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Abstract of the Dissertation 

 

Modified Ambient Template-Directed Synthesis, Characterization 
and Applications of One-Dimensional Nanomaterials 

by 

Fen Zhang 

Doctor of Philosophy 
 

in 
 

Chemistry 
 

Stony Brook University 
 

2009 

Nanomaterials have attracted considerable attention due to their unique physical 

properties and potential applications as building blocks in nanoscale devices. In particular, 

the intrinsic anisotropy inherent in one-dimensional (1D) nanomaterials renders them the 

smallest dimension structures that can be utilized for the efficient transport of electron 

and optical excitation. The template-directed synthesis technique represents the most 

straightforward and versatile route for achieving 1D growth. However, there are still 

challenges including (1) the development of an environmentally-friendly synthetic 

method, (2) a deep understanding of the relationship between size, composition, and 

physical properties in 1D nanostructures, (3) the design of 1D nanomaterials with novel 

properties, and (4) the application of 1D nanostructures in various fields, such as energy, 

catalysis, and biotechnology. Hence, the synthesis and characterization of 1D 

nanostructures, as well as the complementary study of the novel properties and potential 

applications of the resulting nanomaterials have been the focal points of my graduate 

study. Specifically,  a modified template-directed technique has been developed, using a 

double-diffusion setup via a biomimetic crystallization process, which has enabled the 

successful preparation of various single-crystalline 1D nanostructures, including fluorides, 

tungstates, sulfides, and phosphates, under ambient, room-temperature conditions, 

without using either very harmful precursors or solvents, and without generating 
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particularly toxic byproducts. The family of alkaline-earth metal binary and perovskite 

ternary fluoride nanowires, doped with rare-earth ions, has displayed unique 

luminescence properties, with applications in optical devices. In addition, the generation 

of tungstate solid solution 1D nanostructures provides for a fundamental understanding of 

composition-modulated luminescence properties, leading to key structure-property 

correlations. A class of multifunctional 1D nanostructures has also been created by 

merging the favorable luminescent and magnetic properties via incorporating Mn ions 

into tungstate matrix. Moreover, the validity of this method has been demonstrated for 

the fabrication of semiconducting metal sulfide nanowires, which show higher 

photocatalytic degradation activity than their bulk counterparts. Finally, the technique has 

been extended to the large-scale synthesis of high aspect-ratio phosphate nanowires, 

which have been tested for their potential applicability as fluorescent labels in molecular 

imaging. The synthetic approach developed is quite generalized and flexible, and can be 

applied to the creation of other classes of nanomaterials. 
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Chapter I Background on Synthesis and Properties of 1D Nanomaterials 

 

 

1.1  Nanoscience and Nanotechnology 

“There's Plenty of Room at the Bottom” is the title of a famous lecture given by 

Richard Feynman in 1959. Feynman considered the possibility of direct manipulation of 

individual atoms as a more powerful form of synthetic chemistry than those used at the 

time. Since the discovery of carbon nanotubes by Sumio Ijima in 1991,1 the term “nano” 

has become widely used as a ubiquitous prefix in science and technology. Moreover, it is 

becoming widely recognized by the general public.2 “Nano” in the SI system of units 

denotes a factor of 10-9. For example, one nanometer is equal to one-billionth of a meter. 

To provide a clear perspective of the nanometer scale, Figure 1.1 shows length scales in 

context.3 Atoms are below a nanometer scale, whereas many molecules, including a 

number of proteins, range from a nanometer and upwards. 

Nanoscience is the study of phenomena and manipulation of materials at atomic, 

molecular and macromolecular scales, where properties differ significantly from those at 

a large scale.4 Nanoscience is associated with the intimate understanding and control of 

matter at dimensions of roughly 1 to 100 nm and is intrinsically important because of the 

genuine expectation that the properties of materials at this scale will differ significantly 

from those of their bulk counterparts.5 The field is highly interdisciplinary, encompassing 

aspects of physics, chemistry, biology, materials science and engineering, and medicine. 

Owing to widespread interest and investment, nanoscience is growing and progressing at 

an unprecedented rate. However, nanoscience is still largely in the “discovery phase” 

wherein new materials are being synthesized on small scales for testing specific physical 

properties. 
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Figure 1.1 Length scale showing the nanometer in context. Natural as well as man-made 
things are highlighted at a nanometer length scale and a micrometer length scale for 
comparison. Reproduced from the DOE website.3 
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Nanotechnology refers to the design, characterization, production and application 

of structures, devices and systems by controlling their shape and size at nanometer scale.4 

It is the science of designing and manipulating materials through atom by atom 

engineering. There are four critical challenges in the development of nano-scale science 

and technology: (1) materials synthesis with controlled structure and precision at the 

atomic/molecular scale, (2) property characterization of the structurally well understood 

components, (3) nanodevice fabrication, and (4) system manipulation and integration.6 In 

the emerging field of nanotechnology, a goal is to make nanostructures with special 

properties with respect to those of bulk or single particle species. 

Nanostructures, which are defined as having at least one dimension between 1 and 

100 nm, have received steadily growing interest as a result of their novel properties and 

applications superior to their bulk counterparts. The ability to generate such minuscule 

structures is essential to nanoscience and nanotechnology. In fact, examples of 

nanoscience and nanotechnology can be easily found in Nature, from the liposomes in 

cells that manufacture proteins atom-by-atom, to the chloroplasts of plants that turn 

sunlight, carbon dioxide, and water into copies of themselves.7 Moreover, gold and silver 

nanoparticles have been used as pigments in ceramics and stained glasses since the 10th 

century AD.8 During the past decade, scientists have developed techniques for 

synthesizing and characterizing many new nanostructures. Still, the design and synthesis 

of nanoscale materials with controlled properties is a significant and ongoing challenge 

within nanoscience and nanotechnology. 

There are a large number of opportunities that might be realized by making new 

types of nanostructures, or simply by down-sizing existing microstructures into the 

nanoscale regime. The most successful example is provided by microelectronics, where 

“smaller” has meant greater performance ever since the invention of integrated circuits: 

more components per chip, faster operation, lower cost and less power consumption.9 

Miniaturization also brings numerous interesting phenomena such as the well-established 

size-dependent excitation and emission, as well as new techniques associated with 

nanostructures, including the invention of the scanning tunneling microscope (STM) in 

1982 and the atomic force microscope (AFM) in 1986.10 
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Nanoscience and nanotechnology have created great excitement and expectation 

in the last few years, and have prompted collaboration between researchers in disparate 

disciplines, from chemistry and physics to biology, engineering and medicine, in order to 

share knowledge and techniques. Evolutionary developments in each of these fields 

towards investigating materials at increasingly smaller size scales have now come to be 

known as “nanoscience” and “nanotechnologies”.11   

 

1.2  Categorization of Nanomaterials 

Nanomaterials, as we discussed in section 1.1, either as nanoscale building blocks 

or nanostructures, are defined as possessing at least one dimension between 1 and 100 nm, 

and are the fundamental focal points of nanoscience and nanotechnology. Nanomaterials 

are usually categorized as zero-dimensional (0D), one-dimensional (1D), and two-

dimensional (2D) nanostructures, based on their number of dimensions at the nanoscale. 

0D nanostructures includes materials that are nanoscale in three dimensions, such 

as quantum dots, fullerenes, colloids, and cubes.12 With quantum dots as a model system, 

a rich number of interesting chemistry and physics has been studied by learning the 

evolution of their fundamental size-dependent properties. Quantum effects come into 

play when semiconducting particles are made small enough, limiting the energies at 

which electrons and holes can co-exist in particles. Since wavelength is related to energy, 

the optical properties of the particle can be finely tuned depending on its size.13 As a 

result, quantum dots can be made to emit or absorb specific wavelengths of light, merely 

by controlling their size. Using quantum dots as active components, various types of 

nanoscale devices have been fabricated, such as light-emitting diodes (LEDs),14 single-

electron transistors,15 optical detectors,16 sensors,17 and quantum-dot lasers.18 For most of 

its applications, it is believed that the dimension of an individual quantum dot may 

represent the ultimate limit to the miniaturization of currently existing functional devices.   

2D nanostructures are materials that have one of the three dimensions existing in 

the nanoscale, and these properties are extended in the other two dimensions, including 

layered structures such as thin films or surface coatings. In particular, thin films have 

been extensively studied for decades in the semiconducting and electronic device 
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manufacturing industries.19 For example, in the silicon integrated-circuit industry, most 

of the electronic devices predominantly rely on thin films for their operation.20 The 

fabrication and properties of the ultrathin layers are critical in the applications of thin film 

solar cells.21 Advances have been made to control the composition and smoothness of 

surfaces, as well as the growth of thin films. 

  1D nanostructures represent materials of which two of the three dimensions are at 

the nanoscale (and extended in one dimension), including wires, rods, belts, and tubes, 

which are the focus of the present work. It is generally accepted that 1D nanostructures 

provide a good system in order to investigate the dependence of electrical and thermal 

transport as well as mechanical properties on dimensionality and size reduction (or 

quantum confinement). They are also expected to play an important role as both 

interconnects and functional units in fabricating electronic, optoelectronic, 

electrochemical, and electromechanical devices at the nanoscale.22 As compared with 0D 

and 2D nanostructures, the advancement of 1D nanostructures has been slow until 

recently, as hindered by difficulties in their synthesis with controllable dimensions, 

morphology, phase purity, and chemical composition. The fabrication of 1D 

nanostructures with predictive, rational strategies is a major focal point of research for 

many groups worldwide. 

 Carbon nanotubes, for example, have been investigated intensely since Iijima’s 

discovery.1 Their large length and small diameter result in extremely high aspect ratios. 

Due to their novel chemical and physical properties, carbon nanotubes exhibit a wide 

range of applications, including in catalysis, energy storage, molecular electronics, drug 

delivery, and nanosensors.23-27 

Inorganic 1D nanostructures are currently a major topic in nanoscale research 

owing to their unique applications in mesoscopic physics and fabrication of nanoscale 

devices.28 They can be made from a number of materials, including metals, oxides, 

fluorides, chalcogenides, carbides, and nitrides. It has been reported that semiconducting 

nanowires made of silicon and gallium nitride demonstrate remarkable optical and 

electronic properties.29 Multisegmented nanorods have recently been developed as well, 

as opposed to single-component 1D nanostructures. Scientists working at the nanoscale 
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hope to design multicomponent nanostructures and exploit their inherent multiple 

functionalities for use in many novel applications.30 

 

1.3 Novel Properties of Nanomaterials 

Nanomaterials are fundamentally interesting not only because they are small but 

also because they possess fascinating size-dependent optical, electronic, thermal, 

mechanical, chemical and catalytic properties, which are potentially distinctive from their 

bulk counterparts as well as from the atomic or molecular precursors from whence they 

were derived.  This unique chemical and physical behavior of nanomaterials can in 

general be ascribed to the following attributes: 

(1) Increased relative surface area: As a particle decreases in size, more atoms are  

localized at the surface as compared with that inside the core of particle. For example, a 

palladium cluster measuring 7 nm in size possess 35% of its atoms on its surface, at 5 nm 

45% of its atoms, and at 1.2 nm 76% of its atoms. Figure 1.2 shows the percentage of 

surface atoms as a function of cluster diameter, where the surface atoms increase as the 

particle size decreases.31 Surface atoms are chemically more active (in other words, less 

stable) as compared with interior atoms because they usually have fewer adjacent 

coordinated atoms as well as possess more unsaturated or dangling bonds. It has 

generally been accepted that the property of a material depends strongly on the nature of 

surface atoms. For example, as catalytic chemical reactions occur at surfaces, metallic 

nanostructures demonstrate a much higher reactivity than their bulk counterparts. 

Moreover, they have been widely used as catalysts, fuel cells, and batteries with higher 

efficiency.32 

(2) Quantum effects or spatial confinement: A particle behaves as if it were free  

when the confining dimension is large as compared with the wavelength of the particle. 

In addition, the band gap remains at its original energy due to its continuous energy state. 

As the dimension dramatically decreases down to a certain limit, typically at the 

nanoscale, the energy levels become discrete. As a result, the band gap becomes size-

dependent. This can significantly affect the optical, electric and magnetic properties of 
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nanomaterials. For example, different sized quantum dots emit different colored light due 

to quantum confinement.33 

(3) Reduced imperfections: A self-purification process is involved in 

nanomaterials in that the impurities and defects tend to move to near the surface of 

nanostructures. The imperfection of the particle surface induces additional electronic 

states in the band gap, which act as electron or hole trap centers. With a high density of 

surface defects, for example, a decrease in the observed transition energy and a red-

shifted emission can be observed due to defect band formation.34 However, the chemical 

stability and mechanical property may be enhanced due to increased perfection inside 

nanostructures. For instance, carbon nanotubes have been reported to possess a Young’s 

modulus much higher than that of high strength steel.35 

 

1.4 Properties and Applications of 1D Nanomaterials 

Applications of nanomaterials can be traced back for centuries. Specifically, 

colloidal gold and silver nanoparticles have been used as pigments in stained glass church 

windows. As compared with bulk materials, low-dimensional nanoscale materials, with 

their large surface areas and possible quantum confinement effects, exhibit novel physical, 

optical, thermal, electronic, magnetic, and mechanical properties. In many cases, 1D 

nanomaterials are superior to their counterparts with larger dimensions. For example, 

cyclic voltammetric detection limits for electroactive species located at an array of 

cylindrical gold nanoelectrodes could be three orders of magnitude lower than those 

observed using a conventional disk microelectrode made of bulk gold.36 It is obvious that 

1D nanostructures with well-controlled dimensions, composition, and crystallinity 

represent a new class of intriguing systems for investigating structure-property 

relationships and related applications. 
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Figure 1.2 The percentage of surface atoms changes with the palladium cluster diameter. 
The samples used in this study are marked by black dots.31 
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1.4.1 Thermal Stability 

The thermal stability of 1D nanostructures is of critical importance for their 

implementation as building blocks in nanoscale devices. It has been reported that the 

melting point of a solid material will be greatly reduced when it is processed into 

nanostructures.37 For example, a Ge nanowire of 55 nm in diameter and 1 μm in length 

started to melt from both ends at about 650 °C, while the melting point of bulk Ge is 

930 °C.38 The remarkable reduction in melting point associated with 1D nanostructures 

has several important implications. First of all, the annealing temperature necessary for 

the synthesis of defect-free nanowires might only be a small fraction of the annealing 

temperature required for the bulk materials. Therefore, the purification of nanowires can 

be performed at modest temperatures. Secondly, a reduction in melting point enables one 

to cut, interconnect, and weld nanowires at relatively low temperatures, thereby providing 

a new tool to integrate 1D nanostructures into functional devices. Thirdly, as the 

diameters of 1D nanostructures can be reduced to sufficiently thin dimensions, their 

stabilities become extremely sensitive to environmental changes. Nanowires may 

spontaneously break up into shorter segments so as to reduce the high free energy 

associated with 1D nanostructures.39  

1.4.2 Electron Transport Properties 

As the critical dimension of an individual device becomes smaller and smaller, 

the electron transport properties of their components become an important issue to study. 

Miniaturization in electronics is expected to increase computing speed. Single-walled 

carbon nanotubes have recently been explored for nanoelectronic devices, such as single-

electron transitors, field-effect transistors (FETs), sensors, and circuits.40-43 Their 

electrical conductivity depends on their diameter and the inherent helicity of their 

graphen sheet. In addition, it has been shown that some metallic nanowires may undergo 

a transition to become semiconducting as their diameters are reduced below certain 

values.44 As a result of quantum confinement, it was proposed that the external 

conduction sub-band and valence sub-band moved in opposite directions so as to open up 

a bandgap. 
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Another issue related to the electronic applications of 1D nanostructures is the 

assembly of these building blocks into various devices. To this end, a number of groups 

have demonstrated methods capable of directing the assembly of 1D nanostructures into a 

variety of electronic devices. It is worth noting that the Lieber group has been able to 

assemble semiconductor nanowires into cross-bar p-n junctions and junction arrays with 

controllable electrical characteristics with yields as high as 95%.45 This “bottom-up” 

approach to nanoelectronics not only leads to a high density of devices on a chip, but also 

provides greater flexibility to generate tailored materials for a desired device 

functionality. 

1.4.3 Optical Properties 

Similar to quantum dots, size confinement also plays an important role in 

determining the energy levels of 1D nanostructures once their diameters are reduced 

below a critical value (Bohr radius). It has been reported that the absorption edge of Si 

nanowires was significantly blue-shifted as compared with the indirect bandgap of bulk 

silicon.46 Sharp, discrete features in the absorption spectra and relatively strong “band-

edge” photoluminescence were also observed in the system. These optical features most 

likely originated from quantum confinement effects, although surface states might also 

add additional contributions. As compared with quantum dots, light emitted from 

nanowires is highly polarized along their longitudinal axes. For example, the anisotropy 

in the PL intensities in the direction parallel to and perpendicular to the long axis of an 

individual, isolated InP nanowire can be used to fabricate polarization sensitive nanoscale 

photodetectors, which may find applicability in optical switches, near-field imaging, and 

high resolution detection.47 

Semiconductor nanorods have also been used to enhance the processibility and 

efficiency of solar cells. The Alivisatos group has fabricated thin-film photovoltaic 

devices by combining CdSe nanorods with polythiophenes so as to obtain hybrid 

materials.48 The performance of this device could be tuned by controlling the aspect 

ratios of the nanorods. In addition, the nanorods highlighted superior capability to 

quantum dots, because they could provide a direct path for electrical transport at much 

lower loadings. 
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Moreover, the surface plasmon resonance (SPR) properties of 1D nanostructures 

made of noble metals, such as Au and Ag, have been extensively studied. There exist two 

SPR modes in 1D nanostructures, corresponding to the transverse and longitudinal 

excitations. The latter one can be easily tuned to span across the spectral region from 

visible to near-infrared by controlling their aspect ratios.49 Coupled with biological 

inertness, Au and Ag nanorods are ideal candidates for applications as contrast enhancing 

reagents and biological labels for in vivo optical imaging. 

1.4.4 Field-Emission Properties 

It is well known that 1D nanostructures with sharp tips can be used as cold 

cathode in the field emission of electrons. Apart from carbon nanotubes, Si, SiC and ZnO 

nanorods have also exhibited well-behaved and robust field emission.50, 51 These 

nanorods exhibited a particularly high electron field emission, as well as good stability. 

Considering their ease of preparation, they have found wide applicability as active 

components in field-emission display devices. 

1.4.5 Sensing Applications 

Another major application for 1D nanostructures is related to the sensing of 

molecules, ranging from medical, environmental, to security-checking purposes.22 The 

extremely high surface-to-volume ratios associated with 1D nanostructures make them 

extremely sensitive to species adsorbed on surfaces. For example, semiconductor 

nanowires have been modified and implemented as highly sensitive, real-time sensors for 

pH and biological species.52 This mechanism can be explained in terms of the change in 

surface charge induced by protonation and deprotonation. The small dimensions and high 

sensitivities associated with these sensors suggest that they are good candidates for array-

based screening and in vivo diagnostics. 

1.4.6 Mechanical Properties 

Single crystalline 1D nanostructures are supposed to be significantly stronger than 

their bulk counterparts, due to a reduction in the number of defects per unit length. 

Atomic force microscopy (AFM) has been used to determine the mechanical properties of 

individual nanorods, including elasticity, strength, and toughness.53 The large Young’s 

modulus associated with SiC nanorods implies that these 1D nanostructures are a class of 
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promising candidates that will generate strong composites, with ceramic, metal or 

polymer serving as the matrix. 

1.4.7 Catalytic Properties 

In general, nanomaterials with higher surface area provide for higher catalytic 

activity, which also depend on crystal shape, including faces, edges, corners, and defects. 

Catalytic activity often takes place at defects on the surfaces, steps, and kinks of 1D 

nanostructures. They allow for special bonding situations which are favorable for the 

breaking and making of bonds.54 In addition, atoms near the surfaces of nanosturctures 

are much more flexible to move around than in the bulk. Therefore, surface 

reconstruction is much easier. Moreover, crystalline 1D nanostructures allow for more 

uniformity in the size and chemical structure of the catalyst, which therefore lead to 

greater catalytic activity and the production of fewer byproducts. It is also possible for 

specific or selective catalytic activity.55  

 

1.5 Synthesis of 1D Nanomaterials 

Both top-down and bottom-up approaches have been developed for the synthesis 

of nanomaterials. Top-down approaches are usually referred to as conventional 

manufacturing, which create nanomaterials by using larger, externally controlled 

components to direct their assembly, including milling, lithography, repeat quenching, 

and ink-jet printing. By contrast,  bottom-up methods create complex assemblies from 

smaller components, such as molecules and atoms, using an atom-by-atom or molecule-

by-molecule approach, which can produce nanomaterials or nanoscale devices in 

parallel.56 

In general, top-down approaches offer reliability and device complexity, but they 

are more expensive, energy inefficient, and more wasteful as compared with bottom-up 

approaches. In the electronics industry, top-down methods dominate in the production of 

computer chips. However, the bottom-up strategy relies on the controlled growth of 

nanomaterials, pursued within the disciplines of materials science and chemistry.2 

Specifically, the goal of the present work is to control with atomic precision the 
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morphology, structure, composition, and size of nanomaterials, since these will define 

and enable our control over the physical properties of the resulting materials. 

1.5.1 General Synthetic Approaches 

The essence of 1D nanostructure formation is about crystallization, a process that 

has already been investigated for centuries. The evolution of a solid from a vapor, liquid, 

or solid phase involves two fundamental steps, namely nucleation and growth.58 As the 

concentration of the building blocks, such as atoms, ions, or molecules, become 

sufficiently high, they aggregate into small clusters, which are known as nuclei, through 

homogeneous nucleation. With a continuous supply of the building blocks, these nuclei 

can serve as seeds for further growth so as to form larger structures. The process is 

schematically illustrated in Figure 1.3. Although it has been studied for decades, very 

little is quantitatively known about this process. It is still a significant challenge to 

achieve complete control over the whole process. 

When developing a synthetic method for generating 1D nanostructures, the most 

important issue is the simultaneous control over dimensions, morphology, and 

monodispersity. In the past several years, a variety of chemical methods have been 

demonstrated as the bottom-up approach for achieving 1D growth, including the  chimie 

douce solution method,59, 60 the vapor-liquid-solid (VLS) method,28, 61 the use of 

template-inspired method,62, 63 the kinetic control of growth using appropriate capping 

reagents,64, 65 the utilization of hydrothermal and solvothermal methods,66, 67 a sol-gel 

processing method,68 the use of microemulsions,69 and biomimetic methods.70 Figure 1.4 

schematically illustrates some of these synthetic strategies that include: (A) use of an 

intrinsically anisotropic crystallographic structure of a solid to accomplish 1D growth; (B) 

introduction of a liquid-solid interface to reduce the symmetry of a seed; (C) use of 

various templates with 1D morphologies so as to direct the formation of 1D 

nanostructures; (D) use of appropriate capping reagents to kinetically control the growth 

rates of various facets of a seed; (E) self-assembly of 0D nanostructures; and (F) size 

reduction of 1D micron-scale structures. 
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Figure 1.3 Schematic illustrating the processes of nucleation and subsequent growth.57 
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Figure 1.4 Schematic illustrations of six different strategies that have been demonstrated 
for achieving 1D growth: A) dictation by the anisotropic crystallographic structure of a 
solid; B) confinement by a liquid droplet as in the vapor-liquid-solid process; C) direction 
of growth through the use of a template; D) kinetic control provided by a capping reagent; 
E) self-assembly of 0D nanostructures; F) size reduction of a 1D micron-scale structure.22 
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Among the above methods, for example, in sol-gel process, because of the 

involvement of high temperature annealing, the resulting products are normally 

aggregates of nanoparticles. Furthermore, it is very difficult to control the shape of the 

products. Advantages of using microemulsion method include the preparation of very 

small particles and the ability to control particle size, while disadvantages include low 

product yields and the need to use large amount of liquids, so as related to the biomimetic 

process. Hydrothermal and solvothermal approaches generate a relative large number of 

products. However, they suffer from long reaction times and high reaction temperatures, 

as well as toxic byproducts associated with certain systems. 

1.5.2 Template-Directed Synthesis 

The template-directed synthesis technique represents a conceptually 

straightforward and versatile way to prepare 1D nanostructures. This method involves the 

synthesis of desired materials within the pores of template membranes. The template 

serves as a central confining structure, within which a different material is formed in situ 

and shaped into a nanostructure with its morphology based on that of the underlying 

template. The chemical and physical properties of these template membranes (i.e., pore 

geometry and monodisperse diameters) enable a high degree of control over the 

dimensions of the resulting 1D nanostructures. Another useful feature of this technique is 

that it is extremely generalized with respect to the types of materials that can be prepared. 

Indeed, nanotubes and nanofibrils of conductive polymers, metals, semiconductors, 

carbon, and other types of materials have been prepared within the confines of cylindrical 

pores of membranes.71-75 Moreover, these tubular or fibrillar nanostructures can be 

assembled into a wide variety of different architectures. For instance, if a nanostructure-

containing membrane were to be attached to a substrate and the membrane were to be 

subsequently removed, an ordered assembly, e.g. a vertical array of micro- or 

nanostructures protruding out from the surface of the substrate, can in principle be 

obtained. 

Many different types of template membranes have been successfully used by 

various research groups worldwide, and it is generally agreed that templated syntheses 

are relatively simple, reasonably high-throughput, and cost-effective procedures, all of 
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which are conducive to their generalized applicability and hence, environmental 

acceptability. There are two general types of templates used, namely “soft” templates and 

“hard” templates. Naturally occurring gels, micelles, and chitin scaffolds are often 

considered as soft templates for the precipitation of single crystals of calcium carbonate 

and of calcium phosphate.76-78 Other soft templates include DNA strands, polymer 

matrices, and reverse micelles. Hard templates tend to be associated with materials such 

as anodic alumina membranes and track-etched polycarbonate membranes, many of 

which are commercially available.79 As a major drawback, nanostructures synthesized 

using template-directed methods are often polycrystalline, and the quantity of 

nanomaterials that can be produced in each synthesis run is relatively limited. 

  Herein, we focus on the class of templates with channels in porous membranes for 

the use in the synthesis of 1D nanostructures. This conventional template-directed 

method was pioneered and popularized by Martin’s group.74, 80, 81 Two types of porous 

membranes are commonly used: alumina films containing anodically etched pores and 

polymer films containing track-etched channels. Porous alumina membranes are often 

prepared using anodization of aluminum foils in an acidic medium, and they usually 

possess a high pore density (ranging as high as 1011 pores per cm2), parallel and straight 

channels, a distribution of cylindrical pores of highly uniform diameter arranged in a 

hexagonal array, and size tunability of ~5 to 300 nm. Moreover, these templates are 

thermally and mechanically stable.73-75 However, there is a need to selectively remove 

these templates without destroying the products, by using chemical post-synthesis 

treatments, such as the etching reagent NaOH, in order to collect the desired 

nanostructures. For track-etching, a polymer film is irradiated with heavy ions (from 

nuclear fission) so as to generate damaged spots in the surface of this film. These spots 

are then amplified through chemical etching to generate uniform, cylindrical pores 

penetrating the membrane film. The pores fabricated using this method are often 

randomly scattered across the membrane surface, and their orientation may also be tilted 

by as much as 34° with respect to the surface.82 Polymer membranes can be removed 

through simple dissolution with a noninterfering, organic solvent such as 

dichloromethane. 
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 A variety of materials have been examined for use with this class of templates, as 

diverse as semiconductors,83 metals,84 ceramics,85 and organic polymers.86 The precursors 

can be loaded into the pores using a method based on ultra vapor-phase sputtering, liquid-

phase injection, or solution-phase chemical or electrochemical deposition. It is worth 

mentioning that the precursors might be preferentially deposited as uniform layers on the 

walls of these pores in order to form tubular 1D nanostructures, instead of solid rods, as 

indicated in Figure 1.5. In both cases, the resulting 1D nanostructures can exist as well-

aligned arrays within the membranes, or they can be released from the templates and 

collected as ensembles in free-standing form.87 

The major advantage associated with template-directed synthesis is that both the 

dimensions and compositions of 1D nanostructures can be easily controlled by varying 

experimental conditions. However, most nanomaterials produced by conventional 

templating procedures are polycrystalline, despite the variety of different deposition 

strategies used, including electrochemical deposition, electroless deposition, 

polymerization, sol-gel deposition, and layer-by-layer deposition in nanoporous templates. 

The reason for the observed polycrystallinity is that many of these methods require 

additional annealing steps at high temperatures.74, 75, 88, 89 
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 Figure 1.5 Schematic drawing illustrating the formation of nanowires and nanotubes by 
filling and partial filling of the pores within a porous membrane with desired precursor 
materials.87 
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1.6  Objectives of Present Work 

On the basis of the previous discussion, various nanomaterials have drawn 

continuous research attention because of their unique electrical, optical and magnetic 

properties that are different from those of the bulk, as well as their potential applications 

in mesoscopic research and in nanoscale devices. In particular, the intrinsic anisotropy 

inherent in 1D nanostructures renders them the smallest dimensional structures that can 

be utilized for the efficient transport of electrons and optical excitations. Thus, nanowires, 

nanorods, nanobelts, and nanotubes are often used as functional building blocks for the 

assembly of electronic, optoelectronic, and sensing devices. 

Over the past decade, a tremendous amount of work has been accomplished in the 

synthesis of 1D nanostructures, especially via the template-directed method. However, 

there are still challenges that we intend to address in the thesis: 

(1) Development of an environmentally-friendly synthetic method (e.g. use of 

cost-effective, nontoxic precursors, room temperature, if at all possible. 

(2) Understanding of the relationship between size, composition and physical 

properties in nanomaterials. 

(3) Design of 1D nanostructures with novel properties. 

(4) Application of as-prepared nanomaterials in various fields, including in 

energy, catalysis and biotechnology. 

Hence, the synthesis and characterization of 1D nanostructures, as well as the 

study of the novel properties and potential applications of the resulting nanomaterials 

have been focal points of my study. The main research results we have achieved can be 

summarized as follows. 

1.6.1 Single-crystalline alkaline-earth metal Binary fluoride nanowires and 

perovskite ternary fluoride nanorods 

Fluorides possess wide applicability in optics, biological labels, and lenses, as 

well as components of insulators, gate dielectrics, wide-gap insulating overlayers, and 
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buffer layers in semiconductor-on-insulator structures. In addition, fluorides, doped with 

rare-earth ions such as Eu+3, Nd+3, and Ho+3, have also been reported to display unique 

luminescence properties with correspondingly useful applications in diagnostics, lasing, 

solid-state light emitters, light amplification, optical telecommunication, and 

upconversion. It is reasonable to expect that nanoscale fluorides will play an important 

role in technological applications, including as high-density optical storage devices, 

nanosensors, and color displays. To the best of our knowledge, there have not been any 

reported syntheses of 1D nanostructures of either binary fluorides (CaF2, SrF2, and BaF2) 

or ternary fluorides (KMnF3 and NH4MnF3). In our work, we address the issue by 

applying a modified template-directed method so as to prepare single-crystalline alkaline-

earth metal binary fluoride nanowires and perovskite ternary fluoride nanorods. (Figure 

1.6 and 1.7) 
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Figure 1.6 SEM image of as-prepared CaF2 nanowires, and the PL spectra of rare-earth 
ion-doped CaF2 nanowires, as well as the corresponding optical image. 
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Figure 1.7 SEM image of as-prepared KMnF3 nanorods and the corresponding 
perovskite atomic structure. 
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1.6.2 Solid solutions of various compositionally-defined single-crystalline alkaline-

earth metal tungstate nanorods 

Alkaline-earth-metal tungstates AWO4 (Ca, Sr, Ba) represent an important family 

of inorganic, electrooptic materials with their distinctive scheelite structure and 

associated highly interesting physical properties such as excitonic luminescence, 

thermoluminescence, and stimulated Raman scattering (SRS). In fact, they are keenly 

sought as host materials for a wide range of technologically significant applications, 

including as phosphors, gas sensors, laser media, and optical fibers as well as components 

of electrochromic devices, amplifiers, diagnostic medical equipment, microwave systems, 

and the next generation of scintillator detectors. In this work, we seek to gain a 

fundamental understanding of how slight but controlled variations in the chemical 

composition of these scheelite materials may lead to favorable structure-property 

correlations in these systems. (Figure 1.8) 

1.6.3 Multifunctional Doped Tungstate Nanorods 

There is a high interest in developing versatile and flexible nanomaterials that are 

multifunctional, multicomponent, and multifaceted in their properties and, hence, 

potential applications. The idea is to create robust “smart” nanomaterials that can 

intrinsically and effectively respond to multiple, often disparate sets of external stimuli. 

In this work, we seek for the first time to merge the favorable properties of both classes 

of tungstates by incorporating Mn ions into the alkaline-earth metal tungstate scheelite 

matrix, thereby generating a separate family of novel materials endowed with both 

desirable luminescent as well as magnetic properties that mutually coexist within one 

structure without any evident property dilution. (Figure 1.9) 
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Figure 1.8 SEM image of as-prepared CaWO4 nanorods, XRD patterns and PL spectra of 
solid solution Sr1-xCaxWO4 nanorod samples. 
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Figure 1.9 Photoluminescence spectra and SQUID data of Mn-doped alkaline-earth 
metal tungstate nanowires. 
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1.6.4 Semiconducting metal sulfide nanowires and their photocatalytic application 

Semiconducting metal sulfide nanowires have been used as building blocks for a 

number of nanoscale energy conversion, photonic, and electro-optical devices (including 

field-effect transistors, light emitting diodes, logic gates, lasers, waveguides and solar 

cells), as well as electronic circuits. It would be desirable to develop a protocol that 

allows for a green, cost-effective methodology of metal sulfide 1D nanoscale synthesis 

without the need to sacrifice on sample quality, crystallinity, monodispersity, and purity. 

In this work, we have successfully demonstrated the validity of the template-directed 

method for the fabrication of CuS, PbS and CdS 1D nanostructures. (Figure 1.10) 

1.6.5 Large-scale growth of high aspect ratio single-crystalline rare-earth phosphate 

nanowires and application for bioimaging 

Rare-earth orthophosphate (LnPO4) has played an important role as a biological 

label and probe. Phosphates show excellent chemical stability, long lifetime, high 

quantum yield, and low toxicity. Lanthanide probes also possess many distinctions, such 

as a sharp emission band and large Stokes shifts, so that the fluorescent signal can be 

detected far from the excitation wavelength with zero absorption, thereby improving 

sensitivity.  Herein, we report the first demonstration of a room-temperature fabrication 

of ultrathin Tb-doped CePO4 nanowires on a large scale, and their use as fluorescent 

labels for in vivo bioimaging. (Figure 1.11) 
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Figure 1.10 SEM and TEM images of semiconducting metal sulfide (CuS, PbS, and CdS) 
nanowires, as well as novel CdS cactus-like nanostructures. The center plot demonstrates 
the photocatalytic activity of CdS different morphologies. 
 

 

 

 

 

 



29 

 

 

Figure 1.11 SEM image of as-prepared single-crystalline Tb-doped CePO4 nanowires of 
high aspect ratio, PL spectra of the nanowires prior to (black) and after (red) redox cycles, 
as well as confocal fluorescence microscopy images of HeLa cells after incubation with 
fluorescent nanowires. 
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1.7 Nanomaterial Characterization Methods 

After synthesis of the various systems of nanomaterials, a number of different 

characterization techniques have been applied to study their morphology, crystallinity, 

purity, phase and physical properties. 

1.7.1 X-ray powder diffraction (XRD) 

Crystallographic information on the resulting nanomaterials was obtained on a 

Scintag diffractometer, operating in the Bragg configuration using Cu Kα radiation (λ = 

1.54 Å). XRD samples were generated by thorough grinding in ethanol using a mortar 

and pestle, followed by loading onto glass slides and subsequent drying in air. Diffraction 

patterns were collected between 10 and 80° (2-theta) at a scanning rate of 2° per minute 

with a step size of 0.02°. The range of 2-theta used was specific to certain samples. 

Parameters used for slit widths and accelerating voltage were identical for all samples. 

1.7.2 X-ray photoelectron spectroscopy (XPS) 

Pressed sample wafers were attached to stainless-steel holders using conductive 

double-sided tape and placed in the vacuum chamber of a Model DS800 XPS surface 

analysis system (Kratos Analytical Plc., Manchester, UK). The chamber was evacuated to 

a base pressure of ~5×10-9 torr (1 torr ~1.33 Pa). A hemispherical energy analyzer was 

used for electron detection. XPS spectra were first collected using a Mg Kα X-ray source 

at 80 eV pass energy and in 0.75 eV steps for each sample survey spectrum. As-obtained 

spectra were plotted and used to generate estimates of the atomic and weight 

concentrations of the elements indicated by the peaks present in the spectral data. High-

resolution spectra were collected for the major elements detected to study their chemical 

bonding structures and were obtained at a pass energy of 40 eV and in 0.1 eV increments 

in order to correct for differential charging effects noted during data collection. High-

resolution data were then peak fitted, plotted and tabulated to highlight the chemical 

species present for each major element detected. 

1.7.3 Electron Microscopy 

Scanning electron microscopy (SEM). The particle size and morphology of the 

resulting nanomaterials were initially characterized using a field emission SEM (Leo 

1550) at accelerating voltages of 15 kV. This instrument was equipped with energy 
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dispersive X-ray spectroscopy (EDS). Specifically, the resulting nanomaterials were 

deposited onto Si wafers, which were then attached onto the surface of SEM brass stubs 

using a Cu tape. Samples were then conductively coated with gold by sputtering them for 

10 seconds twice to minimize charging effects under standard SEM imaging conditions. 

Transmission electron microscopy (TEM). Specimens for TEM and high-

resolution TEM (HRTEM) were obtained by drying the resulting nanomaterial droplets 

from an ethanol dispersion onto a 300 mesh Cu grid coated with a lacey carbon film. 

TEM images were taken at an accelerating voltage of 120 kV on a Philip CM12 

instrument. High resolution images were obtained on a JEOL 2010F HRTEM at an 

accelerating voltage of 200 kV. This instrument was equipped with an Oxford INCA 

EDS system with the potential of performing selected area electron diffraction (SAED) in 

order to further characterize individual nanomaterials. 

1.7.4 Superconducting quantum interference device (SQUID) 

Magnetization measurements were obtained using a magnetic property 

measurement system (MPMS) magnetometer. Powder samples of the resulting 

nanomaterials were pressed lightly, then loaded into a gel cap, and covered with silica 

wool. This was held within a uniform drinking straw, which was attached to the sample 

rod of the MPMS apparatus. Signals generated by measurements of an empty sample 

holder demonstrated that the holder assembly contributed <1% to the overall magnetic 

signal. 

1.7.5 Optical Spectroscopy 

UV-visible spectroscopy. UV-vis spectra were obtained at high resolution on a 

Thermospectronics UV1 spectrometer using quartz cells with a 10-mm path length. 

Specimens were sonicated in distilled water so as to yield homogenous dispersions. UV-

vis absorption spectra were recorded using distilled water as a blank.  

Photoluminescence (PL) spectroscopy. Samples for PL spectra were dispersed in 

deionized water and sonicated for a few minutes. Fluorescence data were obtained at 

room temperature on a Jobin Yvon Spex FluoroMax-4 instrument with a 10 s integration 

time. PL spectra for different nanostructures were measured at corresponding excitation 

wavelengths respectively.  
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Fourier transform infrared (FTIR) spectroscopy. FTIR spectra were obtained on a 

Nexus 670 (ThermoNicolet) equipped with a single-reflectance ZnSe ATR accessory, a 

KBr beam splitter, and a DTGS KBr detector. As-prepared solid powder samples were 

placed onto a ZnSe crystal, where data were taken with a reproducible pressure. A 

background correction was performed using the ZnSe crystal in the spectral range studied. 

Raman spectroscopy. Specimens were prepared by depositing a droplet of the 

resulting nanomaterials from an ethanol dispersion onto a Si wafer. The spectra were 

acquired with a Raman micro spectrometer (Renishaw 1000, Drexel University Central 

Characterization Facility) using an Ar ion laser (514.5 nm) in back-scattering geometry. 

A 50x objective and low laser power density were chosen for irradiation of the sample 

and signal collection. The laser power was kept low enough to avoid heating of the 

samples by optical filtering and/or defocusing the laser beam at the samples surface. 

Spectra were collected in the range of 1000 to 100 cm-1 with a resolution of 1 cm-1. 
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Chapter II Single-Crystalline Alkaline-Earth Metal Binary Fluoride Nanowires and 

Perovskite Ternary Fluoride Nanorods 

 

 

2.1 Introduction 

As a class of materials, solid inorganic fluorides possess a number of interesting 

properties such as electron-acceptor behavior, a large optical transmission domain, high 

resistivity, and anionic conductivity.1 Not surprisingly, fluorides have found wide 

applicability as components of high-density optical devices, lenses, biological labels, 

sensors, and insulators.2-5 In addition, fluorides doped with rare-earth ions such as Eu+3, 

Nd+3, and Ho+3, have also been reported to display unique luminescence properties with 

correspondingly useful applications in diagnostics, lasing, solid-state light emitters, light 

amplification, optical telecommunication, and upconversion.6-8 It is reasonable to expect 

that with the rapid shrinkage in the size of electronic and optical devices, nanoscale 

fluorides may play an important role in a variety of technological applications.9-11 

In general, the preparation of novel nanomaterials with control of size, shape, and 

morphology continues to be actively pursued because of fundamental scientific 

considerations. At the same time, the potentially broad applicability and high 

technological promise of these nanomaterials arises from their intrinsically intriguing 

physicochemical properties which are expected to be enhanced as compared with those of 

the bulk. Specifically, the study of 1D nanostructures, including nanowires, nanobelts, 

nanorods, and nanotubes, is of fundamental interest because of their singular properties 

associated with quantum confinement and low dimensionality. In particular, anisotropic 

1D systems represent the smallest dimension structures that can be used for the efficient 

transport of electrons and optical excitations. As such, they have potential applications as 

building blocks for the assembly of nanoscale electronic, optoelectronic, and sensing 

devices.12 Hence, the problem of devising convenient synthesis methods to produce 

chemically well-defined, monodisperse, single-crystalline nanostructures, with 
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controllable size, shape, and morphology using environmentally friendly protocols 

remains a vital challenge in nanoscale chemistry. 

Whereas prior efforts have generally focused on carbon nanotubes, quantum dots, 

metallic nanoparticles, as well as metal oxide nanostructures, the preparation of low-

dimensional nanoscale alkaline-earth metal fluorides, including barium fluoride, 

strontium fluoride, and calcium fluoride, is at a nascent stage. To the best of our 

knowledge, there have not been any reported syntheses of CaF2 and SrF2 1D 

nanostructures, except for their 0D nanoparticulate formulations.13-15 Similarly, literature 

on nanoscale barium fluoride has focused almost exclusively on nanoparticulate motifs;2, 

3, 5 high aspect ratio (> 1000) BaF2 whiskers have been synthesized using a 

microemulsion- mediated hydrothermal method.10 Therefore, the development of facile, 

mild, and effective approaches for generating size-controllable 1D fluoride 

nanostructures remains a significant challenge.  

What is less known is that ternary metal fluorides, possessing cubic perovskite 

structures with a chemical formula of AMnF3 (A = K, NH4, Rb, Tl, Cs), are 

antiferromagnetic and that these materials have generated considerable interest due to 

their exceptional magnetic, piezoelectric, and photoluminescent properties.16-18 In fact, 

this family of cubic perovskites provides an excellent example of simple cubic 

Heisenberg antiferromagnets with spin S = 5/2.19 A good deal of the research into 

magnetic nanostructures has been associtated with ferro- and ferrimagnetic materials. 

Antiferromagnetic compounds are also of great technological importance as they are 

responsible for the exchange-bias (EB) effect,18 which is widely used in state-of-the-art 

magnetic storage devices. Their relevant applications include but are not limited to the 

field of giant magnetoresistant (GMR) materials. 

Regarding previous work with these materials, to the best of our knowledge, 

whereas nanoscale motifs of KMnF3 and NH4MnF3 have been produced, their one-

dimensional (1D) nanostructured analogues have not as yet been fabricated.20-23 In terms 

of NH4MnF3, nanocrystallites measuring 10 to 60 nm have been synthesized using a 

microemulsion technique with size control obtained by varying aqueous phase content, 

salt concentration, synthesis temperature, and mixing time of reagents.20 In addition, 
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(100)-oriented NH4MnF3 perovskites with different morphologies have been synthesized 

in situ using an organic template.21 KMnF3 nanoparticles, measuring ~68 nm, have been 

generated using a reverse micelle technique and self-assembled into periodic arrays.22 By 

contrast, comparatively little work, with the exception of a solvothermal synthesis of 

acicular KMnF3 nanostructures at 160 °C,23 has been performed on the fabrication and 

characterization of 1D structures of ternary metal fluoride nanorods. 

As discussed in Chapter I, whereas conventional templating procedures typically 

generate polycrystalline products as a result of the necessity of additional annealing steps 

at high temperature, we have recently developed a modified template-synthesis technique, 

enabling us to prepare a family of single-crystalline nanorods. In this Chapter, we report 

on the successful generalization of this synthetic approach to the synthesis of nanowires 

of not only binary alkaline-earth metal fluorides but also more complex perovskite 

ternary fluorides. 

 

2.2 Experimental Section 

2.2.1 Materials Preparation  

Commercially available polycarbonate membranes (Whatman Co., UK) used in 

this study contain pore sizes of 50, 100, and 200 nm diameter, respectively, with a 

thickness of ca. 6 μm. These polycarbonate filters contain track-etched channels. Pores 

were randomly distributed across the filter membranes, and pore densities were quoted as 

approaching 3 × 108 pores cm–2. In order to avoid air-bubble formation on their surfaces, 

the membranes were prehydrated by immersion and sonication in a small volume of 

distilled, deionized water for a few minutes. Subsequently, the membrane was placed 

between the two arms of a U-shaped tube. 

To limit unwanted particle formation and deposition onto the exterior of our 

polycarbonate templates, we sought to ensure that the nanowire products were being 

selectively fabricated within the inner pores only. To this end, we used microcontact 

printed octadecyltetrachlorosilane (OTS) self-assembled monolayers as passivation layers 

on the external surfaces of polycarbonate membranes.24 Hence, prior to mounting of the 

polymeric membrane templates between the two halves of the U-shaped tube, both sides 
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of the polycarbonate membranes were gently pressed with a homemade 

polydimethylsiloxane stamp, which had been initially inked with a 10 mM hexane 

solution of OTS and subsequently dried with nitrogen. 
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Figure 2.1 Schematic of the experimental setup used to synthesize alkaline earth metal 
fluoride nanowires. The polycarbonate membranes used in this work had pore diameters 
of 50, 100 and 200 nm, respectively. 
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In a typical synthesis of alkaline-earth metal binary fluoride nanowires, each half 

cell was filled with a solution of 0.25M NH4F and either 0.125 M CaCl2, SrCl2, or 

Ba(NO3)2 solutions to generate calcium fluoride, strontium fluoride and barium fluoride 

nanowires, respectively (Figure 2.1). After immersion times of up to 12 h at room 

temperature, the polycarbonate membrane was detached and thoroughly washed with 

deionized water and subsequently dissolved in the presence of methylene chloride. Upon 

washing, alkaline-earth metal fluoride nanowires were collected using centrifugation. 

Regarding the preparation of perovskite ternary fluoride nanorods, one of the two 

half cells was filled with MnCl2 solution, and the other half cell contained a solution of 

either KF or NH4F, so as to generate KMnF3 and NH4MnF3 nanorods, respectively 

(Figure 2.2). The system was then left unperturbed for an incubation period of up to 3 

days at room temperature. Pursuant to immersion, the polycarbonate membrane was 

detached, sonicated for ~2 min to remove unwanted particles on the surface, and 

thoroughly washed with distilled water, prior to dissolution with methylene chloride. As-

prepared ternary metal fluoride nanorods were collected from solution by centrifugation 

after washing with aqueous solvents. 
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Figure 2.2 Schematic of the experimental setup used to synthesize complex fluoride 
nanorods. A+ represents either K+ or NH4

+ ions, respectively. Polycarbonate membranes 
used in this work maintained pore diameters of 50, 100, or 200 nm. 
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2.2.2 Materials Characterization 

X-ray Powder Diffraction See Section 1.7.1. 

Electron Microscopy See Section 1.7.3. 

Optical Spectroscopy See Section 1.7.5. 

Magnetic Measurements See Section 1.7.4. 

 

2.3 Results and Discussion 

2.3.1 Alkaline-Earth Metal Binary Fluoride Nanowires 

The purity and crystallinity of as-prepared alkaline-earth metal fluoride samples 

were characterized using powder X-ray diffraction (XRD). Figure 2.3 shows diffraction 

patterns collected from as-prepared samples of CaF2, SrF2, and BaF2 in the 2θ range of 10 

to 80 degrees. Very little if any impurity peaks are present. All of the diffraction peaks in 

Figure 1A can be readily indexed to a pure face-centered cubic phase [space group: 

Fm3m (225)] of CaF2 with a calculated lattice constant a = 5.435 Å, which is in good 

agreement with the literature value of a = 5.4355 Å (Joint Committee on Powder 

Diffraction Standards (JCPDS) 77-2096). Similarly, diffraction peaks in Figure 1B can be 

ascribed to a pure face-centered cubic phase [space group: Fm3m (225)] of SrF2 with an 

accompanying lattice constant a = 5.802 Å comparable to the corresponding literature 

value of a = 5.800 Å (JCPDS 06-0262). Finally, diffraction peaks in Figure 1C have been 

assigned to a face-centered cubic phase [space group: Fm3m (225)] of BaF2 with a lattice 

constant a = 6.198 Å, a value consistent with the accepted value of a = 6.196 Å (JCPDS 

85-1341) for this material. 
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Figure 2.3 XRD patterns of as-prepared samples, prepared using polycarbonate 
membranes with pore sizes of 200 nm diameter: (A) CaF2, (B) SrF2, and (C) BaF2 
nanowires. 
 

 

 

 

 

 

 

 

 



46 

 

The size and morphology of as-synthesized alkaline-earth metal fluoride 

nanowires were initially examined using field-emission scanning electron microscopy 

(FE-SEM) and transmission electron microscopy (TEM). Typical SEM and TEM images, 

as shown in Figure 2.4A and B, respectively, reveal that as-prepared CaF2 products, 

which were fabricated using polycarbonate membranes with pore sizes as small as 50 nm, 

consist of straight nanowires with a uniform, homogeneous size along their axis direction. 

The diameters of the CaF2 nanowires obtained were in the range of 50 ± 5 nm, based on 

the 50 nm pore sizes of the polycarbonate membranes used. Measured lengths of CaF2 

nanowires varied from one to several micrometers. Figure 2.4C and D shows 

representative SEM and TEM images of SrF2 nanowires, respectively, derived from the 

100 nm pore size of the polycarbonate membranes used as templates. These images 

suggest the reproducible synthesis of straight and crystalline SrF2 nanowires with a 

diameter range of 80 to 110 nm and a length range of 2 to 3 μm. Representative SEM and 

TEM images of BaF2 nanowires, grown in polycarbonate membranes with 200 nm pore 

sizes, are depicted in Figure 2.4E and F, respectively. The microscopic images show the 

presence of dispersed individual nanowires as well as of bundled, aggregated species. As-

prepared nanowires possess diameters ranging from 175 to 200 nm and lengths of 2 to 3.5 

μm. These nanowires maintain a uniform diameter around 200 nm throughout their entire 

length; surfaces of these structures are smooth over much of their lengths, with the 

presence of relatively few if any extraneous particulate debris. 
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Figure 2.4 (A, B) Typical SEM and TEM images, respectively, of CaF2 nanowires 
prepared using polycarbonate membranes with 50 nm pore sizes. (C, D) Representative 
SEM and TEM images, respectively, of SrF2 nanowires prepared using polycarbonate 
membranes with 100 nm pore diameters. (E, F) Typical SEM and TEM images, 
respectively, of BaF2 nanowires generated using polycarbonate membranes with pore 
diameters measuring 200 nm. 
 

 

 

 

 



48 

 

It is noteworthy that SEM and TEM images were obtained from randomly 

selected areas of the sample, and as such, are representative of the overall sizes and 

shapes of our as-generated alkaline-earth metal fluoride nanowires. Moreover, energy- 

dispersive X-ray spectroscopy (EDS) data, taken during SEM analysis, revealed signals 

associated with either Ca, Sr, or Ba, as well as F, that is, elemental signatures (Figure 2.5) 

expected of CaF2, SrF2, and BaF2, respectively. 

All of the data presented suggest that as-prepared alkaline earth metal fluoride 

nanowires are monodisperse with controllable morphology. In other words, the ambient 

synthesis of straight, crystalline wirelike structures is possible using a modified template-

directed method without the need for sophisticated experimental setups. Moreover, the 

shapes and sizes of these fluoride nanowires accurately replicated the interior pore 

structure as well as the pore lengths and diameters of the polycarbonate templates from 

whence they were generated. Whereas nanowires with expected lengths of several 

micrometers were routinely noted, shorter fluoride nanowires were also observed from 

TEM images; the latter could be attributed to localized fracturing, occurring during the 

sonication step employed prior to the preparation of the TEM samples. 
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Figure 2.5 EDS data of as-synthesized alkaline earth metal fluoride nanowires, 
corresponding to SEM images shown in Figure 2A, 2C, and 2E, respectively. (A) CaF2, 
(B) SrF2 and (C) BaF2. The C and Au peaks originate from the conductive carbon tape 
and gold coating, respectively. 
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To provide additional details about the crystallographic structure and chemical 

composition of as-prepared fluoride nanostructures, individual fluoride nanowires were 

investigated using high-resolution TEM (HRTEM), selected area electron diffraction 

(SAED), as well as EDS. Figure 2.6A shows a randomly chosen individual CaF2 

nanowire generated from polycarbonate membranes with a 50 nm pore size. Localized 

chemical composition analysis by EDS from a number of selected regions along the 

nanowires (Figure 2.6B) confirms that the chemical signatures associated with the 

product are essentially identical within experimental accuracy and that the nanowires are 

composed of the elements Ca and F. The Cu signal arises from the TEM grid. Figure 

2.6C shows the SAED pattern taken from a portion of a single CaF2 nanowire shown in 

Figure 2.6A. The presence of sharp diffraction spots, as opposed to an amorphous ring, 

strongly supports the formation of single-crystalline CaF2 nanowires. The pattern has 

been indexed to the reflection of a face-centered cubic CaF2 structure, in good agreement 

with the XRD results presented above. Moreover, SAED patterns obtained from different 

positions along the same nanowire structure have been found to be essentially identical. 

In Figure 2.6D, a representative HRTEM image of a part of an individual CaF2 nanowire, 

initially outlined in Figure 2.6A, is displayed. These data further confirm that the CaF2 

nanowire is single crystalline, without any obvious defects or dislocations. The 2D lattice 

fringes reveal that the nanowire is structurally uniform with interplanar spacings of about 

3.06 Å and 2.01 Å, corresponding to the (111) and (220) planes, respectively, of bulk 

crystalline CaF2. These findings are consistent with observations from the XRD pattern 

data. 
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Figure 2.6 (A) TEM image of a single CaF2 nanowire. (B) EDS spectrum of as-prepared 
CaF2 nanowires. The Cu peaks originate from the TEM grid. (C, D) SAED pattern and 
HRTEM image of a representative section of a CaF2 nanowire, as defined by the white 
rectangle in (A). 
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The corresponding structural and chemical analyses from HRTEM data of as-

prepared SrF2 and BaF2 nanowires are shown in Figures 2.7 and 2.8, respectively. The 

slight surface roughness, as determined from HRTEM images, of our as-prepared 

fluoride nanowires likely reflects local differences in smoothness of the inner surfaces of 

polycarbonate. 

The key to our fabrication technique (Figure 2.1) is the placement of membranes 

within a double-diffusion setup, which enables the continuous flow of precursor ions into 

spatially confined membrane pores. We propose that single crystals of nanoscale fluoride 

materials are derived from isolated, disparate, and multiple nucleation sites (consisting of 

MF2 nuclei generated via the reaction between M2+ and F–), which then grow by 

extension through the porous network. Continued growth then occurs at the particle 

surface at a rate limited by ion availability, until the crystal impinges on the 

polycarbonate template surface, which ultimately limits further growth. Hence, due to the 

spatially constrained volume defined by the presence of the template itself, nanowires 

instead of nanoparticles are formed owing to the growth environment conducive to these 

1D structures. In effect, the growth of our nanowires within the confinement of polymeric 

membranes is analogous to the precipitation of single crystals of calcium carbonate and 

calcium phosphate within the geometric confinement of gels, micelles, chitin scaffolds, 

and collagen matrices. 
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Figure 2.7 (A) TEM image of a single SrF2 nanowire. (B) EDS spectrum of as-prepared 
SrF2 nanowires. The Cu peaks originate from the TEM grid. (C) and (D) SAED pattern 
and HRTEM image of a representative part of a SrF2 nanowire, as defined by the white 
square in (A). 
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Figure 2.8 (A) TEM image of a single BaF2 nanowire. (B) EDS of as-prepared BaF2 
nanowires. The Cu peaks originate from the TEM grid. (C) and (D) SAED pattern and 
HRTEM image of a representative part of a BaF2 nanowire, as defined by the white 
square in (A). 
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As previously mentioned, bulk alkaline-earth metal fluoride crystals doped with 

rare-earth metal ions display unique luminescence properties. As a demonstration of 

principle, as-prepared alkaline-earth metal fluoride nanowire samples, doped with either 

Eu3+ and Tb3+, displayed either pink or green luminescence, respectively, under UV lamp 

excitation (Figure 2.9). Figures 2.10 and 2.11 show the corresponding photoluminescence 

(PL) spectra of lanthanide-doped alkaline-earth metal fluoride nanowires. The major peak 

at 591 nm in Eu-doped alkaline-earth metal fluoride nanowires has been attributed to the 
5D0→7F1 emission peak, characteristic of Eu3+ ions surrounded by fluoride ions; the peak 

at 614 nm can be plausibly ascribed to a 5D0→7F2 electric-dipole transition, which is 

similarly sensitive to small changes in the chemical environment as well as to symmetry 

considerations surrounding the Eu3+ions.25, 26 By analogy, the four well-resolved peaks, 

positioned at 489, 542, 584, and 620 nm, which have been observed for Tb-doped 

alkaline- earth metal fluoride nanowires, likely correspond to ligand- sensitized emission 

of the Tb3+ ions, specifically electronic transitions corresponding to 5D4→7FJ (J = 6, 5, 4, 

3).27, 28 Results on our nanowires agreed favorably with comparable measurements taken 

on analogous bulk samples (Figure 2.11). 
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Figure 2.9 Photographs of dispersions of nanowires of (A) CaF2 doped with Eu3+; (B) 
CaF2 doped with Tb3+; (C) SrF2 doped with Eu3+; (D) SrF2 doped with Tb3+; (E) BaF2 
doped with Eu3+; (F) BaF2 doped with Tb3+ taken in dilute ethanol solution, while under 
irradiation using a 366 nm UV lamp. 



57 

 

 
Figure 2.10 PL spectra of as-prepared CaF2 nanowires doped with: (A) Eu3+ and (B) Tb3+. 
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Figure 2.11 Photoluminescence spectra of as-prepared alkaline earth metal fluoride 
nanowires (red curves) as well as of bulk samples generated from direct mixing of 
commercially available precursor solutions (black curves). All samples were doped with 
Eu3+ and Tb3+, respectively, in independent runs. (A) CaF2 doped with Eu3+; (B) CaF2 
doped with Tb3+; (C) SrF2 doped with Eu3+; (D) SrF2 doped with Tb3+; (E) BaF2 doped 
with Eu3+; (F) BaF2 doped with Tb3+. 
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2.3.2 Perovskite Ternary Fluoride Nanorods 

All of the diffraction peaks observed in Figure 2.12 can be readily indexed to a 

pure cubic phase [space group: Pm3m (221)] of the perovskite, KMnF3, with a calculated 

lattice constant, a = 4.186 Å, which is in good agreement with the reported database 

value of 4.184 Å (Figure 2.12B, JCPDS File No. 82-1334). Similarly, diffraction peaks in 

Figure 2.12C can be ascribed to a pure cubic phase [space group: Pm3m (221)] of the 

perovskite, NH4MnF3, with an accompanying lattice constant, a = 4.237 Å, which is 

numerically close to the reported value (4.236 Å) of the corresponding bulk materials 

(Figure 2.12D, JCPDS File No. 83-0178). 

Typical SEM and TEM images of KMnF3 nanorods, which had been fabricated 

using polycarbonate membranes with pore sizes as small as 100 nm, are depicted in 

Figures 2.13A and 2.14A, respectively. On the basis of these data, it can be observed that 

straight and smooth KMnF3 nanorods with uniform, homogeneous size could be routinely 

produced. Diameters of the wire-like KMnF3 nanorods obtained were in the range of 85 

to 115 nm, as expected, based on the corresponding 100-nm pore sizes of the 

polycarbonate membranes used in the synthesis. It is reasonable to conclude that the 

shapes of these nanorods accurately replicated the internal pore structure (and 

accompanying substructure) of the originating polycarbonate templates. Measured 

lengths of as-obtained KMnF3 nanorods varied from one to several microns. 

Representative EDS analysis (Figure 2.13B) confirms that the chemical signatures taken 

within different parts of the sample are identical within experimental accuracy and that 

the nanorods are essentially composed of the elements K, Mn, and F. The extraneous C 

signal arises from the conductive carbon tape and atmospheric contamination. 

Corresponding SEM and TEM images of smaller KMnF3 nanorods, synthesized from 

polycarbonate templates maintaining pore sizes of 50 nm, are shown in Figure 2.16A and 

2.16B. 



60 

 

 
Figure 2.12 XRD patterns obtained from: (A) as-prepared KMnF3 nanorods; (B) JCPDS 
no. 82-1334 database standard for KMnF3; (C) as-prepared NH4MnF3 nanorods; and (D) 
JCPDS no. 83-0178 database standard for NH4MnF3. 
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Figure 2.13 (A) Typical SEM image of as-prepared KMnF3 nanorods, prepared using 
polycarbonate membranes composed of 100-nm pore sizes. (B) EDS spectrum of as-
prepared KMnF3 nanorods. The C peak originates from the conductive carbon tape. (C) 
Representative SEM image of NH4MnF3 nanorods, generated using polycarbonate 
membranes possessing 200-nm pore sizes. (D) EDS spectrum of as-prepared NH4MnF3 
nanorods. The observed Si and Au peaks originate from the silicon wafer and gold 
coating, respectively. 
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Figure 2.14 (A) Typical TEM image of as-prepared KMnF3 nanorods, generated using 
polycarbonate membranes composed of 100-nm pore sizes. (B) TEM image of a single 
KMnF3 nanorod from a different sample area. (C) SAED pattern and (D) HRTEM image 
of a representative portion of an individual KMnF3 nanorod shown in (B). 
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Figure 2.15 (A) Typical TEM image of as-prepared NH4MnF3 nanorods, generated using 
polycarbonate membranes possessing 200-nm pore sizes. (B) TEM image of a single 
NH4MnF3 nanorod from a different sample area. (C) SAED pattern and D) HRTEM 
image of a representative section of an individual NH4MnF3 nanorod shown in (B). 
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Figure 2.16 (A, B) Typical SEM and TEM images of as-prepared KMnF3 nanorods, 
generated using polycarbonate membranes possessing 50-nm diameter pore sizes. 
Measured nanorod diameters are in the range of 42 to 53 nm. (C, D) Representative SEM 
and TEM images of as-prepared NH4MnF3 nanorods, produced using polycarbonate 
membranes composed of 50-nm diameter pore sizes. Measured nanorod diameters range 
from 45 to 52 nm. 
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Figures 2.13C and 2.15A show representative SEM and TEM images of 

NH4MnF3 nanorods, respectively, which had been generated from the 200-nm pore sizes 

of the polycarbonate membranes utilized as templates. The presence of dispersed 

individual nanorods as well as of bundled, aggregated species is evident from these 

images. All of the straight and crystalline NH4MnF3 nanorods possessed diameters 

ranging from 180 to 200 nm and lengths of 1.5 to 4 μm, suggestive of their reproducible 

synthesis, as mediated by the presence of templates. Surfaces of these 1-D structures 

were smooth over much of their lengths, though they were periodically roughened by the 

presence of inhomogeneities and protrusions, which likely originated from intrinsic 

surface incongruities and defects of the inner template pores from whence these nanorods 

were initially formed. EDS elemental analysis data (Figure 2.12D) clearly indicate that 

the nanorods are composed of N, Mn, and F, as predicted, with the presence of Si and Au 

peaks attributable to the silicon wafer and gold coating, respectively. Analogous SEM 

and TEM images of smaller NH4MnF3 nanorods, synthesized from polycarbonate 

templates possessing pore sizes of 50 nm, are shown in Figure 2.16C and D. 

It should be noted that all of the data presented herein were obtained from 

randomly selected regions of as-prepared samples, and as such, are representative of the 

structures obtained. Our results therefore are consistent with the controllable production 

of ternary metal fluoride nanorods, which are relatively monodisperse in size and shape. 

Whereas the majority of as- generated KMnF3 and NH4MnF3 nanorods possessed lengths 

of up to several microns as predicted from the membrane thickness, shorter rods were 

also observed, which could be attributed to the sonication step, associated with the 

preparation of the microscopy samples. 

To obtain further insight into the crystallographic structure and chemical 

composition of as-prepared KMnF3 and NH4MnF3 nanorods, individual nanorods were 

analyzed using HRTEM, as well as SAED. Figure 2.14B illustrates an individual KMnF3 

nanorod generated from polycarbonate membranes, possessing 100-nm pore sizes. SAED 

patterns taken along a number of selected regions along the same nanorod were 

effectively indistinguishable from each other within experimental accuracy. A 

representative pattern is shown in Figure 3C. The presence of sharp diffraction spots 
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rather than amorphous rings strongly supports the formation of single-crystalline KMnF3 

nanorods. The pattern can be indexed to the reflection of a cubic KMnF3 structure, 

consistent with the XRD results presented above. Figure 2.14D displays a typical 

HRTEM image of the central region of the individual nanorod shown in Figure 2.14B. 

The 2D lattice fringes further confirm that the nanorod is single crystalline. In fact, the 

data reveal that the KMnF3 nanorod is structurally uniform with interplanar spacings of 

approximately 2.12 Å and 1.49 Å, corresponding to the (200) and (220) planes, 

respectively. 

The corresponding HRTEM data of an individual NH4MnF3 nanorod, shown in 

Figure 2.15, confirm the preparation of single –crystalline NH4MnF3 with the presence of 

expected elemental compositions, as well as with lattice spacing data, consistent with 

complementary observations from XRD data. Figure 2.15B highlights a single NH4MnF3 

nanorod. Whereas template methods typically generate polycrystalline nanostructures, the 

SAED pattern taken from an individual NH4MnF3 nanorod (Figure 2.15C) clearly shows 

sharp diffraction spots, as opposed to the presence of an amorphous ring; this observation 

is suggestive of the presence of single-crystalline NH4MnF3 nanorods in our sample. 

Indeed, the electron diffraction pattern, indexed in Figure 2.15C, is consistent with the 

formation of pure NH4MnF3 crystals, possessing a cubic perovskite structure. In Figure 

2.15D, a representative HRTEM image of a portion of an individual nanorod, illustrated 

in Figure 2.15B, is displayed. This image corroborates the single-crystalline nature of the 

as-prepared NH4MnF3 nanorod, which possesses lattice fringe spacings of ~2.13 Å and 

1.52 Å. These two values can be ascribed to the (200) and (220) planes, respectively, in 

good agreement with prior observations noted from the XRD pattern. 

Magnetic properties of as-prepared ternary metal fluoride nanorods were 

investigated with a superconducting quantum interference device (SQUID) magnetometer 

in the temperature range of 5–300 K at an applied magnetic field of 100 Oe. Figure 2.17A 

shows the temperature dependence of the magnetic susceptibility of KMnF3 nanorods 

after analysis of the sample at zero field cooling (ZFC) as well as with field cooling (FC). 

The two curves display antiferromagnetic behavior, as previously detected in KMnF3 

nanoparticles.22, 29 The ZFC and FC plots diverge from each other at around 87 K, 
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corresponding to the reported Néel temperature of TN = 88 K.30 Above TN, the two curves 

are coincident, and moreover obey the Curie-Weiss law, χ = C / (T – θ), with a calculated 

paramagnetic Curie temperature of TC = –192.6 K, which is comparable with the 

previously reported value of –191.7 K for this system.22 A detailed plot of the inverse 

magnetic susceptibility (1/ χ) vs. temperature (K) used to calculate TC is shown in Figure 

2.17B. Below TN, an abrupt increase in χ (T) is observed. Since no macroscopic structural 

change is obviously apparent at this temperature, it is possible that the ordered state 

implied corresponds to a more complicated spin structure as compared to the simple 

picture of a two-sublattice antiferromagnet.19 In fact, the most probable explanation for 

the observed peak at around TN is the occurrence of some canting between the 

magnetization axes of the two sublattices, giving rise to a weak ferromagnetism which is 

symptomatic of a structural distortion, albeit small. That is, the weak moment appears to 

result from a distortion of the magnetic sublattices, because of differences in the 

sublattice anisotropy and fundamentally from differences in lattice parameters; the 

process has been called a first order transition of the Jahn-Teller type.31 Though the exact 

mechanism giving rise to a magnetic moment in antiferromagnetic particles is still not 

totally resolved, the magnitude of the peak around TN appears to be a function of particle 

size as well as of orientation.19 

A similar trend has been observed in the magnetic susceptibility behavior of as-

synthesized NH4MnF3 nanorods measured as a function of temperature, as shown in 

Figure 2.18A. The ZFC and FC plots diverge from each other, yielding a measured Néel 

temperature of TN = 82 K, which is consistent with the reported literature data of 84 K for 

the analogous coarse grained material.32 A similar jump measured around 74 K in the 

susceptibility curves below TN was also observed, as with KMnF3, and can be ascribed to 

the presence of a spontaneous weak ferromagnet moment, resulting from a localized 

distortion/magnetization event.19 Figure 7B shows a detailed plot of the behavior of the 

inverse magnetic susceptibility (1/ χ) vs. temperature (K). Hence, the Curie-Weiss law 

above TN provides for a value of the paramagnetic temperature for NH4MnF3 nanorods; 

in this case, the straight-line fit above TN yields a Curie temperature (TC) of –163.6 K. 
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To examine a possible size dependence of our magnetic data, we also collected 

magnetic measurements on fluoride nanorods samples, prepared using templates with 

pores measuring 50 nm in diameter. These data (Figure 2.19) show Néel temperatures of 

88 K and 82 K for KMnF3 and NH4MnF3, respectively, which are consistent with our 

values on larger-sized samples (e.g. those measuring ~100 and ~200 nm in diameter). 

Qualitatively, features of the magnetic susceptibility curves (Figure 2.19, including ZFC 

and FC) behave in a very similar fashion to what we have observed and discussed 

previously for our other samples. 
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Figure 2.17 (A) Temperature dependence of the magnetic susceptibility of as-prepared 
KMnF3 nanorods (measuring ~100 nm in diameter), showing zero field cooling (ZFC, 
black cubes) and field cooling (FC, black circles) curves at an applied magnetic field of 
100 Oe. (B) The inverse magnetic susceptibility (represented as open cubes) and the 
corresponding fit of the Curie-Weiss law above TN to as-obtained experimental data for 
KMnF3 nanorods. 
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Figure 2.18 (A) Temperature dependence of the magnetic susceptibility of as-prepared 
NH4MnF3 nanorods (measuring ~200 nm in diameter), showing zero field cooling (ZFC, 
black cubes) and field cooling (FC, black circles) curves at an applied magnetic field of 
100 Oe. (B) The inverse magnetic susceptibility (represented as open cubes) and 
corresponding fit of the Curie-Weiss law above TN to as-obtained experimental data for 
NH4MnF3 nanorods. 
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Figure 2.19 Temperature dependence of the magnetic susceptibility of as-prepared (A) 
KMnF3 and (B) NH4MnF3 nanorods, measuring ~50 nm in diameter, showing zero field 
cooling (ZFC, black cubes) and field cooling (FC, red circles) curves at an applied 
magnetic field of 100 Oe. 
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As previously mentioned, fluorides doped with rare-earth metal ions have been 

reported to display unique luminescence properties with correspondingly useful optical 

applications.33 Figure 2.20 shows the PL spectra of as-prepared ternary metal fluoride 

nanorods, doped with either Eu3+ or Tb3+ ions. Both KMnF3 and NH4MnF3 nanorods 

evince similar curves as well as peak positions, when used as host materials for trivalent 

rare-earth metal ions. The major peak localized at around 598 nm in Eu-doped ternary 

metal fluoride nanorods (Figure 2.19A and C) can be ascribed to a 5D0→7F1 electric-

dipole transition. The other two peaks observed at 614 nm and 646 nm can be plausibly 

attributed to 5D0→7F2 and 5D0→7F3 emission peaks, respectively. By analogy, the PL 

bands for Tb-doped ternary metal fluoride nanorods obtained at room temperature were 

deconvoluted into four individual components, resulting in four Gaussian curves with 

their maxima localized at 495, 531, 578 and 620 nm, respectively, as shown in Figure 

2.20B and D. The four peaks can be reasonably assigned to ligand-sensitized emission of 

the Tb3+ ions, and specifically to 5D4→7FJ (J = 6, 5, 4, 3) electronic transitions. Specific 

lanthanide transitions in the as-doped ternary metal fluoride nanorods observed in these 

PL spectra are consistent with literature reports, where it is expected that the lanthanide 

ions occupy the Mn2+ sites.28, 33 Data for smaller doped KMnF3 and NH4MnF3 nanorods, 

prepared from templates containing 50 nm pore sizes, are shown in Figure 2.21. The peak 

positions observed for the rare earth ion transitions in those doped nanoscale fluoride 

samples are essentially indistinguishable from that depicted in Figure 2.20. 

The corresponding chemical compositions and morphologies of the as-doped 

ternary metal fluoride nanorods can be extracted from the EDS and SEM data, 

respectively, as shown in Figure 2.22. The data reveal that the doping process is non-

destructive to the intrinsic nanorod morphology, derived from the templating process, and 

moreover, actual dopant levels are somewhat lower than expected (data shown in Figure 

caption), based on the initial concentrations (～10%) of lanthanide ions used. 
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Figure 2.20 Photoluminescence spectra of as-prepared ternary metal fluoride nanorods 
doped with rare-earth metal ions. (A, B) KMnF3 nanorods doped with Eu3+ and Tb3+, 
respectively; (C,D) NH4MnF3 nanorods doped with Eu3+ and Tb3+, respectively. The 
dotted lines correspond to Gaussian curves, representing a deconvolution of the as-
obtained spectra into their relevant emission transitions. 
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Figure 2.21 Photoluminescence spectra of ternary metal fluoride nanorods doped with 
rare-earth metal ions, prepared using polycarbonate membranes possessing 50-nm pore 
sizes. (A, B) KMnF3 nanorods doped with Eu3+ and Tb3+, respectively. (C, D) NH4MnF3 
nanorods doped with Eu3+ and Tb3+, respectively. 
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Figure 2.22 (A, B) SEM image and EDS spectrum of as-prepared ~100 nm KMnF3 
nanorods, doped with Eu3+ ions (concentration spectrally estimated to be ~1.08%). (C, D) 
SEM image and EDS spectrum of as-prepared ~100 nm KMnF3 nanorods, doped with 
Tb3+ ions (concentration spectrally estimated to be ~1.17%). (E, F) SEM image and EDS 
spectrum of as-prepared ~200 nm NH4MnF3 nanorods, doped with Eu3+ ions 
(concentration spectrally estimated to be ~0.45%). (G, H) SEM image and EDS spectrum 
of as-prepared ~200 nm NH4MnF3 nanorods, doped with Tb3+ ions (concentration 
spectrally estimated to be ~1.85%). Carbon signals in (B) and (D) emanate from the 
conductive carbon tape used. 
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Figure 2.23 SEM images of (A) KMnF3 and of (B) NH4MnF3 bulk particles, formed by 
direct mixing of two different precursor solutions at room temperature, respectively, in 
the absence of a template. 
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2.4 Conclusions 

Our key advance in this ambient, room-temperature technique was the use of 

polycarbonate membranes in the double diffusion setup to spatially direct the crystal 

growth observed; these membranes were reasonably chemically inert towards both the 

reactants and the products as well as intervening reagents. That is, in order for single-

crystalline fluoride structures to form, these nanorods must have originated from isolated 

single nucleation sites, which subsequently grew by extension through the porous 

network. Crystal growth in localized regions of the membrane was typically slow, and 

limited by the availability of ions from the two adjoining reservoirs of precursor solutions, 

separated by the polycarbonate membranes. Thus, the membranes not only enabled a 

continuous flow of precursor ions through the membrane pores but also slowed down 

precursor diffusion and mixing as well as product crystallization rates. Therefore, this 

spatial confinement effect allowed for the generation of single-crystalline ternary metal 

fluoride one-dimensional nanorods as opposed to either 0D nanoparticles or bulk 

aggregates, the latter of which could be formed in a template-less fashion merely by 

direct mixing of the two different precursor solutions (Figure 2.23). 

It is noted that we are not forming hollow nanotubes because the interactions 

between the reagent molecules are likely stronger than those between the reagent 

molecules and the pore walls. In the case of polymeric microtubules formed in templates, 

nascent polymer chains initially adsorb to the pore walls yielding a thin polymer “skin”, 

that becomes thicker with time until quenching with water.34 We do not believe this 

accurately reflects the growth mechanism of our system, which is effectively similar to 

biomineralization. 

The current chapter describes the synthesis of a family of single-crystalline 

alkaline-earth metal binary fluoride nanowires and more complex perovskite ternary 

fluoride nanorods, in addition to their rare-earth ion-doped analogues, of varying 

controllable sizes using a modified template-directed methodology. It is noteworthy that 

single-crystalline, alkaline-earth metal fluoride nanowires can be produced very readily 

using this modified, room-temperature, template-assisted method, without the use of 

either sophisticated experimental setups or high-temperature annealing. Moreover, the 
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diameters of the as-fabricated nanowires could be controlled by choosing polycarbonate 

membranes with predictable pore sizes. Resulting nanowires have been extensively 

characterized using microscopy, spectroscopy and magnetic techniques.  Because of the 

simplicity and versatility of the synthetic approach used, it is anticipated that this 

particular technique can be generalized to the preparation of other types of nanomaterials 

with controllable size and shape. In addition, the antiferromagnetic properties of as-

prepared ternary metal fluoride nanorods as well as the luminescence properties of their 

as-doped counterparts suggest the possibility of their incorporation into functional 

nanoscale devices, with various potential applications in a number of diverse fields. 
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Chapter III Solid Solutions of Various Compositionally-Defined Single-Crystalline 

Alkaline-Earth Metal Tungstate Nanorods 

 

 

3.1 Introduction 

Alkaline-earth-metal tungstates AWO4 (A = Ca, Sr, Ba) represent an important 

family of inorganic, electrooptic materials1-3 with their distinctive scheelite structure and 

associated highly interesting physical properties such as excitonic luminescence, 

thermoluminescence, and stimulated Raman scattering (SRS). In fact, they are keenly 

sought as host materials for a wide range of technologically significant applications,4-17 

including as phosphors, gas sensors, laser media, and optical fibers as well as components 

of electrochromic devices, amplifiers, diagnostic medical equipment, microwave systems, 

and the next generation of scintillator detectors. As compared with the wolframite 

(wolframite = (Fe, Mn) WO4) structure, tungstates of relatively large bivalent cations 

(ionic radius > 0.99 Å: Ca, Sr, Ba, Pb) exist in so-called scheelite (scheelite = CaWO4) 

structure, wherein tungsten ions adopt a tetrahedral coordination within oxygen-ion cages 

and are isolated from each other, while cations are surrounded by eight oxygen ions 

(Figure 3.1).18, 19 Meanwhile, scheelite-type tungstates of the same divalent metal are 

reciprocally soluble in the entire compositional range,20, 21 which can result in a rich 

family of solid-state solution compounds, showing high interest in the field of 

electrooptics.  

One key point is that all of the as-mentioned applications, which render scheelites 

as appropriately attractive materials, are evidently and intimately coupled with their 

lattice dimension, crystallographic symmetry, as well as band structure. Hence, in this 

Chapter, we seek to gain a fundamental understanding of how slight but controlled 

variations in the chemical composition of these scheelite materials may lead to favorable 

structure-property correlations in these systems. 



81 

 

 
Figure 3.1 Schematic view of alkaline-earth metal tungstate scheelite structure. Gray, 
green, and red spheres designate Ca, W, and O atoms, respectively.19 
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One viable and legitimate experimental strategy for approaching this problem lies 

in the reproducible and reliable generation of stoichiometrically controlled, homogeneous, 

single-phase solid solutions of such materials. For example, by rationally altering the 

precursor compositions of ZnS and AgInS2, the energy gap of highly luminescent 

(AgIn)xZn(1-x)S2 solid solution nanoparticles could be modulated through a wide range of 

visible light, thereby enabling tuning of the emission color of these materials from green 

to red, depending on their chemical composition; this nanoscale chemical manipulation 

had implications for the photocatalytic behavior of these systems.22-24 In another case, the 

degree of ferromagnetism, magnetoresistance, and transport behavior of epitaxial CrxTi1-

xN thin films grown using pulsed laser deposition were found to depend very strongly on 

the magnitude of x.25 Moreover, the conductivity and dielectric properties of Ba5x/2Bi(1-

x)5/3Nb5O15
26 and YBa1-xSrxCo2O5+δ,27 respectively, were observed to vary with chemical 

composition, degree of oxygen ordering, as well as the nature of the cation substitution. 

In addition, it has been demonstrated that solid solutions of ZnxTi1-xO2-x evince significant 

photocatalytic activity in the photodegradation of phenols.28 Theoretically, it has been 

shown that the hardness parameter as well as elastic constants associated with 

multicomponent solid solutions of nitride spinels, titanium nitrogen carbides (e.g., TiN1-

xCx), transition-metal nitrides (e.g., TiN1-x), and B-doped semiconductors (e.g., Si1-xBx) as 

well as of UxLa1-xS systematically depend on predictive adjustment of ‘x’.29, 30 Of 

particular pertinence to this work, it has been demonstrated that unlike for scheelite-

powellite solid solutions,31 the family of pure scheelite-type metal tungstates allows for 

isomorphic replacement of the divalent metal cation, thereby creating a highly miscible 

solid solution over vast compositional ranges.21, 32, 33  

The second key point, i.e., the equally important, motivating factor for this project, 

resides in the development of low-dimensional nanomaterials with controllable size, 

shape, and morphology for the realization of novel functional devices at the nanoscale.34-

36 In particular, one-dimensional (1D) nanostructures, including nanowires, nanorods, 

nanobelts, and nanotubes, are the focus of intensive research owing to their unique, 

shape-dependent properties, allowing for their use as building blocks in the assembly of a 

range of electronic, optoelectronic, and sensing devices.37-39 Part of the challenge in this 
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area has been the rational and precise tuning of the chemical composition of these 1D 

structures so as to systematically optimize their optical, mechanical, and electronic 

properties.  

In terms of previous work with nanoscale alkaline-earth-metal tungstates, the vast 

majority of prior results have focused on the generation of either nanoparticles or 

nanoparticles aggregates,7, 8, 40-42 synthesized using either hydrothermal, solvothermal, or 

molten salt methodologies. Nonetheless, work on creating one-dimensional 

nanostructures of these scheelite materials does exist. For example, CaWO4 nanorods, 

with widths of about 20 nm and lengths of 100-250 nm, have been fabricated using a 

solvothermal technique in the presence of PEG-200 at 180 °C and at pH 9 for 14 h;43 

slightly longer nanorods with average diameters of 20-30 nm and mean lengths of 600-

1000 nm were controllably generated using a microemulsion-mediated hydrothermal 

procedure.44 With respect to SrWO4, nanorods measuring 100 nm in diameter and 500-

1500 nm in length were synthesized using a solvothermal-mediated microemulsion 

technique involving water, organic solvent, and surfactant.19 For BaWO4 nanorods, their 

2-dimensional organization at the water-air interface was accomplished using a 

Langmuir- Blodgett technique.45, 46 Recently, uniform, high-aspect-ratio, single-

crystalline BaWO4 nanorods with diameters as small as 3.5 nm and lengths up to more 

than 50 μm have been synthesized using a catanionic reversed micelle templating 

protocol;47, 48 bundles of these nanorods could be generated in combination with a 

solvothermal methodology.49 With the further use of double-hydrophilic block 

copolymers as effective crystal growth modifiers, morphological variants, namely 

penniform BaWO4 nanostructures, could be prepared using this generalized reverse 

micellar technique.50 

Nonetheless, development of facile, mild (i.e., under ambient conditions), and 

effective approaches for creating size-controlled, chemically precise, and crystalline 1D 

alkaline-earth- metal tungstate nanostructures as well as their associated array 

architectures remains a significant scientific challenge, especially because control of 

chemical composition in these systems would lead to a correspondingly high degree of 

predictability in the photoluminescence properties of these systems.32, 51 Resolving this 
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issue is the convergence point of the two key interests outlined in this project. That is, we 

performed the synthesis and optical characterization of a series of stoichiometrically 

controlled, homogeneous, single-phase solid solutions of 1D nanomaterials in order to 

deduce systematic nanoscale structure-property correlations. Specifically, the interactions 

between the calcium, strontium, and barium ions and the emission centers in discrete 

solid solutions of these oxide nanomaterials may contribute differentially to their 

observed optical spectra. 

To accomplish this overall goal, whereas conventional templating procedures 

typically generate polycrystalline products as a result of the necessity of additional 

annealing steps at high temperature,37 we recently developed a modified template-

directed technique. This protocol has allowed us to previously prepare pure single-

crystalline metal oxide and fluoride nanorods under ambient conditions while utilizing 

reasonably stable and nontoxic precursors in aqueous solution and without generating 

large quantities of harmful byproducts. Specifically, in this article, we report on the 

successful generalization of this synthetic protocol to the preparation of not only 1D 

nanostructures of an entire family of alkaline-earth-metal tungstate scheelite structures 

but also their single-crystalline, stoichiometrically defined solid-solution analogues with 

controllable size and chemical composition. Experimentally, a commercially available, 

track-etched polycarbonate membrane of varying pore size was mounted between two 

halves of a U-shaped reaction tube, each of which contained aqueous precursor solutions, 

so as to control the growth of the corresponding 1D nanostructures. As a rigorous and 

logical extension of our previous work on BaWO4 nanorods,52 herein we not only 

decreased the diameters of as-prepared barium tungstate nanostructures to 50 nm but also 

extended this generalizable methodology to the preparation of calcium tungstate and 

strontium tungstate analogues. Moreover, we systematically characterized the 

luminescence properties of several series of samples prepared within a wide range of 

tunable, achievable chemical compositions and found a linear correlation between optical 

behavior and tungstate stoichiometry. In addition, we measured lifetimes and quantum 

yields associated with our systems. 
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3.2 Experimental Section 

3.2.1 Materials Preparation 

Polycarbonate (PC) track-etch membranes of ca. 6 μm thickness, containing pore 

sizes of 50, 100, and 200 nm diameter, were purchased from Whatman Co., U.K. The 

membranes were initially hydrated by immersion and sonication in a small volume of 

distilled, deionized water for a few minutes so as to limit air bubble formation either 

within their interior pore structures or on their external surfaces. 

Subsequently, the polymer membrane was mounted between two half arms of a 

U-shaped tube cell. In a typical synthesis, one of the two half cells was filled with 

Na2WO4 solution and the other half cell contained a solution of either CaCl2, SrCl2, or 

Ba(NO3)2 to correspondingly generate CaWO4, SrWO4, or BaWO4 nanorods, respectively. 

Solid-solution Sr1-xCaxWO4 and Ba1-xSrxWO4 nanorods, respectively, were prepared by 

mixing relevant molar ratios of either CaCl2 and SrCl2 or SrCl2 and Ba(NO)3 solutions, 

respectively, depending on the desired nanostructure, into the appropriate U-tube half cell 

containing the metal ions. The system was then left unperturbed for an incubation period 

of up to 1 day at room temperature. Subsequent to immersion, the polycarbonate 

membrane was detached, sonicated for about 2 min to remove unwanted particles on the 

surface, and thoroughly washed with distilled water prior to being dissolved in methylene 

chloride solution. As-prepared tungstate nanorods were collected from solution by 

centrifugation after washing. 

As a typical protocol for functionalizing nanorods with capping ligands, 5 mg of 

as-prepared CaWO4 nanorods were dispersed in 10 mL of distilled, deionized water and 

subsequently stirred with 0.5 g/L of either poly(acrylic acid) (PAA) or sodium oleate for 

1 day. Isolated nanorod precipitates were cleaned by washing multiple times with 

distilled, deionized water. 

3.2.2 Materials Characterization 

X-ray Powder Diffraction See Section 1.7.1. 

X-ray Photoelectron Spectroscopy See Section 1.7.2. 

Electron Microscopy See Section 1.7.3. 

Optical Spectroscopy See Section 1.7.5. 
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Time-resolved emission spectra were measured at room temperature using a 

Varian Cary-Eclipse fluorescence spectrometer. The excitation wavelength used for our 

lifetime measurements was 190 nm as it yielded the strongest luminescence signals. 

Spectra were measured at 502 nm with a 2 μs gate time. 

 

3.3 Results and Discussion 

3.3.1 X-ray Diffraction 

The purity and crystallinity of the two series of as-prepared Sr1-xCaxWO4 and Ba1-

xSrxWO4 (0 < x < 1) nanorods were initially characterized using powder XRD. Figure 

3.2A shows diffraction patterns collected from five Sr1-xCaxWO4 samples of varying 

compositions in the 2θ range of 10-80°. Very little if any elemental impurity peaks were 

noted. All of the diffraction peaks for Sample 1 in Figure 3.2A can be readily indexed to 

the pure body-centered tetragonal phase [space group I41/a] of CaWO4, with calculated 

lattice constants of a = 5.240 + 0.011 Å and c = 11.371 + 0.016 Å, which are in good 

agreement with the literature values of their corresponding bulk counterpart (a = 5.242 Å, 

c = 11.372 Å, JCPDS File No. 07-0210). Similarly, diffraction peaks for Sample 5 in 

Figure 1A can be ascribed to a pure body-centered tetragonal phase [space group I41/a] of 

SrWO4 with accompanying lattice constants of a = 5.414 + 0.016 Å and c = 11.950 + 

0.015 Å, which are comparable in value with the corresponding reported data of a = 

5.417 Å and c = 11.951 Å (JCPDS File No. 08-0490) for the bulk. 

When we more carefully analyzed all five XRD patterns in Figure 3.2A 

simultaneously, we generally observed that each peak for Sr1-xCaxWO4 nanorods shifted 

to a lower 2θ value with increasing Sr concentration. For example, Figure 3.2B illustrates 

XRD peak behavior at 2θ values between 25° and 30° for all five samples. It can be 

clearly observed that the (112) peak initially corresponding to the tetragonal phase of 

CaWO4 gradually shifts to lower 2θ positions as a function of composition, eventually 

transforming into the (112) peak of the tetragonal phase of SrWO4. The exact (112) peak 

2θ positions for the five samples were located at 28.80°, 28.38°, 28.08°, 27.96°, and 

27.70°, corresponding to nanorod compositions of CaWO4, Sr0.3Ca0.7WO4, Sr0.5Ca0.5WO4, 

Sr0.7Ca0.3WO4, and SrWO4, respectively. Calculated unit-cell lattice parameters, namely, 
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a and c, assuming tetragonal Sr1-xCaxWO4, varied effectively monotonically with 

composition change, as shown in Figure 3.3 and in agreement with Vegard’s law, 

described as follows in eqs 1 and 2 

a(Sr1-xCaxWO4) = a(CaWO4)+(1-x)[a(SrWO4) - a(CaWO4)] (1) 

c(Sr1-xCaxWO4) = c(CaWO4)+(1-x)[c(SrWO4) - c(CaWO4)] (2) 

Our results are consistent with a previously observed data sequence for a 

continuous compositional range of Sr1-xCaxWO4 films. It should be noted that neither an 

apparent phase separation nor a separate nucleation of either CaWO4 or SrWO4 was 

observed in the alloyed solid-state solutions.32
 

By analogy, X-ray diffraction patterns of Ba1-xSrxWO4 (0 < x < 1) nanorods are 

shown in Figure 3.2C. All of the diffraction peaks for each of the samples shifted to 

lower 2θ positions upon increasing the Ba concentration. Unit-cell parameters for Ba1-

xSrxWO4 changed continuously from a = 5.414 + 0.016 Å and c = 11.950 + 0.015 Å for 

tetragonal SrWO4 (x = 1) to a = 5.610 + 0.021 Å and c = 12.716 + 0.018 Å for tetragonal 

BaWO4 (x = 0). These unit-cell values correlate well with reported database numbers for 

the corresponding pure tungstates (i.e., JCPDS File Nos. 08- 0490 and 08-0457), 

respectively. Figure 3.2D shows the behavior of the (112) peak, corresponding to the 

tetragonal phase of Ba1-xSrxWO4 in greater detail. When the value of ‘x’ changes 

systematically from 1 to 0, the peak positions shifted continuously from 27.70° to 26.48° 

with decreasing Sr concentration in each of the five samples. Calculated unit cell lattice 

parameters, assuming tetragonal Ba1-xSrxWO4, varied essentially monotonically with 

systematic composition change, as shown in Figure 3.4 and in agreement with Vegard’s 

law, described as follows in eqs 3 and 4 

a(Ba1-xSrxWO4) = a(SrWO4)+(1-x)[a(BaWO4) - a(SrWO4)] (3) 

c(Ba1-xSrxWO4) = c(SrWO4)+(1-x)[c(BaWO4) - c(SrWO4)] (4) 

Our results are consistent with a previously observed data sequence for a 

continuous compositional range of electrochemically prepared Ba1-xSrxWO4 solid-

solution films.33 By analogy, neither a noted phase separation nor a separate nucleation of 

either BaWO4 or SrWO4 was apparent for these alloyed solid-state solution samples. 
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Figure 3.2 (A) XRD patterns of as-prepared Sr1-xCaxWO4 nanorod samples in the 2θ 
range of 10-80°: (1) CaWO4, (2) Sr0.3Ca0.7WO4, (3) Sr0.5Ca0.5WO4, (4) Sr0.7Ca0.3WO4, 
and (5) SrWO4. Labels and colors are identical for B. (B) Expanded view of the 2θ 
diffraction peaks between 25° and 30° for all five of the Sr1-xCaxWO4 nanorod samples. 
(C) XRD patterns of as-prepared Ba1-xSrxWO4 nanorod samples in the 2θ range of 10-80°: 
(1) SrWO4, (2) Ba0.3Sr0.7WO4, (3) Ba0.5Sr0.5WO4, (4) Ba0.7Sr0.3WO4, and (5) BaWO4. 
Labels and colors are identical for D. (D) Expanded view of the 2θ diffraction peaks 
between 25° and 30° for all five of the Ba1-xSrxWO4 nanorod samples. 
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Figure 3.3 Systematic variation of the lattice parameters associated with Sr1-xCaxWO4 
nanorods as a function of solid-solution composition. 
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Figure 3.4 Systematic variation of the lattice parameters associated with Ba1-xSrxWO4 
nanorods as a function of solid-solution composition. 
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3.3.2 X-ray Photoelectron Spectroscopy 

The survey X-ray photoelectron spectroscopy (XPS) spectra collected on 

successive 

Sr1-xCaxWO4 nanorod samples (where x = 0.7, 0.5, 0.3) are shown in Figure 3.5. Peak 

values localized at 34.8, 132.4, 530.1, and 346.9 eV can be readily assigned to the 

binding energies of W 4f, Sr 3d, O 1s, and Ca 2p, respectively. It is evident that the 

amount of Sr gradually decreases while that of Ca systematically increases with 

increasing x values in this series of samples. By XPS, the atomic ratio of Ca:Sr content 

was found to vary from 2.5:1, 1.1:1, and finally to 0.46:1 as the molar value of ‘x’ was 

systematically altered from 0.7, 0.5, to 0.3 in the precursor solutions. These experimental 

data are in acceptable agreement with the calculated atomic ratios of Ca:Sr, which 

theoretically ought to have altered from 2.3:1, 1:1, and ultimately to 0.43:1 with the 

corresponding variation in solid-solution composition. 

Figure 3.6 shows typical high-resolution XPS spectra of as-prepared 

Sr0.3Ca0.7WO4 nanorod samples. The Ca 2p peaks and Sr 3d peak (Figure 3.6A and 3.6B) 

are consistent with the oxidation states of Ca and Sr, as both being +2, respectively, 

which also supports the notion that Ca ions can be randomly substituted by Sr ions within 

the scheelite structure.32 Moreover, the W 4f and O 1s spectra (Figure 3.6C and 3.6D) are 

consistent with oxidation states of W6+ and O2-, respectively, which would be expected 

from the anticipated formation of WO4
2- groups in these nanoscale samples.53 Similar 

high-resolution XPS spectra have been obtained for as-prepared Sr0.5Ca0.5WO4 and 

Sr0.7Ca0.3WO4 nanorod samples (Figure 3.7 and 3.8). 

Survey XPS spectra collected on Ba0.3Sr0.7WO4 and Ba0.5Sr0.5WO4 nanorod 

samples (Figure 3.9) also highlight the systematic variation of Sr and Ba content with 

corresponding changes in the magnitude of ‘x’ values. By XPS, the atomic ratio of Sr: Ba 

content was found to vary from 2.7:1 and 1.3:1 for Ba0.3Sr0.7WO4 and Ba0.5Sr0.5WO4 

nanorod solid solutions, respectively. These experimental data are in reasonable 

agreement with the calculated atomic ratios of Sr:Ba, which theoretically ought to have 

altered from 2.3:1 to 1:1 with the corresponding variation in solid solution composition. 

Moreover, detailed information on the intrinsic nature of the chemical bonding in these 
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systems was collected using high-resolution XPS spectra, as shown in Figures 3.10 and 

3.11. The Sr 3d and Ba 3d peaks (Figure 3.10A and 3.10B), located at 132.4 and 779.5 

eV for Ba0.3Sr0.7WO4 nanorods, are consistent with the oxidation states of Ba and Sr, as 

both being +2, respectively, which also supports the notion that Ba ions can be randomly 

substituted by Sr ions within the scheelite structure.54 Figure 3.10C and 3.10D further 

confirm the existence of WO4
2- groups in these nanorod samples. 
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Figure 3.5 Survey XPS spectra of as-prepared Sr1-xCaxWO4 nanorod samples: (A) 
Sr0.3Ca0.7WO4, (B) Sr0.5Ca0.5WO4, and (C) Sr0.7Ca0.3WO4. 
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Figure 3.6 XPS spectra of as-prepared Sr0.3Ca0.7WO4 nanorod samples: (A) Ca 2p 
spectrum, (B) Sr 3d spectrum, (C) W 4f spectrum, and (D) O 1s spectrum. 
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Figure 3.7 High-resolution XPS spectra of as-prepared Sr0.5Ca0.5WO4 nanorod samples. 
(A) Sr 3d spectrum, (B) Ba 3d spectrum, (C) W 4f spectrum, and (D) O 1s spectrum. 
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Figure 3.8 High-resolution XPS spectra of as-prepared Sr0.7Ca0.3WO4 nanorod samples. 
(A) Sr 3d spectrum, (B) Ba 3d spectrum, (C) W 4f spectrum, and (D) O 1s spectrum. 
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Figure 3.9 Survey XPS spectra of the as-prepared Ba1-xSrxWO4 nanorod samples: (A) 
Ba0.3Sr0.7WO4, and (B) Ba0.5Sr0.5WO4. 



98 

 

 
Figure 3.10 XPS spectra of as-prepared Ba0.3Sr0.7WO4 nanorod samples: (A) Sr 3d 
spectrum, (B) Ba 3d spectrum, (C) W 4f spectrum, and (D) O 1s spectrum. 
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Figure 3.11 High-resolution XPS spectra of as-prepared Ba0.5Sr0.5WO4 nanorod samples. 
(A) Sr 3d spectrum, (B) Ba 3d spectrum, (C) W 4f spectrum, and (D) O 1s spectrum. 
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3.3.3 Electron Microscopy 

Figure 3.12 shows SEM images and the corresponding EDS data of all five as-

prepared Sr1-xCaxWO4 (where x = 1, 0.7, 0.5, 0.3, and 0) nanorod samples, which were 

fabricated using polycarbonate membranes with pore sizes as small as 50 nm. It can be 

observed that all the products of (A) CaWO4, (B) Sr0.7Ca0.3WO4, (C) Sr0.5Ca0.5WO4, (D) 

Sr0.3Ca0.7WO4, and (E) SrWO4 mainly consist of straight and smooth nanorods with 

uniform, homogeneous size along their axis direction. By analyzing magnified SEM 

images of these five samples, as shown in the insets of Figure 3.12A-E, diameters of the 

wire-like nanorods obtained were noted to be in the range of 50 + 5 nm, based on the 

corresponding as-reported 50 nm pore sizes of the commercial templates used in the 

synthesis. Measured lengths of the five Sr1-xCaxWO4 nanorods varied from one to several 

micrometers with an average value of 2.8 μm, somewhat shorter than the entire thickness 

of the membrane, which measures about 6 μm. One possible explanation is that 

longitudinal nanorod growth is limited to some extent by the availability and accessibility 

of precursor ions. That is, this parameter is determined not only by the overall reaction 

time but also by the growth rate of the nanorod diameter across the width of the template 

pores; at a certain point, the increasing nanorod diameter may become sufficiently large 

to physically block access to ion diffusion through the membrane. In addition, we should 

note that the sonication step involved in SEM sample preparation may also have 

physically shortened some of the nanorods. It is noteworthy that the SEM images were 

obtained from randomly selected areas of all of the five samples and as such are 

representative of the overall sizes and shapes of as-prepared Sr1-xCaxWO4 nanorods. It is 

reasonable to conclude that the ultimate morphology of each product accurately 

replicated the internal pore structure and morphology of the originating polycarbonate 

membranes and that this factor was independent of the chemical composition of the 

corresponding Sr1-xCaxWO4 solid solutions. 

Moreover, in every Sr1-xCaxWO4 nanorod sample analyzed by EDS (Figure 3.12F), 

chemical signatures taken within different parts of each of the samples were noted to be 

identical within experimental accuracy, and all of the as- prepared nanorods were 

essentially composed of elements such as Ca and/or Sr, W, and O, as expected. The Sr 
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signals overlapped with W signals in the energy scale at around 1.9 keV. In the 

normalized data, the intensities of the Ca signals gradually decrease with either 

increasing Sr content or decreasing values of x in the Sr1-xCaxWO4 system. The actual 

overall atomic content of Ca for each sample varied from 16.7%, 11.5%, 9.1%, 5.5%, to 

0%, corresponding to molar values of ‘x’ = 1, 0.7, 0.5, 0.3, and 0. On the basis of 

calculation, the theoretical content of Ca in the corresponding sample systems would 

have been expected to alter from 16.7%, 11.7%, 8.3%, 5.0%, to 0%, respectively, which 

is in reasonable agreement with experiment. Moreover, this result is consistent with our 

previously described XPS spectral observations, reinforcing the notion that the chemical 

compositions of the product Sr1-xCaxWO4 nanorod solid solutions are primarily dictated 

by the initial chemical concentrations of the precursor solutions. 

Analogous SEM and EDS data for as-synthesized Ba1-xSrxWO4 system are shown 

in Figure 3.13. The microscopy images (Figure 3.13A–E) showed the presence of 

dispersed individual nanorods as well as of bundled, aggregated species. In particular, 

Figure 3.13E highlights BaWO4 nanorod arrays, where the nanorods are roughly parallel 

to each other so as to form an aggregate of arrays. All of the straight and crystalline Ba1-

xSrxWO4 nanorods in Figure 3.13A-E possessed diameters ranging from 90 to 112 nm and 

lengths spanning from 2.5 to 5 μm. These nanorods maintained a uniform diameter of 

around 100 nm throughout their entire length, corresponding to the as-reported 100 nm 

pore size of the commercial polycarbonate membranes used as templates. Surfaces of 

these one-dimensional nanostructures were found to be relatively smooth over most of 

their lengths. EDS spectra (Figure 3.13F) were taken at a number of selected positions 

along all five of the Ba1-xSrxWO4 samples. Elemental signatures obtained were found to 

be identical within experimental accuracy, and essentially only Sr and/or Ba, W, and O 

were detected, as expected. Moreover, it was determined from these data that the peak 

intensity, representing the atomic content of Ba, increased from 0%, 4.6%, 8.3%, 10.7%, 

to 15.2% as the value of ‘x’ decreased from 1, 0.7, 0.5, 0.3, to 0 in the Ba1-xSrxWO4 

system. Our calculations show that Ba content should have altered from 0%, 5.0%, 8.3%, 

11.7%, to 16.7% with a systematic decrease in ‘x’ over the same range of chemical 

composition in this solid-solution system, which agrees favorably with our actual results. 
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In addition, our data corroborate previously described XPS measurements, suggesting 

that the resultant chemical compositions of Ba1-xSrxWO4 nanorod solid solutions are 

mainly determined by the initial chemical concentrations of the precursor solutions. 
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Figure 3.12 Representative SEM images of as-prepared Sr1-xCaxWO4 nanorod samples 
generated using polycarbonate membranes composed of 50-nm pore sizes: (A) CaWO4, 
(B) Sr0.3Ca0.7WO4, (C) Sr0.5Ca0.5WO4, (D) Sr0.7Ca0.3WO4, and (E) SrWO4. Associated 
insets show corresponding magnified views of the as-generated products. Scale bars in 
the insets are 200 nm. (F) EDS spectra of all five of the Sr1-xCaxWO4 nanorods: (1) 
CaWO4, (2) Sr0.3Ca0.7WO4, (3) Sr0.5Ca0.5WO4, (4) Sr0.7Ca0.3WO4, and (5) SrWO4. 
Intensities of the peaks for each of the samples have been normalized based on the 
intensity of the second W peak. 
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Figure 3.13 Typical SEM images of as-prepared Ba1-xSrxWO4 nanorod samples generated 
using polycarbonate membranes composed of 100-nm pore sizes: (A) SrWO4, (B) 
Ba0.3Sr0.7WO4, (C) Ba0.5Sr0.5WO4, (D) Ba0.7Sr0.3WO4, and (E) BaWO4. Associated insets 
show corresponding magnified views of the as-generated products. Scale bars in the 
insets are 200 nm. (F) EDS spectra of all five of the Ba1-xSrxWO4 nanorods: (1) SrWO4, 
(2) Ba0.3Sr0.7WO4, (3) Ba0.5Sr0.5WO4, (4) Ba0.7Sr0.3WO4, and (5) BaWO4. Intensities of 
the peaks for each of the samples have been normalized based on the intensity of the 
second W peak. 
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To provide additional details into the nature of the morphology and 

crystallographic structure of the Sr1-xCaxWO4 and Ba1-xSrxWO4 solid-solution systems, as-

prepared metal oxide nanorod samples were further analyzed by both low- and high-

magnification TEM as well as with SAED. 

Figure 3.14 shows representative TEM, HRTEM, and SAED images of as-

prepared Sr1-xCaxWO4 solid-solution nanorods. It can be observed that all the products, 

prepared using the 50 nm pore size of the polycarbonate membranes, mainly consist of 

discrete, one-dimensional wire-like nanostructures with smooth outer surfaces and that 

the as-measured diameters were essentially around 50 nm over much of their lengths. 

Though these nanorods tended to aggregate fairly easily, as can be seen from their SEM 

images (Figure 3.13), a further sonication step could readily resolve this problem and 

generate isolated nanostructures, as shown in the accompanying TEM images. 

All of the HRTEM images and SAED patterns taken along a number of selected 

regions for each of the individual nanorods were effectively indistinguishable within 

experimental accuracy for every Sr1-xCaxWO4 solid-solution sample analyzed. A 

representative HRTEM image taken from a portion of a randomly chosen single CaWO4 

nanorod is shown in Figure 3.14B. The presence of visible, 2D lattice fringes clearly 

illustrate that the nanorod is single crystalline with little if any defects or dislocations. 

Interplanar spacings were computed to be about 3.12 and 4.75 Å, which corresponds to 

the (112) and (101) planes, respectively. The associated electron diffraction pattern 

shown in the inset can be indexed to the reflection of a pure body-centered tetragonal 

CaWO4 scheelite structure. The presence of sharp diffraction spots, as opposed to an 

amorphous ring, further confirms formation of single-crystalline CaWO4 nanorods, 

whereas conventional template methods typically yield polycrystalline nanostructures. 

The corresponding structural analyses from HRTEM data and SAED patterns of as-

prepared Sr0.3Ca0.7WO4 and Sr0.7Ca0.3WO4 nanorods, measuring 50 nm in diameter, are 

presented in Figure 3.14D and F, respectively. By analogy, the presence of clearly visible 

2D lattice fringes as well as sharp diffraction spots strongly supports generation of single-

crystalline nanorods via our modified template-directed method at room temperature and 

under ambient conditions. In addition, the interplanar spacings, corresponding to the (112) 
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and (101) planes, respectively, are in good agreement with prior observations noted from 

the XRD patterns for these materials, corresponding to the tetragonal phase of the 

scheelite structure. 

Similarly, the corresponding TEM images and SAED patterns of the as-prepared 

Ba1-xSrxWO4 solid-solution system, shown in Figure 3.15, confirm the preparation of 

single-crystalline Ba1-xSrxWO4 nanorods with lattice spacing data consistent with 

complementary observations generated from XRD data. Indeed, the interplanar spacings, 

which can be ascribed to the (112) and (101) planes, respectively, tended to increase with 

decreasing values of x or decreasing Sr content in the Ba1-xSrxWO4 system. As can be 

seen from Figure 3.15B, D and F, the lattice spacings, corresponding to the (112) and 

(101) planes, an increase from 3.24, 3.33, to 3.65 Å and also from 4.95, 5.07, to 5.18 Å, 

respectively, for the SrWO4, Ba0.5Sr0.5WO4, and BaWO4 nanorod samples. These findings 

are consistent with the XRD peak behavior we previously detailed as a function of 

chemical composition. The same trend was also detected in the Sr1-xCaxWO4 solid-

solution system in Figure 3.14, where lattice spacings appeared to increase with 

decreasing Ca content. Specifically, for the (112) and (101) planes, lattice spacings 

increased from 3.12, 3.15, to 3.20 Å as well as from 4.75, 4.83, to 4.87 Å for the CaWO4, 

Sr0.3Ca0.7WO4 and Sr0.7Ca0.3WO4 nanorod samples, respectively. Overall, these results 

agreed well with the corresponding behavior for the relevant transitions in the associated 

XRD peaks. 
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Figure 3.14 Typical TEM images of as-prepared Sr1-xCaxWO4 nanorods using 
polycarbonate membranes composed of 50-nm pore sizes. HRTEM images of 
representative portions of individual nanorods. Corresponding SAED patterns are shown 
in the insets: (A, B) CaWO4; (C, D) Sr0.3Ca0.7WO4; (E, F) Sr0.7Ca0.3WO4. 
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Figure 3.15 Typical TEM images of as-prepared Ba1-xSrxWO4 nanorods using 
polycarbonate membranes composed of 50-nm pore sizes. HRTEM images of 
representative portions of individual nanorods. Corresponding SAED patterns are shown 
in the insets: (A, B) SrWO4; (C, D) Ba0.5Sr0.5WO4; (E, F) BaWO4. 
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3.3.4 Optical Spectroscopy 

The optical properties of the as-prepared alkaline-earth-metal tungstate, AWO4 (A 

= Ca, Sr, Ba), nanorods were investigated. Figure 3.16 shows the FTIR spectra of CaWO4, 

SrWO4, and BaWO4 nanorods generated using the 50, 100, or 200 nm pore sizes of the 

polycarbonate membranes, respectively. The strong absorption band located around 800 

cm-1 appears in Figure 3.16A of CaWO4 nanorods and likely originates from the W-O 

antisymmetric stretching vibrational mode, corresponding to the internal ν3 (Bg) mode in 

bulk AWO4-type scheelite oxides.20, 55, 56 The presence of similar characteristic 

absorption bands in Figure 3.16B and 3.16C further corroborates the identity of our other 

as-prepared nanorods as belonging to SrWO4 and BaWO4, respectively, as expected. 

As previously mentioned, the emission spectra of scheelite tungstates exhibit a 

broad luminescence band in the blue spectral region. The as-observed excitonic 

luminescence can be attributed to a radiative transition within the undisturbed, anionic, 

tetrahedral WO4
2- complex.57-60 The photoluminescence behavior of as-prepared 

nanorods with different diameters (50, 100, or 200 nm) was noted to be similar, showing 

little discernible diameter dependence. In another series of experiments, we also found 

out that PL measurements are not dependent on the length distribution of the nanorods 

either. Specifically, we sonicated as-prepared nanorods for 1 h, yielding CaWO4 and 

Ba0.5Sr0.5WO4 nanostructures (Figures 3.17A and C) possessing length distributions of 

0.83 + 0.12 and 0.89 + 0.27 μm, respectively, but were unable to clearly differentiate 

their optical behavior from that of untreated nanorods (Figures 3.17B and D). It has been 

previously reported that in some systems, such as ZnO and PbCrO4, PL intensities are 

susceptible to and will actually increase with increasing nanorod length,61, 62 presumably 

due to the lessening influence of defects as the nanorods become longer. We did not 

observe such an effect herein. 

Moreover, we performed additional experiments, coating our nanorods with 

organic ligands, such as either PAA or oleic acid, to determine potential surface effects 

on optical behavior. Figure 3.18 shows IR spectroscopy data associated with functional 

groups present on the surfaces of functionalized CaWO4 nanorods. In Figure 3.18A, for 

PAA-coated nanorods, the bands at 1230 and 1450 cm-1 can be assigned to the 
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antisymmetric and symmetric vibrational modes of the -COO- group. The band at 1700 

cm-1 is associated with the stretching mode of the -COOH group. Additionally, the 

shoulder at 2920 cm-1 can be ascribed to the asymmetric stretching mode of -CH3 groups. 

On the basis of these observations, one can conclude that PAA is bound to the surface of 

CaWO4 nanorods. In oleic acid-coated nanorods, the band at 2916 cm-1 in Figure 3.18B is 

significantly enhanced, suggesting an increase in quantity of -CH3 groups. All of the 

remaining bands also suggest adsorption of oleic acid onto the nanorod surface through 

formation of bidentate bonds.63, 64 While our data showed that such surfactant capping 

could definitely yield a more stable dispersion of functionalized nanorods, on the order of 

days as compared with merely hours for as-prepared nanorods, in aqueous solvents, in 

agreement with a previous report,65 PL behavior for our processed tungstate nanorods, 

though slightly different, was indistinguishable within the limits of experimental error 

from that of uncapped nanorods (Figure 3.19). By contrast, in general, the presence of 

capping agents such as either polymer or alkyl amines has been known to either enhance 

or quench photoluminescence relative to that of the corresponding, unmodified 

nanorods.66-68 
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Figure 3.16 FT-IR spectra of as-prepared single-crystalline alkaline-earth-metal tungstate 
nanorods: (A) CaWO4; (B) SrWO4; (C) BaWO4. 
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Figure 3.17 (A) TEM image of shortened CaWO4 nanorods prepared from templates 
measuring 50-nm in diameter after 1 hour of sonication. (B) Corresponding PL spectra of 
shortened CaWO4 nanorods before (black) and after (red) sonication. (C) TEM image of 
shortened Ba0.5Sr0.5WO4 nanorods prepared from templates measuring 100-nm in 
diameter after 1 hour of sonication. (D) Corresponding PL spectra of shortened 
Ba0.5Sr0.5WO4 nanorods before (black) and after (red) sonication. 
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Figure 3.18 FT-IR spectra of CaWO4 nanorods coated with organic ligands: (A) 
polyacrylic acid (PAA) and (B) oleic acid. 
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Figure 3.19 PL spectra of (A) CaWO4 nanorods prior to (black) and after (red) 
functionalization with PAA; (B) CaWO4 nanorods prior to (black) and after (red) 
functionalization with oleic acid. 
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Figure 3.20 illustrates typical PL spectra of Sr1-xCaxWO4 nanorods, where ‘x’ = 1, 

0.7, 0.5, 0.3, and 0, with increasing Sr content from top to bottom. It can be observed that 

all five emission curves exhibit a broad luminescence in the blue wavelength range and 

possess a triple-peak, spread-eagle-shape structure wherein a relatively narrow central 

peak is surrounded by two shoulders.57, 60, 69 Similar behavior was observed in the 

collective emission spectra of nanorods of the Ba1-xSrxWO4 system (Figure 3.20B). For 

all samples, all of the emission peak positions were not noticeably altered by the variation 

in chemical composition, implying that the energy gap related to the blue emission was 

not overly affected by changes in either Ca, Sr, or Ba content. As mentioned, the 

dominant blue emission band of the metal tungstates can be attributed to charge transfer 

transitions within the [WO4
2-] group between the last fully occupied t1 orbital and the first 

empty 2e orbital.70 That is, excitation from the ground state (1A1) of [WO4
2-] gives rise to 

four excited states, i.e., 1T2, 1T1, 3T2, and 3T1, from which only the transition between 1A1 

and 1T2 is electric dipole allowed.71 However, the WO4
2- complexes in scheelite 

tungstates are slightly distorted from Td to D2d symmetry by the influence of the Jahn-

Teller effect (through coupling of Jahn-Teller active vibrational modes of t2 symmetry for 

instance) and electron phonon interactions in general.69 Hence, the orbitally degenerate T 

state undergoes distortion and symmetry lowering to a D2d symmetry state, which 

strongly enhances the number of transitions observed. Specifically, both 1A1 to 1T2, 1T1 as 

well as 1A1 to 3T2, 3T1 transitions become partially allowable, thereby rendering radiative 

transitions from low-lying triplet excited states to the 1A1 ground state as clearly 

detectable emission peaks (i.e., at 437 nm) in the blue luminescent spectra. The resulting 

theoretical emission bands therefore possess a spread-eagle shape.72 In addition, the 

presence of weak green and red emission bands in our nominally pure nanorods could be 

ascribed to the presence of radiative transitions within defect centers, such as Frenkel 

defects (i.e., oxygen ions shifted to intersite positions with a simultaneous creation of a 

vacancy) on the surfaces of our samples as well as the possibility of Schottky defects, i.e., 

WO3.57, 70, 71 

It is worth emphasizing that though emission peak positions were essentially 

unchanged across sample composition, variations in emission peak intensities were 
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observed. Photoluminescence is sensitive to local lattice symmetry and could be used as 

an intrinsic probe to map out variations in scheelite nanocrystals, characteristic of 

changes in chemical composition, such as in lattice dimension and symmetry which often 

accompany size reductions.7 We indeed found this to be the case with our samples. In 

Figure 3.20A, Ca-rich nanorods showed a very strong luminescence, whereas Sr-rich 

nanorods evinced a much weaker emission. To account for the inefficiency of 

luminescence with increasing Sr content, it has been suggested that because Sr2+ ions 

(1.13 Å), surrounding the tungstate groups, are bigger than Ca2+ ions (0.99 Å), they do 

not effectively counteract the expansion of the WO4
2- complexes upon excitation as well 

as Ca2+ ions do. As a result, there is a lower thermal quenching temperature of the blue 

luminescence with increasing Sr content and a correspondingly higher probability of 

radiationless transitions.73 By contrast, in Figure 3.20B, Sr-rich nanorods yielded a 

comparatively stronger luminescence than their Ba-rich nanorod counterparts. An 

analogous argument could be made with respect to the size of the larger Ba2+ ions (1.35 

Å) relative to Sr2+ ions (1.13 Å), rendering them less capable of counteracting the 

expansion of WO4
2- groups upon excitation and thereby indirectly contributing to an 

increase in competing radiationless transitions.33 
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Figure 3.20 Photoluminescence spectra of as-prepared alkaline-earth-metal tungstate 
solid-solution nanorods collected at room temperature: (A) Sr1-xCaxWO4 nanorods. From 
top to bottom: CaWO4 (pink), Sr0.3Ca0.7WO4 (olive green), Sr0.5Ca0.5WO4 (blue), 
Sr0.7Ca0.3WO4 (dark green), and SrWO4 (red), respectively. (B) Ba1-xSrxWO4 nanorods. 
From top to bottom: SrWO4 (pink), Ba0.3Sr0.7WO4 (olive green), Ba0.5Sr0.5WO4 (blue), 
Ba0.7Sr0.3WO4 (dark green), and BaWO4 (red). 
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Importantly, it should be noted that with decreasing values of ‘x’ and hence 

decreasing Ca content in the Sr1-xCaxWO4 system, the normalized intensities of the major 

emission peaks decreased in parallel in a systematic fashion, from 100%, 80%, 76%, 69%, 

and to 60%, associated with values of x = 1, 0.7, 0.5, 0.3, and 0. Figure 3.21A highlights 

a linear relationship between the solid-solution composition-dependent x values and the 

corresponding normalized PL intensities (y), as described by eq 5, with a slope of 0.38 

(R2 = 0.953). 

y = 0.38(x) + 0.58         (5) 

We found an analogous relationship between the normalized PL intensity and the 

chemical composition in the Ba1-xSrxWO4 system. That is, with decreasing values of ‘x’ 

and hence vanishing Sr content, the normalized intensities of the major emission peaks 

similarly but predictably decreased from 100%, 92%, 85%, 81%, to 41%, associated with 

SrWO4, Ba0.3Sr0.7WO4, Ba0.5Sr0.5WO4, Ba0.7Sr0.3WO4, and BaWO4, respectively. 

However, as others have observed the luminescence of pure BaWO4 crystals and films to 

be anomalously weak and potentially less interpretable as compared with that of their 

SrWO4 analogues,59 we only considered data corresponding to ‘x’ = 1, 0.7, 0.5, and 0.3 in 

the Ba1-xSrxWO4 system in our subsequent analysis. Figure 3.21B therefore illustrates a 

linear relationship between the solid-solution composition-dependent x values and the 

corresponding normalized PL intensities (y), as described by eq 6, with a slope of 0.28 

(R2 = 0.994).  

y = 0.28(x) + 0.72          (6) 

Apart from a controlled use of small percentages of  dopants and guest ion 

intercalants, a clear dependence of photoluminescence intensity on chemical composition 

has rarely been convincingly demonstrated. Nonetheless, this effect, though, has been 

previously detected in CuGaSe2 films.74, 75 In addition, optical properties, including 

absorption and PL, have been systematically tuned in compositionally modulated ZnxCd1-

xS alloyed nanocrystals, ZnxCd1-xTe alloyed nanocrystals, as well as binary and ternary 

mercury chalcogenide clusters.76-78 Moreover, the photoluminescence quantum yield of 

CdTe quantum dots has been found to depend on the precise stoichiometric ratio of Cd to 

Te precursors used.78 However, a clear correlation between the chemical composition of 
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robust nanoscale solid solutions and photoluminescent intensity, as established herein, 

has, to the best of our knowledge, never been observed in 1D metal oxide systems. As 

such, this finding reported herein is highly significant from the point of view of obtaining 

predictive structure-property relationships in 1D nanorods prepared from solid solutions. 

Specifically, in our case, using a quasi-standardization plot, we can readily compute the 

magnitude of expected PL intensities from a knowledge of the precise chemistry of well-

defined alkaline-earth-metal tungstate solid solution samples, whereas, conversely, PL 

data can be reliably used to deduce the exact chemical compositions of these nanoscale 

materials. 

Time-resolved luminescence measurements were carried out in order to further 

explore the photoluminescent properties of our solid-solution nanorod samples. Figure 

3.22 shows a typical time-resolved luminescence decay curve of as-prepared SrWO4 

nanorods, which can be satisfactorily fitted into a single-exponential function with the 

decay lifetime, τ, equal to 1.62 + 0.05 μs. Additional lifetime data with appropriate 

standard deviations for all of our samples are listed in Table 3.1. Within our experimental 

resolution, there does not seem to be an obvious trend with respect to photoluminescent 

lifetimes across samples of different cation stoichiometry (Ca, Sr, Ba). The average 

lifetime was calculated to be 1.6 + 0.1 μs, which is comparable to the reported value of 

bulk CaWO4 crystal which is on the order of microseconds.79, 80 In addition, any real 

differences in the decay constants may be attributed to corresponding differences in 

excitation conditions.81 The exponential tail of the decay curve reflects the lifetime of the 

exciton emission due to radiative recombination of photoinduced charge carriers.82, 83 In 

general, the presence of surface defects (e.g., vacancy centers) as well as surface 

degradation and disorder may decrease observed lifetimes, whereas compositional 

disorder and exciton localization may have the opposite effect and increase lifetimes.79, 84 

The fact that essentially similar lifetimes were observed for all systems implies that the 

surface properties of our nanorods associated with these luminescence processes were 

effectively identical for each sample. 
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Table 3.1 Emission Lifetimes Measured at Room Temperature, Under Ambient 
Conditions, at 502 nm for As-Prepared Alkaline-Earth-Metal Tungstate Solid-Solution 
Nanorods. 
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While we were not able to measure the quantum yield (QY) directly, we can 

estimate it by comparing our measured lifetimes to those reported in the literature using 

eq 7 

 
where A represents our nanorod systems and B is associated with the bulk reference. τr 

and τnr represent the radiative and nonradiative lifetimes, respectively. 

For example, one study quotes a lifetime ranging from 5 to 6.7 μs at room 

temperature,93 which suggests a corresponding quantum efficiency value of 24-32% 

relative to bulk calcium tungstate material. It should be noted that in that bulk study, the 

reported lifetime values were not representative of the true radiative lifetime of the 

material since the room-temperature efficiency was arbitrarily set to 1. As such, we 

should emphasize that the computed quantum yield of 24-32% for our nanorods cannot 

necessarily be considered as an absolute quantum yield. A further confirmation of this 

assertion can be found in another paper, reporting a low-temperature (75 K) decay time 

of >200 μs;11 using 200 μs in our calculations would have reduced our quantum yield to 

less than 1%. On the basis of all of this data, it is reasonable to state that the quantum 

yield of our as-prepared alkaline-earth-metal tungstate nanorods is likely to be no worse 

than 25% as compared with their bulk counterparts at room temperature. We expect to 

continue with additional comprehensive photooptical studies on these as well as the 

analogous systems since there are few such studies in the literature that conclusively deal 

with these important issues. 
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Figure 3.21 Dependence of normalized photoluminescence intensities on the rationally 
modulated chemical compositions of as-prepared (A) Sr1-xCaxWO4 and (B) Ba1-xSrxWO4 
solid-solution nanorods. 
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Figure 3.22 Typical time-resolved emission profile of as-prepared SrWO4 nanorods 
measured at room temperature under ambient conditions. Parameters of the equation used 
to fit the decay curve are summarized in the inset. 
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3.4 Conclusions 

The current chapter demonstrates the ambient, room-temperature synthesis using 

a modified template-directed methodology of single-crystalline alkaline-earth-metal 

tungstates AWO4 (A = Ca, Sr, Ba) nanorods as well as the corresponding series of their 

crystalline solid-solution analogues, Sr1-xCaxWO4 and Ba1-xSrxWO4 (0 < x < 1), with 

varying controllable sizes. As-obtained photoluminescent lifetimes and quantum yields 

suggest that these nanoscale materials are comparable in optical behavior to those of bulk. 

The growth mechanism for these 1D nanostructures has been previously discussed. 

Generally, the fabrication of single crystals in solution is difficult because too many 

nuclei are produced as a result of a high degree of supersaturation, resulting in the 

formation of many particles. In order to obtain a low degree of supersaturation, it is 

therefore necessary to control the reaction rate. The point is that under controlled 

nucleation and growth conditions, single-crystalline alkaline-earth metal tungstates and 

their reciprocal solid-solution counterparts with one-dimensional rod-like morphologies 

were readily prepared within a constrained volume provided by polycarbonate 

membranes.  

The resulting nanorods have been extensively characterized via microscopy and 

spectroscopy. Because of the simplicity and versatility of the approach used, it is 

anticipated that we can generalize this methodology to the preparation of other important 

classes of stoichiometrically precise nanomaterials with controllable size and shape. In 

addition, whereas much of the relevant literature in solid-solution synthesis has focused 

on generating 1D nanostructures of bimetallic materials, such as diluted magnetic, 

semiconducting (DMS) nanorods in particular,85-88 the current work is focused on an 

important extension of this idea to trimetallic oxide systems. In fact, the relatively mild 

synthetic methodology we developed offers improved control over morphology, tunable 

chemical composition, and a reliable understanding of associated physical properties. 

Moreover, the composition-modulated luminescence properties over several distinctive 

series of as-prepared solid-solution nanorods of alkaline-earth-metal tungstates provide 

the fundamental basis for a more thorough investigation and understanding of their 
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optical and optoelectronic properties, which may eventually lead to the rational 

incorporation of these materials into functional nanoscale devices. 
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Chapter IV Multifunctional Doped Tungstate Nanorods 

 

 

4.1 Introduction 

There is a high interest in developing versatile and flexible nanomaterials that are 

multifunctional, multicomponent, and multifaceted in their properties and, hence, 

potential applications. The idea is to create multifunctional nanomaterials, which are 

responsive to multiple external stimuli, have recently become an attractive research field 

for their potential applications as building blocks in novel nanoscale devices. For 

example, multifunctional nanoparticles with interesting magnetic and luminescent 

properties have been used as effective platforms for biomedical imaging, drug delivery, 

protein separation, cell sorting, and MRI contrast imaging.1-6 In addition, incorporation of 

carbon nanotubes into a polymer matrix provides the composites with enhanced 

flexibility, transparency, conductivity, and mechanical strength.7-10 The above mentioned 

multifunctional nanomaterials mostly depend on mixing more than two different 

functional composites into one hybrid to achieve the goal, as opposed to one discrete 

homogeneous structure, which is the focus of our studies herein. 

To that effect, our current work, unique to the family of ternary metal oxides, is 

analogous to another class of multifunctional materials, namely, diluted magnetic 

semiconductors (DMSs) such as Cd1-xMnxS (x < 0.3), in which host cations are randomly 

substituted by magnetic ions. DMS materials have attracted significant attention for their 

potential use as key materials in magnetooptical and electronic devices.11-14 All these 

investigations clearly show the possibilities of incorporating multifunctional 

nanomaterials into devices with multiple applications in various fields. 

Alkaline-earth metal tungstates AWO4 (A = Ca, Sr, Ba) with their scheelite-like 

structures represent an important family of inorganic materials, with their interesting 

structural properties and distinct physical properties such as excitonic luminescence, 

thermoluminescence and stimulated Raman scattering (SRS) properties, which have 
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found a wide range of applications.15-20 In fact, their optical characteristics are keenly 

sought for a wide range of technologically significant applications,21-24 including as 

phosphors, laser media, and optical fibers. On the other hand, MnWO4, otherwise known 

as hübnerite, is described by a wolframite structure and is a multiferroic material, 

meaning that it can undergo simultaneous ferromagnetic ordering (or any other kind of 

magnetic) and ferroelectric ordering and possesses spontaneous electric polarization 

manifested in a spiral magnetically ordered state.25-29 Pure MnWO4 displays interesting 

antiferromagnetic behavior with potential applications as components of giant 

magnetoresistant (GMR) materials and intrinsically bistable ferromagnetic films in 

magnetic storage devices.30-32 

In this project, we seek for the first time to merge the favorable properties of both 

classes of tungstates by incorporating Mn ions into the alkaline-earth metal tungstate 

scheelite matrix, thereby generating a separate family of novel materials endowed with 

both desirable luminescent as well as magnetic properties that mutually coexist within 

one structure without any evident property dilution. That is, we have created reasonably 

homogeneously doped tungstates, which are truly multifunctional. Hence, our samples 

stand in contrast with previously reported tungstate systems, doped with uranium, 

neodymium, europium, ytterbium, or samarium, which had been created with the 

important but distinctly different intention of highlighting and strengthening the existing 

luminescence and lasing properties intrinsic to scheelites.33-36  The key point of this 

Chapter is to incorporate Mn ions into the alkaline-earth metal tungstate matrix, 

endowing these well-known optical materials with magnetic properties.  The blending of 

magnetic properties with characteristic luminescent materials promises a new type of 

multifunctional nanomaterials. 

In particular, we have created multifunctional 1D nanostructures with controllable 

size, shape, and morphology. In general, 1D nanostructures with their inherent anisotropy 

are the smallest dimension structures that can be used for the efficient transport of 

electrons and optical excitations. As such, they are applicable as building blocks for the 

realization of novel functional devices at the nanoscale.37-40 Specifically, we mounted 

commercially available, track-etched polycarbonate membrane of varying pore sizes 
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between the two halves of a U-shaped tube, containing aqueous precursor solutions, so as 

to spatially control the growth of our crystalline 1D nanostructures of Mn-doped alkaline-

earth metal tungstates nanorods at room temperature. We found that our as-prepared 

nanostructures reproducibly and simultaneously displayed both luminescent and 

antiferromagnetic properties, suggesting the possibility of their future incorporation into 

multifunctional nanoscale devices. 

 

4.2 Experimental Section 

4.2.1 Materials Preparation 

Polycarbonate (PC) track-etched membranes of ca. 6 μm in thickness, containing 

pore sizes of 50, 100, and 200 nm diameter, respectively, were purchased from Whatman 

Co., UK. The membranes were initially hydrated by immersion and sonication in a small 

volume of distilled, deionized water for a few minutes, so as to limit the formation of air 

bubbles either within their interior pore structures or on their surfaces. 

Subsequently, the membrane was mounted between the two half-arms of a U-

shaped tube cell apparatus. In a typical ambient synthesis, one of the two half-cells was 

filled with Na2WO4 solution, and the other half-cell contained a mixed solution 

containing either CaCl2, SrCl2, or Ba(NO3)2, together with MnCl2 at a concentration of up 

to 10.0 mol %, so as to generate Mn-doped CaWO4, SrWO4, and BaWO4 nanorods, 

respectively. Pure, undoped alkaline-earth metal tungstate nanorods were prepared under 

identical conditions, with the exception that MnCl2 was not added to the half-cell filled 

with either CaCl2, SrCl2, or Ba(NO3)2 solutions. Pure manganese tungstate nanorods were 

synthesized using solutions of MnCl2 and NaWO4 as precursors. The system was then left 

unperturbed for an incubation period of up to 1 day at room temperature. To isolate the 

product, the polycarbonate membrane was detached, sonicated for about 2 min to remove 

the unwanted particles on the surface, and thoroughly washed with distilled water before 

being completely dissolved by immersion in 5 mL of methylene chloride. As-prepared 

Mn-doped tungstate nanorods were collected from solution by centrifugation upon 

washing. 
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4.2.2 Materials Characterization 

X-ray Powder Diffraction See Section 1.7.1. 

Electron Microscopy See Section 1.7.3. 

Optical Spectroscopy See Section 1.7.5. 

Magnetic Measurements See Section 1.7.4. 

 

4.3 Results and Discussion 

4.3.1 X-ray Diffraction 

The purity and crystallinity of as-prepared Mn-doped tungstate nanorod samples 

were initially characterized using XRD. All of the diffraction peaks observed from as-

prepared Mn-doped CaWO4 nanorods in Figure 4.1A (top, black curve) can be readily 

ascribed to a pure body-centered tetragonal phase [space group: I41/a] of pristine CaWO4 

(bottom, red curve), with lattice constants of a = 5.231 Å and c = 11.358Å, which are 

comparable to reported database values of a = 5.242 Å and c = 11.372 Å for pure CaWO4 

bulk materials (JCPDS File No.07-0210). Likewise, Figure 4.1B presents a diffraction 

pattern collected from as-prepared Mn-doped SrWO4 nanorods (top, black curve) in the 

2θ range of 10 to 80°; this is very similar to what would be expected of its pure SrWO4 

bulk counterpart (bottom, red curve) possessing a body-centered tetragonal phase [space 

group: I41/a]. The calculated lattice constants of a = 5.404 Å and c = 11.932 Å are 

numerically close to the corresponding database values of a = 5.417 Å and c = 11.951 Å 

(JCPDS File No. 08-0490). Finally, the diffraction peaks (top, black curve) in Figure 

4.1C can be assigned to a pure body-centered tetragonal phase [space group: I41/a] of 

pristine BaWO4 (bottom, red curve), with lattice constants of a = 5.597 Å and c = 12.703 

Å, which are consistent with the reported values of a = 5.613 Å and c = 12.720 Å 

expected for pure BaWO4 (JCPDS File No.08-0457). 

The presence of dopant likely did not affect the structure of the AWO4 scheelite 

materials we were studying. In fact, neither secondary phases nor diffraction peaks due to 

either Mn or Mn-containing derivatives, such as manganese oxides, were detected. We 

also did not observe any peaks that could be unambiguously ascribed to MnWO4. All of 

these results suggest a reasonably homogeneous dispersion of Mn within the underlying 
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alkaline-earth metal tungstate AWO4 (A = Ca, Sr, Ba) matrix.41, 42 On the basis of a 

statistical analysis of our data, doping with Mn ions produces no real, quantifiable shift in 

lattice parameters, and apparent alterations in unit cell dimensions are actually coupled 

with peak width effects.43 
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Figure 4.1 XRD patterns obtained from (A) as-prepared Mn-doped CaWO4 nanorods 
(top, black) and JCPDS No. 07-0210 database standard for CaWO4 (bottom, red); (B) as-
prepared Mn-doped SrWO4 nanorods (top, black) and JCPDS No. 08-0490 database 
standard for SrWO4 (bottom, red); (C) as-prepared Mn-doped BaWO4 nanorods (top, 
black) and JCPDS No. 08-0457 database standard for BaWO4 (bottom, red). 
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4.3.2 Electron Microscopy 

TEM images of pure, undoped alkaline-earth metal tungstate nanorods are shown 

in Figure 4.2. By analogy, the size and morphology of as-synthesized Mn-doped 

tungstate nanorod samples were examined using FE-SEM and TEM. Figure 4.3A and C, 

show typical SEM and 

TEM images of Mn-doped CaWO4 nanorods, respectively, which had been fabricated 

using polycarbonate membranes with pore sizes as small as 200 nm in diameter. The 

presence of dispersed individual nanorods as well as of bundled, aggregated species is 

evident from these images. All of the straight and smooth nanorods possess uniform, 

homogeneous size along their axis direction, in the diameter range of 183 to 209 nm. 

Lengths measured from 25 different nanorods varied from 1.6 to 3.8 μm. EDS elemental 

analysis data (Figure 4.3B) clearly indicate that the nanorods are composed of Ca, W, O, 

and Mn, as expected, with the presence of the C peak attributable to the underlying 

conductive carbon tape. The molar ratio of Mn was spectrally estimated to be 5.92%, 

slightly lower than the initial starting concentration (10%) and which can be justified 

based on incomplete incorporation into the matrix. Additional details on the 

crystallographic structure of as-prepared Mn-doped tungstate nanorods were investigated 

using high-resolution TEM (HRTEM). Figure 4.3D shows a typical HRTEM image taken 

from a randomly chosen individual nanorod from Figure 4.3C, with an interplanar 

spacing of 3.08 Å, corresponding to the (112) plane of bulk crystalline CaWO4. The 

findings are consistent with observations from the XRD pattern shown in Figure 4.1A. 
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Figure 4.2 TEM images of as-prepared pure alkaline-earth metal tungstate nanorods. (A) 
CaWO4 nanorods, prepared using polycarbonate membranes with 200-nm pore diameters; 
(B) SrWO4 nanorods, prepared using polycarbonate membranes with 100-nm pore 
diameters. (C) BaWO4 nanorods, prepared using polycarbonate membranes with 50-nm 
pore diameters. 
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Figure 4.3 (A, C) Typical SEM and TEM images of as-prepared Mn-doped CaWO4 
nanorods, prepared using polycarbonate membranes with 200-nm pore diameters. (B) 
EDS spectrum of as-prepared Mn-doped CaWO4 nanorods. The C peak originates from 
the conductive carbon tape. (D) HRTEM image of a representative portion of an 
individual Mn-doped CaWO4 nanorod shown in (C). 
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Similarly, representative SEM and TEM images, as highlighted in panels A and C 

of Figure 4.4, respectively, reveal that as-prepared Mn-doped SrWO4 samples, generated 

using poly carbonate membranes with 100 nm pore sizes, consist of straight, wire-like 

nanorods with a uniform diameter in the range of 100 + 12 nm throughout their entire 

length of approximately 2.5-4 μm. EDS spectra (Figure 4.4B) reveal signals associated 

with Sr, W, O, as well as a molar concentration of Mn of up to 7.03%. The Sr signals 

overlap with W signals in the energy scale of around 1.9 keV. Corresponding HRTEM 

data of a single Mn-doped SrWO4 nanorod, shown in Figure 4.4D, suggest a lattice 

spacing of 3.20 Å, which can be indexed as the (112) plane of a body-centered tetragonal 

phase of a bulk SrWO4 crystal (JCPDS File No. 08-0490). 

Panels A and C of Figure 4.5 present typical SEM and TEM images of as-

prepared Mn-doped BaWO4 nanorod samples, respectively. It can be observed that 

straight and smooth nanorods with uniform and homogeneous size could be routinely 

synthesized. The measured nanorods possess diameters ranging from 47 to 52 nm, based 

on the corresponding 50 nm pore sizes of the polycarbonate membranes used, and a 

length range of 4 to 6 μm, reaching an aspect ratio of up to 100. The chemical signatures 

obtained from EDS spectra (Figure 4.5B) are identical within experimental accuracy, and 

only Ba, W, O, and Mn elements are observed, as expected. The C signal arises from the 

underlying conductive carbon tape. The actual Mn dopant level was determined to be 

5.81%, a somewhat lower value than expected based on the starting dopant concentration, 

but nevertheless in agreement with its incomplete incorporation into the underlying 

tungstate matrix. A representative HRTEM image, shown in Figure 4.5D, illustrates the 

crystalline nature of as-doped nanorods with an interplanar spacing of about 3.28 Å, 

corresponding to the (112) plane of pure BaWO4, which agrees with XRD results initially 

described with Figure 4.1C. 
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Figure 4.4 (A, C) Typical SEM and TEM images of as-prepared Mn-doped SrWO4 
nanorods, prepared using polycarbonate membranes with 100-nm pore diameters. (B) 
EDS spectrum of as-prepared Mn-doped SrWO4 nanorods. (D) HRTEM image of a 
representative portion of an individual Mn-doped SrWO4 nanorod shown in panel C. 
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Figure 4.5 (A, C) Typical SEM and TEM images of as-prepared Mn-doped BaWO4 
nanorods prepared using polycarbonate membranes with 50-nm pore sizes. (B) EDX 
spectrum of as-prepared Mn-doped BaWO4 nanorods. The C peak originates from the 
conductive carbon tape. (D) HRTEM image of a representative portion of an individual 
Mn-doped BaWO4 nanorod shown in panel C. 
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It should be mentioned that even though the electron microscopy data for all of 

the as-prepared Mn-doped tungstate nanorods suggest that these nanomaterials are 

definitely crystalline, it is also evident that the nanorods are actually polycrystalline in 

nature and are composed of multiple adjacent, discrete, nanosized but misoriented single-

crystalline domain regions. We attribute this observation to incorporation of the Mn 

dopant into the tungstate lattice, which corroborates other data, specifically 

photoluminescence data, we have collected. As with XRD, our electron microscopy data 

did not obviously yield evidence for the formation of isolated MnWO4 domains.  

In addition, we actually simulated each of the EDS spectra (Figure 4.6) containing 

a ratio of alkaline-earth metal (Ca, Sr, or Ba) to W to be 1:1 and in each case, these 

closely resembled our experimental results. Hence, as shown in Figures 4.3B, 4.4B, and 

4.5B, if we integrate peak areas, we can state the following: the Ca peak arises from a K 

transition, the Sr peak originates from an L transition, the Ba peak is derived from an L 

transition, the Mn peak can be attributed to a K transition, and the W peaks can be 

ascribed to M and L transitions. The relatively strong W signal arises from its particularly 

sensitive M transitions. Moreover, the signal for W overlaps to a certain extent with the 

contribution of the underlying Si wafer. 
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Figure 4.6 Simulated EDS spectra of alkaline earth tungstate materials. 
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4.3.3 Optical Spectroscopy 

The optical properties of multifunctional nanorods were investigated. Figure 4.7 

highlights UV-visible absorption spectra of as-prepared Mn-doped tungstate nanorods, 

collected at room temperature. It is evident that, for all three of the samples, there is a 

broadband absorption in the range from 350 to 450 nm, corresponding to the 6A1 - 4T1 

transition associated with the 3d states of Mn2+ ions.44-46 We show the corresponding UV-

visible spectrum of MnCl2 in Figure 4.8A, which is clearly distinctive. We also analyzed 

the UV-visible spectrum for MnWO4 nanorods (Figure 4.8B). As well, we collected the 

corresponding UV-visible spectra for undoped CaWO4, SrWO4, and BaWO4, in addition 

to data for all of these nanomaterials subsequently mixed physically with MnWO4 itself 

(Figure 4.9). In each of these control samples, the data were essentially featureless in the 

350-450 nm region of interest. All of these points should hopefully eliminate the 

possibility that the signals arose from free Mn2+ ions in solution and support the notion 

that the absorption curves originated from Mn2+ ions incorporated within the nanorod 

structures themselves. 
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Figure 4.7 UV-visible spectra of as-prepared (A) Mn-doped CaWO4 nanorods, (B) Mn-
doped SrWO4 nanorods, and (C) Mn-doped BaWO4 nanorods. 
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Figure 4.8 UV-visible spectra of (A) MnCl2 solution and (B) MnWO4. 
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Figure 4.9 UV-visible spectra of (A) CaWO4; (B) a physical mixture of CaWO4 and 
MnWO4; (C) SrWO4; (D) a physical mixture of SrWO4 and MnWO4; (E) BaWO4; (F) a 
physical mixture of BaWO4 and MnWO4. 
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The photoluminescent behavior of these as-prepared doped tungstate nanorod 

samples was also probed in Figure 4.10. For all of the Mn-doped tungstate samples, all of 

the emission peak positions (centered at 502 nm) were not noticeably altered by the 

variation in chemical composition, implying that the energy gap related to the blue 

emission was not directly coupled to changes in either overall Ca, Sr, or Ba content.47 To 

deal directly with the potential issue of the existence of discrete grains of MnWO4, 

incorporated within CaWO4, SrWO4, and BaWO4 nanorod systems, which might 

therefore have given rise to the observed optical properties, we obtained 

photoluminescence spectra not only for MnWO4 itself but also for control samples 

consisting of physical mixtures of each of these various undoped tungstate systems, as 

shown in Figure 4.11. Specifically, the photoluminescent features associated with 

nanorod mixtures of MnWO4 and CaWO4, MnWO4 and SrWO4, as well as MnWO4 and 

BaWO4 were essentially indistinguishable from those of pristine CaWO4, SrWO4, and 

BaWO4, respectively; moreover, the ratios of peak intensities measured at 502 nm for 

these control sample mixtures ranged from 0.94 to 1.15, which strongly suggested that 

the presence of MnWO4 did not overly affect the observed spectral profiles. In fact, 

photoluminescent data associated with MnWO4 alone were distinctive but did not yield 

any useful features in the 502 nm region of interest. 

In general, for bulk tungstates, the dominant blue emission band can be attributed 

to charge transfer transitions within the [WO4
2-] group between the last fully occupied t1 

orbital and the first empty 2e orbital.48 Excitation from the ground state (1A1) of [WO4
2-] 

gives rise to four excited states, that is, 1T2, 1T1, 3T2, and 3T1, from which only the 

transition between 1A1 and 1T2 is electric dipole allowed.49 However, the WO4
2- 

complexes in scheelite tungstates are slightly distorted from Td to D2d symmetry by the 

influence of the Jahn-Teller effect and electron-phonon interactions in general.50, 51 Hence, 

the orbitally degenerate T state undergoes distortion and symmetry lowering to a D2d 

symmetry state, which strongly enhances the number of transitions observed. Therefore, 

both 1A1 to 1T2, 1T1 as well as 1A1 to 3T2, 3T1 transitions become partially allowable, 

thereby rendering radiating transitions from low-lying triplet excited states to the 1A1 
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ground-state as clearly detectable emission peaks in the blue luminescent spectra. As 

such, the resulting emission bands possess a “spread-eagle” shape.52  

Figure 4.10A illustrates typical PL spectra of both pure CaWO4 nanorods (red 

curve) as well as Mn-doped CaWO4 nanorods (black curve). No significant shifts of PL 

emission were observed for these two systems. As we have discussed, it can be observed 

that both of the emission curves exhibit broad luminescence in the blue wavelength range 

centered at 502 nm and possess a classic spread-eagle structure, wherein a narrow central 

peak is surrounded by two shoulders. In addition, the presence of weak green and red 

emission bands could be ascribed to the presence of radiative transitions within defect 

centers, such as Frenkel defects, i.e., oxygen ions shifted to intersite positions with a 

simultaneous creation of a vacancy, on the surfaces of our samples as well as the 

possibility of Schottky defects, such as, WO3.48, 49, 53 Similar behavior was observed in 

the PL spectra of SrWO4, Mn-doped SrWO4, BaWO4, and Mn-doped BaWO4 nanorods, 

respectively (Figure 4.10B and C). 

For the three Mn-doped alkaline-earth metal tungstate nanorod samples, in 

particular, all of the emission peak positions were also not affected by the incorporation 

of Mn ions, implying that the energy gap related to the blue emission within WO4
2- 

complexes is similarly unaltered by the presence of Mn dopant. That is, although size is 

evidently a factor in determining nanoscale optical behavior, our result with tungstate 

nanorods herein is consistent with the lack of an observable shift in the emission peak 

position as a specific function of increasing Mn dopant concentration in either binary 

metal sulfide or oxide systems.54, 55 Moreover, the existence of Mn did not noticeably 

induce either quenching or blinking.56, 57 All of these observations are suggestive of weak 

Mn-Mn exchange interactions.54, 58 However, the Mn-doped alkaline-earth metal 

tungstate nanorod samples clearly showed far greater and enhanced photoluminescent 

emission intensity as compared with their undoped counterparts, all normalized in terms 

of concentration. That is, as compared with pure CaWO4 nanorods, Mn-doped CaWO4 

nanorods yielded 1.8 + 0.2 times greater luminescence intensity (Figure 4.10A) at the 

major peak position located at 502 nm. In the case of Mn-doped SrWO4 and Mn-doped 

BaWO4 nanorods, the corresponding PL emission intensities at 502 nm were 1.3 + 0.1 
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and 2.1 + 0.2 times larger than those of the pure SrWO4 and BaWO4 nanorods, 

respectively. 

There are a number of plausible factors that may account for the obvious 

improvement in observed emission intensities for Mn-doped alkaline-earth metal 

tungstate nanorods. For example, PL enhancement in the analogous case of Mn-doped 

ZnS nanocrystals has been primarily attributed to the passivation of surface defects on 

nanoparticles, thereby minimizing and suppressing nonradiative recombination.59 Others 

have suggested that improved sample crystallinity and quality (i.e., with few defect states 

present) enhance luminescence properties.60-62 

Although all of these prior factors are clearly critical and relevant, it is evident 

that the migration of Mn into the tungstate host is also important. That is, the efficiency 

of luminescence with Mn doping can be ascribed to the physical nature of the Mn2+ ions, 

surrounding the WO4
2- groups. In fact, the majority of the dopant Mn2+ ions are thought 

to be substitutionally incorporated into cation sites with a tetrahedral crystal field. As 

compared with Ca2+, Sr2+, and Ba2+, Mn2+ ions are smaller and can more readily and 

efficiently accommodate the expansion of WO4
2- complexes upon excitation. As a result, 

there is a higher thermal quenching temperature of the blue luminescence and a 

correspondingly lower probability of nonradiative transitions.47, 63 Thus, the observed 

increase in luminescence can be partially attributed to the intra-3d-shell transitions of 

WO4
2- ions. In other words, because the states within the 3d shell are strongly affected by 

the local crystal field environment associated with the WO4
2- ions, occupying specific 

lattice sites in the host tungstate matrix, the Mn2+ ions are able to luminescent quite 

effectively.64 

Furthermore, it is known that an orange/yellow luminescence band, peaking at 

around 573 nm, is a characteristic emission of Mn2+ ions, which can be attributed to a 

transition from 4T1 (first excited state) to 6A1 (ground state).42, 65 As compared with pure 

alkaline-earth metal tungstates, the peaks centered at 573 nm for Mn-doped nanorods 

show 1.8 + 0.1, 1.1 + 0.2, and 2.3 + 0.2 times greater luminescence intensity than their 

undoped counterparts, as shown in Figure 4.10, respectively. We reiterate the fact that 

quenching is not observed in our system even with Mn doping levels as high as 7%. 
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Concentration quenching in this doping scenario has been previously ascribed to the 

transfer of excitation energy from one Mn2+ ion to a neighboring Mn2+ via nonradiative 

transitions.41 Thus, the existence of Mn2+ pairs and strong Mn-Mn exchange interactions 

would be detrimental to PL, but the fact that the actual Mn dopant concentration is 

relatively low (i.e., less than 10% but still higher than the few percent threshold required 

for quenching of ZnS nanocrystals41, 54, 66) suggests that the Mn2+ ions are sufficiently 

diluted and stably isolated within the tungstate matrix and can therefore act as effective 

luminescence centers. Overall, due to the lack of quenching, it is plausible that no Mn2+ 

pairs are formed in our system and that few if any Mn2+ ions are surface quenched. 
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Figure 4.10 Photoluminescence spectra of as-prepared (A) Mn-doped CaWO4 nanorods 
(top, black) as well as pure CaWO4 nanorods (bottom, red); (B) Mn-doped SrWO4 
nanorods (top, black) as well as pure SrWO4 nanorods (bottom, red); and (C) Mn-doped 
BaWO4 nanorods (top, black) as well as pure BaWO4 nanorods (bottom, red) at room 
temperature. 
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Figure 4.11 Photoluminescence spectra of (A) a physical mixture of MnWO4 and 
CaWO4 nanorods (black), as well as pure CaWO4 nanorods (red); (B) a physical mixture 
of MnWO4 and SrWO4 nanorods (black), as well as pure SrWO4 nanorods (red); (C) a 
physical mixture of MnWO4 and BaWO4 nanorods (black), as well as pure BaWO4 
nanorods (red); (D) pure MnWO4 nanorods alone. 
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4.3.4 Magnetic Measurements 

We have measured the magnetization of Mn-doped CaWO4, SrWO4, and BaWO4 

for temperatures from 1.8 to 300 K and in fields as large as 5 T using a Quantum Designs 

Magnetic Phenomena Measurement System. The field dependence of the magnetization, 

measured at 5 K, is presented in Figure 4.12. In each of the three systems, the 

magnetization is wholly linear in field, ruling out the possibility of ferromagnetic 

ordering at low temperature.  

The temperature dependence of the magnetic susceptibility, χ(T) = M(T)/H, 

normalized per gram of compound and measured in a fixed field H of 0.1 T, is shown in 

Figure 4.13A. As shown in Figure 4.13B, the inverse susceptibility of all three samples is 

linear in temperature above 50 K, confirming that the Mn moments in each are 

paramagnetic and have equal moments. There is a modest variation in the Weiss 

temperatures for the three systems, being -21.8, -22.4, and -14.8 K for Mn-doped CaWO4, 

SrWO4, and BaWO4, respectively. As may be noted by close examination of Figure 

4.13B, there are small departures of the measured susceptibility from the Curie-Weiss 

expression at lower temperatures, suggestive of incipient magnetic order. Indeed, the 

inset to Figure 4.13A shows that the low temperature susceptibility in Mn-doped CaWO4 

and BaWO4 has a broad maximum below 10 K, suggestive of a disorder broadened 

antiferromagnetic transition. Similar results were previously obtained on MnWO4 in both 

bulk and nanoparticulate forms. 

The susceptibility of Mn-doped SrWO4 is distinctive in that it has a discontinuity 

in the slope of the temperature dependent susceptibility at 8.5 K, while becoming 

temperature independent at lower temperatures. This result indicates that Mn-doped 

SrWO4 is antiferromagnetically ordered, and the relative lack of critical fluctuations may 

imply that the phase transition is at least weakly first order. We have observed no 

hysteresis in the susceptibility of Mn-doped SrWO4 after cooling in zero field, or after 

cooling in a field of 0.1 T, as expected for a bulk antiferromagnet. This suggests that the 

magnetic order of Mn-doped SrWO4 likely has no appreciable ferromagnetic component, 

as in a ferrimagnet, nor is there a role for uncompensated surface moments, as might be 

expected for nanometer sized particles. This last point is quite reasonable, since the 
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relatively large size of the nanorods implies that a relatively small fraction of the Mn 

atoms is actually at the surface, making the nanorods functionally bulk-like from the 

standpoint of the magnetic measurements. Indeed, we have previously failed to discern 

any difference in the magnetization of bulk versus nanoscale MnWO4.67 
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Figure 4.12 Field dependences of the magnetization (M), at 5 K for as-prepared Mn-
doped CaWO4 (filled triangles), SrWO4 (open circles), and BaWO4 (open squares) 
nanorods. 
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Figure 4.13 (A) Magnetic susceptibility χ of powder of 200 nm nanowires, measured in a 
field of 0.1 T. Inset shows an expanded view between 2 and 20 K of data for as-prepared 
Mn-doped CaWO4 (filled triangles), SrWO4 (open circles), and BaWO4 (open squares) 
nanorods. (B) Corresponding temperature dependence of the inverse susceptibility χ-1 for 
as-prepared Mn-doped CaWO4 (filled triangles), SrWO4 (open circles), and BaWO4 
(open squares) nanorods. Linear behavior of data suggests the applicability of the Curie-
Weiss law. 
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4.4 Conclusions 

The current work demonstrates the synthesis of a family of Mn-doped alkaline-

earth metal tungstate nanorods using a modified template-directed methodology under 

ambient, room-temperature conditions. Nanorod diameters were easily controlled by 

varying the pore sizes of the polycarbonate membranes, which provided confined spaces 

in order to direct the crystal growth. The resulting crystalline nanorods have been 

extensively characterized using a number of diffraction, electron microscopy, optical 

spectroscopy, and magnetic techniques. As-prepared Mn-doped alkaline-earth metal 

tungstate nanorods showed increased luminescence intensities, as compared with pure 

alkaline-earth metal tungstate counterparts. In addition, similar antiferromagnetic 

behavior to MnWO4 was observed in these nanorods. The simplicity and versatility of the 

synthetic approach used highlight the possibility of incorporating multifunctions into 

individual 1D nanostructures, thereby suggesting their potential applications in a number 

of diverse fields. 
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Chapter V Semiconducting Metal Sulfide Nanowires and Their Photocatalytic 

Application 

 

 

5.1 Introduction 

Semiconducting metal sulfide nanoparticulates possess novel optical and 

electrical properties and are considered as building blocks for photovoltaic devices 

including dye-sensitized cells, all-inorganic nanoparticle solar cells, and hybrid 

nanocrystal-polymer composite solar cells in addition to lasers and waveguides.1 It is 

well known that when the semiconductor nanocrystal diameter is comparable to or less 

than the bulk exciton diameter, size-dependent optoelectronic properties and ionization 

potentials result.2, 3 Semiconductor nanoparticles exhibit lower ionization potentials as the 

particle diameter is decreased beyond the threshold for quantum confinement. Therefore, 

their optical properties are highly dependent upon size and morphology. For example, 

through particle size control, photocatalytic electron and hole redox potentials of size-

quantized semiconductor nanocrystals can be tuned to achieve increased redox power for 

use in waste water decontamination, in solar cells, or for selective synthesis processes.4-6 

Specifically, green covellite copper sulfide (CuS) possesses metal-like electrical 

conductivity and chemical sensing capabilities.7-11 CuS films maintain transmittance in 

the infrared, low reflectance in the visible and relatively high reflectance in the near-

infrared region, which are ideal characteristics for solar energy adsorption. Moreover, 

CuS transforms into a superconductor at 1.6 K12, 13 and has recently been used as a 

cathode material in lithium rechargeable batteries.14 

Cadmium sulfide (CdS) is a II-VI semiconductor with a direct band gap of 2.42 

eV with potential applications in laser light-emitting diodes, displays, dye-sensitized solar 

cells, fluorescence probes, sensors, photoelectrocatalysts, waveguides, and optoelectronic 

devices, based on its nonlinear optical properties.15-22 Very recently, in a manner 

analogous to ZnO, upon visible light illumination, CdS nanowires have been used to 
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convert mechanical energy into electricity by carefully coupling the piezoelectric, 

optoelectronic, and semiconducting properties of these materials.23, 24 

As a narrow band gap semiconductor with a bulk band gap energy of 0.41 eV, 

lead sulfide (PbS) has a reasonably large exciton Bohr radius of 18 nm, which allows it to 

achieve stronger confinement effects, even at relatively larger dimensions.25, 26 Hence, 

PbS is an extremely promising material for a large number of applications in mid- and 

near-infrared emission and detection,27, 28 important for biology and sensing.29 Moreover, 

it has found usage in optoelectronic devices, including light emitting diodes, flame 

monitors, photovoltaics, solar cells, and high-speed optical switches, due to its third order 

nonlinear optical properties.30-33 

In recent years, semiconducting 1D nanostructures, such as nanowires and 

nanotubes, are drawing intense research interest due to their novel physical and chemical 

properties as determined by their size, shape, and crystallinity. Their inherent anisotropy 

and quantum confinement within the low dimensionality render them as model systems 

for the efficient transport of electrons and optical excitations. As such, semiconducting 

nanowires have been used as building blocks for nanoscale energy-conversion, photonic, 

and electro-optical devices, as well as for electronic circuits.34, 35 Nevertheless, a lot of 

effort has been expended in overcoming numerous challenges associated with the 

controlled synthesis of semiconducting nanowires with reproducible morphology, 

crystallinity, chemical composition, and monodispersity, since Ijima’s discovery of 

carbon nanotubes. 

In particular, the synthesis of CuS nanorods and nanowire-like aggregates has 

been previously reported by methods such as reacting appropriate metal compounds with 

Na2S in the presence of a tripodal cholamine-based hydrogel,36 using the mediation of a 

microemulsion directed route,37 carrying out an amine-assisted hydrothermal process 

with CuCl/[Cu(NH3)4]2+ and thiourea at low temperature,38, 39 mechanically grinding 

together either Cu(NO3)2·3H2O or CuCl2·2H2O with Na2S·9H2O in the presence of  

ethylenediamine tetraacetic acid disodium salt at ambient temperature,40 as well as 

refluxing at 105 ºC in the presence of CuCl2, CS2, and ethylenediamine.41 Thioglycerol 

has been found to catalyze the hydrolysis of Na2S2O3 and the formation of CuS 
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nanorods.42 Solvothermal reaction protocols have been recently devised involving the 

decomposition of Cu(acac)2 precursors at 120 ºC to yield hexagonal phase CuS, 

occasionally mediated by the presence of ligands such as triethylenediamine and di-

nbutylamine.38 Even sonoelectrochemical deposition and microwave irradiation have 

been tried.43 Well-aligned arrays of CuS nanotubes have been successfully obtained 

through the gas-solid sulfurization reaction of CuCl precursors.44 

With respect to CdS nanorods, the use of hydrothermal-related treatments has 

been common.45, 46 Specifically, a surfactant-ligand co-assisted solvothermal method47-49 

at 160 ºC involving either Cd(NO3)2 and NH2CSNH2 in ethylenediamine at 80 to 160 ºC 

for 12-72 h, Cd acetate and ethylenediamine at 150 ºC for 5-7 h,50 CdSO4 and thiourea at 

100-180 ºC for 12 h,51 or Cd metal powder and sulfur at 120 to 200 ºC52, 53 have all been 

tried, occasionally assisted by the presence of promoters such as L-cysteine and 

poly(vinyl alcohol).54 The hot coordination solvent method frequently used to synthesize 

nanocrystals has also been utilized to produce CdS nanowires in the presence of either 

octadecylphosphonic acid,55, 56 oleylamine,57 or tetradecylphosphonic acid.58 The 

decomposition of cadmium hexadecylxanthate in the presence of hexadecylamine has 

also been suggested as a means of producing CdS nanowires.59 CdS nanorods have also 

been successfully fabricated in various microemulsion systems.45 Moreover, a thermal 

evaporation of CdS powder itself60 as well as the thermal decomposition of appropriate 

semicarbazide and diethyldithiocarbamate precursors61 have also been reported. Single-

source molecular precursors in a nanocluster-catalyzed VLS growth process, have also 

yielded single-crystalline CdS nanowire products in high yield.16 

Finally, PbS nanorods have been synthesized via a novel biphasic solvothermal 

interface reaction at 120 to 160 ºC,62, 63 a single-step low-temperature decomposition of 

lead hexadecylxanthane,64, 65 the reaction of lead acetate and thiourea in the presence of 

oleic acid at 140 ºC for 0.5 h under nitrogen,30 a gold nanoparticle-seeded growth at 200 

ºC,66 thermolysis of lead nitrate, surfactant, and ethylenediamine at 280 ºC,67 and a 

surfactant-assisted decomposition of lead thiocyanate in boiling benzyl alcohol.68 Even 

chemical vapor deposition of PbS using PbCl2 and S as precursors under either hydrogen 

or argon flow as well as an interfacial reaction between PbCl2 and H2S gas have been 
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attempted.69-71 Finally, a sonochemical synthesis in the presence of polyethylene glycol 

has been reported.72 

It is obvious based on all of the prior work that it would be desirable to develop a 

protocol that allows for a green, cost-effective methodology of metal sulfide 1D 

nanoscale synthesis without the need to sacrifice on sample quality, crystallinity, 

monodispersity, and purity. That is, it would be a viable, complementary advance to 

develop a generalizable protocol aimed at CuS, CdS, and PbS nanowire/array formation. 

Such a methodology would overcome (i) the high-temperatures, (ii) the need for 

expensive, complicated equipment, (iii) the use of potentially toxic, gaseous precursors 

and byproducts, (iv) the utilization of costly catalysts and performance-altering capping 

agents (including surfactants), or (v) the polycrystallinity of the ultimate product, 

characteristic of a number of previous literature methods of sulfide nanoscale metal 

synthesis.  

As a straightforward route, therefore, template synthesis enables a high degree of 

control over the dimensions of the resulting 1D nanostructures. Prior literature has 

suggested that the fabrication of PbS, CuS, and CdS nanorods can occur either by 

electrodeposition or injection of reactants within the channel pores of either anodic 

aluminum oxide43, 73-77 or mesoporous silica78, 79 templates. However, as drawbacks in 

terms of sample quality and reaction conditions, nanostructures synthesized using this 

traditional template method often either are polycrystalline or necessitate an additional 

annealing step at high temperature. We have successfully demonstrated the validity of the 

modified template-directed protocol through the production of 1D nanostructures of a 

number of classes of diverse materials. In this project, we describe the preparation and 

characterization of (a) discrete, individual motifs and (b) arrays of crystalline and pure 

semiconducting transition metal sulfide (CuS, PbS, and CdS) nanowires, via the 

inexpensive, generalizable, simplistic, and ambient template-directed technique. Nearly 

all band gap semiconductors can be effectively prepared at room-temperature through 

this simple template-directed method, including PbS, CuS, and CdS nanowires, with band 

gap energies for their bulk materials noted to be 0.41 eV, 1.55 eV, and 2.42 eV, 
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respectively. The method is generalizable and can be adapted to the production of other 

1D nanostructures. 

 

5.2 Experimental Section 

5.2.1 Materials Preparation 

The membrane was mounted between two half arms of a U-shaped tube. 

Precursors Na2S (Alfa Aesar, 98%), Cu(NO3)2 (Alfa Aesar, 98%), Pb(CH3COO)2 

(Aldrich, 99.99%), and Cd(NO3)2 (Alfa Aesar, 98.5%) were of analytical grade and were 

used without further purification. In a typical synthesis, one of the two half-cells was 

filled with freshly prepared 0.01 M Na2S solution, which was adjusted to pH = 6 using 

HCl. The other half-cell contained a 0.01 M solution of Cu(NO3)2, Pb(CH3COO)2, or 

Cd(NO3)2, used to generate CuS, PbS, or CdS nanowires, respectively. The system was 

then left unperturbed for an incubation period of as little as 5 h and up to 12 h at 

temperatures ranging from ambient conditions to 80 ºC. In the specific cases of CuS and 

PbS, such temporal and thermal variations did not noticeably affect either the 

morphology or the composition of the resultant products (Figure 5.1). By contrast, as we 

will discuss, an increase in reaction temperature to 80 ºC resulted in the transformation of 

cubic zinc blende CdS nanowires into hexagonal würtzite cactus-like CdS nanostructures. 

Subsequent to precursor solution immersion and product formation, either a black 

color (CuS and PbS) or a yellow hue (CdS) was observed, associated with the 

polycarbonate membrane, which was then detached, sonicated for 2 min to remove 

unwanted particles on the surface, and thoroughly washed with distilled water, prior to 

dissolution and removal with methylene chloride. As-prepared sulfide nanowires were 

then collected and isolated from solution by centrifugation after washing. 

5.2.2 Materials Characterization 

X-ray Powder Diffraction See Section 1.7.1. 

Electron Microscopy See Section 1.7.3. 

Optical Spectroscopy See Section 1.7.5. 

 Photocatalytic Degradation Activity. In a typical experiment, the CdS powdered 

catalyst (with a resulting concentration of 0.5 g/L), suspended in an aqueous solution of 
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either 50 ppm Rhodamine B or methyl orange, was ultrasonicated for 10 min and 

magnetically stirred under dark, un-illuminated conditions for 30 min so as to establish an 

adsorption-desorption equilibrium with respect to the individual dye species. After given 

irradiation time intervals with UV light at 366 nm at a 5 cm separation distance, the 

photocatalytic performance of the various CdS nanoscale catalysts was subsequently 

gauged by measuring changes in the intensity of the optical absorbance peaks, localized 

at either 555 or 464 nm, of the aqueous supernatant aliquots containing either Rhodamine 

B or methyl orange dye species, respectively. Analogous control experiments were 

performed either without CdS (blank) or in the presence of a commercial bulk sample 

(CERAC Inc.; particle size corresponding to -325 mesh or < 64 μm), normalized for 

identical metal sulfide concentrations. 
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Figure 5.1 (A, B) Typical SEM images of as-prepared CuS and PbS nanowires, 
respectively, generated using polycarbonate membranes maintaining 200 nm pore 
diameters at 80 ºC. (C, D) Corresponding XRD patterns associated with CuS and PbS 
nanowires, respectively, prepared at 80 ºC. 
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5.3 Results and Discussion 

5.3.1 X-ray Diffraction 

The purity and crystallinity of as-prepared sulfide nanowire samples were initially 

characterized using powder XRD measurements. As shown in Figure 5.2 and 

summarized in Table 5.1, all of the diffraction peaks observed from each of the samples 

can be readily indexed and have been positively ascribed to pure phases of their bulk 

counterparts, with lattice constants comparable to the corresponding reported database 

values, associated with each of the target materials. Very little if any impurity peaks were 

present in any of the patterns, though it should be mentioned that two very weak peaks 

surrounding the (111) peak of cubic phase CdS (JCPDS No. 10-0454) in Figure 1C could 

be ascribed to the (100) and (101) peaks of hexagonal würtzite CdS (JCPDS No. 41-

1049). Thus, overall, these results strongly suggest that reasonably pure, crystalline 

hexagonal-phase CuS, cubic-phase PbS, and cubic-phase CdS can be prepared under 

ambient, room-temperature conditions without the necessity of an additional annealing 

step at high temperature. 

The CdS results are worthy of further discussion. CdS possesses three types of 

crystal structures, namely, hexagonal würtzite, cubic zinc blende, and high-pressure 

rocksalt phases. The hexagonal phase can be observed in both bulk and nanocrystalline 

structures, whereas the cubic and rocksalt phases are less commonly formed.77 Among 

the three phases, hexagonal würtzite has been intensively investigated because it is the 

most thermodynamically stable form of CdS and has been extensively synthesized easily 

by a number of groups.55, 80-82 By contrast, only a relatively few number of papers has 

ever claimed the synthesis of either spherical quantum dots or cylindrical nanowires of 

CdS possessing either the cubic zinc blende phase or even a mixture of both hexagonal 

and cubic phases.17, 77, 83, 84 Hence, to the best of our knowledge, for the first time, we 

have demonstrated the ambient, room-temperature preparation of CdS nanowires 

associated with a metastable cubic phase with minimal hexagonal phase impurities. 

Figure 5.3 shows the XRD patterns of CdS nanostructures prepared at 80 °C. In 

contrast with ambiently prepared cubic phase CdS nanowires, all of the diffraction peaks 

corresponding to the cactus-like nanostructures, formed at higher temperatures, can be 
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indexed to the pure hexagonal phase of CdS (JCPDS No. 41-1049). We note that the 

energy difference between the cubic and hexagonal CdS energy gap differs by less than 

0.1 eV.85 Hence, our observations are not surprising since it has been reported that, at low 

temperatures, the cubic phase can be more easily obtained whereas at higher temperatures, 

the hexagonal phase is more prevalent.86-88 Moreover, the relative peak broadening 

observed can be attributed to the existence of crystalline faults, microstrains, crystalline 

domain sizes, and/or domain size distribution.89 
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Figure 5.2 XRD patterns obtained from (A) as-prepared CuS nanowires (top, black) and 
corresponding JCPDS No. 06-0464 database standard for CuS (bottom, red); (B) as-
prepared PbS nanowires (top, black) and corresponding JCPDS No. 78-1901 database 
standard for PbS (bottom, red); (C) as-prepared CdS nanowires (top, black) and 
corresponding JCPDS No. 10-0454 database standard for CdS (bottom, red). 



173 

 

Table 5.1 Crystallographic data of as-prepared sulfide nanowire samples and 
comparisons with reported literature values. 
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Figure 5.3 XRD patterns obtained from as-prepared CdS cactus-like nanostructures (top, 
black) and a JCPDS No. 41-1049 database standard for hexagonal CdS (bottom, red). 
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5.3.2 Electron Microscopy 

5.3.2.1 CuS 

The size and morphology of as-prepared metal sulfide 1D nanostructures have 

been studied using FE-SEM and TEM. Figure 5.4A and C, show typical SEM and TEM 

images of CuS nanowires, respectively, which had been fabricated using polycarbonate 

membranes with 100-nm diameter pore sizes. The presence of dispersed individual 

nanorods as well as of bundled, aggregated species clearly shows that straight, smooth, 

and crystalline wire-like CuS 1D nanostructures, with a relatively uniform diameter 

throughout their entire length, can be produced. Diameters of as-prepared CuS nanowires 

were 100 + 13 nm, while measured lengths attained values of as much as several 

micrometers, comparable to the thickness (6 μm) of the PC membranes from whence 

these structures were derived. In addition, EDS elemental analysis data (Figure 5.4B) 

taken from SEM clearly indicate that the sample is only composed of Cu and S, as 

expected, with the presence of the Si peak attributable to the underlying silicon wafer. 

To provide additional insight into the structure of the as-prepared sample, 

randomly chosen single nanowires, shown in Figure 5.4C, were analyzed by HRTEM and 

SAED. Figure 5.4D highlights the HRTEM image of a portion of an individual CuS 

nanowire, which is single-crystalline with a lattice fringe spacing of 0.191 nm, 

corresponding to the (110) plane of the hexagonal phase of a CuS crystal. The inset to 

Figure 5.4D shows the SAED pattern, consisting of sharp spots that can be indexed to the 

(110) and (100) diffraction planes, respectively, of primitive hexagonal CuS. These 

findings are consistent with observations from the XRD data shown in Figure 5.2A. 

Moreover, the HRTEM image and SAED patterns taken from different positions along 

the nanowires were found to be essentially identical within experimental accuracy, 

indicating the entire nanowire can be assumed to be single-crystalline, while a thin 

amorphous layer, visible in Figure 5.4D, likely coats at least part of the outer surface. 

As a result of a high rate of occupancy of the interior of the membrane pores with 

the precursors associated with the CuS sample, the resulting nanowires tend to form 

arrays, after removal of the PC template by methylene chloride with modest sonication. 

As illustrated in Figure 5.5A, arrays of CuS nanowires appear to be structurally robust 



176 

 

and well preserved. The SEM image in Figure 5.5B under higher magnification clearly 

shows that the nanowires are individually separated from each other as opposed to 

forming mass aggregates and are roughly parallel to each other so as to generate a packed, 

vertically aligned array architecture upon template removal. 

It is evident that these nanowires form a dense, continuous network, stretching 

over micrometer-sized areas. In particular, Figure 5.5C and D presents the tilt and top 

views of CuS nanowire arrays, respectively, grown within the pores of PC templates. The 

diameters of these nanowires are 200 + 18 nm, and their lengths measure in the 

micrometers, corresponding to the dimensions of the originating pore channels. We have 

not discounted the possibility that a remnant residue of the polycarbonate template, inter-

dispersed within the nanowire framework, could be contributing to the mechanical 

support for these sulfide arrays. Such a scenario is not unusual considering that due to the 

random nature of the pore-production process in the track-etched membrane, a number of 

pores may have actually intersected within the membrane itself.90 Moreover, while 

disulfide bond formation between dangling sulfur species is a plausible causal factor,91 it 

is more likely that CuS growth “spilling” outside the pores themselves was a more 

important determinant, accounting for the additional reinforcing “glue” for these arrays. 
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Figure 5.4 (A, C) Typical SEM and TEM images of as-prepared CuS nanowires, 
prepared using polycarbonate membranes with 100 nm pore diameters. (B) EDS 
spectrum of as-prepared CuS nanowires. The Si peak originates from the underlying 
silicon wafer. (D) HRTEM image of a representative portion of an individual CuS 
nanowire shown in (C). Corresponding SAED patterns are shown in the inset. 
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Figure 5.5 (A, B) Different magnification SEM images of CuS nanowire arrays, isolated 
from polycarbonate membranes containing 200 nm pore diameters. (C, D) Corresponding 
tilt-view and top-view SEM images of CuS nanowire arrays. Scale bars measure 2 μm. 
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5.3.2.2 PbS 

Similarly, representative SEM and TEM images, as highlighted in Figure 5.6A 

and C, respectively, reveal that clusters of as-prepared PbS, isolated from PC membranes 

with 200 nm pore size diameters, primarily consist of one-dimensional structures 

possessing a straight, wire-like morphology with a relatively uniform diameter in the 

range of 200 + 20 nm throughout their entire length of approximately 3.7-5.6 μm. The 

EDS spectrum (Figure 5.6B) shows signals associated with Pb and S, which overlap with 

each other in the energy scale at around 2.3-2.7 keV. The observed Si and C peaks likely 

originate from the silicon wafer and conductive carbon tape, respectively. The 

corresponding HRTEM image of a single PbS nanowire, shown in Figure 5.6D, suggests 

a lattice spacing of 0.298 nm, which can be indexed to the (200) plane of a face-centered 

cubic phase of a bulk PbS crystal (JCPDS File No. 78-1901), indicating that the nanowire 

likely grows in a [100] orientation. The somewhat distorted SAED pattern (inset to 

Figure 5.6D) suggests that the nanowires are not perfectly single-crystalline in nature. 

Indeed, the discrete but elongated bright spots can be indexed to the (200) planes of cubic 

PbS, unlike the usual broad, amorphous diffraction rings, characteristic of 

polycrystallinity. Moreover, the data indicate that the nanowire may consist of multiple 

single-crystalline domains composed of highly oriented nanocrystals growing along the 

[100] crystallographic axis.92 
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Figure 5.6 (A, C) Typical SEM and TEM images of as-prepared PbS nanowires, 
prepared using polycarbonate membranes containing 200 nm pore diameters. (B) EDS 
spectrum of as-prepared PbS nanowires. The C and Si peaks originate from the 
conductive carbon tape and silicon wafer, respectively. (D)HRTEM image of a 
representative portion of an individual PbS nanowire shown in (C). The corresponding 
SAED pattern is shown in the inset and is discussed in the text. 
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5.3.3.3 CdS 

Figure 5.7A and C present typical SEM and TEM images of an as-prepared CdS 

sample, respectively, prepared under ambient conditions. It can be observed that straight 

and smooth nanowires with relatively uniform and homogeneous size can be routinely 

synthesized. Measured nanowires possess diameters spanning from 46 to 53 nm, based on 

the corresponding 50 nm pore sizes of the PC membranes used, and a length range of 2.1 

to 4.6 μm. The resulting nanowires also tend to form reasonably robust arrays upon 

removal of the template. The chemical signatures obtained from the EDS spectra (Figure 

5.7B) correspond to Cd and S elements, as expected. The Si signal arises from the 

underlying silicon wafer used for analysis. A representative HRTEM image, shown in 

Figure 5.7D, illustrates the single-crystalline nature of the CdS nanowires with an 

interplanar spacing of 0.338 nm, corresponding to the (111) plane of pure face-centered 

cubic CdS, which agrees with the XRD results initially shown in Figure 5.2C. The sharp 

SAED pattern in the inset confirms that the entire nanowire is likely single-crystalline in 

nature, with two diffraction planes, that is, (111) and (220), that can be indexed to the 

cubic structure of CdS. 

As we have previously noted, nanoscale CdS structures, prepared at 80 °C, 

evinced a different morphological motif and crystallographic structure. Specifically, SEM 

(Figure 5.8A) and TEM (Figure 5.8C) images were suggestive of the formation of visibly 

roughened CdS nanotubes, possessing an inner diameter of 78-90 nm, a wall thickness 

of 4 nm, and average lengths of up to several micrometers. As indicated in the higher 

magnification image (inset to Figure 5.8C), the roughness of these nanotubes could be 

attributed to the formation of needle-like, ultrathin structures measuring 20 nm long, 

projecting out, like a multitude of tiny bristles, from the surface of the outer wall. Though 

it is not an uncommon structural archetype, this cactus-like nanostructure has never, to 

the best of our knowledge, been previously observed for CdS. As the Si signal could be 

ascribed to the underlying silicon wafer used for SEM imaging, EDS analysis (Figure 

5.8B) showed that the hollow structures were essentially composed of Cd and S, without 

any extraneous chemical impurity. Figure 5.8D illustrates a representative SAED pattern 

taken from an individual cactus-like nanostructure highlighted in Figure 5.8C. The three 
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rings observed can be indexed to the (002), (110), and (112) diffraction planes, 

respectively, corresponding to the crystalline hexagonal phase of CdS. 

Figure 5.9A highlights a portion of a typical cactus-like nanostructure (e.g., inset 

to Figure 5.8C), constructed from needle-like bristles projecting outward and branching 

off from the main CdS nanotube framework. In this magnified view, it is evident that the 

outer wall of the tubes is almost completely covered with these thin nanoscale needles. 

Representative HRTEM images were taken from three different positions along 

the length of the hierarchical nanostructure shown in Figure 5.9A. Namely, these 

included the bristle-coated inner wall of the nanotube (Figure 5.9B), the intersection 

region between the central “trunk” and the secondary bristles (Figure 5.9C), and finally, 

the constituent needle-like bristles themselves in a different area of the sample (Figure 

5.9D), respectively. While it is difficult to conclusively demonstrate that we were able to 

directly probe the nanotube wall motif itself by means of HRTEM, the diffuse nature of 

the SAED pattern suggests that the entire “trunk” may have been polycrystalline in nature, 

and therefore, it is plausible to hypothesize that the “trunk” may have consisted of a 

multitude of multioriented single-crystalline domains. Indeed, a lattice spacing of 0.339 

nm, obtained from one of these nanocrystals (Figure 5.9B), can be ascribed to the (002) 

plane of a hexagonal würtzite CdS structure. Some of these nanocrystals may therefore 

have served as seeds for the adjoining branching structures.37 We also observed the 

presence of defects such as stacking faults within the confluence areas between the 

central “trunk”  and its bristly “offshoots” (Figure 5.9C), similar to what has been 

previously described in analogous hierarchical systems.93 Specifically, these stacking 

faults have been ascribed to the small energy difference between stacking sequences in 

the growth direction.94 The bristles themselves maintain an obvious lattice spacing of 

0.341 nm, corresponding to the (002) planes of hexagonal CdS, an experimental result 

suggestive of the preferential [002] growth direction of these branched needle-like 

structures. 

It is generally believed that, at room temperature, single crystals of cubic CdS 

nanorods were derived from isolated, disparate nucleation sites, which then grew by 

extension throughout the porous network until contact was made with the confining 
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membrane surface itself, acting as the ultimate barrier to growth. The hexagonal phase 

cactus-like nanostructure formation at 80 °C in the absence of surfactant is still a matter 

of study, but in the context of previous, analogous experiments by a multitude of groups, 

it can be explained as follows. 

To account for the central nanotube “trunk”, we have attributed tube-like 

formation to the fusion and coalescence of individual precursor particles preferentially 

localized along the surfaces of the template pore walls.95 The observed formation of 

bristles or, alternatively, fractal dendritic structures in comparable systems has been 

previously ascribed to the non-equilibrium growth and the inherent molecular anisotropy 

of the hexagonal structure of CdS.96 Diffusion-limited aggregation and nucleation-limited 

aggregation models have also been proposed to account for the formation of related 

complex hyper-branched structures.94, 97-100 Hence, in an alternate but plausible 

mechanism, with increasing temperatures, multiple nuclei, pertaining to the 

thermodynamically stable hexagonal phase of CdS, can form in solution in an initial 

nucleation stage. In the next step, these will subsequently grow to produce thin, well-

crystallized CdS nanorods in the presence of additional “monomers”, which randomly 

move about and subsequently accumulate with each other to create kinetically roughened 

fractal structures.101-104 The lack of any definite, preferential angles with which the 

different branches emerged from the central trunk supports this “fractal” hypothesis in 

our system102 since there were no additives present to “direct” growth. Furthermore, the 

diffusion of smaller CdS nanostructures is known to be faster at higher temperatures, 

which is also conducive to their aggregation.105 
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Figure 5.7 (A,C) Typical SEM and TEM images of as-prepared CdS nanowires, prepared 
using polycarbonate membranes with 50 nm pore diameters. (B) EDS spectrum of as-
prepared CdS nanowires. The Si peak originates from the silicon wafer. (D) HRTEM 
image of a representative portion of an individual CdS nanowire shown in (C). The 
corresponding SAED pattern is shown in the inset. 
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Figure 5.8 (A, C) Typical SEM and TEM images of as-prepared CdS cactus-like 
nanostructures, prepared using polycarbonate membranes with 100-nm pore diameters at 
80 °C. Associated insets show a correspondingly magnified view of as-generated 
products. (B) EDS spectrum of as-prepared CdS cactus-like nanostructures. The Si peak 
originates from the underlying silicon wafer used for data collection. (D) SAED pattern 
of a representative portion of an individual CdS cactus-like nanostructure shown in (C). 
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Figure 5.9 (A) TEM image of an individual CdS cactus-like nanostructure. (B-
D)HRTEM images taken from various positions, delineated by white circles, respectively, 
along a portion of the cactus-like nanostructure in (A). 
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5.3.4 Optical Spectroscopy 

5.3.4.1 Raman Spectroscopy 

The optical properties of these sulfide 1D nanostructures were also investigated. It 

is well known that in a crystalline semiconductor, the observed Raman shifts are usually 

associated with the longitudinal optical phonons (LO), while in general, other modes, 

such as the transverse optical phonons (TO) and the surface phonons (SP), are not as 

observable because of symmetry restrictions and weaknesses in the observed intensities, 

respectively.106-108 However, these other modes can become viable due to surface 

roughness and crystallite size considerations as well as the large surface-to-volume ratio 

intrinsic to nanostructured materials. Therefore, Raman scattering measurements have 

become a unique tool for probing nanoscale vibrational properties, especially the exciton-

phonon coupling through the Fröhlich interaction of multiexcitonic materials such as 

PbSe.69 

Figure 5.10 highlights the Raman spectra of as-prepared semiconducting 

nanowires, corroborating the chemical identity of our as-prepared nanostructures. 

Specifically, a strong, sharp peak appearing at 470 cm-1 is dominant in the spectrum of 

CuS nanowires (Figure 5.10A) and has been previously associated with the covellite 

(CuS) system,109-111 though we cannot necessarily preclude potential contributions from 

S-S stretching vibrational modes as well.112  

Figure 5.10B displays the Raman spectrum of PbS nanowires. PbS is an 

inherently weak Raman emitter, but increasing the intensity of the laser excitation might 

have led to sample photo-oxidation.69 One strong peak at 143 cm-1 is clearly observed, 

which can be ascribed to the SP mode.71, 113 According to earlier reports, the intensity of 

this peak greatly increases with decreasing crystal size.114 We have found that this peak is 

so intense, though, that signals at 210 and 271 cm-1 resemble two small, secondary 

shoulders, corresponding to a 1 LO phonon mode and two-phonon mode process, 

respectively.71, 108 Our observation also suggests that the nanowire may be composed of a 

substructure of small discrete nanocrystals. The weak intensity of these peaks has been 

previously assigned to decreasing crystallite size, which is also consistent with 

conclusions derived from our electron diffraction data. The Raman peak at 440 cm-1 can 
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be assigned to a 2 LO phonon mode, that is, a broad overtone whose intensity is strongly 

dependent on the excitation wavelength.114 Finally, the peak at 602 cm-1 has been 

previously ascribed to a second overtone signal.108 

Figure 5.10C shows the Raman spectrum of as-prepared CdS nanowires. Two 

features of CdS are clearly evident, illustrating characteristic Raman shifts analogous to 

those of pure crystalline CdS.75 Specifically, the two peaks located at 301 and 602 cm-1 

can be assigned to the first- and second-order TO phonon modes, respectively, though a 

number of groups have claimed that these peaks actually correspond to the fundamental 

LO band and its associated overtone.47, 52, 74, 107 Nonetheless, the observed phonon peaks 

are shifted toward lower frequency than would be expected from bulk, likely due to 

effects of small size and high surface area. Moreover, the relatively sharp and symmetric 

profile of the peaks of our sample suggests that our nanorods are highly crystalline and 

relatively free of impurities,80 which agrees with our electron microscopy data. 
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Figure 5.10 Raman spectra of as-prepared (A) CuS nanowires; (B) PbS nanowires; and 
(C) CdS nanowires. 
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5.3.4.2 UV-Visible Spectroscopy 

Figure 5.11 highlights the UV-visible absorption spectra of as-prepared transition 

metal sulfide nanowires, collected at room temperature. The absorption spectrum (Figure 

5.11A) of CuS nanowires, which has been attributed by one group to partial oxidation of 

the nanowire surface,44 showed a broad spectral band in the region between 300 and 650 

nm. This result is in agreement with prior reports,39, 40, 110 with small peaks observed 

around 400 nm (i.e., 3.10 eV), potentially attributable to the nanorod morphology of the 

samples.43 Previous studies have shown that covellite CuS also possesses a 

characteristically broad absorption band beyond 800 nm, which extends as a long 

absorption tail into the near-IR region and that can be ascribed to an electron-acceptor 

state lying within the bandgap.36, 115, 116 We have also observed data consistent with this 

interpretation. 

The absorption spectrum of as-prepared PbS nanowires is shown in Figure 5.11B. 

It has been reported that isotropic spheres of PbS with a size less than 18 nm showed 

regular red-shifted excitonic absorption peaks from the visible to the infrared region with 

increasing particle size.117 A red shift in absorption corresponding to 60 nm as compared 

with 30 nm PbS nanowires has also been observed.118 We have detected a similar 

behavioral trend here with our relatively large-diameter nanorods. Nonetheless, the 

position of the absorption peak itself at 783 nm (i.e., 1.58 eV) is in agreement with a 

previous report.119 By comparison, the expected PbS bulk absorption edge occurs at 3024 

nm.70 One plausible hypothesis for this observation, which was supported by the 

HRTEM/SAED data, is that the nanowires may consist of multiple single, crystalline 

domains composed of highly oriented nanocrystals smaller than the representative Bohr 

exciton radius of PbS.120 Another reasonable explanation put forward for the presence of 

the excitonic absorption peak is that there are little if any surface defect sites on the 

nanorods that can trap electron-hole pairs generated by light.70 By contrast, it was noted 

that PbS nanowires measuring 16 and 35 nm in diameter did not show any distinctive 

maximum in the infrared region of their absorption spectrum. The absence of such a 

sharp, band-edge absorption feature has also been attributed to convolution of absorption 
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peaks from nanowires of different diameters as well as to the lack of confinement in the 

axial dimension of the wire.66 

The UV-visible absorption spectrum of CdS nanowires is displayed in Figure 

5.11C. The nanowires show a well-defined absorption feature at 498 nm (i.e., 2.49 eV), 

which can be ascribed to the first exciton peak of CdS.121 This signal is considerably 

blue-shifted relative to the characteristic bulk band gap for hexagonal-phase CdS crystals 

(512 nm). In fact, the existence of a hexagonal CdS nanoscale impurity, the so-called 

minority phase, within the majority cubic phase was suggested by our XRD pattern 

(Figure 5.2C) and, thus, may have contributed to the observed UV absorption signal. 

These data are fully consistent with previous results.50, 54, 61, 66, 121-123 It is worth noting 

that, as the cubic phase of CdS is not known in bulk form,29 a direct band gap comparison 

could not be made. 

While the origin of the observed blue shift, if real, as it is convoluted with the 

broadness of the measured spectra, in all of these sulfide systems is debatable, one 

general explanation that has been put forward is that, in semiconductors, even if the 

average radius of the nanostructures were larger than that of the exciton Bohr radius, the 

Coulombic energy component is dominant.43 Hence, motion (e.g., translational degrees of 

freedom) of the exciton, which behaves as a quasi-particle, experiences size quantization, 

thereby accounting for the shift to the blue.124 
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Figure 5.11 UV-visible spectra of as-prepared (A)CuS nanowires; (B) PbS nanowires; 
and (C) CdS nanowires. 
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5.3.4.3 Photoluminescence Spectroscopy 

The photoluminescent activity of all of our as-prepared transition metal sulfide 

nanowires was also probed, as shown in Figure 5.12. In particular, Figure 5.12A 

illustrates the room-temperature PL spectrum of the CuS nanowire sample dispersed in 

water. Under an excitation wavelength of 370 nm, the sample evinced an emission peak 

at 423 nm. Although the exact mechanism for explaining the nature of PL emission for 

CuS nanostructures remains controversial, prior literature suggests that the nature of the 

emission spectrum depends on the morphology and inherent microstructure of the sample 

itself. For instance, CuS needle-like fibers did not appear to evince any PL signal in the 

range of 400-800 nm.39 However, polycrystalline CuS nanorods have been found to 

possess two emission peaks at 414 and 437.5 nm, upon excitation at 371.5 nm,124 while 

as-prepared CuS/C cables yielded a broad but weak emission peak at 465 nm upon 

excitation at 370 nm.110 Moreover, hollow spheres composed of polycrystalline nm-sized 

CuS crystals were associated with a broad emission with a maximum at 526 nm upon 

excitation at 406 nm.125 That result was explained by the presence of surface defects and 

an interface coupling effect between grain boundaries, thereby leading to an increase in 

wave function overlap and contributing to a narrower observable bandgap. Nonetheless, 

the sharp excitonic emission in our own results herein indicates that our as-prepared CuS 

nanowires are likely of high optical quality, since nanorods with stacking fault defects 

have been found to exhibit poor photoluminescence.41 

The room-temperature PL spectrum of as-obtained PbS nanowires with an 

excitation wavelength of 495 nm is shown in Figure 5.12B. The fluorescence of PbS 

nanostructures is generally rather weak in intensity but detectable in the visible region.126 

A rather sharp PL band has been clearly observed at 794 nm (i.e., red fluorescence) and is 

blue-shifted as compared with bulk.64, 119 Others have reported a PL peak for nanoscale 

PbS in the 655-665 nm range, which has been ascribed to a transition associated with the 

lowest energy exciton.65 Our results are in agreement with and understandably red-shifted 

with respect to data obtained on < 10 nm PbS nanoparticles, wherein the strong emission 

response was assigned to band edge luminescence (BEL).127, 128 Again, our observations 
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are consistent with the idea that our as-prepared nanowires may be plausibly composed of 

multiple single domains of PbS quantum dots. 

Figure 5.12C denotes the PL spectrum of as-prepared CdS nanowires, obtained 

with an excitation wavelength of 400 nm at room temperature. Though the intensity of 

the peak has been previously attributed to the presence of surface defects,77 a relatively 

sharp emission peak at 547 nm was detected, analogous to previously reported results.77, 

83, 129 This band has been ascribed to near-band-edge (NBE) emission, originating from 

the recombination of excitons and/or shallowly trapped electron hole pairs within surface 

states.47, 60, 80, 82, 122, 130 We also note the relative narrowness of the PL peak, coupled with 

the lack of a strong emission near 600 nm from deep levels associated with defects (such 

as vacancies and interstitials) and impurities.16, 131, 132 In fact, the lack of a broad, longer-

wavelength, trap emission state, which would have resulted from an excess of either 

sulfur or cadmium at the interface and which is known to quench radiative recombination 

of electron hole-pairs,133 strongly suggests the high degree of purity of our samples. 

Overall, our results intimate that our single-crystalline nanowires have high-quality 

optical properties, critical for photonic device applications, and also possess a reasonable 

size monodispersity in terms of diameter and length. 
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Figure 5.12 Photoluminescence spectra of as-prepared (A) CuS nanowires; (B) PbS 
nanowires; and (C) CdS nanowires. 
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5.3.5 Photocatalytic Activity 

It is well known that illumination of semiconducting materials generates electrons 

and positive holes that rapidly move to the surface reducing or oxidizing solute or solvent 

molecules. Recombination of these charge carriers is often accompanied by emission of 

light.134 In effect, semiconducting colloids often act as sensitizers and catalysts for 

photochemical reactions,15, 135 including for solar-related applications.136 For example, it 

has been reported that CdS nanocrystals serve as photocatalysts for nitrate reduction at 

neutral pH under conditions that mimic illumination by sunlight with overall product 

quantum yields of up to 4%, a figure that was strongly dependent on apparent particle 

size with the fastest rates measured for the smallest nanoparticles.137 

CdS nanowires with higher crystallinity evinced a higher rate of photocatalytic 

hydrogen production from water containing Na2S and Na2SO3 as sacrificial reagents 

under visible light irradiation; photocatalytic activity was clearly correlated with sample 

crystallinity.138 Moreover, it has also been found that increased photocatalytic activity for 

hydrogen production from water under visible light was observed from a mixture of cubic 

and hexagonal CdS as compared with simply either pure cubic or hexagonal CdS 

nanocrystals; that reaction was noted to be dependent not only on the particles’ surface 

area but also on the crystal phase, dispersity, average grain size, phase composition, 

crystallinity, and band gap of the analyzed CdS nanoparticle sample.17 In addition, a 

different group claimed that Pt-loaded CdS powder having a hexagonal structure was 

more efficient as a photocatalyst for hydrogen production than its cubic counterpart.139 

In terms of photoinduced degradation reactions, it is known that under UV light 

irradiation, in the presence of CdS nanocrystals, halogenated benzenes are often 

dehalogenated, yielding trichlorobenzene from hexachlorobenzene and 

tetrafluorobenzene isomers from hexafluorobenzene as the final products.140 It is obvious 

though that the analogous roles of crystal phase, grain size, phase composition, and 

dimensionality have not been determined for photodegradation reactions of non-

biodegradable organic dyes, which are model organic substrates, representative of 

organic pollutant systems. 
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Thus, in this work, we probed reasonably simple reactions involving the 

degradation of Rhodamine B and methyl orange under UV irradiation conditions in the 

presence of CdS.141, 142 The photocatalytic potential of as-prepared CdS nanowires was 

evaluated by monitoring the optical behavior of Rhodamine B (RhB) and methyl orange 

(MO) at their peak absorbance upon photoexcitation with UV light at 366 nm. A 

continual fading of the coloration of both RhB and MO solutions has been noted as a 

function of reaction time, in the presence of CdS nanowires, cactus-like nanostructures, 

or commercial bulk samples, implying a steady, continuous degradation of the organic 

dyes. 

As shown in Figure 5.13A, the photocatalytic performance of CdS was estimated 

by monitoring the intensity of RhB’s characteristic absorption at 555 nm as a function of 

reaction time. The data clearly showed that nanowires, cactus-like nanostructures, and the 

bulk sample are active photocatalysts, as illustrated in Figure 5.13A, b-d. In addition, 

both CdS nanowires and cactus-like nanostructures exhibited a higher photocatalytic 

degradation activity as compared with the bulk sample. The photocatalytic activity of 

CdS was also evaluated by probing the analogous degradation of MO molecules in water, 

by measuring changes in absorption at 464 nm (Figure 5.13C, b-d) as a function of 

reaction time. Similar trends were observed in that the CdS nanowires and cactus-like 

nanostructures yielded an appreciably higher activity as compared with bulk behavior. As 

control experiments, we observed almost no dye degradation in solution, in the absence 

of CdS catalyst, similarly subjected to UV light irradiation. 

The photocatalytic decolorization reaction of RhB can be modeled as a pseudo-

first-order reaction with the kinetics expressed by the equation, ln (C0/Ct) = kt, where C0 

represents the initial concentration of aqueous RhB, Ct denotes the concentration of RhB 

at a given reaction time “t”, and k is the reaction rate constant. From the linear 

extrapolations (Figure 5.13B), the computed reaction rate constants of the CdS cactus-

like nanostructures, nanowires, and bulk sample are 1.2 × 10-2 min-1, 9.5 × 10-3 min-1, and 

4.9 × 10-3 min-1, respectively. For the corresponding degradation rates of MO in the 

presence of these various CdS morphologies, Figure 5.13D demonstrates calculated first-
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order reaction rate constants of 7.6 × 10-3 min-1, 5.5 × 10-3 min-1, and 2.6 × 10-3 min-1 for 

CdS cactus-like nanostructures, nanowires, and bulk samples, respectively. 

The potential photocatalytic mechanism in the degradation of RhB and MO has 

been previously described and may involve several steps: (1) photoabsorption of the CdS 

catalysts, (2) generation of photoinduced electrons and holes, (3) transfer of charge 

carriers to the surface, and (4) recombination of the available charge carriers with 

reactive, reagent dye molecules.141 The observed enhancement of photocatalytic activity 

of our as-prepared nanowires and cactus-like nanostructures herein is most likely 

correlated with an increase in the purity, crystallinity, and availability of surface reactive 

sites of our samples as compared with the bulk. Moreover, in the case of cactus-like 

nanostructures, the hexagonal phase CdS is generally considered to be the more efficient 

phase for photocatalysis-related applications.139 

A previous report on the photocatalytic degradation of RhB, under identical UV 

light irradiation conditions in the presence of cubic CdS nanocrystals measuring 3 nm 

implanted in a metal hydroxide layer matrix, showed that the amount of observed dye 

decomposition was up to 95% after 100 min of UV light irradiation.142 By contrast, our 

unbound samples necessitated about 135 min to achieve an identical degree of dye 

degradation. The superior photocatalytic performance of those nanocrystals was 

attributed to the more effective migration of photoinduced holes and electrons to the 

nanoparticle surface and their associated trapping at the interface between the 

nanoparticle and its solid layer matrix. 
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Figure 5.13 (A) Photodegradation of Rhodamine B (RhB) in the presence of (a, black) a 
blank control, (b, green) a commercial CdS bulk sample, (c, red) as-prepared CdS 
nanowires, and (d, blue) as-prepared CdS cactus nanostructures. (B) Plot of the 
logarithmic change in concentration of RhB as a function of irradiation in the presence of 
(b, green) a commercial CdS bulk sample, (c, red) as-prepared CdS nanowires, and (d, 
blue) as-prepared CdS cactus nanostructures. (C) Photodegradation of methyl orange 
(MO) in the presence of (a, black) a blank control, (b, green) a commercial CdS bulk 
sample, (c, red) as-prepared CdS nanowires, and (d, blue) as-prepared CdS cactus 
nanostructures. (D) Plot of the logarithmic change in concentration of MO as a function 
of irradiation in the presence of (b, green) a commercial CdS bulk sample, (c, red) as-
prepared CdS nanowires, and (d, blue) as-prepared CdS cactus nanostructures. 
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5.4 Conclusions 

The current report demonstrates room-temperature synthesis using a modified 

template-directed methodology of single-crystalline semiconductor metal sulfide (CuS, 

PbS, and CdS) nanowires, with various controllable sizes, including vertically aligned 

arrays and temperature-dependent cactus-like assemblies. The porous structures of our 

polycarbonate membranes not only enable the continuous flow of precursor solution but 

also provide for a spatially constrained environment in which to direct the growth of 

sulfide nanowires. The resulting 1D nanostructures have been extensively characterized 

using a variety of diffraction, electron microscopy, and optical spectroscopy techniques. 

Moreover, for the first time, we have demonstrated that as-prepared CdS nanowires, 

generated under ambient, room-temperature conditions, possessing a pure cubic phase, 

show potential applications in the photocatalytic degradation of organic dyes. 
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Chapter VI Large-Scale Growth of High Aspect Ratio Single-Crystalline Rare-

Earth Phosphate Nanowires and Application for Bioimaging 

 

 

6.1 Introduction 

Nanoscale luminescent materials are increasingly being used for a number of 

significant biological applications including drug and gene delivery, biosensing, and 

bioimaging.1 The unique optical properties of inorganic nanomaterials render them 

appealing as in vivo and in vitro fluorophores in a variety of biological investigations. 

For instance, 0D nanoparticles, including quantum dots (QDs), such as CdS, CdSe, and 

CdTe, have been demonstrated to be highly effective for cellular and animal imaging,2-4 

since as compared with conventional organic fluorophores (such as Rhodamine and 

FITC), QDs exhibit high photostability, possess size-dependent emission, maintain high 

quantum yields, as well as evince broad excitation spectra and narrow emission bands. 

Nevertheless, the widespread use of QDs is limited by issues associated with their low 

light-penetration depth, potential toxicity, surface ligand incompatibility, optical blinking, 

and the presence of strong background fluorescence in certain analyzed systems. 

It is not surprising therefore that a number of other nanoscale systems, especially 

inorganic 1D probes such as striped metal nanowires5 and functionalized carbon 

nanotubes,6 have also initiated substantial interest in nanobiotechnology.7-9 Compared to 

small nanospheres, there is a drastic reduction of the Plasmon dephasing rate in nanorods, 

which implies large local-field enhancement factors and relatively high light-scattering 

efficiencies, making them extremely interesting for optical applications.  In addition, it 

has been reported that 1D nanostructures can be readily internalized into cells without in 

turn damaging them, which is an important issue for the development of nanowires-based 

probes of living cells.10-12 Specifically, the internalization of fluorescent nanowires will 

allow us to directly observe the intracellular microenvironment by monitoring the 

fluorescence signal from nanowires. 
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As a complementary but relevant system, lanthanide-doped inorganic 

nanoparticles maintain a fluorescence, characterized by high photochemical stability, and 

long luorescence lifetimes (up to several microseconds).13 In addition, as compared with 

conventional dyes, rare-earth lanthanide phosphate nanocrystals maintain comparatively 

higher quantum yields (up to 61%), lower photobleaching potential, expected low 

toxicity, and high chemical stability, all of which are excellent attributes for biological 

labeling applications. Moreover, these lanthanide probes also possess additional 

distinctive features, such as sharp emission bands, as determined by the nature of the 

lanthanide ions themselves. Furthermore, they maintain large Stokes shifts (as much as 

several hundred nm), such that the donor/acceptor emission signal can be detected far 

from the excitation wavelength with zero absorption, thereby improving overall 

sensitivity.14-16 

The photoluminescence of rare-earth phosphates originates from transitions 

between d and f electron states, which are mainly affected local crystal symmetry and are 

independent of their size.17, 18 The optical properties of these systems can also be tuned 

by the presence of rare-earth dopant ions, in that different emission colors can be 

achieved by judicious variation of the nature of the dopant ions (Ce, Tb, Eu, Dy).19 In the 

specific case of Tb-doped CePO4, upon UV excitation, efficient energy transfer from the 

broad (Ce3+) to the narrow-line emitter (Tb3+) can take place between nearest neighbors 

in the crystal lattice and when there is optimal spectral overlap, thereby resulting in an 

enhanced Tb3+ green emission.20, 21 Therefore, bulk Tb-doped CePO4 has been considered 

as an inexpensive lamp phosphor, i.e. the green emitter in fluorescent lamps, because it 

combines high luminescence efficiency with both chemical and thermal stability.22 

Moreover, Ca-doped CePO4 has been developed as an environmentally friendly and 

nontoxic yellow-green pigment to replace chromium oxide.23 Hence, increasing efforts 

have been focused on using (i) CaPO4 nanoparticles doped with either fluorophores or 

lanthanides13, 24 as well as (ii) microwave-synthesized Eu or Tb orthophosphate nanorods7, 

25 as novel fluorescent probes in cell biology. 

However, to the best of our knowledge, the application of rare-earth ion-doped 

lanthanide phosphate nanostructures as biological labels for in vivo bioimaging purposes 
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has not as yet been demonstrated. Obvious reasons for doing so would be to enhance 

surface-to-volume ratios as well as to influence the electric/magnetic dipole fields in 

these 1D systems, as a result of their intrinsic shape anisotropy. There are a number of 

additional advantages of creating these rare-earth-ion-doped nanomaterials as compared 

with their non-doped analogues. First, Tb-doped CePO4 systems are capable of a 

luminescent molecular switching behavior based on the reversible redox reaction of a 

Ce3+/Ce4+ couple, rendering them sensitive to the localized redox environment within a 

biological context.26, 27 Second, in the case of EuPO4, doping can reduce the possibility of 

concentration quenching in which an excess of Eu, for instance, can increase the 

probability of non-radiative energy migration between Eu3+ ions, resulting in losing the 

excitation energy nonradiatively.28-30 Third, in the case of TbPO4, cerium doping can 

more specifically improve upon the inherently weak and narrow Tb3+ absorption by 

sensitization, thereby leading potentially to higher quantum yields.31 Herein, we have 

systematically investigated, for the first time, the (a) production and (b) subsequent 

utilization of Tb-doped CePO4 ultrathin nanowires as fluorescent labels in bioimaging. 

In general, the rational synthesis of inorganic 1D nanotubes and nanowires with 

controlled size, shape, composition, and morphology has attracted intensive research 

interest, as they are potential building blocks for advanced materials as well as for 

functional devices with applicability in areas as diverse as electronics, optics and 

catalysis. Specifically, lanthanide phosphate (LnPO4) nanorods, measuring 20-70 nm in 

length with aspect ratios from 2 to 7, have been synthesized by calcination of a sol-gel at 

400ºC.32 Electrospinning has been used in conjunction with the sol-gel process as well to 

yield polycrystalline nanowires ranging from 60 to 300 nm, after calcination at 650 to 

750°C.19 Generally, the hydrothermal methodology has been primarily used for the 

synthesis of 1D LnPO4 nanostructures, measuring typically 20-60 nm in diameter with 

lengths from several hundred nm to several microns. The treatment usually involves 

reaction in a Teflon-lined stainless-steel autoclave often under anomalous pH conditions, 

at a relatively high temperature (in the range of 150-240ºC), and with reaction times 

ranging from a few hours up to several days, depending on the experimental 

circumstances.27, 33-38 The synthesis of well-defined crystalline CePO4 nanowires with a 
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diameter of 3.7 nm was reported by use of a microemulsion reaction medium, but could 

take as long as a month to produce,39 while ultrasound irradiation of an inorganic salt 

aqueous solution has been reported for the synthesis of CePO4:Tb and CePO4:Tb/LaPO4 

core/shell nanorods.40 Hence, one of the key motivators of this work was to develop a 

more facile, milder, less technically demanding, but more cost-effective approach 

towards the generation of 1D LnPO4 nanostructures. 

We have developed the modified template-directed technique, enabling us to 

prepare crystalline 1D nanostructure of a number of classes of diverse materials. In this 

chapter, we report the first demonstration of a facile, room-temperature template-directed 

synthetic route towards the production of 2 distinctive morphologies: (a) high-purity, 

high-aspect-ratio, single-crystalline ultrathin nanowires (external to the template), as well 

as (b) sheaf-like nanowire bundles (within the template pores) of Tb-doped CePO4 at 

room temperature. Importantly, we can easily fabricate ultrathin nanowires on a 

reasonably large scale, i.e. >500 mg per lab run, which has been previously been difficult 

to achieve using a template-mediated synthesis. Moreover, we have also successfully 

demonstrated the use of these as-prepared Tb-doped CePO4 ultrathin nanowires as 

fluorescent labels for in vivo bioimaging and furthermore, provided a series of data that 

relate to their relative non-toxicity. 

 

6.2 Experimental Section 

6.2.1 Materials Preparation 

In a typical ambient synthesis, one of the two half cells was filled with a 0.01 M 

NaH2PO4 (Fisher Scientific; 99.1 %) solution, which was adjusted to acidic reaction 

conditions (e.g. pH values from 2 to 6) using HCl, and the other half cell contained a 

solution by mixing 0.05 M CeCl3 (Aldrich, 99.9%) solution together with Tb(NO3)3 (Alfa 

Aesar, 99.9%) up to a final molar concentration of 10.0 %, so as to generate desired Tb-

doped CePO4 nanostructures. The system was then left unperturbed for an incubation 

period of only 2 h at room temperature. 

Subsequent to immersion, the half cell containing both CeCl3 and Tb(NO3)3 

solutions became occluded in nature, and a white precipitate was obtained after 
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centrifugation. To isolate products within the template itself, the polycarbonate 

membrane was detached, sonicated for about 2 min to remove the unwanted particles on 

the surface, and thoroughly washed with distilled water, before being dissolved again 

with methylene chloride. As-prepared phosphate nanostructures were isolated from 

solution by centrifugation upon washing. 

6.2.2 Materials Characterization 

X-ray Powder Diffraction See Section 1.7.1. 

Electron Microscopy See Section 1.7.3. 

Optical Spectroscopy See Section 1.7.5. 

Biological Experiments. We tested the viability of as-prepared Tb3+ doped 

cerium phosphate nanowires as fluorescent biological labels for in vivo bioimaging. Prior 

to processing, our Tb-doped CePO4 nanowires were sonicated for about 1 hour in order to 

shorten their lengths so as to assist their biological incorporation. 

Cell Culture. Human cervical cancer (HeLa) cells were initially propagated onto 100 

mm-diameter tissue culture dishes in DMEM medium (Life Technologies, GIBCO), 

supplemented with 10% fetal bovine serum (FBS) at 37 °C in a humidified atmosphere 

containing 5% CO2. At confluence, the cells were washed, trypsinized, and resuspended 

in culture medium. 

Cellular Uptake. HeLa cells were seeded at a concentration of 104 cells/well on 

12 mm-diameter glass cover slips in 24-well tissue culture plates, and allowed to grow 

for 24 h at 37 °C under 5% CO2. Nanowires were subsequently added at different 

concentrations ranging from 0.1 to 0.5 mg/mL into the culture medium, and cells were 

grown for either an additional 2 h or 24 h at 37 °C under a 5% CO2 atmosphere. 

Subsequently, the cell medium was removed, and cells on the coverslips were washed 

with phosphate buffered saline (PBS) three times so as to clear free nanowires from both 

the medium and the cell surface, prior to imaging. 

Cell Cytotoxicity. A tetrazolium salt, 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT), assay of HeLa cells was performed to test the 

cytotoxicity of as-prepared products. In this assay, cells were seeded in a 96-well 

microplate at a density of 5000 cells per well. After 24 h of incubation, the nanowires 
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were directly added to the culture medium at different concentrations ranging from 0.1 to 

0.5 mg/mL, and the plate was incubated for another additional 2 h to 48 h at 37 °C. At the 

end of the cell culture incubation, MTT was added into each well. After processing for 4 

h, all media were removed and acidic ethanol was added to each well before absorbance 

was measured by a microplate reader. The following formula was used to calculate the 

degree of inhibition of cell growth: cell viablility (%) = (mean of Absorbance value of 

treatment group / mean Absorbance value of control) * 100%.41 

Confocal Microscopy (CFM) Imaging. Cells treated as described above were 

resuspended in 100 μL of PBS after each experiment, and dropped onto an uncoated 

bottom glass dish (MatTek Corp.). CFM experiments aimed at assessing cellular uptake, 

localization, and fluorescent signaling of the nanowires were subsequently performed 

using a Zeiss LSM 510 META NLO two-photon laser scanning confocal microscope 

system, operating at around a 380 nm excitation wavelength using a tunable Chameleon 

XR laser system and a 505 nm long-pass filter. Images were captured using either a C-

Apochromat 63×/1.2 Water (corr.) objective or a Plan-Apochromat 100×/1.45 oil 

objective. Acquired data were analyzed using the LSM 510 META software. Orthogonal 

sectioning images were recorded within the cells by focusing on the xy plane along the z 

axis, the yz plane along the x axis, and the xz plane along the y axis, respectively. 

 

6.3 Results and Discussion 

6.3.1 X-ray Diffraction 

In Figure 6.1, all of the diffraction peaks observed from the sample (top, black 

curve) can be readily indexed to a pure hexagonal phase formulation [space group: P6222] 

of pristine CePO4 (bottom, red curve), possessing lattice constants of a = 7.103 Å and c = 

6.481 Å, which are comparable with reported database values of a = 7.055 Å and c = 

6.439 Å for bulk CePO4 (JCPDS File No. 34-1380). Moreover, the intensity of the (200) 

peak is much stronger than that of the other peaks, and is distinctly different from that of 

bulk hexagonal CePO4. Nonetheless, our data indicate that the as-obtained nanowires 

should grow preferentially along the [001] direction (the c-axis), an assertion which is 

further demonstrated below by HRTEM and SAED analysis. 
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6.3.2 Electron Microscopy 

Typical SEM and TEM images are shown in Figure 6.2A and B. A very large 

number of nanowires could be isolated, no matter what pore size dimension (50, 100, or 

200 nm) of the polycarbonate membranes was used in our synthesis. In fact, for a typical 

reaction time of 2 h, we were able to collect as much as 600 mg per experimental run, 

corresponding to a reasonable 60 to 65% yield. The large quantities of nanowires 

synthesized are atypical of conventional template syntheses but were fully representative 

of the results associated with our modified protocol for this phosphate system. 

Based on measurements of several tens of nanowires pertaining to each of our 

samples, our as-prepared nanowires measured 14 + 5 nm in diameter with a length of up 

to 10 ± 2 micrometers. Curiously, these lengths were much longer than the reported 

thickness of the membrane (e.g. 6 μm), and measured diameters were much thinner than 

the smallest pore diameters used (e.g. 50 nm). Though these ultrathin nanowires tended to 

aggregate and cluster fairly easily, as can be observed from the SEM image (Figure 6.2A), 

sonication could readily resolve this problem, resulting in the isolation of individual 

nanostructures, as shown in the corresponding TEM image (Figure 6.2B). 

The HRTEM image (Figure 2D) of a randomly chosen individual Tb-doped 

CePO4 nanowire (Figure 6.2C) clearly shows resolvable planes corresponding to the (001) 

and (100) directions (Figure 6.2D). The (001) planes are oriented parallel to the 

nanowires’ growth axis, suggesting that the growth direction of the single-crystalline 

nanowire occurs preferentially along the [001] direction (the c-axis). By contrast, the 

SAED pattern (Figure 6.2E) taken from single nanowires can be indexed to the (100) and 

(001) planes of a hexagonal CePO4 single crystal phase, respectively. These findings are 

consistent with previous XRD analyses. EDS analysis (Figure 6.2F) confirms that the 

chemical signatures associated with the nanowires are composed of Tb, Ce, P, and O 

elements, while the Cu signal originates from the TEM grid. 

The interesting nuances of our current template experiments herein are associated 

with two factors in particular. First, we were able to synthesize significantly thinner and 

shorter nanowires in the U-tubes (but not from the membrane pores themselves) than 

otherwise might have been expected based upon the pore diameter and membrane 
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thickness from whence these nanomaterials were derived. Second, we could easily 

generate hundreds of mg of product in a given experiment as opposed to merely 

synthesizing a few tens of mg at a given time, as was typical of template methods. We 

would have expected that the morphology of our Tb-doped CePO4 nanorods should have 

faithfully mapped out the interior spatial profile, dimensionality, and localized contours 

of the internal pore channels of the polycarbonate membrane scaffolds from whence these 

1D structures were produced. This simplistic mechanism did not obviously play out in the 

current study. 
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Figure 6.1 XRD patterns obtained from as-prepared Tb-doped CePO4 nanowires (top, 
black) and corresponding JCPDS No. 34-1380 database standard for bulk CePO4 (bottom, 
red). 
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Figure 6.2 (A, B) Typical SEM and TEM images of as-prepared Tb-doped CePO4 
nanowires collected from aqueous solution. (C) TEM image of a representative single 
nanowire, randomly isolated from the sample. (D) HRTEM image of a representative 
portion of an individual nanowire. (E) Corresponding SAED pattern of these nanowires. 
(F) EDS spectrum of Tb-doped CePO4 nanowires. The Cu peaks originate from the TEM 
grid. 
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Nonetheless, the observed nanorod formation is not surprising considering the 

crystal structure of hexagonal CePO4, shown in Figure 6.3. From a structural point of 

view, hexagonal CePO4 consists of infinite linear chains of alternating cerous and 

phosphate ions, extending along the c axis. From a thermodynamic perspective, the 

bonding between these chains is considerably weaker than that within the chains, such 

that the activation energy for the c-axis direction of growth of hexagonal CePO4 is lower 

than that for a growth direction perpendicular to the c-axis itself.42 Hence, these data 

imply a higher growth rate along the c-axis, suggesting that the nanorods end up growing 

preferentially along the [001] direction, consistent with what we have observed and with 

what others have also noted.27, 33, 36 Thus, the intrinsic crystal structure of CePO4 itself is 

inherently responsible for the observed 1D growth. Indeed, our results are consistent with 

the model put forward by Peng et al. in which one-dimensional growth only occurs if the 

chemical potential of monomers in solution is much higher than the highest attainable 

chemical potential of atoms on the surface of the nanocrystals.43, 44 One other key point is 

that our synthesis is pH-dependent, which can help to define the localized chemical 

potential.33 The pH parameter can sensitively influence the solute concentrations of both 

cerous and phosphate ions, which are around 0.05 M and 0.01 M, respectively. As with 

previous reports, we have found that a hexagonal-phase CePO4 nanorod morphology was 

obtained when the pH value was acidic, presumably aided by enhanced dissolution of 

cerous and phosphate ions under these conditions, thereby allowing the ions sufficient 

time and opportunity to adopt correct positions within the developing crystal lattices.45, 46 
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Figure 6.3 (a) Packing view of CePO4 along the c axis. Each column is linked to four 
neighboring columns; open channels run though the structure along the hexagonal axis 
(the c axis). Oxygen atoms are omitted for clarity. (b) Packing view of CePO4 along the a 
axis. Each column is built up of alternate cerous (shadow circles) and phosphate ions 
(open circles) and extends along the c axis. Oxygen atoms are omitted for clarity.33 
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We also were able to synthesize sheaf-like bundles of Tb-doped CePO4 

nanostructures to the tune of ~50 mg per run, corresponding to a ~5% yield, upon 

removal of the template membrane itself. Figure 6.4A and B are representative SEM and 

TEM images of these atypical morphologies. Specifically, each sheaf-like bundle 

measures ~100 nm in width, comparable to the pore width of the polycarbonate 

membrane. Individual constituent bristles of each bundle possess an average diameter of 

~ 12 nm, comparable in dimension with that of the thin nanowires collected in the 

solution. 

Although symmetric hay stack-like aggregates, composed of sheaf-like bundles 

projecting out at both ends, were often obtained, asymmetric, truncated structures 

consisting of sheaf-like bundles protruding from only one end formed the majority of as-

prepared products isolated from within the template membrane pores. For example, 

Figure 6.4C shows a representative, asymmetric, truncated sheaf-like bundle. The 

associated SAED pattern is consistent with that of pure CePO4 crystals pertaining to a 

hexagonal structure, as indexed in Figure 6.4D. The slightly diffuse, textured ring pattern 

is consistent with a sheaf-like bundle of nanoscale bristles partially aligned along the 

common axis. HRTEM analysis (Figure 6.4E) of the end of an individual sheaf-like 

bundle nanostructure indicates that each constituent bristle is single-crystalline without 

any visible defects and dislocations. The calculated interplanar distance is about 0.63 nm, 

corresponding to the (100) crystal plane of hexagonal CePO4 crystals. This observation 

suggests that the nanoscale bristles are structurally uniform single crystals with a 

preferential growth direction of [001], e.g. identical to the c-axis of the ultrathin 

nanowires isolated from solution. The chemical signatures obtained from EDS spectra 

(Figure 6.4F) are identical within experimental accuracy, and only Tb, Ce, P and O 

elements were observed, as expected. The Cu signal arose from the TEM grid. 
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Figure 6.4 (A, B) Typical SEM and TEM images of sheaf-like bundles of as-prepared 
Tb-doped CePO4 nanostructures grown the 100 nm pore channels of polycarbonate 
membranes. (C, D) TEM image and corresponding SAED pattern of a single half of a 
sheaf-like nanostructure bundle. (E) HRTEM image of a representative section at the tip 
of a sheaf-like bundle, highlighted by a white circle in (C). (F) EDS spectrum of as-
prepared Tb-doped CePO4 sheaf-like nanostructures. The Cu peaks originate from the 
TEM grid. 
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The coexistence of various novel morphological motifs, whose individual 

synthesis depends upon precise experimental conditions, has been commonly observed 

for a number of metal oxide systems.47-50 In general, sheaf-like networks of 

nanostructures have been previously noted for β-FeO(OH),51 iron phosphides,52 Bi2S3,53 

lead selenides,54 lanthanum orthovanadates,55 CeO2,56 BaWO4,57 as well as Sb2S3 and 

Sb2Se3.58 Moreover, the formation of ordered, oriented nanowire-based assemblies with 

bundle-like structures in the absence of copolymers and surfactants has also been 

observed for Eu3+-doped TbPO4 nanowires.28 The exact growth mechanism associated 

with all of these nanomaterial motifs remains unclear. Though it has been proposed that 

these assemblies arise from the presence of intrinsic electric fields,59-61 which direct the 

growth of dipole crystals, we believe that the splitting growth mechanism may more 

appropriately account for our observations. 

In particular, crystal splitting is associated with fast crystal growth and depends 

strongly on the oversaturation of the solution.54 It has been suggested that splitting is only 

possible if the oversaturation exceeds a certain critical level, unique to each material.53 

Factors known to cause crystal splitting include mechanical splitting (i.e. when extra 

molecules appear in some layers of its crystallographic network) and chemical splitting 

(i.e. when certain ions are present in the parent solution). According to this crystal 

splitting scenario, new surface area is created each time the crystal splits and the balance 

between bulk and surface energies determines the particular crystal size obtainable. 

Therefore, under the ambient, low-temperature conditions herein, there is an initial 

formation of only a few nuclei just after supersaturation followed by subsequent fast 

growth to a situation of metastability wherein crystals can grow beyond this size. It is 

then thermodynamically stable for the large crystal to split, partly because of the strong 

adhesion of an additive, such as the H+ highly prevalent in an acidic environment, to the 

newly created surface.53 Hence, by this mechanism, a single nanowire can essentially 

branch into a sheaf.52 

In many ways, this process is akin to biomineralization, which defines the nature 

of the modified template growth process developed in our laboratory. In the current study, 

the growth mechanism involves a double-diffusion crystallization process, set in a U-tube 
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(Figure 6.5) which enables the continuous flow of precursor ions into spatially confined 

membrane pores. As previously mentioned, one of the two half cells was filled with a 

0.01 M NaH2PO4 solution, and the other half cell contained a solution by mixing 0.05 M 

CeCl3 solution together with Tb(NO3)3 up to a final molar concentration of 10.0 %, so as 

to generate desired Tb-doped CePO4 nanostructures. In order to prevent overly rapid 

mixing, the solutions are separated by a polycarbonate membrane that slows down 

diffusion and the rate of crystallization. However, when the two solutions do meet, 

precipitation occurs, depleting the availability of ions in the local environment of the 

growing crystal within the template. The nucleation rate is primarily dictated by the 

supersaturation of the solution. Further growth of the nanostructures is limited by 

diffusion of ions in this localized region. 
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Figure 6.5 Schematic of the experimental setup used to synthesize Tb-doped CePO4 
nanostructures. The polycarbonate membranes used in this work had pore diameters of 50, 
100 and 200 nm, respectively. 
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Herein, the initially formed ultrathin nanowires had a strong tendency to 

aggregate as larger ones and that the acidic medium was conducive to the self-assembly 

and subsequent crystal splitting of these as-formed bundles into sheaf-like patterns that 

propagate along the c-direction of elongation.58, 62 This hypothesis is supported by the 

previously mentioned fact that the constituent bristles associated with the sheaf-like 

structure not only possess the same diameter range but also appear to grow along the [001] 

direction, precisely analogous to the ultrathin Tb-doped CePO4 nanowires collected from 

the solution. The constituent bristles of the sheaths continually grow at a rate controlled 

by incident precursor ion diffusion, until they protrude externally from the template pores 

into solution. It has been previously observed for metals, that growing, elongating 

nanowires can attain sizes, that are significantly greater than the limited ~6 μm length of 

the template pore channels themselves.63 Essentially, the nanowires then randomly break, 

perhaps due to mechanical fracturing63 as a result of the presence of defects,64 leading to 

the isolation of >10 microns long ultrathin nanowires in solution and remnant sheaf-like 

structures within the template pores themselves. A summary of our mechanism is 

highlighted in Figure 6.6. 
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Figure 6.6 Schematic of crystal growth after initial nucleation and growth. Step 1: fast 
growth leads to a metastable situation, when thermodynamically favorable for a large 
crystal to split; Step 2: continuous growth of splitting nanowires along c axis at a rate 
controlled by precursor ion diffusion; Step 3: nanowires break into fragments once the 
protruding length becomes longer than a designated critical value determined by 
mechanical stability. 
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It is well known that complex morphologies of inorganic materials are usually 

difficult to be produce by simply directly mixing two aqueous solutions of metal salts due 

to a rapid decrease in supersaturation and further depletion of reaction nutrients within a 

short period of time.65 To verify that the pores of the membrane are essential for the 

directed formation of Tb-doped CePO4 nanostructures, reagent solutions were directly 

mixed in the absence of a polycarbonate membrane. Neither sheaf-like nanostructures nor 

ultrathin nanowires were evidently formed. In fact, direct mixing yielded a supersaturated 

medium and led to the formation of a large number of amorphous, irregularly-looking 

particles (Figure 6.7). As an experimental observation worthy of note, far fewer 

nanowires were isolated from the half-cell containing the NaH2PO4 solution, suggesting 

that the diffusion rate of PO4
3- anionic groups was likely faster than that of either Ce3+ or 

Tb3+ cations under ambient, acidic reaction conditions. Moreover, after regular extraction 

of suspended ultrathin nanowires, we noted that a continuous addition of precursor 

solutions into the U-tube cells, still separated by a template membrane containing 

chemically active sheaf-like bundles of nanostructures, resulted in additional, unimpeded 

production of high-quality, single-crystalline ultrathin nanowires. Our data therefore 

strongly imply an ambient, green methodology for the large-scale and facile production 

of lanthanide-doped cerium phosphate nanowires. 
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Figure 6.7 SEM image of Tb-doped CePO4 particles prepared by directly mixing 
precursor solutions in the absence of templates. 
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6.3.3 UV-visible Spectroscopy and Photoluminescent Activity 

Cerium-based compounds, such as CeO2, CeP2O7 and CePO4, are known to 

possess strong absorption for the ultraviolet and have been considered for applications 

such as tunable sunscreen materials.23, 66 Figure 6.8 highlights the UV-visible absorption 

spectra of thin nanowires collected from solution. A magnified view of the region 

between 220 and 300 nm is shown as an inset, consisting of two major peaks located at 

258 and 275 nm coupled with small shoulder-like substructure. These bands are 

overlapping as the excited state is strongly split by the crystal field.26 Moreover, the 

results are consistent with reported data for transitions from the ground state 2F5/2 (4f1) of 

Ce3+ to the five crystal field split levels of the Ce3+ 2D(5d1) excited states (namely 2D5/2 

and 2D3/2),26, 33 suggesting that useful optical properties were retained in the 

nanostructured materials. Differences in the spectral behavior between the CePO4 bulk 

and their nanoscale analogues have often been attributed to the presence of a higher 

degree of disorder and lattice distortion in the nanowires and the fact that there is a lower 

crystal field symmetry in these nanowires as compared with that of the bulk.33 
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Figure 6.8 UV-visible spectrum of as-prepared Tb-doped CePO4 nanowires. Expanded 
region between 220 and 300 nm is shown as an inset. 
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The black curve in Figure 6.9 highlights the room-temperature photoluminescent 

emission spectrum of Tb-doped CePO4 nanowires in water upon excitation at 256 nm 

(where Tb3+ absorption is minimal) at room temperature. The actual doping concentration 

and inherent density of lanthanide ions are optically significant in terms of governing 

measured emission intensities.27, 67 However, corresponding effects due to particle sizes 

on the emission signal are expected to be weak, since transitions of the well-shielded f 

electrons are mainly affected by the local symmetry of the crystal site.17 Indeed, our data 

consists of four well-resolved peaks between 450 and 650 nm, corresponding to the 5D4 - 
7FJ (J = 6, 5, 4, 3) transitions of Tb3+ ions. Specifically, these four peaks positioned at 

488, 542, 586, and 620 nm can be ascribed to Tb3+ emission resulting from 5D4 - 7F6, 5D4 

- 7F5, 5D4 - 7F4, and 5D4 - 7F3 relaxations, respectively. The relative intensity of each peak  

illustrates various numbers of photons according to different energy states.68-70 The most 

intensive peak is located at 542 nm, consistent with the observed bright green 

luminescence of these samples, as shown in Figure 6.10. 
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Figure 6.9 Photoluminescence emission spectra, obtained upon excitation at 256 nm at 
room temperature, of as-prepared Tb-doped CePO4 nanowires before (black curve) and 
after (red curve) five successive redox cycles. 
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Figure 6.10 Optical photographs of nanowire suspensions on filter papers: as-prepared 
Tb-doped CePO4 (left), Tb-doped CePO4 + KMnO4 (middle), and Tb-doped CePO4 + 
KMnO4 + ascorbic acid (right) under white light (top) and UV irradiation (bottom). 
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While the excitation spectra (Figure 6.11) exhibit a broad band between 250 and 

320 nm, which can be attributed to the transition from 2F5/2 to 2D3/2 of Ce3+,71 the broad 

band in the emission spectra (Figure 6.10) between 300 and 400 nm has been previously 

ascribed to 5d-4f transitions of Ce3+. Owing to the high concentration of Ce3+ in the 

nanowires, the excited state of Ce3+ is not completely quenched by energy transfer to 

Tb3+.27 In fact, the nature of the observed photoluminescence depends on the probability 

of energy transfer through the host cerium lattice (governed by factors such as electric 

dipole-dipole interaction and reabsorption of emission) as well as the probability of 

energy transfer from the lattice to the Tb3+.72, 73 The intrinsic emission of Ce3+, associated 

with two transitions from the lowest component of the 2D state to the spin-orbit 

components of the ground state, 2F7/2 and 2F5/2, is a broad band.17 By contrast, the 

absorption of Tb3+ consists of narrow lines.31 The expected energy transfer process 

between Ce3+ and Tb3+ is schematically depicted in Figure 6.12, wherein energy transfer 

takes place from the 5D3/2 state of Ce3+ to the acceptor states of Tb3+, which decay non-

radiatively to the 5D4 and 5D3 states followed by a radiative decay process to lower levels 

of 7FJ (J = 0-6).26 

However, efficient energy transfer between cerium and terbium is possible only 

between nearest neighbors in the crystal lattice and when there is optimal spectral 

overlap.20 Therefore, if there is radiative transfer, some narrow dips at the location of 

Tb3+ absorption lines would appear to be associated with an emission intensity decrease 

but depression of the entire cerium emission spectrum would not occur.31 This 

incomplete energy transfer from Ce3+ to Tb3+ has been observed for bulk analogues as 

well as for other Ce-based matrices.72, 74 
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Figure 6.11 Photoluminescence excitation spectra, obtained upon emission at 542 nm.  
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Figure 6.12 Energy-level diagram of Tb-doped CePO4 with radiative transitions and 
energy transfer processes. Dashed arrows: excitation; wavy arrows: nonradiative decay; 
solid arrows: radiative decay.26 
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Photoluminescence switching behavior (Figure 6.10) has been previously 

observed in these systems,26, 27, 74 related to dramatic changes in the emission intensity of 

Tb3+, upon oxidation and reduction processes. Specifically, upon addition of KMnO4 to 

the as-prepared colloidal dispersion of Tb-doped CePO4 nanowires, Ce3+ was oxidized to 

Ce4+, essentially suppressing the observed emission entirely. Subsequent reduction of 

Ce4+ to Ce3+ through the addition of ascorbic acid (C6H8O6) to the oxidized nanowire 

solution effectively restored the observed luminescence to its original profile. 

As shown in Figure 6.9 and Figure 6.10, the switching process is reversible. That 

is, the photoluminescence spectra of as-prepared Tb-doped CePO4 nanowires (black 

curve) and of samples taken after five successive redox cycles (red curve) are shown in 

which the luminescence of these nanostructures was repeatedly quenched (off) by 

oxidation with KMnO4 followed by its recovery (on) by reduction with ascorbic acid. The 

emission profiles are essentially identical with only a slight degradation in luminescence 

intensity with no apparent change in nanowire morphology (Figure 6.13). In fact, the 

ratio of luminescence intensities taken of the nanowire samples before and immediately 

after five successive KMnO4/ascorbic acid redox cycles was as much as 95% at the 542 

nm emission peak. These results demonstrate that our as-prepared ultrathin Tb-doped 

CePO4 nanowires are robust and the reproducible change in luminescence signal can 

theoretically be used to as a sensitive and rapid indicator of the redox behavior of their 

surrounding environments. Moreover, owing to their reported low toxicity26 and 

reasonable dispersibility in cell culture medium (up to as much as 0.5 mg/mL for a period 

of 2 days), these nanostructures are potentially viable candidates for biological labels and 

probes. 
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Figure 6.13 SEM images of Tb-doped CePO4 nanowires after five successive redox 
cycles. 
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6.3.4 Biocompatibility and Bioimaging 

In general, the cellular permeability and cytotoxicity characteristics of fluorescent 

nanomaterials are critical to their applicability as luminescent biological labels. It has 

already been established that inorganic fluorescent lanthanide (europium and terbium) 

orthophosphate (e.g. EuPO4 · H2O and TbPO4 · H2O) nanorods, synthesized by a 

microwave technique, can behave as biolabels and can be internalized into either human 

umbilical vein endothelial cells, 786-O cells, or renal carcinoma cells, though the exact 

mechanism for their internalization remained unclear.7, 25 Hence, to confirm the potential 

applicability of our ultrathin green luminescent Tb-doped CePO4 nanowires in a 

biological system, we conducted analogous experiments using HeLa cells measuring 12 

to 20 μm in diameter. To facilitate processing, prior to cellular incubation, our as-

prepared thin, long nanowires were sonicated for ~1 hour in order to generate noticeably 

shorter structures (Figure 6.14), measuring 3.2 + 2 μm in length. 
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Figure 6.14 SEM image of Tb-doped CePO4 nanowires after sonication for about 1 hour. 
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As a control experiment, HeLa cells alone showed negligible background 

fluorescence under two-photon excitation. Nonetheless, upon incubation, incorporation of 

cut, as-prepared Tb-doped CePO4 nanowires into HeLa cells was confirmed by confocal 

fluorescence microscopy. Specifically, after incubation with 2 mg/mL of Tb-doped 

CePO4 nanowires for 2 h at 37 °C, an intense intracellular luminescence was observed, as 

shown in Figure 6.15A. These inorganic phosphate nanowires clearly retained their 

intrinsic fluorescent properties upon cellular internalization. Moreover, the corresponding 

bright-field measurements taken after treatment with the nanowires confirmed that the 

cells were viable throughout the imaging experiments (Figure 6.15B) and that there were 

no evident regions of cell death. As indicated in Figure 6.15C, overlays of both confocal 

luminescence and bright-field images further demonstrated that the observed 

luminescence was noticeable throughout the entire intracellular region, thereby strongly 

suggesting that the nanowires were internalized into the interior of the cells themselves as 

opposed to merely staining the external membrane surface.41 

To confirm the spatial localization of nanowires within a typical cell, we obtained 

a series of Z-stack images of the cell (e.g. top to bottom) at 1 μm ‘slice’ intervals of an 

individual HeLa cell stained with Tb-doped CePO4 nanowires. Data associated with the 

middle, central slice (Figure 6.16), corresponding to orthogonal xy, yz, and xz planes, 

respectively, are shown. Because these three planes share a common focal center within 

the cell itself and moreover, as these intimately interconnected planes evidently all 

demonstrate green fluorescence simultaneously, we can reasonably conclude that the 

fluorescently doped lanthanide nanowires are localized within the interior environment of 

the HeLa cells themselves. 
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Figure 6.15 Confocal fluorescence microscopy images of HeLa cells. (A) Confocal 
luminescence images of cells taken after incubation with 0.2 mg/mL of Tb-doped CePO4 
nanowires for 2 h at 37°C. (B) Bright-field optical image of cells shown in (A). (C) 
Overlay image of both (A) and (B). (D) Corresponding overlay image of cells obtained 
after incubation with 0.2 mg/mL of Tb-doped CePO4 nanowires for 2 h at 4°C. 
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Figure 6.16 CFM images of orthogonal sections of an individual Hela cell stained with 
Tb-doped CePO4 nanowires. (A) xy plane. (B) yz plane. (C) xz plane. 
 

 

 

 

 

 

 



244 

 

We noted a dramatic decrease in the fluorescence intensity in data taken after 

identical cellular incubation with our as-prepared Tb-doped CePO4 nanowires at the same 

concentrations, but at a noticeably lower temperature (i.e. 4°C), as compared with that 

observed in cells treated with nanowires at 37°C. The overlap image (Figure 6.15D) 

suggests that there was little if any nanowire incorporation. Though the pathway for the 

nonspecific cellular uptake of the as-prepared phosphate nanowires has not been well-

defined, the internalization mechanism has been suggested as being due to receptor-

mediated endocytosis arising from cellular recognition of proteins from the media, due to 

the adsorption of serum proteins onto the nanostructure surface.75 

Endocytosis is a conserved process in eukaryotes whereby extracellular 

substances are taken up into the cells usually by the invagination of plasma membrane 

forming vesicles. In addition to the classical receptor-mediated pathway, other endocytic 

mechanisms have been identified, namely phagocytosis, caveolae-mediated endocytosis, 

macropinocytosis, as well as clathrin- and caveolae-independent endocytosis.76-79 The 

size and shape of nanomaterials contribute significantly to their interaction with cells. 

However, surface properties play a primary role in the internalization process.80 Though 

our lanthanide nanowires were not specifically functionalized with biologically-relevant 

surface functional groups, regardless of the initial nanowire surface charge, serum 

proteins from the cell growth media, most likely bovine serum albumin, were found to 

self-assemble as monolayers onto gold nanorods, leading to all nanostructures bearing the 

same effective charge.81 It has also been reported that these proteins possess the ability to 

adsorb onto many other surfaces because of the presence of different domains with 

different charge density.82 Cells have receptors that can recognize proteins present in the 

serum-containing media. Incubation of the resulting phosphate nanowires with cells in 

media can lead to adsorption of serum proteins on their surface. Therefore, the 

mechanism of cellular uptake for biomolecules in the size range of nanorods has been 

suggested to involve receptor-mediated endocytosis.83 

Nonetheless, our results confirm that as-prepared Tb-doped CePO4 nanowires can 

viably be used as fluorescent labels for biological imaging. We also incubated our HeLa 

cells with different concentrations (ranging from 0.1 to 0.5 mg/mL) of as-prepared Tb-
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doped CePO4 nanowires in order to test their inherent sensitivity as luminescent probes. 

Representative CFM images are shown in Figure 6.17A-C. An analysis of the 

corresponding CFM intensities, proportional to the number of doped phosphate 

nanowires internalized by the HeLa cells, in Figure 6.18A demonstrates an increase in the 

measured fluorescence, with increasing nanowire concentrations and cellular incubation 

periods, as expected. Our data show that even nanowire concentrations as low as 0.1 

mg/mL and incubation times as short as 2 h can yield sufficient nanowire integration into 

HeLa cells so as to generate sufficiently strong fluorescence for bioimaging purposes. 

Furthermore, Tb-doped CePO4 nanowires, subjected to repeated redox cycles, 

were also incubated with HeLa cells. The degree of cellular uptake was analogously 

confirmed by CFM data. Specifically, oxidized nanowires did not show any fluorescence 

within cells, whereas cells treated with reduced nanowires demonstrated a measurable 

degree of fluorescence (Figure 6.17D). Quantitatively, as compared with as-prepared 

nanowires, there was a small decrease (7% to 13%) in the fluorescence intensity 

measured in cells. This value was comparable in magnitude to the decrease observed in 

pure nanowire suspensions, as measured by PL spectroscopy (Figure 6.9). 
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Figure 6.17 CFM images of Hela cells after incubation with Tb-doped CePO4 nanowires 
at various concentrations for different time periods at 37 °C. (A) 0.1 mg mL-1 of as-
prepared nanowires for 2 h. (B) 0.2 mg mL-1 of as-prepared nanowires for 24 h. (C) 0.5 
mg mL-1 of as-prepared nanowires for 2 h. (D) 0.2 mg mL-1 of nanowires after five 
successive redox cycles for 24 h. 
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Figure 6.18 Statistical analysis pertaining to CFM intensity of HeLa cells after 
incubation with (A) as-prepared Tb-doped CePO4 nanowires at different concentrations 
for periods of 2 and 24 h, respectively; and (B) 0.2 mg/mL as-prepared Tb-doped CePO4 
nanowires for 2 and 24 h, respectively, before and after redox cycles. 
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Moreover, to verify whether these ultrathin Tb-doped CePO4 nanowires are 

biologically nontoxic and biocompatible, cytotoxicity studies of HeLa cells were 

performed, based on the reduction activity of methyl thiazolyl tetrazolium (MTT), and 

are shown in Figure 6.19, based on previous analogous work.41 The viability of untreated 

cells was assumed to be 100%. Upon incubation of HeLa cells with a 0.1 mg/mL solution 

of Tb-doped CePO4 nanowires, we noted that fewer than 15% of the cells died after a 48 

h exposure. When the concentration of nanowires was increased to 0.5 mg/mL, the 

observed cell viability still remained above 80%, again after 48 h of exposure. Therefore, 

these data strongly suggested that ultrathin Tb-doped CePO4 nanowires can be considered 

to possess reasonably low cytotoxicity, which is in agreement with previous reports that 

rare-earth-based nanophosphors maintain reasonable chemical stability and generally low 

toxicity, which are essential for legitimate bioimaging applications.84 
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Figure 6.19 In vitro cell viability of HeLa cells incubated with Tb-doped CePO4 
nanowires at different concentrations for periods ranging from 2 to 48 h. 
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6.4 Conclusions 

In summary, a simple, effective, and versatile template-directed method has been 

developed for the successful large-scale preparation of Tb-doped CePO4 nanowires 

possessing very high aspect ratio, under ambient room temperature conditions. Sheaf-like 

bundles of ultrathin 1D nanostructures may initially form through a crystal splitting 

growth mechanism, followed by continuous growth out of template membrane pore 

channels, until they finally fracture in solution. This new synthetic approach is important 

not only because it involves a number of intriguing fundamental steps, but also because 

this environmentally benign route can be readily extended to the synthesis of other kinds 

of rare-earth phosphate nanomaterials either with or without dopants. The resulting Tb-

doped CePO4 nanowires displayed a redox-switchable green photoluminescence that was 

subsequently exploited for biological labeling purposes. Moreover, we noted that our 

nanostructures not only were biocompatible with cells but also were relatively nontoxic 

over reasonable time periods and concentrations, which is of significance for applications 

in biomedical diagnostics and analyses. 
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Chapter VII Conclusions 

 

 

Nanomaterials are fundamentally different from their bulk counterparts because 

of their unique size and shape-dependent properties, as well as their potential applications 

as building blocks in nanoscale devices. As a structure decreases in size to the nanoscale, 

a greater surface-to-volume ratio results in a significant change with respect to the 

properties due to predominant contributions from more active surface atoms as compared 

with core atoms. Thus they cannot solely be considered as miniaturized versions of bulk 

materials. In particular, the intrinsic anisotropy inherent in 1D nanomaterials renders 

them as the smallest dimension structures which are highly promising for applications in 

catalysis, electronics, condensed matter physics, materials science and biology fields.  

The ability to synthesize, manipulate, and assemble matter in a controllable 

manner as well as to predict and understand the properties of resulting structures are of 

fundamental interest, and holds the promise of a completely new generation of advanced 

materials. However, nanoscience and nanotechnology is still in its infancy as compared 

with other science fields. There are many challenges and obstacles that need to be 

overcome, including (1) the development of an environmentally-friendly synthetic 

method, (2) a deep understanding of the relationship between size, composition, and 

physical properties in 1D nanostructures, (3) the design of 1D nanomaterials with novel 

properties, and (4) the application of 1D nanostructures in various fields, such as energy, 

catalysis, and biotechnology. 
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Figure 7.1 Representative electron microscopy images and property measurements of a 
variety of 1D nanostructures prepared via the modified template-directed method. 
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The rational synthesis of nanomaterials is critical in fundamental studies of crystal 

growth, the investigation of shape and structural dependence of properties, and the 

exploration of applications of associated nanomaterials. The conventional synthetic 

methodology has usually involved either toxic solvents, unstable precursors, or high 

energy input. The focus of my graduate research has been the development of a relatively 

environmentally friendly and energy effective technique to rationally prepare 1D 

nanomaterials with controllable size and composition, as well as the extensive 

characterization of these structures and the exploration of their novel properties and 

applications. 

In this dissertation, as illustrated in Figure 7.1, we have developed a modified 

template-directed technique, using a double-diffusion setup via a biomimetic 

crystallization process, which has enabled the successful preparation of various 1D 

nanomaterials, including fluorides, tungstates, sulfides, and phosphates, under ambient, 

room-temperature conditions, without using either very harmful precursors or solvents, 

and without generating particularly toxic byproducts. The key to this technique has been 

the placement of membranes within a double-diffusion setup. In order for the generation 

of single-crystalline 1D nanostructures, we have proposed that single crystals originate 

from isolated single nucleation sites, which subsequently grow by extension through the 

porous network, until the crystals impinge on the template surface or block the pores. 

Crystal growth within the membrane is typically slow, limited by the availability of ions 

from the two precursor solutions, separated by the membrane. Therefore, the membranes 

not only enable a continuous flow of precursor ions through the pores, but also slow 

down ion diffusion and mixing as well as crystallization rates. In addition, the diameters 

of the resulting nanomaterials can be controlled by choosing membranes with predictable 

pore sizes. 

In Chapter II, a family of single-crystalline alkaline-earth metal binary fluoride 

nanowires and perovskite ternary fluoride nanorods, in addition to their rare-earth ion-

doped analogues, has been successfully synthesized using this method, implying that the 

synthetic approach is quite general and versatile. It is anticipated that it can be 

generalized to the preparation of other 1D nanostructures. Chapter III and IV have 
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highlighted the generalization of this technique for the formation of oxide nanostructures. 

Specially, the fabrication of single-crystalline alkaline-earth-metal tungstates AWO4 (A = 

Ca, Sr, Ba) nanorods as well as the corresponding series of their crystalline solid-solution 

analogues, Sr1-xCaxWO4 and Ba1-xSrxWO4 (0 < x < 1), with varying controllable 

compositions has been reported in Chapter III. The composition-modulated luminescence 

properties provide the fundamental basis for a more thorough understanding of structure-

property correlations in these systems. In Chapter IV, a family of multifunctional 

nanorods has been created by merging favorable luminescent and magnetic properties by 

incorporating Mn ions into the tungstate matrix. Metal sulfides have also been 

synthesized and then this synthetic method has been adapted to the fabrication of 

semiconducting nanowires in Chapter V. In particular, the resulting CdS nanostructures 

have shown higher photocatalytic degradation activity as compared with their bulk 

counterparts. In Chapter VI, we have generalized this approach into the large-scale 

synthesis of high aspect-ratio, single-crystalline Tb-doped CePO4 nanowires, possessing 

a novel redox luminescence switch behavior and applications as fluorescent labels in 

bioimaging. 

The major advantage associated with template-directed techniques is that both the 

dimensions and compositions of the resulting nanomaterials can be easily controlled by 

varying experimental conditions. Conventional templating methods often generate 

polycrystalline products as a result of additional annealing steps at high temperature, with 

more complicated techniques, such as sol-gel and electrodeposition, are usually needed in 

order to generate single-crystalline nanostructures. Our modified technique, by contrast, 

has enabled the preparation of a variety of single-crystalline 1D nanomaterials under 

ambient, room-temperature conditions using a relatively simple, straightforward 

experimental setup. In fact, the growth of our nanowires within the confinement of 

membrane pores is analogous to the biominetic crystallization of single crystals of 

calcium carbonate and calcium phosphate within micelles, chitin scaffolds, and collagen 

matrices in nature.  

Besides 1D nanostructures, we have also synthesized unusual hierarchical cactus-

like CdS and sheaf-like Tb-doped CePO4 nanostructures. Different growth mechanisms 
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have been proposed to be associated with their varying crystal structures. These results 

have inspired the potential of generating various nanostructures using this approach by 

varying reaction conditions, such as temperature, pressure, solvent and precursor, or by 

simply using membranes containing different pore structures, since the morphology of 

the resulting nanomaterials is complementary to that of the template.  

In addition to the as-prepared 1D nanomaterials possessing either luminescent or 

magnetic properties or even both coexisting within one structure, it is expected that our 

modified template-directed technique can be applied to the synthesis of other materials 

with versatile properties, including, but not limited, to metals, metal oxides, hydroxides, 

and carbonates, which can precipitate from soluble precursor solutions and stabilize 

under ambient conditions.  

Since it is sometimes desirable for single nanomaterials to perform multiple 

functions simultaneously, we have demonstrated the formation of multifunctional 

nanorods using this templating approach. Another way single structures can be 

manipulated to perform multiple functions is if they are synthesized such that they consist 

of more than one component. The ability of this method in preparing multicomponent 

nanomaterials, such as core-shell and multisegmented striped structures, is quite 

promising as a low cost, high throughput, and easy synthetic methodology as compared 

with the traditional processes of epitaxial growth, vapor-solid-liquid (VLS), high-

temperature catalytic growth, and chemical vapor deposition (CVD). It is anticipated that 

by varying precursor solutions and accordingly changing the reaction time within one run, 

multisegmented nanorods can be synthesized, and the interface between multiple 

components can also be controlled. In addition, by carefully selecting starting materials, 

we might be able to generate hollow nanotubes as shell structures. Subsequent filling of 

the center with another component will result in radial core-shell 1D nanostructures.      

Because of the simplicity and versatility of our modified template-directed 

approach, it is expected that this particular technique can be generalized to the 

preparation of various nanomaterials with controllable size, shape, and component. 

However, as a major drawback, the quantity of nanostructures that can be produced using 

any template-directed methods in each run is relatively limited, and removal of the 
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templates requires chemical steps that could damage the resulting nanomaterials. It would 

be highly beneficial if the product yield associated with our template strategy, can be 

improved while eliminating any possible damage by template removal. Our phosphate 

nanowire work has provided a hint of the ability to grow nanowires protruding out of the 

pores, where they tend to break into fragments in solution. It is therefore proposed that 

the remaining fragments within the membranes can serve as seeds for continuous growth 

so as to generate 1D nanostructures on a reasonably large scale. 

Future work in nanoscience and nanotechnology will continue to focus on the 

development of rational synthetic strategies and fundamental property investigations 

associated with 1D nanostructures. In particular, our modified template-directed method 

can be explored to the extension of fabricating either different morphologies, forming 

more complicated structures, and improving both the quantity and quality of the resulting 

products, as discussed. There are almost unlimited research opportunities that are being 

and will be explored in this general area of 1D nanostructures. A deeper understanding of 

structure-property relationships will open up new opportunities in this area.  
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