, we consider that the sub-

band, b3, exhibited by anodic alumina with excitation at 400 nm and emission at 500 nm. 

(Figs. 4.5 and 4.6), corresponds to F centre. The integral intensity of b2 and b3 has been 

found to vary pronouncedly with the monitoring wavelength. However, the relatively 

weak excitation sub-band, b1, exhibits emission at broad wavelength range. The b1 band 

appears to be related with entrapped oxalic acid in the porous regions [231, 232].  

The relative contribution of the excitation center (b3) increases with the increase 

in density of defects (Figs. 3.13 and 4.2(e)). Therefore, it can be inferred that the F 

centers are mostly accommodated in the oxide at the defect sites (pentagons and hexagons 
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with missing pores) and the F+ centers are hosted preferably in the triangular regions. 

This is quite expected since the concentration of anion vacancies and their oxidation state 

depend on stress state, concentration of cation vacancies, charge distribution, 

compactness and impurities that are strong function of electric field and its distribution.  

As has been elucidated in Fig. 4.10, the electric field diverges from metal-oxide 

interface to the oxide-electrolyte interface at the top of hills (missing pores at the defect 

centers), while the converse is true for the other regions. It appears that the electric field 

strength at the oxide-metal interface is comparatively stronger at (the top of) the hills 

(convex regions). This may result in an enhanced electro-oxidation of aluminum at the 

oxide-metal interface, not being compensated completely by intake of anions at the oxide-

electrolyte interface in these regions. An enhanced excess of (positively charged) cations 

would increase the number density of F centers at the cost of F+ centers in order to 

improve charge neutrality. In other words, many of the oxide vacancies must retain their 

electrons, forming the so called F centers in order to maintain the charge neutrality of 

oxide. This may be the reason that the number density of F centers increases with 

increased number density of ordering defects.  

4.7 Conclusions 

A strong effect of electropolishing, in addition to the anodizing voltage, is 

demonstrated by PLE peaks shift for the anodic alumina prepared at 40-70 V in oxalic 

acid with different prior electropolishing pretreatments. 

The de-convolution of the PLE resulted in two main excitation centers, 355 nm 

(with a maximum emission at 450 nm) and 395 nm (with the maximum emission at 500 

nm), possibly originating from the oxygen vacancies in the oxide, F+ and F, respectively. 

It has been demonstrated that the oxide around the defect site grows under a 

different environment as compared to the rest of the oxide. This could result in variation 

of concentration of anion vacancies and their oxidation states in different regions. It has 

been suggested that the oxide formed at the defect sites favorably accommodates the F 

centers. On the other hand the F+ centers are mostly located in the oxide of triangular 

(hexagonal) regions. This gives rise to red shift in the PLE when number of defect site 

increases, associated with reduced quality (hexagonality) of the template. 

Photoluminescence can be used as a conventional measure for quality control of 

the alumite templates. 
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Chapter 5 

Preparation of Transparent Anodic Alumina with 

Ordered Nanochannels by Through-thickness Anodic 

Oxidation of Aluminum Sheet 

5.1 Introduction 

Since 1995 [81], nanoporous anodic alumina has significantly attracted the 

attention of scientists and researchers. This is because of the self-organization of vertical 

(cylindrical) pores to form hexagonal array that has provided controlled and narrow 

distribution of pore diameters and inter-pore distances in addition to the possibility of 

forming the pores with extremely high aspect ratio [81, 82, 174, 233, 234]. 

The porous anodic alumina is composed of two layers, i.e., the top thick layer with 

vertical pores and a barrier layer that is in turn supported by aluminum [225]. For 

obtaining self-standing alumite with ordered porosity, anodizing has always been 

performed from one side of aluminum substrate; various post treatments have been 

necessary to dissolve remaining aluminum (and barrier layer) with or without barrier 

layer. However, the chemicals used are either hazardous to the environment or aggressive 

to alumina. Hence, special care is required which may be cumbersome and sometimes 

less reliable [235-239]. Therefore, obtaining alumite with ordered porosity by anodizing 

aluminum sheet from both sides may be interesting. This may reduce the required time to 

half. In addition, it may be of fundamental interest to observe the structure formed when 

the two alumite layers growing from opposite side meet each other. 

5.2 Experimental 

Through-thickness transparent anodic alumina samples were prepared under 

different anodizing voltage by two-step anodizing (sec. 2.1.4) after electropolishing in 

Brytal solution (sec. 2.1.3.3). Anodizing was continued till the current dropped to zero, 

indicative of electrical disconnection to the aluminum film. The schematic diagram for 

the preparation of through-thickness PAA has been shown in Fig. 5.1.  
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5.3 Formation of Through-Thickness Anodic Alumina 

Fig. 5.2 shows typical photographs of the samples prepared by through thickness 

oxidation. It may be noticed that through-thickness visibility extends over several 

millimeters. In general, as can be seen in Fig 5.3, the samples prepared at lower anodizing 

voltages exhibit higher transparency in comparison with the samples prepared at higher 

voltages.  

The samples were exposed to the radiations in wavelength range of 900-1100 nm 

for estimating transmission through the samples. Fig. 5.4 shows the percentage 

transmission through the transparent region (Figs 5.2 and 5.3), as a function of anodizing 

voltage. Transmission has been possible between 20-60%, although it varies with 

anodizing voltages. Aluminum is known to be optically very active metal for extremely 

high absorbance. Therefore, the presence of extremely thin aluminum film (a few 

nanometers) should be very effective in reducing the transmission. Accordingly, the 

aluminum has been mostly consumed through the thickness, although an extremely thin 

aluminum film (a few nanometer-thick) may still be present resulting in some loss of 

transmission. Decrease in transmission with an increase in anodizing voltage may suggest 

that more efficient consumption of aluminum takes place at smaller anodizing voltages.  

Typical cross-sectional views of the samples prepared at anodizing voltage of 40 

V, 50 V and 70 V has been shown in Fig. 5.5. It may be noticed that alumite layers with a 

thickness of 100-200 μm grow from opposite sides to meet at the middle of the sample. 

Aluminum has been apparently consumed completely through the thickness, except at the 

islands, which exhibit thin unconsumed aluminum. The loss in transparency, as shown in 

Figs. 5.2-5.4, may be due to these islands of unconsumd aluminum. It is worth 

mentioning that the interface location of meeting pores where aluminum has been 

completely consumed is indiscernible (Fig. 5.5). 

5.3.1 Sandwich Structure at the Interface 

Fig. 5.6(a) is a high magnification image of the rectangular region highlighted in 

Fig. 5.5 (b). It may be noticed that pores remain extremely parallel through their growth 

and even at last stage of anodizing under ordering conditions. 
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Fig. 5.1 Schematic diagrams for the synthesis of through thickness transparent PAA a) 

Al surface; b) Al surface after electropolishing; c) PAA with Al after 1st anodizing; d) Al 

surface after dissolving the oxide prepared in 1st anodizing; e) PAA after 2nd anodizing. 
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Fig. 5.2 Typical photographs of though thickness transparent PAA prepared by two-

step anodizing the aluminum sheet in 0.3 M oxalic acid at a) 50 V; b) 40 V ; and c) 30 V.  

a 

c 

b 
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Fig. 5.3 Typical photographs of though thickness transparent PAA prepared by two-

step anodizing the aluminum sheet in 0.3 M oxalic acid at a) 40 V; and b) 70 V. 

a

b 
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Fig. 5.4 Average percent transmission of light at a wavelength range of 900-1100 nm 

through the transparent regions of the sample anodized for through thickness oxidation of 

aluminum sheet.  
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Fig. 5.5 Typical cross sectional SEM images through thickness of a PAA prepared at 

a) 40 V; b) 50 V; and c) 70 V.  

(a) 
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Fig. 5.5 Typical cross sectional SEM images through thickness of a PAA prepared at 

a) 40 V; b) 50 V; and c) 70 V.  
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Fig. 5.5 Typical cross sectional SEM images through thickness of a PAA prepared at 

a) 40 V; b) 50 V; and c) 70 V.  
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Figs. 5.6 (c) and (d) present two regions selected from Fig. 5.5 (b) to show the 

interface at larger magnification. However, the parallel pores growing from both sides 

tend to join the pores of the other side and a change in the orientation of vertically 

growing pores in order to facilitate this joining can also be seen in Fig. 5.6(c). A few 

pores from one side are joining with two pores on the opposite side forming Y-junctions. 

Such pores have been explored and found very interesting for preparing physical 

nanodevices [57, 192, 240]. Furthermore, I-type pore junctions can also be seen in Fig. 

5.6(d). These junctions have been formed between the pores already heading towards 

each other. Fig 5.6(e) shows a cross-sectional view of interface closer to an island. A 

number of aluminum particles (or the sections of aluminum wires) can be seen in Fig. 

5.6(e). Accordingly, aluminum is consumed gradually and it forms particles (or wires) at 

the last stage, which are also consumed as the growth of the continuous oxide proceeds. 

5.3.2 Mechanism of Meeting of Pores at the Interface  

5.3.2.1 Anodic Alumina Prepared under Ordering Conditions 

The growth of pores and their ordering is believed to depend on complex 

interaction of dissolution & formation conditions, non-uniform electric filed across the 

barrier layer, and stress state in the barrier layer and the underlying aluminum [168, 172, 

241], as explained in details in chapter 3. Aluminum with an inhomogeneous thickness 

due to protrusions below the pores tips is finally converted to a mesh of thin wires at the 

thicker sections of aluminum below the cell walls. The arrangement of these wires (or the 

nanoparticles when viewed along a given cross-section) should be complex because two 

different hexagonal cells of the opposite sides meet each other with various degrees of 

coherency from one position to another, as schematically shown in Figs. 5.7 (a) and (b). 

When these wires (or particles) are oxidized by anodizing, the three-dimensional stress 

state, electric field distribution, formation and dissolution conditions of alumina must be 

totally different from that on the bulk aluminum due to change in geometrical features at 

the alumina-aluminum interface, which may alter the path of the pore tips. In our opinion, 

the expansion around the aluminum nanoparticles due to the conversion of aluminum to 

alumina seems to exert the compressive stresses that push the barrier layer. Thus, a pore 

tip changes its path when it is heading towards an aluminum particle; otherwise it keeps 

itself on a straight path, as schematically shown in Figs. 5.7(a) and (b), respectively. The 

former phenomenon results in Y-type or S-type junctions and the later one favors the I-

junction (straight) joints, as indicated in Figs. 5.6 (d) and (e). 
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Fig. 5.6 a) Typical cross sectional SEM image of a sample, prepared at 50 V, focuses 

the longitudinal and cross sectional view of the pores ; (b-e) include the middle position 

of the section in order to reveal the interface of the meeting sides of the alumite. 
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Fig. 5.6 a) Typical cross sectional SEM image of a sample, prepared at 50 V, focuses 

the longitudinal and cross sectional view of the pores ; (b-e) include the middle position 

of the section in order to reveal the interface of the meeting sides of the alumite. 
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Fig. 5.6 a) Typical cross sectional SEM image of a sample, prepared at 50 V, focuses 

the longitudinal and cross sectional view of the pores ; (b-e) include the middle position 

of the section in order to reveal the interface of the meeting sides of the alumite. 
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Fig. 5.6 a) Typical cross sectional SEM image of a sample, prepared at 50 V focusing 

beyond the interface; (b-e) include the middle position of the section in order to reveal the 

interface of the meeting sides of the alumite. 
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Fig. 5.7 A schematic diagram of the way the pores from the opposite sides to meet 

each other depending on their relative position (a number of pores from opposite sides 

join each other to form Y-type, S-type and I-type junctions). 
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Fig. 5.8 Typical SEM image of at the selected interface of alumite prepared at a) 60 V; 

and b) 70 V, where aluminum has been completely consumed during anodizing. 

a) 
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Fig. 5.8 Typical SEM image of at the selected interface of alumite prepared at a) 60 V; 

and b) 70 V, where aluminum has been completely consumed during anodizing. 

 

b) 
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5.3.2.2 Anodic Alumina Prepared under Non-ordering Conditions 

Fig. 5.8 shows cross-sectional views of the samples prepared at anodizing voltage 

of 60 (a) and 70 V (b). As can be seen in Fig 5.8, the barrier layer is still present at the 

middle section. This suggests that thicker barrier layers, formed by higher anodizing 

voltages, remain intact and could not be pierced through by the pores. A few aluminum 

particles can be seen sandwiched between the barrier layers of the opposite side (Fig 

5.8(b)). Although not revealed by the SEM images, the presence of an extremely thin 

layer of aluminum cannot be ruled out in other parts of the barrier layer, as well. 

5.4 Conclusions 

Anodizing of aluminum sheet from opposite sides has been performed in oxalic 

acid to achieve through thickness oxidation forming 100-400 μm thick transparent 

alumina. 

Transmission in the near infrared range, i.e., 900-1100 nm, ranges between 20-

60%. The higher transmission is achieved at lower voltages, which may be due to better 

consumption of aluminum at lower voltages. 

The pores grow straight from opposite sides and meet at middle of the sample. A 

number of pores join to form Y-type, S-type and I-type junctions. The three-dimensional 

compressive stress state around the nanoparticles, at the last stages of anodizing, seems 

responsible for pushing the pore tips away and diverting their path to ensure smooth 

joining. 

At higher anodizing voltage, the pores do not meet and are separated by a barrier 

type oxide, although unconsumed aluminum is not revealed.  
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Chapter 6 

The Effects of Ordering on the Morphology of Two Layer 

Alumite-Forming a Patterned Interface 

6.1 Introduction 

An appropriate choice of anodizing voltage, electrolyte and electropolishing 

pretreatment can provide with an excellent hexagonal ordering of the cylindrical pores / 

nanochannels as demonstrated in previous chapters. A narrow distribution of interpore 

distances and pore diameters resulting from the hexagonal ordering make PAA extremely 

suitable for a variety of applications, particularly as a template for preparing nanowires 

and nanotubes [25, 57, 85, 86, 88-91].  

Apart from usually obtained porous alumite layer separated from underlying 

aluminum by barrier layer, alumite layers have also been grown meeting at sandwich 

structures by complete anodic oxidation of aluminum sheet (chapter 5) or varying the 

anodizing voltages [191, 242].  

In the present work, two-layer alumite templates have been prepared such that the 

interpore distance of the 2nd layer is two-times that of the 1st layer, giving rise to growing 

pores with a funnel-like structure separated by the pores that stop growing in the 2nd layer. 

It may be interesting to know if the anodizing conditions for the growth of these layers 

can play a role in determining the quality of these templates. In other words the ordering 

nature of 1st layer on the growth and ordering of the 2nd layer has been investigated in this 

chapter. 

6.2 Experimental 

Prior to preparation two-layer alumite structures high purity aluminum was 

electropolished in perchloric acid alcohol solution (sec. 2.1.3.2) For two-layer structures 

the 1st layer was prepared by two-step anodizing (sec. 2.1.4) at 20 and 25 V in 0.3 M 

sulfuric acid, and 40 V in 0.3 M oxalic acid. Then the 2nd layer was grown under the 1st 

layer by 3rd anodizing. The voltages for 3rd anodizing were two times higher (i.e., 40, 50 

V in 0.3 M oxalic acid and 80 V in 0.3 M phosphoric acid) than those employed for the 

1st and 2nd anodizing (i.e., 20, 25 and 40 V). The sample designations for the two-layer 
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samples are given in Table 2.2, along with other parameters including the electrolytes 

employed for anodizing. Fabrication of two-layer alumite has been schematically shown 

in Fig. 6.1. 

6.3 Preparation of Two-layer Alumite 

Fig. 6.1 schematically shows different steps involved in fabrication of two-layer 

alumite. Anodizing of the electropolished aluminum was carried out at a given voltage 

(V1) in appropriate electrolyte. The oxide formed during the 1st anodizing was dissolved, 

resulting in nano pits on the aluminum surface (Fig. 6.1(c)). 2nd anodizing under the same 

conditions of 1st step (Fig. 6.1 (d)) resulted in PAA (ordering depends on the anodizing 

conditions). Finally, 3rd step of anodizing was performed at anodizing voltage V2, two 

times the voltage V1 (Fig 6.1 (d)) in appropriate electrolyte. This resulted in two-layer 

alumite with pores arrangement of the 1st layer is corresponding to the anodizing voltage 

V1, and that of the 2nd layer to V2.  

6.3.1 Transition at the Interface of the Two Layer Alumite 

Figs. 6.2(a) and (b) show typical top-view and cross-sectional SEM images of 

S20/C40 sample, respectively. Figs 6.3 (a) and (b) show the same for S25/C50 sample. It 

may be noticed that the inter-pore distance of the 2nd layers is approximately two-times 

larger than that for the 1st layers, in accordance with the anodizing voltages. About one-

half of the pores of the 1st layers terminate their growth in the 2nd layer, while their 

immediate neighbors continue growing in an alternate manner. In this way, a regular 

pattern is formed by the growing pores at the interface. This may be attributed to the fact 

that the 2nd layers of S20/C40 and S25/C50 samples are formed at 40 V and 50 V in 

oxalic acid, respectively that are characterized for their strong tendency to establish a 

periodic arrangement of the pores (Chapter 4). Nevertheless, ordering of the 1st layer has 

also been of particular significance. The 1st layer with hexagonally ordered pores has 

provided with negligible variation in inter-pore distances in the 2nd layer of S25/C50 

sample (Fig. 6.3). In comparison with this, the 2nd layer of S20/C40 sample exhibits a 

pronounced variation in the inter-pore distances as related with the non-ordered 

arrangement of the pores in seeding 1st layer (Fig. 6.2).  
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Fig. 6.1 Schematic diagram for different steps involved and the resulting product 

during the synthesis of two layer alumite. a) electropolished aluminum surface; b) 

disordered PAA after 1st anodizing at V1; c) aluminum surface after dissolving the oxide 

formed in step (b); d) forming of the 1st layer at V1; e) forming of 2nd layer at V2, resulting 

in two-layer alumite. 
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Fig. 6.2 Typical SEM images of two-layer anodic alumina sample, S20/C40; a) top 

surface; and b) cross-section view. The 1st layer was prepared at 20 V in 0.3 M sulphuric 

acid, and 2nd layer at 40 V in 0.3 M oxalic acid. The lines indicate the positions of the 

pores in respective layers.  
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Fig. 6.3 Typical SEM images of two-layer anodic alumina sample, S25/C50; a) top 

view; and b) cross-sectional view. The 1st layer was prepared at 25 V in 0.3 M sulphuric 

acid, and 2nd layer at 50 V in 0.3 M oxalic acid.  
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Silver nanowires have been electrodeposited in S25/C50 template, as shown in 

Fig. 8.3. As the section was exposed by breaking the sample, the nanowires, being 

ductile, were mostly pulled out, necked and broken. It may be noticed that the nanowires 

grow straight from larger diameter of about 40 nm to a smaller diameter of 25 nm that 

taper through a narrow region of about 100 nm, replicating the dimensions of the tapered 

nanopores.  

Figs. 6.4(a) and (b) show typical top and cross-sectional SEM images of C40/P80 

sample, respectively. This two-layer structure is comprised of the 1st layer, formed at 40 

V in oxalic acid, and the 2nd layer at 80 V in phosphoric acid. In spite of the fact that the 

pores in the 1st layer are arranged in an excellent hexagonal order (Fig. 6.4(a)), anodizing 

at a non-ordering voltage of 80 V in phosphoric acid [174] gives rise to a random (non-

ordered) arrangement of pores with extremely non-uniform inter-pore distances in the 2nd 

layer, as clearly revealed by Fig. 6.4(b). Furthermore, some of the pores in 2nd layer 

emerge out while others terminate (marked as A and B in Fig. 6.4 (b), respectively) away 

from the interface, indicating pore branching and accompanying annihilation (chapter 3).  

Employing C40/P80 alumite as a template, Ag nanowires have been 

electrodeposited typically shown in Fig. 8.4. The nanowires were released from the 

template by dissolving it in NaOH solution. Because of the pore branching / merging, 

typically shown in Fig. 6.4, Y-type joints are frequently seen in thicker part of the silver 

nanowires when grown in C40/P80 template. The smaller diameter of Ag NWs is around 

55 to 60 nm (indicated as S) and the larger diameter varies from 100 to 150 nm (indicated 

as L in Fig 8.4). The wider distribution in the larger diameter of the wires is due to the 

fact that the 2nd layer of C40/P80 template has grown at the non-ordering conditions 

(chapter 3). 

6.3.2 A novel Superlattice 

Tapering nanowires exhibit interesting physical properties due to size / gradient 

effects [186]. An interesting aspect of the present templates is that the wires growing 

through the 2nd layer are separated by empty pores in the 1st layer. This introduces new 

superlattices with a basis formed by a metallic wire and empty pore. Furthermore, the 

wires of less than 25 nm have been prepared at a distance of about 130 nm in the 1st layer 

(Fig. 8.3). 
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Fig. 6.4 Typical SEM images of two-layer anodic alumina sample, C40/P80; a) top 

surface; and b) cross-section view. The 1st layer was prepared at 40 V in 0.3 M oxalic 

acid, and 2nd layer at 80 V in 0.3 M phosphoric acid. 
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This ratio of inter-wire distance to the wire diameter comes out to be about 6. This 

is not possible to achieve with ordinary alumite templates that provide a maximum cell 

size to pore diameter ratio of about 3 [177]. 

6.3.3 Mechanism of Transition in Pore Morphology at the Interface  

Fig. 6.5 presents a schematic view how, we consider, the 2nd layer grows from the 

1st layer when the anodizing voltage is doubled. Fig. 6.5 (a) shows a typical case of 

variation in barrier layer thickness immediately after the anodizing voltage is doubled. 

The barrier layer thicknesses of the 1st and 2nd layers are typically indicated as X and Y. 

When the anodizing voltage is doubled for the 2nd layer the barrier layer thickness 

increases from X to Y (≈ 2 times X) and the metal-oxide interface moves from A to B. 

Fig 6.5 (b) shows the case of growth of the 2nd layer when both the layers are grown 

under ordering conditions (O), such as S25/C50 alumite (Fig. 6.3). Fig 6.5 (c) 

demonstrates the schematics of the case in which the 1st layer is grown under non-

ordering conditions while the 2nd layer under the ordering conditions (NO), such as 

S20/C40 template (Fig. 6.2). The case in which the 1st layer is grown under ordering 

conditions while the 2nd layer under the non-ordering conditions (ON), such as C40/P80 

template (Fig. 6.4), is shown in Fig. 6.5 (d). 

As shown in Fig. 6.5 (b-d), larger cells are formed as the metal-oxide interface 

moves ahead (from A to B), in accordance with anodizing conditions. An upward flow of 

oxide occurs at the new cell boundaries owing to volume expansion and electrostriction 

stresses [169]. The pores originally located at (above) the new cell boundaries cease their 

growth because of excessive thickening of the underlying oxide. The new cells are 

centered at alternative pores when the 2nd layer is grown under ordering conditions (Fig. 6.5 

(b, c)). In case of non-ordering conditions for growth of the 2nd layer (Fig. 6.5 (d)), barrier 

layer curvatures and the distances between protuberances are not uniform, making it 

difficult for the 2nd layer to opt for alternative pores from the 1st layer.  
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Fig. 6.5 The schematics showing the growth of 2nd layer from 1st layer when the 

anodizing voltage is doubled; a) barrier layer thickness is doubled and the interface 

moves from A to B; b-d) new cells are formed as the interface and moves ahead. Both the 

layers are grown under ordering conditions (O) in (b), while the 1st layer is grown under 

non-ordering conditions (NO) in (c) and the 2nd layer is grown under non-ordering 

conditions (ON) in (d). X=barrier layer thickness during the growth of the 1st layer; Y= 

barrier layer thickness during the growth of the 2nd layer.  
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Fig. 6.5 The schematics showing the growth of 2nd layer from 1st layer when the 

anodizing voltage is doubled; a) barrier layer thickness is doubled and the interface 

moves from A to B; b-d) new cells are formed as the interface and moves ahead. Both the 

layers are grown under ordering conditions (O) in (b), while the 1st layer is grown under 

non-ordering conditions (NO) in (c) and the 2nd layer is grown under non-ordering 

conditions (ON) in (d). X=barrier layer thickness during the growth of the 1st layer; Y= 

barrier layer thickness during the growth of the 2nd layer.  
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Fig. 6.5 The schematics showing the growth of 2nd layer from 1st layer when the 

anodizing voltage is doubled; a) barrier layer thickness is doubled and the interface 

moves from A to B; b-d) new cells are formed as the interface and moves ahead. Both the 

layers are grown under ordering conditions (O) in (b), while the 1st layer is grown under 

non-ordering conditions (NO) in (c) and the 2nd layer is grown under non-ordering 

conditions (ON) in (d). X=barrier layer thickness during the growth of the 1st layer; Y= 

barrier layer thickness during the growth of the 2nd layer.  
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Fig. 6.5 The schematics showing the growth of 2nd layer from 1st layer when the 

anodizing voltage is doubled; a) barrier layer thickness is doubled and the interface 

moves from A to B; b-d) new cells are formed as the interface and moves ahead. Both the 

layers are grown under ordering conditions (O) in (b), while the 1st layer is grown under 

non-ordering conditions (NO) in (c) and the 2nd layer is grown under non-ordering 

conditions (ON) in (d). X=barrier layer thickness during the growth of the 1st layer; Y= 

barrier layer thickness during the growth of the 2nd layer.  



 129

 

6.4 Conclusions 

Two layer alumite structures have been synthesized in which the 2nd layer is 

formed by doubling the anodizing voltage to that for the 1st layer, in suitable electrolytes.  

When the 2nd layer is formed at ordering voltages of 40 and 50 V after the growth 

of the 1st layers at 20 and 25 V, respectively, the pores of the 1st layer grow into the 2nd 

layer or terminate at the interface, alternatively. More uniformity in inter-pore distances is 

achieved in the 2nd layer (at 50 V) when the 1st layer is also formed at ordering voltage (of 

25 V).  

When the 2nd layer is prepared at a non-ordering voltage (80 V in phosphoric acid) 

an irregular pattern is observed at the interface and a larger number of adjacent pores stop 

growing into the 2nd layer.  

The phenomena have been explained on the basis of oxide flow model. The 

ordering voltages for the 2nd layer form a metal-oxide interface with symmetric 

protuberances and the upward oxide flow at the new cell walls (concave regions) stop the 

growth of the alternate pores. If the protuberances are not symmetric (and not equi-

distant) a patterned interface cannot be achieved. 
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Chapter 7 

Electrodeposition of Ni and Ni-S Nanowires 

7.1 Introduction  

In this chapter the porous anodic alumina (PAA) was demonstrated as a template for the 

electrodeposition of Ni and Ni-S nanowires in aqueous and non-aqueous (DMSO) media.  

Electrodeposition of metal nanowires in aqueous solution employing alumite 

template has been extensively investigated with AC, DC and pulse deposition.  

One of the major problems associated with the aqueous medium is the so called 

“skyscraper” phenomena, resulting in nanowires with non-uniform lengths. Oxidation to 

passivate the growing wire may be primarily responsible for this phenomenon, apart from 

low diffusivity of electro-active species in aqueous media. Such drawbacks associated 

with the aqueous medium can be overcome by using non-aqueous medium that are less 

oxidizing, which can be operated at relatively higher temperatures for improved 

diffusivity of electro-active species.  

Several studies have been performed on the electrodeposition of metals [243, 

244], alloys with reactive constituents [245], and metal sufides [246-248] in Dimethyl 

sulfoxide (DMSO).  

Nickel nanowires have also been grown by AC deposition in DMSO [249]. 

Nanotubes of nickel sulphide have also been grown by infiltration and decomposition 

process [250].  

Alexander Vaskevich, et al. [251] have shown that elemental sulfur is deposited as 

an alloying element in nickel during cathodic deposition in DMSO and sulphur content 

can be raised by preferential anodic dissolution of nickel. It may, therefore, be possible to 

prepare nanowires of nickel-sulphur alloy by pulse deposition. For instance, preferential 

anodic dissolution of nickel at galvanostatic anodic wave may be helpful for 

incorporation of substantial amount of sulphur in nickel nanowires. 

In the present work, square-wave pulse deposition has been performed 

successfully to form Ni-S alloy nanowires. 

It may be worth noting that pulse deposition involving galvanostatic anodic (and 

cathodic) waves has not been performed previously in non-aqueous media, as well. 
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Therefore, the same methodology has also been employed for the deposition of pure 

nickel nanowires in aqueous media. This, at one end, has been helpful to introduce a new 

pulse design, and on the other hand, this has provided with the possibility to compare the 

structural and magnetic properties of the nanowires prepared in these two different media.  

7.2 Preparation of PAA Templates for Electrodeposition 

The alumite template employed was prepared by two-step anodizing (sec. 2.1.4) at 

40-60 V in 0.3 M oxalic acid after electropolishing in Brytal solution (sec. 2.1.3.3). For 

electrodeposition of nanowires by pulse plating, pore widening and barrier layer thinning 

were performed as described in sec. 2.1.5.1 and 2.1.5.2, respectively. Fig. 7.1 shows a 

typical scheme applied for pore widening and barrier layer thinning (e and f). Fig. 2.3 

shows changes in potential during these treatments of the alumite. Since the potential 

drop across the barrier layer is primary function of its thickness, i.e., ~ 0.4 V / nm [171], 

decrease in potential indicates decrease in thickness of the barrier layer. In successive 

steps, the voltage reached a value of about 6-7 V, indicating the barrier layer thickness of 

about 15 nm required for electrodeposition.  

In case of the templates prepared at 50 V and below, the current limited anodizing 

(sec. 2.1.5.4) proved successful. For templates prepared at 60 V and above with 

comparatively thicker barrier layers, an additional step of barrier layer branching was 

(sec. 2.1.5.3) applied up to about 40 V, and then pore widening with subsequent current 

limited anodizing was performed, similar to Fig. 2.3.  

7.3 Electrodeposition in Aqueous and Non-aqueous Media 

7.3.1 Solutions for Electrodeposition 

A typical solution for the electrodeposition of Ni nanowires in aqueous solution 

contained NiSO4-6H2O (300g/L), NiCl2-6H2O (45g/L) and H3BO4 (45g/L) dissolved in 

distilled water at the pH value around 4.5. Temperature was maintained around 35 ± 1 °C 

in bath. Electrodeposition was performed in a 3-electrodes cell with saturated calomel 

electrode as reference electrode, Pt as counter electrode and the alumite template (backed 

by aluminum) as a working electrode.  

The non-aqueous medium was prepared by dissolving NiCl2 (5-50g/L) in 

Dimethylsulfoxide (DMSO), along with LiCl (3-30g/L) to improve the conductivity. The 

temperature of the solution was maintained at 105 ± 2 °C. The electrodeposition was 
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performed in a 2-electrode cell with the alumite template as a working electrode and 

graphite rod as an anode.  

7.3.2 Electrodeposition Pulses 

Electrodeposition of wires was performed by applying galvanostatic pulses, as 

typically shown in Fig. 7.2 (a). The potential during the electrodeposition was monitored 

by employing oscilloscope, as shown in Fig. 7.2(b). Two electrodeposition schemes were 

employed with frequencies of 10 Hz and ~220 Hz, respectively. In case of 10 Hz pulses, 

the duration of consecutive cathodic (tcath) and anodic pulses (tanod) was 9 and 1 ms, 

respectively (Fig 7.2 (a)). The cathodic (icath) and anodic (ianod) current density was same. 

An off-time (toff) of 90 ms was applied after each anodic pulse. For 220 Hz pulse design, 

tcath and tanod were 2 ms and 0.5 ms, respectively, with toff of 2 ms, Fig 7.3 (a). The ianod 

was one-half of the icath in this case. 
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Fig. 7.1 Schematic diagrams showing the cross sectional morphology of the alumite 

during its preparation for electrodeposition; a) Electropolished Aluminum; b) 1st 

anodizing; c) dissolving the oxide formed in b); d) 2nd anodizing; e) pore widening; and f) 

barrier layer thinning. 
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Fig. 7.2 a) A typical low frequency current pulse shape (cathodic and anodic currents of 

70 mA-cm-2 for 9 and 1 ms, respectively, with the off-time of 90 ms), applied for the 

electrodeposition of Ni in aqueous medium; b) The voltage pulse observed by 

oscilloscope during the electrodeposition in the aqueous medium with the low frequency 

pulse (a). 

Time
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Fig. 7.3 a) A typical High frequency current pulse shape applied for the electrodeposition 

of Ni in aqueous medium; b) The voltage pulse observed by oscilloscope during the 

electrodeposition in the aqueous medium with the high frequency pulse (a). 
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Fig. 7.4 a) Typical voltage pulse observed during electrodeposition of Ni in DMSO at the 

current density of -20 mA-cm-2 (for 9ms); +20 mA-cm-2 (for 1ms); and off time (for 90 

ms); b) A typical voltage pulse observed during electrodeposition of Ni in DMSO at the 

current density of -20 mA-cm-2 (for 2 ms); +10 mA-cm-2 (for 0.5 ms); and off time for 2 

ms. 

 

a) 

b) 
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The common feature was that qcath (icath.× tcath) was about nine times the qanod 

(ianod.× tanod). The icath was optimized to be 20-50 mA-cm-2 for DMSO, while it was 70 

mA-cm-2 in case of aqueous medium following the work of Nielsch et al. [86]. Typical 

changes in voltage, as monitored with the help of oscilloscope, are shown in Fig. 7.2(b) & 

7.3(b) in aqueous bath and 7.4 (a) & (b) in DMSO. Almost reproducible response is 

observed from one cycle to another, both in case of 10 Hz (low frequency) and 220 Hz 

(high frequency) pulses. Furthermore, shape of the voltage curves appears to be 

independent of the electrolytic bath. 

7.4 Morphological and Compositional Analyses  

7.4.1 SEM and TEM Analyses of Nickel Nanowires Deposited in 

Aqueous Medium 

Figs. 7.5 and 7.6 show the cross-sectional views of the samples after electro-

deposition of nickel using low- and high-frequency rectangular pulses (Figs 7.2 and 7.3), 

in aqueous medium. The nanowires are successfully formed in the template with excellent 

filling efficiency. The EDX, shown in the upper left corner, of the marked area of the 

SEM images of Figs. 7.5 and 7.6, reveals that pure Ni is deposited in both the cases. 

Typical TEM images of a single Ni nanowire released from the alumite template are 

shown in Fig. 7.7, along with EDX analysis and selected area electron diffraction 

patterns. The XRD patterns of the samples are shown in Figs. 7.8 and 7.9 that exhibit X-

ray reflections of FCC nickel with a lattice parameter of 0.352 nm that is in agreement 

with pure nickel. It may be noticed that the wires formed by high frequency pulses exhibit 

no preferred texture. By contrast, low frequency pulses result in the formation of the 

nanowires with preferred texture, as the (220) reflection of FCC nickel exhibits higher 

intensity in comparison with the (111) reflection. It may, therefore, be inferred that the 

characteristic of the nanowire, e.g., texture can be controlled by the frequency of the 

square pulses.  
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Fig. 7.5 Cross sectional SEM images with different magnifications of the Ni NWs 

embedded in alumite prepared at 40 V (pore widened). The electrodeposition was 

performed at low frequency in aqueous solution. Prior to viewing the sample was slightly 

dissolved in NaOH. 
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Fig. 7.6 Cross sectional SEM images with different magnifications of the Ni NWs 

embedded in alumite prepared at 40 V (pore widened). The electrodeposition was 

performed at high frequency in aqueous solution. Prior to viewing the sample was slightly 

dissolved in NaOH. 
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Fig. 7.7 a) TEM image of released Ni nanowire prepared by low frequency pulse in 

aqueous medium with the EDX in b). A high magnification TEM of a single wire (c) with 

selected area electron diffraction of the Ni nanowire is shown in (d). 
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Fig. 7.8 XRD pattern of the Ni NWs prepared by electrodeposition in aqueous solution by 

low frequency pulse.  

 

Fig. 7.9 XRD pattern of the Ni NWs prepared by electrodeposition in aqueous solution by 

high frequency pulse.  
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7.4.2 SEM and TEM Analyses of Ni-S alloy nanowires in DMSO 

Typical SEM images of the samples prepared under various conditions (of pulse 

shapes and current densities) are shown in Figs. 7.10-7.12. EDX spectra are also shown as 

insets. In contrast to the aqueous medium, the nanowires grown in DMSO, at low 

frequency, are not smooth and compact. At high frequency pulses, nanowires are even 

replaced by rather isolated particulates (Fig.7.12).  

The wires formed by low frequency pulses were successfully retained by 

dissolution of alumina in NaOH. Typical TEM images are shown in Fig. 7.13, along with 

EDX analysis and selected area electron diffraction patterns. The electron diffraction 

pattern of about 100 nm piece of the wire exhibits large number of dots completing the 

diffraction rings (Figs. 7.13 (c) and (d)). Perfect rings are obtained when about 300 nm 

length of the wire is employed for electron diffraction patter (Figs. 7.13 (e) and (f)). This 

shows that the nanowires prepared in DMSO are composed of extremely small nano-

crystallites.  

Analysis of the diffraction patterns shows that crystal structure of the nanowires is 

FCC. The lattice constant (a) of FCC Ni formed in DMSO is 0.415 nm, which is about 15 

% larger than that of pure FCC nickel formed in aqueous media (0.352 mm). As can be 

seen in EDX spectra given along with SEM images (Figs. 7.10-7.12), sulfur is also 

incorporated in the deposition. Atomic ratio of sulfur to nickel is found to vary between 

8-12% for various experiments performed in DMSO. EDX spectrum of the nanowires, 

isolated from alumina template, has been obtained with the help of TEM as shown in 

Fig.7.12. Results of analysis are also shown in the inset that confirms the presence of 12 

% sulfur in the wires. Biallozor S. et al. [244] have earlier observed incorporation of 

about 3% sulfur in nickel coatings electrodeposited in DMSO. Alexander Vaskevich et al. 

[251] have confirmed that elemental sulfur is deposited as an alloying element in nickel 

when electrodeposition is performed in DMSO. They have further shown that anodic 

dissolution of thin electrodeposited films raises the content of elemental sulfur due to  
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Fig. 7.10 Typical SEM image of cross section of the alumite with Ni deposited in DMSO 

at the current density of -50 mA cm-2 (for 9 ms); +50 mA-cm-2 (for 1 ms); and off time 

for 90 ms. The EDX of the sample is in the inset. 

Al  O 
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Fig. 7.11 Typical SEM image of cross section of the alumite with Ni deposited in DMSO 

at low frequency with the current density of -20 mA-cm-2 (for 9 ms); +20 mA-cm-2 (for 1 

ms); and off time for 90 ms. The EDX of the sample is in the inset. Prior to the SEM 

analysis the sample was slightly dissolved in NaOH. 
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Fig. 7.12 Typical SEM image of cross section of the alumite with Ni deposited in DMSO 

at high frequency with the current density of -20 mA-cm-2 (for 2 ms); +10 mA-cm-2 (for 

0.5 ms); and off time for 2 ms. The EDX of the sample is in the inset. Prior to the SEM 

analysis, the sample was slightly dissolved in NaOH. 
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Fig. 7.13 (a) TEM image of Ni nanowire prepared by low frequency pulse in DMSO; (b) 

the EDX of the TEM image. (c) A high magnification TEM of Ni particle of the broken 

nanowire shown in (a); (d) SAED of the Ni particle shown in (c); (e) high magnification 

TEM of a Ni nanowire shown in (a); (f) SAED of the Ni nanowire shown in (e).  

(a) 

(b) 

(c)

(d)
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Fig. 7.13 (a) TEM image of Ni nanowire prepared by low frequency pulse in DMSO; (b) 

the EDX of the TEM image. (c) A high magnification TEM of Ni particle of the broken 

nanowire shown in (a); (d) SAED of the Ni particle shown in (c); (e) high magnification 

TEM of a Ni nanowire shown in (a); (f) SAED of the Ni nanowire shown in (e).  

(e)

(f) 
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preferential dissolution of nickel. It can, therefore, be inferred that the nanowires formed 

in DMSO is a solid solution of nickel containing 8-12 a/o. The higher lattice constant of 

FCC Ni(S) in comparison with pure nickel, as mentioned above, seems to be due to 

incorporation of sulfur. 

7.4.3 Magnetic Hysteresis loops of Electro-deposited Ni and Ni-S 

Nanowires 

Magnetic hysteresis loops of the nanowires obtained with low and high frequency 

pulses in aqueous medium are shown in Figs. 7.14 and 7.15, respectively. Higher remnant 

magnetization and coercivity parallel to the wire in comparison with the perpendicular 

direction is due to the shape anisotropy. The nickel wires formed at higher frequency 

exhibit higher remnant magnetization and coercivity in comparison with the nanowires 

formed at lower frequency. This may be associated with the fact that easy direction for 

magnetization, i.e., [111], is randomly distributed in non-textured nanowires, while this 

direction is mostly unavailable along the wire showing (110) texture. 

Fig. 7.16 shows magnetic hysteresis loops of a typical sample containing 

particulate nanowire. The saturation magnetization is 1-2 orders of magnitude lower than 

that of aqueous samples. Furthermore, shape anisotropy is totally absent, as revealed from 

low coercivity parallel to the wire. Incorporation of sulfur has raised the lattice constant 

as mentioned in earlier paragraphs. In this way, interatomic distance between nickel 

atoms also increases. As is known, ratio of interatomic distance to the diameter of d-shell 

(a / d) is an extremely important parameter that determines the exchange interaction 

between atoms, and thus, magnetic fate of the transition metals, as shown in Fig. 7.17. 

Accordingly, the low saturation magnetization of Ni(S) nanowires may partly be 

associated with an increase in ratio of inter-atomic distance to the diameter of the d-shell, 

as shown in Fig. 7.16. 

More interestingly, negative slope in the MH curve (at higher field strength) in 

case of the samples prepared at high frequency in DMSO suggests the presence of a 

diamagnetic material. The diamagnetic susceptibility is higher than expected for alumina. 

On the other hand, diamagnetic behavior of complexes containing nickel and sulfur is well 

known [252-256]. 
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Fig. 7.14 Typical magnetic htysteresis loops of Ni nanowires electrodeposited in aqueous 

medium at low frequency. 



 150

 

Fig. 7.15 Typical magnetic htysteresis loops of Ni nanowires electrodeposited in aqueous 

medium at high frequency. 
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Fig. 7.16 Typical magnetic htysteresis loops of Ni nanowires electrodeposited in DMSO 

at low frequency.  
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Fig. 7.17 Magnetic exchange interaction energy as a function of the ratio of atomic 

spacing to diameter of 3d orbit (a / d) for some transition elements. 



 153

 

Fig. 7.18 Typical magnetic htysteresis loops of Ni nanowires electrodeposited in DMSO 

at high frequency. 
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It is, therefore, expected that a diamagnetic impurity (or Ni complex) is formed or 

retained in cases of nanowires formed at high frequency. The presence of this impurity 

(Ni complex) may possibly be responsible for passivation of nickel surface to give rise to 

the formation of particulates instead of compact nanowires. 

It may be worth-mentioning that contribution of the diamagnetic phase is 

comparatively lower in case of the samples prepared at low frequencies (Fig. 7.16) in 

comparison with high frequencies (Fig. 7.18). This is in agreement with the fact that only 

needle and flakes are formed at high frequency while the nanowires grown at lower 

frequency are composed of tiny crystals and grains. The difference in behavior between 

low and high frequency may primarily be related with concentration of electro-active 

species, i.e., nickel, at the deposition interface, as a longer off-time of the low frequency 

pulses can allow the diffusion of nickel ions to the depleted regions of the pores. 

Another interesting aspect is the lack of shape anisotropy, and low remnant 

magnetization and coercivity exhibited by the nanowires and particulate materials formed 

in DMSO in contrast to the aqueous medium. Small size of the crystallites forming the 

nanowires, may be responsible for lower interparticle interaction, facilitating them to re-

organize their magnetic moments independently as the applied field is removed. It 

appears that magnetic domains of the nanocrystyallites / particles are separated by sulfur-

rich non-magnetic boundaries being responsible for hindering the interparticle magnetic 

interactions required for coercivity and sustained alignment along the length of the wire. 

7.5 Conclusions 

Electrodeposition of Ni and Ni(S) nanowires has been performed in aqueous and 

non-aqueous media with similar current pulse forms using alumite as templates.  

In case of aqueous medium pure FCC Ni and compact nanowires with excellent 

filling of the alumite pores were obtained. The low frequency pulses resulted in formation 

of Ni nanowires with preferred texture with higher (220) XRD reflection, while high 

frequency resulted isotropic nanowires. 

In contrast to aqueous medium the nanowires obtained with electrodeposition in 

DMSO were not smooth and compact which tuned to needle or flake like particle at 

higher frequency. 

The composition analysis of nanowires formed in DMSO shows incorporation of 

8-12% sulphur in nickel, although SAED analysis reveals the formation of FCC structure. 
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The lattice constant of the nanowires formed in DMSO is also 12% larger in comparison 

with pure nickel.  

The magnetic hysteresis studies exhibit a decrease in saturation magnetization, 

coercivity and remanant magnetization, along with the presence of diamagetic impurity, 

which is possibly due to the sulfur rich layer formed at the surface of nanoparticles. 
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Chapter 8 
Electrolytic and Electroless Deposition of Silver 

Nanowires using Alumite Templates 

8.1 Introduction 

Silver is a useful engineering metal because of its highest electrical conductivity. 

The silver nanowires have been extensively investigated because it exhibits interesting 

optical properties due to the quantum confinement effect. Silver nanowires have been 

synthesized by electrochemical and chemical methods.  

In this chapter, silver nanowires have been synthesized employing the templates 

prepared in our lab with different diameters by electrochemical and electroless method. 

Two-layer alumite templates have been used for the electrochemical deposition to 

investigated the inner morphology of these template.  

8.2 Experimental  

8.2.1 Template Synthesis of Silver Nanowires 

8.2.1.1 Electrolytic Deposition 

The alumite templates for electrolytic deposition were prepared under different 

anodizing conditions, including two-layer alumites (chapter 6). The barrier layer 

branching was carried out as described in chapter 3 (sec. 2.1.5.2). Electrodeposition of 

silver nanowires was performed in a two electrodes cell with aluminum backed alumite as 

working electrode and graphite as counter/reference electrode. The electrolyte for the 

deposition contained 3 g/L of AgNO3 with pH ~ 1(adjusted with addition of H2SO4). The 

electrodeposition was performed with AC 17 V at room temperature. 

8.2.1.2 Electroless Deposition 

The alumite templates for the electroless deposition were prepared by two step 

anodizing (sec. 2.1.4) at different anodizing voltages after electropolishing aluminum in 

Brytals solution (sec. 2.1.3.3). Alumites with the pore diameters of 40, 50, 60 and 70 nm 

were prepared with the anodizing voltages of 40, 50, 60 and 70 V in 0.3 M oxalic acid, 

respectively. However, the alumite with 90 nm was prepared by pore widening (sec. 

2.1.5.1) it after anodizing at 50 V.  
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The electroless deposition was performed following the work of Hu et al. [257]. 

Briefly, solution for deposition was prepared by dissolving 20g / L of AgNO3 in ethylene 

glycol (EG). Before the deposition the alumites were dried in vacuum in order to improve 

the filling of the nanopores of the alumites. The alumites with different diameters were 

immersed in the AgNO3-EG solution separately. A 10-15 minutes sonication was 

performed at room temperature. Then the samples were placed in the hot oil bath at 120 ± 

2 °C. for about 20-24 hrs. Then the samples were washed ultrasonically in refreshing 

distilled water for sufficient time so that all the deposits on the surface were removed. 

8.2.2 SEM and XRD Characterization of Ag Nanowires Prepared by AC 

Electrodeposition 

Fig. 8.1 shows Ag-filled alumite with diameter of about 50 nm prepared by 

electrodeposition of silver in an alumite prepared at 40 V with subsequent pore widening. 

The XRD pattern of the sample, shown in Fig. 8.2, indicates the formation of FCC silver, 

with an additional reflection at 2θ = 35.8° , which is attributed to 4H silver [258, 259]. 

Double diameter nanowires were also grown successfully by the AC 

electrodeposition, as shown in Figs. 8.3 and 8.4, for which the alumites with double 

diameters used were S25/C50 and C40/P80, as described in chapter 6. XRD patterns of 

the Ag nanowires in S25/C50 and C40/P80 have been shown in Figs 8.5 (a) and (b), 

respectively. In this case also the formation of FCC silver nanowires along with an 

additional 4H reflection can be seen. It is worth mentioning that relative peak intensity of 

4H is higher for the double diameter Ag nanowires deposited in S25 /C 50 as compared to 

that in C40 / P80 template. This may be attributed to the size effect on the 4H 

concentration in Ag nanowire [259] The best template proved to be the one prepared at 

ordering voltages (Fig. 8.3), as wire branching was observed otherwise (Fig. 8.4). 
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Fig. 8.1 Typical cross sectional SEM images of Ag nanowires embedded in alumite 

template.  

100nm 

b 

a 
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Fig. 8.2 Typical XRD of Ag nanowires embedded in alumite template.  
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Fig. 8.3 Typical cross sectional SEM images of double diameters Ag nanowires 

embedded in S25 / C50 alumite template. b) High magnification SEM. 
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Fig. 8.4 Typical cross sectional SEM images of double diameters Ag nanowires 

embedded in C40 / P80 alumite template. b) SEM image of the Ag Nanowires released 

from the template by dissolving in NaOH. 

 

b

a
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Fig. 8.5 a) XRD of double diameters Ag nanowires embedded in S25 / C50 alumite 

template. b) XRD of double diameters Ag nanowires embedded in C40 / P80 alumite 

template. 

 

a 

b
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8.2.3 SEM and XRD Characterization of Ag Nanowires Prepared by Electroless 

Deposition 

Fig. 8.6 (a) shows a typical top surface SEM image of the alumite prepared at 40 

V and filled with silver nanowire deposited by electroless deposition. The pore diameter 

was about 40 nm. The filling of silver proceeded to several micrometers in the pores as 

clearly revealed by the cross-sectional SEM analysis (Fig. 8.6 (a) and (b)), suggesting the 

formation of silver nanowires with high aspect ratio. It may also be noted that silver 

nanowires replicate the pores perfectly, resulting in the formation of silver nanowires 

with the diameter equal to that of the pores. Open funnel like top can also be noticed.  

Fig. 8.7 shows SEM image of Ag-filled template with pore diameter of 90 nm, 

prepared at another ordering voltage of 50 V with subsequent pore widening for about 2 

hrs. Successful filling of most of the pores is evident from the top view SEM image (Fig. 

8.7(a)) as well as the cross-sectional views (Figs. 8.7(b) & (c)). 

Fig. 8.8 shows typical top view SEM image of a Ag-filled template prepared at a 

non-ordering voltage of 70 V. Filling efficiency has been extremely poor in comparison 

with Figs. 8.6 and 8.7. It has been shown in chapter 3 that 1st anodizing at a non-ordering 

voltage with subsequent dissolution of anodic alumina leaves nanopits with irregular 

contour. As a result, more than one tiny pits nucleate on these nanopits during 2nd 

anodizing. These nanopits must merge together in order to reach an equilibrium interpore 

distance and pore density. Any way, the top end of the pores in case of the templates 

formed at non ordering voltages is not smooth and straight. This may lead to a difficulty 

in the intake of precursor silver crystallites (explained in later sections). 

Fig. 8.9 (a) shows a SEM image of Ag nanowires with the diameter of about 90 

nm released by dissolving the alumite in NaOH. It is interesting to mention that the 

smoother surface of the nanowires and their uniform diameter clearly indicates that the 

pores of the template exhibited uniform diameter with smoother surface because the host 

alumite was prepared under the ordering voltage of 50 V (chapter 3). The EDX of the 

nanowires, Fig. 8.9(b), clearly shows that with this technique pure silver nanowire can be 

deposited in the alumite. The gold indication is due to the Au film deposited on the 

samples for the SEM characterization (sec. 2.2.1). 
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Fig. 8.6 a) Typical top surface SEM image of alumite with Ag nanowires with 

diameter of 40nm deposited by electroless deposition; b) and c) are the cross sectional 

SEM images of the alumite shown in (a). 
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Fig. 8.6 a) Typical top surface SEM image of alumite with Ag nanowires deposited by 

electroless deposition in alumite template with diameter of 40 nm prepared by anodizing 

at 40 V; b) and c) are the cross sectional SEM images of the alumite shown in (a). 

b 

c 
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Fig. 8.7 a) Typical top surface SEM image of alumite with Ag nanowires with 

diameter of 90nm deposited by electroless deposition in a template prepared by anodizing 

at 50 V with subsequent pore widening for 2 h; b) and c) are the cross sectional SEM 

images of the alumite shown in (a). The bar scale in a) is 1µm. 

a 
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Fig. 8.7 a) Typical top surface SEM image of alumite with Ag nanowires with 

diameter of 90 nm deposited by electroless deposition in a template prepared by 

anodizing at 50 V with subsequent pore widening for 2 h; b) and c) are the cross sectional 

SEM images of the alumite shown in (a). The bar scale in a) is 1µm. 

b 

c 
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Fig. 8.8 Typical top surface SEM image of alumite with Ag nanowires deposited by 

electroless deposition in a template prepared by the non-ordering voltage of 70 V.  
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Fig. 8.9 a) Typical SEM images Ag nanowires with the diameter of 90 nm released 

from the alumite template ; b) EDX of the Ag nanowires shown in (a). 

a 

b 
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Fig. 8.10 shows the XRD patterns of samples with wire diameter ranging from 40 

to 90 nm. The peaks positions correspond to (111), (200), and (220) reflections of pure 

FCC silver, which indicates that impurities from the solution have not been 

accommodated by the nanowires. It may be noticed that increase in diameter of the wire 

results in an increase in the intensity of (220) reflection, with a corresponding decrease in 

the intensity of (111) reflection. This reveals that the wires with larger diameter grow 

with a preferred orientation of <220>. However, the crystallites in the smaller diameter 

wires are arranged in a random fashion, giving rise to no preferred orientation.  

8.3 Mechanism for Electroless Deposition of Silver 

The mechanism of the growth of nanoparticles and nanorods of silver in Ethyl 

glycol through homogeneous nucleation has been reported [260-262]. Silver nanoparticles 

of the order of 1-5 nm size are first formed in the solution. These particles remain 

suspended because of Brownian motion. Then larger crystals are formed at the cost of 

smaller crystals by Ostwald ripening mechanism. 

We propose following mechanism for the growth of nanorods and nanowires of 

silver inside the pores. The Brownian motion and fluid currents responsible for keeping 

the silver nanoparticles in the suspension is affected by the two-dimensional constraints 

provided by the pore walls. Hence, they get a better chance to interact and segregate 

forming larger crystals inside the pores. This phenomenon continues forming numerous 

nanoparticles dispersed in the pore channels, as schematically shown in Fig. 8.11(a). The 

access of silver from the bulk solution stops when some of the larger crystallites grow to 

fill the pore diameter completely, as shown in Fig. 8.11(b). 

The crystal growth phenomenon does not stop here, and larger compact crystals 

continue their growth (Fig. 8.11(b)) by Ostwald ripening process. Ostwals ripening 

involves growth of larger crystals at the cost of smaller crystals in order to decrease the 

surface energy. The smaller crystals ultimately diminish leaving behind the compact 

nanorods, with an aspect ratio of mostly 2-5 (Fig. 8.11(c)). The diameter of these 

nanorods matches the pore size. Nevertheless, they cannot grow to large nanowires due to 

unavailability of sufficient silver from the bulk solution or the smaller crystallites due to 

plugging action of the nanowires formed at the top end. 
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Fig. 8.10 a) XRD of Ag nanowires embedded in the alumite with different diameters 

deposited by electroless deposition. 
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Fig. 8.11 A schematic of mechanism of the growth of Ag nanorods / nanowires inside 

the pores of the alumite during electroless deposition. 
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The nanorods formed closest to the surface keep growing in case of continued 

supply of silver from the top, forming nanowires of the order of a few micrometers (Fig. 

8.11(d)). In some cases, these nanowires meet the top surface, while in others these 

terminate their growth at an earlier stage due to formation of overlaying silver deposits at 

the surface isolating the pores from the bulk solution.  

8.4 Conclusions 

Silver deposition in alumites has been carried out by two techniques, i.e., 

electrochemical and electroless deposition. In the former, silver was deposited from the 

bottom of the pores while in the later it occurs from top of the pores. 

Silver nanowires deposited in two-layer alumite by electrochemical deposition 

helped in exploring the morphologies of these alumites. In this way it clearly 

demonstrates that the pore diameter in S25 / C50 is uniform while branching is very 

common in case of C40 / P80 alumite. The XRD characterization also indicated the 

deposition 4H silver and its dependence on diameter of the nanowires. 

For electroless deposition of pure silver nanowires suggested that filling efficiency 

improves with increase in pore diameter of the alumite.  

Ordering in the pore morphology of alumite seems to play a positive role in 

improving the filling of silver nanowires by electroless deposition. 

The XRD results indicate that the wires with larger diameter grow with a 

preferred orientation of (220) reflection. 

The tiny crystallites suspended by Brownian motion in the bulk solution, enter the 

pores, where they face two-dimensional constrains offered by pore walls. This 

phenomenon facilitates the Ostwald ripening to form nanorods and nanowires.  
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Chapter 9 
 

Summary 
 

This chapter discusses some of the salient features of the present work. At the end, 

important conclusions have been listed down.  

9.1 Hexagonal Ordering and Electropolishing Pre-treatment 
For about half a century, scientists have been working on anodic alumina with or 

without porosity. However, Masuda, H. and Fukuda, K made a breakthrough in 1995 by 

reporting the anodizing conditions for synthesis of anodic alumina with self-organized 

hexagonally pores by two step anodizing [81]. In oxalic acid, the optimum conditions 

were reported to be anodizing at 40 V. Since then, most of the workers have focused upon 

the use of PAA prepared at 40 V. It may be worth-mentioning that anodizing at 40 V in 

oxalic acid gives inter-pore distance of about 100 nm with a pore diameter of about 35 

nm. Improving the ordering quality at other anodizing voltages to extend the range of cell 

sizes with good hexagonal order has never been focused upon, except by using a couple 

of other electrolytes that again provide with limited anodizing conditions for hexagonal 

ordering.  

It has been demonstrated in the present work that optimum anodizing voltage for 

hexagonal ordering can vary with electropolishing pretreatment. For instance, the best 

ordering voltage in oxalic acid for hexagonal ordering after electropolishing in Brytal 

solution has been found to be 50 V, instead of previously known 40 V that proves to be 

the best ordering voltage after electropolishing in most commonly used Perchloric acid-

alcohol solution. It has been seen that the former electropolishing pretreatment provides 

with better hexagonal order at 50-70 V, while the later proves to be better at 40 V and 

below.  

Electropolishing in Brytal solution leads to the formation of nanopits, which are 

relatively deeper than the nanostripes formed in Perchloric-acid solution. This results in 

an ease in nucleation of pores on aluminum surface electropolished in Brytal solution. 

Higher nucleation density results in greater pore density leading to a decrease in the 

interpore distance at a given anodizing voltage. It has been seen that improved hexagonal 

ordering is associated with a smaller interpore distance. 

We consider that difference in density of the oxide and the metal results in a stress 

state at the metal-oxide interface. The stress field associated with one pore may overlap 
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with that of the other neighboring pores. In order to lower the excess strain energy 

associated with this overlap, the pores tend to remain apart by repelling each other. The 

smaller the interpore distance, the higher the repulsive force amongst the pores and better 

would be the hexagonal ordering. This appears to be the primary reason for improved 

ordering.  

9.1.1 Photoluminescence 

Photoluminescence has been found to be affected by the ordering quality of 

anodic alumina, prepared at a given anodizing voltage. As the ordering quality improves, 

the number density of various defects in the hexagonal order, i.e., pentagons, hexagons 

and pentagons, also decreases. Two excitations centers have been predominant. One 

excites at a wavelength of about 355 nm and emits at 450 nm (F+ centre) and the other 

absorbs at 395 nm and emits at 500 nm (F centre). It has been seen that relative intensity 

of photoluminescence excitation (PLE) associated with the former increases with 

improvement in hexagonal ordering or decrease in the number density of defects, at a 

given anodizing voltage. The peculiar nature of interface curvatures, and in turn, altered 

stress state, oxide flow, and filed distribution, etc., at defects appear to give rise to 

enhanced concentration of F centers at these sites. In this way, photoluminescence 

excitation exhibits red shift when the number density of defects increases, and vice versa.  

Ordering quality is generally judged by microscopy using SEM, which is a 

sophisticated tool and often require conductive coating at the surface. On the other hand, 

photoluminescence (PL) can be readily performed and can become a commercial tool for 

judging or comparing the ordering quality of alumite prepared under given anodizing 

conditions, based on red or blue shift in PLE.  

9.2 Two-Layer Alumite 
9.2.1 Alumite Layers Grown from Opposite Sides 

For the first time alumite sheet has been prepared by complete anodizing of 

aluminum sheet. The alumite maintains the ordering conditions, even when both alumite 

layers approach each other, separated by barrier type alumina and aluminum 

nanoparticles. At the end the Al nanoparticles also oxidize, exerting the compressive 

stress and thus pushing the pore tip away, which results in turning of the pore tip at the 

very last stage of the complete anodic oxidation.  

Being alumite layers with hexagonal order, the two layers can meet each others in 

many different ways, forming a new superstructure at the interface depending on the 
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degree of coherency between the two alumite layers. If the straight pores growing from 

both side are heading to each other, they can form I-type joints, otherwise they tend to 

turn to meet each other forming S-type or Y type joints. This phenomenon has been 

observed at ordering voltages. It appears that highly stressed interface under ordering 

conditions are responsible for pushing the pores away from the last aluminum (mesh of 

nanoparticles) undergoing anodic oxidation. In this way they continue their growth until 

they pierce through the barrier layer.  

At non-ordering voltages of 60 V and 70 V in oxalic acid, the barrier layer 

remains in tact and the pores from the opposite sides do not pierce through the barrier 

layer. It is known that the barrier layer is non-uniform in case of non ordering voltages, 

which means that some pores move ahead of the others, undergo branching, while the 

ones remaining behind, sometimes cease their growth. In this way, the two-dimensional 

stresses among the pore tips are diffused, and less influential, which may be a reason that 

the pores from opposite sides do not change their path to meet each other.  

9.2.2 Alumite Layers Prepared by Doubling the Anodizing Voltage 

Growing one layer under given anodizing conditions followed by doubling the 

anodizing voltage in suitable electrolytes for the growth of another layer leads to 

interesting structures at the interface. When the anodizing voltage is doubled for the 2nd 

layer, the barrier layer thickness is doubled. The new cells are centered mostly at 

alternative pores. An upward flow of oxide occurs at the new cell boundaries owing to 

volume expansion and electrostriction stresses. The pores originally located at (above) the 

new cell boundaries cease their growth because of excessive thickening of the underlying 

oxide. 

Well-established, patterned interface is formed if both of the layers are gown 

under ordering conditions. On the other hand, reorientation of the pores takes a while in 

case the 1st layer is grown under non-ordering conditions, and alternative pores are not 

properly opted for by the 2nd layer if it is grown under non-ordering conditions. Frequent 

pore branching and annihilation are other disadvantages of non-ordering voltages.  

An interesting aspect is new superlattice structure formed by the layers grown 

under ordering conditions, which is composed of funnel like pores with cell size 

corresponding to higher voltage, separated by the alternative pores terminating their 

growth at the interface. When the wires are grown through the 2nd layer (with larger cell 

size) through the funnel like pores extending into the 1st layer, a superlattice of 
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alternatively filled nanowires (separated by empty pores) is formed. This gives rise to 

unique ratio of wire-diameter to interwire distance ever grown in alumite templates.  

9.2.3 Nanowires 

For the growth of nanowires, excellent ordering of the template must be preferred. 

These templates do not undergo pore branching and the pores of uniform diameter with a 

rather smooth surface grow through the template without annihilation. For the alumite 

grown at 40 V and below, prior electropolishing treatment has been mostly performed in 

Perchloric acid-alcohol solution while Brytal solution has been employed for the 

templates prepared at 50 V and above.  

Current limited anodizing as well as lowering the anodizing voltage in steps have 

been successfully employed for barrier layer thinning or branching for subsequent 

electrodeposition of nanowires by pulse electrodeposition and AC plating, without 

providing a metal backing as a working electrode.  

Square wave pulses have been designed that work satisfactorily at a frequency of 

about 10 and 200 Hz for the formation of compact nickel nanowires in aqueous baths. In 

DMSO, the low frequency pulses lead to the formation of nickel nanowires composed of 

tiny nanocrystals, while nanoparticles arrange in the form of necklace through the pores. 

Nickel nanowires formed in DMSO contain about 8-12% S, the lattice parameter of their 

FCC structure is also expanded by more than 10% in comparison with pure nickel. 

Accordingly, the magnetic exchange interaction lowers to give rise to poor parallel 

alignment and thus reduced saturation magnetization. Surface of the nanoparticles is 

possibly rich in sulfur forming diamagnetic complexes with nickel.  

AC deposition has been successful in forming double diameter nanowires of silver 

in two-layer alumite. Electroless deposition has also been employed for the growth of 

silver nanowires in a variety of templates. Nanocrystals forming in the bulk solution enter 

the pores due to Brownian motion and undergo Ostwald ripening to form nanowires.  
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9.3 Conclusions 
1) Effects of electropolishing pre-treatment on hexagonal ordering of the pores 

have been investigated.  

a) The nanoscale morphologies obtained by specific electropolishing pretreatments 

have a significant effect on the self ordering of pores in anodic alumina. 

b) The best ordering is obtained at 50 V in 0.3 M oxalic acid at 1 °C when prior 

electropolishing is performed in Brytal solution, although the best ordering 

voltage remains the usually known voltage of 40 V after electropolishing in 

Perchloric acid-alcohol solution. 

c) The nanoscale morphology obtained by electropolishing affects the initial stages 

of anodizing by facilitating the pore nucleation in case of deeper nanopits or 

troughs. This, in turn, affects the pore density. 

d) The higher pore density at a given anodizing voltage improves the self-ordering, 

which may be attributed to the enhanced repulsive interactions with decrease in 

inter pore spacing or cell size. 

e) At non-ordering voltages, pore branching occurs due to irregular shape of the pore 

tips. This is also accompanied by pore annihilation. These factors do not allow the 

pore tips to interact with each other for a sufficient time, so that they could 

arrange themselves in a hexagonal pattern. 

2) Photoluminescence properties have been investigated after preparing anodic 

alumina on aluminum surface with two different electropolishing pretreatments 

a) A strong effect of electropolishing, in addition to the anodizing voltage, is 

demonstrated by a shift in PLE wavelength. 

b) The de-convolution of the PLE pointed out two main origins of 

Photoluminescence, one exciting at about 355 nm with a maximum emission at 

450 nm and the other exciting at 395 nm with maximum emission at 500 nm. The 

excitation centers appear to be oxygen vacancies in the oxide, i.e., F+ and F 

centers, respectively. 

c) It has been demonstrated that the oxide around the defect site grows under a 

different environment as compared to the rest of the oxide. This could result in 

variation of concentration of anion vacancies and their oxidation states in different 
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regions. It has been suggested that the oxide formed at the defect sites, favorably 

accommodates the F centers. On the other hand the F+ centers are mostly located 

in the oxide of triangular (hexagonal) regions. This gives rise to red shift in the 

PLE when number of defect site increases, associated with reduced quality 

(hexagonality) of the template. 

d) Photoluminescence can be used as a conventional measure for quality control of 

the alumite templates. 

3) Anodizing of aluminum sheet from opposite sides has been performed in oxalic 

acid to achieve through thickness oxidation to form 100-400 μm thick transparent 

alumina. 

a) Transmission in the near infrared range, i.e., 900-1100 nm, ranges between 20-

60%. The higher transmission is achieved at lower voltages, which may be due to 

better consumption of aluminum at lower voltages. 

b) The pores grow straight from opposite sides and meet at middle of the sample. A 

number of pores join to form Y-type, S-type and I-type junctions. The three-

dimensional compressive stress state around the nanoparticles, at the last stages of 

anodizing, seems responsible for pushing the pore tips away and diverting their 

path to ensure smooth joining. 

c) At higher anodizing voltage, the pores do not meet and are separated by a barrier 

type oxide, although unconsumed aluminum is not revealed.  

4) Two layer alumite structures have been synthesized in which the 2nd layer is 

formed by doubling the anodizing voltage to that for the 1st layer, in suitable electrolytes.  

a) When the 2nd layer is formed at ordering voltages of 40 and 50 V after the growth 

of the 1st layer at 20 and 25 V, respectively, the pores of the 1st layer grow into the 

2nd layer or terminate at the interface, alternatively. More uniformity in inter-pore 

distances is achieved in the 2nd layer (at 50 V) when the 1st layer is also formed at 

ordering voltage (of 25 V). 

b) When the 2nd layer is prepared at a non-ordering voltage (80 V in phosphoric 

acid), an irregular pattern is observed at the interface and a larger number of 

adjacent pores stop growing into the 2nd layer.  
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c) The phenomena have been explained on the basis of oxide flow model. The 

ordering voltages for the 2nd layer form a metal-oxide interface with symmetric 

protuberances and the upward oxide flow at the new cell walls (concave regions) 

stop the growth of the alternative pores. If the protuberances are not symmetric 

(and not equi-distant), a patterned interface could not be achieved. 

5) Electrodeposition of Ni and Ni(S) nanowires has been performed in aqueous 

and DMSO using with a new design of pulses that employ square-wave galvanostatic 

anodic and cathodic pulses.  

a) In case of aqueous medium, compact nanowires of FCC Ni were formed with 

excellent filling efficiency of the pores. The low frequency pulses resulted in 

preferred orientation of (220) along the length of the wire, while high frequency 

resulted in the isotropic distribution of crystallites in the nanowires. 

b) In contrast to aqueous medium the nanowires obtained with electrodeposition in 

DMSO were not smooth and compact. TEM analysis indicated that the nanowires 

were composed of extremely small nanocrystallites (< 10 nm). The nanowires also 

turned into needle- or flake-like particles at higher frequency. 

c) The composition analysis of the nanowires formed in DMSO showed an 

incorporation of 8-12% sulphur in nickel. SAED analysis revealed the formation 

of FCC structure, although the lattice constant was about 10% larger in 

comparison with pure nickel.  

d) The magnetic hysteresis studies indicated a decrease in saturation magnetization, 

coercivity and remanant magnetization. The magnetic behavior also indicated the 

presence of a diamagnetic impurity, which is possibly a sulfur-rich layer formed at 

the surface of the nanoparticles / crystallites. 

6) Silver deposition in alumites has been carried out by two techniques, i.e., 

electrochemical and electroless deposition. In the former, silver was deposited from the 

bottom of the pores while in the later it occurs from top of the pores. Filling efficiency in 

case of electroless deposition improved with pore ordering. Texture of the wires was 

affected by wire diameter.  
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