
 

   
SSStttooonnnyyy   BBBrrrooooookkk   UUUnnniiivvveeerrrsssiiitttyyy   

 
 
 

 
 
 
 

   
   
   
   
   

The official electronic file of this thesis or dissertation is maintained by the University 
Libraries on behalf of The Graduate School at Stony Brook University. 

   
   

©©©   AAAllllll    RRRiiiggghhhtttsss   RRReeessseeerrrvvveeeddd   bbbyyy   AAAuuuttthhhooorrr...    



Synthesis, Characterization and Applications of One-Dimensional Metal Oxide 

Nanostructures 

A Dissertation Presented 

by 

Alexander Santulli 

to 

The Graduate School 

in Partial Fulfillment of the 

Requirements 

for the Degree of 

Doctor of Philosophy 

in 

Chemistry 

 

Stony Brook University 

 

December 2011 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright by 

Alexander Santulli 

2011 

 



 

ii 
 

Stony Brook University 

The Graduate School 

 

Alexander Santulli 

 

We, the dissertation committee for the above candidate for the 

Doctor of Philosophy degree, hereby recommend 

acceptance of this dissertation. 

 

Professor Stanislaus S. Wong – Dissertation Advisor 

Professor, Department of Chemistry 

 

 

 

Professor Andreas Mayr – Chairperson of Defense 

Professor, Department of Chemistry 

 

 

 

Professor Joseph W. Lauher – Third Member of Academic Committee 

Professor, Department of Chemistry 

 

 

 

Dr. Charles T. Black – Outside Member 

Group Leader of Electronic Nanomaterials at the Center for Functional Nanomaterials 

Brookhaven National Laboratory 

 

 

 

 

 

 
This dissertation is accepted by the Graduate School 

Lawrence Martin 

Dean of the Graduate School 



 

iii 
 

 

Abstract of the Dissertation 

Synthesis, Characterization and Application of One-Dimensional Metal Oxide 

Nanomaterials 

by 

Alexander Santulli 

Doctor of Philosophy 

in 

Chemistry 
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2011 

 

 

Nanomaterials have been of keen research interest, owing to their exciting and unique properties 

(e.g. optical, magnetic, electronic, and mechanical).  These properties allow nanomaterials to 

have many applications in areas of medicine, alternative energy, catalysis, and information 

storage.  In particular, one-dimensional (1D) nanomaterials are highly advantageous, owing to 

the inherent anisotropic nature, which allows for effective transport and study of properties on 

the nanoscale.  More specifically, 1D metal oxide nanomaterials are of particular interest, owing 

to their high thermal and chemical stability, as well as their intriguing optical, electronic, and 

magnetic properties.  Herein, we will investigate the synthesis and characterization of vanadium 

oxide, lithium niobate and chromium oxide.  We will explore the methodologies utilized for the 

synthesis of these materials, as well as the overall properties of these unique nanomaterials.  

Furthermore, we will explore the application of titanium dioxide nanomaterials as the electron 

transport layer in dye sensitized solar cells (DSSCs), with an emphasis on the effect of the 

nanoscale morphology on the overall device efficiency. 
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Chapter 1. Introduction to Nanomaterials and Metal oxides 

1.1 What is Nano?  

In the SI system of units, the prefix „nano‟ denotes a factor of 10
-9

.  In the context of 

nanomaterials, nanotechnology, and nanoscience, the prefix is adopted due to the length scales 

involved.  Within these three areas, the lengths often encountered, or are of most interest, are 

those in the range of 1-100 nanometers (nm), which is defined as the nanoscale by the National 

Nanotechnology Initiative (NNI).  Nanoscience is defined as the study of nanomaterials, objects 

possessing at least one dimension (length, width or height) between 1 and 100 nm, while 

nanotechnology is defined as the application of these nanomaterials.  In order to contextualize 

the scale of the “nano” world with respect to our “macroscopic” world, Figure 1 shows some 

representative sizes of various objects in both.    

1.2 Dimensions on the Nanoscale 

Nanomaterials can come in many shapes and sizes, but are generally categorized by how 

many dimensions are confined to the nanoscale and are denoted as zero-dimensional (0D), one-

dimensional (1D), two-dimensional (2D), or three-dimensional (3D) nanomaterials, respectively.  

Nanoparticles, quantum dots, or any other nanomaterials that do not possess any dimension 

greater than 100 nm, are categorized as a 0D nanomaterial, and do not necessarily need to be 

spherical in shape.  In order to be classified as a 1D nanomaterial, a material must maintain two 

dimensions on the nanoscale.  Some examples of 1D nanomaterials are nanowires, nanorods or 

nanotubes, all of which generally have diameters on the nanoscale, while their lengths can be up 

to lengths of millimeters.  2D nanomaterials, on the other hand, contain only one dimension on  
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Figure 1.1: Schematic illustration of the scale of nanomaterials vs. macroscale objects.  Taken 

from the National Nanotechnology Initiative (www.nano.gov) 

 

http://www.nano.gov/
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the nanoscale, while the other dimensions can be on the order of centimeters.  2D nanomaterials 

are most often found as thin films, with thicknesses as little as a few nanometers over the entirety 

of a 6-inch silicon wafer.  Finally, 3D nanomaterials can be thought of as nanomaterials that 

form larger assemblies that can exist on either the millimeter or centimeter scale.  These types of 

3D nanomaterials generally consist of arrays of 1D nanowires or tube, but can also consist of 

micrometer sized, porous, large-scale aggregates of smaller 0D nanoparticles.  

1.3. 1D Nanomaterials 

While nanomaterials of all dimensions offer various advantages and interesting 

properties, 1D nanomaterials are of particular interest for several reasons.  One of the most 

attractive aspects of 1D nanomaterials is their inherent anisotropic morphology, which is 

attributable to the nanoscale confinement of the material in two dimensions.
1, 2

  These types of 

nanomaterials combine mechanical robustness with structural flexibility, making them promising 

for applications as diverse as nanomechanical switches, acoustic sensors, and nanoactuators.  

Furthermore, 1D nanomaterials, owing to their nanoscale confinement, can manifest many 

intriguing properties, such as quantum confinement and ballistic transport.
3-7

  It is these 

fascinating properties, in combination with an anisotropic morphology that allows for 1D 

nanomaterials to be the smallest class of materials with which one can effectively study highly 

unique and interesting optoelectronic transport properties.
1
 

The small scale of these materials imbues them with a large surface area-to-volume ratio, 

often making them highly active in the areas of sensing and catalysis.  However, it is again the 

anisotropic nature of these materials that makes them highly favorable in these areas, allowing 

for facile device fabrication.  Furthermore, the miniscule scale of these materials allows for the 
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devices to maintain a small size, allowing for a greater number of devices per unit area. 1D 

nanomaterials have also shown promise as components in applications as diverse as field effect 

transistors (FET),
8
 solar cells,

9
 optical waveguides,

10
 and lasers.

11
 

1.3.1 Synthetic Strategies for 1D Nanomaterials 

There is a wide variety of synthetic methods to fabricate one-dimensional nanomaterials, 

consisting of a desired material. These techniques and methods can be classified into three 

general groups. These include (i) solution-based methods, (ii) vapor-based methods, and (iii) 

solid-based methods. Both solution and vapor-based methods are considered to be bottom up 

approaches, where the nanomaterials are formed from smaller, molecular building blocks and are 

guided to grow along a single direction.  However, solid-based methods generally refer to a top- 

down approach, wherein a larger material is broken down (e.g. etched) in order to form smaller 

nanostructures.  Both solution and solid-based methods are amenable to the fabrication of soft, 

organic nanostructure motifs. However, the vapor-based methods are generally used for high-

temperature syntheses and are less applicable for the generation of soft, organic materials. 

1.3.1.1 Solution Based Synthetic Methods 

There are a wide variety of solution-based methods for the synthesis of 1D nanomaterials, 

and these can range from ambient, room-temperature syntheses to high temperature and pressure 

syntheses.
2
  The examples discussed herein include wet techniques, molten salt methods, sol-gel 

protocols, hydrothermal runs, template-directed growth, and electrospinning. While it is highly 

desirable to obtain these 1D nanoscale materials, there are very few materials which tend to 

naturally grow along a single direction without any influence from external sources.  In order to 

ensure the formation of 1D nanomaterials, either a surfactant or a template can be employed as a 
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structure-directing agent.  This alleviates the need for the material to crystallographically favor 

growth along one direction, and can offer a relatively facile method for the fabrication of 1D 

nanomaterials on a reasonably large scale.  
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Figure 1.2: Schematic of various experimental methods for the synthesis of 1D nanostructures 

such as electrospinning (A), directed growth within the spatial confines of template pores (B), 

wet/solution-based methods (C), solvothermal/hydrothermal methods (D), and molten-salt 

synthesis (E).  Reproduced from reference 2 

 

 

 

 



 

7 

 

1.3.1.2 Wet Chemical Techniques 

  As chemists, we are used to utilizing liquid solvents as a reaction medium for synthesis, 

so it is only natural to find synthetic schemes in which liquid solvents are the basis for the 

formation of 1D nanomaterials.  These methods are often the simplest for the formation of 1D 

nanomaterials, and can utilize many types of solvents ranging from water
12, 13

 and acids
14

 to 

organic solvents such as octadecene
15

 or hexane.
16

 A schematic representation of this method can 

be found in figure 1.2C.  However, as mentioned previously, it is rare to find a material, 

especially an inorganic material, which preferentially grows only along one direction.
1
 

Therefore, it is most common to find synthetic strategies that utilize either a structure directing 

surfactant or a hard template. In order for a surfactant to successfully direct the growth of a 

nanostructure, it must have a strong binding affinity to one of the materials‟ crystal facets.
17

 This 

strong binding affinity drastically slows the growth of the nanomaterial along that direction, 

introducing an anisotropic growth direction to the material, thereby resulting in the formation of 

a 1D nanomaterial.  While the applications of a surfactant can indeed result in a 1D 

nanomaterial, it is often a painstaking trial-and-error method to obtain a suitable surfactant for a 

desired material and size. Nonetheless, 1D nanomaterials of many semiconducting materials 

such as CdX (X= S, Se, Te),
18-20

 as well as metals like Au,
21, 22

 Ag,
23, 24

 Pt,
25, 26

 and Cu
27

 have 

been fabricated, utilizing solution-based methods.   

Furthermore, with careful manipulation of the reaction conditions and solvents utilized, 

the resulting product can form a single-crystalline nanomaterial.  Single-crystalline materials 

consist of a contiguous, or a very nearly contiguous, crystal lattice within the nanomaterial, while 

by contrast, poly-crystalline nanomaterials denote a collection of smaller crystalline constituent 

materials which are assembled into a hierarchical motif.  Single-crystalline nanomaterials are 
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highly desirable, owing to the fact that they evince minimal crystal grain boundaries, and often 

exhibit significantly fewer defects than their polycrystalline counterparts.
28

 This advantage 

allows for effective and efficient propagation of properties through the nanomaterials with little 

to no resistance. However, polycrystalline materials often possess significantly higher surface 

roughness values than their single-crystalline counterparts, making them highly desirable in 

fields such as either sensing, catalysis, or batteries, where the surface area parameter is an 

important factor to be considered.
29

   

1.3.1.3 Molten Salt Synthesis 

In molten salt synthesis, traditional liquid solvents are replaced with either a salt or a salt 

mixture.  After subsequent additions of precursors and surfactants, the mixture is then heated in a 

furnace to a temperature that is above the melting point of either the salt or salt mixture. A 

schematic representation of this method can be found in Figure 1.2E.  At this point, the salt melts 

and becomes a molten solvent system, in which the precursors can dissolve and react with each 

other.  This technique is quite versatile, and offers many parameters to alter and tune in order to 

gain a desired product.   

One can imagine that the temperature at which a reaction occurs is an important 

parameter to control.  In molten salt reactions, the reaction temperature is determined by the 

nature of the salt(s) utilized.  Variations in the salt can be made by choosing various different 

salts like NaCl,
30

 KCl,
31

 LiCl,
32

 NaOH,
33

  and so on, which can result in a wide range of reaction 

temperatures.  The temperature range of reactions can be further broadened and tuned through 

the use of eutectic mixtures, which are mixtures of salts that result in lower melting points than 

their individual components.  In some cases, particularly the hydroxides, it has also been shown 
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that the presence of salt can aid in the formation of 1D nanostructures. The salt that is chosen 

also plays a critical role in determining the reaction rate, owing to the viscosity of the molten salt 

media.  The more viscous a melt is, the slower the reaction occurs, which can hinder growth, as 

well as aid in the formation of a preferred morphology.  However, as mentioned earlier, it is 

possible to add surfactants to the mix in order to aid in the formation of 1D nanomaterials, 

although their exact role within the reaction media is still largely unknown. 

Another important aspect of the reaction medium that can be controlled in the molten salt 

syntheses is precursor solubility.  Just as with traditional wet chemical reactions, if a precursor is 

not soluble in the solvent, the reaction is significantly hindered if not completely halted.  

Therefore, it is important to have precursors that are sufficiently soluble in the molten salt media 

in order for the reaction to occur and for the product to be generated.  Unfortunately, owing to 

the high temperatures that are generally required to melt the salt(s), determining the solubility of 

the precursors is not trivial, and often a trial-and-error approach is taken in order to obtain 

appropriate precursors for the desired material. 

Overall, the molten salt method is advantageous for many reasons, aside from its ability 

to form a desired material with a favorable morphology and composition.  The products that can 

be obtained from the molten salt method are normally single crystalline in nature, which can 

prove to be highly advantageous for many applications.
2
  Furthermore, the simplicity of the 

molten salt technique allows for it to be easily scaled up for mass production.  Although this 

method offers many advantages, it is not without its faults.  For starters, there is a requirement 

for high temperatures, which is not generally amenable towards the formation of organic 

materials.  Second, there are issues with preparing nanomaterials with dimensions that possess 
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less than 10 nm. Finally, while surfactants can aid in the formation of a desired morphology, it is 

difficult to expressly control the morphology achieved.  

1.3.1.4 Sol-gel Synthesis 

Solution gelation chemistry, or sol-gel chemistry, has been around for quite some time, 

and is very effective in making a wide variety of materials.  Sol-gel works by first creating a 

stable colloidal solution, or sol, of the desired material.  A sol formed through the controlled 

hydrolysis of the precursor utilized.  Subsequent treatment of this sol results in the formation of 

bridging links between individual colloidal particles.  One common way that the gelation occurs 

is through the condensation of sol particles.  The gel can then be treated in several different 

ways, resulting in the formation of an aerogel or xerogel, depending on experimental conditions. 

However, these materials are generally amorphous in nature and lack a well-defined crystalline 

structure.
34

  The application of heat to these materials results in the crystallization of the 

material, although, owing to the formation and subsequent condensation of individual sol 

particles, the resulting product is polycrystalline in nature.  While this method is versatile and 

allows for the creation of a wide variety of materials, it does not allow for much control over the 

morphology of the product.  There are some experimental parameters, such as the pH and the 

solvent, that can be altered in order to gain some control over the resulting product.
35

  However, 

in order to determine the morphology of the net product of a sol-gel reaction, a template can be 

utilized so as to dictate the anisotropic nature of the final product.
36-38

  Specifically, the sol-gel 

methodology, in combination with a template, can allow for superior control over the 

morphology and chemical composition of the product.  One of the most significant drawbacks 

for this method however is that the resultant product formed is often polycrystalline in nature. 
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1.3.1.5 Hydrothermal/Solvothermal Synthesis 

In this method, an aqueous (hydrothermal) or other liquid (solvothermal) solvent is mixed 

with the desired precursors before being sealed into a Teflon lined stainless steel bomb and 

heated to a temperature above the boiling point of the solvent. A representation of this is shown 

in Figure 1.2D.  At this point, the pressure in the reaction vessel becomes exceedingly high, 

thereby drastically increasing the solubility and reactivity of the precursors.  This markedly 

enhanced solubility and reactivity can allow for reactions that, under normal conditions, would 

not be conceptually feasible to occur.  This method is also highly versatile, allowing for 

manipulation of parameters such as temperature, time, pressure, solvent, and precursors. 

Moreover, this technique is also applicable to the formation of many different materials, 

including metals,
39

 metal oxides,
40

 semiconductors,
41

 and even carbonaceous materials.
42

  The 

growth conditions present within the hydrothermal/solvothermal vessel, specifically the high 

pressure, will also allow for the advantageous formation of single crystalline materials.  

Furthermore, this method maintains a relatively low reaction temperature, typically between 100 

and 200C, which renders this method relatively energy friendly.  Additionally, these elevated 

temperatures and pressures can be achieved through the application of microwave irradiation, 

thereby further increasing the energy efficiency of this method by allowing for shorter reaction 

times in the system.
43

  However, while this protocol has many advantages, it does not allow for 

explicit control over the morphology of the product. Hence, often a surfactant or other similar 

structure directing agent is necessary to initiate the formation of a 1D nanostructure.
44-47
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1.3.1.6 Template directed Synthesis 

As alluded to earlier in the sol-gel section, the application of a template to a synthetic 

method offers superior control over the morphology of the resultant product. This is depicted in 

Figure 2B.  Superior morphology control arises from the ability of the template to physically 

restrict the reaction and/or growth mechanisms to only occur within the spatial confines of the 

templated structure. A wide variety of materials have been utilized as templates for the formation 

of 1D nanomaterials, ranging from so-called hard templates such as anodized aluminum oxide 

(AAO), titanium oxide (ATO), track etched polycarbonate, and zeolites to so-called soft 

templates including DNA, polymer micelles, and even viruses.
48-53

  As is common in all other 

synthetic methods, there are several important factors that must be considered when utilizing a 

template to form 1D nanostructures.  First, it is important to consider the interaction between the 

template and the synthetic environment. For instance, it is highly undesirable to create a 

synthetic environment in which the template to be utilized is soluble in.  In the case where this is 

true, the template would solubilize and would no longer be capable of spatially confining the 

reaction within a geometrically well-defined area.  Furthermore, it is also important to consider 

the experimental conditions required in order to selectively remove the template, while either not 

dissolving or etching away the desired product.   

The filling of the template pores with the desired product is critical to the success of the 

template method.  In order to successfully infiltrate the pores of the template, there are several 

methods that can be utilized for precursor insertion, including dipping,
54

 pressure,
55

 or vacuum
56

 

protocols.  In many cases, an additional crystallization step is required after the infiltration of the 

template with the desired material.  This is generally accomplished through an annealing step, 

which exposes the loaded template to elevated temperatures, generally resulting in the formation 
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of a polycrystalline product.  However, careful control of experimental conditions can allow for 

the creation of single-crystalline materials at room temperature.
57

  Another disadvantage of 

utilizing “hard” templates is their inherently low product yield. AAO typically possesses surface 

porosities of 25-50%, thereby resulting in a maximum yield of 50%. “Soft” templates are not as 

hindered by this issue, and methods based on these materials can be effectively scaled up to 

bulk-like quantities.   

1.3.1.7 Electrospinning 

This synthetic method is quite unique in that it intrinsically creates 1D nanomaterials. A 

schematic representation of the electrospinning method can be found in Figure 1.2A.  The 

principle behind electrospinning is quite simple and works by combining a sol-gel precursor with 

a high voltage set-up.  The requirements for electrospinning are minimal, necessitating only a 

metal needle, a grounded collector, and a high voltage power supply.  Upon application of a high 

voltage between the metal needle and the grounded collector, the accumulation of charge on the 

needle results in the formation of a cone. This then extends into a continuous jet of material. It is 

this formation of a continuous jet, that results in the intrinsic formation of 1D nanostructures via 

the electrospinning method.  Collection of this material followed by subsequent treatments of the 

as-obtained material can result in the formation of 1D crystalline materials. 

  While additional components can be utilized in order to obtain more complex 

morphologies,
58-60

 in its simplest form, only the above mentioned materials are required.  One of 

the most advantageous aspects of this method is its ability to generate 1D nanomaterials in a 

continuous fashion.
58

   However, control over the width of the resulting nanomaterial can be 

challenging because there are a number of experimental parameters that need to be adjusted in 
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order to vary the width of the nanostructures.  Two of the more important aspects of 

electrospinning that need to be carefully controlled in order to reproducibly obtain nanostructures 

are temperature and humidity.
1, 61-63

  While these two aspects may be somewhat difficult to 

reliably manage, there are other parameters that can be used to fundamentally determine product 

morphology. These include the applied voltage,
64

 the conductivity of the sol,
65

 sol 

concentration,
64, 66

 the feeding rate of precursor solution,
67

 the distance between the needle and 

the collector,
68

 as well as the solvent
69

 that can be used for the sol. A careful selection of 

precursors allows for the formation of a wide variety of crystalline materials, including metal 

oxides, polymers, heterostructured materials, and composites.
70-72

 

1.3.2 Vapor Phase Methods 

By contrast with the methods mentioned previously, vapor phase synthesis delivers a 

desired precursor to a substrate for growth in a gaseous form instead of in a dissolved liquid 

media.  These types of methods are used extensively in the fabrication of inorganic materials, 

such as metal oxides, although carbon-based materials can also be effectively synthesized 

through these methods.  The basic governing principle behind many vapor phase syntheses is 

that, first, a gaseous precursor must be formed.  This can be accomplished through the 

application of high temperatures in order to vaporize the precursors or through the use of a 

precursor already in the gaseous phase.  Careful manipulation and control over the saturation of 

the precursor in the reaction atmosphere will allow for the deposition of the desired material in a 

1D motif.   There are many experimental parameters that can be fine tuned in order to 

successfully grow the material, such as temperature, precursor, substrate temperature, and 

atmosphere.  Vapor phase methods can be broken down into two distinctive categories, namely 

direct and indirect vapor phase methods.  In direct vapor phase methods, the material that is 
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evaporated is the same as that being deposited.  Hence, if the desired material were to be ZnO, 

then vapor phase ZnO would be used as the precursor for the growth of the material.  By 

contrast, indirect vapor phase methods create a reactive intermediate in the vapor phase, which 

then reacts to form the final desired product, as was found to be the case with SiO2.
73

  Overall, 

vapor phase syntheses are advantageous, owing to their ability to fabricate materials possessing a 

high degree of purity as well as crystallinity. 

1.3.3 Chemical Vapor Deposition (CVD) 

This type of vapor phase synthesis utilizes volatile precursors that are either already in 

the gaseous phase or have been evaporated in situ to form gaseous materials.  These precursors 

are then delivered to a substrate by an inert carrier gas, with a carefully controlled temperature to 

ensure deposition of the correct phase as well as morphology.   There are many different types of 

CVD processes, from plasma enhanced CVD (PECVD), which utilizes a plasma field to enhance 

reactions and allows them to occur at lower temperatures,
74, 75

 to atomic layer deposition (ALD) 

which is capable of deposition of a desired material one atom layer at a time.
76

  While CVD 

offers the ability to synthesize highly crystalline materials with a tunable and controllable 

composition, it very rarely affords direct control over the morphology of the desired product.  

However, as mentioned above, careful manipulation of relevant experimental parameters can 

allow for the synthesis of nanowires,
77, 78

 nanotubes,
79, 80

 nanowhiskers
81, 82

 or nanoribbons
83, 84

 

of a desired material.  It has also been shown that ALD can be successfully combined with hard 

inorganic templates, such as AAO, in order to fabricate 1D nanowires or nanotubes of several 

different materials.
85-87
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1.3.4 Vapor Liquid Solid (VLS) 

This vapor phase method relies on the combination of vapor phase precursors and a solid 

catalyst supported on a substrate.  The VLS method introduces the ability to define and control 

the size of the resulting nanomaterial, by using a predefined metal or metal alloy catalyst for the 

growth of the nanomaterial.  Therefore, by tailoring the size of the catalyst nanoparticle, one can 

effectively control the overall size of the nanomaterial.
88

  The basic mechanism behind the VLS 

method that governs the growth of the 1D nanomaterial is the ability for the catalyst nanoparticle 

to form an alloy with the precursor material.  When the catalyst material becomes supersaturated 

with the precursor material, precipitation is facilitated and the nanowire begins to grow.  The 

growth direction of the nanowire, i.e. either parallel or perpendicular to the substrate, can be 

manipulated through control of either temperature, substrate, or catalyst material.
89, 90

   

The necessity for a catalyst to be present has its advantages, such as the ability to 

explicitly control which areas will be conducive to nanowire formation and which are not, as 

well as its ability to provide control over the size of the nanowires.  However, aside from these 

advantages, there are still several disadvantages to this method.  First, the catalyst must be heated 

to a temperature above its melting point in order to facilitate the growth of nanowires.  Careful 

tuning of the catalyst particle can yield a catalyst with a low melting point. However, this can 

often be a tedious and time-consuming endeavor.  Furthermore, tuning of experimental 

parameters, such as substrate temperature, flow rate, and precursor material, in order to obtain a 

desired product or orientation, can also be somewhat tedious and time consuming.  However, 

despite these drawbacks, the VLS method has shown promise as a reliable method for the 

fabrication of semiconducting materials for various applications.
91-93
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1.3.5 Applications of 1D nanomaterials 

In the previous section, we discussed various viable methods for the fabrication of 1D 

nanomaterials, such as nanowires, nanotubes, and nanorods.  The advantages and disadvantages 

for each of these methods must be weighed against the disadvantages, as well as the desired 

product.  In the case that a single-crystalline product is desired synthetic methods like molten salt 

or hydrothermal are highly desirable as they are highly conducive to the formation of single-

crystalline materials.  However, if a product with predictable and controllable size is desired, 

than a template mediated approach may be of particular interest, owing to the ability to 

predictably control the size of the final material.  With this in mind, we will now discuss the 

potential applications of these materials.  As mentioned earlier, one of the most beneficial 

attributes of 1D nanostructures is their inherent ability to transport properties easily throughout 

the entirety of the nanostructure.  This combined with their anisotropic, or wire-like, morphology 

makes them ideal for applications in devices.  These nanowires can further spatially confine 

optical excitations and guide them along the axial length of the 1D nanostructure.  This 

phenomenon is known as wave guiding, and is desirable for applications ranging from lasers to 

optical storage media. 

1.3.6 Wave guiding and Optical Applications 

As alluded to in previous sections, the anisotropic nature of 1D nanomaterials allows for 

the manifestation of interesting and exciting optical properties.  By analogy with quantum dots, 

the small size of the nanowires can result in quantum confinement of optical excitations.  This 

can result in the variation of the nanowires‟ band-gap, an observation permitting for rational 

tunable of optical properties.  Furthermore, as mentioned before, nanowires can act as optical 
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waveguides, thereby allowing them to effectively act as nanoscale lasers.  This type of effect has 

been realized in well-ordered arrays of ZnO nanowires, which, after excitation with an optical 

laser, emit a UV laser.
94

  1D nanomaterials are also finding applications in non-linear optics, 

such as with second harmonic generation (SHG).  The nanowires‟ large aspect ratio allows for 

the facile fabrication of devices which can then act as effective nanoscale frequency doublers.
95-

97
  This concept of applications of 1D nanomaterials for non-linear optics will be further 

explored in our discussion concerning lithium niobate nanowires.  Specifically, it has also been 

shown that nanowires of silicon can be fabricated with an internal p-n junction and are effective 

at separating photo-generated charges, rendering them applicable for solar energy conversion. It 

has even been shown that the small size of the nanowires can enhance the absorptivity of the 

nanowires, thereby further increasing the efficiency.
98

   

1.3.7 Sensing and Catalysis 

The small size of the 1D nanomaterials results in a large surface area-to-volume ratio, 

which allows for the adsorption of a large quantity of materials to the surface of the 

nanostructure.  This is a critical aspect that is to be considered, particularly in the areas of 

catalysis and sensing, due to the importance of surface interactions in these processes.  The facile 

device fabrication, combined with the enhanced surface area-to-volume ratio, makes these 1D 

nanomaterials ideal candidates for sensitive nanoscale sensing devices, as well as for highly 

active catalysts.  1D nanomaterials have been realized for the sensing of various compounds, 

such as various organic molecules, as well as of hydrogen, oxygen, and even NOx materials.
99-102

  

These 1D nanomaterials can even be utilized for the sensing of UV light for photodetection.
103, 

104
  Anisotropic nanostructures have also been found to be highly advantageous as catalysts, 

especially for methanol oxidation and oxygen reduction reactions in direct methanol fuel 
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cells.
105-107

  These nanomaterials can also catalyze water splitting,
108

 as well as various other 

chemical reactions,
109-112

 with high yield and extraordinary selectivity. 

1.3.8 Electronics 

As mentioned in previous sections thus far, the anisotropic nature of the nanowires allows 

for efficient transport through the nanostructure.  Furthermore, devices can readily be 

constructed out of these types of nanomaterials, relatively easily.  The small size of the 

nanomaterials allows for the fabrication of a large number of devices in a given area, which is 

very desirable in the computer industry.  It has been shown that decreasing the diameter of metal 

nanowires can have a dramatic effect upon the conductivity of electrons.  Specifically, Bi 

nanowires that possess a diameter below approximately 50 nm are no longer metallic conductors, 

but rather act more like either semiconductors or insulators.  This effect can be attributed to 

quantum confinement within the nanowires, resulting in a migration of the valence and 

conduction bands away from one another which can thereby create a band-gap within the 

nanowires.
113

  1D nanomaterials can also have an effect on the metal-to-insulator transition 

(MIT) of certain materials.
114-116

  These types of materials are useful for applications as sensors, 

smart windows, as well as memory devices.
117-119

  It has been shown that the temperature of the 

MIT in a given material can be tuned at the nanoscale.  This is due to the fact that the higher the 

surface area-to-volume ratio of a material, the more strained it becomes.  Increased strain in a 

material facilitates the conversion of the material between a metal and an insulator, thereby 

resulting in a transition temperature lower than that of the bulk.
120

  Therefore, for a given 

material, simply changing the size of the nanowire can effectively vary the transition temperature 

over a range of temperatures.  This concept will be further explored in more detail in subsequent 

sections. 
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1.4 Objectives of Current Work  

The discussion in the previous sections has focused primarily on the synthesis and 

applications of 1D nanomaterials. However, the focus of this thesis will be primarily concerned 

with the application of the above mentioned techniques in order to synthesize specific types of 

materials, namely metal oxides.  Metal oxides can generally be classified into two primary 

categories, i.e. binary and ternary metal oxides.  Binary metal oxides are materials that maintain 

the common formula of MxOy, wherein „M‟ denotes a metal, such as Fe, Ti or Zn, and „O‟ is 

oxygen.  Similar to binary metal oxides, ternary metal oxides also contain a combination of 

metal and oxygen. However, the general formula of these materials is AxByO3 or AxByO4, 

wherein „A‟ and „B‟ denote different metals.  These metal oxides can be synthesized utilizing the 

techniques discussed in Section 1.3.1. However, they possess several advantages over 

conventional elemental metals and carbonaceous materials.  First, many metal oxide materials 

possess superb thermal stability, resisting melting to temperatures >1000C.  Furthermore, many 

metal oxides are also relatively chemically inert, thereby giving these materials robust structural 

properties.
2, 121

  In addition to these advantages, metal oxide materials have also found 

applications in areas discussed in Section 1.3.2, rendering them highly desirable for a wide range 

of applications.  We will also explore the effect of the nanoscale size regime upon the electronic, 

magnetic, and optical properties of as-synthesized metal oxide materials. The thesis is divided 

into chapters on the synthesis, characterization and application of various metal oxides, such as 

vanadium oxide, lithium niobate, chromium oxide and titanium dioxide, which we now briefly 

outline as follows. 
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1.4.1 Synthesis and characterization of V2O3 nanorods (Chapter 2)
122

 

Oxide materials of vanadium are of particular interest, owing to their unique metal-to- 

insulator transitions.  In this work, we utilized a hydrothermal method to produce single 

crystalline VO2 nanowires in large quantities.  These nanowires have been subsequently 

developed as a template for the formation of single crystalline V2O3 nanowires via a thermal 

reduction procedure.  Through careful control and manipulation of conditions during thermal 

reduction, the morphology and the single crystalline nature of the precursor material can be 

maintained.  We further investigated the effect of the nanowire morphology on the MIT of our 

precursor VO2 materials via synchrotron radiation.  The effect of nanoscale morphology upon the 

properties of V2O3 has also been investigated through both electronic and magnetic 

measurements (Figure 1.3). 

1.4.2 Synthesis of single-crystalline one-dimensional LiNbO3 nanowires (Chapter 3)
123

 

Lithium niobate (LiNbO3) is an intriguing material, owing to its favorable optical and 

ferroelectric properties.  In our work, we have applied a molten salt technique in order to 

fabricate sub-micron sized LiNbO3 nanowires with average widths of 300-400 nm.  In this 

method, we again utilized a nanoscale Nb2O5 precursor as the template for the formation of our 

desired final product.  This method yields large quantities of single crystalline LiNbO3 

structures, thereby maintaining the desired beneficial 1D morphology.  We further investigated 

the purity and ordering within the material via Raman spectroscopy and high resolution 

transmission electron microscopy, which both revealed a preferential alignment of the c-axis 

along the axial length of the nanowire.  These attributes afforded these nanomaterials possible 

applications in areas as diverse as voltage sensors, data storage, non-linear optics, and acousto-
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optical modulators.  A TEM and HRTEM image, with an inset containing the SAED pattern, can 

be found in Figure 1.4 

1.4.3 Synthesis and characterization of one-dimensional Cr2O3 nanostructures            

(Chapter 4)
124

 

By contrast with previous chapters where the final desired products were synthesized 

from existing nanostructures, we have also successfully accomplished the template-based 

synthesis of chromium oxide (Cr2O3) 1D nanostructures.  Chromium sesquioxide is an important 

material, owing to its high thermal and oxidative stability, as well as its catalytic and sensing 

abilities.  Chromium oxide is also an antiferromagnetic material with a bulk Néel temperature of 

307 K.  We were able to successfully synthesize 1D nanostructures of Cr2O3 by utilizing the 

spatial confines of a template pore in order to direct and define the formation of tubes via a sol-

gel method.  The resulting polycrystalline product maintained widths comparable to those of the 

template pores.  We further characterized our nanostructures by exploring their magnetic and 

electronic properties on the nanoscale.  A TEM image, with insets characterizing the magnetic 

and electronic properties, of the nanowires can be found in Figure 1.5 

1.4.4 Correlating titania morphology and chemical composition with dye-sensitized solar 

cell performance (Chapter 5)
125

 

In recent years, the growing demand for energy and the need to stem carbon emissions 

has collectively revitalized research into alternative energies.  One of the most promising 

alternative energy sources is the sun, delivering approximately 120,000 terawatts (TW) of energy 

to the earth every hour.  In recent years, a particular class of solar cells, namely dye-sensitized 

solar cells (DSSC), has received considerable research interest, owing to their potential as a low 
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cost solution to solar energy.  In this work, we have investigated the use of several morphologies 

and chemical compositions of titania and titanate nanostructures for possible applications as 

electron conducting species in DSSCs.  We have characterized our solar cells through current-

voltage measurements under solar illumination, as well as through open circuit voltage decay 

curve measurements in order to determine the efficiencies and electron lifetimes within our cells.  

We have further characterized our nanostructured photoanodes via SEM and dye desorption 

experiments in order to more fully understand their ability to adsorb and utilize dye molecules 

for solar energy generation.  A schematic diagram, along with SEM images and characteristic 

solar cell performance data, can be found in Figure 1.6. 
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Figure 1.3. TEM image of V2O3 nanowires synthesized via thermal reduction of VO2 nanowires 

in a hydrogen atmosphere.  Inset top left: magnetization vs. temperature curve of V2O3 

nanowires.  Inset bottom right: resistivity vs. temperature of an individual nanowire device. 
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Figure 1.4. Top: TEM image of LiNbO3 nanowires. Inset: Higher magnification TEM image 

highlighting well-defined, smooth nanowire faces.  Bottom: HR-TEM image of LiNbO3 

nanowire giving rise to well-defined crystal planes.  Inset:  SAED of nanowire revealing the 

single crystalline nature of these nanowires. 
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Figure 1.5. TEM image of Cr2O3 nanowire, revealing its polycrystalline nature.  Inset top left: 

Conductance vs. 1/T
1/2

 plot. Data suggest that the conductivity mechanism of the individual 

nanowires proceeds via a random hopping pathway.  Inset bottom right: Top reveals magnetism 

vs. temperature plot, showing typical antiferromagnetic behavior, while bottom highlights 

magnetism vs. field strength, revealing a slight exchange bias due to the presence of 

uncompensated surface spins. 
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Figure 1.6. Left: SEM images of films of A) TiO2 nanoparticles B) TiO2 nanowires, and C) TiO2 

sea-urchins.  Middle: Schematic diagram of a DSSC.  Right: Current Density vs. Voltage graphs of 

different TiO2 morphologies incorporated into solar cells. 
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Chapter 2. Synthesis and Characterization of V2O3 nanorods 

2.1 Introduction   

 As mentioned in Chapter 1, the fundamental scientific understanding of metal oxide 

materials has received a significant amount of research interest in recent years, owing to their 

many interesting and exciting applications as well as properties. Vanadium oxides are of 

particular interest, owing to their intriguing electronic, magnetic, optoelectronic and 

electrochromic properties.
126

 Oxides of vanadium are of special significance due to their 

interesting metal-to-insulator transitions (MIT),
127

 as well as their ability to catalyze the 

oxidation of propane to propylene.
128, 129

 Furthermore, vanadium maintains several oxidation 

states, such as V
3+

, V
4+

, and V
5+

 which allows for the formation of many stable oxide phases,
130, 

131
 many of which possess an interesting MIT.  These VO2+x structures are mainly composed of 

edge and corner-shared distorted VO6 octahedra, wherein the degree of edge sharing increases as 

the value of x increases.
131

  In this work, we are specifically interested in the synthesis of VO2 

and V2O3, each of which exhibits a unique MIT at a temperature of 68°C
132, 133

 and  -100C,
134

 

respectively. However these temperatures can be altered via doping with various materials like 

W,
132

 Mo,
135, 136

 and Cr.
137

  

 Vanadium dioxide (VO2) is of particular interest due to the fact that its Mott M–I 

transition temperature, occurring at 68 °C, is the closest to room temperature of any of the 

undoped vanadium oxides currently known and is associated with an abrupt change in resistivity 

(a factor of 10
4
 to 10

5
). That is, at room temperature, bulk vanadium dioxide adopts a distorted 

P21/c monoclinic structure with insulating properties. However, when heated above the transition 

temperature, it is converted into a tetragonal rutile P42/mnm structure, possessing metallic 
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properties.
138

 This observation renders this material as a useful candidate in possible applications 

ranging from robust, near-IR optical switches (reported to switch as quickly as 500 fs between 

the two states when excited with 50-fs laser pulses at a wavelength of 800 nm),
139

 smart window 

coatings, heat sensors, optical modulators, field effect transistors, to optical storage media.
132, 140-

145
 

There are many synthetic protocols, several of which utilize solution-based methods, that 

have been developed to successfully synthesize 1D VO2 nanostructures. For example, Tsang et 

al. have utilized a reaction in which an aqueous solution of potassium vanadate was reduced by 

potassium borohydride at a controlled pH of 4.
131

 Another report utilized ethylene glycol to 

synthesize arrays of VO2 nanorods under hydrothermal conditions.
146

 Similar conditions have 

been employed to facilitate the formation of nanorods of VO2 with widths of 40-60 nm and 

lengths of 1-2 microns using a surfactant-mediated hydrothermal synthesis at 180C for 48 

hours. Moreover, a hydrothermal synthesis can be utilized to create vanadium oxide nanotubes 

via an initial reactive combination of either hexadecylamine or dodecylamine along with 

cetyltrimethyl ammonium bromide (CTAB) for 48 h in air followed by a hydrothermal treatment 

at 180 °C for 1 week.
147-154

   

 In addition to the aforementioned solution-based synthetic strategies, there have been 

many reports with respect to the synthesis of VO2 via gas phase methodologies.  Nanostructures 

of VO2 have been generated via CVD growth from a oxo-tri-isopropoxide precursor.
155

  

Furthermore, it has been found that heating VO2 seed particles to 1000C in an argon atmosphere 

results in the formation of VO2 nanorods.
156

  An analogous method which uses finely meshed 

VO2 powder as the precursor has been used to successfully generate single crystalline VO2 

nanorods which can maintain a narrow size distribution.
157

  Finally, well-faceted nanorods of 
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VO2 on a silicon nitride substrate have been produced via a vapor transport process at 900-

1000C at low pressure in an argon atmosphere, using bulk VO2 as the precursor.
114

 

 Interestingly, vanadium sesquioxide (V2O3) also exhibits an interesting magnetic 

transition that accompanies the M–I transition. That is, at room temperature, vanadium 

sesquioxide acts as a paramagnetic metal. However, when it is cooled below its transition 

temperature, it converts into an antiferromagnetic insulator. Coincident with this transition, 

vanadium sesquioxide undergoes a structural transformation from a rhombohedral symmetry at 

room temperature to a monoclinic structure below the transition temperature.
158

 The interesting 

property changes associated with the M–I transition in vanadium sesquioxide render it as a 

promising candidate for applications as diverse as temperature sensors, current regulators, and 

components of conductive polymer composites.
159-161

 

 There have been many similar synthetic protocols associated with the synthesis of V2O3. 

However, the focus has centered on the synthesis of nanoparticles. Spherical nanoparticles 

measuring 30 nm in diameter have been fabricated by the reductive pyrolysis of ammonium 

oxovanadium(IV) carbonato hydroxide at 730C in a hydrogen atmosphere.
162

 Thermal 

decomposition of oxalate can also be utilized as a means of generating V2O3 nanostructures.
163

  

Hydrothermal reaction conditions have also shown promise for the decomposition of NH4VO3 

into V2O3 nanostrucures.
164

 Furthermore, the use of metal alkoxides, in combination with benzyl 

alcohol, has been successfully employed as a viable means of producing V2O3 nanoparticles with 

diameters between 20 and 50 nm.
165

 There has also been one report of the synthesis of hollow 

VO2 and V2O3 nanotubes via a thermal reduction process in an hydrogen–containing atmosphere 

of hydrothermally synthesized V2O5- nanoscrolls.
166
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 In this work, we have been concerned with the synthesis of filled V2O3 nanorods via a 

route similar to that reported by Seshadri and co-workers.
166

 Specifically, we have utilized 

hydrothermally derived VO2 nanowires as a precursor material for the formation of V2O3 

nanorods through a thermal reduction reaction. Initially we form hydrated VO2 nanowires under 

hydrothermal conditions. These nanowires are subsequently dehydrated under an inert 

atmosphere at elevated temperatures to form VO2(M) nanowires. It is worth reiterating that VO2 

possesses a high-temperature metallic state (VO2(R)) above 68 °C with a tetragonal rutile 

structure with parameters of a = b = 4.55 Å and c = 2.88 Å, in which each vanadium ion is 

located at the center of an oxygen octahedron, a visual representation of this transition can be 

found in Figure 2.1.
167-169

 The semiconducting low-temperature form, i.e. the ambient room-

temperature motif of VO2(M), is a monoclinic distortion of the rutile structure with a = 5.75 Å, b 

= 4.52 Å, and c = 5.38 Å, involving a pairing and off-axis displacement of alternate vanadium 

ions along the rutile c axis.
167, 170-172

 Following dehydration, we have utilized these nanowires as 

a precursor for the high-yield formation of V2O3 nanorods in a reducing atmosphere at 

temperatures greater than 550C. While it may have been logical to have used a different 

variation of the VO2 intermediate in our syntheses, i.e. VO2(B), the metastable nature of this 

latter polymorph of VO2 has made it difficult to proceed with that particular route, owing to the 

oxidation of the product into the most thermodynamically stable phase, V2O5.
126, 173

  This 

oxidation not only destroys the desired morphology of the product, but also inhibits the reduction 

to V2O3 during the thermal reduction. 

 The novelty of our work is three-fold in nature.  First, we have been able to successfully 

synthesize filled, crystalline nanorods of V2O3 in a relatively large quantity (i.e. up to grams per 

run). Second, our V2O3 nanorods are relatively free from impurities as well as the presence of 
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other phases of vanadium oxide, thereby alleviating the requirement for additional purification 

steps. More specifically, we have not been creating mixed valence VOx nanostructures, wherein 

other oxide species such as V6O13, VO2, or V2O5 can potentially co-exist with our desired V2O3  
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Figure 2.1: Crystal structures of A) monoclinic VO2, and B) rutile VO2.  Adapted from reference 

46. 
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phase.
148, 151, 174

  Third, we have been able to generate these V2O3 nanorods by building upon 

nanorod motifs of VO2 itself as an intermediate stepping stone, i.e. a necessary precursor, to this 

product. We have previously demonstrated
175

 the feasibility of this latter idea in our laboratory in 

our conversion of titanate nanorods and nanotubes into anatase TiO2 nanorods and nanoparticles, 

respectively, at essentially 100% yield. In that case, we showed that the size and shape of the 

precursor titanate structural motif strongly dictated and controlled the eventual morphology of 

the resulting titania products.    

2.2 Synthetic Procedures 

All chemicals were used as purchased, without further purification. The synthesis of 

hydrated VO2 nanorods was conducted using a minor modification of a hydrothermal method 

previously presented by Gui et al.
176

 We chose this particular protocol, because it avoided the 

high temperatures and specialized equipment associated with gas-phase techniques. Moreover, 

this procedure
176

 could lead to the production of high-quality, single-crystalline nanorods in large 

quantities with reliable control over morphology without the need for sintering. Specifically, in a 

typical reaction, 0.2546 g of V2O5 (Acros Organics, 99.6+%) and 0.2412 g of KOH (Fisher 

Scientific) were added to a 23 mL Teflon-lined autoclave. Subsequently, 14.38 mL of H2O was 

added to the autoclave and the solution was mixed thoroughly, achieving final molar 

concentrations of 0.10 and 0.29 M for V2O5 and KOH, respectively. Following this process, 50.7 

μL of hydrazine (Acros Organics, 99%), selected not only for its reducing ability but also for its 

potential in coordinating central vanadium ions into a one-dimensional morphology,
176

 was 

added to the tune of 0.068 M, followed by further mixing of the solution. Finally, the pH of the 

solution was adjusted to 3 using HCl (EMD, ACS reagent grade) in order to prevent the 

formation of erroneous vanadium oxide species in solution, such as soluble oxo and hydroxo 
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species. The autoclave was subsequently sealed and heated at 150°C for 48 h. After heating, a 

blue-black product was isolated and purified by centrifugation and washing with absolute ethanol 

(Acros Organics, 200 proof) followed by storage in an inert atmosphere to prevent additional 

oxidation. 

To prepare the dehydrated form of VO2, the product of the hydrothermal reaction was 

heated under N2 at 350°C for 24 h which, at elevated temperatures, likely led to the direct 

generation of the thermodynamically most stable VO2(R) form, which subsequently reversibly 

converted to VO2(M) at room temperature under ambient conditions. To synthesize V2O3, the 

blue–black VO2 product in either its hydrated or dehydrated formulation was heated at 800°C at 

a ramp rate of 10°C min−1. The black sample was subsequently removed from the oven and 

allowed to cool to room temperature under a reducing atmosphere so as to prevent oxidation of 

the product. 

2.3 Materials characterization 

The diameters and lengths of as-prepared nanorods were initially characterized using a 

field emission scanning electron microscopy instrument (FE-SEM Leo 1550), operating at an 

accelerating voltage of 15 kV and equipped with energy-dispersive X-ray spectroscopy (EDS) 

capabilities, as well as with a Hitachi S-4800 at an accelerating voltage of 1.0 kV. Samples for 

SEM were prepared by dispersing as-prepared nanorods in ethanol, sonicating for about 2 min, 

and then depositing the sample onto a silicon wafer, attached to a SEM aluminum stub. 

Low magnification TEM images were taken at an accelerating voltage of 80 kV on a FEI 

Tecnai12 BioTwinG2 instrument, equipped with an AMT XR-60 CCD Digital Camera System. 

High-resolution TEM (HRTEM) images were obtained on a JEOL 2010F instrument at 

accelerating voltages of 200 kV. Specimens for all of these TEM experiments were prepared by 
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dispersing the as-prepared product in ethanol, sonicating for 2 min to ensure adequate dispersion 

of the nanorods, and depositing one drop of the solution onto a 300 mesh Cu grid, coated with a 

lacey carbon film. 

To prepare powder X-ray diffraction (XRD) samples, the resulting nanorods were 

rendered into slurries in ethanol, sonicated for about 1 min, and then air-dried upon deposition 

onto glass slides. Diffraction patterns were collected using a Scintag diffractometer, operating in 

the Bragg–Bretano geometry and using Cu Kα radiation (λ = 1.54 Å) from 10 ≤ 2θ ≤ 80° at a 

scanning rate of 2° in 2θ per minute. Temperature-resolved synchrotron XRD data were 

collected at the X7B beamline at the National Synchrotron Light Source. Sample powders were 

loaded in a polyimide capillary with a 0.5 mm inner diameter. The X-ray beam size was adjusted 

using slits to match the capillary size. The temperature was controlled by an air-blower type 

heater with the thermocouple placed in contact with the outside of the capillary in the middle of 

the air stream from the heater. A 2°C/step temperature scan started from 55 °C for the heating 

cycle, with at least a 30 min hovering duration interval at each step. The subsequent cooling 

started from 69°C with the same temperature step size interval. 2-D XRD data were collected 

using a MAR345 imaging plate area detector with continuous 120 s exposure times. The readout 

time for the detector was 45 s between exposures. 2-D data were processed by the Fit2D program 

to obtain traditional 1-D “2θ scan” data for analysis. The wavelength used was 0.31840(2) Å. 

2.4 Materials’ measurements 

Magnetic measurements were performed on a 11.46 mg powder sample of V2O3 

nanowires in a Quantum Design Magnetic Property Measurement System (MPMS) with fields of 

up to 7 T and temperatures between 1.8 and 300 K. 
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Nanorod devices were fabricated by a combination of electron beam (e-beam) 

lithography and e-beam induced direct metal deposition (EBID) using a scanning electron 

microscope (SEM) (Helios, FEI) equipped with a Nano Pattern Generating System (NPGS) and 

an organometallic gas injection system (GIS). First, contact pads measuring 100 × 100 μm2 in 

area and electrodes with 1 μm in width and spacing were fabricated using e-beam lithography on 

a Si substrate with 400-nm thick thermally grown SiO2. In a typical run, a layer of the 

commercial e-beam resist, ZEP-1, was applied via spin-coating onto the substrate at 3000 rpm 

followed by 3 min of baking at 180°C. The substrate was subsequently loaded into the SEM. 

Contact pads and electrode patterns were then exposed by e-beam irradiation (at 30 kV 

accelerating voltage and 1.4 nA current), followed by development in xylenes for 2 min and 

rinsing in isopropyl alcohol. Finally, a 40-nm thick layer of platinum was deposited onto the 

substrate surface by sputter coating in a vacuum atmosphere of 10−5 Torr. 

V2O3 nanorods were then randomly transferred onto the substrate containing the 

fabricated contact pads by spin coating a suspension of these nanomaterials dispersed in aqueous 

solution at 1000 rpm. Upon localization of these V2O3 nanorods on the substrate using the SEM, 

platinum electrical contacts, maintaining a thickness of 100 nm and a width of 80 nm, were 

applied to the nanorods by direct deposition of Pt itself, derived from the decomposition of a 

trimethyl [(1,2,3,4,5-ETA)-1-methyl-2,4-cyclopentadien-1-yl] platinum source, that had been 

introduced into the vacuum chamber by a GIS, in the presence of a 30 kV e-beam with a 1.4 nA 

current. Current–voltage (I–V) measurements were obtained using a HFTTP4 cryogenic probe 

station (Lakeshore) spanning a temperature (T) range from 80 K to 300 K. 
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2.5 Results and Discussion 

 The results of our XRD analysis, shown in Figure 2.2, reveal that the samples prepared 

show no signs of crystallographic impurities, within the limits of the instrument utilized. The 

XRD pattern for the dehydrated nanowires (Figure 2.2A) can be indexed to a monoclinic 

structure, with the space group of P21/c (JCPDS #82-0661). From the diffraction data, we 

calculated the lattice parameters to be a = 5.750 ± 0.008 Å, b = 4.523 ± 0.007 Å, and c = 5.376 ± 

0.018 Å. These values are in good agreement with those reported in the JCPDS database; these 

numbers are a = 5.752 Å, b = 4.526 Å, and c = 5.383 Å. For the sake of completeness, we also 

collected an XRD pattern for the hydrated nanowires as well, Figure 2.2C. The relatively poor 

quality of that data, however, may be partially attributable to the incompatibility between the 

„hydrated‟ nature of the sample and the „dry‟ sample acquisition process itself, as well as to the 

presence of impurities that were subsequently transformed to other, more desirable oxide species 

during later high-temperature annealing treatments. 

 The XRD pattern for the as-prepared V2O3 nanorods, shown in Figure 2.2B, reveals a 

rhombohedral unit cell with space group R c (JCPDS #85-1411). From the diffraction pattern, 

we calculated the hexagonal unit cell parameters to be a = 4.954 ± 0.010 Å and c = 13.939 ± 

0.045 Å. These values are in good agreement with those reported in the JCPDS database, namely 

a = 4.952 Å and c = 14.003 Å. 

 Visualization of the VO2 • H2O nanowires via SEM, shown in Figure 2.3A, has shown 

that the nanowires possess an average width of 74 ± 21 nm and lengths of up to several microns.  

Examination of the nanowires by HRTEM analysis, shown in Figure 2.3B, suggests the presence 

of well-defined lattice fringes, with a spacing of 0.485 and 0.515 nm, which are in good 

agreement with the values of 0.434 and 0.512 nm, derived from JCPDS database #13-0346.  The 
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sharpness of the spots in the selected area electron diffraction (SAED) pattern, shown in Figure 

2.2C, strongly suggests that the nanorods are highly crystalline. However, measured d-spacings 

from the SAED pattern and its XRD pattern (Figure 2.2C) did not match well with one another, 

an observation which can be reasonably attributed to sample dehydration (and corresponding 

lattice alteration) under electron beam irradiation, characteristic of TEM sampling conditions. 

Hence, we were unable to properly index that diffraction pattern.  
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Figure 2.2:  XRD patterns of A) dehydrated VO2 nanowires, B) V2O3 nanorods, and C) hydrated 

VO2 nanowires. 
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Figure 2.3: (A) SEM image of as-prepared VO2·H2O nanorods. (B) HRTEM image of a typical, 

individual hydrated nanorod. (C) SAED of the nanorod probed in (B). Measured d-spacings in 

Angstroms are indicated directly to the left of indexed diffraction spots. 
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 In order to properly investigate the MIT between the VO2(M) and VO2(R) phases, our as-

synthesized VO2 • H2O nanowires were dehydrated by heating in an inert atmosphere for 4 hours 

at 350C. The SEM investigation of these dehydrated VO2 nanowires (Figure 2.4A) indicated 

that even after this processing, the material remained mostly one-dimensional, with an average 

width of 68 ± 12 nm, and lengths of up to several microns. As expected, there is some shrinkage 

of the nanomaterial due to the loss of water from the nanostructure. Furthermore, HRTEM and 

SAED data shown in Figure 2.4B and C revealed that the nanowires maintain their single-

crystalline nature, even after the dehydration procedure. The HRTEM image (Figure 2.4B) 

clearly depicted lattice planes with a d-spacing of 0.323 nm, corresponding to the (110) lattice 

plane of the monoclinic VO2 structure (d-spacing = 0.331 nm). In addition, the SAED pattern 

exhibited sharp, well-defined spots which could be indexed to the (110), (212), and (102) planes 

of VO2(M), a result which is in excellent agreement with both our HRTEM and XRD data.  

 As shown in Figure 2.2A, upon dehydration, the nanowires are converted into pure 

VO2(M), with no detectable amount of crystallographic impurities. As further characterization, 

we investigated the transition from VO2(M) to VO2(R) via temperature-dependent in situ 

synchrotron radiation measurements. The results obtained from this investigation are shown in 

Figure 2.5. We observed a transition in the material in the range of 63-65C during the heating 

cycle, and 61-59C during the cooling cycle.  This rather small hysteresis is consistent with an 

expected rapid and reversible transformation,
177

 as the positions and intensities of the peaks 

returned to their original profiles upon cooling. 
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Fig. 2.4: A) SEM image of dehydrated VO2 nanorod aggregates with individual widths of 68 ± 

12 nm and lengths of up to a couple of microns. B) HRTEM image of a single VO2 nanorod. C) 

SAED of the VO2 nanorod probed in (B). 
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Fig. 2.5. A) Variable-temperature synchrotron diffraction data re-plotted over 24°≤ 2θ≤ 80° to simulate the 

familiar scale for Cu Kα radiation (λ = 1.5418 Å) commonly used on laboratory sources. The original data 

were collected using λ = 0.3184 Å on a synchrotron source. Indexing of peaks (monoclinic P21/c bottom and 

tetragonal P42/mnm top) for individual sections of the diffraction pattern are shown in B) 24°≤ 2θ≤ 30°, C) 

30°≤ 2θ≤ 40°, D) 40°≤ 2θ≤ 50°, E) 50°≤ 2θ≤ 60°, F) 60°≤ 2θ≤ 70°, and G) 70°≤ 2θ≤ 80°, respectively. The 

loss of certain peaks is a diagnostic for the transition from the monoclinic to the tetragonal phase in VO2: for 

example, the disappearance of monoclinic peaks (11–1,110) in (B), 30–2 in (D), (12–2, 31–1) in (E), and the 

31–3 in (F). 
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The Mott transition is normally brought on by a change in the crystalline structure, 

presumably due to changes in the dimensions of the unit cell.
157

 Observed peak shifts likely 

represent shrinkage of the unit cell, as expected with the conversion from the monoclinic to the 

rutile form. Upon confirmation of the validity of this transition at the nanoscale, we then set 

about converting our 1D nanorod sample from the starting formulation of VO2 to the final V2O3 

chemical structure. As previously mentioned, there have been a number of reports in the 

literature pertaining to the conversion of VO2 to V2O3.
130, 178

 Herein, we heated our sample, 

consisting of either VO2·H2O or VO2, in H2 at temperatures ranging from 500–900°C and using 

reaction times up of to 5 h so as to obtain V2O3 nanorods. Experimentally, we found that heating 

of the sample to 800°C using a ramp rate of 10 °C min
−1

 followed by subsequent cooling to room 

temperature yielded the best results, as defined by the resulting sample purity and crystallinity as 

well as the prevailing nanorod morphology. 

Electron microscopy images of the nanorods obtained from this optimized method are 

shown in Figure 2.6. While the sample consists predominantly of nanorods, the sample contained 

some nanoparticles, with a ratio of nanorods to nanoparticles of approximately 3: 1. The 

nanowires present in the sample maintained a width of 64 ± 18 nm, slightly smaller than the 

originating VO2(M) nanowires, with lengths of up to a couple of microns.  It is also evident from 

the electron microscopy images that the morphology of the nanorods transformed from relatively 

smooth wires to nanorods with a roughened surface texture, which may be due to the presence of 

V2O3 particulates. Analysis by HRTEM (Figure 2.6B) revealed the presence of well-defined 

lattice planes, with measured d-spacings of 0.248 and 0.268 nm, in good agreement with the 

(110) (d = 0.247 nm) and (104) (d = 0.271 nm) planes of V2O3 (JCPDS #85-1411). These 

experimental values are also in good agreement with data taken from powder XRD 
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measurements (Figure 2.2B), wherein the calculated d-spacings of 0.248 nm and 0.271 nm can 

be assigned to the (110) and (104) peaks, respectively. Furthermore, SAED data taken of the 

nanorods indicated the presence of sharp, well-defined spots which are suggestive of the fact that 

the V2O3 nanorods maintain the single crystalline nature of their nanowire precursors. 

Previous reports have also shown that conversion of films and nanocrystals of VO2 to 

V2O3 can be explained via a combination of diffusion, coalescence, and stabilization 

processes,
178, 179

 which is consistent with what we have observed herein. Of relevance here, it 

was noted that the thermal reduction process involved in one of those experiments
179

 involved 

rearrangement of oxygen polyhedra surrounding the V atoms; the reduced oxide phases 

essentially diffused and coalesced, leading to the formation of differently-shaped geometries. 

Hence, the thermally-induced (a) nucleation and growth of the V2O3 phase, governed to a large 

extent by atomic diffusion, and (b) the formation of lattice defects during the in situ phase 

transformation along microstructural defects of the parent precursor VO2 likely yielded a highly 

strained intermediate defective state.
178

 Diffusion is expected to occur isotropically, so that the 

transformed phase could initially have formed spherical particles. These particles then 

presumably coalesced to generate roughened, high-surface-energy nanorod-like motifs. Yet, 

these as-prepared V2O3 nanomaterials could also exist stably as spheres, since the defect density 

would be minimized and the presence of high surface energy surfaces would be reduced in this 

particular geometric configuration. 
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Fig. 2.6: A) TEM image of V2O3 nanorods. Inset shows a different region containing these metal 

oxide nanorods. B) HRTEM image of a representative, individual nanorod, showing lattice 

spacings consistent with the (104) and (110) planes of V2O3. C) SAED pattern of V2O3 nanorods, 

demonstrating their single crystallinity. 
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We indeed noted that as the reaction time and temperature were increased, fewer 

nanorods were produced but a preponderance of nanoparticles was clearly noted in the sample. 

Moreover, consistent with this growth mechanism, we also discovered that temperature was the 

main parameter governing this reaction. That is, our reaction medium needed to be „hot‟ enough, 

i.e. heated above 800°C, in order for the conversion from VO2 to V2O3 to occur. At temperatures 

below 800°C, the morphology of the sample retained its nanorod motif, but the product actually 

consisted of a heterogeneous mixture of different phases (including V6O13 and V3O7) of vanadium 

oxide. Hence, our observations could be explained by in situ phase conversions, as evinced by 

diffraction analyses. 

2.6 Magnetic Measurements 

 The temperature variation of the magnetic susceptibility M/H (H = 5.0 T) for V2O3 is 

plotted in Figure 2.7, for both ZFC (zero field cooled) as well as FC (field cooled at 5.0 T) cases. 

The magnetic susceptibility (M/H) was found to slowly increase from 300 K to about 200 K, 

with an anomalous drop in magnetic susceptibility observed at about 166 K. The magnetic 

susceptibility subsequently increased again at lower temperatures. We can fit the magnetic 

susceptibility data above 200 K using the Curie–Weiss law in Equation 1: 

M/H = C/(T−θp)     (1) 

 The Curie constant, C (C = Nμeff
2/3kB where N is the number of V atoms per unit cell), 

yields an effective paramagnetic moment per V atom, μeff = 2.64 μB, which is close to the Hund‟s 

rule value for V3+, namely μeff = 2.8 μB. The calculated paramagnetic Curie temperature, θp, is 

about −634 K. The negative value here also indicates that the V moments are 
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antiferromagnetically coupled. Both C and θp parameters are in good agreement with the reported 

behavior for bulk V2O3.
180
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Fig. 2.7: Temperature dependence of the DC magnetization at H = 5.0 T. Both ZFC and FC 

curves at 5.0 T were measured, although little hysteresis was observed. Inset: H/M vs. T, 

showing that the linear regions, above 200 K and below 50 K, can be fit well with the Curie–

Weiss law, wherein the slope yields the inverse of the Curie constant (1/C). 
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Figure 2.8 represents the measurement of the field dependence of the magnetization from 

−5.0 T to 5.0 T at different temperatures. At high temperatures, M is linear with the field. Both 

Figures 2.7 and 2.8 suggest that the V moments are spatially localized and fluctuate 

independently above the transition at 166 K. The anomaly observed here agrees well with that of 

pure bulk V2O3, where it corresponds to the simultaneous onset of antiferromagnetic order and 

the delocalization of the V d-electrons. Also, since the oxygen stoichiometry can significantly 

change the phase transition behavior,
180

 the transition at 166 K may indicate that our nanorod 

sample is very close to the expected stoichiometric ratio of V2O3 without the presence of either 

impurities or extraneous vanadium oxide phases. 

A second region of the Curie–Weiss behavior has been observed at the lowest 

temperatures. That is, Figure 2.8 highlights a weak nonlinearity in M vs. H behavior at 10 K, as 

expected for the paramagnetic Brillouin function. Here, the fitted Curie–Weiss law results in a 

significantly smaller Curie constant than the one found above 166 K (Table 1), implying that 

only a subset of the V atoms remains paramagnetic at low temperatures. Yet, the moment 

concentration is sufficiently high that this second Curie–Weiss contribution to the susceptibility 

cannot originate with moment-bearing impurities and hence, must be intrinsic. Previous 

researchers
181, 182

 have suggested that the surface spins in antiferromagnetic nanoparticles are 

uncompensated, and may produce a paramagnetic susceptibility value below the overall Néel 

temperature, just as we have found with our V2O3 nanorods herein. 
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Fig. 2.8: DC magnetization measured at three different temperatures (i.e. 10 K, 150 K, and 300 

K) with fields ranging from −50 000 Oe to 50 000 Oe. 
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T/K C/emu K mol−1 θp/K μeff/μB 

>200 0.874 −633.9 2.64 

<50 0.115 −82.5 0.96 

 
Table 2.1. Curie–Weiss fit parameters (M/H = C/ (T −θp) with (C = Nμeff

2/3kB) derived from M 

vs. T measurements.  
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We suggest that the magnetization data shown in Figures 2.7 and 2.8 represent the sum of 

the contributions both from the surface and the core spins. Above the 166 K transition 

temperature where antiferromagnetic order sets in, all V moments are paramagnetic, just as is the 

case with the bulk material. By contrast, below the transition temperature, the interior of the 

nanoparticle is antiferromagnetic, while the spins on the surface are either free or paramagnetic. 

When the temperature is low enough, these surface spin contributions dominate, and this 

situation can lead to the observed increase in susceptibility at low temperatures. 

2.7 Electronic transport characterization 

 In order to investigate the electronic properties of our V2O3 nanorods, we fabricated 

devices on silicon substrates. We fabricated these devices in a two-step process, wherein we first 

deposited large lithographically defined pads. Following this step, we contacted the nanowires 

via EBID-defined platinum leads. An SEM image of a typical device is shown in Figure 2.9.  

Two-probe current-voltage (I-V) measurements taken on this device revealed a symmetric 

response with respect to the voltage bias at all temperatures investigated (i.e. three representative 

temperatures are shown in Figure 2.10).  This result suggests that the contact properties between 

the EBID-platinum wire and the V2O3 nanorod are similar on both ends of the device. 
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Fig. 2.9: SEM image of a V2O3 nanorod device used for electronic measurements. A) Electrodes 

deposited by a Lesker sputter coater. B) Electrodes deposited by the EBID technique. C) A 

representative V2O3 nanorod. 
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Fig. 2.10: I–V curves taken on a V2O3 nanorod at three different temperatures, associated with 

the warming cycle, at 250 K (red squares), 140 K (black triangles), and 85 K (blue diamonds), 

respectively. 
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The measured device current increased linearly with voltage over the bias range of 0.3 V 

< |V| < 5 V for every measured temperature (80–300 K) (Figure 2.9). We calculated the two-

probe V2O3 nanorod resistivity (ρ) from the device‟s ohmic resistance (R≡V/I) according to ρ≡ 

R*A/L, wherein A is the cross-sectional nanorod area and L is the length of the nanorod bounded 

by the two Pt contacts. We assumed a circular nanorod cross-sectional area, A = πr2, with r as the 

nanorod radius measured from SEM images. At a low applied voltage bias (−0.3 < V < 0.3 V), 

the I–V curve was slightly nonlinear, likely indicating the presence of a small Schottky barrier at 

the Pt–V2O3 contact (Figure 2.10). 

The two-terminal V2O3 device resistivity (ρ) increased upon decreasing temperature from 

300 to 80 K (Figure 2.11), resulting in a total resistivity change (Δρ) of 103. Despite the two-

terminal nature of our measurements, separate measurements of minimal changes in the Pt lead 

resistance over the same temperature range (not shown) allowed us to ascribe the observed 

behavior to the V2O3 nanorod itself. Upon cooling the device, we observed an increase in the rate 

of nanorod resistivity change in the temperature range around 150–200 K (red open triangles), 

similar to the point at which we observed large changes in nanorod magnetization (Figure 2.7), 

and consistent with previous reports of a metal–insulator transition
183

 in V2O3 at temperatures of 

around 150 K. The total magnitude of the resistivity change has previously been used to infer 

information about material purity in terms of stoichiometry and crystallinity.
130

 The nanorod 

device resistivity decreased smoothly over the entire temperature range upon warming from 80–

300 K (Figure 2.11, black solid squares), such that the entire temperature cycle was noted to be 

hysteretic, consistent with previously reported measurements
183

 of corundum-phase V2O3 

nanotubes.
166

 Moreover, previous observations of similar hysteresis in V2O3 film resistivities 

have been explained in terms of substrate-induced volume confinement effects.
184
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Fig. 2.11: Plot of resistivity vs. temperature during the cooling cycle (red, open triangles) and the 

warming cycle (black, solid squares) for V2O3 nanorods. 
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2.8 Conclusions 

 We have shown that VO2 nanowires have been initially generated via a hydrothermal 

procedure and subsequently utilized as reactive precursors for the formation of V2O3 nanorods. 

Structural changes, associated with the M–I transition, from the monoclinic form to the rutile 

form have been investigated and confirmed using both XRD and synchrotron data, showing that 

the structural transition is reversible and occurs at around 63°C. When this sample was 

subsequently heated to 800°C in a reducing atmosphere, it was successfully converted to V2O3 

with effective retention of its one-dimensional morphology and single crystalline nature. 

Furthermore, we have collected both magnetic and transport data on our samples, which are in 

general agreement with either bulk behavior or prior results on analogous nanoscale systems. 
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Chapter 3. Synthesis of single-crystalline one-dimensional LiNbO3 nanowires 

3.1 Introduction 

 In the previous chapter, we were able to successfully synthesize 1D nanoscale structures 

via a hydrothermal/thermal reduction combinatorial approach.  However, as shown in Chapter 1, 

there are a plethora of synthetic approaches one can reasonably take in order to create 1D 

nanostructures.  Herein, we will explore the application of a molten salt technique for the 

fabrication of 1D lithium niobate (LiNbO3) nanowires. 

 Lithium niobate is an interesting material, owing to its unique non-linear optical 

properties, including its large piezoelectric, electro-optic and non-linear optical coefficients.
1, 2

  

Furthermore, LiNbO3 not only possesses a small dielectric constant, but also is thermally, 

mechanically, and chemically stable, thereby transforming it into an excellent candidate for thin-

film transducers.
3, 4

  The unique combination of these properties has rendered lithium niobate as 

a desirable material for optical waveguides,
5
 data storage media,

6
 voltage sensors,

7
 and acousto-

optical modulators.
8
 

 There has been a fair amount of attention directed at the synthesis of bulk LiNbO3, for 

large scale production. Several methods, such as the micro pull-down procedure,
9
 the laser 

heated pedestal growth protocol,
10

 and the Czochralski method,
11

 have all successfully yielded 

bulk single crystals of LiNbO3. While there has been some success in synthesizing this material 

at the nanoscale, there are still several challenges that remain, particularly regarding crystallinity, 

growth direction, and size control.  

 In particular, there have been several reports regarding the synthesis of 1D LiNbO3 

nanomaterials. Specifically, the pyrolysis of a lithium niobate precursor at 550ºC in the presence 
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of anodized aluminum oxide templates resulted in the formation of nanotubes measuring 180-

400 nm in diameter with a thickness of a few tens of nm.
4
 One significant drawback to this 

synthetic method is the polycrystalline nature of the product obtained. Moreover, this protocol 

requires the use of air-sensitive conditions in order to maintain the purity of the precursor. 

Another report alleviates the need for air-sensitive precursors through the use of Nb2O5 and 

LiOH as precursors for a hydrothermal reaction.
12

 Treating these precursors, in the presence of 

various amine ligands, under hydrothermal conditions at 220ºC for 1-4 days, results in the 

production of smooth, monodisperse nanorods with diameters of ~800 nm and lengths of up to 3 

microns.  Nonetheless, while this procedure can effectively produce large quantities of LiNbO3 

nanorods, the individual sizes of these nanorods are still relatively large. Furthermore, nanowires 

with widths of ~50 nm can be generated under hydrothermal conditions at 150ºC.
13

  However, 

the resulting nanowires tend to possess random crystallographic planes with respect to the long 

axis of the nanowires, which can potentially alter the optical properties of the nanowire along the 

long axis. There has also been a solution- phase approach towards the synthesis of 1D LiNbO3 

nanomaterials.
14

 This protocol utilizes the directed aggregation of 7 nm nanoparticles during an 

aging process, resulting in the formation of rod-like structures of up to 100 nm in length. 

Although this method is advantageous in its low temperature approach, it tends to form 

polycrystalline materials, which can be less than ideal for optical applications. 

Of all the prior synthetic techniques utilized, there has not been a report of a protocol 

which specifically uses molten salt conditions in order to synthesize LiNbO3 nanowires. In this 

report, we have utilized molten salt conditions to successfully synthesize 1D nanostructures of 

lithium niobate. Furthermore, as we have noted in Chapter 2, we can take advantage of nanoscale 

materials possessing the desired morphology as precursors for the formation of our LiNbO3 
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nanowires. While there have been two previous reports concerned with the production of 1D 

niobate nanomaterials, these methods have failed to successfully produce lithium niobate in a 

one-dimensional motif.
15, 16

  Through this methodology, we have been able to generate large-

scale, gram quantities of LiNbO3 that are not only reasonably pure (i.e. relatively minuscule 

amounts of a potassium lithium niobate solid mixture as the impurity phase) and single-

crystalline but also possess smooth, well-defined edges and crystal facets.  One potential 

drawback to the technique used in this work relates to the successive high temperature steps 

needed for the reaction and hence, the correspondingly sizable energy requirements associated 

with that overall process. 

3.2 Experimental 

 A detailed step-by-step reaction scheme, starting from bulk precursors, is shown in 

Scheme 1. First, this protocol involves the initial synthesis of KNb3O8 nanowires using a 

previously reported molten salt reaction.
16

 Briefly, bulk Nb2O5 (Alfa Aesar, 99.9985%) was 

mixed with KCl (Mallinckrodt, 99.5-100%) in the presence of ethanol in a 1:10 molar ratio. The 

mixture was subsequently dried at 80ºC and then heated in a tube furnace to 800ºC for 3 hours. 

Upon gradual cooling to room temperature, the sample was washed several times with hot, 

deionized water, isolated by centrifugation, and finally oven dried at 80ºC. Second, a quantity of 

these as-prepared KNb3O8 nanowires was stirred at room temperature in 400 mL of 2M HNO3 

for 48 hours, followed by washing several times with distilled water, so as to obtain H3ONb3O8 

nanowires through an exchange reaction. Third, annealing of the H3ONb3O8 nanowires at 550ºC 

for 1 hour enabled their successful conversion to Nb2O5 nanowires. A typical SEM image of 

these “precursor” nanowires is shown in Figure 3.1. 
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 These Nb2O5 nanowires were ultimately used as the direct precursors for the LiNbO3 

synthesis reaction. The overall reaction has been previously explained for analogous KNbO3 

systems by using a combination of „dissolution-precipitation‟ and „template formation‟ 

mechanisms.
16

  Briefly, niobium oxide nanowires were ground together with Li2CO3 in a 1:1 

molar ratio before being mixed with an equal weight of KCl.  The resulting powder was then 

transferred to a porcelain boat and heated to 780ºC isothermally for 10 min, prior to gradual 

cooling to room temperature. The ensuing product was washed several times with distilled, 

deionized water so as to remove any KCl, prior to dispersion in ethanol for characterization. 

Product yields of >90% conversion were routinely obtained, corresponding to amounts ranging 

from 100 mg to >1 gram, depending on the initial quantities of the precursors used. 

 To prepare powder X-ray diffraction (XRD) samples, samples were rendered into slurries 

in ethanol, sonicated for about 1 min, and then air-dried upon deposition onto glass slides. 

Diffraction patterns were collected using a Scintag diffractometer, operating in the Bragg 

configuration using Cu Ka radiation (λ = 1.54 Å) from 10 to 80° at a scanning rate of 2° per 

minute. 

 The morphology and dimensions of as-prepared samples were initially characterized 

using a field emission scanning electron microscopy instrument (FE-SEM Leo 1550), operating 

at an accelerating voltage of 15 kV and equipped with energy-dispersive X-ray spectroscopy 

(EDS) capabilities. Samples for scanning electron microscopy (SEM) were prepared by 

dispersing samples in ethanol, sonicating for about1 min, and then depositing the sample onto a 

silicon wafer, attached to a SEM brass stub.  All of these samples were then conductively coated 

with gold by sputtering for 15 s in order to minimize charging effects under SEM imaging 

conditions. 
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Figure 3.1. SEM image of as-prepared Nb2O5 nanowires. 
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Low magnification transmission (TEM) images were taken at an accelerating voltage of 

80 kV on a FEI Tecnai12 BioTwinG2 instrument, equipped with an AMT XR- 

60 CCD Digital Camera System. High-resolution TEM (HRTEM) images and selected area 

electron diffraction (SAED) patterns were obtained on a JEOL 2010F instrument, equipped with 

a Gatan high-angle annular dark field detector (HAADF) for performing incoherent HAADF or 

Z-contrast imaging in scanning TEM mode at accelerating voltages of 200 kV. Specimens for all 

of these TEM experiments were prepared by dispersing the as-prepared product in ethanol, 

sonicating for 2 min in order to ensure an adequate dispersion of the nanowires, and dipping one 

drop of the solution onto a 300 mesh Cu grid, coated with a lacey carbon film. 

3.3 Results and Discussion 

 The X-Ray diffraction pattern of our LiNbO3 nanowires obtained from the molten salt 

technique is shown in Figure 3.2A.  It is clear from this data that the majority of the sample 

consists of LiNbO3, with peak positions and intensities that correspond to the JCPDS database 

standard #85-2456, as well as to a small amount of potassium lithium niobate solid mixture 

impurity.  LiNbO3 possesses a space group of R3c (161) and a corresponding rhombohedral 

crystal structure. Lattice parameters calculated from the XRD pattern reveal a and c values of 

5.151 Å and 13.853 Å, in excellent agreement with the literature values of a = 5.15 Å and c = 

13.85 Å.   

Several other salts, such as KOH, NaCl, and LiCl, have also been employed for the 

synthesis of LiNbO3 nanowires. However, subsequent analysis by XRD (Figure 3.3) revealed 

that the purity of these samples was significantly less than that of KCl.  Furthermore, KCl was 

found to be the only salt capable of producing 1D nanomaterials of LiNbO3. We attribute this 



 

75 

 

observation to the favorable “solution” phase properties of the molten KCl, specifically its 

optimal solubility, reaction rate, and viscosity.  In this particular synthesis, it was critical to 

control the solubility of the niobium oxide nanowire precursors in the molten salt flux. In the 

case where the solubility is too great, the nanowire precursors completely dissolve into the 

molten flux and can no longer effectively act as a template for the growth of the desired LiNbO3 

nanowires.  Furthermore, the cation diffusion rate into the niobate structure is also crucial.  If we 

compare the relative amounts of impurities found in the XRD patterns, we find that as the size of 

the cation increases, the relative amount of impurity decreases.  This trend suggests that, for a 

given set of reaction conditions, as the cation size increases, the rate of its integration into the 

crystal lattice decreases.
17

  It is from these results that we can conclude that two of the most 

influential factors governing the growth of LiNbO3 nanowires are the solubility of Nb2O5 in the 

molten flux, as well as the size of the cation.  

The morphology of the KCl derived material is shown in Figure 3.2B.  It can be clearly 

seen that the sample consists of both nanowires and nanoparticles in the approximate ratio of 70 : 

30, even after centrifugation at 1000 rpm, which tends to selectively remove smaller 

nanoparticles and nanowires.  The analysis of electron microscopy images of as-obtained 

individual  
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Figure 3.2: A) XRD of as-prepared LiNbO3 nanowires, corresponding to the JCPDS #85-2456 

database standard. B) Typical SEM image of as-prepared nanowires and nanoparticles of 

LiNbO3. C) SEM image of an isolated LiNbO3 nanowire. 
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Figure 3.3: XRD of products obtained using A) LiCl, B) NaCl and C) KOH as the molten salt 

media.  Black lines indicate the values expected for LiNbO3 from JCPDS # 85-2456.  
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Fig. 3.4: A) TEM image of LiNbO3 nanowires. Inset shows a magnified view of an individual 

nanowire. B) HRTEM image of highly crystalline LiNbO3 nanowires, showing lattice planes 

corresponding to the (116) and the (012) planes, respectively, of LiNbO3. Inset shows a 

representative SAED pattern of LiNbO3 nanowires. 
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nanowires (Figure 3.2C) yielded an average width of 385 ± 106 nm with lengths of up to several 

microns. This large standard deviation is expected, due to the large variation in the size of the 

precursor Nb2O5 nanowires (Figure 3.1), measuring 374 ± 290 nm. 

Further investigation of the nanowires by TEM (Figure 3.3A) revealed that these 

nanostructures posses smooth well-defined surfaces.  The accompanying HRTEM image  (Figure 

3.4B) confirms the high quality and single-crystalline nature of these nanowires.  The most 

prominent lattice plane exhibited in Figure 3.4B gives rise to a distance of 0.363 nm, which 

corresponds well to the (012) plane of the rhombohedral phase of LiNbO3. The corresponding 

SAED pattern (inset of Figure 3.4B) consists of sharp diffraction spots, corroborating the single-

crystalline nature of our nanowires. Furthermore, the indexing is consistent with that expected 

for rhombohedral LiNbO3. It is important to note here that the results from this data are 

consistent with the idea of growth along the c-axis. 

In order to more fully characterize our nanowires, we utilized a home-built confocal micro-

Raman scattering setup. Through direct probing of the frequency of characteristic phonon modes, 

Raman scattering is sensitive to impurities, stoichiometry, and strain. Furthermore, the capability 

to probe material symmetry allows not only for material identification but also for determination 

of the crystallographic phase, where minute yet symmetry-breaking lattice displacements can 

affect the Raman selection rules.  The Raman spectrum of a single nanowire in the spectral range 

of 100 to 900 wavenumbers is shown in Figure 3.5. As the Raman scattering cross-section of 

LiNbO3 is very large, high signal-to-noise ratios are noted. Apart from silicon peaks 

corresponding to the supporting substrate, as indicated in Figure 3.5, a summary of the main 

LiNbO3 phonon modes and their assignments can be found in Table 3.1, a representation of 

atomic motion associated with the A1 Raman modes can be found in Figure 3.6.  Peaks observed 
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at 151, 237, 365, and 578 cm
-1

 correspond to the strongest characteristic E transverse optical 

(TO) phonon modes of LiNbO3, consistent with a hexagonal ferroelectric phase.
18-20

 The 

strongest fundamental A1 TO mode, which was expected at 630 cm
-1

, shifted to a lower 

wavenumber of 621 cm
-1

 for our nanowires, an observation which may be due to a mixing of A1 

TO and E TO modes. However, that result is consistent with phonon propagation at an angle of 

65 relative to the surface normal.
21

 Similarly the peak observed at 870 cm
-1

, which is expected 

at 883 cm
-1

, can be assigned to the quasi TO mode. 
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Fig. 3.5: Raman spectrum of an individual LiNbO3 nanowire. It is essentially spectrally identical 

to that of bulk and of single crystal analogues. 
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Table 3.1: Peak positions and identification of peaks in a LiNbO3 nanowire Raman spectrum. 
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Figure 3.6:  Cartesian displacements of atoms in A1 normal modes of LiNbO3. (O oxygen 

atoms; ○: niobium atoms; •: lithium atoms).  Reproduced from reference 18. 
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3.4 Conclusions 

 We have been able to adapt an existing molten salt method
16

 to produce, for the first time, 

single-crystalline nanowires of LiNbO3 on a large scale with minimal detectable levels of 

impurities. Furthermore, these nanowires possess smooth, well defined crystal surfaces with a 

preferential growth direction along the c-axis. Finally, Raman investigation of these nanowires 

has confirmed the high quality and purity of these materials, and has revealed the presence of 

phonon propagation at an angle of 65 with respect to the nanowire surface.       
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Chapter 4. Synthesis and Characterization of One-Dimensional Cr2O3 nanostructures 

4.1 Introduction   

 In Chapters 1 and 2, we explored the use of template-free synthetic techniques for the 

formation of single-crystalline 1D nanomaterials. While these methods have many favorable 

aspects, which were discussed in detail in prior chapters, they lack the ability to explicitly and 

predictably control the dimensions of the nanomaterial. Herein, we explore the use of a template 

mediated sol-gel technique for the formation of 1D Cr2O3 nanowires. 

 Chromium sesquioxide (Cr2O3) is of particular interest, owing to its high melting point 

and oxidative resistance.
1, 2

  Due to these highly advantageous properties, this material has found 

use in a wide variety of applications, such as coatings
3, 4

 for wear resistance and thermal 

protection,
5
 as well as for solar energy collectors, liquid crystal displays, and catalysts (i.e. 

associated with hydrogenation and dehydrogenation of selected olefins, methanol synthesis, and 

SO2 reduction).
6-12

  Furthermore, particles with dimensions less than 50 nm have been utilized as 

colorants.
5
  In addition, Cr2O3 is a wide band gap, p-type semiconductor (especially at low 

temperatures), with a band gap of ~ 3.4 eV, revealing potential applications in optical devices.  

Of further interest in terms of its material properties are the high electrical conductivity with 

reasonable levels of electron transfer, associated with chromium oxide, thereby rendering this 

material as a promising candidate for electronic devices.
13

  In addition to these interesting optical 

and electronic properties, bulk Cr2O3 is an antiferromagnetic material with a Néel temperature of 

307 K.
14-16

 However, in nanoscale Cr2O3, the observed magnetic properties are primarily driven 

by the presence of uncompensated surface spins.
17

  Because it is also sensitive to hydrogen 

adsorption,
18

 chromium sesquioxide has also been used as a component of gas sensors for 



 

87 

 

ethanol and ammonia vapor, operating through the detection of minute electrical changes that 

can be probed by means of ac impedance spectroscopy and work function measurements.
19, 20

 

 With this wide variety of applications in mind, the need for nanoscale Cr2O3 is 2-fold. 

First, the high surface-area-to volume ratio afforded by nanoscale materials is highly desirable 

for the many applications aforementioned,
7
 and commercial bulk Cr2O3 is difficult to sinter. 

Second, magnetic solids possessing nanoscale dimensions have been known to exhibit 

anomalous magnetic behavior, relative to their bulk forms.
21

  There have been quite a few 

distinctive methods established towards the synthesis of Cr2O3 nanoparticles and aerogels, 

including but not limited to hydrothermal processing,
22, 23

 the use of supercritical fluids,
7, 24

 

precipitation-gelation reaction,
2, 4, 25

 solid thermal decomposition reactions,
26

 mechanochemical 

processing,
5
 hydrazine reduction reactions coupled with thermal treatment, 

27
 precursor 

calcination and annealing,
14, 15

 laser-induced deposition from solution,
28

 laser-induced 

pyrolysis,
29

 room-temperature sonochemical reduction,
30

 forced hydrolysis from chromium 

precursors,
1, 6

 as well as microwave plasma processing.
17

 

 It is noteworthy that in stark contrast to the vast amount of literature pertaining to the 

synthesis of nanoparticles and aerogels, there have been only a few reports regarding the 

synthesis of anisotropic, 1D Cr2O3.  For instance, Cr2O3 nanobelts have been synthesized via a 

chemical vapor deposition, in which ethanol was flowed over chromium metal at 800C.
31

  

Although this methodology successfully produced single-crystalline nanobelts of Cr2O3, the 

method required the use of high temperatures in a controlled gaseous atmosphere (whose precise 

role in the formation mechanism for these nanostructures was not fully understood), and, 

moreover, yielded a relatively polydisperse product, with nanobelt widths ranging from tens of 

nanometers to hundreds of nanometers. Furthermore, similar high temperature treatments were 
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required for the synthesis of Cr2O3 nanorods and nanowires, in which Cr(OH)3 nanoparticles are 

sintered at temperatures of 1027 K in order to form nanorods and nanowires with diameters of 50 

nm and lengths of several hundreds of nanometers.
32

  In addition, nanotubes measuring 80 nm in 

diameter and lengths of 550 nm have been synthesized through a solvothermal reduction route at 

180C in the presence of acetyl acetone and ethylene glycol.
33

 

 A few groups have latched onto the idea of utilizing different types of templates as a 

successful medium for the formation of 1D chromium oxide.  For example, mesoporous silica 

has been used to successfully and spatially confine hydrated precursors of Cr2O3 which, upon 

calcination at 550-650C, results in the formation of single crystalline nanowire bundles.
34, 35

  An 

analogous calcination process at 550C using multiwalled carbon nanotubes as a template via a 

supercritical fluid-mediated route has also been demonstrated to produce chromium oxide 

nanotubes.
36

 A third approach reports the formation of Cr2O3 nanowires through the 

impregnation of an alumina template with a Cr(OH)3 sol, initially created using hydrazine, by 

application of 1.3 atmospheres of pressure for 4-5 hours. Subsequently, these nanowires were 

crystallized by annealing at 600C for 5 hours under an inert atmosphere.
13

 

 Aside from the fact that our synthesis does not rely on the use of either a microemulsion 

or an autoclave, the method we have reported herein for the synthesis of high-aspect-ratio Cr2O3 

nanowires is distinguishable from all of these previous experiments mentioned, in several ways.  

First, we do not require the use of either specialized or inert gases during our annealing 

procedure, which can actually be run under air. Second, our procedure does not require any high-

temperature annealing treatment in order to specifically isolate the product from within the 

template. In fact, our polycarbonate template is actually burned off as a normal byproduct of our 
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synthesis steps. Third, while our specific synthesis method necessitates the application of 

pressure, its duration is much more rapid (30-45 min) as compared with previous reports, and 

overall, our reaction times are noticeably faster than those of previous groups. Fourth, while our 

procedure is based upon a sol-gel methodology, we have tried to simplify the process as much as 

possible. For example, we do not use either hydrazine, supercritical fluids, or any particularly 

hazardous conditions in order to facilitate the reaction progression. We have demonstrated the 

catalytic behavior of our nanostructures for the particular destruction of KClO4. 

 Moreover, we have also investigated the magnetic properties of our Cr2O3 nanowires.  

We find that, in as-prepared 1D Cr2O3 nanostructures, the magnetic properties are strongly 

modified as compared with those of the bulk, due to the emergence of a net magnetic moment 

induced by uncompensated surface spins, as has been previously reported for Cr2O3 

nanoparticles.
14, 15, 37, 38

  Furthermore, previous reports have indicated the presence of an 

exchange bias effect in Cr2O3 nanoparticles, as a result of the exchange coupling between the 

surface spins and core; we have sought an analogous effect for our samples herein.
15, 38

 

4.2 Experimental Methods 

 All chemicals were used as received without additional purification. Our methodology is 

based upon an adaptation of a sol-gel procedure that has been previously reported
25

 for a generic 

synthesis of metal oxide aerogels using inorganic salt precursors. Specifically, to the resulting 

aqueous, translucent, dark green solution of chromium chloride hexahydrate (Strem Chemicals) 

was added an aliquot of propylene oxide (Acros Organic, 99.5%) in a molar ratio of ~1: 3.5 with 

thorough stirring. The purpose of the propylene oxide in the solution is to act as a gelation 
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promoter.
25

 Upon thorough mixing, droplets of the sol precursor solution were forced into the 

hollow pores of 6 μm thick porous Whatman polycarbonate track-etched membranes (containing 

200 nm pore sizes) by systematic and continuous application of pressure through the mediation 

of a 25 mL syringe, until the template pore channels appeared to be fully saturated with solution, 

upon visual inspection. After cleaning, by wiping the surface of the template with a dry Kim 

wipe to dryness, the polycarbonate template was subsequently placed into a porcelain crucible 

(i.e., a glazed porcelain boat) and heated in air to 600°C for 1 h at a ramp rate of 5°C/min 

followed by natural cooling to room temperature. In additional experiments, we also used 

templates with nominal pore sizes of 100, 50, and 15 nm, respectively. Of significance, we 

should note that it has been previously shown for polycarbonate templates with pore sizes less 

than 100 nm that (i) the pore size is often not consistent throughout the full length of the template 

and (ii), hence, as-obtained nanowire diameters can be larger than expected by factors of as 

much as 2-4.
39, 40

 

4.3 Characterization Methods 

 To prepare powder X-ray diffraction (XRD) samples, the resulting chromate nanorods 

were rendered into slurries in ethanol, sonicated for about 1 min, and then air-dried upon 

deposition onto glass slides.  Diffraction patterns were collected using a Scintag diffractometer, 

operating in the Bragg- Bretano configuration using Cu K radiation (λ=1.54 Å) from 

20 to 70 at a scanning rate of 2 per minute.  

Mid-infrared spectra were obtained on a Nexus 670 (ThermoNicolet) equipped with a 

Smart Orbit accessory, a KBr beam splitter, and a deuterated triglycine sulfate (DTGS) KBr 

detector. As-prepared solid powder samples were placed onto a diamond crystal where data were 

taken with a reproducible pressure. A background correction was performed using the diamond 
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crystal in the spectral range studied. UV-visible spectra were collected at high resolution on a 

Beckmann Coulter model DU 640 spectrometer using quartz cells with a 10 mm path length. 

Spectra were obtained for as-prepared samples, which were sonicated in distilled water so as to 

yield homogeneous dispersions.  UV-visible absorption spectra were recorded using distilled 

water as a blank. We have also obtained analogous spectral data in ethanol, dimethylformamide 

(DMF), and cyclohexane with a series of nanowire concentrations ranging from <1 μg/mL to 0.5 

mg/mL. Raman data were taken using a WiTec alpha 300 microscope using an excitation 

wavelength of 532 nm with a power of ~0.5 mW to avoid strong laser heating. Spectra were 

acquired with an integration time of 10 s with a total of 30 scans.  Scattered light was analyzed 

using a 600 mm
-1

 spectrometer grating with a spectral resolution of ~3 cm
-1

.   

The diameters and lengths of as-prepared 200 nm diameter nanorods were initially 

characterized using a field emission scanning electron microscopy instrument (FE-SEM Leo 

1550), operating at an accelerating voltage of 20 kV and equipped with energy-dispersive X-ray 

spectroscopy (EDS) capabilities. The corresponding diameters and lengths of as-prepared 100, 

50, and 15 nm diameter nanorods were analyzed using a Hitachi S4800, operating at an 

accelerating voltage of 5 kV. Samples for SEM were prepared by dispersing as-prepared 

chromate nanorods in ethanol, sonicating for about 2 min, and then depositing several drops of 

the sample solution onto a silicon wafer, attached to a SEM aluminum stub.  

High-resolution transmission electron microscopy (HRTEM) images and selected area 

electron diffraction (SAED) patterns were obtained on a JEOL 2010F instrument at accelerating 

voltages of 200 kV. Specimens for all of these TEM experiments were prepared by dispersing 

the as-prepared product in ethanol, sonicating for 2 min to ensure an adequate dispersion of the 
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nanowires, and dripping one drop of the solution onto a 300 mesh Cu grid, coated with a lacey 

carbon film.  

To perform electrical characterization, Pt contacts were defined by ion beam assisted 

deposition using the Ga ions of a dual beam SEM/focused ion beam (FIB) system. This 

fabrication method was chosen because our nanowires showed poor adhesion to substrates (600 

nm SiO2/n
+
 Si) during the electrode metal lift-off stage of conventional e-beam lithography. 

Current-voltage (C-V) curves at different temperatures were measured for two nanowires (named 

A and B here) using a cryogenic probe station that spanned the 4 to 300 K temperature range. C-

V curves were Ohmic from 300 K down to 4 K, as can be seen from the upper inset of Figure 

4.5. Only curves at 4 K were considered to be slightly non-Ohmic.   

In order to study the magnetic properties of Cr2O3 nanowires, we measured both the 

temperature and field dependence of direct current (dc) magnetization at a range from 10 to 320 

K and in magnetic fields as large as 50 kOe, using a Quantum Design Magnetic Property 

Measurement System (MPMS-XL7) instrument. In a typical experiment, 3 mg of nanowires 

were contained in gelatin capsules and fastened in plastic straws for immersion into the 

magnetometer. No subtraction of the diamagnetic signal associated with the sample container 

was made for the magnetization data.  

As part of our study of Cr2O3 reactivity, thermogravimetric analysis (TGA) was 

performed in a dry air environment using a TA Instruments Q500 TGA model. Experiments 

were carried out from room temperature to 700C at a heating rate of 5C/ min. Samples of 3 to 

4 mg were placed in a platinum pan for individual runs. 

4.4 Synthesis and Structural Characterization Results 
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In order to probe the crystallinity and purity of our as-prepared chromium oxide 

nanowires, an initial characterization was performed utilizing powder X-ray diffraction (XRD).   

As can be seen from the data presented in Figure 4.1A (red curve), all of the diffraction peaks 

observed from the as-prepared samples can be readily ascribed to a rhombohedral-phase crystal 

structure with lattice constants of a = 4.922 Å and c = 13.62 Å, which is in good agreement with 

those reported for pure bulk Cr2O3 (Figure 4.1A, blue curve), which possess corresponding 

lattice constants of a = 4.958 Å and c = 13.58 Å (JCPDS #85-0869). There were no peaks readily 

apparent that could be ascribed to an impurity phase, such as either a hydrated or 

nonstoichiometric chromium oxide species, although it is important to note here that the broad 

peak present from 2 values of 20 to 40 is associated with the amorphous glass slide used to 

support the sample. We attribute this observation mainly to the complete high-temperature 

conversion and crystallization of the precursor gel into chromium oxide. Furthermore, the fact 

that the template utilized to create these nanostructures is composed of polycarbonate implied 

that it could be completely burned off and removed in situ during the required heating procedure 

to 600C.  Because of this relatively high-temperature sintering process, the presence of any 

carbonaceous material should have been very minimal to none.  Furthermore, apart from XRD, 

additional SEM ant TEM characterizations revealed no evidence of the presence of any 

discernible amount of carbonaceous material that could be unambiguously ascribed to the 

template. Therefore, isolation of our product did not necessitate either any additional separation 

or purification steps, unlike for other previously reported methods.
13
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Figure 4.1:  A) Powder XRD of Cr2O3 nanowires. B) Representative low-magnification SEM 

image of Cr2O3 nanowires. C) EDS of sample shown in (B). D) SEM of sample obtained by  

cleaning of the template with a dampened Kimwipe, resulting primarily in the formation of 

nanoparticles. 
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In order to optically visualize our nanostructures, we utilized FE-SEM to conclusively 

determine the final morphology of our nanostructures. It is clearly evident from the SEM image 

shown in Figure 4.1B that the as-obtained sample consists primarily of 1D wire-like 

nanostructures with a small amount of nanoparticles (<10%) present in the sample.  That is, on 

average, there was a minimum of 90% nanowires present in the sample. Additional experiments, 

Figure 4.1D, reveal that both the nature and extent of the cleaning of the external template 

surface, prior to its  
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Figure 4.2:  SEM image of as-prepared nanowires fabricated using a polycarbonate template 

with (A) 100 nm pore sizes, (B) 50 nm pore sizes, and (c) 15 nm pore sizes, respectively.  Insets 

show magnified views of individual nanowires, revealing their constituent fine substructure. 

heating, were directly correlated with the amount of nanoparticles present in the final sample.   
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Closer examination of the nanowires revealed diameters of 179 ± 29 nm, consistent with the 

width of the 200 nm template pores, and lengths of up to several microns.  Furthermore, by 

changing the pore sizes to 100, 50, and 15 nm, the sizes of the nanowires could be altered to 143 

± 21, 87 ± 12, and 31 ± 5 nm, respectively (Figure 4.2). However, we were not able to isolate a 

sufficient amount of nanowires from these samples to effectively characterize them.  It is 

important to note here that all of these 1D nanostructures are structurally robust, as they can 

withstand 30 min of sonication without evident disintegration and loss of morphology.  As can 

be seen from the EDS spectrum shown in Figure 4.1C, the only elements present in the sample 

are chromium and oxygen (e.g. the large silicon peak present is attributed to the silicon substrate 

used to support the sample), further highlighting the purity of our nanowire sample. We note 

herein that subsequent magnetic and optoelectronic measurements were performed on the 

nanowires obtained and isolated from the 200 nm pore size templates, because these were easiest 

to fabricate as morphologically and crystallographically pure, crystalline 1D motifs in relatively 

large quantities. 

 Transmission electron microscopy images shown in Figure 4.3A and B clearly reinforce 

the view that not only are the nanowires straight, but also possess a relatively roughened and 

irregular surface, as if they were composed of a constituent nanoparticulate substructure.  Indeed, 

the individual nanowires are cylindrical in nature and appear to be composed of smaller, 

constituent nanoparticles, sintered and aggregated together so as to form a discrete 

polycrystalline 1D superstructure. This observation, coupled with the nontrivial selected area 

electron diffraction pattern (SAED), shown as the inset of Figure 4.3A, further supports the idea 

of the overall polycrystalline nature of our nanowires. Even further proof of this assertion is  
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Figure 4.3: A) Low-magnification TEM of a single Cr2O3 nanowire. Inset: selected area electron 

diffraction pattern of this nanowire. B) Higher magnification TEM image of nanowire presented 

in (A). C) HRTEM image of an individual, crystalline constituent nanoparticle within the 

nanowire shown in A). Lattice planes shown correspond to the (11-6) and (012) planes of Cr2O3. 
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provided upon investigation of the nanowires at higher magnifications (Figure 4.3C) wherein the 

lattice planes of the individual, constituent single-crystalline nanoparticles can be clearly 

discerned. The most prominent lattice planes present have been indexed to the 012 plane and the 

11-6 planes of the rhombohedral phase of chromium oxide (JCPDS # 85-0869), consistent with 

our XRD results. In fact, the measured lattice distance for the 012 plane, in particular, was 

determined to be 0.374 ± 0.05 nm, which is only a 2% difference from the expected JCPDS 

value of 0.364 nm. Based upon the aforementioned results, it is clear that the nanowires are 

likely composed of single-crystalline nanoparticles, with dimensions of 36 ± 17 nm, that can be 

sintered together in order to create a hierarchical 1D nanostructure. Our group has previously 

observed a very similar structural motif for hydrothermally derived TiO2 nanowires.
41

   

4.5 Opto-Electronic Properties 

 Subsequent spectroscopic analysis of our as-prepared nanowires further supported the 

notion that our nanowires are crystalline Cr2O3.  Bands present in the infrared (IR) spectrum of 

our nanomaterials, shown in Figure 4.4A, correspond reasonably well with those previously 

reported in the literature for bulk Cr2O3.  For instance, the peaks in the region from 850 to 1100 

cm
-1

 can be readily identified as various combination lattice modes.  Specifically, peaks at 1092, 

948, and 882 cm
-1

 can be ascribed to the E2
′
 + A2

′
, E2

′
+ E3

′
, and 2 E2

′
 modes, respectively;

42
 

another group has assigned the band centered at 1092 cm
-1

 to a stretching vibration of the Cr=O 

bond.
43

 Additional peaks present at lower wavenumbers, more specifically at 609, 512 and 441 

cm
-1

, respectively, have been associated with the stretching vibrations of Cr-O bonds of 

crystalline α-Cr2O3, in agreement with previous data,
1, 7, 43, 44

 and have been attributed to 

fundamental infrared-active vibrations, corresponding to the E4, E3, and E2 modes respectively.
42
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 Further investigation of the optical properties of the nanowires was conducted via UV-

visible spectroscopy (Figure 4.4B). In order to collect the spectrum, the nanowires were 

dispersed into water, prior to data acquisition.  While the spectrum presented in Figure 4.4B is 

clearly dominated by a broad feature, there are noticeable shoulder peaks located at 378, 472, 

and 591 nm, respectively. These values correspond reasonably well with those reported in prior 

literature for chromium oxide species.
26, 45-47

 The peak centered around 378 nm has been 

previously associated with either Cr
4+

 ions
47

 or with the O-Cr
6+

 charge transfer transition of 

chromate species with tetrahedrally coordinated Cr
6+

 ions,
45

 suggesting the potential presence of 

these ions within the Cr2O3 nanostructures we have synthesized. The two remaining peaks 

centered around 472 and 591 nm have been assigned to the intrinsic 
4
A2g→

4
T1g and the 

4
A2g→

4
T2g transitions of Cr

3+
 ions, maintaining a six-coordinate geometry and octahedral 

symmetry, respectively.
26

 Further spectral data obtained by dispersing the nanostructures in 

ethanol, DMF, and cyclohexane, respectively, at various nanowire concentrations, were similarly 

broadened, an observation which has been previously ascribed to (i) light scattering due to the 

relatively large size of the nanowires, (ii) the relatively low inherent solubility of the product, 

and (iii) solvent dipole effects.
48

  Furthermore, it is important to note here that the UV-visible 

spectra were obtained utilizing physical suspensions of nanowires, as opposed to true, optically 

transparent solutions of completely solubilized nanowires. 

 Raman investigation of the nanowires, shown in Figure 4.4C, reveals several distinctive 

peaks for our chromium oxide nanowires. More specifically, peaks present at 315, 355, 556 and 

612 cm
-1

 are consistent with both our bulk data (Figure 4.4D) as well as with values reported in 

the literature.
49

  In fact, the most intense peak centered around 556 cm
-1

 has been attributed to a  
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Figure 4.4:  A) Infrared data and B) corresponding UV-visible spectrum of Cr2O3 nanowires.  

Raman spectrum of C) bulk Cr2O3 and of D) Cr2O3 nanowires. 
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vibrational mode of A1g symmetry, whereas all remaining, noticeable peaks can be attributed to 

Eg symmetry.
49, 50

   

 In order to explore the electronic properties of our nanomaterials, we measured the 

current vs. voltage (I-V) characteristics of our nanowires at various temperatures in the range of 

4 to 300 K. Figure 4.5 plots the conductance vs. temperature between ~50 and 300 K.  A thermal 

activation conductance of the form, σ  exp(-EA/kBT), wherein EA is the activation energy and kB 

is the Boltzmann constant, does not fit well with the data acquired from nanowire A (black 

squares). Instead, the data for both nanowires fit well with the general hopping form, i.e. σ  

exp(T0/T)
n
.  As a reference, data have been plotted using n = ½, which is the expected exponent 

for variable-range hopping in 1D materials.
51

 However, due to the limited variation of the 

conductance in this temperature range, there is a large uncertainty in the value of the exponent.  

Furthermore, additional detailed measurements are required in order to more clearly identify the 

kind of hopping conduction mechanism present within these nanowires.   

 The lower inset of Figure 4.5 shows that upon cooling to 4 K, the conductance in the 

nanowires no longer fits with the data from higher temperatures, indicating the presence of two 

distinctive modes of electron conduction, i.e. one for above ~50 K and one for below.  This 

temperature-dependent conductivity behavior down to approximately 50 K has been previously 

ascribed to the presence of a hopping mechanism for electrons between the Cr
3+

 and Cr
2+

 

oxidation states, perhaps attributable to the formation of ferromagnetic spinel Cr3O4 impurities.
52

 

While this explanation may be valid for our system, another option we will delve into more 

deeply in later sections to account for the observed data is the possibility of uncompensated 

surface spins. Nevertheless, previous studies on both thin film and bulk chromium oxide systems 

have yielded similar results, though the inflection point in the transition temperature was closer 
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to ~200 K as opposed to 50 K found here in our study.
52, 53

  It may also be noteworthy that no 

magnetoresistance was observed at 4 K in these nanowires for fields of up to 1 T in magnitude. 
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Figure 4.5:  Temperature dependence of the conductance from ~50 to 300 K for two nanowires: 

A (black squares) and B (red dots). Solid lines are fits to the form of σ  exp(T0/T)
1/2

. Top inset: 

Current-voltage curves measured at three temperatures for nanowire A (nanowire B showed 

similar results). Bottom inset: Same as main graph but including points measured at 4 K. The 

graph shows the onset of a distinctive transport mechanism for temperatures below 50 K. 
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4.6 Magnetic Measurements 

 The results of magnetization measurements are summarized in Figure 4.6.  The zero-field 

cooled (ZFC) and field cooled (FC) magnetizations measured at an applied magnetic field of 500 

Oe coincide at high temperatures (Figure 4.6A) but separate below the blocking temperature of 

about 290 K. While antiferromagnetic order has been first observed in bulk Cr2O3 at its Néel 

temperature of 308 K, there is no sign of either a peak or slope change in the magnetization that 

would identify TN in our Cr2O3 nanowires. This is not unexpected, since there is only a ~10% 

reduction of TN to 270 K in spherical 7.8 nm nanoparticles,
54

 where finite size effects may play a 

much more profound role than, for instance, in our 179 nm nanowires. The TEM images of our 

nanowires indicates the presence of substructure, but the large magnitude of the blocking 

temperature, TB, which is normally linearly proportional to the nanoparticle volume, indicates 

that the length scale controlling the magnetic behavior is much larger in our samples than in 

either 15 nm nanoparticles (TB = 160 K)
38

 or 7.8 nm nanoparticles (TB = 28 K).
54

   

 The field-dependent magnetization measured at 10, 150, and 320 K is consistent with the 

presence of a composite magnetic structure within the nanowires, consisting of (i) unsaturated 

moments which lead to the linear, paramagnetic contribution to the magnetization (Figure 4.6B) 

and (ii) saturated moments, which can yield a closed ferromagnetic loop with a nonzero coercive 

field below the blocking temperature (Figure 4.6C). Such magnetic behavior can be explained by 

the presence of uncompensated spins at the surfaces of Cr2O3 nanowires, as has been previously 

reported for Cr2O3 nanoparticles.
14, 15, 37, 38

  In nanostructures, the uncompensated surface spins 

possess a lower coordination number.  Therefore, a net magnetic moment can be induced on the 

surfaces of either nominally nonmagnetic nanowires or antiferromagnetic nanoparticles.
55-57

 



 

106 

 

 To further probe the effect of the surface spins, we have tested for the possibility of an 

exchange bias effect in Cr2O3 nanowires.
58, 59

  Conventionally, the exchange bias effect can be 

observed in composite nanostructures simultaneously possessing both ferromagnetic (FM) and 

antiferromagnetic (AFM) components with a common interface, such as in ferromagnetic-

core/antiferromagnetic-shell nanoparticles.
59, 60

  In these nanostructures, the exchange 

interactions between the FM and AFM components can lead to a shift of the hysteresis loop 

along the field axis, once the system has been field cooled. The absolute value of the loop shift is 

known as the exchange bias field, HEB. 

 Such a nonzero exchange bias field can also be observed in single phase nanostructures, 

including in Cr2O3 nanoparticles.
15, 38

  In the case of antiferromagnetic nanoparticles, the 

exchange bias field would be a result of the exchange interactions between uncompensated 

surface spins, which play the role of the FM domain, and the AFM core interior of the 

nanoparticle. As such, we measured the hysteresis loop of Cr2O3 nanowires at 10 K, after cooling 

down from 350 K in an applied field of 50 kOe, and compared our data with zero-field data 

(Figure 4.6D). An apparent shift of the FC hysteresis loop is clearly observed with HEB = 60 Oe. 

This value is much smaller than those reported for Cr2O3 nanoparticles.
38, 54

  It is possible that 

there is an element of disorder in the interface between the antiferromagnetic core and the 

uncompensated surface moments. Alternatively, the thickness of the surface layer is very small, 

and the exchange coupling to the antiferromagnetic core may simply be too large to allow for the 

independent reorientation of the shell that lies at the heart of the exchange bias effect. Finally, we 

cannot rule out the possibility that we are not observing an exchange bias effect at all but rather  
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Figure 4.6:  A) Temperature dependence of FC and ZFC magnetizations at an applied field of 

500 Oe; B) the magnetic field dependence of magnetization at 10, 150, and 320 K; C) identical 

to (B) but obtained at low magnetic fields; D) magnetic field dependencies of ZFC and FC 

magnetizations taken at 10 K. The FC magnetization was obtained by cooling the sample from 

350 to 10 K at an applied magnetic field of 50 kOe. 
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Figure 4.7: Thermal decomposition of pure KClO4 (black), KClO4 in the presence of bulk Cr2O3 

(red), and KClO4 in the presence of Cr2O3 nanowires (green). 
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the formation of an antiferromagnetic substructure in an antiferromagnetic particle, as has been 

observed in other systems such as NiO.
57, 61

 We conclude that the magnetism of these Cr2O3 

nanowires has all the complexity and subtlety expected of a nanoparticle system. The overall 

promise of this system for combined electronic and magnetic functionality renders it pressing to 

carry out thorough parametric studies with the goal of determining the fundamental limits of 

these behaviors. 

4.7 Effect of Cr2O3 on the Thermal Decomposition of KClO4 

 We have explored the use of our Cr2O3 nanowires as a catalyst for the degradation of 

KClO4 into KCl and oxygen at elevated temperatures. It has been shown previously that 

chromium oxide can effectively lower the decomposition temperature of KClO4, by favoring 

certain novel mechanistic pathways, such as the enhanced removal of oxygen from KClO4, 

owing to its p-n nature, as well as, its high electronegativity.
62

 As such, Figure 4.7 shows 

individual TGA plots of the decomposition of pure KClO4, as well as of KClO4 mixed with bulk 

Cr2O3 and with our Cr2O3 nanowires. We have found that both our nanowires and the bulk 

chromium oxide induce decomposition at lower temperatures, as compared with pure KClO4 

alone. Furthermore, the shoulder present in the data corresponding to both the bulk and nanowire 

systems can be attributed to the formation of K2Cr2O7, whereas the small hump present near the 

tail of the TGA plot can be ascribed to the production of KCl salt.
62

 

4.8 Conclusions 

 In this work, we have successfully synthesized 1D Cr2O3 nanowires via a template 

mediated sol-gel technique. The resulting nanowires are crystallographically pure and consist of 

smaller constituent nanoparticles that appear to be fused together so as to form a hierarchical 1D 

motif. The key point is that this high-yield, low-waste synthetic method is a distinctive 
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improvement over previous synthetic efforts in that (i) we do not require the use of either 

specialized or inert gases; (ii) we do not necessitate any particular high-temperature annealing 

treatment; (iii) our reaction times are reasonably rapid (<1 hour); and (iv) our precursors do not 

involve hydrazine, supercritical fluids, or any particularly hazardous reaction conditions. 

 We have explored both the magnetic and electronic properties of these nanowires.  From 

the former, we can conclude that uncompensated surface spins coupled by the exchange 

interactions to the interior of the nanowires play a dominant role in the magnetic properties of the 

Cr2O3 nanostructures. From the latter, it was evident that the nanostructures evinced temperature-

dependent conductivity trends, analogous to what has been observed for bulk and thin film 

analogues. Moreover, we have shown that the addition of our chromium oxide nanowires to a 

model compound, KClO4, effectively induced its decomposition at a much lower temperature, as 

compared with its pure, un-catalyzed form. 
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Chapter 5. Correlating Titania Morphology and Chemical Composition with Dye-

Sensitized Solar Cell Performance. 

5.1 Introduction 

 All preceding chapters have been more focused on the synthesis of novel nanoscale 

materials, and the exploration of their nanoscale properties.  By contrast with these previous 

chapters, we will now explore the application of various morphologies of TiO2 nanostructures in 

dye sensitized solar cells (DSSCs).  Herein, we will focus on the device applications of the solar 

cells, as opposed to the synthesis of a particular nanomaterial. 

 With the growing demand for energy, as well as the necessity to stem an increase in CO2 

emissions, the need to develop clean, renewable sources of energy is becoming more and more 

crucial. Of all renewable energy sources, solar energy in particular holds the possibility of 

addressing this energy concern, as it can provide an average of ~120 000 TW of power a day to 

the Earth‟s surface. However, despite this promising fact, the relatively high production cost of 

conventional solar cells has resulted in a severe limitation to their widespread 

commercialization.
1
 The fabrication of DSSCs is of particular interest, owing to their potential to 

be an inexpensive alternative to traditional Si-based solar cells.
2
  However, these types of solar 

cells maintain efficiencies of only 11-13%, which are considerably lower than what is considered 

to be acceptable for most conventional cells.
3
  It is, therefore, imperative that additional research 

be conducted in order to more fully understand basic design issues of DSSCs and to 

subsequently rationally enhance their performance. 

 DSSCs generally consist of four components, working together in a delicate balance so as 

to produce a functional system. These four components include: (i) the sensitizing dye, (ii) the 
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electrolyte or hole-conductor, (iii) the counter electrode, and (iv) the porous semiconducting 

film. Each of these individual components has received significant research attention in recent 

years, resulting in a better and more fundamental understanding of how DSSCs function at a 

basic level.  The basic principle behind DSSCs is the same as that for all other solar cells, i.e. 

solar irradiation is utilized to excite a material and, after separation of the excited state into 

electrons and holes, electrons are put to work in an external circuit.  However, the execution of 

this fundamental process is slightly different in DSSCs, as compared with Si and organic solar 

cells.  Specifically, a dye attached to an electron conducting metal oxide (e.g. TiO2, ZnO, Nb2O5) 

is excited via solar illumination.  Subsequently, electron transfer occurs from the lowest un-

occupied molecular orbital (LUMO) of the dye to the conduction band of the metal oxide 

material.  The electron then proceeds through the metal oxide material, via a random walk path, 

until it reaches the transparent conducting oxide (TCO) layer.  At the TCO/metal oxide interface, 

the charge is then transferred to the TCO layer, where it subsequently proceeds through an 

external circuit to do work.  This charge then re-enters the solar cell at the counter electrode, 

where it recombines with the holes that have diffused through a liquid electrolyte to the counter 

electrode.  This process is visualized via a schematic drawing, shown in Figure 5.1.   

 First, the selection of dye has been rationally explored with the hope of increasing the 

overall utilization of the solar spectrum and, in turn, the efficiency of the solar cell. There have 

been several promising dyes developed over the years. These contain metal centers of 

ruthenium,
4, 5

 osmium,
6, 7

 iron,
8
 and zinc.

9, 10
  However, transition metal-free dyes, such as 

tetrathiafulvalene, 3-{5-[N,N-bis(9,9-dimethylfluorene-2-yl)phenyl]-thiophene-2-yl}-2-cyano- 
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Figure 5.1: Schematic representation of a DSSC. 
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acrylic acid, and coumarin derivatives have also been of keen research interest in recent years.
11-

13
  A recent review by Hagfeldt et al.

14
 has extensively analyzed the advantages and 

disadvantages of many different dyes for applications in DSSCs. In addition, complementary 

work by Ding et al.
15

 further highlights the application of plasmon enhanced absorption as a 

means of increasing light absorption as well as light scattering within the solar cell. 

 Second, recent research into the application of either different electrolytes or hole 

conductors has resulted in the development of many interesting materials.  Indeed, optimizing 

the electrolyte has involved efforts aimed at reducing the light absorbed by the electrolyte, 

through the application of colorless electrolytes, as well as utilizing redox couples with different 

potentials, such as Ni or Co-based molecules, for better matching with a wider variety of dyes.
16-

19
  Specifically, much research has focused on the utilization of either gelled electrolytes, 

utilizing amino acid derivatives as gelation agents, or solid hole conductors such as polysiloxane 

in order to create a semi-solid material.
20, 21

  Nevertheless, the efficiencies of these solar cells 

become limited by the lower decreased diffusion rates of the redox couples within the semi-solid 

material, thereby resulting in an overall lower efficiency as compared with traditional liquid 

electrolytes. In order to effectively alleviate the diffusion limitation in these types of solar cells, 

the use of several types of solid hole-conducting materials has been reported, including organic 

polymers, such as poly(3,4-ethylenedioxythiophene) (PEDOT),
22

 poly-3-hexylthiophene 

(P3HT),
23

 and 2,2,7,7-tetrakis(N,N-di- p-methoxyphenylamine)-9,9-spirobifluorene (spiro-

MeOTAD),
24

 as well as spiro-MeOTAD-like materials.
25

  In addition to these polymeric 

materials, several studies have also revealed the possibility of several promising inorganic p-type 

materials, such as CuI,
26

 CuSCN,
2, 27

 and NiO.
28
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 The third component of DSSCs, which has received slightly less attention in recent years, 

is the counter electrode.  Conventionally, the use of an iodide/ tri-iodide redox couple has limited 

the range of applicable materials for the counter electrode to either Pt or carbon, since both of 

these materials exhibit a catalytic propensity towards the iodide/tri-iodide reaction.
29-32

  

However, recent research has shown that both PEDOT
33

 and CoS
34

 have been successfully 

utilized as the counter electrode material in conjunction with the iodide/tri-iodide electrolyte. 

 The fourth component of DSSCs, and the area which we intend to further optimize, is the 

semiconducting layer. There has been rigorous research interest aimed at optimizing the structure 

of the semiconducting layer, in an attempt to increase the efficiency of the solar cells, such as 

through altering the morphology of the semiconducting material
35-41

 or by modifying the nature 

of the metal oxide itself.
42-44

 It has been shown in previous work that the conduction of electrons 

in the nanoparticulate metal oxide layer proceeds via a random walk process.
45

 In light of this 

fact, there has been recent research interest in utilizing metal oxide nanostructures possessing 1D 

nanoscale morphology for their potential ability to increase the nature of electron conduction 

through the metal oxide film. In particular, the anisotropic nature of 1D materials introduces a 

degree of directionality into the film, which would effectively decrease the number of 

undesirable intergrain boundaries and, not surprisingly, allow for a more direct pathway for 

photogenerated electrons to reach the conductive glass electrode. 

 For example, zinc oxide nanowires have displayed a ten-fold enhancement in electron 

mobility of 1 cm
2 
V

-1 
s

-1
, when compared with corresponding nanoparticulate analogs (0.01 cm

2 

V
-1 

s
-1

) as a result of their anisotropic nature, which allows for the creation of spatial channels for 

the electrons to traverse.
46

  Despite this tangible improvement in conductivity, the use of solely 

1D materials can result in a reduction of overall surface area by comparison with 0D structures, 
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which can therefore lead to lower dye loading and, consequently, less absorbed light as well as a 

correspondingly lower photocurrent.
36, 38, 39, 47, 48

  Therefore, while these applications of 1D 

materials are clearly beneficial to electron conduction, the loss of absorbed light generally 

outweighs any potential advantages gained from increased charge collection, ultimately resulting 

in a lower solar cell efficiency.  In order to combine the idea of directionality associated with the 

1D nanoscale materials with the favorable high surface area of 0D nanoparticulate films, two 

approaches have been investigated in the literature.   

 In the first approach, nanoparticles and nanowires have been mixed together within the 

same paste, thereby combining the advantages of the high surface area of nanoparticles with that 

of the inherent anisotropic directionality of the 1D materials.
39, 49-51

  In a second approach, 

anodized TiO2 nanotube arrays have been utilized in the fabrication of conventional DSSCs, 

which have incorporated traditional dyes with an iodine/tri-iodide electrolyte.  The rational use 

of these arrays combines the inherent advantages of a 1D morphology with those of a well-

ordered periodic structure.
36, 47, 48, 52-60

  While these methods have displayed promising results, 

there has not been any systematic exploration of the effect of semiconductor morphology 

including 0D, 1D, and 3D nanostructured motifs upon the corresponding device efficiency. 

 Thus, the focus herein involves the systematic modification of the porous semiconducting 

layer so as to include highly crystalline nanostructures possessing a wide range of structures and 

sizes in order to rationally explore the effect of the semiconductor morphology on the 

corresponding device parameters. More specifically, it is through reproducible manipulation of 

the morphology of the semiconducting layer with which we intend to observe its specific effect 

upon electron transport capabilities as well as dye adsorption properties. Several groups have 
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attempted a similar strategy to mitigate the loss of accessible surface area through the utilization 

of different structural morphologies,
39, 49-51

 such as hierarchical structures.
61-63

   

 As shown above, the idea of tailoring the morphology of TiO2 is not novel in and of 

itself. However, we explore the purposeful application of titania materials unique to our lab.  

Specifically, in this report, we demonstrate the applicability of three different morphologies of 

TiO2, including nanoparticles, nanowires, and 3D sea-urchin-like motifs, that have been 

previously synthesized by our group.
64

 Through the application of these morphologies, we intend 

to incorporate the advantageous electron transport characteristics of one-dimensional 

nanostructures into the film, without any detrimental loss in surface area.
65

 We have 

systematically investigated the effect of our morphologies on four key solar cell parameters, 

namely open circuit voltage (VOC), short circuit current density (JSC), fill factor (FF), and 

efficiency (η).  These parameters are defined as follows.  

VOC corresponds to the voltage at which the solar cell produces no current, and is 

determined from the x-intercept of the current density vs. voltage (J-V) curves of the solar cells.  

The JSC for a solar cell is the current drawn out of a cell when no voltage is applied, and is 

determined from the y-intercept of the J-V curves of the solar cells.  The FF of a solar cell is an 

ideality factor which determines the ratio between the point at which maximum power is 

produced (e.g. VMax = Voltage at maximum power point, JMax = Current density at the maximum 

power point) by the solar cell and the corresponding JSC and VOC values. This FF value is 

calculated from Equation 1.  Finally, the η of the solar cell is computed by means of Equation 2, 

where PIn denotes the power incident upon the solar cell which is generally 100 mA/cm
2
, and 

determines the amount of power generated by the solar cell, by comparison with the amount of 

power actually supplied to the solar cell. 
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FF = (VMax)(JMax)/(VOC)(JSC)  (1) 

η = (JSC)(VOC)(FF)/(PIn)  (2) 

 Furthermore, we have compared these values with the corresponding data associated 

with three commercially available materials, including Degussa P25, Aldrich (<25 nm) 

nanoparticles, as well as Nanostructured and Amorphous Materials (5 nm) nanoparticles.  

 We also have utilized the technique of open circuit voltage decay (OCVD) in order to 

probe the electron lifetimes within our cells.  These various analytical measurements have been 

utilized in order to more precisely track the trend associated with a systematic alteration of the 

TiO2 morphology. Importantly, we should state that we most certainly could have altered 

parameters such as the nature of the electrolyte, the composition of the dye, the semiconducting 

layer thickness, as well as the use of a titanium chloride (TiCl4) treatment in order to more fully 

optimize our solar cell performance, and thereby obtain higher measured efficiencies.  However, 

that was not our objective. In fact, in this Chapter, we deliberately chose to more carefully isolate 

the precise effect of morphology in order to draw forth direct and reasonably unambiguous 

comparisons amongst the various TiO2 structural motifs probed under otherwise identical 

experimental conditions. 

5.2 Solar Cell Preparation 

 Various morphologies of TiO2 have been synthesized, as previously reported in our 

group.
64, 66, 67

 Pastes of these materials have also been prepared, as described in prior work.
67

  

Briefly, pastes were fabricated by grinding the desired powder in the presence of dilute acetic 

acid (pH = 2– 3) using a mortar and pestle. To further assist in nanostructure dispersion and 

coating of the fluorine-doped tin oxide (FTO) glass (Pilkington TEC7), several drops of the 
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surfactant Triton X-100 (EM Industries) were added to the paste and carefully mixed in, by 

grinding. These pastes were subsequently stored in sealed vials under ambient conditions, until 

needed. Prior to use, these pastes were sonicated for several minutes so as to ensure complete 

dispersion of the nanoparticles in the paste. The active area of the solar cell was fabricated by 

masking a portion of the FTO (Pilkington TEC 7 glass) with a piece of tape (Scotch® Brand 

Gloss Finish MultiTask Tape), modified by a 0.25” diameter (0.317 cm
2
) hole. The desired paste 

was then applied using the doctor blade technique and allowed to dry for several minutes under 

ambient conditions, prior to removal of the tape. After tape removal, the film was sintered at 

400°C for 30 min. This application process was repeated, as necessary, in order to obtain the 

desired film thickness, which was generally ~10 μm. The films were then sensitized by 

immersion into a 0.3 mM solution of di-tetrabutylammonium cis-bis(isothiocyanato) bis(2,2_- 

bipyridyl-4,4_-dicarboxylato) ruthenium(II) (N719, Solaronix) in a mixture, containing 

acetonitrile and tert-butanol in a 1:1 volume ratio.  

 To ensure complete adsorption, the films were immersed in solution while still warm 

(~80°C), and were left, as such, for a minimum of 24 h. It should be noted here that immersion 

for times longer than 24 h did not result in any significant increase in dye adsorption. Upon 

removal of the film from the dye solution, it was thoroughly washed with water and ethanol, and 

subsequently dried in air. The cell was then sealed using a 25 μm thick hot melt spacer 

(Solaronix Meltonix 1170-25) using a pre-drilled piece of FTO, coated with Pt, as previously 

reported.
67

  The cell was then heated on a hot plate with pressure applied to order to fully seal the 

cell. The electrolyte we used consisted of 0.6 M tetra-butyl ammonium iodide (TBAI, Aldrich), 

0.04 M iodine (99.999%, Fisher Scientific), 0.025 M lithium iodide (LiI, 99.9% Aldrich), 0.05 M 

guanidinium thiocyanate (>99%, Aldrich), and 0.28 M tert-butyl pyridine (96%, Aldrich) in a 
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85: 15 vol: vol % solution of acetonitrile (extra dry, EMD) and valeronitrile (99.5%, Aldrich). 

The electrolyte was then introduced into the cell through the pre-drilled hole in the counter 

electrode through vacuum backfilling. Finally, the hole was sealed using a piece of hot melt 

spacer and a piece of aluminum foil. 

 

5.3 Solar Cell and Morphological Characterization 

 Open circuit voltage decay (OCVD) measurements were performed on the solar cells by 

illuminating them under steady state conditions with AM 1.5 light. Subsequently, the light was 

turned off and the voltage decay was monitored as a function of time. Electron lifetimes were 

determined using a derivative of the decay transient measurement.
68

  Powder X-ray diffraction 

measurements (XRD) were conducted using a Scintag diffractometer in the Bragg–Brentano 

configuration with Cu Kα (λ = 1.54 Å) irradiation from 20 ≤ 2θ ≤ 70 at a scanning rate of 2 in 

2θ min
−1

. Powder diffraction samples were prepared by rendering the dried powders into slurries 

in ethanol after sonication for several minutes. The slurries were then air dried onto glass slides. 
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Figure 5.2: (A) Powder XRD pattern of hydrothermally derived TiO2 samples, with the 

corresponding JCPDS standard. (B) Powder XRD pattern of commercial TiO2 materials with the 

corresponding JCPDS standards. 
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 The structural morphology of our samples was characterized initially with low 

magnification transmission (TEM) images taken at an accelerating voltage of 80 kV on a FEI 

Tecnai12 BioTwinG2 instrument, equipped with an AMT XR-60 CCD digital camera system. 

Specimens for all of these TEM experiments were prepared by diluting the sample with ethanol, 

sonicating for 2 min in order to ensure adequate dispersion of the nanostructures, and 

evaporating one drop of the solution onto a 300 mesh Cu grid, coated with a lacey carbon film.  

Scanning electron microscopy (SEM) images were obtained utilizing a field emission scanning 

electron microscope (Hitachi S-4800), operating at an accelerating voltage of 15 kV. SEM 

samples were prepared by dispersing in ethanol and sonicating for several minutes, followed by 

drop-casting onto a silicon wafer. Profilometry was conducted using a Technor Instruments 

Alpha-Step 300 device, which is a computerized, high-sensitivity stylus-based surface profiler. 

 

5.4 Powder XRD Analysis 

 Previous studies have shown that the crystallographic phase of TiO2 used, e.g. either 

anatase, rutile or brookite, can have a significant impact upon the resulting device‟s 

performance.
69

 It is with this idea in mind that we investigated our nanomaterials using powder 

X-ray diffraction (XRD) analysis, in order to confirm the nature of the crystalline phase(s) of 

TiO2 present. Previous work has demonstrated that the application of rutile TiO2 as the active 

area in a DSSC can result in lower cell performance, due to an increased resistance within the 

cell, as compared with use of the anatase phase.
70

 It is therefore important to elucidate the 

crystallographic phase of the materials we have probed in our study. As can be seen in Figure 

5.2A, nanomaterials synthesized via our hydrothermal method show peaks corresponding to only 
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the uniquely advantageous anatase phase, with no detectable amount of a rutile phase present 

within the samples.   

 Furthermore, the XRD patterns, Figure 5.2B, of the two commercial nanoparticles, 

purchased from Sigma Aldrich and Nanostructured and Amorphous Materials (e.g. 5 nm 

nanoparticles), again revealed the presence of only the anatase phase of TiO2. Of the materials 

discussed herein, only the Degussa P25 nanoparticles contained sizable quantities of the 

undesirable rutile TiO2 phase. Whereas the presence of the rutile phase within the Degussa P25 

nanoparticles is problematic from the point of view of solar cell performance, it has been 

previously reported that this commercial material possess a nominal ratio of anatase to rutile 

phases of 70: 30, which is in excellent agreement with our XRD study. 

 

5.5 TEM Characterization 

 In order to fully understand the morphology of the materials utilized in the cells, further 

structural investigation of the nanoparticulate materials using TEM (e.g. Figure 5.3) as well as 

with SEM for the larger 1D and 3D sea-urchin-like structures was performed in order to analyze 

their sizes. The results obtained from these experiments are reported in Table 5.1. In the case of 

the nanoparticle systems, the TEM analysis revealed that the hydrothermally prepared 

nanoparticles maintained a size of 12 ± 3 nm, which is comparable with that of commercial 

Aldrich nanoparticles (11 ± 2 nm). By contrast, nanoparticles purchased from Nanostructured 

and Amorphous Materials (henceforth referred to as 5 nm NPs) maintained an average diameter 

of 6 ± 1 nm, which is in good agreement with the company‟s reported value of 5 nm. 
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 Hydrothermally derived nanowires maintained larger average sizes, with diameters of 85 

± 55 nm and lengths of up to several microns. Moreover, they possessed a textured appearance 

along the longitudinal axis of the nanowire, as expected.
64

  While this observation implies a  
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Figure 5.3: Representative TEM images of (A) hydrothermally-derived nanoparticles, (B) 

commercial Nanostructured & Amorphous Materials (5 nm) nanoparticles, and (C) commercial 

<25 nm Aldrich nanoparticles. 
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Table 5.1:  Summary of key structural and  solar cell parameters obtained for pastes derived 

from both commercial and hydrothermal sources. The error bars listed for the various parameters 

of the solar cells constructed were calculated after measuring a minimum of four devices for 

each type of TiO2 tested. 
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polycrystalline nature to the product, previous HRTEM analysis has revealed that these 

structures are actually single crystalline in nature.  Finally, as-synthesized 3D TiO2 sea-urchins 

possessed an average, overall size of 1130 ± 293 nm, although these materials were actually 

comprised of a hierarchical structure consisting of an aggregation of smaller, discrete single-

crystalline nanowires with an average, individual width of 16 ± 3 nm. 

 Following the TEM analysis, the samples were rendered into slurries and applied to FTO 

substrates via doctor blading techniques. Specifically, Scotch tape was utilized as a spacer to 

produce films with a thickness of approximately 10 µm, as confirmed by profilometry, in order 

to maintain consistency amongst the various pastes. Analysis of the 5 nm and <25 nm Aldrich 

nanoparticle samples, prior to this film preparation, has revealed that aggregates were present in 

these materials, as received.  Furthermore, we have found that, despite thorough mechanical 

grinding and sonication with a sonic dismembrator, these aggregates do not appear to physically 

disintegrate to any appreciable degree, as shown in Figure 5.3.  Moreover, it is apparent that the 

aggregates evidently present in the <25 nm Aldrich and 5 nm particulate films are likely formed 

during the manufacturing process of the material, as they do not appear to readily respond to 

extensive physical processing, such as either sonication or mechanical grinding. By stark contrast 

with these commercial materials, TEM investigation of the hydrothermally derived nanoparticles 

has revealed that these nanoparticles remain largely dispersed. 

 

5.6 SEM Characterization 

 In order to observe the quality of the films, consisting of the various TiO2 materials, we 

utilized SEM to visualize the as-deposited materials (Figure 5.4). Investigation of the film 

comprised of P25 nanoparticles revealed a relatively flat, uniform film composed of the  
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Figure 5.4: SEM images of TiO2 films used in various as-prepared solar cells. Cells are based on 

(A) <25 nm Aldrich nanoparticles, (B) Nanostructured and Amorphous Materials (5 nm) 

nanoparticles, (C) Degussa P25 nanoparticles, (D) hydrothermally-derived nanoparticles, (E) 

hydrothermally-derived nanowires, and (F) hydrothermally produced sea-urchin-like motifs, 

respectively. Insets represent higher-magnification images of the localized areas of these films. 
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aforementioned 25 ± 10 nm nanoparticles (Figure 5.4C), an observation in excellent agreement 

with previous reports.
67

 Closer investigation (Figure 5.4C, inset) revealed that the film 

maintained a porous nature, which is crucial for both the adsorption of dye molecules onto the 

surface as well as penetration of the electrolyte into the film.   

 However, visualization of the other three nanoparticulate films revealed a strikingly 

different structural appearance and morphology as compared with the P25 film. Specifically, the 

5 nm (Figure 5.4A) and <25 nm Aldrich (5.3B) NP films exhibited a high degree of nanoparticle 

aggregation, resulting in the formation of large sphere-like agglomerations of nanoparticles.  In 

fact, the aggregates varied in size for the <25 nm Aldrich and the 5 nm NP films, with 

measurements of 852 ± 384 nm and 889 ± 204 nm, respectively. By contrast, while our 

hydrothermally derived nanoparticles (Figure 5.3D) do exhibit some degree of aggregation, these 

assemblies are less defined structurally, and, as will be discussed further below, are likely 

formed during the actual drying process of the paste. Representative TEM images of the 

hydrothermally derived nanoparticles (Figure 5.3) reveal that, unlike the commercial 

nanoparticle samples, single nanocrystals are readily apparent, confirming that these particles are 

not physically aggregated prior to their application onto the FTO glass, as is the case with the 

commercial samples.  Moreover, the high degree of aggregation within the film can also be 

attributed to the high concentration, ~30 wt%, of nanoparticles within the paste.  Similar 

phenomena have also been observed in a recent report by Park et al.,
59

 wherein the roughness of 

the active area could be controlled through manipulation of the TiO2 concentration within the 

paste. This is an interesting observation, for it further confirms that simple physical manipulation 

of the application paste can lead to reliable control over aggregate formation and morphology 

within the resulting nanoparticle film. 
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 Several recent reports
37, 59, 63, 71-73

 have shown that a hierarchical ordering of nanoparticles 

within the active area film can result in an advantageous increase in solar cell performance.  In 

particular, the presence of aggregates can increase light scattering
37, 71

 as well as enhance 

electron conduction through the TiO2 film.
63, 72, 73

 However, in these previous reports, the 

formation of these aggregates required special treatment protocols, such as either hydrothermal 

or sol-gel reactions. Interestingly, we noted the presence of similar aggregate-like structures in 

our nanoparticulate films, which could be produced without any extraneous synthetic processing 

required and, in fact, are present within commercially purchased materials. Hence, these results 

implied that hierarchical, high surface area texturing of the semiconductor film can be achieved 

without significant post synthesis manipulation steps.   

 A cursory inspection of films comprising 1D nanowires and 3D sea-urchin-like 

assemblies revealed film morphologies that were clearly distinctive from those associated with 

nanoparticulate films (Figure 5.4E and 5.4F). Specifically, for films consisting of 1D nanowires, 

a uniform, flat coating was observed.  Moreover, we did not observe any significant aggregation, 

as reported for the nanoparticle films, though we did not expect this to be detrimental to solar 

cell performance, due to the advantages associated with using nanowire structural motifs. In 

particular, due to their inherent anisotropic nature, the nanowire materials tend to show 

intrinsically increased electron conduction behavior.
74

 Furthermore, the relatively large diameter 

(85 ± 55 nm) of the nanowires has allowed them to more effectively scatter light as compared 

with isolated, dispersed nanoparticles.
71

 

 Electron micrographs of films prepared using sea-urchin-like TiO2 microstructures also 

demonstrate the formation of uniform, flat films consisting of our desired material.  It is 

important to note that even after mechanical grinding, sonication and multiple heating steps, our 
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3D TiO2 sea-urchin-like structures still manage to conserve their morphology.  However, it is 

apparent from the SEM image, Figure 5.4F, that the film morphology consisting of the 3D TiO2 

sea-urchin-like motifs contains a significant number of large voids.  Indeed, while the sea-

urchin-like morphology results in a large surface area, an observation which will be further 

discussed below, the presence of these macroporous voids can effectively lower the active 

surface area of the film and, therefore, the degree of dye loading.
37

 Furthermore, the presence of 

these large voids indicates a less densely packed film, subsequently decreasing the number of 

electron pathways through the film and, hence, increasing the length of the electron path to the 

electrode.
72

  Hence, the sea-urchin-like nanostructures do not necessarily form a highly favorable 

semiconducting film surface, despite their uniquely advantageous high surface area and single 

crystalline hierarchical structure. 

 

5.7 BET analysis 

 In order to more fully understand the surface properties of our nanomaterials, we utilized 

BET data in order to determine the surface area of each powdered material. This is a critical 

aspect of the material, as the surface area directly impacts the amount of dye that can be 

adsorbed. These results are summarized in Table 5.1. The observed trends are in excellent 

agreement with those expected for both size and morphology.  First, not surprisingly, as the 

particle size decreases from 25 to 5 nm, the surface area of the material increases from 63 to 260 

m
2
g

-1
. Second, the structural change from the use of hydrothermally prepared nanoparticles to 

that of the hydrothermally synthesized nanowires slightly decreases the measured surface area 

from 74 to 68 m
2
g

-1
.  This decrease in surface area is expected, since one-dimensional 

nanostructures maintain lower absolute surface areas as compared with nanoparticles.  However, 
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despite the large size and wire-like morphology, the surface itself remains similar to that of the 

nanoparticles.
75

  In fact, the relative closeness in surface area between these two morphologies 

can be readily ascribed to the roughened texture of the nanowires, an observation which is 

highlighted in the SEM images. Furthermore, BET analysis of sea-urchin-like TiO2 

nanostructures yielded a surface area of 83 m
2
g

-1
, which is significantly higher than that found 

for both hydrothermally derived nanoparticles and nanowires. Hence, these results confirm the 

advantageous morphology-dependent properties of sea-urchin-like motifs, in that these structures 

couple the unique advantages of (i) the anisotropy and directionality associated with their 

constituent nanowires with (ii) the high surface area that is intrinsic to nanoparticulate films.   

 

5.8 Dye Adsorption Analysis 

 Further investigation into the morphology of our as prepared films was conducted via dye 

desorption analysis in order to determine the effective surface area present within the various 

films for dye adsorption. Herein, the films were sensitized with N719, after which the dye was 

desorbed from the TiO2 surface through immersion in a known volume of 0.1 M KOH.  Analysis 

by UV-visible spectroscopy allowed us to determine the concentration of dye present in solution, 

and subsequently the amount of dye present on the film. This technique permitted us to better 

identify the amount of surface area accessible within the films available for dye adsorption. 

These results are also reported in Table 1. 

 Based upon the BET analysis, we anticipated the trend of efficiency of dye adsorption to 

follow the pattern of commercial 5 nm NPs > (<25 nm) Aldrich NPs > 3D sea-urchin-like 

assemblies > hydrothermally produced NPs > 1D hydrothermally derived nanowires > Degussa 

P25 NPs.  However, the desorption results clearly showed that the amount of dye within each 
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film does not necessarily correlate with the surface area data.  In fact, the observed trend is 

significantly different.  

 In fact, we found a pattern of decreasing dye adsorption, following the trend of  

hydrothermally produced NPs > commercial 5 nm NPs > (<25 nm) Aldrich NPs > 3D Sea-

urchin-like assemblies > 1D hydrothermally derived nanowires > Degussa P25 NPs. This 

behavior revealed that although the commercial 5 nm and <25 nm Aldrich nanoparticulate 

materials maintained relatively high surface areas prior to their incorporation into a working 

device, the entirety of their surface area was not accessible for dye adsorption in the cell, thereby 

leading to the observed presence of lower current. This low surface area could arise during the 

sintering process, necessary for film formation, whereupon the grain sizes and degree of necking 

between the particles increased. Similar surface area effects have been observed in previous 

reports,
73, 76, 77

 all of which could be attributed to the loss of mesoporosity within the material 

during sintering. Not surprisingly, BET analysis, performed on the Aldrich <25 nm and 5 nm 

TiO2 nanoparticles isolated after being rendered into films and subsequently sintered, revealed 

significant decreases in the accessible surface area of these respective materials. Specifically, the 

measured BET surface areas were found to decrease to 51 m
2
g

-1
 and 54 m

2
g

-1
 for the Aldrich and 

5 nm nanoparticles, respectively, incorporated into films. Hence, as a general comment, the use 

of nanomaterials in DSSCs can result in unforeseen changes in their physical and packing 

properties, thereby invalidating a simple, direct 1:1 correlation between morphology and device 

performance. 

 Investigation of the dye loadings for the 3D sea-urchin-like assemblies revealed lower 

values than expected, presumably due to a relatively inefficient packing within the films.  As 

evinced by the SEM images (Figure 5.4F), there are large voids present within the 3D sea-urchin  
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Figure 5.5: (A) Typical J –V curves of hydrothermally derived TiO2 materials. (B) Typical J –V 

curves of the corresponding commercially derived TiO2 materials. 
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films, thereby leading to a decrease in available, accessible surface area for dye loading.  

Therefore, even though the 3D sea-urchin-like motifs presented some of the highest available 

surface areas, their poor organization and packing within our as-generated semiconducting films 

most likely led to a lower observed dye loading. Finally, the lower dye loadings observed within 

the 1D nanowires films are consistent with the correspondingly lower BET surface areas of these 

materials, which translated into a decreased area accessible for dye adsorption. 

 

5. 9 Solar Cell Performance 

 Following these characterization experiments, the films were utilized in the formation of 

solar cells, as detailed in Section 5.2.  To test their efficiencies, these solar cells were analyzed 

under illumination with an AM 1.5 light source.  Current density versus voltage (J-V) curves for 

our hydrothermally derived and commercial TiO2 pastes are depicted in Figures 5.5A and 5.5B, 

respectively. The average values, determined by the analysis of no less than four solar cells, for 

the JSC, VOC, FF, and η are listed in Table 1. 

 It is particularly interesting that the values obtained for the nanoparticle cells reveal that 

the JSC values do not necessarily trend with the amount of adsorbed dye. Not surprisingly, the 

hydrothermally prepared nanoparticles maintain the highest degree of dye adsorption and, 

correspondingly, the highest JSC value of 14.01 mA cm
-2

. In stark contrast, the Degussa P25 

nanoparticles maintained the lowest dye adsorption level but possessed the second highest value 

for JSC, namely 12.88 mA cm
-2

. This number, by comparison with the amount of dye adsorbed, is 

significantly higher than that found for all other commercial materials. We attribute this 

observation to the more dispersed nature of the P25 film as well as to the homogeneous 

distribution of the constituent particles, thereby allowing a greater degree of light penetration 
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into these cells. However, the presence of aggregation in the Aldrich and 5 nm samples is 

expected to increase light scattering, which, though nominally beneficial for the purposes of 

increasing the path length within the solar cell, can also be detrimental in terms of fostering 

deleterious light scattering effects as well as decreasing the overall levels of light penetration into 

the cell.
37, 71

 

 Not surprisingly, the VOC values for the nanoparticles are close to each other, with 

magnitudes of 0.711 ± 0.042, 0.688 ± 0.017, 0.715 ± 0.031, and 0.703 ± 0.015 V for the 

commercial Degussa P25, hydrothermally prepared nanoparticles, <25 nm Aldrich nanoparticles, 

and 5 nm nanoparticles, respectively.  The slightly lower value noted for the VOC of the 

hydrothermal nanoparticles can be readily explained by two distinctive parameters. First, a lower 

Fermi level within the nanoparticles, caused by an increased trap density,
72

 can lower the energy 

difference between the nanoparticles and the redox couple, thereby limiting the voltage of the 

solar cell. Second, an increased recombination within the cell can also effectively lower the VOC 

of the cells through a significant decrease in charge, capable of reaching the external circuit.
78

  

OCVD data presented below will provide further insight into the origin of this voltage loss in the 

hydrothermally derived nanoparticle cells. 

 The fill factors of the nanoparticles films vary widely between the different materials 

used. The values obtained for the various films are as follows: 0.318 ± 0.042, 0.406 ± 0.067, 

0.362 ± 0.089, and 0.487 ± 0.018 for the commercial Degussa P25, hydrothermally prepared, 

<25 nm Aldrich, and commercial 5 nm nanoparticles, respectively. While these parameters are 

less than ideal,
67

 this observation can be readily ascribed to the use of an electrolyte containing 

both LiI and TBAI. Higher fill factors and thus comparably greater efficiencies could have been 

obtained by optimizing the content of the electrolyte, for instance.
6
  Further effects of the 
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recombination rate on the fill factor will be explored during our OCVD analysis. Furthermore, 

analysis of the linear region, at more positive voltages, of the current-voltage curves reveals a 

higher series resistance in the cells that possess a lower FF, namely those containing <25 nm 

Aldrich and Degussa P25 nanoparticles, which are on the order of 100 Ω.  

 By contrast with this value, the commercial 5 nm and the hydrothermally derived 

nanoparticles show a relatively lower series resistance, e.g. on the order of 40 Ω.  This is 

indicative of the observation that films composed of the hydrothermally derived nanoparticles 

and 5 nm nanoparticles possess a higher conductivity as compared with their <25 nm Aldrich 

and Degussa P25 nanoparticle counterparts. The decreased resistance presented by the 

hydrothermally derived and 5 nm nanoparticulate films likely arises from the crystallinity of the 

material, as well as from increased necking and connectivity between the particles. All of these 

are factors which likely facilitate electron movement from particle to particle within the films. 

As a second point, as stated earlier, the nature of the aggregation of the nanoparticles within the 

film, as observed via SEM analysis, can enhance the conduction of charge carriers through 

improved particle connectivity and increased electron lifetimes, a point which shall be further 

discussed in later sections.   

 Ultimately, the combination of these factors (JSC, VOC, and FF) results in average solar 

cell efficiencies of 2.94 ± 0.68, 3.75 ± 0.43, 2.57 ± 1.33, and 3.92 ± 0.95 % for the Degussa P25, 

hydrothermally derived, <25 nm Aldrich, and 5 nm nanoparticles, respectively.  From these 

efficiency results, it is clear that the major cause for variation in the solar cell efficiencies resides 

in the innate differences in the VOC and JSC values.  Specifically, the cells produced from the 

hydrothermal nanoparticles exhibit the highest JSC values, yet their VOC is 43 mV lower as 

compared with the other commercial TiO2 nanoparticles.  It is this loss of voltage, for reasons 
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discussed, that can result in an overall lower solar cell efficiency. However, for the <25 nm 

Aldrich and 5 nm nanoparticulate cells, the greatest limiting factor of the efficiency is associated 

with the JSC value, as a direct result of not only the lower dye loading within these cells, resulting 

from a loss of surface area during sintering, but also through absorptive losses due to scattering 

within the cell, as was thoroughly discussed above. It is these real losses in the optical absorption 

that ultimately limit the overall observed efficiencies associated with the solar cells fabricated 

utilizing <25 nm Aldrich and 5 nm nanoparticles. 

 In addition to investigating the nature of the commercial nanoparticle systems, we have 

also rationally explored the device performance of hydrothermally prepared nanostructures as a 

function of morphology, specifically that of 1D nanowires and 3D sea-urchins.  Investigation of 

the J-V curves for the 1D nanowires and the 3D sea-urchins reveals results that are notably lower 

as compared with those for the nanoparticles themselves. In particular, the JSC values for these 

two materials are 10.37 ± 0.32 and 8.27 ± 0.43 mA·cm
-2

 for the 1D nanowire and 3D sea-urchin 

solar cells, respectively. While these values are lower than those reported for the hydrothermally 

derived nanoparticle film, films consisting of 1D nanowires and 3D sea-urchin-like, while 

presenting similar dye loading values, maintain different current density values. We believe that 

the overall enhanced JSC values, as compared with commercial samples, arises from a more 

favorable film geometry, which allows for greater light penetration within the cell, although this 

is somewhat tempered by the presence of enhanced scattering within the solar cell, emanating 

from the nanowires themselves. 

 The fill factors of these two hierarchical materials are also comparatively lower than 

those found for the hydrothermally derived nanoparticles, indicating a less than ideal film.  We 

propose two different but plausible explanations for the lower fill factors associated with 1D 
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nanowires and 3D sea-urchin-like structures.  In the case of 1D nanowires, we believe that the 

lower observed FF is caused by less efficient electron transport through the nanowire film, 

thereby resulting in increased recombination, and, therefore, a decreased FF. This inefficient 

electron transport can be ascribed to both the random orientation of the nanowires within the film 

as well as the granular nature of that film. Both of these factors limit the positive benefits of the 

nanowires‟ anisotropic nature. Furthermore, increased trap state density may also be a 

contributing factor to the lower fill factor. For the 3D sea-urchin-like structures, we hypothesize 

that their suppressed FF arises from a wholly different reason, namely the substantial 

macroporosity of the films, as described earlier. This very real possibility can lead to longer 

electron path lengths within the cell, thereby resulting in increased recombination and, 

subsequently, a lower FF.
72

  Furthermore, the increased porosity can decrease the number of 

connections between adjacent sea-urchin-like structures, thereby leading to less efficient charge 

transfer through the film to the back contact. The resulting efficiency values of 1.95 and 1.97%, 

measured for the 1D nanowires and 3D sea-urchin-like structures, respectively, likely reflect the 

inherently lower JSC, VOC, and FF values measured for these materials. 

 

5.10 OCVD analysis 

 In order to more fully comprehend the nature of electron conduction and recombination 

within our cells, we collected a number of OCVD measurements. Electron lifetimes obtained for 

the different cells are presented in Figure 5.6.  It is important to note here that these lifetimes are 

also a measure of the relative rates of recombination within the cell, and are determined by 

treating a voltage decay curve with equation 1.
68

 

   τn = -(kBT/e)(dVOC/dT)
-1

  [1] 
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where τn is the electron lifetime, kB is the Boltzmann constant, T is the temperature, e is the 

elementary charge, and dVOC/dT is the derivative of the voltage decay curve. It is apparent from 

the OCVD transients that the cell fabricated using our in-house hydrothermally derived  



 

143 

 

 

Figure 5.6: Electron lifetimes (in seconds) associated with (A) commercial nanoparticles as well 

as of (B) hydrothermally derived nanomaterials, as determined from the open circuit voltage 

decay curves of various TiO2 nanomaterials used to fabricate solar cells. Insets denote regions of 

the voltage decay curves at low open circuit voltages. 
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nanoparticles outperformed all of the commercial samples at both higher and lower VOC, thereby 

highlighting the superior transport characteristics of charge carriers through both individual 

grains and grain boundaries. Previous reports have also shown that electron lifetimes increase 

with increasing particle size due to a decrease in the number of grain boundaries.
79

 However, in 

the broader sense, it is evident from these data that the hydrothermally derived nanoparticles 

gave rise to the longest electron lifetimes on average, owing to the high degree of crystallinity of 

this sample.
64

 These results are further support for the increased conduction of the films, as 

shown above in the analysis of the fill factors of the solar cells.   

 Because it is a rather sophisticated technique, OCVD can be used to probe the nature of 

the contributions of recombination and conduction pathways. Specifically, at high VOC values, 

OCVD yields insight into the conduction of charge carriers through the particle interconnects, as 

this region represents an area of high carrier flux. By contrast, at lower VOC values, insight can 

be provided into the nature of the conduction of carriers through individual particle grains.
45, 72

  

In this context, the performance of the cells prepared from the commercial samples can be 

independently probed with respect to those derived from hydrothermally processed 

nanoparticles. Specifically, the electron lifetime of the hydrothermal nanoparticles becomes 

comparable to that of the Degussa P25 nanoparticles at high open circuit voltages. This is not an 

unexpected result, considering the high degree of continuity and the lack of macroscopic cracks 

in these films, which can thereby enhance the interparticle connectivity. By contrast, the 5 nm 

NPs display substantially suppressed lifetimes at high VOC, which is also not surprising, given 

the inhomogeneity of the 5 nm NP film in combination with the poor interconnectivity of the 

micron-sized aggregates.
45, 72

  Furthermore, it has been shown that the introduction of small 
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nanoparticles increases electron recombination due to an increase in the number of grain 

boundaries present within the cell.
80

 

 By contrast with the observed trend at high VOC, comparison of the OCVD transient 

under low OCVD conditions reveals that the 5 nm nanoparticles maintain superior lifetimes as 

compared with their commercial Degussa P25 NP counterparts. In this region, the nature of the 

decay of the 5 nm NPs approaches that of the hydrothermally produced nanoparticles, thereby 

implying that these nanostructures suppress recombination of charge carriers present within the 

individual crystalline grains. This is understandable given the hierarchical nature of these 

nanostructures, wherein the 5 nm NPs form highly interconnected nanoporous aggregates, which 

can prevent recombination of charge carriers with the electrolyte.  Not unexpectedly, amongst 

the nanoparticle motifs, the <25 nm Aldrich NPs display the lowest lifetimes for both the high 

and low VOC regions, an observation which is consistent with the low DSSC efficiency results 

noted amongst the 0D systems. By means of comparison, representative values of electron 

lifetimes for the various materials studied at higher voltages are 157 ms at 123 mV, 114 at 119 

mV, 129 ms at 120 mV, 100 ms at 109 mV, 110 ms at 93 mV, and 77.9 ms at 49 mV for the 

hydrothermally derived nanoparticles, 5 nm nanoparticles, Degussa P25 nanoparticles, 3D sea-

urchin-like assemblies, <25 nm Aldrich nanoparticles, and 1D hydrothermally produced 

nanowires, respectively.  By contrast, at lower open circuit voltages, the corresponding values 

are as follows: 10.63 s at 10 mV, 9.37 s at 10 mV, 6.00 s at 9 mV, 5.28 s at 10 mV, 3.46 s at 9 

mV, and 2.17 s at 9 mV for the hydrothermally derived nanoparticles, 5 nm nanoparticles, 

Degussa P25 nanoparticles, 3D sea-urchin-like assemblies, 1D hydrothermally produced 

nanowires, and < 25 nm Aldrich nanoparticles, respectively. 
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 A similar analysis can be applied to the anisotropic 1D nanostructured systems, wherein 

the recombination pathways can be probed as a function of morphology.  The 3D sea-urchin-like 

nanostructures display analogous behavior to that of the 5 nm NPs, wherein a significant bottle 

necking effect emerges as a result of the less than optimal packing of these hierarchical 

structures as well as the poor interconnection between the nanostructures. In fact, the lower 

lifetime values observed at both high and low VOC for the 3D sea-urchin-like motifs as compared 

with the hydrothermally processed and 5 nm NPs are reasonable, given the very poor 

interconnection and interdigitation amongst not only individual, discrete nanowires but also 

adjacent individual sea-urchin-like structures.
72

  Specifically, narrow interconnections between 

sea-urchin-like structures are highlighted in Figure 5.7, wherein only a small bridging unit 

between adjacent urchins is visible. These data also support the fact that the lower VOC values 

observed for the sea-urchins are likely a result of the dynamic interplay between the porosity of 

the film and the hindered electron conduction through the film.   

 These two factors allow for the observed increased recombination rate within these cells, 

thereby leading to lower overall efficiencies. Finally, the 1D nanowires exhibit the lowest 

electron lifetimes under high VOC conditions, owing to their highly granulated nature, shown in 

Figure 5.3E. This observation, in conjunction with the VOC values obtained from the J-V curves, 

would suggest that the nanowires contain a significant amount of surface trap states. We should 

note that the poor crystallinity of the commercial Aldrich nanoparticles is suggested by their poor 

lifetimes, measured at low VOC. In this region, the hydrothermally derived nanowires exhibit a 

slightly higher measured lifetime. Nonetheless, the inadequate interconnectivity amongst the 1D 

nanowires is particularly evident at higher VOC; in fact, the electron lifetimes measured for these 
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1D motifs under these conditions are perceptibly lower than that observed for any of the other 

nanomaterials we have tested in this study. 
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Figure 5.7: SEM image of narrow nanowire interconnects connecting individual 3D TiO2 sea-

urchin-like structures. 
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5.11 Morphology Mixtures 

 Taking into consideration the types of analysis of solar cells prepared from pure TiO2 

morphologies, we have mixed samples consisting of individual morphologies together. The 

mixtures of hydrothermally prepared materials explored herein are comprised of 10% 

nanoparticles/90% sea-urchins (0D/3D), 10% nanowires/90% sea-urchins (1D/3D), 10% 

nanowires/90% nanoparticles (1D/0D), and finally, 10% nanowires/10% nanoparticle/80% sea-

urchins (1D/0D/3D). Results obtained from this series of solar cells are located in Table 5.2, 

along with the corresponding dye loadings for each cell. From these data, we have observed that 

the JSC and dye loadings for the cells trend differently from one another. Specifically, the cell 

with the highest dye loading does not produce the largest JSC. In fact, Degussa P25 solar cells 

yield the highest JSC of 12.88 mA cm
-2

, but exhibit the lowest dye loading measured of 5.83·10
-8

 

mmol cm
-2

, as compared with cells fabricated using mixtures of hydrothermally derived 

morphologies. By comparison, the cell comprised of 1D/0D nanomaterials exhibits the second 

highest measured JSC, 8.68 mA cm
-2

, but maintains the highest dye absorption of 17.7 mmol cm
-2

 

with respect to all of the systems we have tested.   

 This trend further emphasizes the inefficient degree of light penetration into the cells 

comprised of hydrothermally derived materials, which can be ascribed to the increased degree of 

light scattering within these cells.
37, 71

 However, while the combination of these different 

morphologies into a single paste did not effectively resolve the issue of light absorption within 

the cells, analysis of the various fill factors of these different cells reveals the potentially  

 

 

 



 

150 

 

 

 

 

 

 

Table  5.2: Summary of solar cell parameters for DSSCs, prepared using mixtures of 

hydrothermally derived nanomaterials, produced in our laboratory. 
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positive, synergistic effect of combining different, complementary morphologies and structural 

motifs. 

 In particular, the trend found for the fill factors of the mixture cells can be noted as 

follows: 0D/3D > 1D/0D > 1D/3D > 1D/0D/3D > Degussa P25.  This trend reveals, for instance, 

that the incorporation of a small percentage (e.g. 10%) of 0D nanoparticles into the 3D material 

can effectively increase the connectivity between individual 3D sea-urchin-like motifs.  This 

increase in connectivity presumably reduces the degree of recombination within the cell, thereby 

increasing the FF.  Moreover, this potential for increased connectivity is further highlighted in 

the VOC values for cells containing mixtures of nanostructures. Specifically, unlike cells 

fabricated using only one hydrothermally derived morphology, the measured VOC values for 

solar cells composed of either mixtures of our structural motifs or Degussa P25 are similar to one 

another in magnitude, thereby further highlighting the importance of reliable channels for 

electron transport and conduction between individual nanostructures. 

 The structural composition of the films was investigated through SEM analysis shown in 

Figure 5.8. These images reveal the advantages of utilizing mixtures of complementary, 

hydrothermally-derived nanomaterials. This is most apparent in the SEM of the 0D/3D films 

(Figure 5.8A), wherein it is clearly noted that the empty void space present in the film containing 

a mixture of nanostructures is noticeably less than that associated with the pure 3D sea-urchin-

like films (Figure 5.3F). Furthermore, these structurally beneficial effects are also evident within 

the 1D/0D film (Figure 5.8B). The data reveal a much more uniform crack-free film, as 

compared with the film composed of only hydrothermally derived nanoparticles (Figure 5.3D).  

The SEM images of the 1D/3D, shown in Figure 5.8C, and the 1D/0D/3D films, shown in Figure 

5.8D, reveal some beneficial filling of the very porous 3D TiO2 structure. However, as the dye  
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Figure 5.8: (A) SEM image of a film of a mixture of 0D / 3D nanostructures. (B) SEM image of 

a film of a mixture of 0D / 1D nanostructures. (C) SEM image of a film of a mixture of 0D / 1D / 

3D nanostructures. (D) SEM image of a film of a mixture of 1D / 3D nanostructures. 

 

 

 

 

 

 



 

153 

 

 

desorption shows, the filling is not as great as in the 0D/3D film. Furthermore, the lower FF for 

these cells reveals the detrimental effects of incorporating poorly performing hydrothermally 

derived nanowires into these films. 

 In terms of overall efficiency, only the 1D/0D mixture evinced a higher efficiency (3.12 

%) as compared with conventional Degussa P25 cells (2.94 %). While the remaining mixed 

morphology cells did not obviously outperform Degussa P25 cells, they were noticeably better 

than cells consisting solely of pure nanoscale morphologies. These results are highlighted further 

in Table 5.2. The lower observed efficiencies can be ascribed to decreased JSC values within the 

cells, which were likely suppressed for reasons associated with poor light absorption and 

penetration as well as unwanted light scattering, all of which are determinant factors which have 

been outlined and detailed above. 

 

5.12 Comparison with a Series of Chemically Distinctive Metal Oxides 

 We utilized several compositionally distinctive titanates (e.g. BaTiO3, SrTiO3, CaTiO3, 

Ba0.5Ca0.5TiO3, Ba0.5Sr0.5TiO3, and Ca0.5Sr0.5TiO3) fabricated in our laboratory as the 

semiconducting component within our dye-sensitized solar cell. Previously, these materials have 

been utilized either as pure materials or as coatings for TiO2 for the fabrication of DSSCs.
81, 82

  In 

the latter case, TiO2 nanoparticles were specifically coated with layers of barium and calcium 

titanate. Whereas the use of these materials as thin coatings for TiO2 resulted in an increase in 

solar cell performance, as the coating thickness increased, the solar cell performance decreased 

in a parallel fashion. A summary of all relevant solar cell parameters is shown in Table 5.3. We 

note that, in the application of these materials, the inefficiency of the as-produced solar cells can 
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be ascribed to the poor adhesion of the dye onto the titanate materials, thereby effectively 

preventing charge injection from the dye into the conduction band of the semiconductor. 

Furthermore, the particle sizes utilized in the films were all greater than 100 nm, which could 

have lowered the effective, accessible surface area of the film as compared with films comprised 

of significantly smaller nanoparticles. Finally, it was noted that adhesion between the titanates 

and the FTO was relatively poor, resulting in flaking of material off the electrode surface as well 

as inefficient charge conduction from the film to the external circuit. We therefore concluded 

that the use of these titanate materials in the context of current DSSC motifs is not as feasible as 

might have been envisioned, based upon their favorable morphology and crystallinity. 
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Table 5.3: Summary of essential solar cell parameters for DSSCs prepared using 

compositionally distinctive titanate nanoparticles. 
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5.13 Conclusions 

 In conclusion, we have shown that altering the structural morphology of the TiO2 used in 

the fabrication of a DSSC can dramatically affect its performance. Specifically, the TiO2 

morphology directly affects the constituent film morphology as well as the nature of the electron 

conduction through the film to the back contact. Furthermore, we highlight the importance of 

organization of the nanomaterials within the device film. Our results suggest that the use of 

nanoparticles synthesized using our in-house hydrothermal protocol result in the highest dye 

loadings, the highest current densities, as well as the longest electron lifetimes, thereby leading 

to devices performing as well as or better than as-produced, commercial materials. We find that 

even though the commercial (<25 nm) Aldrich and 5 nm nanoparticles give rise to the largest 

surface area, the formation of aggregates within these materials can result in a loss of active 

surface area during the subsequent annealing steps required for solar cell fabrication. This loss in 

surface area can detrimentally affect dye adsorption and ultimately lower the efficiency in these 

cells. However, our hydrothermally produced nanoparticles remain well dispersed in the films, 

allowing for a high degree of dye adsorption onto the surfaces of the TiO2, a situation which can 

thereby increase the light harvesting potential and subsequent current produced by the resulting 

cell. 

 Through the use of OCVD, SEM, and dye desorption experiments, we find that the major 

limiting factor for 1D nanowires and 3D sea-urchins consists of the surface morphology of the 

film structure created during the sintering steps. That structure can determine the degree of 

efficiency of electron transport through the films. Overall, the results of our OCVD analysis 

again reveal the superior nature of our hydrothermally produced nanoparticles, as films of these 

materials maintain increased electron lifetimes within these cells. The increased electron 
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conduction, combined with the large, dye-accessible surface area of hydrothermally derived 

nanoparticles, likely accounts for the highest efficiency values we have measured. Furthermore, 

we have explored the idea of utilizing mixtures of different morphologies in order to increase the 

degree of electron diffusion within the films and, thereby, correspondingly enhance electron 

lifetimes and cell efficiencies. Our data show that solar cells composed of a film containing a 

mixture of hydrothermally derived nanostructures possess slightly higher electron lifetimes and 

currents as well as increased efficiencies as compared with our control materials, including 

hydrothermally produced nanoparticles alone. We further demonstrate that the disadvantages of 

utilizing solely 1D nanowires and 3D sea-urchin-like motifs can be somewhat mitigated through 

the rational combination of these different morphologies into a single paste. Most notably, the 

incorporation of a small amount of 0D nanoparticles into a 3D sea-urchin-like paste results in a 

more efficient solar cell, as compared with the use of only high surface area sea-urchin- like 

motifs. In fact, this observation can be attributed to the increased connectivity between 

individual nanostructures, thereby leading to better electron transport throughout the resulting 

film.  We have also conducted an investigation into the application of various compositionally 

distinctive titanate nanomaterials as the primary semiconducting material motif within DSSCs, 

thereby revealing several shortcomings, such as poor dye adsorption and poor film adhesion 

within these materials. All of these problems resulted in inferior DSSC performance. 

Nonetheless, overall, it is through these diverse sets of experiments that we have gained 

important insights into the various processes and parameters within the solar cell that must be 

carefully manipulated and optimized in order to properly maximize efficiency.  
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Table 5.4. Summary of advantages and disadvantages of the use of various titania motif 

structures in DSSC architectures. 
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 In Table 5.4, we highlight the advantages and disadvantage associated with each material 

investigated within this paper. In summary, we find that the most effective material for DSSCs 

should combine a high surface area for dye loading, while simultaneously maintaining high 

electron mobility. Furthermore, it is important to understand and control the film morphology of 

the materials utilized in order to fully maximize effective use of the surface area of the material. 

The film morphology also has a significant impact upon electron mobility, and can either 

enhance or suppress electron lifetimes within the material of interest, depending on the degree of 

connectivity amongst the various individual constituent nanostructures within the cell. 

Furthermore, the organization of a titania structural motif into films is a critical factor in 

determining the degree of effective light penetration into the cell, as well as the depth to which 

light can efficiently generate electron–hole pairs within the cell. Finally, as we have previously 

implied, the optimization of the film thickness, dye composition, electrolyte choice, as well as 

the application of a TiCl4 treatment will inevitably lead to a more efficiently operating solar cell. 
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Chapter 6. Conclusions 

 Working at the nanoscale represents an interesting and exciting area for research, owing 

to the distinctive ability of materials to alter their properties simply by changing their size.  

However, it is critical to be able to rationally design and effectively control the size and shape of 

nanomaterials. This is of particular importance for 1D nanomaterials, where the ability to 

spatially confine a material to grow at the nanoscale level is of utmost importance. Additionally, 

1D nanomaterials are of interest, due to the fact that they are the smallest unit which can 

effectively transport properties through a material. While many materials are of interest for study 

at the nanoscale, the analysis of nanoscale metal oxides is of particular interest, owing to their 

stability and robustness. In this work, not only were the properties of several 1D nanoscale metal 

oxides studied but also the methods which were utilized for their formation were also probed.  

From a synthetic approach, this work has shown that many different methods can be utilized for 

the synthesis of 1D nanoscale metal oxide materials, often times requiring the application of 

multiple steps.  It has also been shown that the application of nanoscale materials as a template, 

or as a building block, for a desired material is a highly advantageous synthetic route for 1D 

nanoscale metal oxide materials. Furthermore, correlations between morphology and device 

performance were investigated, allowing us to probe the properties of our nanoscale materials 

under device-like operations.  This gives us insight into essential device design characteristics, as 

well as information on how our materials behave during operation.    

 In Chapter 2, a combination of synthetic techniques was successfully utilized to 

synthesize nanowires of V2O3.  This method first involved generation of single-crystalline 

nanowires of VO2 via a hydrothermal protocol. A subsequent high temperature annealing in a 

reducing atmosphere resulted in the complete transformation of the VO2 nanowires into V2O3 
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nanowires. This method not only maintained the 1D nanoscale morphology, for the most part, 

but also ensured that the beneficial single-crystalline nature present within the starting material 

was retained. The investigation of the electronic and magnetic properties of the V2O3 nanowires 

revealed that although the material maintained dimensions on the nanoscale, the properties of the 

bulk were still conserved.  More specifically, the material exhibited a MIT at ~150 K, consistent 

with reports for bulk V2O3. This is an interesting observation, for it allows one to take advantage 

of bulk properties, while maintaining a nanoscale device size.  This particular property of our 

nanoscale material can be quite useful as a nanoscale temperature sensor, thus allowing for an 

accurate measure, and control, of temperature on the nanoscale while still maintaining the 

accuracy and magnitude of a larger, macro scale device.  

 In Chapter 3, the synthesis of LiNbO3 nanowires was completed via a molten salt 

synthesis technique. Similar to the method utilized in Chapter 2, 1D nanoscale Nb2O5 was 

utilized as both the precursor and the template for the formation of LiNbO3 nanowires. It was 

found that careful control of experimental reaction parameters, such as salt, temperature, and 

time allowed for the desired 1D morphology of the precursor to be mostly maintained.  In 

addition to this beneficial nanowire morphology, the LiNbO3 material is single-crystalline in 

nature, thereby rendering it highly desirable for optical applications, such as optical waveguides 

and optical storage.  Data analysis of the nanowires by HRTEM  was consistent with a 

preferential alignment of the c-axis along the axial direction of the nanowires, again highlighting 

the exciting possibilities for optical applications.  The probing of individual nanowires via 

Raman spectroscopy revealed the high quality of the nanowires as well as a propagation of 

optical properties nearly along the axis of the nanowires.  This is highly desirable for device 
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applications, where it is crucial to transport properties along the axis of the nanowires with 

minimal disruption from crystal defects or crystal misalignments. 

 In Chapter 4, exploration of a template-inspired sol-gel reaction was undertaken for the 

synthesis of Cr2O3 nanowires. This method proved to be facile and quite versatile, allowing for 

the creation of various sizes of nanowires, strictly based upon the physical pore size of the 

template channels utilized in the synthesis. Furthermore, the application of polycarbonate 

templates resulted in the complete removal and isolation of the nanowires during the subsequent 

high temperature crystallization and annealing step. Thus, it is not essential to either further 

purify or isolate the nanowires from the template utilized for the synthesis. Electron microscopy 

investigations (TEM and HRTEM) have revealed that the nanowires consisted of individual, 

single-crystalline nanoparticles physically adjoined to form a hierarchical 1D nanowire 

architecture. Subsequent analysis of the magnetic properties of the nanowire sample was 

consistent with a small exchange bias, owing to the small size of the constituent nanoparticles. 

This is a particularly interesting result, as it shows that the properties of a larger structure, in this 

case the 200 nm nanowire, are governed by the constituent component crystallites contained 

within, therefore, combining the ease of working with slightly larger structures with the 

advantageous properties of the smaller nanometer scale. These nanowires also showed activity 

towards the degradation of KClO4, a model for pollutants, thereby rendering our Cr2O3 

nanowires as a potential remediation catalyst.  Furthermore, the chromium oxide nanowires 

possessed interesting electronic properties, making them desirable in devices such as gas sensors 

for various, potentially harmful, gases like hydrogen or ammonia.. 

 Finally, in Chapter 5, the focus shifted from the synthesis of nanoscale materials to 

applications of nanomaterials in useful devices. The application of various morphologies of TiO2 
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was investigated for use in dye sensitized solar cell architectures. It was noted that, although a 

nanostructure may appear to have an extremely beneficial morphology, it is crucial to observe its 

applicability in an efficient device structure. More specifically, although our 3D sea-urchin-like 

materials exhibited a high functional surface area, when applied to a solar cell, it was found that 

the material packed inefficiently, thereby resulting in a loss of dye adsorption as well as a 

decrease in the number of possible electron pathways throughout the cell. However, another 

important factor observed was that some poor materials‟ properties can be mitigated by utilizing 

a combination of different morphologies.  More specifically, when a small amount of 

nanoparticles was added to the 3D sea-urchin-like material, an increase of nearly 1% was 

observed in the solar cell efficiency. This enhancement was attributed to the increased dye 

adsorption, as well as to increased bridging possibilities between the individual 3D motifs.  The 

use of various other titanates was also investigated for uses in solar cells.  It was found that these 

materials were far from ideal, thereby revealing low dye adsorption, low adhesion to the FTO, 

and overall low observed efficiencies. 

 It is through this compilation of work that it has been shown that various techniques can 

be utilized in order to effectively create 1D nanomaterials.  Indeed, the crystallinity, phase, and 

substructure of the material can be altered through the application of different synthetic 

techniques. It has also been shown that the fabrication of working devices is imperative towards 

the full characterization of a material, for it is only in a working device that advances in 

materials‟ synthesis and generation can be fully exploited.  
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