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Abstract 

This thesis seeks out to optimize the sonochemically-induced synthesis and the ease of 

handling high-aspect-ratio selenium nanowires. Understanding the selenium nanowire’s 

surface chemistry is crucial to controlling their dimensions during growth and to facilitate 

the manipulation of these materials. The surface chemistry of the nanowires was 

analyzed with a variety of surface sensitive techniques and electron microscopy. This 

knowledge of the surface chemistry of selenium nanowires was utilized to increase their 

colloidal stability. A stable dispersion of selenium nanowires improves the ease of 

handling and processing these materials for subsequent assembly or use in templated 

reactions. For example, surfactant stabilized nanowires enhanced their colloidal stability 

in media that are otherwise poor at stabilizing the nanowires and improved the uniformity 

of products from templated reactions on the nanowire surfaces. We also discovered that 

dispersions of selenium nanowires in a low dielectric constant solution could be 

organized by electrokinetic techniques into fibers that oriented along the electric field. 

We developed a general method for the assembly of the selenium nanowires into either 

macroscopic fibers or an array of fibers of various lengths over large areas. Isolated 

fibers of selenium nanowires could reversibly bend in response to electrostatic charges. 

These flexible selenium fibers also exhibited a photoconductive response when 

illuminated with white light. These properties of selenium nanowires can degrade over 

time as these nanowires are susceptible to oxidative damage, but we were able to 

demonstrate the first passivation of selenium nanowires with a thin layer of polystyrene. 

The thin layer of polystyrene was grafted onto the selenium surfaces by a surface-

initiated atom transfer radical polymerization reaction. These encapsulated 

nanostructures demonstrate an enhanced resistance towards oxidative damage, such as 

corrosion. We were also able to synthesize polystyrene encapsulated copper selenide 

nanowires by a similar route in a template-engaged reaction in conjunction with a 

surface-initiated atom transfer radical polymerization reaction. 

Keywords :  one-dimensional selenium nanostructures; sonochemically-induced 
synthesis; polymer coated semiconductor nanowire; electrokinetic 
assembly; template-engaged transformation; surface-initiated atom 
transfer radical polymerization 
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t-Se@PS Trigonal Selenium Encapsulated in Polystyrene 
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Glossary 

Amorphous Material Material that lacks long range order at the atomic level. 

Auger Electron An Auger electron is produced when an atom’s core orbital 
electron is removed with an external stimulus (i.e. photon or 
electron irradiation), leaving a hole in the core level. This hole in 
the core level is, subsequently, filled by an electron from the 
outer orbital. In the process of filling the hole in the core level, the 
outer orbital electron loses an amount of energy that is equivalent 
to the difference in orbital energies (i.e. outer orbital energy – 
core orbital energy). Then the lost energy is absorbed by an 
outer orbital electron that leads to its ionization. 

Band-gap Energy separation between the highest electronic state of the 
valence band and the lowest electronic state of the conduction 
band. 

Bend Contour Bend contours occur when a single crystalline sample of uniform 
thickness is bent slightly, such that a particular set of diffracting 
planes are not parallel throughout the sample. 

Bragg’s Law Scattered waves are only in-phase (i.e. constructively interfere) if 
the additional distance travelled by the other waves are equal to 
a multiple of the wavelength (i.e. nλ). When the crystal orientation 
with respect to incident electromagnetic radiations produces 
scattered waves that are in-phase, they are said to be under 
Bragg condition. 

Cavitation A process that involves the formation and implosion of bubbles in 
a liquid medium. Shockwaves generated by the imploding 
bubbles have sufficient energy to cause localized chemical 
and/or physical damage. 

Chain Propagation The progress that leads to the lengthening of polymer chains in a 
polymerization reaction. In the chain propagation stage of 
polymerization, the reactive intermediate is continually 
regenerated after the reactive end-groups of a polymer chain 
have reacted with a new monomer. The newly attached 
monomer then becomes the subsequent reactive end-group with 
which a new monomer will react with. 

Chain Termination A step in polymerization that stops the regeneration of reactive 
intermediates in a chain propagation process. 

Colloidal Dispersion Colloids having dimensions between 1 µm and 1 nm are 
dispersed in a continuous phase of a different composition or 
state. 

Colloidal Stability The ability of a colloidal dispersion to resist flocculation, 
aggregation, coagulation, sedimentation and phase separation. 
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Conduction Band The range of allowable electronic states an electron can occupy 
that allows the electron to dissociate from a particular atom and 
become a free charge carrier in the material. 

Corrosion Gradual degradation of materials due to oxidation. 

Dielectric Constant A measure of a substance’s ability to insulate either electrostatic 
or electronic charge. 

Crystalline Material A structure of material that consists of regular, repeating planes 
of atoms that form a crystal lattice. 

d-spacing In X-ray diffraction analysis, d-spacing refers to the distance 
between crystalline planes of repeating structure with the same 
atomic arrangement. 

Electrokinetic 
Assembly 

Dipoles of polarized dispersants are aligned along the path of 
electric field when the sample is exposed to an electric potential 
difference across the dispersion medium. 

Electron Diffraction Atoms within a solid act as diffraction gratings to scatter the 
incident electrons in a periodic fashion. Information such as 
crystallinity of the material, crystal phases, d-spacing, texture of 
specimen, and crystal orientation can be deduced from electron 
diffraction pattern.  

Electron Energy 
Loss Spectroscopy 

See Transmission Electron Microscopy – Electron Energy Loss 
Spectroscopy. 

Electrostatic 
Stabilization 

Particles in a colloidal dispersion have similar surface charges 
and, therefore, these particles do not agglomerate because of a 
mutual repulsion of like electrical charges. 

Electron 
Spectroscopy for 
Chemical Analysis 

See X-ray Photoelectron Spectroscopy. 

Face-Centered 
Cubic Packing 

An atomic arrangement of equal size atoms that has an A-B-C-A-
B-C…stacking pattern. Interstitial sites in the first layer of close 
packed structure are occupied by atoms of equal size. Then the 
interstitial sites of the second layer atoms are filled with atoms 
without repeating the x and y coordinates of the first layer of 
close-packed atoms. 

Fast Fourier 
Transform 

Fast Fourier transform is an algorithm that converts a set of data 
consisting of time/spatial domain into frequency domain. For 
example, a lattice-fringe image of a crystalline specimen obtained 
on an electron microscopy can be transformed into its 
corresponding frequency domain image by FFT to provide the 
inverse d-spacing (i.e. 1/d-spacing) of the periodic atomic 
arrangement. 

Ferromagnetic 
Material 

Large domains of magnetic dipoles are aligned in the same 
direction, giving the material a net magnetic dipole greater than 
zero. 
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Full Width at Half 
Maximum 

Width at half of the maximum intensity of a waveform. 

Grafting Polymers Addition of polymer chains onto the surfaces of a substrate 
through chemical reaction(s). 

Hexagonal Close-
Packing 

An atomic arrangement of equal size atoms that has an A-B-A-B-
…stacking pattern. The second layer atoms are positioned at the 
interstitial sites on the layer below, which is also arranged in a 
close-pack fashion. Then the third layer of atoms is positioned in 
the same x and y coordinates as the first layer of atoms. 

Inelastic Mean Free 
Path 

The distance an electron can travel through a medium before 
losing energy due to scattering. 

Langmuir-Blodgett 
Trough 

An apparatus that is used to compress monolayers of materials 
at the air-liquid or liquid-liquid interphase into close-packing or 
multilayered structures. 

Langmuir-Blodgett 
Deposition 

Transfer of materials at the air-liquid or liquid-liquid interphase in 
a Langmuir-Blodgett trough onto a solid substrate. For example, 
a substrate submerged perpendicularly with respect to the 
meniscus of the subphase is slowly elevated above the liquid 
phase after the material deposited at the interphase is 
compacted to a certain surface pressure by the trough’s barriers. 
Surfaces of the substrate are coated with the materials when the 
substrate is removed from the liquid phase. 

Lattice-Fringe Lattice-fringe patterns are caused by the constructive and 
destructive interferences of the diffracted incident electrons as 
they travel through a crystalline specimen. The lattice fringes 
provide information on the lattice spacing and angles between 
intersecting lattice planes of a crystalline sample. 

Light Induced 
Charge Separation 

Absorption of a photon by a ground state electron promoting the 
electron to a higher energy level of an atom/molecule, 
subsequently the excited electron leaves the atom/molecule 
traveling to a nearby electron acceptor. 

Soft Lithography A group of techniques that are used to fabricate and replicate 
structures on a receiving substrate, using elastomeric stamps, 
molds and masks. 

Lyophilization Removal of a frozen solution/solvent by sublimation under 
vacuum. 

Microcontact 
Printing 

A soft lithography technique that uses a patterned/non-patterned 
elastomeric stamp to transfer molecule/particle of interest onto a 
receiving substrate. 

Moiré Fringe A type of interference pattern that is observed under electron 
microscopy, which resulted from overlaying two crystal lattices at 
an offset angle, or when two crystals of different d-spacing that 
have parallel lattices to each other are superimposed. 
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Monochromatic 
Energy 

A beam of energy of a narrow band of wavelengths. 

Optoelectronic An area of electronics that is concerned with electronic devices 
for modulating, transmitting, emitting, and sensing of visible 
electromagnetic radiation. 

Ostwald Ripening Dissolution of small crystals or sol particles, these dissolved 
crystals and particles are subsequently redeposited on the 
surfaces of a larger crystal or sol particles. The smaller particles 
have a higher surface energy than larger particles and, therefore, 
they also have a higher solubility. 

Oxidation A process that describes the loss of electrons or an increase in 
oxidation state of a molecule, atom, or ion. 

Photoconductivity A phenomenon that describes the increase in electrical 
conductivity of a material due to absorption of photons. 

Photoelectric Effect Electrons are emitted from an object (solid, liquids, or gases) 
when irradiated with photons of a sufficient energy.  

Photovoltaics A device that is capable of converting photons into electrical 
energy, using appropriate semiconductor materials. 

Plasma Charged gas molecules or atoms that are created through 
ionization of their corresponding neutrals under elevated 
temperature or electromagnetic radiation. 

Polycrystalline Solids that are composed of multiple crystals of varying size and 
crystal orientation. 

Polymerization A chemical reaction that links monomers together to produce a 
polymer chain or three dimensional polymer networks. 

Reduction A process that describes the gain of electrons or a decrease in 
oxidation state of a molecule, atom, or ion. 

Relative Permittivity A substance’s ability to store electrical charge with respect to 
vacuum of the same dimensions.  

Rietveld Refinement  A technique capable of extracting structural information, phase 
composition, and texturing of a specimen by deconvoluting its 
corresponding diffraction data. 

Scanning Electron 
Microscopy 

A type of electron microscopy that can provide topographical and 
elemental composition information of a specimen by scanning the 
sample with a focused beam of electrons. 

Secondary Ion Mass 
Spectrometry 

A surface sensitive analysis technique that is capable of 
analyzing the composition of solid surfaces and thin films. The 
surface of interest is bombarded with a focused primary ion beam 
producing secondary elemental, isotopic, or molecular ions that 
are then analyzed by a mass spectrometer. 

Semiconductor A material that possesses both characteristics of a conductor and 
an insulator. Typically, the material has a less than 3 eV and 
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greater than 0 eV separation between the filled valence band and 
the empty conduction band. Semiconductors will behave like a 
conductor when energy (e.g., electromagnetic radiation, heating) 
is imparted on it, promoting the valence band electrons into the 
conduction band. 

Single Crystalline A solid that only has one crystal lattice present and has no 
crystallographic defects such as grain boundaries. 

Solvothermal 
Synthesis 

A reaction that is performed at an elevated temperature and 
pressure inside an autoclave. The precursors dissolve in 
appropriate solvents before they decompose and otherwise react 
at the elevated pressures and temperatures. 

Sonochemically-
Induced Synthesis 

The use of sonic waves to initiate a chemical reaction. Sonic 
waves are capable of rapidly increasing the local temperature 
and pressure within a reaction vessel through a phenomenon 
called acoustic cavitation. 

Steric Stabilization Colloids in a dispersion are passivated with polymers or 
surfactants to prevent them from getting too close to each other 
by steric repulsion, decreasing the possibilities of colloid 
flocculation. 

Superparamagnetic 
Material 

Superparamagnetism is found in ferrimagnetic or ferromagnetic 
nanoparticles that have a single magnetic domain. In the 
absence of a magnetic field and at room temperature, for 
example, the net magnetic moment of the system is zero, 
because these nanoparticles’ magnetic moments are randomly 
aligned due to Brownian motion of the nanoparticles as well as 
changes in the magnetic moment of each nanoparticle at 
random. 

Surface-Initiated 
Atom Transfer 
Radical 
Polymerization 

Surface-initiated atom transfer radical polymerization is a type of 
controlled living polymerization that has been adopted to modify 
the chemistry and properties of surfaces. Surfaces of a material 
are modified to have the appropriate functional groups, which 
become radical initiators in the polymerization. 

Surfactant Assisted 
Dispersion 

See Electrostatic Stabilization and Steric Stabilization. 

Texture The tendency of crystallites in a polycrystalline specimen to 
orient in a certain direction. 

Transmission 
Electron Microscopy 

A transmission electron microscope (TEM) passes collimated 
electrons to through a thin specimen (<100 nm thick). Contrast of 
the image arises from a variation in density and thickness of the 
specimen. For example, thick and dense areas of the sample 
strongly scatter or absorb the incident electrons these areas 
appear as dark features, while thin or less electron dense regions 
of the specimen that are almost electron transparent appear as 
bright features in the image. The transmitted electrons are 
projected onto a phosphorescent screen, negative film, or CCD 
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camera for viewing and recording. TEM is capable of resolving 
atomic lattices of crystalline materials due to the small de Broglie 
wavelength of electrons under an applied accelerating potential 
(e.g. 200 kV). In addition, the technique is capable of providing 
information on the chemical composition, chemical state, crystal 
orientation, and electronic structure of specimens. 

Transmission 
Electron Microscopy 
– Bright Field Image 

When a TEM image is formed from only the incident electron 
beam (000), while the diffracted electrons are excluded by an 
objective aperture. 

Transmission 
Electron Microscopy 
– Dark Field Image 

When a TEM image is formed from reflections other than the 
incident electron beam. The diffracted electrons are selected by 
an objective aperture. 

Transmission 
Electron Microscopy 
– Electron Energy 
Loss Spectroscopy 

Electron energy loss spectroscopy (EELS) is a complementary 
technique to energy dispersive X-ray spectroscopy and X-ray 
photoelectron spectroscopy. This technique is capable of 
providing information on both the elemental composition and 
chemical states of the specimen. It works by passing a 
monochromatic energy beam of electrons through a thin 
specimen in a TEM. The transmitted electrons are analyzed by 
an electron spectrometer, which measures the amount of energy 
lost by the electrons due to specimen-electron interactions (i.e. 
inelastic scattering). The amount of energy lost by the electrons 
can be correlated to the elements that exist in the specimen. 

Scanning 
Transmission 
Electron Microscopy 

Similar to a scanning electron microscope, the scanning 
transmission electron microscope (STEM) scans the specimen 
with a focused electron beam, but instead of detecting the 
backscattered electrons, transmitted (forwardly scattered) 
electrons are detected with an annular detector located below the 
specimen. Contrast of a STEM image comes not only from the 
sample thickness and electron density, but also is directly related 
to the atomic number of the elements present within the 
specimen. 

Scherrer Equation An equation used to approximate the size of crystallites in a 
sample from their X-ray diffraction pattern based on the full width 
at half maximum value of a diffraction peak.  

Selected Area 
Electron Diffraction 

See Electron Diffraction. 

Valence Band The range of allowable electronic states that are the highest 
energies a bound electron can occupy and still be associated 
with a particular atom within a solid. 

X-ray Diffraction An analytical technique used for the determination of crystal 
structures of single crystalline solid materials and crystalline 
liquid samples. In contrast, information such as crystal phases, 
texture, and d-spacing are obtainable from a polycrystalline 
sample. In a crystalline material, atoms are arranged in a 
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repeating sequence in various planes of a crystal lattice. When a 
collimated beam of X-rays interacts with the specimen, the X-ray 
beams can be diffracted by the atoms of the sample. If the 
orientation of the crystal with respect to the incident X-ray beam 
satisfies the Bragg condition, the X-ray beams are scattered in-
phase with respect to each other. 

X-ray Photoelectron 
Spectroscopy 

A surface sensitive analysis technique that is capable of 
providing information on a sample that includes quantitative 
composition, chemical state, and electronic state of the elements 
present within the first 1 to 10-nm of the specimen. 
Photoelectrons are generated from specimens by irradiating 
them with a high energy electromagnetic radiation (e.g. Al Kα = 
1486.6 eV), in a phenomenon called the photoelectric effect (see 
Photoelectric Effect). 

Z-Contrast Image See Scanning Transmission Electron Microscopy. 

Zeta Potential Zeta potential is the potential difference between the dispersion 
medium and the electrical double layer that surrounds a charged 
particle. Zeta potential is used to assess the colloidal stability of 
colloidal dispersions. A high absolute value of zeta potential 
means that the dispersion is stable and the colloids within the 
suspension will resist flocculation. 
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1. Motivations to Study Selenium, Polymer 
Coated Selenium and Polymer Coated Metal 
Selenide Nanostructures 

1.1. Semiconducting Materials 

The world we live in is made of materials. They are essential to our lives and 

when used correctly they can improve our quality of life. Materials can be categorized 

into three groups based on their conductivity (S/m), a quantifiable property that 

represents the ability of the material to conduct electric current. These categories are: 

conductors, semiconductors, and insulators. At room temperature, metals have a 

conductivity between 102 and 109 S/m, while materials having conductivity less than 10-9 

S/m are considered as insulators. Materials with conductivities in between 10-9 and 102 

Sm are semiconductors. Another difference between metals, insulators, and 

semiconductors is how their conductivity change as a function of temperature (Figure 1.1 

– blue).1 The conductivity (σ; Eqn. 1.1) of metals decreases as the temperature 

increases,  

σ = neµ                                                 (Eqn. 1.1) 

where n is the number of charge-carriers, e is the corresponding charge of the carriers, 

and µ is their mobility.1 Decreased conductivity at elevated temperatures is attributed to 

a decrease in electrons’ mobility (µ) due to increased probability of electron-phonon 

collisions. In contrast, conductivity of insulators and intrinsic semiconductors increases 

with increasing temperature (Figure 1.1 – black and red). At elevated temperatures the 

valence band electrons are promoted into the conduction band, increasing the number 

of charge-carriers (n), thus increasing the conductivity, in both materials in comparison 

to the conductivity at room temperature. Population of charge-carriers (Eqn. 1.2), n, in a 

semiconductor/insulator at certain temperature can be estimate by  
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n = n0exp(-E/kT)                                           (Eqn. 1.2) 

where n0 is the total number of electrons, E is the activation energy, k is the Boltzmann’s 

constant, and T is temperature. Although the mobility of the charge-carriers decreases 

with increasing temperature, a drastic increase in the charge-carrier population exhibits 

a greater impact on the overall conductivity of these materials. This phenomenon is 

exhibited up to the melting or degradation temperature of the intrinsic semiconductors 

and insulators.1 Majority of the charge-carriers in extrinsic semiconductors came from 

dopants. Furthermore, the total population of charge-carriers is much greater than the 

thermally generate concentration of intrinsic semiconductors. The conductivity of 

extrinsic semiconductors as a function of temperature displays similar trend to that of 

metals (Figure 1.1 – orange; top – high dopant concentration and bottom – low dopant 

concentration), because the charge-carrier concentration of both materials are 

independent of temperature.1 The conductivity of extrinsic semiconductors decreases as 

temperature increases, because the number of electron-phonon interaction increases at 

high temperature which leads to a decrease in charge-carrier mobility (µ ; Eqn. 1.1).  

 

Figure 1.1 The conductivity of metals, semiconducto rs, and insulators as a 
function of the inverse of temperature. (Modified f rom Ref. 1.) 
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Semiconductors are further categorized into two classes: intrinsic and extrinsic 

semiconductors. Intrinsic semiconductors are pure materials, at room temperature they 

do not have large number of charge-carriers and hence their conductivities are much 

lower in comparison to the extrinsic semiconductors. Extrinsic semiconductors are 

produced by introducing impurities into intrinsic semiconductors (e.g., Ge, Si, Se, Te) to 

improve and control their properties, such as conductivity. The process used to 

incorporate impurities into the pure semiconductor materials is called doping. An n-type 

semiconductor is produced when an electron rich element, relative to the electronic 

structure of the intrinsic semiconductor, is incorporated into an intrinsic semiconductor. 

For example, n-type silicon substrates are doped with elements such as phosphorus or 

arsenic. These partially filled energy levels of the P or As do not mix with either the 

valence band (V.B.) or the conduction band (C.B.) of the silicon. These dopants occupy 

discrete level, known as donor level (D.L.), ~0.1 eV below the conduction band (Figure 

1.2a). At room temperature, the electrons in the D.L. have sufficient energy to move into 

the conduction band of silicon, increasing both the charge-carrier concentrations (n) and 

thus the conductivity (σ, Eqn. 1.1). Doping an intrinsic semiconductor with an element 

that is electron deficient in comparison to the pure material will result in the formation of 

a p-type semiconductor (i.e., silicon doped with boron; Figure 1.2b). Electron deficient 

dopants contribute to discrete levels that reside ~0.1 eV above the valence band of the 

silicon. These discrete levels, also known as the acceptor levels (A.L.), are capable of 

accepting electrons of sufficient thermal energy from the valence band. Electrons 

promoted to the A.L. leads to the formation positive charge-carriers (i.e., holes) within 

the valence band. This increase in the positive charge-carrier population (n) results in 

the increased conductivity of the material (Eqn. 1.1). Extrinsic semiconductors are used 

as key components in many electronic devices such as field-effect transistors, 

photovoltaic devices, and light-emitting diodes.2 



 

4 

 

Figure 1.2 Electronic band structures of (a) n-type  (e.g., silicon doped with 
phosphorus) contain partially filled donor levels ( D.L.) that come 
from the electron rich and (b) p-type (e.g., boron doped silicon) 
semiconductors. C.B., V.B., D.L., and A.L. are cond uction band, 
valence band, donor level, and acceptor level, resp ectively. 

1.1.1. Applications of Semiconducting Materials 

In the 20th and 21st centuries, the word semiconductor has become synonymous 

with advanced electronics,3-4 optoelectronics,3, 5 and alternative energy harvesting 

technologies.6-8 Most of these devices use p-n junctions as the elementary building 

blocks. The interface between p-type and n-type semiconductors inside a single crystal 

semiconductor or an epitaxially grown crystal forms a p-n junction. Charge carriers (i.e., 

electrons and holes) are depleted at the interface of p-n junction due to diffusion of both 

electrons and holes in the opposite directions in an attempt to re-establish an equilibrium 

for electron concentrations in the p- and n-type semiconductors, creating a permanent 

electric field within the crystal. This area within the p-n junction is called the depletion 

region. This phenomenon rendered all constructs of p-n junctions non-conductive in the 

absence of an applied electric field. In addition, current can only flow from n- to p-type 

semiconductors, but not in reverse. Since its discovery, p-n junctions have been used 

widely in semiconductor electronic devices. 
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Figure 1.3 A cross-sectional view of a metal-oxide- semiconductor field effect 
transistor (MOSFET) in the (a) off and (b) on state s. 

Semiconducting materials, most notably doped silicon, have been used as key 

components in integrated circuits found in microprocessors that control the electronic 

appliances we use everyday.9 For example, metal-oxide-semiconductor field effect 

transistors (MOSFET) perform as on-off switches in electronic devices to regulate the 

flow of electrons and signal transductions via an applied gate voltage.2, 10-11 In the 

presence of an applied potential between the source (s) and drain (d) electrodes, but in 

the absence of an applied potential on the gate electrode (Vgate), electrons cannot flow 

from the transistor’s source to drain electrode (Figure 1.3a).10 When a voltage greater 

than the threshold voltage of the material is applied to the gate electrode, the oxide layer 

becomes positively charged. At the same time, positive charge carriers in the p-type 

semiconductor at and near the metal-oxide-semiconductor interface are repelled, leaving 

behind a conducting channel between the transistor’s source and drain. This conducting 

channel permits the transport of electrons between the source and drain terminals if 

there is a potential difference between them (Figure 1.3b).10 

Semiconductors also have been used as emitter materials in lasers5 and light-

emitting diodes (LEDs).12-13 Light-emitting diodes are widely used in display, illumination, 

and communication technologies. They are attractive because of their high energy 

efficiency, robustness, small size, long lifetime, and fast switching properties. In addition, 

the wavelength of the emitted electromagnetic radiation can be varied by using 

semiconductors of desired band-gaps.14 In the presence of an applied potential, the 

electrons in the n-type semiconductor and the holes in the p-type semiconductor would 
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recombine at the p-n junction by radiative transitions, producing photons whose energy 

correspond to the band-gap of the material (Figure 1.4). 

 

Figure 1.4 (a) Migration of charges carriers toward  the p-n junction under applied 
potential (forward bias) in a light-emitting diode (LED). (b) 
Recombination of opposite charged carriers leads to  the emission of 
photons. 

Some of the semiconductor materials that have been used to generate emitted 

radiations of a specific wavelength under applied potential can also be used to convert 

electromagnetic radiation into electrical energy.15 These devices are known as p-n 

junction photovoltaic cells. The p-n junction photovoltaic cell consists of a thin layer of n-

type semiconductor on top of a thicker layer of p-type semiconductor (Figure 1.5a).15 

There are metal contacts on both types of semiconductors, connecting them through an 

external circuit. An electrical current is produced when the device is exposed to 

electromagnetic radiation that has an energy greater than the band-gap of the 

semiconductor material. Photons are absorbed by the p-type semiconductor, creating 

electron-hole pairs through the photoelectric effect. The resulting photoelectrons are 

driven in the direction of the n-type semiconductor by the permanent electric field within 

the p-n junction. These photoelectrons are subsequently collected by the metal contacts, 

transporting them through an external circuit and generating electrical energy (Figure 

1.5b). The hole carriers recombine with the photoelectrons at the electrical contacts 

located on the p-type semiconductor.15 
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Figure 1.5 (a) Electron-hole pairs (e --h pair) are generated after absorption of 
photons of appropriate energies in a p-n junction b ased photovoltaic 
device. (b) These electrons traveling through an ex ternal electrical 
can be used to perform work or stored. 

Charge separation generated within p-n junctions by the photoelectric effect is 

also used for the detection of electromagnetic radiation. Such a device is be able to 

detect photons with energies overlapping with the band-gap of the semiconductor, as 

well as the intensity of the incident electromagnetic radiation based on the number of 

charge carriers generated. In addition, digital images and videos can be captured from a 

2-dimensional array of these semiconductor based detectors, such as charge-coupled 

devices (CCD), and complementary metal-oxide-semiconductor (CMOS) sensors.10, 16 

Semiconductor based integrated circuits and semiconductor based architectures 

are fabricated through lithographic techniques that are expensive to implement and are 

limited in the choice of materials, structures, and dimensions. In addition, the relentless 

miniaturization of the integrated circuits, a natural progression of the semiconductor 

industry, is driven by demands of faster clock rates, and lower power consumption of 

electronic devices.17 The task of shrinking the size of integrated circuits below 100-nm 

while maintaining the device’s architecture through the use of conventional scaling 

methods (e.g., top-down lithography) have become increasingly challenging. A principle 

architecture within these nanoscale devices are the one-dimensional semiconductor 

nanostructures that serve as interconnects. Semiconductor nanowires with diameters 

between 1 and 100-nm and lengths up to several kilometers, on the other hand, can be 

prepared through solution-phase,18 vapour-liquid-solid (VLS),19 thermal 
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evaporation/vapour deposition,17 and thermal-drawing20 processes with controlled 

dimensions and uniformity. These processes can also produce nanowires with a distinct 

chemical composition that is otherwise difficult or impossible to obtain through top-down 

lithography techniques. For example, memory architectures based on phase changing 

nanomaterials is only accessible through synthetic techniques because lithographic 

techniques tend to damage these materials.19 These synthetic techniques have been 

used to produce building blocks for semiconductor nanowire devices. These building 

blocks could subsequently be manipulated either through self-assembly or directed 

assembly processes.17, 21-22 Nanowires synthesized by solution-phase processes are 

less complex and are inexpensive to use in comparison to other synthetic and 

lithography techniques. While not applicable to all materials some semiconductor 

nanowires, such as selenium nanowires, could be produced in large-scale using simple 

solution-phase synthesis techniques. 

1.2. Why Are We Interested in Selenium Nanowires? 

Selenium is found in copper and lead rich soles, in the mineral forms of 

crookesite (Cu7(Tl,Ag)Se4) and clausthalite (Pb0.72Se0.28).23 Majority of the selenium in 

the world is produced from copper and lead refineries as a by-product. Selenium exists 

in several allotropic forms. These allotropes of selenium share the same elemental 

composition and differ only in their atomic arrangement of the selenium atoms. All 

selenium allotropes are crystalline, except one. These allotropes of selenium are 

rhombohedral (Se6), trigonal (t-Se), α-, β-, and γ-monoclinic (α,β,γ-Se8) in crystal 

forms.24-25 Amorphous selenium (a-Se) is the only non-crystalline form of selenium and is 

composed of a mixture of randomly arranged fragments of Se6, t-Se, and α,β,γ-Se8.25  

Trigonal selenium is the most thermodynamically stable allotrope. It is composed 

of covalently bonded selenium atoms arranged in a helical fashion along the length of 

the c-axis (Figure 1.6a). These selenium atoms within a single helical chain have bond 

distance of 2.373(5) Å26 and bond angle of 104°. 27 Joannopoulos, et al. reported a tight-

binding model, suggesting that the intrachain selenium-selenium bond arose from the 

interaction of a mixture of s, p, and d orbitals. The Se-Se bonds are predominately 

composed of p orbital contributions, although they also consist of ~5-10% and ~1-5% of 
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s and d orbital characteristics, respectively.27 The lower energy of these p characteristic 

hybrid orbitals is exclusively involved in relatively weak intrachain bonding. While the 

higher energy p-like bonding states contribute to interchain bonding. The interchain bond 

distance of selenium atoms on the adjacent chains is ~3.436 Å.26 In a trigonal selenium 

single crystal, these helical chains of selenium atoms are held together by these weaker 

interchain covalent bonds in a hexagonal lattice that spans in all directions.27 Selenium 

intrachain grow preferentially along the c-axis or from the {001} facets (Figure 1.6b) 

because it is more thermodynamically favorable to form covalent bonds between 

selenium atoms within individual chains than to form only selenium interchain 

interactions via extended covalent forces. The unique arrangement of atoms within 

selenium nanowires also influence their physical properties, such as thermoconductivity, 

piezoelectric response, photoconductivity, and photovoltaic response.28   

 

Figure 1.6 (a) Selenium atoms arranged in a helix, viewed from [-1-20] direction, 
propagating along the c-axis/<001> directions. (b) Several of these 
helices, viewed from [001] direction, are packed he xagonally in a 
trigonal selenium (t-Se) single crystal. The extend ed covalent bonds 
between the helical chains of selenium are omitted for simplicity. 
The unit cell of t-Se is highlighted by the diamond . Crystal 
structures were drawn using CrystalMaker ©. 

Pure selenium is an intrinsic p-type semiconductor with a band-gap of ~1.8 eV. 

As a one-dimensional (1D) nanostructure its band-gap is tunable due to quantum 
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confinement when its diameter is appropriately narrow.2 These quantized effects are 

only observed in nanostructured materials, and not in bulk selenium.28 Selenium 

nanowires can be produced in large quantities using relatively simple synthetic methods. 

These techniques include hydrothermal,29 solvothermal,30 sonochemical,31 and thermal 

drawing processes.32 Another versatility of selenium nanowires is the ability of selenium 

to act as a template to form chalcogenide nanowires (e.g., lead, tin, zinc, silver, 

cadmium, lead, copper selenides).33 Chalcogenide nanowires, such as silver selenide, 

have a comparable quantum hall mobility and field effect mobility to silicon selenide.34 

For example, quantum hall mobility of silver selenide (2000 cm2V-1s-1)35 is greater than 

that of polycrystalline silicon (1560 cm2V-1s-1).36 Single crystalline chalcogenide 

nanowires are hard to directly synthesize because they have a tendency to form zero 

dimensional structures (i.e., nanoparticles).18, 37 In some cases, the synthesis of 

anisotropic structures requires a combination of catalysts and exotic seed crystals for 

which it can be challenging to select the right combinations of materials.  

Our ability to synthesize selenium nanowires with controlled dimensions requires 

in-depth knowledge of selenium’s surface chemistry. Selenium nanowires synthesized 

by sonochemically-induced transformation of amorphous selenium colloid is simple and 

the procedure can be scaled-up for mass production. There are, however, no detailed 

reports examining the parameters that influence the dimensions of the selenium 

nanowires synthesized in the absence of surfactants. Since the selenium nanowires are 

produced in the absence of surfactants, an improved understanding of selenium’s 

surfaces is also required to uniformly disperse the nanowires for ease of processing and 

handling. Another challenge that remains is a selection of appropriate techniques to 

assemble and otherwise process these nanowires, which have lacked in the 

development despite the many benefits of selenium and chalcogenide nanowires. This 

deficiency must be addressed prior to incorporating these nanowires as functional and 

reliable components into electronic and optoelectronic devices. As the scale of these 

material decreases, the surface-area-to-volume ratio increases. It is, therefore, important 

to improve our understanding of selenium’s surface chemistry and to prevent chemical 

degradation of the material that could lead to a significant loss of properties or functions 

during and after processing of these nanostructures. 
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1.3. Key Challenges of Working with Selenium Nanowi res 

There are several key challenges that impede the adoption of solution-phase 

synthesized selenium nanowires in electronic devices. One of the challenges is the lack 

of monodispersity in the length as well as the diameter of the selenium nanowires 

produced by the sonochemically-induced synthesis. In addition, selenium nanowires are 

synthesized in the absence of surfactant, making the nanowires difficult to disperse and 

to keep suspended in solution for long periods of time. It is essential to develop 

techniques to improve the dispersion and colloidal stability of selenium nanowires, in 

order to make handling and processing of the material less challenging. An improved 

dispersion would also facilitate the uniform transformation of selenium nanowires into 

other metal selenides, metal decorated, or polymer coated selenium nanowires. Another 

challenge is the lack of techniques to assemble selenium nanowires either en mass or 

individually. The ability to manipulate and control the density and orientation of 

assembled nanowires is key to the wide use of selenium- and metal selenide-based 

nanowire interconnects in electronic devices. These selenium and metal selenide 

nanowire based architectures can be used only if they are stable against corrosion. 

Corrosion is a form of degradation that causes the loss of material. The loss of material 

from a nanomaterial due to corrosion would be detrimental to their properties and 

function.38 It is, therefore, essential to develop techniques to protect selenium based 

anisotropic nanostructures from corrosion. 

These key challenges are distilled down into four questions: 1) how can we 

synthesize selenium nanowires with controlled diameter and length?; 2) how can we 

alter the surfaces of the selenium nanowires to facilitate colloidal stability and dispersion 

of the nanowires for easier processing and to facilitate a more uniform chemical reaction 

on these templates?; 3) how do we manipulate selenium nanowires en mass as well as 

individually?; and 4) how do we prevent the chemical degradation of selenium? These 

challenges are tied together by the selenium nanowires’ surface chemistry, which 

contribute to difficulties in growing high-aspect-ratio nanowires, creating stable 

dispersions, manipulating the nanowires en mass or individually, and minimizing their 

chemical degradation. Addressing these challenges requires an increased 

understanding of the surface chemistry of selenium nanowires. 
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This thesis addresses these key challenges by first gaining knowledge about the 

surfaces of selenium nanowires. For example, the favorable interaction between 

solubilized selenium atoms with specific crystal facet(s) of the trigonal selenium crystal is 

examined by introducing a competitive inhibitor to the reaction mixture during nanowire 

growth. Successful competitive inhibition would not only provide information on the 

nature of surfaces with respect to the crystal facets of the selenium nanowires, but also 

provide insight on the mechanism of growth. This information could be used to fine-tune 

the synthetic procedures to prepare selenium nanowires and to potentially enable control 

of the nanowire’s dimensions, such as diameter and length. In addition, the surface 

chemistry of the selenium nanowires is investigated by surface sensitive techniques, 

such as water contact angle measurements, X-ray photoelectron spectroscopy and 

secondary ion mass spectrometry. The knowledge from these studies is used to improve 

the colloidal stability of the selenium nanowires in different media in order to facilitate the 

handling and manipulation of these anisotropic nanostructures. Colloidally stable 

dispersions of selenium nanowires is sought either by dispersing the nanowires in an 

appropriate medium, or adding surfactants/polymers to solution. 

A second focus of this thesis is to develop techniques to direct the assembly of 

selenium nanowires and facilitate their incorporation into devices. Our goal is to develop 

methods of assembly that are capable of manipulating nanowires en mass over long 

distances, as well as assembling individual nanowires with micrometer precision. 

Chemical degradation of selenium nanowires would have to be avoided when these 

nanostructures are used as key components in electronic devices. Corrosion of selenium 

will occur when exposed to oxidative environments and moisture. A method to minimize 

corrosion of selenium nanowires could be to coat their surfaces with a moisture barrier, 

which will resist nanowire corrosion in an oxidizing environment. We aim to develop the 

first example of polymer encapsulation of selenium nanowires. Lastly, the thesis 

demonstrates the feasibility to synthesize polymer encapsulated metal selenide core-

shell nanowires from a one-pot synthesis using selenium nanowire templates with 

techniques developed in the prior thesis chapters.  
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1.4. Objectives of the Thesis 

In the 21st century, semiconductor based electronic devices have become an 

integral part of our daily lives. Most of these devices are fabricated by lithography 

techniques that are expensive to implement and are limited in the choice of materials, 

their structure, and their size. In addition, it has become more challenging to shrink the 

size of integrated circuits below 100-nm while maintaining the device’s basic structures 

using conventional scaling methods. One-dimensional nanostructures produced by 

solution-phase syntheses are an alternative means of creating sub 100-nm 

semiconductor features to be used as building blocks in electronic and optoelectronic 

devices. There are several challenges that will have to be overcome before solution-

phase synthesized nanowires can be adopted as building blocks for these devices. Most 

of these challenges can be resolved through an improved understanding of a material’s 

surface chemistry. Herein, the following chapters provide different in-sights into selenium 

nanowires’ surfaces and their chemical states that will allow: 1) control over the 

dimension of the synthesized nanowires; 2) an ability to create uniform dispersions; 3) a 

means to assemble the nanowires en mass over long distances; and 4) methods to 

increase the corrosion resistance of selenium nanowires. Lastly, we demonstrated that 

selenium nanowires can be used as templates to synthesize copper selenide nanowires 

coated with a polymer using knowledge gained about selenium nanowires’ surface 

chemistry and techniques developed in previous chapters. 

Challenges highlighted at the beginning of this chapter, such as 1) how to 

synthesize selenium nanowires with controlled diameter and length?; 2) how to improve 

the colloidal stability and dispersion of the nanowires for easier processing and to 

facilitate a more uniform chemical reaction on these templates?; 3) how to manipulate 

selenium nanowires en mass as well as individually?; and 4) how to prevent the 

chemical degradation of selenium?, will be addressed in the following chapters. We will 

start with a study to optimize the sonochemically-induced synthesis of high-aspect-ratio 

selenium nanowires. The colloidal stability of selenium nanowire dispersions was 

subsequently evaluated by time-resolved photograph and spectroscopy techniques, and 

different methods were investigated to improve the colloidal stability of these 

dispersions. The knowledge from these studies was used to assemble selenium 
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nanowires into centimeter long fibers in the presence of an applied electric field. The 

surface chemistry of the selenium nanowires was also analyzed by an array of surface 

sensitive techniques. Using this knowledge, a novel technique was demonstrated to alter 

the surface chemistry of selenium nanowires and to improve their resistance toward 

corrosion.  
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2. Synthesis of High-Aspect-Ratio Selenium 
Nanowires  

2.1. Introduction to Different Synthetic Approaches  to form 
Selenium Nanowires 

A nanowire is a one-dimensional (1D) nanostructure that has a diameter below 

100-nm and an unconstrained length. A nanowire with a high-aspect-ratio, or a large 

length-to-diameter ratio, is a flexible material. These materials are capable of achieving 

a high degree of curvature without fragmenting into separate pieces, whereas lower 

aspect-ratio 1D nanostructures are more rigid. These shorter materials are referred to as 

nanorods. Nanorods under the same degree of material deformation will lead to 

structural failure (i.e. fracturing, or fragmentation). 

Trigonal selenium (t-Se) nanowires can be grown in solution by techniques 

include hydrothermal,29, 39 solvothermal,28, 30 sonochemical methods,31, 40-41 and template-

assisted methods.42-43 Each of these techniques can produce single crystalline selenium 

nanowires. There are, however, other differences either in the final dimensions of the 

nanowire or the time required for each synthesis. Hydrothermally synthesized selenium 

nanostructures are typically greater than 500 nm in diameter, which is much larger than 

our target of 30 nm and narrower.29 Solvothermal synthesis can produce selenium 

nanowires with diameters from 10 to 30 nm.28, 30 The solvothermal procedure is, however, 

not suitable for our research because it requires 10 to 20 days to transform amorphous 

selenium (a-Se) into t-Se nanowires. On the other hand, sonochemical techniques 

produce selenium nanowires with diameters between 30 to 90 nm in less than 24 h.31 

Therefore, this synthetic approach is selected as our preferred method of synthesizing 

selenium nanowires. 

The detailed mechanism at which a-Se colloids transform into 1D selenium 

nanostructures is still poorly understood. The transformation from a-Se to t-Se 
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nanowires could have proceeded either by Ostwald ripening1, 4, 18-19  or oriented 

attachment processes.44-46 Ostwald ripening process involves transport of mobile 

species from the smaller particles, which have higher surface free energy (i.e., higher 

solubility in comparison to particles of a larger size), to the larger particles in order to 

reduce the overall surface free energy of the system. As a result, the larger particles 

grow at the expense of smaller particles (Figure 2.1a). In contrast, growth by oriented 

attachment involves the spontaneous self-organization of crystalline nanoparticles. 

These nanoparticles self-arrange into a particular orientation such that each nanocrystal 

shares a similar crystallographic orientation with the adjacent nanoparticle. These 

nanoparticles would then coalesce at the particle-to-particle interface, forming 

anisotropic structures (Figure 2.1b). In an oriented attachment growth mechanism, large 

quantities of t-Se nanocrystals should be observable by electron microscopy during early 

stages of nanowire formation. In addition, selenium nanowires form by oriented 

attachment of t-Se nanocrystals of different sizes should produce anisotropic 

nanostructures of varying diameter along the growth axis. In this chapter, the 

mechanism of selenium nanowire growth is examined using time dependent electron 

microscopy analysis. 

 

Figure 2.1 Schematic representation of crystal grow th by a) Ostwald ripening and 
b) oriented attachment processes. 

Another key factor to develop a high yield synthesis of selenium nanowires is the 

interaction of organic material with the surfaces of the t-Se seed. For example, the work 
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of Ko, et al. demonstrated the correlation between surface energy of the substrate on 

which selenium nanowires were grown and the resulting morphology of these 

nanostructures.35 They determined that selenium nanostructures grown in the presence 

of hydrophilic substrates (e.g., cleaned, oxidized silicon wafers) produced nanowires. In 

contrast, those nanostructures grown in the presence of hydrophobic substrates (e.g., 

octadecyltrichlorosilane modified silicon surfaces) resulted in porcupine-like arrays of 

selenium nanorods. We have determined that this correlation of morphology and surface 

chemistry extends to the choice of reaction vessel used for the growth of selenium 

nanowires. We synthesized all of our selenium nanowires in cleaned hydrophilic glass 

vials. In addition, an article published by Mayers, et al. determined three ideal solvents 

(i.e., methanol, ethanol, and isopropanol) for synthesizing single crystalline t-Se 

nanowires by the sonochemical method.40 Some organic solvents were found to impede 

the growth of the c-termini/{001} facets (Figure 2.2) of the selenium nanowires, yielding 

tapered nanowires or nanorods. We refined the synthesis of Mayers, et al. through an 

iterative process of synthesis and characterization using scanning electron microscopy 

(SEM) and transmission electron microscopy (TEM). The result suggests that 95% 

ethanol is the best solvent for consistently synthesizing long selenium nanowires with a 

narrow diameter with uniform consistency.47 Other variables, such as growth 

temperature and concentration of the a-Se are examined in this chapter to determine the 

optimal conditions for synthesizing high-aspect-ratio selenium nanowires.  

 

Figure 2.2 A 3-dimensional model of a trigonal sele nium nanowire that elongates 
along the <001> directions. Each facet is label wit h the 
corresponding Miller index. 

The dimensions of the synthesized selenium nanowires are influenced by their 

rate of growth and the solubility of a-Se in the growth solvent. For example, although the 
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solvothermal based synthesis of selenium nanowires takes longer than the 

sonochemical route, the former method consistently produces nanowires with diameters 

narrower or equal to 30 nm. Selenium nanowires are produced ~70 times and ~35 times 

faster via the sonochemical method in ethanol (EtOH) and isopropanol (iPA), 

respectively. Faster conversion of a-Se particles to selenium nanowires is accompanied 

with an increased diameter of the resulting nanowires (up to 90 nm). Increased rate of 

growth is likely a result of an increased dissolution of selenium in alcohols. The larger 

diameter of these nanowires is most likely the result of an increased availability of 

dissolved selenium in solution during nanowire growth. When dissolved selenium exists 

in high concentration, they can attach non-preferentially to lower energy {100} and {110} 

facets43 of the selenium nanowires (Figure 2.2), thus, increasing the diameter of the 

nanowires (Figure 2.3 – concentration range III). We believe that high-aspect-ratio 

selenium nanowires can be synthesized by controlling the amount of dissolved selenium 

in solution. At low concentrations of dissolved selenium, the surface area of available 

{001} facets on the selenium nanowires is greater than the local concentration of 

solubilized selenium atoms. The majority of the solubilized selenium would, therefore, 

attach preferentially to the highest energy {001} facets of the selenium nanowire (Figure 

2.3 – concentration range II). We hypothesized that there might be a concentration 

range where the axial rate of growth (i.e., lengthening) of selenium nanowires would be 

significantly greater than the radial rate of growth (i.e., increase in nanowire diameter by 

addition of selenium atoms to both {100} and {110} facets). The a-Se colloids would not 

transform into selenium nanowires, when selenium is not soluble in the growth medium 

(Figure 2.3 – concentration range I). We hypothesized that the rate of nanowire growth 

depends on both temperature of the reaction and concentration of dissolved selenium. 

The concentration of dissolved selenium could be controlled by adjusting the 

temperature, selecting a solvent of different solubility for a-Se, or addition of a “poor” 

solvent for selenium into the growth medium. Therefore, we focused our studies on fine 

tuning these conditions to assist in synthesizing high-aspect-ratio selenium nanowires 

with narrow diameters. Selenium nanowires, for example, were grown at different 

temperatures with the same a-Se/iPA (w/v) ratio, at different a-Se/EtOH (w/v) ratios at a 

constant temperature, and with a different amount of water (a non-solvent for selenium) 

added to the absolute EtOH growth medium. The resulting selenium nanostructures 

were analyzed by optical, scanning electron, and transmission electron microscopies. 
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Figure 2.3 A hypothetical plot showing the dependen ce of axial rate of growth of 
trigonal selenium nanowires (i.e., addition of sele nium atoms to the 
{001} facets of the hexagonal close-packed structur e of trigonal 
selenium) on the concentration of dissolved seleniu m (red spheres). 

One of the ways to verify that solubilized selenium atoms, at low concentrations, 

bind preferentially to the {001} facets of the t-Se nanowires could be through selectively 

inhibiting the high energy facets to prevent lengthening of the nanowires. The {001} 

facets of the selenium nanowires could be selectively passivated during nanowire 

formation by introducing an organic molecule, which would bind competitively to the high 

surface energy facets (i.e., {001} facets). If the solubilized selenium atoms could not bind 

to the high energy facets due to competitive inhibition, they would bind to facets of lower 

surface energies instead. The result is an increase to the diameter of the anisotropic 

nanostructure (i.e., producing rod-like nanostructures). Molecules such as alkanethiols 

(R-SH) have demonstrated selective binding to high energy facets on 1D noble metal 

nanocrystals.48 To validate that selenium atoms would bind to {100} or {110} facets of 

the t-Se in the presence of an inhibitor, a solution containing 11-hydroxylundecane-1-

thiol (HUT) was introduced to dispersions of a-Se in EtOH after selenium nanowire 

growth was initiated for a specified time (Figure 2.4). The diameter and length of the 
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synthesized 1D selenium nanostructures were analyzed by scanning electron, and 

transmission electron microscopies. Herein, we demonstrate the ability to control the 

length as well as the diameter of the selenium nanowires by further control of the growth 

conditions, such as solution temperature, concentration of a-Se colloid, and choice of 

solvent. 

 

Figure 2.4 A schematic showing the axial growth of selenium nanowires at low 
concentrations of solubilized selenium. Elongation of selenium 
nanowires is suppressed by introducing an inhibitor  molecule, such 
as 11-hydroxylundecane-1-thiol (HUT) to the reactio n vessel. The 
selenium nanostructure would grow radially under co mpetitive 
inhibition from HUT. 

Preventing the a-Se colloids from coalescing into large clusters is another key 

parameter to optimize in order to achieve a high yield of high-aspect-ratio selenium 

nanowires per synthesis. Unlike other recrystallizations of organic and inorganic crystals 

that require total dissolution of the material in a solvent at elevated temperatures, 

sonochemically initiated transformation of a-Se to t-Se does not require complete 

dissolution of a-Se. The growth of selenium nanowires proceeds through an Ostwald 

ripening process that is driven by the dissolution of small amorphous colloids (Figure 

2.5a). Although cavitation created during sonication is used to break up the a-Se 

colloidal flocculates, it also causes coalescence of a-Se colloids due to localized heating 

to temperatures beyond its glass transition temperature (Tg).49 The resulting larger 
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particles are less soluble than smaller a-Se colloids, because the later has a higher 

Gibbs free energy than the former.50 The formation of a high quantity of large, coalesced 

particles can prevent the complete consumption of the precursor, and is detrimental to 

the nanowire formation process. Sufficiently large particles of a-Se are not able to 

dissolve at the necessary rate to sustain the growth of selenium nanowires before they 

settle to the bottom of the vial. Once the a-Se colloids have settled to the bottom of the 

vial they form into a densely packed layer of selenium, resulting in a further decrease in 

the solubility of the material (Figure 2.5b). In addition, a high water content in the growth 

medium would lead to agglomeration of a-Se colloids because selenium is hydrophobic 

(see Chapter 3). These agglomerates are difficult to disperse by the brief sonication and 

can lead to an incomplete consumption of the precursor. The size of the fused particle 

can be controlled by adjusting the concentration of a-Se colloids in the growth solvent, 

as well as using a solvent containing very little water. 

 

Figure 2.5 Schematic showing the (a) complete trans formation of a-Se colloids 
into t-Se nanowires, and (b) incomplete transformat ion due to the 
formation large a-Se aggregates. 

Optimizing the conditions to produce high-aspect-ratio selenium nanowires is 

essential to increase the success rate of positioning metal contacts the ends of selenium 

nanowires. Long nanowires are much easier work with in comparison to short nanowires 

using photolithographic techniques developed in our laboratory.51  
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2.2. Experimental Section 

2.2.1. Synthesis of Amorphous Selenium Colloids – A  Precursor to 
Selenium Nanowires 

To synthesize amorphous selenium, 2.73 g (21.1 mmol) of selenious acid 

(H2SeO3, 98%; Sigma-Aldrich) was dissolved in 100 mL of 18.0 MΩ·cm water (purified 

using a Barnstead NANOpure DIamond Life Science water filtration system) in a 250 mL 

round bottom flask. The H2SeO3 solution was cooled to ice-water temperatures in an ice-

water bath before the H2SeO3 was reduced with 3 mL (61.1 mmol) of hydrazine (N2H4, 

50-60% in water; Sigma-Aldrich). The N2H4 was introduced over a 2 min period through 

a drop-by-drop addition into the reaction mixture under magnetic stirring (1,000 rpm). 

The reduction of selenious acid to amorphous selenium can be monitored by a change 

of the solution from colorless to a light orange color and finally a change to a brick-red, 

color indicating the presence of selenium colloids.  

We determined that the selenium precipitate should be filtered 15 min after 

initiation of the reaction to maximize both the yield and quality of the a-Se. The chilled 

hydrazine solution was introduced slowly to avoid drastic temperature increases in the 

reaction vessel. Temperature was controlled in order to prevent the rapid formation of 

undesirable black t-Se nanoparticles. After a total reaction time of 15 min, the red 

precipitate was collected by vacuum filtration onto a PVDF membrane (catalogue 

number: VVLP04700; Millipore). If the reaction was continued beyond 15 min, the 

isolated product will contain a high yield of a-Se, but will also contain larger crystals of t-

Se. A sample of a-Se containing large crystals of t-Se would produce large, t-Se 

nanorods instead of nanowires. The filtrate was rinsed with 200 mL of ice-cold high 

purity water to remove residual N2H4. The resulting wet solid was stored in a desiccator 

to remove the moisture in darkness at 22°C (RT) for  3 days. Note: Unused a-Se colloids 

should be stored in a desiccator and in darkness. The quality of amorphous selenium 

degrades over time, probably due to a change in the ratios between the trigonal, 

rhombohedral and monoclinic phases.  
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2.2.2. Monitoring Growth of Selenium Nanowires by E lectron 
Microscopy 

Selenium nanowires were produced by sonicating (Branson Model 1510) for 20 s 

a dispersion of 2 mg of amorphous selenium (a-Se) powder in 1 mL of isopropanol (iPA, 

99.5%; ACS Reagent Grade, Caledon Lab Ltd.) within a sealed 1-dram glass vial. The 

nanowires grow over a period of 12 h while this sonicated solution was stored in 

darkness at RT. After a specified time to allow the a-Se colloids to transform into t-Se 

nanowires, a ~10 µL aliquot was removed from the 1-dram vial for electron microscopy 

analysis. 

2.2.3. Sonochemically-Induced Synthesis of Selenium  Nanowires 
at Different Temperatures 

Selenium nanowires were produced by sonicating for 20 s a dispersion of 2 mg 

of amorphous selenium powder in 1 mL of iPA within a sealed 1-dram glass vial. The 

nanowires grow over a period of 12 h while this sonicated solution was stored in 

darkness at the specified temperatures of -20, 4, 22 (RT), 50, 60 or 80°C. To synthesize 

selenium nanowires at temperatures below RT, the sonicated solution was stored in a 

freezer or a refrigerator maintained -20 and 4°C, respectively. To synthesize selenium 

nanowires at elevated temperatures, the glass vials were heated in an oil bath 

maintained at the specified temperatures. Also, these vials were wrapped in aluminum 

foil to keep out the light during nanowire growth. 

2.2.4. Inhibiting the Preferential Growth of Seleni um Nanowires by 
Addition of 11-hydroxylundencane-1-thiol (HUT) 

Selenium nanowires were produced by sonicating for 20 s a dispersion of 2 mg 

of amorphous selenium powder in 1 mL of 95% EtOH (EtOH, 95%; Commercial 

Alcohols) within a sealed 1-dram glass vial. The nanowires grow over a period of 12 h 

while this sonicated solution was stored in darkness at RT for specified durations before 

addition of 10 µL of 0.11 M 11-hydroxylundecane-1-thiol (HUT, 97%; Aldrich). The HUT 

solution was prepared by dissolving the white powder in 95% EtOH. After the HUT 

solution was added to the growing nanowires, the samples were further incubated at RT 

in the absence of light for another 24 h. 
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2.2.5. Sonochemically-Induced Synthesis of Selenium  Nanowires 
at Different Ratios of Amorphous Selenium to Ethano l 

Selenium nanowires were synthesized from different amounts of amorphous 

selenium powder dispersed in EtOH. Concentrations of 5, 4, 3, 2, 1.5, 1, 0.5, and 0.25 

(mg a-Se/mL EtOH) were analyzed for the success of transformation into t-Se nanowires. 

Selenium nanowire syntheses were carried out in 1-dram glass vials. All samples were 

aged for 12 h in the absence of light after receiving an initial 20 s of sonication at RT.  

2.2.6. Materials Characterization Techniques 

Scanning electron microscopy (SEM) images and energy-dispersive X-ray 

spectroscopy (EDS) data were acquired with Strata DB235 FESEM operating at 5 kV. 

Samples for SEM analysis were prepared by either drop-casting a solution of nanowires 

or otherwise positioning the sample of interest onto a 1 cm2 piece of silicon wafer. Bright 

field transmission electron microscopy (TEM) images were obtained with a Tecnai G2 

STEM operating at 200 kV. These TEM samples were prepared by drop-casting or dip-

coating solutions of nanowires onto a 300 mesh copper grid coated with formvar/carbon 

(catalogue number: FCF300_CU_50; Cedarlane Laboratories Limited). Average 

dimensions of the nanowires were calculated from more than 100 measurements 

obtained on different nanowires.  

X-ray diffraction (XRD) patterns were acquired with a Rigaku diffractometer using 

Cu Kα radiation (λ = 0.15418 nm). Copper X-rays were generated from a copper target 

by electron bombardment at 42 kV and 40 mA. A 0.8-mm collimator was placed between 

the X-ray source and the sample. Samples for X-ray analysis were prepared by casting a 

suspension of nanowires from EtOH or iPA onto a glass slide and drying the sample 

under vacuum.  
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2.3. Results and Discussion 

Essential to achieving a high yield of selenium nanowires is the use of freshly 

synthesized a-Se colloids. At room temperature (RT), the thermodynamically unstable a-

Se slowly converts to t-Se, which is the most thermodynamically stable selenium 

allotrope.52 At RT, these large crystals of t-Se are not as soluble as the other allotropes 

of selenium. The successful transformation of t-Se colloids to t-Se nanowires is only 

observed at elevated temperatures and pressures, where the t-Se colloids are readily 

soluble.53 Therefore, it is important to synthesize high quality a-Se colloids with a low 

content of t-Se. Sonochemical synthesis of selenium nanowires used high quality a-Se 

colloids synthesized by reducing selenious acid with hydrazine at ice-water temperatures 

over a reaction time of 15 min (Eqn. 2.1). Analysis by X-ray diffraction (XRD), suggested 

there was no detectable crystalline material in the a-Se colloid that was synthesized in 

15 min (Figure 2.6a). These a-Se colloids had an approximate diameter of 400-nm 

(Figure 2.6a, inset). A longer reaction time or reducing the selenious acid at RT would 

lead to the formation of large t-Se crystals. A reaction time of 72 h produced a mixture of 

a-Se and t-Se. X-ray diffraction pattern of this mixture consists of distinct diffraction 

peaks, which corresponds to t-Se, on top of an amorphous background (Figure 2.6b and 

inset). Since the a-Se colloids have a relatively low glass transition temperature (Tg) of 

32°C,49 it was important to use freshly synthesized a-Se precursors for the nanowire 

synthesis. Storing these precursors at RT under darkness for more than 6 months would 

lead to the coalescence of these colloids, as well as formation of microscopic sized rods 

observed in SEM analysis (Figure 2.6c). The fused a-Se have a lower surface free 

energy in comparison to individual colloids. Thus, the a-Se clusters have a decreased 

solubility. A decrease in the solubility of the precursors could prevent the complete 

transformation of the a-Se colloids into t-Se nanowires. A mixture of selenium 

nanowires, nanorods, and t-Se microstructures were produced by sonochemically 

initiated transformation using a 6 month old sample of a-Se (Figure 2.6d). Reaction 

shorter than 15 min would result in a significantly lower yield of a-Se colloids. In 

summary, a reaction time of 15 min produced high quality a-Se colloids without 

sacrificing yield of the precursor synthesis.  

                H2SeO3 (aq) + N2H4 (aq) → a-Se (s) + N2 (g) + 3H2O (l)                    (Eqn. 2.1) 
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Figure 2.6 X-ray diffraction patterns of selenium c olloids synthesized by reducing 
selenious acid with hydrazine at a reaction time of  (a) 15 min and (b) 
72 h. Inset in (a,b) are the SEM images of the corr esponding 
samples. Scanning electron micrographs of (c) 6 mon th old sample 
of a-Se colloids, and (d) selenium nanostructures p roduced from a 6 
month old sample of a-Se colloids via the sonochemi cal process. 
Scale bars are 2 µm. 

The progress of transformation from a-Se colloids to t-Se nanowires was 

monitored by SEM. The as-synthesized spherical a-Se colloids were dispersed in 

alcohol (i.e., 95% EtOH or 99.5% iPA) before the sample was exposed to sonication to 

initiate the transformation process. Sonication induced heating54 elevated the local 

temperature within the dispersant above the Tg of a-Se, leading to coalescence of the a-

Se colloids (Figure 2.7a). After 0.5 h of incubation in darkness at RT, short and narrow 

diameter anisotropic nanostructures were observed on the surfaces of the deformed and 

coalesced a-Se (Figure 2.7b – inset red arrows). Each a-Se cluster or colloid was 

capable of supporting the growth of multiple nanowires (Figure 2.7c-e – insets). 

Scanning electron microscopy analysis also indicated that the majority of the selenium 

nanowire growth occurred at the surfaces of a-Se clusters/colloids. We did not observe 
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selenium nanowires growing from t-Se seed crystals that are not adhered to the surfaces 

of a-Se cluster/colloid. These anisotropic nanostructures grew in length while they 

remain tethered to the surfaces of a-Se colloids with increasing incubation time (Figure 

2.7b-i). The diameter of these selenium nanowires were wider at the base, where they 

are tethered to the a-Se cluster/colloid. The diameter of the nanowires taper as they are 

further away from the surfaces of a-Se (Figure 2.7e,f – insets). The tapered diameter of 

the selenium nanowires disappeared after a growth period of 5 h (Figure 2.7g). Analysis 

by SEM suggested that the middle segment of the selenium nanowires have consistent 

diameters along the growth axis after a period of at least 5 h (Figure 2.7g-i). It took 

approximately 12 h for the a-Se precursors to completely transform into t-Se nanowires 

(Figure 2.7i). The growing end of selenium nanowires remained tapered while the base 

of the nanowires was still wider than the rest of the anisotropic nanostructures. Since 

several selenium nanowires could be growing from a single cluster of a-Se colloids, the 

final structure is similar in appearance to a sea urchin after the precursors had been 

consumed. Electron diffraction analysis of selenium colloids produced diffuse diffraction 

rings, suggesting that these colloids were amorphous (Figure 2.7j). Atoms in an 

amorphous material exhibited short-range order, but lack the long-range order that was 

observed in crystalline solids, which interacted with electromagnetic radiation (below a 

wavelength of 0.2-nm) to produce distinct interference patterns. The distance from the 

transmitted electron beam (i.e., 000 spot) to a diffraction spot corresponded to the 

inverse of a specific interplanar spacing (d-spacing) within the crystal that 

electromagnetic waves scattered from to produce a constructive interference. An 

electron diffraction pattern acquired from a cluster of randomly oriented selenium 

nanowires produced distinct diffraction rings of different diameters (Figure 2.7k). These 

diffraction rings correspond to {010}, {011}, {110}, {012}, and {111} planes of the t-Se 

crystal. Selected area electron diffraction (SAED) from an individual selenium nanowires 

yielded a set of periodic diffraction spots, signifying that the nanowire is single crystalline. 

The diffraction pattern is associated to the [120] zone axis of a hexagonal closed-packed 

crystal (Figure 2.7l). Electron microscopy analysis suggested that selenium nanowires 

did not grow by oriented attachment of t-Se nanocrystals. In an oriented attachment 

growth process, we would expect to observe large quantities of t-Se nanocrystal at the 

earlier stages of nanowire growth.  
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Figure 2.7 (a-i) SEM images showing the progressive  transformation of a-Se 
colloids to t-Se nanowires. Diffraction pattern of a cluster of 
randomly oriented (j) a-Se and (k) t-Se, respective ly. (l) Selected area 
electron diffraction pattern of an individual selen ium nanowire. 
Scale bars are 5 µm and inset scale bars are 0.5 µm . 
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The absence of large quantity of t-Se nanocrystals and the formation of tapered 

nanowires as intermediates suggested that the selenium nanowires grew by Ostwald 

ripening process rather than oriented attachment. We believed the a-Se colloids were 

transformed into t-Se nanowires of uniform diameters along the axis of growth 

proceeded by a sequence of processes that involved dissolution-nucleation-

recrystallization. In brief, selenium nanowires synthesized by the sonochemical method 

started with a-Se dispersed in an alcohol. The acoustic cavitation during sonication 

generated localized hot spots54 that facilitated the dissolution of a-Se colloids as well as 

to initiate the nucleation of t-Se seeds. During nucleation, t-Se crystalline seeds were 

formed in solution and grow larger in size by the Ostwald ripening process. These seeds 

spontaneously collect at the surface of the a-Se colloids, probably because they had 

similar surface energies in comparison to the solvent. These trigonal seeds served as 

nucleation sites for further recrystallization until sources of solubilized selenium had 

been exhausted. The solubilized selenium atoms deposited preferentially onto the high 

energy {001} facets of the t-Se seeds, which grew into single crystalline 1D 

nanostructures. As the selenium nanowires grow axially, the solution in proximity to the 

{001} facets became depleted of precursors for sustained growth because it took longer 

for solubilized selenium atoms to diffuse from the a-Se colloids to these high energy 

facets. The base of the selenium nanowires that was attached to an a-Se colloid did, 

however, still had access to abundant amount of solubilized selenium atoms, allowing 

the base to grow radially. As a result, selenium nanowires synthesized in EtOH and iPA 

through the sonochemical method were tapered towards the end that protruded from the 

surfaces of the a-Se colloid (Figure 2.8). 

 

Figure 2.8 A schematic representation of the Ostwal d ripening process following 
sonication of a-Se colloids dispersed in alcohol. 
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To verify that at low concentrations of solubilized selenium the selenium atoms 

bind preferentially to the {001} facets of the t-Se nanowires, 11-hydroxylundecane-1-thiol 

(HUT) was added during the elongation phase of the nanowires to inhibit preferential 

growth in the <001> directions. Selenium nanowires grown in the absence of HUT have 

narrow diameters and were long (Figure 2.9a) in comparison to the samples that had 

HUT introduced at early stages of the nanowire growth. Inhibition of nanowire growth in 

the preferential axial direction forced the anisotropic nanostructures to grow radially 

instead (Figure 2.9b-f). The observed 1D nanostructures were shorter in length and 

wider in diameter than the nanowires grown in the absence of HUT. When HUT was 

added to the growth medium at a later stage the t-Se nanostructures were narrower, but 

they were not as narrow as the control sample (Figure 2.10). The average diameters 

were 214 ± 72, 217 ± 52, 136 ± 42, 97 ± 39, and 75 ± 29 nm, respectively, for HUT 

added after an increasingly longer period of nanowire growth. Selenium nanowires 

synthesized in the absence of HUT for this experiment had an average diameter of 57 ± 

18 nm. 

 

Figure 2.9 SEM images of (a) selenium nanowires gro wn in the absence of 11-
hydroxylundecane-1-thiol (HUT), and following the a ddition of HUT 
at (b) 0.5, (c) 1, (d) 2, (e) 5, and (f) 7 h after the initiation of selenium 
nanowires growth. Scale bars are 5 µm and inset sca le bars are 500 
nm. 
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Addition of the nanowire growth inhibitor at 0.5 h yielded dendritic nanostructures 

of ~2 µm in length, while inhibitor introduced at a later stage resulted in progressively 

longer features. The corresponding length of these features at 1, 2, 5, and 7 h are ~4, ~7, 

~10, and >10 µm, respectively. Furthermore, the morphology of these selenium 

nanostructures evolved from sisal- (Figure 2.9b-d, inset) to urchin-like structures (Figure 

2.9e,f, inset). We did not have spectroscopic evidence to support that HUT molecules 

were chemisorbed on the {001} facets of the selenium nanowires. The concentration of 

inhibitor at these facets were below the detection limit of energy dispersive X-ray 

spectroscopy techniques by scanning transmission electron microscopy. This study 

provided indirect evidence of HUT molecules binding to the higher energy {001} facets of 

t-Se to inhibit further addition of selenium atoms.  

 

Figure 2.10 Average diameter of anisotropic seleniu m nanostructures synthesized 
in the presence and absence of 11-hydroxyundecan-1- thiol (HUT). 
The HUT inhibitor was added at the specified times (see Figure 2.9), 
and Ctrl refers to selenium nanowires synthesized i n the absence of 
HUT. 

Dissolution of a-Se colloids in the growth medium is one of the main driving 

forces in transforming the a-Se colloids into t-Se nanowires. A decrease in temperature 

of the solution should be accompanied by a decrease in the solubility of amorphous 
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selenium in the solvent, thus slowing down the Ostwald ripening process. In contrast, 

higher solvent temperatures should increase nanowire growth rates due to an increased 

dissolution of selenium fragments in the solvent. A series of temperatures were 

evaluated for the selenium nanowire growth to provide insight into the control over 

nanowire growth that can be achieved by tuning the solubility of a-Se colloids and the 

rate of Ostwald ripening. Each sample contains 2 mg of a-Se dispersed in 2 mL of iPA in 

a 1 dram glass vial. The a-Se colloids were dispersed by 20 s of sonication in a 22°C 

(RT) water bath. These samples were subsequently aged under darkness for 12 h. 

Selenium nanowires are grown in the absence of light because electromagnetic radiation 

from the visible and near IR spectra have sufficient energy to convert a-Se into large t-

Se nanocrystals.55 These larger t-Se crystals are not very soluble in iPA under ambient 

conditions, resulting in the formation of micron sized by-products. During the aging 

process the vials were maintained at -20, 4, 22, 50, 60, and 80°C, respectively. Analysis 

by SEM revealed that the a-Se colloids did not transform into selenium nanowires at       

-20°C (Figure 2.11a). The morphology of the fused cluster of a-Se colloids, produced by 

sonication of the dispersed a-Se colloids, are preserved after 12 h of aging. These 

results suggest that the system had insufficient energy to dissolve the a-Se and to 

initiate Ostwald ripening. Since little to no dissolution of a-Se occurred at -20°C, 

nucleation of t-Se seed crystal and recrystallization processes could not occur. 

Therefore, no selenium nanowires were formed at this temperature. The conditions 

describing the lack of nanowire formation correlates to Figure 2.3 – region I. The sample 

maintained at 4°C produced a few short and narrow nanowires of selenium (Figure 

2.11b). At 4°C, there is sufficient energy within the system to dissolve a small amount of 

a-Se. These solubilized precursors were able to nucleate into seed crystals that led to 

the formation of selenium nanowires during the recrystallization processes. A longer 

aging period was, however, required at 4°C to completely transform the a-Se to t-Se 

nanowires. The rate of nanowire growth reflected the condition described by a lower 

concentration of solubilized selenium in region II of Figure 2.3. At a temperature of 22°C, 

100% of a-Se were transformed into t-Se nanowires after 12 h (Figure 2.11c and inset). 

The synthesized selenium nanowires were longer and wider in comparison to those 

grown at 4°C. The majority of the selenium nanowires produced at 22°C for this 

experiment were narrower than 100-nm. The diameter of the selenium nanowires 
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increases as the growth temperature also increases (Figure 2.11d-f). The diameters of 

nanowires synthesized above 22°C were approximately 1.5 to 3 times wider, in 

comparison to selenium nanowires synthesized at 22°C. The larger diameter selenium 

nanowires produced at elevated temperatures could be attributed to higher 

concentrations of solubilized selenium. At high temperatures there was more solubilized 

selenium than the total surface area available on the {001} facets. Hence, there was an 

excess of solubilized selenium even though the {001} facet was growing at or very close 

to the maximum rate (Figure 2.3 – region III). The excess solubilized selenium started to 

add to the lower energy surfaces (i.e., {010} and {110} facets of Figure 2.2), causing the 

selenium nanowires to grow in a radical direction. Aspect-ratio of the selenium 

nanowires synthesized by the sonochemical method can be tuned by controlling the 

temperature at which nanowires are grown. 

 

Figure 2.11 The transformation of a-Se into t-Se at  various temperatures as 
examined by SEM. All samples were analyzed 12 h aft er the initial 
sonication (for 20 s) in isopropanol (iPA). Tempera ture for growth 
was: (a) -20, (b) 4, (c) 22, (d) 50, (e) 60, and (f ) 80°°°°C. Scale bars are 2 
µm and inset scale bars are 100 nm. 

Minimizing the formation of large a-Se aggregates is crucial to obtain a high 

nanowire yield, as well as to increase the success of the sonochemically initiated 
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transformations. One of the ways to minimize aggregation of a-Se is to increase the 

inter-particle distance by lowering the concentration of selenium precursor. In order to 

further improve on the current sonochemical synthesis technique, we investigated the 

effect of decreasing selenium precursor concentration on the rate of successful 

transformation and the quality of resulting selenium nanowires. The precursor 

concentrations are expressed as the ratio of a-Se (mg) to EtOH (mL). Scanning electron 

microscopy analysis revealed the presence of large aggregates greater than 1 µm in 

diameter in samples containing higher concentrations of a-Se precursor, such as 5 to 3 

mg/mL (Figure 2.12a,b). The coalesced colloids, which have a much lower solubility 

relative to small a-Se colloids, could not dissolve at a rate that was sufficient to support 

the growth of selenium nanowires. As a result, few or no 1D nanostructures were 

observed by SEM analysis of these samples (Figure 2.12a,b – inset). In contrast, 

samples with concentrations of a-Se between 2 to 0.25 mg/mL generated anisotropic t-

Se nanostructures with ~100% successful conversion into nanowires (Figure 2.12c,d). 

Selenium nanowires synthesized from concentrations of a-Se ≤ 2 mg/mL also have 

similar diameters. The average diameters measured from at least 100 selenium 

nanowires in the order of samples of decreasing a-Se concentrations were 33 ± 7, 30 ± 

7, 32 ± 8, 31 ± 7, and 29 ± 9, respectively (Figure 2.12e). The quantity of a-Se colloids 

available was crucial in determining the complete transformation of the precursor 

material into selenium nanowires, but it did not have a significant role in fine tuning 

nanowires’ diameters. 
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Figure 2.12 (a-d) SEM images of the nanostructures produced from various 
concentrations of a-Se (mg/mL) after 12 h, in 95% e thanol. (e) 
Average diameter of selenium nanowires synthesized from different 
concentrations of a-Se. 
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Figure 2.13 SEM images of selenium nanowires synthe sized from ethanol (EtOH) 
containing different concentrations of H 2O. Each synthesis has 2 mg 
of a-Se per mL of growth medium. Scale bars are 20 µm and inset 
scale bars are 2 µm. 

We, also, investigated the effect of water content in a growth medium on the 

success of the transformation of a-Se colloids into t-Se nanowires. Synthesis of a-Se 

precursor in water in the absence of a polymer surfactant would lead to the 

agglomeration of the selenium colloids, suggesting that the colloids are hydrophobic. We 

observed that using a growth medium with a high water content would facilitate 

aggregation of the precursor material and lead to an unsuccessful sonochemical 

transformation (Figure 2.13). Selenium nanowires were synthesized from ethanol 

containing ~0.1, 10, 25, and 50% water by volume, respectively. Selenium nanowires 
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were synthesized at RT with an a-Se concentration of 2 mg/mL using absolute EtOH, 

which has a ~0.1% water content. Deionized water was used to dilute the EtOH to obtain 

the specified compositions. Scanning electron microscopy analysis indicated selenium 

nanowire synthesis was reproducible even when the solvent composition contains up to 

25% of water (Figure 2.13a-c). Urchin-like nanostructures were observed at a higher 

frequency with increasing water content in the growth medium (Figure 2.13b,c – insets). 

A solvent containing ≥50% water led to an incomplete conversion of a-Se into t-Se 

nanowires (Figure 2.13d and inset). The incomplete conversion to t-Se nanowires was 

attributed to a decreased solubility of the a-Se aggregates.  

2.4. Conclusions 

In conclusion, selenium nanowires grow by the Ostwald ripening process. 

Sonication generated cavitation was used to facilitate the dissolution and dispersion of a-

Se. The solubilized selenium atoms nucleated into t-Se seed crystals, from which 

subsequent recrystallization took place. The recrystallization occurred preferentially on 

the high energy {001} facets of t-Se, leading to the formation of anisotropic 

nanostructures. Sonochemically synthesized selenium nanowires are single crystalline 

and grew preferentially along the <001> directions. Diameter of the synthesized 

selenium nanowires was tailored by adjusting the temperature at which nanowires were 

grown. Temperature was used to control the availability of solubilized selenium and the 

rate of nanowire growth. Dissolution of a-Se colloids is required to initiate and maintain 

the growth of selenium nanowires. High aspect-ratios selenium nanowires are produced 

at low concentrations of solubilized selenium, while an overabundance of the solubilized 

selenium led to the formation of low aspect-ratio selenium nanowires (i.e., nanorods). In 

addition, we have shown evidence that further suggested that solubilized selenium 

attached preferentially to the higher surface energy facets. Selectively inhibiting their 

axial growth was achieved by controlled passivation of the highest surface energy 

facets. Addition of 11-hydroxyundecane-1-thiol selectively inhibited the {001} facets from 

further recrystallization, forcing the anisotropic nanostructures to subsequently grow 

radially. We have also determined that the concentration of a-Se colloids and water 

content of the growth medium have a direct impact on the success of the sonochemically 

initiated transformation. Both high concentration of a-Se and water content can lead to 
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aggregation of the a-Se colloids, decreasing the solubility of a-Se. In these instances, 

the a-Se could not dissolve fast enough to support the growth of selenium nanowires. 

The combination of these factors lowered the chance of a successful sonochemically 

initiated transformation. Using the optimized parameters developed in this study, we 

were able to consistently produce selenium nanowires with average diameters of 29 ± 9 

nm.  

2.5. Future Directions in Synthesizing High-Aspect- Ratio 
Selenium Nanowires 

Aspect-ratio of the selenium nanowires resulting from a sonochemically-induced 

synthesis depend primarily on the factors explored in this chapter. These factors are 

reaction temperature, solvent, water content within the solvent, and the mass-to-volume 

ratio between a-Se and solvent. We have examined some of these variables in-depth to 

determine the optimal conditions to synthesize high-aspect-ratio selenium nanowires 

with different diameters. Another parameter that we would like to study in relation to the 

transformation to t-Se nanowires is the effect of varying the allotrope compositions in a-

Se colloids and its impact on the aspect-ratio of the selenium nanowires. Raman 

spectroscopic analysis of a-Se colloids has indicated that the amorphous colloids consist 

of a mixture of trigonal, rhombohedral (Se6), and monoclinic (Se8) phases of selenium.25 

We hypothesize that synthesizing the a-Se at different temperatures (i.e., 0, 10, and 

22oC) would result in different allotrope compositions, which would be determined by 

Raman spectroscopy analysis. Amorphous selenium colloids of varying allotrope 

compositions could also be produced by aging the as-synthesized colloids in the 

absence of light and moisture at RT. Since the amorphous selenium is 

thermodynamically unstable, at RT it is transformed into the more thermodynamically 

stable allotropes, such as trigonal, rhombohedral, and monoclinic phases. These a-Se 

colloids of different allotrope compositions would be used to synthesize selenium 

nanowires by the sonochemical method. The success of transformation and aspect-ratio 

of the resulting selenium nanowires as observed by SEM analysis would be 

subsequently correlated to the allotrope composition of these a-Se colloids. The 

outcome of these studies could be a further refinement of and understanding in the 

sonochemically-induced transformation of a-Se colloids to t-Se nanowires. 



 

39 

3. Creating a Stable Dispersion of Selenium 
Nanowires * 

3.1. Motivations to Increase the Colloidal Stabilit y of 
Selenium Nanowires 

Single crystalline selenium nanowires are readily produced by solution-phase 

synthetic techniques.28, 31, 39-40, 56-57 These anisotropic selenium nanostructures are 

attractive materials for their tunable electrical properties28 and they are used in template-

engaged syntheses to produce various anisotropic selenides,33, 58-59 core-shell 

materials,60 and polymer coated semiconductor materials.47, 61 These metal selenides 

have demonstrated promising applications in the areas of bio-labeling,33, 59, 62-63  phase-

change memory,64 and energy harvesting.65-66 Selenium has also been used in 

electromagnetic radiation sensors,57, 67-70 xerography,55 templates for catalysis,71 

biomedicine,72-73 antimicrobial agents,74 and remediation of heavy metals.75-76 Selenium 

based nanowires are, however, not easily processed or otherwise manipulated en mass. 

Most manipulations require dispersions of these nanowires with colloidal stability. Our 

goal is to produce stable suspensions of selenium nanowires to facilitate processing, 

handling, assembling, and incorporation of these nanowires into advanced materials and 

devices. We aim to create techniques to stabilize these dispersions in order to make 

selenium nanowires more accessible for a range of applications.  

Solution-phase synthesized selenium nanowires can have relatively high-aspect-

ratios (ratio of the length and diameter of nanowire). These ratios are typically between 

500 and 10,000. These high-aspect-ratio nanowires are flexible and easily entangle into 

 

* All experiments were carried out by Michael C. P. Wang. “Stabilizing dispersions of large 
quantities of selenium nanowires” manuscript was co-written by Michael C. P. Wang and 
Professor Byron D. Gates. The contents of this publication were reproduced with the 
permission of Cambridge publication, and co-authors.88 
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a form that is reminiscent of cooked spaghetti (Figure 3.1a). One of the challenges of 

working with these high-aspect-ratios nanowires, which are synthesized in the absence 

of surfactants, is to uniformly disperse the entangled nanowires and to create stable 

dispersions for subsequent processing. Surfactants are, however, generally used to 

passivate the surfaces of nanostructures in order to promote a preferred orientation of 

growth and to facilitate their dispersion in the growth medium. Due to the absence of 

surfactants, the selenium nanowires tend to minimize their overall surface energy by 

forming bundles (Figure 3.1a – inset). These bundles or flocculates of selenium 

nanowires are held together by van der Waals forces. Although van der Waals forces 

are relatively weak, the sum of the interactions between nanowires make it difficult to 

separate the nanowires. Shielding the van der Waals interactions between the 

nanowires will be key to creating a well-dispersed and stable colloidal suspension of the 

selenium nanowires.  

 

Figure 3.1 (a) Digital photograph of a vial contain ing as-synthesized selenium 
nanowires suspended in ethanol (EtOH) dispersed by manual 
shaking and the corresponding scanning electron mic roscopy 
(SEM) analysis of these nanowires. (a, inset) Bundl ing of selenium 
nanowires due to van der Waals interactions. (b) Th rough sonication 
selenium nanowires can be uniformly dispersed in Et OH. These 
selenium nanowires, however, became shorter in leng th, indicating 
that they are structurally damaged. Scale bars are 2 µm and the inset 
scale bar is 200 nm. 

A flocculated sample of selenium nanowires can be dispersed through serial 

dilution, however, this process is impractical on a larger scale. Mechanical agitation such 

as stirring, shaking, or sonication can also be used to disperse the flocculated selenium 

nanowires. Stirring and shaking can disperse some material, although the process is 
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inefficient for dispersing most of the flocculated materials. On the other hand, sonication 

is more efficient because it uses high frequency acoustic waves to create cavitation 

processes that break up flocculates.77-80 Sonication is efficient at peptizing flocculated 

nanostructures, but it can also induce undesirable changes to the surface chemistry of 

these materials and inflict structural damage to nanostructures. Literature has reported 

that prolonged sonication would result in oxidation of the surfaces of nanostructures78-79, 

81 and shortening of the anisotropic nanostructures by cavitation induced scission.82-84 

Cavitation induced scission might not be as prevalent in a more robust material (e.g., 

carbon nanotube), but high-aspect-ratio selenium nanowires are susceptible to fracture 

and fragmentation during sonication (Figure 3.1b). Therefore, gentler methods were 

sought to disperse the high-aspect-ratio selenium nanowires.  

 

Figure 3.2 Template-engaged transformation of (a) f locculated and (b) dispersed 
selenium nanowires into metal selenide nanowires. ( a) Flocculation 
of selenium nanowires prevented the uniform transfo rmation to the 
corresponding metal selenides. (b) Additives, such as surfactants or 
polymers, were used to facilitate the dispersion of  the flocculated 
selenium nanowires.  

Well-dispersed colloidal solutions of one-dimensional (1D) nanostructures are 

commonly achieved with the addition of surfactants to minimize the van der Waals 

interactions between nanowires.77, 85 Having stable dispersions of selenium nanowires 

are of particular importance for the synthesis of other chalcogenide based nanowires 
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when using the selenium as a template. Selenium nanowires have been used as 

template in the synthesis of metal decorated selenium nanowires,71, 86 as well as Ag2Se, 

CdSe, ZnSe, BiSe, and CuSe nanowires.33-34, 58-59 Scaling up these reactions and 

extending the preparation to other materials will require uniform dispersion of the 

selenium nanowire templates to ensure complete and uniform conversion to the desired 

product (Figure 3.2). Flocculation of the selenium nanowires or their product would 

significantly decrease the yield of large-scale transformations into chalcogenides and 

other functional materials. In order to develop stable suspensions of selenium 

nanowires, we need to investigate the interactions between nanowires dispersed in 

various solvents and with the addition of surfactants. Preventing the selenium nanowires 

from settling too fast is also essential for their subsequent assembly into well-defined 

patterns (Figure 3.3). Organizing these materials through an assembly process is 

essential for taking advantage of their unique optoelectronic properties.57 In addition, 

overcoming the tendency of selenium nanowires to settle from solution is also important 

for the subsequent assembly of these materials into well-defined patterns.  

 

Figure 3.3 Responses of (a) flocculated and (b) wel l-dispersed selenium 
nanowires to a unidirectional force. 

Herein, we provide a systematic study to create stable suspensions of selenium 

nanowires in a variety of media. We demonstrate the formation of stable dispersions of 

hydrophobic selenium nanowires in both polar organic and aqueous solutions with the 



 

43 

addition of appropriate surfactants. We have investigated the interaction of a number of 

solvents and surfactants to build an understanding of how to stabilize suspensions of 

selenium nanowires. In this study, we demonstrate the capability of dispersing and 

stabilizing selenium nanowires as suspensions in various solvents. We analyze the 

results using both qualitative and quantitative measurements based on time-resolved 

photography and time-resolved absorption spectroscopy.  

3.2. Experimental Section 

3.2.1. Materials 

All chemicals were used as received without further purification. 

Poly(vinylpyrrolidone) (PVP10.3k, Mw = 10,300; PVP55k, Mw = 55,000; and PVP360k, Mw = 

360,000), poly(vinyl alcohol) (PVA, Mw = 6,000 – 15,000, 87-89% hydrolyzed), poly(vinyl 

alcohol), TWEEN 20 (Mn = 1228), Triton X-100 (contains <3% PEG), Zonyl FSN (40% 

solid in (1:1) water and iPA), hydrazine hydrate (N2H4•nH2O, 50-60%) and selenious acid 

(H2SeO3, 98%), were obtained from Sigma-Aldrich. 1-butanol (1-BuOH, ≥99.4%), 

methanol (MeOH, ≥99.8%), acetone (≥99.5%), and chloroform (>99%) were acquired 

from Caledon. 2-propanol (iPA, ≥99.5%) and dichloromethane (DCM, ≥99.5%) were 

bought from Anachemia. 1-octanol (1-OctOH, 99%), absolute ethanol (abs. EtOH, 

99.9%) and ethyl acetate (EtOAc, ≥99.5%) were procured from Alfa Aesar, Commerical 

Alcohols Inc., and Fisher Scientific, respectively. 

3.2.2. Synthesis of Selenium Nanowires 

In a modified procedure, amorphous selenium was prepared by dissolving 2.73 g 

(21.1 mmol) of selenious acid in 100 mL of 18.2 MΩ·cm water (purified using a 

Barnstead NANOpure DIamond Life Science water filtration system) in a 250 mL round 

bottom glass flask containing an egg-shaped Teflon coated magnetic stir bar rotated at 

500 rpm. This solution was then cooled from room temperature to ice-water 

temperatures in an ice-water bath before introducing the reducing agent, hydrazine. An 

ice-water chilled solution of hydrazine, 3 mL (61.1 mmol), was introduced drop-by-drop 

into the reaction solution under constant magnetic stirring (500 rpm) over a period of 1 
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min. After 15 min of continuous stirring at 500 rpm, the brick red precipitate was 

collected by vacuum filtration onto a PVDF membrane with an average pore size of 0.1 

µm (catalogue #: VVLP04700; Millipore). The filtrate was rinsed with 200 mL of 18.2 

MΩ·cm water to remove residual N2H4. The resulting red solid was stored in a plastic 

petri-dish wrapped in aluminum foil and dried in a desiccator filled with drierite 

(catalogue #: 22891-040; VWR) at room temperature for 2 days. Electron microscopy 

and X-ray diffraction analysis indicate these sub-micron spherical colloids of selenium 

are amorphous (Figure 2.6). 

A solvochemical route was used to convert the synthesized amorphous selenium 

colloids into selenium nanowires. In brief, a dispersion containing 9 mg of amorphous 

selenium powder in 18 mL of isopropanol (iPA, ≥99.5%; Anachemia) dispersed in a 20 

mL liquid scintillation vial (catalogue #: 03-341-25T; Fisher Scientific) was sonicated for 

20 s. The vial was covered with an aluminum sleeve and placed in a dark cabinet 

maintained at 22°C for a period of ~12 h. The resul ting product is a red-brown colored 

sponge (Figure 3.1a) that consisted of millions of entangled crystalline selenium 

nanowires as identified by X-ray diffraction and electron microscopy analyses (Figure 2.6 

and Figure 2.7h). These selenium nanowires had an approximate diameter of 70 nm and 

a polydisperse length that ranged from 30 to 60 µm. The sponge-like product was 

transferred into another vial and diluted 40 times with iPA. The product was agitated 

manually to redisperse the selenium nanowires. To disperse the selenium nanowires in 

other solvents or aqueous solutions, 1.5 mL aliquots of the dispersed nanowires were 

separated from iPA by centrifugation at 1000 rpm for 30 min (IEC Microlite RF 

Microcentrifuge; ThermoFisher Scientific). The supernatant was decanted and replaced 

with another solvent of interest. This solvent exchange procedure was repeated a total of 

3 times to remove residual iPA. Upon each solvent exchange process, the solution of 

nanowires was manually shaken for ~30 s to redisperse the nanowires.  

3.2.3. Synthesis of Platinum Decorated Selenium Nan owires 

Selenium nanowires, synthesized from EtOH at a ratio of 1 mg of a-Se to 1 mL of 

95% EtOH, were used as sacrificial templates to synthesize platinum decorated 

selenium nanowires. In brief, 25 mg of PVP55k (Mw = 55,000) was added to a 25 mL 

round-bottom flask containing 5 mg of selenium nanowires dispersed in 5 mL of EtOH. 
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While under magnetic stirring, 13 mg of hexachloroplatinic acid (H2PtCl6; 99.9% trace 

metals basis; Aldrich) dissolved in 5 mL of EtOH was added to the reaction mixture. The 

reaction mixture was refluxed for 12 h before workup. In the workup, platinum decorated 

selenium nanowires were concentrated by centrifugation at 3,000 rpm for 10 min. The 

unreacted H2PtCl6 solution was decanted, and subsequently replaced with 10 mL of 95% 

EtOH. This process was repeated a total of 3 times to ensure complete removal of 

residual H2PtCl6. 

3.2.4. Materials Characterization Techniques. 

Scanning electron microscopy (SEM) images were acquired with an FEI Strata 

DB235 FESEM operating at 10 kV. Samples for SEM analysis were prepared by drop-

casting a solution of nanowires onto a piece of approximately 1 cm2 polished silicon 

wafer. Transmission electron microscopy (TEM) images were obtained with an FEI 

Tecnai G2 F20 scanning TEM (STEM) with a Schottky field emission source operating at 

200 kV. For TEM analysis, samples were prepared by drop-casting or dip-coating 

solutions of nanowires onto a 300 mesh copper grid coated with formvar/carbon 

(catalogue number: FCF300_CU_50; Cedarlane Laboratories Ltd.)  

3.2.5. Time-Resolved Spectroscopy and Photography t o Monitor 
Dispersions of Selenium Nanowires 

Time-resolved photography was conducted on 2 mL of nanowire suspensions in 

2.5 mL screw capped glass vials. These images were acquired with a HP Photosmart 

945 or with a Nikon D700 digital camera that was setup to acquire time-resolved 

photographs at 5 min intervals. Dispersions of selenium nanowires were monitored by 

time-resolved optical spectroscopy measurements using a Varian Cary 300 Bio 

spectrophotometer operating a Scanning Kinetics program. The program was setup to 

acquire a spectrum every 10 min. Absorbance data from wavelengths of 300 to 900 nm 

were acquired at a scan rate of 600 nm/min at an integration of 100 ms at a step size of 

1 nm. Samples of nanowires were suspended in 3 mL of the solvent of interest within a 1 

cm path length quartz cell (catalogue number: 100-10-40, Type 100-QS, Hellma 

Analytics).  
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3.2.6. Water Contact Angle Measurement 

Water contact angle was measured on a dried sheet of selenium nanowires 

using a digital AST Optima contact angle system. The system is equipped with a 

horizontal light beam to illuminate the sample. Deionized water, ~1 µL, was delivered to 

the surface of the sheet of selenium nanowires using a micropipette. The contact angle 

between the water droplet and the surface of the sheet of selenium nanowires was 

calculated through the manufacture software. The reported water contact angle was an 

average of 2 individual measurements and the error reflected ± 1 standard deviation. 
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3.3. Results and Discussion 

Throughout this chapter, we will be studying the colloidal stability of selenium 

nanowires synthesized in iPA. These nanowires have lower aspect-ratios in comparison 

to nanowires synthesized in EtOH and do not produce as many urchin-like dendritic 

structures, which form when there are multiple nucleation sites on a single a-Se 

colloid/cluster. These dendritic structures are very challenging to disperse due to their 

ability to interact with several other nanowires at once, they have a tendency to 

agglomerate and quickly settle out of the dispersant (Figure 3.1a). The presence of 

these dendritic nanostructures can influence both the qualitative and quantitative 

assessments of a solvent’s effectiveness to form uniform dispersions of selenium 

nanowires. Selenium nanowires synthesized from iPA, on the other hand, are shorter in 

length (30-60 µm) and wider in diameter (~70 nm). Upon manual agitation these 

nanowires can be dispersed uniformly in solution, providing a better frame of reference 

to indicate whether the solvent is capable of interacting favorably with the surfaces of 

selenium nanowires.  

We obtained both qualitative and quantitative data on the colloidal stability of 

selenium nanowires. As a qualitative analysis, digital images of the samples taken at 

various time intervals, provide information on how the selenium nanowires settled out of 

solution (e.g., settling out of solution individually or as an ensemble). Measurements 

made with a UV-visible spectrometer provided a quantitative analysis. The spectrometer 

was programmed to obtain a spectrum every 10 min over a period of 4 or 24 h. We 

assessed the rate at which the nanowires settled out of solution by monitoring the time 

dependent changes in maximum absorbance intensity at 400 nm. This spectral position 

corresponds to one of the absorbance edges of the selenium nanowires (Figure 3.4). 

This absorbance band is less sensitive to interchain electronic transitions, which can 

vary with nanowire diameter, for trigonal selenium and possibly nanowire to nanowire 

contacts present in flocculating suspensions. The spectroscopic analysis of nanowire 

suspensions is not sufficient to understand the dynamics taking place in solution. For 

example, flocculates of nanowires in solution could scatter some of the incident light. 

Hence, time-resolved photography was carried in conjunction with the spectroscopic 

analysis to monitor for the presence of flocculates that may also influence the 
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absorbance intensity. A study was conducted on suspensions of selenium nanowires 

dispersed in different solvents to provide indirect knowledge about the surface chemistry 

of selenium nanowires, and the chemical and physical characteristics of the solvent 

required to keep the selenium nanowires well-dispersed and to remain in suspension 

without settling. A decrease in the absorbance intensity at 400 nm over time indicated 

the selenium nanowires were settling out of the solution. Through a correlation with 

results from the time-resolved photography analysis, we were able to determine that the 

selenium nanowires were settling out of some solutions as flocculates (Figure 3.4 – t = 

60 min). 

 

Figure 3.4. UV-visible absorption spectra of seleni um nanowires suspended in a 
liquid medium at t = 0 (black), 60 (red), 180 (blue ), and 240 min 
(purple), respectively. The images correspond to ti me-resolved 
photographs acquired at specified times in min, whi ch are labelled 
on the cap of each vial. The dashed vertical line i ndicates the 
absorbance intensities at 400 nm that were used to create time-
resolved plots of the settling process. 

The hydrophobicity of the selenium nanowires was analyzed to determine an 

appropriate selection of solvents and surfactants for dispersion of the selenium 

nanowires. Surface chemistry of the selenium nanowires was first indirectly evaluated by 

monitoring dispersions of nanowires in ethanol solutions containing different amounts of 

water (Figure 3.5). The homogeneous red coloration of the pure ethanol solutions 
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suggested a uniform dispersion of the selenium nanowires. As the concentration of 

water increased in the ethanol, the selenium nanowires formed flocculates. These 

flocculates increased in size with increasing water content. The solutions eventually 

became colorless as the ethanol concentration decreased and the selenium nanowires 

collect at the bottom of the vials as a red sediment. Selenium nanowires also form 

flocculates in a solution of high ionic strength (Figure 3.5 – sat. brine) suggesting that the 

surfaces of selenium nanowires are non-ionic and are hydrophobic. In addition, a sample 

of as-synthesized selenium nanowires deposited on an Si/SiOx substrate has an 

average water contact angle of 116 ± 2°. These results suggest that the surfaces of the 

selenium nanowires are hydrophobic.  

 

Figure 3.5 Photographs of selenium nanowires disper sed in ethanol solutions of 
increasing water content and in saturated brine (Na Cl) solution. 
“Reprinted with permission from Cambridge publicati on.” 87 

Further studies were performed to quantify the concentration of selenium 

nanowires in solution. Studies were conducted using between 40 and 70 µg of selenium 

nanowires per mL of solvent. The absorbance intensity at 400 nm for different 

concentrations of the selenium nanowires were monitored and these values used to 

approximate the suspended concentrations using the Beer-Lambert Law. Selenium 

nanowires were fragmented by sonication for a period of 10 min to create a more 

uniform dispersion of 1D selenium nanostructure for spectroscopy measurements. This 

sonication process fragmented the nanowires, increasing the accuracy of determining 

the concentration of selenium by the Beer-Lambert Law. Selenium nanowires 

synthesized from 2 mg of a-Se in 1 mL of iPA were further diluted with 1 mL iPA to make 

a stock solution that contains 1 mg of selenium nanowires per mL of iPA. The stock 
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solution was serially diluted to make 4, 10, 20, 30, 40, and 200 times more dilute. In 

comparison to high-aspect-ratio selenium nanowires, the fragmented selenium 

nanowires are uniformly dispersed in the solution. It is easier to partition aliquots of this 

dispersed sample that contain the same concentrations of 1D selenium nanostructures. 

Samples that were diluted more than 10 times and up to 200 times exhibited a linear 

relationship between the sample concentration and the sample absorption intensity at 

400 nm (Figure 3.6). These results suggest that a linear correlation can be established 

between the absorbance and the concentration of dispersed nanowires, as long as these 

nanostructures are stabilized in solution. 

 

Figure 3.6 Beer-Lambert plot of fragmented selenium  nanowires of different 
concentrations. These samples were made by serial d ilution from a 
1 mg/mL sample of selenium nanowires that had been sonicated for 
10 min. 

The ease of dispersing selenium nanowires in an absolute ethanol solution 

suggest that stable suspensions of nanowires can be formed in organic solvents. To 
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further evaluate the potential utility of organic solvents as dispersing media, these 

nanostructures were dispersed into a variety of organic solvents. We evaluated both 

polar protic and polar aprotic solvents. Low dielectric constant organic solvents are not 

analyzed in comparative study because dispersions of selenium nanowires in these 

solvents can readily assemble into macroscopic fibers in the presence of electrostatic 

fields.88  

3.3.1. Monitoring the Colloidal Stability of Differ ent Lengths of 
Selenium Nanowires  

 

Figure 3.7 The length distribution of fragmented se lenium nanowires that were 
produced by exposing the as-synthesized nanowires t o sonication. 
Inset is a scanning electron micrograph of the frag mented selenium 
nanowires (i.e., nanorods). 

As a control experiment, time-resolved spectroscopy was performed on different 

aspect-ratios of selenium nanowires. These nanowires were fragmented by exposing an 
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as-synthesized sample of selenium nanowires to 10 min of continuous sonication. This 

process reduced the length of nanowires to 1.0 ± 0.3 µm from an original length of 30 to 

60 µm (Figure 3.7). We demonstrated that selenium nanowires with smaller aspect-

ratios (i.e., nanorods) take longer to settle out of solution in comparison to those with 

higher aspect-ratios (Figure 3.8). The colloidal stability of selenium nanorods is ~9 times 

higher than the as-synthesized nanowires. Since there could be a significant variation in 

aspect-ratio of the selenium nanowires between different synthetic batches. It would be 

challenging to compare data acquired from selenium nanowires synthesized from 

different reactions. Hence, the colloidal stability studies performed herein are for 

selenium nanowires prepared from the same synthetic batch. These solutions of 

selenium nanowires were manually agitated to achieve uniform dispersions, and data 

collected subsequent to this period of gentle agitation were monitored for their stability 

over time (e.g., a non-agitated sample). As a visual reference, time-resolved 

photography was used to initially visualize the progression of selenium nanowires 

settling out of solution.  

 

Figure 3.8 A settling study comparing selenium nano wires and selenium nanorods 
dispersed in isopropanol (iPA) and methanol (MeOH) over a period 
of 240 min.  
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3.3.2. Monitoring the Colloidal Stability of Seleni um Nanowire 
Dispersions in Alcohols 

Time-resolved photography of selenium nanowires revealed a time dependent 

evolution of settling and flocculation within the samples. The presence of flocculates 

were identified in methanol (MeOH) at t = 0 min, indicating that MeOH was unable to 

stabilize the selenium nanowires (Figure 3.9). These flocculates in MeOH quickly settled 

to the bottom of the vial in less than 10 min as observed by the clearing of the red 

coloration in the MeOH medium. There could be residual selenium nanowires 

suspended in solution, but the concentration of these nanowires was too low to be 

observable by the naked eye. In contrast, ethanol (EtOH), 2-propanol (iPA), 1-butanol 

(1-ButOH), and 1-octanol (1-OctOH) were able to uniformly disperse the selenium 

nanowires. Selenium nanowires dispersed in EtOH start to form flocculates at a later 

time (Figure 3.9 – ethanol; 20 min) in comparison to methanol. These destabilized 

flocculates settled to the bottom of the vial in a similar manner to the observed in MeOH, 

but over a longer duration of time. In addition, photographic evidence of increasing red 

intensity at the bottom of the vials prior to the formation of observable flocculates 

suggested that the selenium nanowires were settling out of the iPA, 1-ButOH, and 1-

OctOH (Figure 3.9). We observed that flocculates formed in these three solutions after 

an initial delay during the settling process. The observed onset of flocculation at later 

times was correlated to the increasing chain length of the aliphatic alcohol. Flocculation 

was observed at 0 min for MeOH, 20 min for EtOH, 50 min for iPA, and 80 min for 1-

ButOH, respectively, while selenium nanowires dispersed in 1-OctOH remained well-

dispersed and were colloidally stable throughout the duration of the analysis (e.g., up to 

240 min).  
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Figure 3.9. Time-resolved images of selenium nanowi re dispersed in alcohol 
solutions, such as methanol, ethanol, 2-propanol, 1 -butanol, and 1-
octanol, respectively. The number labelled on the c ap of each vial 
corresponds to time, in min, at which the photograp h was taken. 

For ease of comparison, the time-resolved spectral data for each sample of 

nanowires was normalized with respect to the absorbance at t = 0 min (1 min after 
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sample agitation). The results are plotted as an average of 3 separate experiments and 

the error bars reflect ± 1 standard deviation (Figure 3.10). We evaluated the colloidal 

stability of selenium nanowires for a series of aliphatic alcohols. In the absence of 

peptizing agent, these alcohols function as the dispersing medium as well as the 

stabilizers for the nanowires. Since selenium (ρ: 4.81 g/cm3) has higher density then the 

alcohols (ρ: ~0.8 g/cm3), gravitational forces will eventually lead to these nanowires 

settling out of solution. Suspensions of selenium nanowires settled out of the media at 

different rates. This difference is observed in the amount the selenium nanowires that 

settled out of the solution as determined by the amount of decrease in absorbance over 

a period 240 min (Figure 3.10). The sedimentation of nanowires is correlated to a 

gradual decrease in absorbance intensity at 400 nm. Differences observed between 

these results for aliphatic alcohols are attributed to the solvents interactions with the 

selenium and other solvent properties, such as viscosity and density (Table 3.1). Figure 

3.10 confirmed that the colloidal stability of the nanowire dispersions increases with an 

increase in chain length of the alcohol (i.e., in the order of increasing colloidal stability: 

methanol < ethanol < 2-propanol < 1-butanol < 1-octanol). In addition, the hydrocarbon 

chain length for these alcohols has a noticeable influence on each solvent’s ability to 

achieve a uniform dispersion of the selenium nanowires. For example, the images 

(Figure 3.9 – methanol at 0 min) indicated that nanowires dispersed in methanol form 

small red flocculates in comparison to the relatively homogenously red solution of 

samples dispersed in other alcohols at t = 0 min.  

Table 3.1 Density and Viscosity of Aliphatic Alcoho ls and Polar Aprotic Solvents 

 

*abbreviations: ρ = density and η = viscosity 

The colloidal stability of the selenium nanowires in these aliphatic alcohols was 

reflected in the settling rate and mechanism of sedimentation for the nanowires. The rate 
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of change in intensity (or concentration of selenium) over time for MeOH (Figure 3.10 – 

♦; solid diamond) is an exponential decay; the normalized absorbance value decreased 

sharply in the first 20 min of monitoring before leveling off. Selenium nanowires 

dispersed in EtOH (Figure 3.10 – ∆; open triangle), iPA (Figure 3.10 – �; solid circle), 1-

ButOH (Figure 3 – ○; open circle) and 1-OctOH (Figure 3.10 – ■; solid square) each 

exhibited a more linear decay in absorbance intensity, although at different settling rates, 

over the same period of time. The rate of decrease in absorbance intensity was 

translated into the amount of selenium (in weight) per min for ease of comparison. Both 

time-resolved photograph and spectroscopy suggested that 1-OctOH was the best 

alcohol (of those analyzed) to create a stable and uniformly dispersed solution of 

selenium nanowires. Selenium nanowires were settling from 1-OctOH at a rate of 0.009 

µg of selenium per min (Se/min). We did, however, observe evidence for the formation of 

small amounts of flocculate, which was not observable in the time-resolved photography 

(Figure 3.9). The time-resolved spectroscopy data suggested flocculation of nanowires 

by the slight increase in absorbance value recorded at t = 180 min in Figure 3.10. 

Selenium nanowires dispersed in 1-ButOH was the second most stable dispersion with 

the nanowires settling out of the solution in 2 stages at rates of 0.17 and 0.2 µg Se/min, 

respectively. Nanowires dispersed in iPA and EtOH also exhibited 2 stages of nanowire 

sedimentation. In the first stage, selenium nanowires dispersed in iPA and EtOH settled 

at a higher rate of 0.32 and 0.54 µg of Se/min, respectively. The second phase of 

sedimentation rate was 1.5 and 5.5 times slower at rates of 0.2 and 0.1 µg Se/min for 

dispersions in iPA and EtOH, respectively. Both time-resolved spectroscopy and 

photography suggested that the selenium nanowires settled out of 1-ButOH, iPA and 

EtOH before observable flocculates became observable by eye. Selenium nanowires 

were unstable in MeOH (Figure 3.10) as documented by the sharp drop in the 

normalized absorbance intensity within the first 20 min. The nanowires settled from 

MeOH at a rate of 4.2 µg Se/min, which was significantly faster than when dispersed in 

the other alcohols. The rate of sedimentation in MeOH slowed to 0.21 and 0.005 µg 

Se/min in the time period between 20-80 min and 90-240 min, respectively. These 

observed slower sedimentation rates may correspond to the sedimentation of medium to 

short aspect-ratio selenium nanowires, since shorter aspect-ratio selenium nanowires 

are more colloidally stable than high-aspect-ratio selenium nanowires (Figure 3.8).  
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Figure 3.10. A measure of colloidal stability of se lenium nanowire dispersions in a 
series of aliphatic alcohols was monitored as a fun ction of change 
in absorbance at 400 nm over time using a UV-visibl e spectrometer. 
Selenium nanowires were suspended in 1-octanol ( ■; solid square), 

1-butanol ( ○; open circle), 2-propanol ( ����; solid circle), ethanol ( ∆∆∆∆; 
open triangle), and methanol ( ♦; solid diamond), respectively.  

All alcohol dispersants, except 1-OctOH, exhibited sedimentation of selenium 

nanowires in 2 or 3 stages. A fast initial sedimentation rate was always followed by a 

slower rate of sedimentation. We hypothesize that this is due to the polydisperse length 

of selenium nanowires in the sample. A result of having a polydisperse length of 

selenium nanowires within a sample, the higher aspect-ratio selenium nanowires may 

settle at a higher rate in comparison to those of lower aspect-ratios.87 Furthermore, 

sometimes higher absorbance values were observed in Figure 3.10 at later time points 

in comparison to the earlier time points. This phenomenon is observed around 40 min in 

EtOH, and ~60 min and ~160 min in iPA. We attribute the increase in absorbance values 

to the formation of flocculates of the selenium nanowires forming in the path of the 

transmitted light. The sedimentation rate of selenium nanowires dispersed in aliphatic 

alcohols are tabulated in (Table 3.2). 
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Table 3.2 Tabulated Sedimentation Rates in Aliphati c Alcohols. 

 

*sedimentation rates of specified time range in parentheses 

3.3.3. Monitoring the Colloidal Stability of Seleni um Nanowire 
Dispersions in Polar Aprotic Solvents 

Some chemical reactions, out of necessity, require polar aprotic solvents. For 

example, a polar aprotic solvent was used to increase both colloidal stability and the 

dielectric constant of reaction media to prevent electrostatic charge induced flocculation 

of selenium nanowires.47 Time-resolved photography was used to provide a visual 

comparison, such as whether the dispersant was successful in uniformly dispersing the 

selenium nanowires. This photography series also provided further insight into how 

selenium nanowires were flocculating and settling out of the dispersing medium (Figure 

3.11). Polar aprotic solvents, except chloroform and dichloromethane, were able to 

achieve uniform dispersions of the selenium nanowires. Small flocculates were 

observable in the chloroform and dichloromethane dispersions at t = 0 min. Through 

time-resolve photography we noticed that as these small flocculates started to settle to 

the bottom of the vials as they also grew in size. In the absence of obvious flocculates in 

the acetone dispersion selenium nanowires continued to settle out of solution as 

suggested by the increase in brick red intensity at the bottom of the vial. The nanowire 

sediment observed in acetone was compact in comparison the loosely packed collection 

of selenium nanowires found in other aliphatic alcohols and polar aprotic solvents. It took 

selenium nanowires dispersed in ethyl acetate a little longer to develop noticeable 

flocculates. The first evidence of formation of selenium nanowires flocculation in ethyl 
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acetate was detected at t = 10 min. These flocculates in ethyl acetate did not grow 

significantly in size before settling in comparison to selenium nanowire flocculates 

formed in chloroform and dichloromethane.  

 

Figure 3.11 Time-resolved images of selenium nanowi res dispersed in polar 
aprotic solvents: chloroform, dichloromethane, acet one, and ethyl 
acetate. The time, in min, at which each photograph  was taken is 
labelled on the cap of each vial. 
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Time-resolved spectroscopy provided quantitative information that allowed a 

direct comparison of the colloidal stability of selenium nanowires in different polar aprotic 

solvents. We were able to determine that selenium nanowires have the best colloidal 

stability in ethyl acetate, followed by acetone, dichloromethane, and chloroform (Figure 

3.12). This assessment was based on the amount of decrease in normalized 

absorbance intensity with respect to t = 0 min after 240 min of monitoring by UV-Vis 

spectroscopy. The normalized absorbance of selenium nanowire dispersions in 

chloroform decayed exponentially, which was a hallmark of colloid instability. The 

selenium nanowires settled out of chloroform in 2 stages. In the first stage, destabilized 

selenium nanowires, usually high-aspect-ratio nanowires, flocculated and quickly settled 

out of the medium at a rate of 2.5 µg Se/min. This assessment coincided with the trends 

observed by time-resolved photography (Figure 3.11 – chloroform). When most of the 

high-aspect-ratio nanowires had settled from the dispersant, the spectroscopic 

observations followed the settling of the remaining shorter aspect-ratio selenium 

nanowires. These shorter aspect-ratio selenium nanowires had a sedimentation rate of 

0.07 µg Se/min. Selenium nanowires dispersed in dichloromethane indicated that the 

sedimentation occurred in 3 stages. In the first stage, there was a slow decrease in the 

absorption intensity at 400 nm with a sedimentation rate of 0.59 µg Se/min. It was 

evident from the time-resolved photography images (Figure 3.11 – dichloromethane) that 

during this period the selenium nanowires formed observable flocculates. If the 

flocculates were formed outside of the path of the transmitted light, we expected to 

observe a decrease in absorbance intensity at 400 nm. The formation of flocculates 

would cause a decrease in the surrounding nanowire concentration. The second stage 

of nanowire sedimentation was almost twice as fast as the rate observed in the first 

stage. Selenium nanowires settled at a speed of 0.96 µg Se/min. This accelerated decay 

rate can be correlated to the sedimentation of large flocculates of selenium nanowires. 

The last stage of nanowire sedimentation was attributed to the sedimentation of shorter 

aspect-ratio nanowires, which are more buoyant than the higher aspect-ratio nanowires 

(Figure 3.8). These shorter nanowires slowly settled out of the medium, at a rate of 0.14 

µg Se/min, over time due to gravitational forces.  
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Figure 3.12. Colloidal stability of selenium nanowi re dispersions in polar aprotic 
solvents were monitored as a function of change in absorbance at 
400 nm over time using a UV-visible spectrometer. S elenium 
nanowires are suspended in ethyl acetate ( ■; solid square), acetone 
(○; open circle), dichloromethane (♦; solid diamond), and chloroform 
(∆∆∆∆; open triangle), respectively. “Reprinted with per mission from 
Cambridge publication.” 87 

Sedimentation of selenium nanowire dispersions in acetone also had 3 distinct 

settling rates. The observed rates of sedimentation in acetone were 0.49, 0.29 and 0.17 

µg Se/min between 0 to 60 min, 70 to 200 min and 210 to 240 min, respectively. These 

rates of sedimentation did not vary significantly in contrast to the variations observed in 

chloroform and dichloromethane. The selenium nanowires were relatively stable in 

acetone and settled out of solution largely due to gravitational forces acting on individual 

nanowires or very small flocculates. Time-resolved photography revealed the absence of 

large flocculates in the sample. The nanowires in acetone largely settled as individual 

nanowires forming compact layers at the bottom of the vial. We hypothesize that there 

were 3 different aspect-ratios of selenium nanowires in the medium. Therefore, we 

observed 3 separate sedimentation rates, which began with the sedimentation of the 

highest aspect-ratio nanowires and ended with sedimentation of the most buoyant 

shorter aspect-ratio nanowires. The trends observed for dispersion of nanowires in ethyl 
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acetate closely resembled those of the acetone sample. The sedimentation rate in ethyl 

acetate was, however, higher between 120 and 140 min at 0.57 µg Se/min relative to the 

initial and final sedimentation rates of 0.26 and 0.14 µg Se/min, respectively. This 

accelerated sedimentation rate between 120 and 140 min was attributed to formation 

and sedimentation of selenium nanowire flocculates. The sedimentation rate of selenium 

nanowires dispersed in polar aprotic solvents are tabulated in Table 3.3. 

Table 3.3 Tabulated Sedimentation Rates in Polar Ap rotic Solvents. 

  

*sedimentation rates of specified time range in parentheses 

Both time-resolved spectroscopy and photography revealed that favorable 

interactions between the surfaces of selenium nanowires and the dispersing medium are 

key factors to achieve colloidal stability. The solvent’s density and viscosity had a 

smaller influence on the colloidal stability. Instead a solvents’ density and viscosity had a 

greater impact on the rate of sedimentation of the selenium nanowires or flocculates. 

Colloidal stability is determined by how well the solvent molecules adsorb onto the 

surfaces of selenium nanowires. These adsorbed solvent molecules on the surfaces of 

the selenium nanowires prevented the flocculation of these nanowires through steric 

stabilization (Figure 3.13a,b). Steric stabilization improved the colloidal stability of the 

selenium nanowires, and facilitated the formation of more uniform dispersions. For 

example, selenium nanowires dispersed in methanol, chloroform, and dichloromethane 

exhibited relatively fast sedimentation rates, because these solvents were unable to 

interact strong enough with the non-polar surfaces of individual selenium nanowires to 

prevent them from interacting with neighboring nanowires. Usually, these interacting 

nanowires form flocculates and settle out of solution. Solvents with longer hydrocarbon 

chains had sufficient van der Waals interactions with the surfaces of selenium nanowires 

to minimize nanowire-nanowire interactions (Figure 3.13c,d). These nanowires will, 
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however, eventually settle out of the dispersant due to gravitational forces. Density and 

viscosity of the alcohols and organic solvents studied in these experiments are listed in 

Table 3.1. Although alcohols have a similar density, their viscosity increases with 

increasing chain length of the aliphatic alcohol. The increased viscosity implies an 

impeded movement of the nanowires in the suspending medium. The selenium 

nanowires settle at a slower rate in a more viscous solvent, as indicated in Figure 3.10. 

Colloidal stability of the selenium nanowires is enhanced when the dispersing medium is 

composed of longer hydrocarbon chains and a higher viscosity.  

 

Figure 3.13 Schematics depicting (a,b) poorly and ( c,d) well steric stabilized 
selenium nanowires. 

3.3.4. Monitoring the Colloidal Stability of Polyme r Assisted 
Selenium Nanowire Dispersions 

A dispersing medium’s physical properties, such as polarity, viscosity and 

density, are able to facilitate the formation of a uniform dispersion of selenium nanowires 

and to keep the nanowires from settling. The most important aspect of the dispersant is, 

however, its ability to form favorable interactions with the surfaces of selenium 

nanowires. Selenium nanowires produced from the same synthesis and dispersed in iPA 

and acetone exhibited similar sedimentation rates (Figure 3.10 and Figure 3.12). We 

hypothesize that iPA, despite being more viscous than acetone, does not interact 
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favorably with the surfaces of the selenium nanowires to provide sufficient steric 

stabilization. As a result, selenium nanowires dispersed in iPA are unstable and quickly 

form flocculates that settled at a faster rate than that for individual selenium nanowires. 

Solvent molecules that interact favorably with the surfaces of selenium nanowires are 

able to uniformly disperse the nanowires, and prevent the nanowires from forming 

flocculates that have accelerated sedimentation rates. 

 

Figure 3.14 Photographs of (a) as-synthesized selen ium nanowires that are 
heavily entangled. (b) Attempts for manual agitatio n to form a 
homogenous dispersion were unsuccessful. (c) After 
poly(vinylpyrrolidone) (PVP) was introduced to the sample, the 
aggregated selenium nanowires was successfully disp ersed upon 
manual agitation, as indicated by the homogenous te xture. 

Colloidal stability of selenium nanowires in specific organic solvents is a function 

of the chemical structure and properties of each solvent. These solvents’ properties can 

be augmented by introducing additives, such as polymers to enhance the nanowires’ 

colloidal stability. Polymers can provide steric and/or electrostatic stabilizations, 

depending on their chemical constituents. A stabilizing agent such as 

poly(vinylpyrrolidone) (PVP), consists of a non-polar hydrocarbon backbone that would 

facilitate adsorption onto the hydrophobic surfaces of the selenium nanowires through 

non-covalent interactions. Selenium nanowires passivated with PVP would become 

hydrophilic because the protruding pyrrolidone groups along the hydrocarbon backbones 

are polar. The surface bound PVP molecules would be able to provide steric stabilization 

to selenium nanowires by increasing inter-nanowire distances, and decrease the 

chances of direct nanowire-nanowire interactions. Poly(vinylpyrrolidone) molecules are 

capable of dispersing entangled selenium nanowires. High-aspect-ratio selenium 

nanowires synthesized from sonochemically initiated route reported in the previous 

Chapter (e.g., 0.25 mg a-Se in 1 mL of abs. EtOH) form an entangled mesh (Figure 
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3.14a) that cannot be dispersed through manual agitation. The entangled cluster of 

selenium nanowires was separated into several smaller clusters upon manual agitation, 

but further agitation would not result in a uniformly dispersed sample (Figure 3.14b). The 

van der Waals between the selenium nanowires in these bundles were too great to be 

overcome by the shear forces produced during shaking. After PVP was added to this 

aggregated sample of selenium nanowires, the nanowires could be easily dispersed by 

manual agitation. The resulting dispersion produced a uniform color throughout the 

sample (Figure 3.14c). This study suggests that the PVP molecules facilitated the 

uniform dispersion of selenium nanowires by minimizing the inter-nanowire van der 

Waals interactions. We hypothesized that PVP molecules would adsorb onto the 

exposed surfaces of selenium nanowires, and between the selenium nanowires during 

agitation while the nanowires were separated briefly due to the applied shear forces. 

Excess PVP molecules quickly adsorb onto the exposed surfaces, thus separating the 

bundled selenium nanowires (Figure 3.15).  

 

Figure 3.15 A proposed process of separating bundle d selenium nanowires 
through the addition of PVP. 

Addition of PVP also leads to an increase in the viscosity and density of these 

solvents resulting in a decrease in mobility of selenium nanowires in the dispersing 

media. These attributes effectively slow down the sedimentation rate of selenium 

nanowires. Three dispersions of selenium nanowires in EtOH, each sample containing a 
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different molecular weight of PVP stabilizer, were monitored by time-resolved 

spectroscopy. The molecular weight of the PVP molecules were 10.3k, 55k, and 360k, 

respectively. Each contained 10 mg of PVP per mL of EtOH. Literature reports have 

demonstrated that as the molecular weight of a polymer increases, the viscosity of the 

solvent containing the same weight fraction of polymer also increases.89-90 Increased 

viscosity is a result of the increased interactions between polymer chains. Interactions 

such as van der Waals attractions and entanglements can lead to a decrease in the 

mobility of the dissolved polymer molecules. Herein, we will investigate the influence of 

polymer chain length (or molecular weight) on the colloidal stability of selenium 

nanowires. 

 

Figure 3.16. Suspensions of selenium nanowires in e thanol were stabilized by PVP 
of 3 different molecular weights. Their colloidal s tability was 
monitored as a function of change in absorbance at 400 nm over 
time using a UV-visible spectrometer. Selenium nano wires are 
suspended in ethanol containing a concentration of 10 mg/mL of 
360k PVP (∆∆∆∆; open triangle), 55k PVP ( ����; solid circle), or 10.3k PVP 
(����; open square), respectively.  

The colloidal stability of sterically stabilized selenium nanowires was monitored 

by a decay in absorbance intensity as a function of time for 3 different molecular weights 
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of PVP added to separate dispersions of selenium nanowires in ethanol. The molecular 

weight of these polymers were 10.3k, 55k, and 360k g/mol, or PVP10.3k, PVP55k, and 

PVP360k, respectively. To examine the long term colloidal stability of the sterically 

stabilized selenium nanowires, we monitored the suspensions of nanowires over a 

period of 24 h (Figure 3.16). Selenium nanowires dispersed in EtOH containing the 

highest molecular weight PVP (i.e., PVP360k) exhibited the best colloidal stability, 

followed by those nanowires sterically stabilized by PVP55k. The selenium nanowires 

were least stable in the lowest molecular weight PVP (i.e., PVP10.3k). Selenium 

nanowires stabilized by PVP10.3k were settling quickly over the first 150 min period of 

monitoring, losing ~70% of nanowires to colloidal instability. These nanowires settled out 

of solution in 3 stages. The fastest sedimentation rate was observed in the first stage at 

a rate of 0.59 µg Se/min. After the initial sedimentation, the rate of nanowire 

sedimentation slowed to 0.06 and 0.004 µg Se/min, respectively. Selenium nanowires 

dispersed in EtOH containing PVP55k settled out of the dispersant in 4 stages, at rates of 

0.15, 0.02, 0.34, and 0.02 µg Se/min, respectively. Higher aspect-ratio selenium 

nanowires were settling out of the solution during the first stage of sedimentation, 

leaving behind sterically stabilized medium and low aspect-ratio selenium nanowires. At 

approximately 1000 min into the spectroscopy study some of these medium aspect-ratio 

selenium nanowires formed into a flocculate that quickly settled out of the solution over a 

period of 40 min. The remaining ~40% of the selenium nanowires subsequently settled 

out of the solution due to gravitational forces. Over a period of 1440 min, only ~15% of 

the selenium nanowires settled out from the PVP360k stabilized sample. Selenium 

nanowires dispersed in EtOH with PVP360k settled out of the medium in 2 stages, at rates 

of 0.04 and 0.01 µg Se/min, respectively. A time-resolved spectroscopy analysis 

suggested that the highest molecular weight polymer, PVP360k, was best at stabilizing 

selenium nanowires of any aspect-ratio. The PVP55k was more suited to stabilizing the 

medium- to low-aspect-ratio nanowires, while PVP10.3k was ineffective at keeping the 

selenium nanowires of medium- to high-aspect-ratios in the dispersing medium. The 

sedimentation rate of selenium nanowires dispersed in EtOH containing different 

molecular weights of PVP is tabulated in Table 3.4. 
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Table 3.4 Tabulated Sedimentation Rates of Selenium  Nanowires Stabilized by 
PVP 

 

*sedimentation rates of specified time range in parentheses 

Polymers with the appropriate functional groups can uniformly disperse the 

entangled, as-synthesized selenium nanowires. The colloidal stability of these nanowires 

can be further enhanced by choosing high molecular weight polymers. Each sample 

contained the same weight fraction of PVP, and the difference in observed colloidal 

stability is attributed to differences in the polymer’s chain length. We hypothesize that 

the selenium nanowires exhibited an exceptional colloidal stability in 1-octanol because 

the alcohol molecules adsorbed onto the surfaces of selenium nanowires are difficult to 

displace and the solution has a high viscosity. Selenium nanowires steric stabilized by 

PVP of different chain lengths, which are much longer than the 1-octanol, should be able 

to adsorb more strongly on the nanowire’s surfaces. These strongly adsorbed PVP 

molecules would effectively shield the selenium nanowires from approaching to close to 

each other by steric stabilization (Figure 3.15). The selenium nanowires’ exceptional 

colloidal stability observed in the sample containing PVP360k could be due to a 

combination of steric stabilization, as well as a higher solvent viscosity. The solution 

containing dissolved PVP360k, had increased inter-polymer attractions and 

entanglements that made it the most viscous in comparison to solutions containing 

PVP10.3k and PVP55k.90 Hence, selenium nanowires settled out of the solution at a 

significantly slower rate when stabilized with PVP360k. A time-resolved spectroscopy 

analysis suggested that the PVP10.3k was unable to stabilize both high- and medium-

aspect-ratio selenium nanowires. The selenium nanowire’s colloidal stability in EtOH 

(i.e., 0.54 µg Se/mL) or PVP10.3k assisted (i.e., 0.59 µg Se/mL) dispersions were similar, 

suggesting that PVP10.3k dissolved in EtOH does not increase the overall viscosity of the 

mixture in comparison to EtOH. In summary, shorter chain lengths of PVP, which 
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provided a similar degree of steric stabilization, were unable to keep the well-dispersed 

selenium nanowires in solution because their solution viscosities were lower in 

comparison to solutions containing the high molecular weight polymer. 

3.3.5. Reaction at the Surfaces of Selenium Nanowir es 

To demonstrate the importance of achieving a well-dispersed sample of selenium 

nanowires, we explored the impact on using the selenium nanowires as a template and 

analyzing the uniformity of the product. Selenium nanowires dispersed in EtOH in the 

presence and in the absence of PVP were reacted with hexachloroplatinic acid 

(H2PtCl6).71 Hexachloroplatinic acid readily reacts with the selenium nanowire templates 

(Eqn. 3.1-3.3) to yield platinum nanoparticles attached to the surfaces of the nanowires 

(Se@Pt-NP). The overall standard electrochemical cell potential of this reaction is 

positive, indicating that the reaction would be spontaneous. The reaction mixtures were 

refluxed for 12 h to increase the rate of diffusion of reagents for the reactions. 

[PtCl6]2- + 4e- → Pt + 6Cl-                                 Eo = 1.435 V                (Eqn. 3.1) 

Se + 3H2O → H2SeO3 + 4e- + 4H+                Eo = -0.74 V                (Eqn. 3.2) 

Se + [PtCl6]2- + 3H2O → Pt + H2SeO3 + 6Cl- + 4H+    Eo
cell = 0.695 V               (Eqn. 3.3) 

 

Figure 3.17 Transmission electron microscopy analys is of the electrochemical 
reactions between hexachloroplatinic acid and selen ium nanowires 
dispersed in EtOH in the absence (a,b) and in the p resence (c) of 
PVP. Scale bars are 200 nm and inset scale bars are  20 nm. 
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Since the platinum nanoparticles are tightly bound to the surfaces of the 

selenium nanowires, the observed density and uniformity of platinum nanoparticles on 

the surfaces of the selenium nanowires could be correlated with the exposure of the 

selenium to dissolved H2PtCl6. For ease of assessment, the concentration of selenium 

nanowires in the reaction was twice the concentration of H2PtCl6. A reaction that 

consisted of well-dispersed selenium nanowires should yield lightly decorated Se@Pt-

NP nanostructures and the platinum nanoparticle density should be similar between 

different nanowires. Electron microscopy analysis revealed that the reaction carried out 

in the absence of PVP lacked uniformity in the resulting nanostructures. The product 

comprised of a mixture of hollow Pt nanoshells (Figure 3.17a) and Se@Pt-NP (Figure 

3.17b). The electron microscopy analysis suggested that the aggregated selenium 

nanowires had non-uniform exposure to the platinum precursor. Selenium nanowires on 

the surfaces of the aggregates had access to more of the H2PtCl6 than those nanowires 

deep within the core of the aggregates (Figure 3.2). Selenium nanowires, which were 

exposed to an excess of H2PtCl6, were completely consumed by the electrochemical 

process, producing hollow Pt shells instead of selenium nanowires decorated with 

platinum nanoparticles. In order to uniformly transform or convert selenium nanowires to 

its corresponding selenium nanostructures decorated with metal nanoparticles, a 

reaction was performed in the presence of PVP. The addition of PVP facilitated the 

dispersion of the entangled selenium nanowires, and produced Se@Pt-NP decorated 

with similar densities throughout the reaction mixture (Figure 3.17c). 

3.3.6. Monitoring the Colloidal Stability of Polyme r and Surfactant 
Assisted Dispersions of Selenium Nanowire inWater 

Selenium nanowires are hydrophobic (Figure 3.5). They have a tendency to 

flocculate in either an aqueous medium or solvents that have a high water content. This 

limits the techniques available to handle, process, and manipulate these nanowires. 

Typically, surfactants are used to disperse hydrophobic materials in aqueous solutions. 

A surfactant is an amphiphilic molecule that consists of a hydrophilic head group and a 

hydrophobic tail group. The use of surfactants could shield, or minimize, the unfavorable 

interactions between the hydrophobic surfaces of the selenium nanowires and water 

molecules. We hypothesize that the hydrophobic component of the surfactant molecules 
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would preferentially adsorb onto the surfaces of the selenium nanowires. The hydrophilic 

functionality of the surfactants would remain in the aqueous environment, screening the 

hydrophobic surfaces from interaction with the water molecules (Figure 3.18). In 

addition, the adsorbed surfactant molecules would prevent flocculation of the selenium 

nanowires through steric stabilization in a similar fashion as described in Figure 3.15. In 

order to uniformly transform or convert selenium nanowires into its corresponding metal 

selenide nanostructures, the sample must be uniformly dispersed in the aqueous media. 

Performing template-engaged transformation of selenium nanowires could be extended 

to other metal selenides through reaction in aqueous media, such as to form silver 

selenides.34, 91  

 

Figure 3.18 Depiction of the proposed interactions between surfactant molecules 
and the surfaces of selenium nanowires in aqueous s olutions.  
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Figure 3.19 Chemical structures of polyvinyl alcoho l and polyethylene glycol 
based surfactants used to disperse selenium nanowir es in aqueous 
solutions. 

We examined both polyvinyl alcohol and polyethylene glycol based surfactants 

for dispersing and stabilizing selenium nanowires in aqueous solutions (Figure 3.19). 

Time-resolved photography (Figure 3.20) studies revealed that these surfactants were 

able to assist in the uniform dispersion of selenium nanowires in aqueous solutions. The 

aqueous solutions contained either 0.1% (w/w) PVA, or 10 ppm (v/v) of the polyethylene 

glycol based surfactants. A low concentration of surfactants was used to avoid the 

formation of micelles, which would interfere with the time-resolved photography and 

spectroscopy analyses. The homogenous red colored solutions observed at t = 0 min is 

a hallmark of well-dispersed selenium nanowires. Interestingly, all surfactant stabilized 

selenium nanowires dispersed in aqueous solutions did not form observable flocculates 

over the 240 min. The red coloration of the sample of selenium nanowires stabilized by 

polyvinyl alcohol (PVA) did not change noticeably over the 240 min. This suggests that 

the colloidal stability of PVA stabilized selenium nanowires is maintained for more than 

240 min. In contrast, color gradients were observed at the menisci of the other solutions 

(e.g., containing Brij 30, TWEEN 20, Triton X-100, or Zonyl FSN) as the selenium 

nanowires settled out of the media. For those nanowires that eventually settled out of the 

solutions, they form a compact layer at the bottom of the vials (i.e., Figure 3.20 – Triton 

X-100 and Zonyl FSN at 240 min).  
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Figure 3.20 Time-resolved photography images of sur factant stabilized selenium 
nanowires dispersed in aqueous solutions containing  PVA, Brij 30, 
TWEEN 20, Triton X-100, or Zonyl FSN. The time, in min, at which 
each photograph was taken is labelled on the cap of  each vial. 

Further verification by time-resolved spectroscopy also supported the 

observation that the selenium nanowires stabilized by PVA had a colloidal stability for 
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periods of time greater than 240 min (Figure 3.21 – ■; solid square). Only ~3% of the 

selenium nanowires settled from the solution after 4 h of monitoring. We noticed that 

there was an increase in the normalized absorbance intensity at ~30 min into the time-

resolved spectroscopy study. We believed that microscopic flocculates were formed 

during this period because we did not observe the presence of selenium nanowire 

clusters in the time-resolved photography study (Figure 3.20 – PVA). These microscopic 

flocculates did not settle out of the solution at a high rate as would normally occur for 

flocculates of selenium nanowires suspended in organic media. After the formation of 

flocculates, the nanowires settled in 2 stages, at rates of 0.06 and 0.01 µg Se/mL. 

Polyethylene glycol based surfactants Brij 30 and TWEEN 20 shared similar trends in 

the time-resolved spectroscopy study (Figure 3.21 – ○&∆; open circle and triangle, 

respectively). These solutions of selenium nanowire also had initial increases in their 

absorbance intensities before the nanowires started to settle out of the solution. This 

observed phenomenon suggested that the selenium nanowires were flocculating in the 

path of the incident light. Once, again these flocculates were microscopic because we 

were unable to see them in the photographs (Figure 3.20 – Brij 30 and TWEEN 20). The 

flocculates formed in the Brij 30 and TWEEN 20 solutions were settling from the solution 

at a rate of 0.07 µg Se/mL. Interestingly, the sample dispersed in solution containing Brij 

30 formed further flocculates, which was correlated to another increase in the 

absorbance intensity between 80 and 120 min in the time-resolved spectroscopy 

analysis. Following the second flocculation, the selenium nanowires started to settle 3 

times faster than the first sedimentation rate. This signifies that the Brij 30 was unable to 

stabilize these flocculates against the gravitational forces. Selenium nanowires 

dispersed in solution containing TWEEN 20 did not have a second increase in the 

absorbance intensity. Instead, the rate of sedimentation steadily increased for these 

nanowires to 0.19 µg Se/mL, suggesting that the flocculates were settling out of the 

solution.  

Dispersions of selenium nanowires stabilized by Triton X-100 or Zonyl FSN 

settled out of the solution in 2 stages (Figure 3.21 – ●&♦; solid circle and diamond, 

respectively). Nanowires stabilized by Triton X-100 settled from the solution at rates of 

0.14 and 0.80 µg Se/mL, respectively. The Zonyl FSN stabilized nanowires settled at 

rates of 0.33 and 0.11 µg Se/mL, respectively. Higher rates of sedimentation were 
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observed in the first stage for both the Triton X-100 and Zonyl FSN stabilized sample, 

indicating that the high-aspect-ratio nanowires were possibly the first to settle out of the 

solutions. The more buoyant lower aspect-ratio selenium nanowires subsequently 

settled out of the solutions due to gravitational forces. The sedimentation rate of 

selenium nanowires dispersed in aqueous solutions containing surfactants are tabulated 

in Table 3.5. 

 

Figure 3.21 Surfactant and polymer assisted dispers ion of selenium nanowires as 
monitored over time by UV-visible spectroscopy. Sel enium 
nanowires are dispersed in aqueous solution contain ing 0.1% (w/v) 
of PVA – polyvinyl alcohol ( ■; solid square), 10 ppm (v/v) of Brij 30 
(○; open circle), 10 ppm (v/v) of Triton X-100 ( ●; solid circle), 10 ppm 
(v/v) of TWEEN 20 ( ∆; open triangle), and 10 ppm (v/v) Zonyl FSN – 
fluorosurfactant ( ♦; solid diamond), respectively. Their 
corresponding molecular structures are shown in Fig ure 3.19.  

The addition of PVA has achieved superior stabilization of nanowires in 

comparison to other amphiphilic surfactants that contain long hydrophobic and 

hydrophilic chains (Figure 3.19 and Figure 3.21). The PVA polymer imparted a greater 

stability to the nanowires than dispersions in organic solvents or aqueous solutions 

containing small surfactant molecules. We attribute the improved nanowire stabilization 

in aqueous solutions by PVA to the increased viscosity of the solution due to multiple 

and regular interactions of each polymer with the surfaces of selenium nanowires and 

the surrounding non-adsorbed polymer molecules. Selenium nanowire dispersions in 
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polyethylene glycol based surfactants, such as Brij 30, Triton X-100, and TWEEN 20 all 

exhibited a similar colloidal stability (Figure 3.21). It is difficult to assess which of the 3 

samples has the greatest colloidal stability because their data points at t = 240 min lie 

within 1 standard deviation of normalized absorbance intensity from each other. We 

attributed the similarity in colloidal stability of these samples to the chemical structures of 

these surfactants. These three surfactants each have an aliphatic hydrocarbon tail and 

long polyethylene glycol chain(s). Interestingly, Zonyl FSN was unable to stabilize the 

selenium nanowire dispersions in comparison to non-fluorosurfactants. We believed that 

this anomaly could be attributed to the unique chemical structure of Zonyl FSN with a 

polyethylene glycol chain and a fluorinated carbon chain (Figure 3.19). We hypothesize 

that the surfaces of selenium nanowires were unable to interact favorably with the 

fluorinated carbon chain of Zonyl FSN. This study indicated that the length and the 

amount of branching of the aliphatic hydrocarbon or the length of polyethylene glycol 

chains are not of great importance to the colloidal stability of the selenium nanowires. 

Surfactants with a relatively short hydrophobic tail, such as Triton X-100 (8 carbons, 

including aromatic carbons; Figure 3.19), was sufficient to interact with the surfaces of 

selenium nanowires to provide steric stabilization. Colloidal stability of selenium 

nanowires in different solvent environments could be further improved by the addition of 

surfactants and polymers containing the appropriate functional groups.  

Table 3.5 Tabulated Sedimentation Rates in Surfacta nt Stabilized Selenium 
Nanowires in Aqueous Solutions 

 

*sedimentation rates of specified time range in parentheses 
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3.4. Conclusions 

In summary, we have systematically examined the colloidal stability of selenium 

nanowires in a variety of organic and aqueous media. We determined that selenium 

nanowires with smaller aspect-ratios take longer to settle out of solution in comparison to 

those with higher aspect-ratios. In an attempt to account for sample variability, such as a 

variation in aspect-ratios that could contribute differences in the colloidal stability of 

selenium nanowires, time-resolved photography and spectroscopy analyses were 

acquired for all solutions. In addition the selenium nanowires used in these studies were 

from the same synthetic batch. We have identified that organic solvents comprised of 

long aliphatic hydrocarbons are able to uniformly disperse the selenium nanowires, while 

providing viscous environments capable of suspending the nanowires for long periods of 

time. Favorable interactions between the nanowires and the dispersing media was one 

of the key factors to obtain homogenous dispersions of selenium nanowires, while 

solvents that are viscous and that interact favorably with the surfaces of selenium 

nanowires produced samples with the highest colloidal stability. The colloidal stability of 

the nanowires could also be enhanced through the addition of surfactants or polymers to 

provide steric stabilization. In addition, surfactants and polymers were used to facilitate 

dispersion of selenium nanowires in aqueous solutions. We have also demonstrated that 

uniformity of Se@Pt nanostructures prepared from selenium templates is directly 

influenced by how well the selenium nanowires are dispersed in solution. Performing the 

reaction with a poorly dispersed sample of selenium nanowires leads to the formation of 

non-uniform and undesired products, such as hollow Pt nanoshells instead of platinum 

decorated selenium nanowires. 

3.5. Future Directions in Dispersing Selenium Nanow ires in 
Solution 

One of the possible ways to enhance the colloidal stability of selenium nanowires 

dispersed in aqueous environments, would be to coat them with charged surfactant 

molecules. For instance, selenium nanowires can be coated with charged amphiphilic 

molecules, such as sodium dodecyl sulfate (SDS) or cetyl trimethylammonium bromide 

(CTAB) (Figure 3.22). These surfactants, or a mixture of surfactants, may further 
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improve the colloidal stability and dispersibility of the selenium nanowires through 

electrostatic stabilization. In addition, the incorporation of specific charges at or near the 

surface of the nanowires when dispersed in aqueous solutions will be important for 

further work on the assembly and processing of individual nanowires. 

 

Figure 3.22 Chemical structures of (a) negatively a nd (b) positively charged 
surfactants. 
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4. Electrokinetic Assembly of Selenium and 
Silver Nanowires into Macroscopic Fibers † 

4.1. Introduction to Assembly of Metal and Semicond uctor 
Nanowires 

Synthetic techniques can produce nanostructures with a diverse set of shapes 

and an equally diverse range of dimensions and compositions.18, 92-98 Harnessing these 

materials for their nanoscale properties requires the ability to handle and manipulate the 

materials. Although much attention has been given to the manipulation of many 

nanoscale materials,22, 99-107 some structures have received relatively little attention. One 

type of structure that requires further development of techniques for their assembly are 

solution-phase synthesized nanowires.21 Some attention has been given to the assembly 

of carbon nanotubes, another highly anisotropic nanostructure. These nanotubes can be 

assembled during or after synthesis.108-112 One lesson to learn from the previous work on 

manipulating nanoscale materials is the importance of developing techniques that can 

be appropriately scaled in order to assemble nanostructures in parallel for a range of 

concentrations. The challenge is to extend this concept to nanowires that require 

solution-based techniques for manipulation. Our goal is to develop appropriate 

 

† Synthesis of selenium nanowires and electrokinetic assembly both selenium and silver 
nanowires were carried out by Michael C. P. Wang. Michael C. P. Wang, also, performed all 
the microscopy, spectroscopy, and powder diffraction analyses. Dr. Xin Zhang measured the 
IV responses of fibers of selenium. Elham Majidi synthesized the silver nanowires and 
modified their surfaces with 1-dodecanethiol. Kevin Nedelec performed electric field 
simulations by COMSOL using finite element method. The “Electrokinetic Assembly of 
Selenium and Silver Nanowires into Macroscopic Fibers” manuscript was co-written by 
Michael C. P. Wang and Professor Byron D. Gates. “Reprinted Journal Article with 
permission from Electrostatic Assembly of Selenium and Silver Nanowires into Macroscopic 
Fibers,” Wang, M. C. P.; Majidi, E.; Gates B. D. ACS Nano, 2010, 4, 2607-2614. Copyright 
2010 American Chemical Society.”21 The review article “Directed Assembly of Nanowires” 
was co-written by Michael C. P. Wang and Professor Byron D. Gates. The contents of this 
publication were reproduced with the permission of the ScienceDirect, and co-authors., 87  
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techniques to direct nanowires into assemblies that span over large distances (>5 cm) 

within a few minutes for further manipulation and utilization of these materials.  

The challenge of directing the assembly of synthetic nanowires increases as the 

length (or aspect-ratio) of these structures also increases. This correlation is attributed to 

an increased flexibility and fragility of these nanostructures.113 Nanowires with a small 

aspect-ratio are relatively stiff structures, but nanowires with high-aspect-ratios (e.g., 

1:1,000; diameter/length) are flexible and easily entwine with other nanowires (Figure 

4.1). This process of self-entanglement can be avoided by dilution of the nanowire 

suspensions. However, assembly of nanowires one-by-one or in low quantities is 

inefficient and/or impractical for many applications. A number of approaches can be 

implemented to assemble nanowires.21 These assembly techniques are either driven by 

molecular forces,48, 114-118 electrostatic interactions,119-124 shear forces,103-104, 106, 110, 125-140 

magnetic forces,141-146 or electrokinetic forces.147-158 Ideally, the technique for directing 

the assembly of nanowires would be independent of the material composition, scalable 

over multiple lengths, and applicable to a wide range of nanowire concentrations.  

 

Figure 4.1 Scanning electron microscopy (SEM) and i nset transmission electron 
microscopy (TEM) images of the as-synthesized (a) t rigonal 
selenium and (b) face-centered cubic silver nanowir es.  

Many nanowires can be processed as a colloidal solution. Handling the 

nanowires as a solution is very convenient because these structures can be processed 

in a manner similar to most liquids. Also, the concentration of nanostructures can be 

adjusted through dilution or solvent evaporation. This suspension of nanowires can be 
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cast onto a substrate. Nanowires can be adhered to the engineered surfaces through 

target-recognition or biorecognition in random orientations.114-117 The strength of the 

interactions between the nanowire and the substrate determines both the adhesion of 

the nanowire to the substrate and the final orientation that will be adopted by this 

structure upon removal of the solvent. Interactions between the nanowire and the 

substrate can be enhanced through van der Waals and hydrogen bonding interactions. 

For example, a colloidal solution containing nanowires, whose surfaces are modified 

with single-stranded deoxyribonucleic acid (ssDNA), is cast onto a substrate that had 

been patterned with complementary DNA (cDNA) molecules on its surfaces. The ssDNA 

modified nanowires are directed to the location on the substrate with the corresponding 

cDNA through DNA hybridization (Figure 4.2).115-117  

 

Figure 4.2 Assembly of nanowires can be directed by  the biorecognition of 
complementary DNA. A suspension of nanowires whose surface is 
modified with single-stranded DNA (ssDNA) is cast o nto a surface 
patterned with the complementary DNA strands (cDNA)  and 
poly(ethylene glycol) (or PEG). Nanowires bind to t he substrate 
through hybridization of ssDNA with cDNA.  

Biorecognition is an efficient method to assemble nanoscale materials. It can be 

used to facilitate the adhesion of nanowires onto various surfaces, but this technique, 

currently, lacks the ability to direct the alignment of the nanowires during the assembly 

process. A further complication can be the reliance of this technique on the integrity of 

the biomolecules used in these examples. This process for directing the assembly of 

nanowires is, however, simple and can be easily adapted to many materials. Further 

modifications to this technique could utilize regioselective surface modification of 

nanowires using biotin-avidin linkages114 or block-copolymer modifications,48 which have 

been pursued for end-to-end assembly of nanostructures. Another alternative is to take 
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advantage of hydrophobic surface modifications that have been used to assemble 

composite nanowires into inverse micelle structures when immersed in aqueous 

environments.118 

Better nanowire alignment can be achieved by imparting shear forces on to the 

nanowires during the assembly process. A shear force is created by the motion of a fluid 

or solid object against a second fluid or solid object. This motion can be achieved by a 

number of means, such as the wetting/dewetting of surfaces or the mechanical 

movement of two surfaces in opposing directions. In either case, a force is generated 

that is parallel to the direction of movement. This force can be used to redirect the 

orientation of nanowires that are either suspended in a solution or fixed to a substrate. 

The new orientation of the nanowires will be parallel to the direction of the shear force. 

For instance, shear force directed alignment of nanowires during the assembly process 

has been demonstrated through the use of an evaporating liquid droplet (Figure 4.3a)126, 

129, 137 and within a microfluidic channel.127, 130, 133-134 Nanowires deposited onto a 

substrate will reorient with the direction of fluid flow to minimize the fluid drag. Density of 

nanowires can be controlled by changing the concentration of nanowires within the 

suspended liquid. Repeating this process after realigning the microfluidic channels can 

be used to create layer-by-layer assemblies of nanowires with complex geometries.130, 

133 The density of the aligned nanowires can be improved by adapting Langmuir-Blodgett 

(LB) techniques to assemble the nanowires.104, 125, 135-136, 159 Nanostructures suspended 

at an air-liquid interface can be assembled into dense films through compression within 

an LB trough (Figure 4.3b). The nanowires adopt a close-packed organization to 

minimize the energy of the system during compression. Dip coating is used to transfer 

the nanostructures from the air-liquid interface onto a solid substrate. The wires can 

adhere to this substrate through van der Waals interactions as it is drawn in a vertical 

direction through the layer of compressed nanowires. A shear force is created along the 

vertical direction as the solvent withdraws from the surfaces of the substrate, leading to 

alignment of the nanowires along the same direction (Figure 4.3b, step 3). Density of the 

deposited nanowires is controlled by speed of withdrawing the substrate from the LB 

trough and the pressure applied to the assembly within the LB trough. Limitations of this 

technique include reorganization of the nanowires during dip coating that leads to 

overlapping features and gaps within the dense arrays of nanowires.135 Hierarchical 
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structures can also be produced by repeating the assembly process after changing the 

orientation of the substrate onto which the nanowires are being transferred.138  

 

Figure 4.3 (a) Shear forces from evaporation of a d roplet can align nanowires with 
an orientation parallel to the fluid flow. (b) Nano wires can be 
assembled at an air-liquid interface within a Langm uir-Blodgett (LB) 
trough and transferred by dip-coating. (a) Mechanic ally applied 
shear forces will reorient nanowires along the dire ction of the 
applied force. Nanowires can be patterned by maskin g the substrate 
with photoresist. 

Shear force can also be generated from the mechanical movement of two 

contacting surfaces by one sliding across another. This mechanically generated force 

can direct the assembly of vertically grown nanowires into arrays with an orientation 

parallel to the direction of the applied force (Figure 4.3c). A pattern can be imposed on 

the assembled arrays of nanowires by lift-off or similar lithographic patterning of these 
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nanostructures.131 Nanowires with a crossed-wire configuration can be achieved by 

assembling the wires in two, orthogonal directions.128 This assembly technique can be 

scaled-up for high throughput. One approach is to create a shear force using a rolling 

substrate.139 A common limitation for techniques relying on a shear force to assemble 

nanowires is the balance of the interacting forces. A minimum force is required to 

reorient the nanowires, and these structures must adhere to the substrate while 

maintaining their integrity. 

 

Figure 4.4 Nanowires can be assembled by electrosta tic interactions. The negative 
charge of silica can attract ammonium-terminated na nowires. This 
negative charge can be selectively masked by patter ning 
octadecyltrichlorosilane (OTS) by microcontact prin ting ( µ-CP) with 
a polydimethylsiloxane (PDMS) stamp. 

Assembly of nanowires can be driven by electrostatic interactions.119-124 These 

interactions rely on either the inherent polarizability of the nanostructure or a surface 

modification of this material to adopt a specific charge. One example is the negative 

charge of silicon oxide at pH 7, can attract nanowires with a positive charge (e.g., 

nanowires coated with an amine-terminated functionality).119-120 The negative charge of 

silica can be partially masked by the selective patterning with a dielectric layer. An 

example of this modification is the printing of a methyl-terminated alkylsilane onto 

substrates of silicon oxide by microcontact printing (µ-CP) as shown in Figure 4.4. 

Silicon nanowires functionalized with 3-aminopropyltriethoxysilane (APTES) adhere to 

the unmasked silica (Figure 4.4). Electrostatic interactions can assist the assembly of 

nanowires. This process can be driven by either passive or active (applied) electrostatic 

interactions, which are easily scalable over large areas. Simple structures are quickly 

assembled by these electrostatic interactions, but orientation of the nanowires can be 

easily altered by shear forces upon solvent evaporation. 
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Magnetic field can also direct the alignment of nanowires in a colloidal solution 

that are susceptible to magnetization (Figure 4.5).141-146 This assembly technique has 

been limited to nanowires composed of ferromagnetic and superparamagnetic materials. 

The process of assembly can be guided by external magnetic fields, but the uniformity of 

the assembled patterns and control over positioning of the nanowires both improve when 

magnets are incorporated onto the substrate. This alignment depends on the magnetic 

field lines and their shape. Nanowires assembled onto these substrates will often form 

chain-like structures extending from this magnet along the magnetic field lines.141 A 

complex geometry, which can assemble the nanowires into crossed-wire configurations 

and hierarchical structures, is also possible by positioning the magnets beneath the 

receiving substrate.142 A major limitation of this technique is the requirement that the 

nanowire being assembled must respond to a magnetic field. 

 

Figure 4.5 Magnetically susceptible nanowires can b e aligned within a magnetic 
field. 

Another area that has been explored for the parallel assembly of nanowires over 

large areas of a substrate is through the use of electrokinetic forces. Nanowires can 

adopt a polarization within an applied electric field. These structures align with a 

minimum energy configuration within the applied field, such as along the field lines 

(Figure 4.6). Electrokinetic assembly is a promising approach to manipulating nanowires. 

Directing the assembly of nanostructures within an electric field has a number of benefits 

and limitations. Materials can assemble based on polarization of the material and/or the 

interactions of charge on the material within an applied electric field.99, 111, 150, 155, 160-165 

The electric field direct the assembly of the materials and can, therefore, be used to 

assemble multiple nanostructures in a parallel process. In addition, the process can be 

reversible if electrochemical degradation of the sample is avoided during the assembly 

process. This ability to reconfigure the assembled nanostructures can be useful for 

optimizing their positions by cycling between assembly and dispersion processes. The 

field lines can also be directed over distances much larger than the largest dimension of 

the nanostructures. These properties have been used to assemble nanowires of metals, 
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semiconductors and dielectric materials over distances of a few micrometers,150, 155, 162-163 

but for highly anisotropic nanostructures only carbon nanotubes have been assembled 

over larger distances through the use of electrokinetics.109, 112 We demonstrate herein 

the ability to use electrokinetics to direct the assembly of solution-phase synthesized 

nanowires over large distances (>5 cm).  

 

Figure 4.6 Polarization of nanowires in an electric  field can direct the alignment of 
these structures. 

4.2. Experimental Section 

Nanowires used in the studies on electrokinetic assembly were synthesized by 

solution-phase techniques. Selenium nanowires were synthesized from a solid-solution-

solid transformation using amorphous selenium powder. Silver nanowires are produced 

via the polyol method as discussed below.  

4.2.1. Synthesis of Selenium Nanowires 

In brief, to synthesize amorphous selenium, 2.73 g (21.1 mmol) of selenious acid 

(H2SeO3, 98%; Sigma-Alrich) was dissolved in 100 mL of 18.0 MΩ·cm water (produced 

via a Millipore water filtration system) in a 250 mL round bottom flask. The H2SeO3 

solution was chilled with an ice-water bath. This solution was reduced with 3 mL (61.1 

mmol) of hydrazine (N2H4, 50-60% in water; Sigma-Aldrich), which was introduced over 

a 2 min period drop-by-drop into the reaction solution under magnetic stirring. After a 

total reaction time of 15 min, the red precipitate was collected by vacuum filtration onto a 

PVDF membrane (catalogue number: VVLP04700; Millipore). The filtrate was rinsed with 

200 mL of ice-cold high purity water to remove residual N2H4. The resulting red solid was 

stored in a desiccator in darkness at 22°C. Seleniu m nanowires were produced by 

sonicating (Branson Model 1510) for 20 s a dispersion of 1 mg of amorphous selenium 

powder in 1 mL of ethanol (EtOH, 95%; Commercial Alcohols) within a sealed 1 dram 
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glass vial. The nanowires grow over a period of 12 h while this sonicated solution was 

stored in darkness at 22°C. After centrifugation at  1,500 rpm for 15 min, the ethanol 

solution was decanted and replaced with hexanes. This solvent exchange process was 

repeated at least three times to remove trace amounts of ethanol. The final solution of 

selenium nanowires was used for the electrokinetic assembly studies.  

4.2.2. Synthesis and Surface Modification of Silver  Nanowires 

In the polyol synthesis of silver nanowires, 220 mg of polyvinylpyrrolidone 

(PVP55k, Mw: 55 k; Sigma-Aldrich) dissolved in 5 mL of ethylene glycol (EG, ≥99%; 

Sigma-Aldrich) was heated to 120°C with an oil bath while N2 (g) was blown over the top 

of the solution at 2 mL/min to remove water vapor. When the solution reached 120°C, 1 

mL of an ethylene glycol solution containing 0.024 mg platinum (II) chloride (PtCl2, 

99.99+%; Aldrich) was added dropwise into the reaction mixture. The reaction 

proceeded under an atmosphere of N2 (g) for 1 h, before adding a solution of 50 mg of 

silver nitrate (AgNO3, 99+%; Sigma-Aldrich) and 220 mg of PVP55k dissolved in 7.5 mL of 

ethylene glycol. The later solution was introduced into the reaction mixture at 2 mL/min 

via a syringe pump. After the addition of this solution, the reaction temperature was 

increased at 1.8°C/min to 160°C. Upon reaching this temperature the N2 (g) flow was 

removed and the reaction flask was capped to prevent the accumulation of dust in the 

solution. The reaction was held at this temperature for 1 h, resulting in formation of silver 

nanowires. This solution of nanowires was diluted with 20 mL of acetone (Anachemia; 

Lab Grade) and purified at least 3 times via centrifugation at 3,000 rpm for 10 min, 

decantation of the supernatant, and re-dispersion in ethanol. The purified silver 

nanowires were coated with self-assembled monolayers of an alkanethiol. A solution of 

0.5 mL 1-dodecanethiol (≥98%; Aldrich) and 1 mL purified silver nanowires in acetone 

contained within a 2 mL centrifuge tube was vortexed overnight. Excess alkanethiol is 

removed by purification of the nanowires by at least three processes of centrifuging, 

decanting, and washing the modified nanowires with hexanes (≥98.5%; Anachemia).  
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4.2.3. Materials Characterization Techniques 

All optical images were taken with an HP Photosmart 945 digital camera and all 

color images in the main body of the manuscript were altered to grey scale using Adobe 

Photoshop CS3 Extended software.  

Scanning electron microscopy (SEM) images were acquired with Strata DB235 

FESEM operating at 5 kV. Samples for SEM analysis were prepared by either drop-

casting a solution of nanowires or otherwise positioning the sample of interest onto a 1 

cm2 piece of silicon wafer. Bright field transmission electron microscopy (TEM) images 

were obtained with a Tecnai G2 STEM operating at 200 kV. These TEM samples were 

prepared by drop-casting or dip-coating solutions of nanowires onto a 300 mesh copper 

grid coated with formvar/carbon (catalogue number: FCF300_CU_50; Cedarlane 

Laboratories Limited).  

X-ray diffraction (XRD) patterns were acquired with a Rigaku diffractometer using 

Cu Kα radiation (λ = 0.15418 nm). Copper X-rays were generated from a copper target 

by electron bombardment at 42 kV and 40 mA. A 0.5-mm collimator was placed between 

the X-ray source and the sample. Samples for X-ray analysis were prepared by casting a 

suspension of nanowires from EtOH onto a glass slide and drying the sample under 

vacuum. A fiber of selenium nanowires was fixed on a glass capillary by Dow CorningTM 

high-vacuum grease (Thermo Fisher Scientific Inc.; catalogue number: 146355D). 

Electrokinetically assembled silver nanowires were collected on a piece of ~1x1 cm2 

glass slide. 

X-ray photoelectron spectroscopy analysis was performed using a Kratos 

Analytical Axis ULTRA spectrometer containing a DLD spectrometer using a 

monochromatic aluminum source (AlKα, 1486.6 eV) operating at 150 W (10 mA 

emission current and 15 kV HT). Analysis was conducted on a 700 x 300 µm2 area of 

the sample. High resolution scans were obtained at a 25 meV step size with a dwell time 

of 300 ms per step, a pass energy of 20 eV, and averaged over 2 scans. Energy scale 

linearity was calibrated using Al and Mg X-ray sources on Argon sputter cleaned gold 

and copper substrates. The calibration procedure was performed in accordance to the 

ISO 15472 international procedure. XPS samples were prepared by drop-casting 

dispersions of selenium and silver nanowires onto a 1 cm2 polished Si/SiOx substrate. 
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The Kratos charge neutralizer was used during analysis of a fiber of selenium that was 

fixed on a Si/SiOx substrate with conductive copper tape (catalogue number: 77800; 

Electron Microscopy Sciences) and the electrokinetically assembled silver nanowires 

were collected on a piece of ~1x1 cm2 glass slide. 

Zeta potential measurements of selenium nanowires were acquired in ethanol 

using a Malvern Instruments Zetasizer Nano ZS system and disposable capillary cell 

(catalogue number: DTS1060C; Malvern Instruments).  

 

Figure 4.7 Emission spectrum of ringlight light emi tting diodes (LEDs) with a 
fluence of 3.6 mW/cm 2 at 633 nm as measured at a distance of 15 cm 
from the detector. 

Conductivity measurement of selenium nanowire fibers was performed on a 

Cascade Microtech, Inc. M150 probe station equipped with a Leica Stereo Zoom 

microscope and an Aglient BI500A semiconductor device analyzer. The fibers of 

selenium nanowires were irradiated with a Leica ringlight light emitting diodes (LEDs; 
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color temperature of 5000 K). The emission spectrum of the LEDs (Figure 4.7) was 

obtained on a Mightex Systems High-Resolution High-Stability Spectrometer (HRS-

Series). These LEDs have a maximum fluence of 3.6 mW/cm2 at a distance of 15 cm 

from the detector. Fluence of the LEDs was measured with a S121C detector (Thorlabs, 

Inc.) at a wavelength of 633 nm. Signal from the S121C detector was read out from a 

PM100A Handheld Optical Power Meter (Thorlabs, Inc.) Tungsten probes were placed in 

direct contact with the selenium fibers and the current collected from -3 to 3 V at 50 mV 

increments both in the absence of light and during illumination at various intensities from 

the LEDs of the microscope. Three consecutive measurements were made for each 

sample. The reported values are the average of the three measurements. 

4.2.4. Electrokinetic Assembly Techniques 

Care was taken to avoid the presence of dust within the solutions containing the 

dispersions of nanowires. Hexanes were initially filtered through a syringe filter 

containing a PTFE membrane with 0.2 µm holes (catalogue number: AP-4225; 

Acrodisc). Open solutions of nanowires were kept in an environment that was cleaned to 

minimize the presence of dust, and all dispersions were analyzed immediately after 

placement into rinsed glassware. These solutions were capped with a thoroughly rinsed 

watch glass upon completion of each study.  

Nanowires dispersed in hexanes were contained in glass or plastic vials for small 

scale assemblies (e.g., over distances up to 1 cm). This assembly can be driven by the 

accumulation of charge on the exterior of the vials from a Zerostat® anti-static gun 

(product number: Z108812-1EA; Sigma-Aldrich) held next to the vial. Alternatively, 

similar assemblies of nanowires can be achieved using a high voltage power supply 

(Spellman High Voltage DC Supply; with an operating range of 0.1–30 kV) that is 

connected by copper or platinum wire leads attached to the exterior of the vial. Larger 

scale assemblies were performed with dispersions of nanowires contained in a glass 

Petri dish that was suspended in air with either a single clamp or hollow glass supports. 

The electrodes used for these assemblies were either copper or platinum wires (~1 mm 

in diameter, 2 to 3 cm in length; ≥99.9%; Sigma-Aldrich), or a stainless steel mesh with 

open circular holes (Small Parts Inc.). The high voltage power supply is connected to 

these electrodes after positioning the wire or mesh within the suspension of nanowires. 
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WARNING: use extreme caution when working with high voltages. The system under 

study should be appropriately grounded, and the working and ground electrodes should 

be at least 3 cm apart while performing the electrokinetic assembly to avoid arcing. 

Sparks created from electrode arcing could easily initiate combustion of the hexanes. 

Extreme care should be taken when performing large-scale assembly of nanowires in an 

open dish of hexanes.  

4.2.5. Modeling of Electric Field 

Simulated spatial distributions of the electric field and gradients were performed 

with COMSOL Multiphysics 3.5 using the constitutive relation, D = ε0*εr*E for two 

spherical electrodes immersed in water contained within a glass Petri dish. Water was 

used as the solvent for this simulation as we were not able to model low dielectric 

constant solutions, such as hexane. Scaling for this simulation was identical to that for 

the experimental conditions. The two opposing spherical gold electrodes (each with a 

radius of 0.65 cm) were spaced 4.6 cm apart (center-to-center distance) within the glass 

Petri dish. This dish had a volume of πr2h, where r = 4.25 cm and h = 1.3 cm. Physical 

properties of water (at a temperature of 293 K) entered into the model include: relative 

permittivity, εr = 80.1; conductivity, σ = 5.5x10-6 S/m; and viscosity, η = 1.003 mPa•s. 

Physical properties of gold has a relative permittivity of εr = 6.9.166 In addition, εo is the 

electric permittivity of free space (εo = 8.85E-12 F/m). In addition, potentials of +5000 

and 0 V under DC conditions were applied to the working and ground electrodes, 

respectively. 
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4.3. Results and Discussion  

Electrokinetic assembly of nanostructures requires a dispersion of either 

polarizable or charged materials.167 Assembly proceeds by either dielectrophoresis or 

electrophoresis.167-168 In order to design a general system for assembly, we chose a low 

dielectric constant solution to suspend the nanostructures. This type of solution will 

maximize the response of our system to applied electric fields. The first systems we 

tested were the response of suspensions of selenium and silver nanowires (detailed 

syntheses of the nanowires are described in the Experimental Section) to static electric 

fields established by externally applied charges. A number of methods can generate 

charge to create this external electric field, such as Van de Graaf generators, Tesla 

coils, and piezoelectric charge generators. The later method ionizes air molecules and is 

often used to dispel electrostatic charge accumulated within dry chemical powders.169 

We use a commercially available Zerostat® anti-static gun to apply charge to the exterior 

of vessels containing dispersions of nanowires (Figure 4.8a,d). The initial dispersion of 

~50-µm long selenium nanowires, which have a zeta potential of -54.3 ± 2.3 mV, are 

attracted to the wall of the vessel when positive ions are generated (Figure 4.8b,b’).170 

These selenium nanowires collect into fibers extending from the region nearest to the 

nozzle of the anti-static gun where positive ions are generated after the trigger is 

squeezed. Selenium nanowires were repelled from this interface when negative ions are 

subsequently produced by the Zerostat® anti-static gun (Figure 4.8c,c’). This process is 

reversible and can be repeated multiple times. Dispersions of ~10-µm long silver 

nanowires with a zeta potential of 43.3 ± 5.0 mV exhibited an equal and opposite 

response to the charge accumulated on the vessel; these metal nanowires are repelled 

by positive charge accumulation (Figure 4.8d,d’) and attracted to the side of the vessel 

with a subsequent generation of negative ions (Figure 4.8e,e’). In both systems the 

assembled nanowires appear to align with electric field extending from the charge 

accumulated on the exterior of the container to the nearest ground, such as the table 

top.  
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Figure 4.8 Optical images show that dispersions of (a) selenium and (d) silver 
nanowires in hexanes (b,c,e,f) align with electric field created after 
the exterior of the plastic or glass vial is expose d to charged ions 
generated from a handheld Zerostat ® anti-static gun. (a’-f’) Higher 
magnification images are below each corresponding o ptical image. 
All scale bars are 0.5 cm. 

The solvent plays an important role in the electrokinetic assembly of the 

nanowires into macroscopic fibers. Solvent properties that influence the dispersion of 
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nanowires within a solvent also influence their assembly into fibers. These properties 

include dielectric constant, viscosity, polarity of the medium and of the suspended 

material, and zeta potential of the dispersed nanostructures.164-165 It is anticipated that 

viscosity plays a minor role in the ability to form fibers from dispersed nanowires. We 

screened a number of solvents with similar viscosities. These solvents had very different 

solvent polarities and dielectric constants. Our studies revealed that dielectric constant 

of the solvent played a dominate role in determining whether dispersed nanowires would 

successfully assemble into a visible macroscopic fiber (Table 4.1). When isolating fibers 

of nanowires from a low dielectric constant solvent, we prefer to use a solvent with both 

low boiling point and low vapour pressure. It is desirable that the solvent evaporate as 

soon as the fiber is removed from the assembly medium. From the low dielectric 

solvents that we screened, hexanes was chosen as the preferred solvent for assembly 

of the fiber-like structures. This choice was dictated by a combination of macroscopic 

fiber stability in each solvent, vapour pressure, and boiling point of the solvent.  

Table 4.1 Solvent Dependence for the Assembly of Na nowires into Macroscopic 
Fibers* 171-172 

 

*Abbreviations: εεεεr = dielectric constant and P’= solvent polarity. 

Selenium and alkanethiol modified silver nanowires dispersed within low 

dielectric constant solvents (i.e., dielectric constants ≤4.34) could assemble into 

macroscopic fibers under an applied electric field. A similar method of assembly was 
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reported by Kamat et al.109 Kamat introduced extrinsic charges onto the surfaces of their 

materials through the addition of an ionic surfactant in order to polarize their material 

under applied electric fields. In comparison to our study, Kamat et al. were able to 

assemble their material into linear bundles along electric field in a relatively high 

dielectric constant solvent. In our system both selenium and silver nanowires were 

assembled into macroscopic fibers without the addition of charged surfactants. The 

assembly of nanowires in our system relies on a combination of material polarization and 

dispersion in the solvent. Low dielectric constant solvents were required in our method of 

nanowire assembly. Insulating properties of these low dielectric constant solvents 

prevented the loss of charge or screening of polarization from the nanowires within the 

applied electrostatic field.  

Electrokinetic assembly was driven by the electric field strength and the 

polarizability of the nanowires dispersed in a medium of a lower dielectric constant than 

the nanowires. Polarization of metallic nanowires most likely proceeded by the 

displacement of free electrons away from the negatively charged electrode in the 

presence of an applied electric field, while the positive charges migrated in the opposite 

direction. Semiconducting nanowires were polarized in a similar fashion, but charges on 

a semiconducting nanowire could also originate from oxidation of the surface atoms, 

accumulation of static charges as nanowires moved against each other, accumulated 

through solvent mediated charge transfer, and photon induced charge separation.173-174 

Induced polarization due to charge separation and/or accumulated excess charges 

facilitated the directed alignment and assembly of both silver and selenium nanowires in 

the applied electric field. In addition, polarized nanowires dispersed in an electric field 

experience electrophoretic forces that cause them to move toward the region of the 

highest field strength.167-168 These polarized nanowires subsequently assembled into 

centimeter long fibers in solution through induced dipole-dipole interactions. 
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Figure 4.9 Optical images of silver nanowires assem bled into fibers by 
electrokinetic processes. (a,a’) Silver nanowires d ispersed in 
hexanes align with electric fields (b-c’) created u sing an external 
power supply. Electrodes from this power supply are  in contact with 
opposite sides of the glass vial at the positions i ndicated by the 
white arrows in (a). All scale bars are 0.4 cm. 

Fine tuning the response of the assembled system requires the use of a variable 

power supply to control the strength of the applied electric field. The distance covered by 

the assembled nanowires and the density of the nanowires collected within the electric 

field should scale with the strength of the applied electric field. The type of power supply 

necessary to direct the assembly of nanostructures within a low dielectric constant 

solution can be estimated from the electrostatic potential used in the previous study 

(e.g., 2 to 5 kV for a Zerostat® anti-static gun). Electrodes from a high voltage DC power 

supply connected to opposing sides of a glass vial can establish electric field within the 

container for directing the organization of nanostructures. The silver nanowires 

assemble into macroscale fibers extending from the walls of the container. These fibers 

of assembled silver nanowires span the diameter of the vial between the two external 

electrodes (Figure 4.9). Increasing the applied electric field strength from 0.33 MV/m in 

Figure 4.9b to 0.67 MV/m in Figure 4.9c increases both the length and quantity of 

assembled fibers between the two electrodes. Lengths of the fibers are limited by the 

distance between the two electrodes, or the distance to a second, more efficient source 

of ground (Figure 4.10). When a dispersion of selenium nanowires are assembled in a 

vial that is in contact with two sources of ground, the assembled structures will extend 

from the working electrode to the nearest or the more efficient source of ground. In order 

to manipulate the geometry of assemblies the systems need to be isolated from 

unwanted grounding sources.  
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Figure 4.10 (a) When electric fields are applied to  suspensions of selenium 
nanowires, (c,d) these materials assemble into fibe r-like structures 
that extend from the working electrode to the neare st ground, in this 
case the table beneath the glass vial. 

There are few options to isolate a system containing high voltage field lines from 

external, unwanted grounding sources. One of the best electric insulators is air. A simple 

method for insulating our system is to suspend it in air. A number of insulating containers 

of either plastic or glass could be used to contain the dispersions of nanowires during 

the assembly process. A simple and inexpensive container is an open glass dish, such 

as a glass Petri dish or crystallizing dish. This set-up can be easily viewed from above or 

from the side with minimal distortion. The new container is also convenient for assessing 

the dynamics of the assembling nanowires. In this configuration the choice of electrode 

is important in order to avoid unwanted electrochemical reactions between the 

nanowires and the electrode. For example, although copper wires can be used to direct 

assembly within the solution, the nanowires and/or the electrodes can potentially react 

electrochemically with each other during this process. Platinum wires are the preferred 

choice for directing the assembly of both selenium and silver nanowires. Material in 

solution starts to assemble into fiber-like structures extending from these electrodes as 

soon as an electric field of sufficient magnitude is applied to the solution. Under an 

electric field strength of 1.7 MV/m these fibers will grow to lengths of ~1 cm in <30 s and 

continue to grow in both length and width as more nanowires accumulate along the 

electric field over time (Figure 4.11). The fibers and field lines can extend in all directions 

from a single working electrode (Figure 4.11a). Fibers can also form between electrodes 

with orientations along the applied field lines (Figure 4.11b,f). As the magnitude of the 

electric field increases, the assembled fibers of selenium nanowires are directed to the 

regions of the highest field strength (Figure 4.11c,d). A fiber ~7 cm in length was 
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assembled under an electric field strength of 2.1 MV/m (Figure 4.11e). With the 

appropriate concentration of the selenium nanowires and electric field strength longer 

fibers can be assembled in the low dielectric constant solvents. 

 

Figure 4.11 Selenium nanowires assemble into fibers  along electric field 
generated in a solution of hexanes. Visible fibers are observed 
extending (a) from the working electrode, or (b) be tween two 
electrodes in close proximity. (c,d) Increasing the  field strength 
(e.g., from 1.6 MV/m in c to 3.3 MV/m in d) drives the assembly of the 
nanowires into a single fiber. (e) A fiber ~7 cm in  length is 
assembled under a potential of 2.1 MV/m. (f) Simula ted electric field 
using a COMSOL finite element method. Arrows indica te the 
direction of the field lines and the sizes of these  arrows represent 
the magnitude of the electric field strength. Scale  bars are 1 cm.  
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Figure 4.12 (a) X-ray photoelectron spectroscopy (X PS) data for the selenium 
nanowires both before (top) and after (bottom) elec trokinetic 
assembly within hexane at an electric field strengt h of 3.3 MV/m. (c) 
XPS analysis of silver nanowires before (top) and a fter (bottom) 
electrokinetic assembly within hexane at an electri c field strength of 
0.67 MV/m. 

Increasing the electric field strength concentrates the nanowires into a single 

fiber spanning the shortest path between the working and ground electrodes. The onset 

of assembly for both selenium and silver nanowires into macroscopic fibers was visually 

observed for field strengths >0.30 MV/m, and fibers of appreciable length (>1 cm) are 

seen at ~0.50 MV/m. The assembled fibers continue to gather nanowires from solution 

until reaching ~9 MV/m. At this electric field strength fiber-like structures were observed 

to shuttle back-and-forth between the two electrodes. It is likely that these bundles of 

selenium or silver nanowires may react with the electrodes. However, analysis by XPS 

indicated the chemical states of the assembled fibers did not change in comparison to 

the dispersed silver and selenium nanowires (Figure 4.12). In addition, matching XRD 

patterns between the assembled fiber of selenium nanowires and randomly dispersed 

selenium nanowires deposited onto glass substrates further suggested that no reaction 
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had occurred between the electrode and the selenium or silver nanowires during the 

electrokinetic assembly process (Figure 4.13a). Both diffraction patterns are well 

matched to the XRD pattern for the t-Se standard (PDF 42-1425). The XRD pattern for 

assembled fibers of silver nanowires also indicated no change in the crystal structure in 

comparison to randomly oriented silver nanowires on glass substrates (Figure 4.13b). 

Both diffraction patterns match the silver standard with a face-centered cubic (FCC) 

geometry (PDF 4-783).  

 

Figure 4.13 X-ray diffraction (XRD) patterns of (a,  top) fiber of selenium nanowire 
removed from the electrokinetic assembly process, ( a, middle) 
randomly oriented selenium nanowires on a glass sub strate, (a, 
bottom) trigonal selenium (t-Se) reference standard  (PDF- 42-1425). 
(b) Diffraction pattern of corresponding silver nan owires (b – top) 
after assembly, (b, middle) prior to assembly, and (b, bottom) face-
centered cubic silver reference standard (PDF 4-783 ), respectively.  
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Figure 4.14 Optical images of selenium nanowires as sembled into fibers with a 
radial pattern extending from (a) a point and (b) r ing electrode within 
a glass Petri dish. The inset images of (a,b) showe d differences in 
the density and the diameter. Different amount of s elenium 
nanowires (c) ~5 µg and (d) ~120 µg are assembled between 
stainless steel mesh electrodes. (e,f) The geometry  and relative 
positions of the working and ground electrodes can be used to align 
nanowires into fibers of different orientation. The  electrical contact 
with the central electrode is made through a hole i n the bottom of 
the glass dish. All scale bars are 1 cm. 

To further demonstrate the versatility and scalability of the system, we pursued a 

number of different electrode configurations for directing the nanowires into arrays of 
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fibers. The fibers form along the electric field in solution, which seek the path of least 

resistance between the working and ground electrodes. Parallel assembly of nanowires 

into multiple fibers can be achieved by increasing the area of either the working or 

ground electrodes (Figure 4.14). In an electrode geometry where a point electrode 

located in the middle of a petri-dish is surrounded by a ring electrode is used to study the 

effect of working electrode surface area on the electrokinetic assembly process. 

Electrokinetic assemblies were performed on a dispersion containing ~50 µg of selenium 

nanowires in ~40 mL of hexanes, with equal electric field strength, but opposite polarity 

of the electrodes. Under an applied electric field strength of 1.16 MV/m the selenium 

nanowires assembled into fibers that radiate from the point and ring electrode (Figure 

4.14a,b). Optical images suggest that thicker selenium fibers are produced when an 

electric field emanates from a single point such as the electrode geometry in Figure 

4.14a, where the central electrode is the working electrode. In contrast, numerous 

slender fibers assembled when the field gradient converges into a central ground 

electrode, in this instance the ring electrode served as the working electrode instead 

(Figure 4.14b). A close inspection of the two scenarios suggests there are ~5 times 

fewer fibrous structures over 6 cm2 in the later scenario (Figure 4.14a – inset versus 

Figure 4.14b – inset). Electrodes fabricated from a stainless steel mesh demonstrate a 

few important considerations in the design of these larger electrodes in order to create 

desired patterns from the assembled fibers (Figure 4.14c-f). Density of fibers assembled 

between the mesh electrodes is non-uniform across the width of the electrodes and is 

mostly attributed to the periodic shape of the mesh electrode. Flat protrusions of the 

working electrode collect a dense array of fibers along its length. Gaps between the 

organized fibers correspond to the recesses at the edge of the mesh electrode. 

Nanowires collect primarily along the regions of the highest electric field strength, which 

correspond to the shortest distances between the electrodes. Therefore, density of fibers 

can be controlled by the periodicity of the metal protrusions extending from the working 

electrode. The number of assembled fibers depends on the concentration of nanowires 

in solution. Density of the fibers increases proportional to increases in the nanowire 

concentration. A small number of fibers of selenium nanowires with narrow diameters 

were assembled from a ~40 mL hexanes containing ~5 µg of selenium nanowires at an 

electric field strength of 2 MV/m (Figure 4.14c). Under the same electric field strength, 

the assembled fibers increased both in number as well as their diameter when the 
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concentration of suspended nanowires was increased to ~120 µg in an equivalent 

volume of hexanes (Figure 4.14d). 

The electrokinetic assembly of nanowires is a reversible process. This means 

that the assembled fibers of selenium or silver nanowires can be redispersed by 

agitating the low dielectric constant solution in the absence of an electric field. Then the 

dispersed nanowires can be assembled into fiber structures, again, in the presence of an 

electric field. To demonstrate, a round-bottom flask containing a suspension of selenium 

nanowires dispersed in a low dielectric constant solvent (Figure 4.15a) was assembled 

into centimeter long fibers under an electric field strength of 9.6 MV/m (Figure 4.15b). In 

the absence of an electric field, fibers of selenium nanowires can be redispersed through 

manual agitation of the solution (Figure 4.15c). In the presence of an electric field the 

dispersed nanowires assembled into centimeter long fibers, again (Figure 4.15d). 

 

Figure 4.15 Optical image of (a) a suspension of di spersed selenium nanowires 
and a Cu working electrode in a round-bottom flask.  (b,d) The 
selenium nanowires are assembled into fibers that e xtend from the 
working electrode at 9.6 MV/m. (c) In the absence o f an electric field 
the selenium nanowires can be redispersed through m anual 
agitation. Scale bars are 1 cm. 
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Figure 4.16 Optical images of silver nanowires asse mbled into fibers between two 
mesh electrodes. (a) Silver nanowires assembled bet ween two 
electrodes of stainless steel mesh with electric fi eld strength of 0.04 
MV/m. (b) The assembled nanowires form dense fibers  extending 
from the sharp edges of the ground electrode, and ( c) also assemble 
into aligned fibers between the two electrodes exte nding in the 
direction of the field lines. All scale bars are 1 cm. 

The open glass dishes were useful for assembling long fibers of selenium 

nanowires. Extending this to the assembly of silver fibers presented a larger challenge. 

Although these metal nanowires assembled into long fibers (>1 cm) within glass vials, in 

the open glass dish the silver nanowires formed short fibers (Figure 4.16). One of the 

primary reasons for our inability to form long silver fibers in the open dish was the 

interaction of the silver nanowires with the surfaces of the glass dish. The silver 

nanowires had a positive surface charge and assembled on the negative electrode. 

However, the negative charge of the glass also attracted these nanowires, and could be 

one of the reasons short fibers of silver nanowires irreversibly collected on the bottom of 

the glass dish (Figure 4.16c). Despite our attempts to protect the glass surface with a 

coating of 1H,1H,2H,2H-perfluorodecyltrichlorosilane, the metal nanowires irreversibly 

adhered to the surfaces of the glass dish. However, the nanowires collected within the 

region between two electrodes did align with the direction of the applied electric field. 
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Figure 4.17 Time-resolved optical images of fibers assembled from selenium 
nanowires. (a) A dispersion of selenium nanowires a ssembles at the 
working electrode. (b) After 10 s and (c) 30 s of a n applied electric 
potential of 4 kV, selenium nanowires assemble into  fibers 
extending in multiple directions from the tip of th e working 
electrode. (d) These suspended fibers remain intact  and attached to 
the working electrode for >24 h after removing the applied electric 
potential. Scale bars are 1 cm. 

Electrokinetic assembly of nanowires can form very long and stable fibers. 

Nanowires can be assembled into fibers with lengths >7 cm that are suspended in 

solution (Figure 4.11e). These fibers are stable upon removal of the applied electric field. 

The suspended fibers stay in contact with the electrode and remain intact except for 

distortions imparted by Brownian motion and gravitational forces on these dense 

materials (Figure 4.17). If the aspect-ratio of the nanowires is significantly decreased the 

nanostructures assembled into a very different arrangement. These shorter nanowires 

will also assemble within the applied electric field, but the observed assemblies are no 

longer simple fiber-like structures. Selenium nanowires with lengths of ~1 µm assemble 

into thick bundles extending from the working electrode (Figure 4.18). These bundles do 

not form the long fibers that were observed for the assemblies of 50-µm long nanowires. 

Higher resolution imaging is required to further understand the interactions between the 

50 µm nanowires within the observed fibers.  
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Figure 4.18 (a,b) Optical images of a mountain-like  structure assembled by 
electrokinetic processes from selenium nanowires wi th lengths of 
~1 µm. These structures grew by assembly of the sho rt nanowires 
collected at the working electrode under field stre ngths of 5 MV/m. 
(c) Scanning electron microscopy (SEM) images of th e original 
selenium nanowires with average lengths of 1.08 ± 0 .44 µm. Scale 
bars in a and b are 0.5 cm, and in c are 1 µm. 

A simple technique to remove the selenium fibers from solution is to use the 

ground electrode to lift-out the fiber while the power supply is in operation. The process 

of lifting-out the fiber from the assembly solution is similar to fishing. Fibers of selenium 

will move toward the ground electrode when it is lowered into the low dielectric constant 

medium. Once a fiber of selenium is in contact with the ground electrode, the electrode 

is quickly removed from the solution, taking the assembled fiber of selenium with it. 

(Warning: use extreme caution when dipping the ground electrode into a combustible 

medium, the ground electrode should be at least 3 cm apart while performing the 

electrokinetic assembly and during the process of removing assembled selenium fiber to 

avoid arcing. Sparks created from electrode arcing could easily initiate combustion of the 

hexanes.) The low surface tension of hexanes minimizes potential distortions to the fiber 

during a quick solvent evaporation (~1 s). Scanning electron microscopy (SEM) analysis 

suggests that the fibers are held together by entangled nanowires (Figure 4.19a,b). The 

nanowires interact with each other in solution through van der Waals and electrostatic 

forces, and possibly through material polarization within the applied electric field. If the 

fibers of selenium nanowires were not removed from solution prior to evaporation of the 
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bulk solvent the structure of the fiber looked very different. The nanowires within the fiber 

collapsed into a two-dimensional structure due to reorganization during solvent 

evaporation over a period of 12 h (Figure 4.20). These structures were sheets of 

randomly oriented nanowires with an outline in the shape of the original fiber. The 

collapsed structure strongly adhered to and could not be removed from the substrate.  

 

Figure 4.19 (a,b) Single fibers can be isolated fro m the solution and imaged by 
SEM. (c) These fibers exhibit increased conduction as a function of 
the intensity of light from LEDs used to illuminate  the sample 
(Figure 4.7). The inset shows an optical image of t he selenium fiber 
on a glass substrate with a tungsten probe in conta ct with either end 
of the fiber. Scale bars are 20 µm in a, 2 µm in b, and 1 mm in c. 

The free-standing selenium fibers exhibited photoconductive properties. The fiber 

was insulating in the absence of light (Figure 4.19c), but became conducting with white 

light illumination producing peak currents of -4.4 to 5.8 pA at -3 and 3 V, respectively. 

The observed current under white light illumination was non-symmetric around 0 V, 

possibly due to charge accumulation on the fiber. The current passing through the 

selenium fiber is considerably lower in comparison to that reported by Liao et al. for a 

single selenium nanowire (~100 nm in diameter) over a distance of ~500 nm.70 There 

are at least three possible explanations for the relatively low conductivity of our 
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assembled fibers. One reason is the low intensity of the LED light source used in these 

studies (i.e., 3.6 mW/cm2 at 633 nm, Figure 4.7) relative to that of Liao et al. (i.e., 514 

nm output from an Ar ion laser).70 In addition, the mobility of charge carriers decreases 

for nanowires with smaller diameters (our nanowires have diameters between 20 and 60 

nm in comparison to ~90 nm nanowire diameter reported by Liao et al.).175-176 A third 

possible explanation for the relatively low photoconductivity of the assembled fibers of 

selenium is the increased resistance due to the long (~4 mm) and discontinuous 

pathway for electronic transport along the fiber. Furthermore, electrons are scattered at 

the nanowire-to-nanowire interfaces while they are moving between different strands of 

nanowires when they are traveling to the drain electrode (Figure 4.21).177-178 

 

Figure 4.20 (a) Optical image of a collapsed fiber assembled from selenium 
nanowires supported on a silicon substrate. (b-d) S EM images of the 
sample in (a) revealed that the selenium structure was composed of 
randomly oriented selenium nanowires and did not re tain the 
original shape of the fiber. 
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Figure 4.21 Electrons moving through a fiber compos ed of selenium nanowires 
are scattered at the nanowire-to-nanowire interface s. 

Fibers of selenium nanowires isolated from solution exhibited the ability to 

reversibly bend in response to electrostatic charges brought into proximity to these fibers. 

A free-standing fiber bends relative to the magnitude of the electrostatic charge. One 

method of introducing charge onto the fibers is through the use of a ZeroStat® anti-static 

gun. A free-standing selenium fiber deflects away from the source of the charge; the 

fiber can move either up or down depending on the relative position of the external 

charge (Figure 4.22a-d). The fiber is repelled from the external charge independent of 

the polarity of the applied charges (i.e., negatively or positively charged ions). This is an 

indication that there was a saturation of charge accumulated on the surfaces of the fiber 

(Figure 4.22a,b). Each fiber was electrically insulated from ground, leading to a quick 

accumulation of charge and a fast response (or actuation) of the fiber. These charged 

fibers were attracted to either an electrical ground or oppositely charged material (Figure 

4.22c,d). The actuated fibers exhibited a high range of flexibility (reversibly bending over 

angles of at least 154°; see Figure 4.23) and a moderate resistance to breaking 

(remaining predominately intact after bending >200 times; Figure 4.22e). Analysis by 

SEM revealed the presence of some fractured nanowires at the bend in the fiber after 

being reversibly bend >200 times. These fractured nanowires are predominately located 

near the center of the fiber (Figure 4.22f).  
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Figure 4.22 (a-e) Optical images of a selenium fibe r partially supported on carbon 
tape upon an aluminum mount that is electrically in sulated from 
ground. (a,b) This fiber is repelled by charged ion s produced from a 
ZeroStat ® anti-static gun. (c,d) This same fiber is attracte d to 
electrical ground or oppositely charged materials. (e) After bending 
the fiber >200 times by steering the fiber with ele ctrostatic charges 
the fiber remains intact, but (f) SEM analysis reve als fractured 
nanowires along the bend in the fiber (indicated by  the white arrow). 
Scale bars in a-e are 1 cm and in f is 10 µm. 
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Figure 4.23 (a-d) Optical images of a free-standing  fiber of selenium nanowires 
that was bent by actuating the fiber with electrost atic charges. The 
fiber was bent up to angles of at least 154 °. (e) This fiber remained 
intact after repeated bending. Scale bar is 1 mm. 
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4.4. Conclusions  

We have developed a technique for assembling nanowires of semiconductors 

and metals into macroscopic fibers directed along electric field when suspended in low 

dielectric solvents. We have determined that selenium and silver nanowires dispersed in 

a solvent with a dielectric constant <4.34 can be assembled into macroscopic fibers in 

the presence of an electric field. This electrokinetic assembly is dominated by 

electrophoretic movement of the suspended nanowires. The assembly process is simple 

to implement, fast, and reversible. Multiple nanowires can be assembled in a parallel 

process over distances much greater than the length of the individual nanowires. 

Anisotropic structures extending over ~7 cm are assembled from dispersions of 

nanowires within 1 min of applying an electric potential to the solvent. These fiber-like 

structures can be isolated from solution, or re-dispersed with manual aggitation as a 

suspension of individual nanowires, which can be assembled into another fiber. Fibers of 

selenium nanowires are able to retain their polarization for >24 h after the electric field is 

removed. Silver nanowires, on the other hand, are unable to remain assembled as fibers 

after the electric field is removed. Both assembled structures of selenium and silver have 

retained their crystal structure as well as surface chemical state(s). The morphology of 

the individual nanowires is also retained after the electrokinetic assembly process. We 

are able to isolate free-standing fibers of selenium nanowires with the ground electrode, 

while under the presence of an electric field. Free-standing fibers of selenium nanowires 

are mechanically flexible and photoconductive. Photoconductivity of the fibers of 

selenium nanowires is ~100 times lower than a single selenium nanowire device 

reported by other literature. We have attributed 1) a weaker irradiation intensity (i.e., 

LED lighting versus an Ar ion laser), 2) a ~2 times narrower selenium nanowire 

diameter, and 3) an increase in the resistance of the fibers of selenium nanowire due to 

electron scattering as the electrons hop from nanowire-to-nanowire could be one of the 

potential contributing factors that resulted in the significant decrease in our observed 

photoconductivity. Overall, electrokinetic techniques are versatile and scalable for 

directing the assembly of solution-phase synthesized nanowires that may otherwise be 

difficult to organize.  
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4.5. Future Directions in Electrokinetic Assembly o f 
Selenium and Silver Nanowires 

Electrokinetic assembly can be extended to directing the alignment of individual 

nanowires over micron-scale lengths148, 151, 155-158, 179 as well as to purify solution-phase 

synthesized nanowires. Most solution-phase syntheses are able to produce nanowires of 

uniform diameter. It is, however, more challenging to synthesize nanowires of similar 

lengths as the aspect-ratio increases. Nanowires of different lengths are formed because 

nucleation is not instantaneous, growth is diffusion-limited, and these nanowires are 

competing for limited amount of reagents. As a result, most solution-phase syntheses 

yield nanowires with a polydisperse aspect-ratio and zero-dimensional (0D) 

nanoparticles as common byproducts. The presence of these 0D particles, in a sample 

to be assembled into a 2D array, can disrupt the packing of nanowires, resulting in 

packing defects.103, 136 There are a few techniques such as cross-flow separation,180 

diafiltration,181 density gradient sorting,182 and gel electrophoresis183 have been 

developed to sort nanostructures. We believe that electrokinetic assembly can be used 

both as a purification and sorting technique to isolate nanowires of different aspect-ratios 

from one another and to separate the nanowires from 0D nanoparticles.  

To perform electrokinetic assembly at the micron scale, microelectrodes with a 

few micrometers of separation between each other can be fabricated using 

photolithography or electron beam lithography techniques on insulating substrates, such 

as quartz, silica, or borosilicate glass. These electrodes would then be protected with 

silicon nitride to prevent shorting of the electrodes during the assembly process. The 

geometry of these electrodes can be optimized by performing electric field simulations 

using COMSOL finite element methods. The electric field simulation will provide 

information on the location(s) of the highest electric field strengths, in which the 

nanowires will be collected and oriented parallel to the direction of the electric field. As 

an example, an interdigitated electrode geometry (Figure 4.24a) has highest electric field 

strength along the length of the electrodes, therefore, nanowires will align 

perpendicularly between the length of the electrodes. In contrast, the highest electric 

field strength is located between the tips of electrodes. Nanowires will align in between 

the tips of the electrodes and orient parallel to the length of the electrodes in an end-to-

end electrode geometry (Figure 4.24b).  
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Figure 4.24 Electric field simulation using COMSOL finite element methods. The 
electric field vector and strength are expressed in  arrow and contour 
plots, respectively, of an (a) interdigitated and ( b) end-to-end 
electrode geometry. 

Substrates patterned with an array of electrodes via photolithography or electron 

beam lithography techniques would be coupled to flow cells, which are coupled in 

tandem. Each substrate would be patterned with electrodes of different spacing 
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designed specifically to trap nanowires of certain lengths or 0D nanoparticles. These 

substrates are connected to their own power supplies to permit changing of electric field 

strength within each flow cell (Figure 4.25a). A suspension of nanowire would be 

mechanically pumped through the flow cells. Each flow cell would be under different 

applied electric field strengths, which has been optimized to capture nanowires of certain 

lengths. A nanowire purification setup would be similar to the schematic drawn in Figure 

4.25b. The direction of fluid flow should be parallel to the orientation of the assembled 

nanowires to minimize the removal of trapped nanowires due to strong hydrodynamic 

forces. We hypothesize that the selective removal of nanowires of certain lengths from a 

suspension or solution is possible when the separation distance between electrodes and 

the length of the nanowires are approximately equal. These electrokinetically bound 

nanowires of similar lengths can be subsequently removed from the substrate in the 

absence of an electric field by solvent rinsing. 

 

Figure 4.25 (a) An array of microelectrodes on a so lid substrate is coupled to a 
polydimethylsiloxane (PDMS) substrate. The PDMS sub strate 
contains prefabricated channels through which a sus pension of 
nanowires is directed by fluid flow induced by a pr essure 
differential. The direction of the fluid flow is pa rallel to the direction 
of the highest electric field strength located betw een the end-to-end 
registered electrodes. (b) A schematic showing a po tential setup for 
nanowire purification.  
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5. Synthesis of Trigonal Selenium Nanowires 
Encapsulated in Polystyrene ( t-Se@PS) by 
Surface-Initiated Atom Transfer Radical 
Polymerization ‡ 

5.1. Motivations to Encapsulate Selenium Nanowires with 
Polystyrene 

As a functional component of many materials, elemental selenium is used in the 

synthesis of various selenides and composites that have a wide range of applications. 

For example, it is used to synthesize metal selenides of various properties, such as 

luminescent materials,33, 59, 62-63 phase-change memory materials,64 and energy 

harvesting materials.65-66 Selenium is also used as a key component in electromagnetic 

radiation sensors,57, 67-70, 184 xerography,55 biomedicine,72-73 antimicrobial agent,74 and 

mercury capturing sorbents.76 The performance of selenium in these devices is 

inherently influenced by its surface chemistry, crystal structure, oxidation state, and 

structural integrity.  

Oxidation is a process describing an increase in the oxidation state of matter.52 

Oxidation of a solid material, typically, occurs at the air-solid or liquid-solid interphases 

where oxygen or other oxidants are available. When oxidation occurs in the presence of 

moisture, ions from the oxidized materials are solubilized by water as hydrated ion 

complexes. These ion complexes are, subsequently, transformed within the presence of 

water to form corresponding oxides. These newly formed oxide species are less soluble 

in water in comparison to the corresponding ion complexes and precipitated from water, 

leaving deposits that can easily delaminate from the surfaces of solid materials. A solid 

 
‡ Experiments were carried out by Michael C. P. Wang and the manuscript was co-written by 

Michael C. P. Wang and Professor Byron D. Gates. The contents of this publication were 
reproduced with the permission of the Royal Society of Chemistry and co-authors.47 
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material could eventually degrade completely to its corresponding oxides or ionic 

complexes after a prolonged process of oxidation, dissolution, and precipitation. The 

progression of this material degradation is commonly referred to as corrosion. For 

corrosion to occur a material is first oxidized. The relative reduction potentials of 

substances are the deterministic factor that dictates whether electrochemical reactions 

will proceed spontaneously. For example, oxygen, with a reduction potential of 1.23 V 

under acidic conditions, is a strong oxidant capable of oxidizing most zerovalent metals 

and semiconductors, including selenium.23, 52 In reactions between these 

metals/semiconductors and oxygen, the overall standard electrochemical cell potentials 

(E°cell) are always positive (Eqn. 5.1), indicating these processes will occur 

spontaneously.  

������ =	���	.� ���ℎ����	−	���	.� ������                        (Eqn. 5.1) 

The E°cell is directly correlated to the Gibbs free energy (Eqn. 5.2), where ∆G° is 

the standard Gibbs free energy, n is the number of moles of electrons transferred per 

mole of reaction, and F is the Faraday constant. A positive E°cell value equates to a 

negative Gibbs free energy, which suggests such that a reaction is thermodynamically 

favorable.52  

∆�� =	−��������                                        (Eqn. 5.2) 

A well-known example of corrosion is the oxidation of iron to iron rust in the 

presence of oxygen and moisture.185 Oxidation of the iron leads to the formation of iron 

oxides (e.g., Fe2O3�nH2O) and pitting of the material at its surfaces.52 As oxidation 

progresses, these pits propagate into cracks within the iron substrate.186 The defect 

riddled iron substrate would eventually have a decreased structural integrity in 

comparison to a non-oxidized iron substrate.187 Oxidation and corrosion can also have a 

great impact on the properties and long-term utility of nano-scale materials. In some 

cases corrosion can have a more pronounced impact on nanostructures than in their 

bulk counterparts.188-191 Oxidation does not always lead to corrosion of the underlying 

material. Oxides of aluminum,192 and silicon193 protect the underlying material from 

further oxidation and corrosion. 
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For nano-scale materials, the ratio of surface-area-to-volume is larger than that 

of bulk materials. Surface chemistry of nanostructures plays a significant role in the 

performance and integrity of these functional materials. Since most oxidation processes 

have a negative Gibbs free energy, the formation of oxides is thermodynamically 

favourable.52 Many metals and semiconductors oxidize when left for extended periods of 

time in an environment containing oxygen and moisture. Magnetite (Fe3O4) 

nanoparticles, for example, decrease in saturation of magnetization as they oxidize into 

maghemite (γ-Fe2O3).194 Another example is the oxidation of silicon based nanowires 

and quantum dots (QDs) into Si/SiOx core–shell nanostructures.19, 195-201 Researchers 

have demonstrated that oxidation of the Si QDs will lead to a decrease in their 

photoluminescence intensity and an increase in the bandgap energy.200 Some 

nanomaterials, such as these Si containing particles, form self-limiting layers of oxide 

that protect the nanostructure from further oxidation.19 However, little is known about the 

surface chemistry of trigonal selenium (t-Se) nanostructures and how its surface 

chemistry evolves over time under ambient conditions in the presence of acid vapour. 

We hypothesize that native selenium could contain one of these three types of surface 

chemistries: the surface selenium atoms could terminate in 1) dangling bonds (i.e non-

bonding electrons available on Se (Figure 5.1a); 2) selenium-hydride bond (Se-H, Figure 

5.1b), and 3) selenium oxides (i.e., Se-OH or Se-O-Se; Figure 5.1c depicts the Se-OH 

surface chemistry) or a mix of these surface chemistries. We seek to identify the 

chemical state(s) associated with the surface chemistry of surfaces of t-Se 

nanostructures and to analyze the effect of oxidation on these materials. In addition, we 

are interested in developing techniques to impede corrosion of the selenium 

nanostructures.  

 

Figure 5.1 Possible surface chemistries of native t rigonal selenium nanowires with 
terminal groups that could be present as (a) dangli ng bonds, (b) Se-
H, and (c) Se-OH. Sticks in (a) represent non-bondi ng electrons. 

The process of corrosion occurs only when materials are exposed to both 

oxidants and moisture. Corrosion, therefore, can be prevented if one of the principle 
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elements is shielded from interacting with the material. There are a number of well-

developed processes designed to impede corrosion of metals and semiconductors. Most 

strategies involve making a composite material in which a passivation layer is deposited 

to protect the surfaces of interest. Techniques such as electrodeposition202-203 and 

surface passivation with monomeric or polymeric molecules204-207 have been 

implemented with great success to retard oxidation, or to selectively protect an 

underlying material. More recently, surface initiated atom transfer radical polymerization 

(SI-ATRP) has been used to graft polymers onto the surfaces of various materials.208-215 

Modifying the surfaces of a nanostructured material with a polymer film allows 

researchers to tailor its surface properties, such as its tribology,216-217 wettability,218-219 

biocompatibility,220-221 and corrosion resistance.222-224 Covalently linking polymers to the 

surfaces of nanostructures is a preferred strategy because physically adsorbed polymers 

can easily detach from these surfaces (Figure 5.2a). Polymers can be grafted onto 

various surfaces by forming covalent bonds between the polymers and the reactive 

groups on the surfaces of the nanostructures (Figure 5.2b). This method does, however, 

have difficulty achieving high grafting densities because the adsorbed polymers 

effectively shield some of the reactive surface sites. This grafting technique will produce 

porous and non-uniform polymer coatings. On the other hand, surface-initiated atom 

transfer radical polymerization (SI-ATRP) offers the ability to control the functionality, 

density and thickness of the polymer coating. Rather than grafting bulky polymers onto 

the surfaces of a material, chain propagation occurs at the reactive sites in a SI-ATRP 

(Figure 5.2c). Polymers grafted from the surfaces of a substrate by this atom transfer 

radical polymerization are, therefore, better suited to the preparation of polymer coatings 

of higher quality and density. 
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Figure 5.2 Strategies of passivating surfaces of a substrate through (a) 
preferential physisorption of the red portion of a copolymer, (b) 
covalently linking a polymer to the surfaces via ra dical 
polymerization, and (c) polymers are grown on the s ubstrate surface 
by a surface-initiated polymerization. X denotes an  initiating group, 
F denotes the appropriate functional group that cou ld react with 
radicals and M is a monomer, both of which will rea ct with a radical 
species. 

Most surfaces do not possess the appropriate functional groups to undergo 

surface-initiated polymerization. Additional chemical modifications to these surfaces are 

necessary. These surfaces are typically modified with initiator-bearing self-assembled 

monolayers (Figure 5.3). The initiator covered surfaces are then immersed in a solution 

of monomer and catalyst, which subsequently converts the initiators into radicals to start 

the polymerization process.208-209 Since the initiators all reside on the surfaces of the 

material to be encapsulated with the polymer, the polymerization is confined to the 

surfaces of the substrate. 
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Figure 5.3 Surfaces of (a) oxides and (b) polymer o r non-oxide inorganic 
substrates are modified with initiating groups usin g the appropriate 
chemistry prior to surface-initiated atom transfer radical 
polymerization. X denotes an initiating group and M  denotes a 
monomer that will react with a radical species. 

This chapter reports the synthesis of a novel semiconductor-polymer material 

consisting of anisotropic t-Se nanowires encapsulated in a sheath of polystyrene (t-

Se@PS) by SI-ATRP processes without the need for further modification to the surface 

chemistry of the as-synthesized t-Se nanostructures. The PS layer acts as a moisture 

barrier to impede the corrosion of the t-Se nanostructures. The resulting t-Se@PS 

nanostructure was characterized by scanning transmission electron microscopy (STEM), 

electron diffraction, and X-ray photoelectron spectroscopy (XPS). The quality of the PS 

coating was examined by immersing the t-Se@PS in various oxidizing solutions. The 
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semiconductor-polymer nanomaterial was subsequently analyzed by transmission 

electron microscopy for corrosion damage. In addition, as a frame of reference the 

surface states of the t-Se nanowires were analyzed by surface sensitive techniques such 

as XPS and SIMS after exposure to oxygen containing environment and an etchant. The 

crystallinity and structure of these t-Se nanowires were investigated by STEM and 

electron diffraction techniques before and after exposure to corrosive conditions. 

5.2. Experimental Section 

Anisotropic nanostructures of single crystalline t-Se were synthesized by a 

hydrothermal process without the assistance of surfactants, which are commonly used to 

facilitate the formation of many other anisotropic nanostructures.18, 225 Surfactants are 

used in other syntheses to prevent the nanostructures from aggregating, and serve as 

protective barriers between the nanostructures’ surfaces and the surrounding chemical 

environment. The absence of surfactants or other coatings on the surfaces of the 

selenium nanostructures expose its surfaces to corrosive damage by oxygen and 

moisture. 

5.2.1. Synthesis of One-Dimensional Trigonal Seleni um 
Nanostructures. 

One-dimensional selenium nanostructures were synthesized from amorphous 

selenium colloids. The selenium colloids were synthesized by reducing selenious acid 

with hydrazine. For example, 2.73 g (21.1 mmol) of selenious acid (H2SeO3; 98%; 

Sigma-Aldrich) was dissolved in 100 mL of 18 MΩ�cm water (purified with Barnstead 

Nanopure DIamond Life Science water filtration system) with magnetic stirring in a 250 

mL round bottom flask. The solution was cooled to ice-water temperatures before slowly 

adding 3 mL (61.1 mmol) of ice cooled reducing agent, hydrazine (N2H4; 50-60%; 

Sigma-Aldrich). Hydrazine was introduced in a drop-by-drop manner into the reaction 

solution under magnetic stirring over a period of 2 min. The reaction was allowed to 

proceed for another 15 min while at ice-water temperatures before the brick red 

precipitate was collected by vacuum filtration onto a PVDF filter membrane with an 

average pore size of 0.1 µm (catalogue number VVLP04700; Millipore). The filtrate was 
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rinsed with 200 mL of deionized water to remove residual hydrazine. The filtered 

precipitate of selenium colloids was stored in a plastic petri-dish wrapped in aluminum 

foil and freeze dried in a Savant Modulyo lyphoilizer (Thermo Scientific) at -50°C and 

100 mbar for 12 h.  

Anisotropic t-Se nanostructures were synthesized from amorphous selenium 

colloids by a solvochemical method. Selenium colloids (1 mg) were combined with 

ethanol (EtOH; 2 mL; 95%; Commercial Alcohols) in a 2 dram glass vial (Thermo 

ScientificTM; catalogue number: B7999-2). The selenium colloids were dispersed in the 

EtOH by immersion of the vial for 20 s in a sonication bath (Branson Model 1510). The 

solution was then placed in a dark cabinet maintained at 22°C to allow the reaction to 

reach completion over a period of ~12 h. The resulting nanostructures are single 

crystalline as characterized by selected area electron diffraction.31 

5.2.2. Synthesis of Trigonal Selenium Nanowires Enc apsulated in 
Polystyrene (t-Se@PS)  

Selenium nanostructures dispersed in EtOH (2 mL; 233 mg/mL) were separated 

from solution via centrifugation (13,500 rpm for 15 min). The solvent was decanted and 

replaced with dichloromethane (DCM; 99%; Caledon) to re-disperse the selenium 

nanostructures. This process was repeated twice in total to remove residual ethanol. 

Finally, selenium was re-dispersed in 10 mL of DCM, which was combined with 10 mL of 

styrene (99%; Sigma), and 10 mL of hexanes (>98.5%; EMD Millipore) in a three-necked 

round bottom UV reactor. Nitrogen was bubbled via a glass pipette through the reaction 

mixture for 10 min while cooling the solution to ice-water temperatures. Then the glass 

pipette was elevated above the reactants to maintain the inert atmosphere over the next 

6 h of UV irradiation. The UV light source was a mercury pencil lamp (Oriel Instruments 

Model 6035; see Figure 5.4 for its emission spectrum) powered by a DC power supply 

(Oriel Instruments Model 6060). The final product, t-Se@PS, was purified by 

centrifugation (13,500 rpm for 15 min) and rinsed with a solution of 1:1 hexanes to EtOH 

(v:v) after decanting the original solvent. The product was purified three times in total, 

before it was redispersed in EtOH. 
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Figure 5.4 A spectrofluorometer was used to acquire  the photoemission spectrum 
of the mercury pen lamp used to initiate the polyme rization of 
styrene on the surfaces of selenium nanostructures.  Reproduced 
from Ref. 46 with permission from The Royal Society  of Chemistry. 

5.2.3. Materials Characterization Techniques 

Transmission electron microscopy (TEM) images, energy-dispersive X-ray 

spectroscopy (EDS) and selected area electron diffraction (SAED) data were obtained 

with either an FEI Tecnai G2 F20 scanning TEM (STEM) with a field emission gun 

thermionic source operating at 200 kV, or a Hitachi 8000 STEM with a lanthanum 

hexaboride thermionic source operating at 200 kV. For TEM analysis, samples were 

prepared by drop-casting or dip-coating solutions of nanostructures onto a 300 mesh 

copper grid coated with formvar/carbon (catalogue number: FCF300_CU_50; Cedarlane 

Laboratories Ltd.). To test the resistance of the t-Se@PS nanowires to oxidation and 

corrosion, these samples were immersed into either a 1% or 30% aqueous solution of 

hydrogen peroxide (H2O2; Caledon) before they were drop-cast onto TEM grids. 

Selenium samples without surface passivation by PS were prepared by dipping a TEM 

grid containing t-Se nanostructures into 1% H2O2 for 5 s before the sample was flash 

frozen on a block of aluminum that had been cooled to liquid nitrogen temperatures. The 

frozen solution was removed by lyophilization before TEM analysis. Hydrogen peroxide 
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readily oxidized the t-Se nanowires forming water soluble species, such as selenious 

acid (H2SeO3) and selenic acid (H2SeO4). 

Nanowires of t-Se@PS were immersed in nitric acid (68-70% HNO3; Anachemia) 

to test these polymer coated semiconductor core-shell nanowires’ ability to resist 

corrosion against ionic etchants. First, the t-Se@PS material dispersed in EtOH was 

collected via centrifugation (8,500 rpm for 15 min). The material was rinsed with 1 mL of 

DI water for a total of 3 times to remove residual EtOH. Then 1 mL of 30% of HNO3 was 

added into the centrifuge tube containing the t-Se@PS nanowires. The polymer coated 

semiconductor core-shell nanowires were immersed in the ionic etchant at RT for 1 h 

before decanting the solution. The products were rinsed with 1 mL of DI water 3 times to 

remove residual acid before redispersing the nanostructures in 1:1 EtOH to hexanes 

(v:v) for TEM sample preparation. As a control, concentrated HNO3 was added to a 

sample of t-Se nanowires after removal of the EtOH under vacuum. Concentrated HNO3 

dissolved the t-Se nanowires in ~10 min (Eqn. 5.3-5.5; see Figure 5.5).226  

NO3
- + 4H+ + 3e- → NO + 2H2O                             Eo = 0.957 V                (Eqn. 5.3) 

Se + 3H2O → H2SeO3 + 4e- + 4H+                Eo = -0.74 V                 (Eqn. 5.4) 

3Se + 4HNO3 + H2O → 3H2SeO3 + 4NO                  Eo
cell = 0.217 V                (Eqn. 5.5) 

 

Figure 5.5 Anisotropic trigonal selenium nanowires dissolved in concentrated 
nitric acid (70% HNO 3) produced a transparent solution of selenious 
acid and nitric oxide. 226 Reproduced from Ref. 46 with permission 
from The Royal Society of Chemistry. 

X-ray photoelectron spectroscopy (XPS) analysis was carried out on a Kratos 

Analytical Axis Ultra DLD spectrometer using a monochromatic aluminum source (AlKα, 

1486.6 eV) operating at 150 W (10 mA emission current and 15 kV HT). Analysis was 

conducted on a 700 x 300 µm2 area of the sample. High resolution scans were obtained 
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at a 25 meV step size with a dwell time of 1000 ms per step, a pass energy of 20 eV, 

and averaged over 4 scans. Energy scale linearity was calibrated using Al and Mg X-ray 

sources on Argon sputter cleaned gold and copper substrates. The calibration procedure 

was performed in accordance to the ISO 15472 international procedure (see Appendix C 

for further detail). XPS samples were prepared by drop-casting dispersions of t-Se or t-

Se@PS onto a ~1 cm2 polished Si/SiOx substrates. The as-synthesized t-Se sample 

(Figure 5.6a) cast on the Si/SiOx was left at ambient conditions (RT, and ~1 

atmosphere) in a plastic petri-dish (VWR; catalogue number: 89038-968) for a month 

before XPS analysis to assess oxidation of the t-Se nanostructures (Figure 5.6b). 

Selenium oxide was removed by immersing the t-Se nanostructures deposited on a 

Si/SiOx substrate in a bath of 1% hydrofluoric acid (diluted from 48% non-buffered HF, 

EMD Millipore) for 2 min (Figure 5.6c). 

Secondary ion mass spectrometry (SIMS) was carried out on a Hiden Analytical 

Ltd. instrument equipped with an IG20 gas ion gun and a triple quadrupole MAXIM mass 

spectrometer. Samples were sputtered with 5 keV Argon ions that were used to produce 

positive and negative ions species. SIMS samples were prepared by drop-casting 

dispersions of t-Se and t-Se@PS onto a ~1 cm2 Au (100–nm thick) coated Si substrate 

or onto a ~1 cm2 polished Si/SiOx substrate. Mass spectra were acquired at a mass 

increment of 0.01 amu at a dwell time of 100 ms per 0.01 amu. Multiple mass spectra 

were acquired from each sample, but only the best data is presented. 

Photoemission spectrum of the mercury pen lamp was recorded on a PTI 

Quantamaster spectrofluorometer. The mercury pen lamp emission spectrum between 

wavelength of 200 to 600 nm was acquired with a slit width of 2-nm and at a scan rate of 

60 nm/s. Data were acquired at a detector potential of 1079 V.  

Optical absorption measurements (UV-vis spectroscopy) were performed with a 

Varian Cary 300 Bio spectrophotometer system. Samples were dispersed in or diluted 

with acetonitrile (Spectro grade; Caledon Lab) contained within a 1 cm path length 

quartz cell (catalog number: 100-10-40, Type 100-QS, Hellma Analytics). Selenium 

nanowires were sonicated for 30 s to achieve a uniformly dispersed solution prior to 

acquiring the optical absorption measurements. It is crucial to obtain a uniform 

dispersion to minimize scattering of incident radiation. 



 

127 

5.3. Results and Discussion 

 

Figure 5.6 High resolution Se 3d photoelectron emis sion spectra with de-
convolution for (a) as-synthesized t-Se nanowires, (b) oxidized t-Se 
nanowires, (c) HF etched t-Se nanowires, and (d) t- Se 
nanostructures encapsulated in a sheath of polystyr ene (t-Se@PS). 
Corresponding transmission bright field electron mi croscopy 
images are displayed for the (e) as-synthesized t-S e nanowires and 
(f) t-Se nanowires coated with a low contrast layer  of polymer. Scale 
bars are 40 nm. Reproduced from Ref. 46 with permis sion from The 
Royal Society of Chemistry. 

X-ray photoelectron spectroscopy was used to elucidate the chemical states at 

the surfaces of the as-synthesized trigonal selenium nanowires, trigonal selenium wires 

oxidized under ambient conditions, and hydrofluoric acid etched anisotropic selenium 
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nanostructures (Figure 5.6a-c). The doublet colored in red are the emission peaks (Se 

3d3/2 and Se 3d5/2) from elemental selenium (Se0). Doublet colored in blue has a higher 

binding energy in comparison to that of elemental selenium, indicating that these species 

of selenium (Seδ+) atoms exist next to an electron withdrawing neighbor, such as water 

molecules. Fragments (O- and OH-) of water molecules were detected in secondary ion 

mass spectrometry (SIMS) analysis of both as-synthesized and HF etched samples, 

suggesting that the surfaces of trigonal selenium nanostructures were covered with 

water molecules (Figure 5.7). In addition, the SIMS spectrum of the as-synthesized 

selenium nanowires (Figure 5.7a) had mass fragments that correspond to the oxides of 

selenium (SeO-, SeO2
-, and SeO3

-) in comparison to the HF etched sample (Figure 

5.7b). This surface oxide was detected in XPS as a broad singlet at ~59 eV, which 

corresponds to Se4+ species.227 Quantitative chemical state analysis revealed an 

increase in surface oxide concentration when the as-synthesized trigonal selenium 

nanostructures were left in an environment containing oxygen and moisture. The surface 

oxides of selenium can be removed by immersing the sample into a solution of HF 

(Figure 5.6c and Figure 5.7b). 

To inhibit corrosion of the t-Se nanowires (Figure 5.6e), PS was grafted onto its 

surfaces by a radical initiated reaction. It was well known that monomers of styrene 

undergo free-radical polymerization upon exposure to ultraviolet irradiation or to heat.228 

According to the XPS analysis, the selenium 3d photoelectron emission spectrum of t-

Se@PS (Figure 5.6d) broadened and shifted to higher binding energy (BE) than that of 

observed for the t-Se (Figure 5.6a). The increase in peak width is attributed to the 

formation of Se-C bonds, which have BEs of 58.2 and 59.1 eV. To our knowledge, this is 

the first time that Se-C bonds are observed on selenium nanostructures. In addition, all 

of the peaks are shifted to higher binding energies, which is a result of scattering of the 

emitted photoelectrons as they traverse through the layer of polystyrene. Binding energy 

of the emitted photoelectrons is calculated according to Eqn. 5.4, 

�� = ℎ� − �� − 	Φ����.                                   (Eqn. 5.4) 

where BE is binding energy of the ejected photoelectrons, hυ is the energy of the 

irradiation source, KE is the kinetic energy of the ejected photoelectrons, and Φinst. is 

the work function of the instrument. A photoelectron removed from the Se 3d5/2 orbital of 
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an elemental selenium sample using an Al X-ray source at 0 eV Φinst. has a kinetic 

energy of 1431.3 eV. The corresponding inelastic mean free path (IMFP) of the 

photoelectron in PS is ~4.3 nm (Figure 5.8).229-230 The following equation (Eqn. 5.5) was 

proposed by Tanuma et al. to calculate the IMFP (λ) as a function of electron energy (E): 

 = 	 !
!"#[% &'�(!�)*+,-.*

/
,#-]

                               (Eqn. 5.5) 

where  

1 = 	−0.1 + 0.944
7�89 +	�:9;

<.= + 0.069?<.@ 

A = 0.191?)<.= 

B = 1.97 − 0.91D 

E = 53.4 − 20.8D 

D = �89
829.4 	= 	JK?

L  

Ep is the free-electron plasmon energy, ρ is the material density, Nυ is the number of 

valence electrons of carbon, M is the molecular weight, and Eg is the bandgap energy. 

Since the average thickness of the PS coating is ~10-nm, the photoelectrons emitted 

from the orbital will be scattered multiple times before they exit the polymer (Figure 5.8 – 

inset). Therefore, a decrease in the KE of the emitted photoelectron due to scattering 

from the polymer coating would translate into an increase in the observed BE according 

to Eqn. 5.4.  
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Figure 5.7 Secondary ion mass spectrometry (SIMS) a nalysis of (a) as-synthesized 
t-Se nanowires and (b) HF etched t-Se nanowires. Re produced from 
Ref. 46 with permission from The Royal Society of C hemistry. 
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Figure 5.8 Calculated inelastic mean free path (IMF P) of an electron emitted from 
the Se 3d 5/2 orbital in polystyrene (PS). 229 (Inset) A schematic 
showing the scattering of emitted photoelectrons in  the PS 
overlayer.  

In the absence of the selenium nanowires, polymerization of styrene produced 

only spherical colloids (Figure 5.9a). Surface initiated atom transfer radical 

polymerization of styrene conducted in the presence of the anisotropic t-Se at ice-water 

temperatures, produced a polymer coated semiconductor core-shell material (t-Se@PS). 

The styrene radicals preferentially reacted at the surfaces of t-Se nanowires. Bright field 

transmission electron microscopy (TEM) analysis revealed that the nanostructures were 

encapsulated in a ~10-nm thick layer of low contrast material (Figure 5.6f). In addition, 

electron diffraction analysis performed on an individual nanowire indicated that t-Se core 

remained single crystalline (Figure 5.9b and c). The acquired electron diffraction pattern 

was matched to a simulated single crystal diffraction pattern of t-Se in [200] down pole 

produced by CrystalMaker© (Figure 5.9d). 
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Figure 5.9 Bright field TEM microscopy image of (a)  polydispersed polystyrene 
colloids produced from the UV initiated radical pol ymerization in the 
absence of one-dimensional t-Se nanostructures. (b)  A t-Se@PS 
nanowire and its corresponding (c) electron diffrac tion pattern. (d) A 
simulated single crystal diffraction pattern of sim ilar crystal 
orientation as in (b) produced using CrystalMaker ©. Reproduced 
from Ref. 46 with permission from The Royal Society  of Chemistry. 

Radical initiated polymerization of styrene was carried out at ice-water 

temperatures to minimize the formation of undesirable by-products and to prevent t-Se 

nanowires from thermal degradation. The formation of polystyrene colloids and 

polymerization encapsulating multiple t-Se nanowires were observed when the reaction 

was conducted at elevated reaction temperatures (Figure 5.10a,b). Electron microscopy 

analysis also indicated that t-Se@PS nanowires formed at elevated temperatures also 

suffered from heat related damage. Surfaces of the damaged t-Se nanowires were no 

longer smooth, and appeared to be roughened and jagged (Figure 5.10c). Due to 

Rayleigh instability231 t-Se nanowires were partially melted at elevated reaction 
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temperatures, although they were below the melting point of bulk selenium, 221°C.23 

Another possible contributing factor to melting of the nanowires is the relative high 

absorption coefficient of t-Se at UV and visible wavelengths in the electromagnetic 

spectrum (Figure 5.10d). The absorbed energy leads to bond vibration and possible 

breaking of Se–Se bonds. This phenomenon was minimized by performing the reaction 

in an ice-water bath. 

 

Figure 5.10 Radical initiated polymerization perfor med without controlling the 
reaction temperature can produce undesired by-produ cts, such as 
(a) polystyrene coating that encapsulated multiple t-Se nanowires, 
(b) polystyrene colloids in the presence of t-Se na nowires, and (c) 
heat induced degradation of the t-Se nanostructures . (d) UV-vis 
absorption spectrum of t-Se (red line) absorbs most  of the 
electromagnetic radiation produced by the mercury l amp (black line) 
that was used in radical initiated polymerization. Scale bars in (a) 
and (b) are 500 nm; and 50 nm in (c). Reproduced fr om Ref. 46 with 
permission from The Royal Society of Chemistry. 
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The SI-ATRP process could have been initiated by photolysis of Se-Se bonds on 

the surfaces of t-Se nanostructures, producing selenium radicals. These radicals could 

serve as initiators for styrene polymerization (Scheme 5.1a). It is also possible to initiate 

the polymerization of PS by light. Light induces styrene to undergo free-radical 

polymerization in which styrene radicals are generated in a bimolecular radical-forming 

process (Scheme 5.1b).232 In both proposed mechanisms, the styrene radicals would be 

able to react non-specifically with the t-Se nanostructures, hence, grafting PS onto their 

surfaces. We believe that SI-ATRP occurs predominantly via the pathway in Scheme 

5.1a pathway because the majority of the PS observed by electron microscopy is 

associated with the surfaces of the selenium nanostructures as a thin (~10-nm thick) 

sheath of polymer. Scheme 5.1b indicates that free-living PS radicals would be produced 

in large quantity before they are grafted onto the surfaces of the t-Se nanowires. The 

latter would also produce a large quantity of PS that is not associated with the t-Se 

surfaces (See Experimental Section on the Synthesis of t-Se@PS Nanostructures and 

Figure 5.11). In latter instance, we should have observed a significant quantity of PS 

colloids, but at ice-water temperatures we observed neither free PS colloids nor the 

decoration of the surfaces of t-Se with PS colloids. The predominate structure in these 

cases were the selenium nanostructures encapsulated in a thin layer of PS.  
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Scheme 5.1 Grafting of polystyrene (PS) onto the su rfaces of selenium nanowires 
by surface initiated atom transfer radical polymeri zation (SI-ARTP) 
could follow either of these possible mechanisms: ( a) photolysis of 
Se-Se bonds generating selenium radicals that initi ated chain 
propagation to form PS at the nanostructures’ surfa ces; or (b) 
radicals of PS, which were created from the photoly sis of styrene 
monomers, 232 reacted with the surface selenium atoms. Note: The se 
surfaces of selenium nanostructures are shown as a two 
dimensional projection of the SI-ATRP process. Repr oduced from 
Ref. 46 with permission from The Royal Society of C hemistry. 

As a control experiment, ~10 to 50–nm PS colloids were first synthesized by UV 

initiated polymerization of styrene in the absence of t-Se nanowires while under constant 

magnetic stirring, nitrogen purged conditions, and at an ice-water temperature. 

Throughout 6 h of UV irradiation, the reaction mixture was kept under a nitrogen 

atmosphere and at the ice-water temperatures. Then t-Se nanowires was introduced into 

the reaction flask and the reaction mixture was left at room temperature (RT) for 15 h 

before it was purified by the method described in the Experimental Section in the 
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Synthesis of Trigonal Selenium Nanowires Encapsulated in Polystyrene (t-Se@PS). 

Bright field TEM images revealed that this control sample contains micrometer and 

nanometer sized PS colloids (Figure 5.11a) mixed together with t-Se@PS 

nanostructures (Figure 5.11b). Some of the polymer coated semiconductor core-shell 

nanostructures have large PS colloids attached to their surfaces (Figure 5.11c). 

 

Figure 5.11 Bright field TEM images demonstrated th at the control reaction of 
exposing the styrene to UV for 6 h and then combini ng this solution 
with t-Se nanowires produced (a) micrometer and nan ometer (red 
arrows and inset) sized PS colloids along with (b) t-Se@PS 
Reproduced from Ref. 46 with permission from The Ro yal Society of 
Chemistry. 

The t-Se@PS nanostructures were subject to immersion in nitric acid (HNO3) and 

separately in hydrogen peroxide (H2O2) to determine the ability of these polymer coated 

semiconductor core-shell materials to resist corrosion. To provide a frame of reference, 

freshly synthesized 1D t-Se nanostructures (Figure 5.12a, inset) were exposed to a 

similar oxidative environment. After immersion in H2O2, the samples were flash frozen 

and lyophilized to prepare them for TEM analysis. Electron microscopy indicates 

extensive corrosion to freshly synthesized t-Se nanostructures when immersed into a 

1% H2O2 solution for 5 s (Figure 5.12a). Selenium was oxidized by H2O2, leading to the 

formation of selenium salts such as selenious acid (H2SeO3) and selenic acid (H2SeO4). 

The electrochemical reactions may have proceeded by oxidation of t-Se into H2SeO3 

(Eqn. 5.6), which was further oxidized into H2SeO4 by the excess H2O2 (Eqn. 5.7). 

                   2H2O2 + Se ↔ H2SeO3 + H2O                Eo
cell = 1.036 V                    (Eqn. 5.6) 

           H2SeO3 + H2O2 ↔ SeO4
2- + H2O + 2H+         Eo

cell = 0.625 V                    (Eqn. 5.7) 
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Figure 5.12 Bright field transmission electron micr ographs of (a) t-Se nanowires 
immersed for 5 s in 1% H 2O2, (b) t-Se@PS nanowires immersed in 
1% H2O2 for 1 h, (c) t-Se@PS nanowires immersed in 30% H 2O2 for 1 
h, and (d) t-Se@PS nanowires immersed in 30% HNO 3 for 1 h. Scale 
bars are 200 nm; the inset scale bars are 20 nm. Re produced from 
Ref. 46 with permission from The Royal Society of C hemistry. 

These salts of selenium were, subsequently, dissolved in the presence of 

moisture. The t-Se@PS was able to withstand the same oxidative conditions up to 1 h 

with minimal pitting (Figure 5.12b). Bright field TEM images revealed severe etching and 

pitting were observed for the t-Se core material (Figure 5.12c) when the t-Se@PS was 
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immersed in a 30% H2O2 solution for 1 h. Figure 5.12c – inset indicates the polymer 

encapsulated t-Se corroded in a non-uniform manner providing evidence of defects in 

the polymer sheath along the length of the 1D nanostructures that allowed H2O2 to seep 

through and attack the underlying surfaces of selenium. These defects in the PS 

encapsulation could arise from oxidation of the polystyrene. Oxidation of the polystyrene 

would lead to polymer swelling, hence the formation of defects leading to penetration of 

H2O2 to the core material. On the other hand, t-Se@PS nanowires demonstrated 

superior corrosion resistance against 30% HNO3; the TEM images revealed that there is 

no pitting on the surfaces of t-Se nanowires after 1 h exposure (Figure 5.12d). This 

indicates that the PS has uniformly encapsulated the t-Se nanowires.  

High resolution C 1s spectrum of prior exposure to a 30% H2O2 solution for 1 h 

revealed the presence of two carbon species (Figure 5.13a). The signal centered at 

284.6 eV corresponds to C-C and C-H in the aliphatic polymer backbone and phenyl 

rings of the polystyrene coating on t-Se, while the peak centered at 285.8 eV is 

attributed to C-O species. Impurities in EtOH, which was used to purify the t-Se@PS 

nanowires, could have contributed to the observed C-O species. The π-π* electronic 

transition of the phenyl rings were not detected by XPS.233 We believe the signal 

intensity of the π-π* electronic transition was below the limit of detection of XPS, because 

only a relatively small quantity of t-Se@PS nanowires was prepared. After t-Se@PS 

nanowires were immersed in a solution of 30% H2O2 for 1 h, we observed the presence 

of higher oxidation state species of carbon in the C1s spectrum (Figure 5.13b), indicating 

the polystyrene coatings on the t-Se nanostructures were oxidized by H2O2. These 

species starting from the highest binding energy corresponds to carbonate esters (RO-

C(O)OR), carboxylic acid (COOH), and other carbonyls (C=O). This evidence suggested 

that the polystyrene coating was oxidized by the presence of H2O2, leading to the 

formation of hydrophilic species in the polymer film that subsequently allowed H2O2 to 

penetrate through the polymer layer and resulted in the corrosion of the t-Se core.  
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Figure 5.13 High resolution C 1s X-ray photoelectro n spectroscopy of t-Se@PS (a) 
before and (b) after exposing to a solution of 30% H2O2 for 1 h.  

5.4. Conclusions 

In conclusion, analyses by XPS and SIMS have indicated that water molecules 

residing on the surfaces of the selenium nanowires interact with the surface selenium 
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atoms to form additional chemical states (Seδ+) that have not been reported previously. 

Also, storing t-Se nanowires under ambient conditions will lead to their oxidation, leading 

to the formation of selenium oxides. Secondary ion mass spectrometry analysis 

suggests selenium oxides exist on the surfaces of the selenium nanowires in both 

dehydrated (SeO2) and hydrated forms (SeOH and H2SeO3). Oxidation then leads to 

corrosion of the material, which becomes pitted and fragmented, under humid or acidic 

conditions. We have demonstrated that the surfaces of the selenium nanostructures can 

be encapsulated with a thin layer of polystyrene formed by a surface initiated atom 

transfer radical polymerization. The reaction was performed at ice-water temperatures to 

minimize the formation of PS colloids, to control the rate of polymerization, to decrease 

the chance of forming a PS coating that contains multiple selenium nanowires as well as 

to avoid thermal degradation of the selenium nanowires. The XPS spectrum of t-Se@PS 

nanowires possesses an additional chemical state in comparison to t-Se, suggesting Se-

C formation during the SI-ATRP process. This encapsulating layer of polystyrene 

dramatically increases the resilience of selenium nanostructures towards corrosion. The 

t-Se@PS is able to withstand an environment of 30% HNO3 for 1 h or more without 

noticeable corrosion to the t-Se core. Under extremely oxidizing environments the 

polystyrene coating is oxidized, such as by H2O2 leading to polymer swelling and 

allowing the oxidant to penetrate through the PS coating. The resulting material is a 

semi-porous and hollow t-Se@PS nanowire. 

5.5. Future Directions in Synthesis of Trigonal Sel enium 
Nanowires Encapsulated in Polystyrene by Surface-
Initiated Atom Transfer Radical Polymerization 

This work can be extended to encapsulation of other polymers, copolymers, or 

block copolymers on the surfaces of t-Se nanowires. One improvement could be to 

minimize the oxygen permeability of the encapsulating layer and, thus, improve the 

oxidation resistance of the core selenium nanostructure. A copolymer such as vinylidene 

chloride in a mixture of acrylates, methacrylates, acrylonitrile, and vinylcarboxylic acids 

has a much lower oxygen permeability coefficient of 0.07 nmol�(m�s�GPa)-1 than PS, 

which has an oxygen permeability of 765 nmol�(m�s�GPa)-1. Copolymer of vinylidene 

chloride encapsulation should perform considerably better in preventing the oxidation of 
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the t-Se core in comparison to PS coating. Also, the water vapor transmission of the 

vinylidene chloride copolymer (0.012 nmol�(m�s)-1) is comparable to that of the PS 

(0.002 nmol�(m�s)-1), indicating that vinylidene chloride should be capable of providing 

sufficient protection against moisture permeation to prevent corrosion of the t-Se 

core.234-235  

This technique can, also, be adopted in the encapsulation other nanoscale 

materials, such as silicon nanoparticles encapsulated with polymer to minimize 

oxidation. One example would be the encapsulation of Si QDs with a low oxygen 

permeability polymer234, 236 formed by SI-ATRP. Silicon QDs are susceptible to oxidation 

transforming them into silica, which do not exhibit any fluorescence properties. 

Encapsulating Si QDs with a low oxygen permeable polymer is, therefore, very 

desirable. Surfaces of an as-synthesized Si QD can be etched briefly with hydrofluoric 

acid to remove the SiOx species and to transform the surface chemistry of the 

nanoparticles into a Si-H termination. Silicon surfaces with hydrogen termination are 

capable of reacting with alkene species via a photochemical process.237 Silicon QDs are 

generally passivated with self-assembled monolayers (SAMs) to prevent them from 

oxidizing. Although these Si QDs are protected by SAMs, they are still susceptible to 

oxidation.238 We believe Si QDs encapsulated in a polymer with low oxygen permeability 

as-synthesized through an SI-ATRP process will increase the oxidation resistance of 

these fluorescent nanoparticles and thus improve their stability and utilization as in situ 

contrast agents. 

The polymer coating on t-Se@PS can, also, be further modified via chemical 

reactions to tailor the surfaces with the appropriate functional groups for subsequent 

modification or to increase the colloidal stability of the material in specific media. For 

example, the phenyl moieties on the PS can be modified with sulfate or nitrate functional 

groups to facilitate the colloidal stability and processability of t-Se@PS in aqueous 

environments.239 Polystyrene can also be modified with hydroxyl groups before it is 

coated with another layer of material. For example, the hydroxyl terminated surfaces 

could be encapsulated in silica via a sol-gel process.239-241 The silica coating should 

further improve the corrosion resistance of t-Se@PS in H2O2. 
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6. Surface-Initiated Atom Transfer Radical 
Polymerization Induced Transformation of 
Selenium Nanowires into Copper 
Selenide@Polystyrene Core–Shell Nanowires § 

6.1. Motivations to Synthesize Copper Selenide Nano wires 
from Selenium Nanowires and to Encapsulate Copper 
Selenide Nanowires with Polystyrene 

A significant research effort has been put into studying copper selenides because 

they have a wide range of applications in fields that include gas sensing242, thermal 

electrics243, nonlinear optics244, therapeutics245, and photovoltaics246. Researchers have 

been recently focusing on synthesizing copper selenide nanostructures with controlled 

shapes and sizes to tune their optoelectronic properties.59, 242, 247-257 Copper selenides 

are a desirable material for photovoltaic applications because they can be easily doped 

with other metals to enhance their solar conversion efficiency.258 In addition, recent 

studies have shown that copper selenide nanostructures could be useful in photothermal 

therapy because these materials are both less expensive and have superior 

photothermal efficiencies in contrast to gold nanostructures.66, 245 However, metal 

chalcogenides have not been widely adopted in theranostics applications because of 

their lethality in biological systems.259 It is desirable to passivate the copper selenides 

with a material that would prevent the dissolution of these toxic substances in vivo. In 

addition, the passivating layer can be tailored with the appropriate functional group(s) to 

increase the colloidal stability of the nanostructure in various media, making the material 

 
§ Experiments were carried out by Michael C. P. Wang and the manuscript was co-written by 

Michael C. P. Wang and Professor Byron D. Gates. “Reprinted Journal Article with 
permission from Surface-Initiated Atom Transfer Radical Polymerization-Induced 
Transformation of Selenium Nanowires into Copper Selenide@Polystyrene Core-Shell 
Nanowires, Wang, M. C. P.; Gates, B. D. ACS Appl. Mater. Interfaces, 2013, 5, 9546-9553. 
Copyright 2013 American Chemical Society.”61 
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easier to handle and process for subsequent steps such as device integration or 

assembly. Polymer encapsulation of nanowires has been shown to increase the 

corrosion resistance and ease of handling of the core material.47 Polymer encapsulated 

copper selenide nanowires may, therefore, be less lethal in biological systems when 

used in theranostics applications and may improve their stability and ease of processing 

for other applications. There are, however, no previous demonstrations of coating 

copper selenide nanostructures with a thin encapsulating sheath of polymer.  

Herein, we report a method to synthesize copper selenide nanowires that are 

simultaneously encapsulated with a thin layer of polystyrene (PS) by surface-initiated 

atom transfer radical polymerization (SI-ATRP). This process is demonstrated using 

selenium nanowires dispersed in styrene in the presence of a copper substrate covered 

with a native oxide. X-ray photoelectron spectroscopy suggested that styrene radicals 

facilitated the reduction of Cu2+ species to Cu1+ and Cu0 and that both of which reacted 

spontaneously with the selenium nanowire templates to produce cuprous (Cu2Se) and 

cupric selenide (CuSe) nanowires.  

There are many synthetic approaches to make copper selenide nanostructures. 

One of the most commonly reported procedures relies on the coreduction of either salts 

or organometallic precursors of copper and selenium in the presence of solvated 

ligands.247-248, 255 Most of these reports have focused on the synthesis of 0D,248 2D or 3D 

nanostructures of copper selenides, such as triangular or hexagonal plates,248 discs,247 

and cubes.255 Another approach is to transform amorphous and crystalline selenium 

structures into copper selenide crystals by the mutual diffusion of copper and selenium 

atoms. Two-dimensional copper selenide ribbons and discs have been prepared at room 

temperature by a solid-state chemical reaction between thin films or particles of 

selenium and copper deposited on top of each other under vacuum.260-266  

In general, there have been fewer articles published on the synthesis of one-

dimensional (1D) nanostructures of copper selenide. One-dimensional copper selenide 

nanostructures have been synthesized by both solution-phase and gas-phase 

techniques.250-251, 253 High-aspect-ratio copper selenide nanowires can be grown under 

vacuum through chemical vapor deposition (CVD), but this technique requires a careful 

choice of precursors.250 Low-aspect-ratio copper selenide nanorods have been 
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electrochemically grown within the pores of an anodized alumina membrane.251, 253 This 

electrodeposition method can easily yield anisotropic nanostructures, but the technique 

is limited by low throughput in comparison to more easily scalable solution-based 

syntheses. Some solution-phase syntheses can produce 1D copper selenide 

nanostructures with both an increased aspect-ratio and an increased yield. One 

approach to the solution-based synthesis of 1D copper selenide nanostructures uses 

hydrothermal and solvothermal techniques.242-243, 252, 255 These syntheses can be 

performed in the absence of surfactants that are commonly used to promote the 

anisotropic growth of metallic 1D nanostructures.267-268 A preformed structural template 

can also guide the formation of copper selenide nanorods in solution, as Alivisatos et al. 

demonstrated through the use of cadmium selenide nanorods with diameters below 10 

nm.59 This reaction involved the exchange of cations that reside within the nanorod 

template (i.e., Cd2+) with the desired cation (i.e., Cu2+). This template-engaged route to 

copper selenide is limited by the ion-exchange process and diffusion kinetics within the 

solid material, which restricts the ability to synthesize copper selenide nanostructures of 

larger diameters without the use of high temperatures. As an alternative approach, Yang 

et al. reported the synthesis of copper selenide nanotubes from a template of trigonal 

selenium nanotubes.257 In their synthesis, a mild reducing agent was used to convert 

Cu2+ into Cu+, which reacted spontaneously with the Se0 nanotubes to produce copper 

selenide nanotubes in an aqueous environment.  

In this chapter, we report a template-engaged method to directly convert 

selenium nanowires into polystyrene encapsulated cuprous and cupric selenide core–

shell (CuSe-Cu2Se@PS) nanowires. This transformation occurs under ambient 

conditions via a series of reactions initiated by atom transfer radical polymerization. The 

CuSe-Cu2Se@PS has the potential of being corrosion resistant, similar to t-Se@PS.47 

Scanning transmission electron microscopy, electron energy loss spectroscopy, X-ray 

powder diffraction, and X-ray photoelectron spectroscopy techniques are used to 

characterize the composition, purity, and crystallinity of the CuSe-Cu2Se@PS products. 

The bandgap of the CuSe-Cu2Se@PS was determined by UV–vis absorption 

spectroscopy. 
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6.2. Experimental Section 

Copper selenide nanowires were synthesized from templates of selenium 

nanowires. These sacrificial selenium nanowires were grown by solution-phase 

techniques following the Ostwald ripening of amorphous selenium colloids via a 

sonication-induced solvothermal process.47 

6.2.1. Synthesis of Selenium Nanowires 

Amorphous selenium was prepared by first dissolving 2.73 g (21.1 mmol) of 

selenious acid (H2SeO3, 98%; Sigma-Aldrich) in 100 mL of 18.2 MΩ·cm water (purified 

using a Barnstead NANOpure DIamond Life Science water filtration system) contained 

within a 250 mL round-bottomed glass flask. This solution was cooled in an ice-water 

bath for 20 min before introducing the reducing agent hydrazine (N2H4, 50–60% in water; 

Sigma-Aldrich). An ice-water chilled solution of hydrazine, 3 mL (61.1 mmol), was 

introduced drop-by-drop into the reaction solution under constant magnetic stirring over 

a period of 2 min. After 15 min of continuous stirring, the brick-red precipitate was 

collected by vacuum filtration onto a PVDF membrane with an average pore size of 0.1 

µm (catalogue number: VVLP04700; Millipore). The filtrate was rinsed with 200 mL of 

18.2 MΩ·cm water to remove residual N2H4. The resulting red solid was stored in a 

plastic petridish wrapped in aluminum foil and freeze dried in a Savant Modulyo 

lyophilizer (Thermo Scientific) at -50°C and 100 mb ar for 12 h. This red solid was 

characterized as amorphous selenium particles by XRD and elemental analysis. 

A solvochemical route was used to synthesize the selenium nanowires from the 

amorphous selenium particles. In brief, a dispersion containing 1 mg of amorphous 

selenium powder in 2 mL of ethanol (EtOH, 95%; Commercial Alcohols) dispersed in a 2 

dram glass vial was sonicated for 20 s. The solution was then placed in a dark cabinet 

maintained at 22°C to allow the reaction to reach c ompletion over a period of ~12 h. 
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6.2.2. Synthesis and Purification of Copper Selenid e@Polystyrene 
Core-Shell Nanowires 

An ethanol solution containing selenium nanowires was drop cast onto a piece of 

copper plate (~0.5 cm x 1 cm2) coated with a layer of native oxide. Ethanol was 

evaporated under vacuum, leaving a dried sample of selenium nanowires on the copper 

substrate. Subsequently, the copper substrate with selenium nanowires was placed in a 

5 mL screw capped glass vial containing 1.5 mL of styrene, which had been passed 

through an alumina column to filter off the chemical inhibitors in the solution. The 

reaction vial was kept at room temperature under ambient light. The progress of the 

transformation into copper selenide@polystyrene was initially monitored by observing 

the slow transformation of the dark red selenium nanowires into black copper selenide 

nanowires.  

The crude product dispersed in styrene was collected by decanting, isolated by 

centrifugation at 3,000 rpm for 5 min and rinsed with EtOH. This purification procedure 

was performed a total of 3 times to remove residual styrene. A solution of ethanol 

containing the crude product, which consisted of a mixture of cuprous and cupric 

selenide@polystyrene and selenium nanowires, was transferred to a Schlenk tube. The 

solvent was subsequently removed under vacuum. To remove selectively the excess 

starting material (unreacted selenium nanowires), the Schlenk tube (fitted with a cold 

finger) was heated at 300°C for 12 h. Thermal evapo ration under vacuum to remove 

residual selenium nanowires was performed with a similar setup with the side-arm of the 

Schlenk tube coupled to the vacuum gas manifold of a Schlenk line. The Schlenk line 

was coupled to a Welch® DuoSeal® (Model 1400) vacuum pump. The sample was 

heated at 160°C for 12 h under vacuum. Evaporated s elenium collected onto the cold 

finger located above the sample. The purified product was redispersed in ethanol. 

6.2.3. Transformation of Selenium Nanowires into Co pper Selenide 
Nanowires 

Copper selenide nanowires without polystyrene encapsulation was produced by 

drop casting selenium nanowires onto a Cu1+ and Cu0 enriched Cu/CuOx substrate that 

had been used to synthesize the polystyrene coated copper selenide nanowires. The 

reaction was completed when dark red selenium nanowires had turned into black copper 
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selenide. The reaction took approximately 1–3 months. A Cu substrate containing higher 

concentrations of Cu1+ species on the surface would have a faster reaction rate, 

whereas diffusion of Cu0 atoms into selenium nanowire templates took significantly 

longer (~3 months), because the rate of reaction is limited by Cu atom’s rate of diffusion. 

6.2.4. Materials Characterization Techniques 

Scanning electron microscopy (SEM) images and energy-dispersive X-ray 

spectroscopy (EDS) data were acquired with an FEI Strata DB235 FESEM operating at 

15 kV. Samples for SEM analysis were prepared by drop casting a solution of nanowires 

onto a piece of approximately 1 cm2 silicon wafer. Transmission electron microscopy 

(TEM) images, energy-dispersive X-ray spectroscopy (EDS), and selected area electron 

diffraction (SAED) data were obtained with either an FEI Tecnai G2 F20 scanning TEM 

(STEM) with a field emission gun thermionic source operating at 200 kV or a Hitachi 

8000 STEM with a lanthanum hexaboride thermionic source operating at 200 kV. 

Analysis by electron energy loss spectroscopy (EELS) was carried on the Tecnai G2 F20 

STEM equipped with a Gatan GIF 2000 imaging filter. The spectrometer had an energy 

resolution of 1.1 eV that was calculated from the full-width at half-maximum of the zero 

loss peak obtained with a 2 mm aperture and a detector setting of 0.1 eV/channel. For 

TEM and EELS analysis, the samples were prepared by drop-casting or dip-coating 

solutions of nanowires onto a 300 mesh copper grid coated with formvar/carbon 

(catalogue number: FCF300-CU-50; Cedarlane Laboratories Ltd.) or onto a Quantifoil 

holey carbon copper grid (catalogue number: Q225-CS7; Cedarlane Laboratories Ltd.). 

Nickel TEM grids coated with silicon monoxide (catalogue number: D20515; Soquelec 

International) and carbon (catalogue number: CF-150-Ni; Electron Microscopy Sciences) 

were used in the STEM – EDS analysis for the elemental composition of the copper 

selenide nanostructures. 

X-ray diffraction (XRD) patterns were acquired with a Rigaku diffractometer using 

Cu Kα radiation (λ = 0.15418 nm). Copper X-rays were generated from a copper target 

by electron bombardment at 42 kV and 40 mA. A 0.5-mm collimator was placed between 

the X-ray source and the sample. Samples for X-ray analysis were prepared by casting a 

suspension of nanowires from EtOH onto a glass slide and drying the sample under 
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vacuum. Quantitative Rietveld phase analysis was performed with Materials Analysis 

Using Diffraction (MAUD) program (Appendix B). 

Optical absorption measurements (UV-vis spectroscopy) were performed with a 

Varian Cary 300 Bio spectrophotometer system. Samples of nanowires were dispersed 

into ethanol contained within a 1 cm path length quartz cell (catalog number: 100-10-40, 

Type 100-QS, Hellma Analytics). Each solution of nanowires was sonicated for 30 s to 

achieve a uniformly dispersed solution prior to acquiring the optical absorption 

measurements. It is crucial to obtain a uniform dispersion to minimize scattering of 

incident radiation.  

X-ray photoelectron spectroscopy (XPS) analysis was carried out on a Kratos 

Analytical Axis Ultra DLD spectrometer using a monochromatic aluminum source (Al Kα, 

1486.6 eV) operating at 150 W (10 mA emission current and 15 kV HT), with the 

exception that the aluminum source was operated at 65 W (5 mA emission current and 

15 kV HT) when analyzing the polystyrene films to minimize sample charging. Analyses 

were conducted on a 700 µm x 300 µm area of the samples. High resolution scans were 

obtained at a 50 meV step size with a dwell time of 1000 ms per step and a pass energy 

of 20 eV. The Kratos charge neutralizer was used during analysis of insulating samples. 

Energy scale linearity was calibrated using Al and Mg X-ray sources on Argon sputter 

cleaned gold and copper substrates. The calibration procedure was performed in 

accordance with ISO 15472 international procedure. XPS analyses were performed on 

polystyrene (Aldrich, Mw ca. 280,000 by GPC), CuSe-Cu2Se@PS, a copper substrate 

prior to the surface-initiated atom transfer radical polymerization, as well as a copper 

substrate that has been used to convert selenium nanowires into cuprous and cupric 

selenide@polystyrene nanowires. All spectra have been calibrated with respect to the 

peak position of the C‒C signal of C1s at 284.6 eV. Vision 2 Processing software 

(version 2.2.7) was used to analyze and perform curve fitting on the XPS spectra. 
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6.3. Results and Discussion 

 

Figure 6.1 (a, c) Cu2p 3/2 high resolution X-ray photoelectron spectroscopy ( XPS) 
analysis of the Cu/CuO x substrate and selenium nanowires 
immersed in (a) styrene and (c) EtOH. (b) SEM analy sis of the 
Cu/CuO x substrate after immersing in styrene with the sele nium 
nanowires. The Cu/CuO x substrate’s topography is no longer 
smooth, indicating a reaction with the Cu/CuO x substrate. 262 (d) SEM 
analysis of selenium nanowires deposited on a Cu/Cu Ox substrate 
immersed in EtOH for 3 months. (d – inset) High mag nification SEM 
analysis revealed that surfaces of the Cu/CuO x substrate are 
relatively smooth after 3 months. Scale bars are 5 µm and the inset 
scale bar is 1 µm. 

Copper selenide nanowires encapsulated in a sheath of polystyrene (CuSe-

Cu2Se@PS) are synthesized from selenium nanowires. The selenium nanowires 

transform into copper selenide by a series of reactions initiated by the formation of 

styrene free radicals. Monomers of styrene are converted to free radicals either by 
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exposure to heat or UV irradiation.228 These free radicals of styrene are able to reduce 

some of the Cu2+ species on the surfaces of a Cu/CuOx substrate to Cu1+ species, as 

indicated by X-ray photoelectron spectroscopy (XPS) analysis (Figure 6.1a and c).269 It 

has been documented that Cu1+ species react spontaneously with selenium to produce 

cuprous selenide (Cu2Se).75, 257 The concentration of Cu0 at the surface increased for a 

Cu/CuOx substrate that had been immersed in styrene in comparison to a Cu/CuOx 

sample spectrum acquired in the absence of styrene. This result suggests that styrene 

radicals are capable of reducing Cu2+ species into Cu0. Prior literature reports that 

selenium particles in physical contact with Cu0 undergo a solid-state reaction to produce 

cupric selenide (CuSe) by the mutual diffusion of Cu and Se atoms.261-263 Scanning 

electron microscopy (SEM) analysis revealed that the surfaces of the Cu/CuOx substrate 

immersed in a mixture of styrene and selenium nanowires became rough. The new 

structures included discs and ribbons, suggesting the formation of copper selenides 

(Figure 6.1b).261, 263, 266 In addition, free radicals of styrene would initiate polymerization 

of styrene monomers to encapsulate both the starting materials21 and the newly formed 

copper selenide nanowires. In the absence of styrene, the selenium nanowires and 

Cu/CuOx substrate did not transform into copper selenide nanowires. Both transmission 

electron microscopy (TEM) and X-ray diffraction (XRD) analyses did not indicate the 

presence of copper selenide nanowires. The morphology could indicate the occurrence 

of a reaction. The selenium nanowires morphology remained unchanged (Figure 6.2a). 

X-ray diffraction pattern of the selenium nanowires deposited on Cu/CuOx substrate in 

the absence of styrene does not contain diffraction patterns that correspond to copper 

selenides (Figure 6.2b). Analysis by XPS confirmed the presence of Cu2+ species and an 

absence of Cu1+ species on the surfaces of Cu substrate (Figure 6.1c). Moreover, SEM 

analysis revealed that the surfaces of the Cu substrate had remained unchanged, 

suggesting that no chemical reaction had occurred (Figure 6.1d). We believe that a layer 

of CuO and Cu(OH)2 overlayers269 on the Cu/CuOx substrate served as a barrier to 

inhibit the mutual diffusion of Cu and Se atoms.  
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Figure 6.2 Transmission electron microscopy analysi s revealed that selenium 
nanowires remained unchanged after they were kept i n an ethanol 
solution containing a copper substrate for 3 months . X-ray 
diffraction analysis indicated that only the starti ng materials 
(trigonal selenium nanowires (t-Se) and Cu/CuO x substrate) are 
present in a sample stored in ethanol for 1 year. 

To synthesize copper selenide@polystyrene nanowires, a sample of selenium 

nanowires deposited on a Cu/CuOx substrate was immersed into styrene. Transmission 

electron microscopy analysis (Figure 6.3a) reveals that the 1D nanostructures of 

selenium initially have a uniform diameter along their growth direction of [001]. Bend 

contours along the length of the nanowires can also be observed in the bright-field TEM 

image. These features are a hallmark of high-aspect-ratio single crystalline 1D 

nanomaterials. Selected area electron diffraction (SAED) analysis (Figure 6.3a inset) 

performed on a single selenium nanowire produced a pattern of diffraction spots that 

correlates to single crystal selenium with a hexagonal symmetry. In this case, the 

collimated electron beam passed through the selenium nanowire perpendicular to the 

[210] zone axis. After the reaction mixture is left at room temperature under ambient 

lighting for a period of 3 months, the selenium nanowires and the Cu/CuOx substrate 

exhibited a noticeable change in their coloration. The nanowires turned dark grey in 

color, in contrast to the dark brick-red color of the selenium nanowires, whereas the 
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shiny orange-toned Cu/CuOx substrate changed to a dull red. Analysis by TEM (Figure 

6.3b) indicates that the newly formed anisotropic nanostructures have a different 

morphology than the starting material. These nanowires have nonuniform diameters with 

multiple bends along the length of the nanowire and are encapsulated in a low-

contrasting polystyrene sheath similar to selenium@polystrene nanowires prepared by a 

surface-initiated atom transfer radical polymerization.47  

 

Figure 6.3 (a, inset) Corresponding transmission el ectron microscopy (TEM) and 
selected-area electron diffraction (SAED) pattern o f the 1D selenium 
templates. (b) TEM analysis revealing the presence of a new species 
of polycrystalline nanowires encapsulated in a low- contrasting 
material after prolonged incubation of both a Cu su bstrate and t-Se 
nanowires in a solution of styrene. (c) TEM of copp er selenide 
nanowires without polymer encapsulation formed by r eacting Cu + 
species on a Cu substrate with selenium nanowires. (d, e) Electron 
diffraction patterns of these Cu 1.75±0.04Se@PS and Cu 1.63±0.04Se 
nanowires. (f) Elemental analysis by energy dispers ive X-ray 
spectroscopy (EDS) on a scanning transmission elect ron 
microscope (STEM) of the polystyrene-encapsulated c opper 
selenide nanowires (top inset) and uncoated copper selenide 
nanowires (bottom inset) deposited on SiOx-coated N i grids. Scale 
bars are 200 nm. 

X-ray photoelectron spectroscopy was employed to determine the composition of 

the polymer coating on the copper selenide nanowires. A high-resolution C1s 

photoemission spectrum of the copper selenide@polystyrene nanowires indicated the 

presence of a π–π* electronic transition that is a signature of unsaturated or aromatic 

carbon species. This peak corresponds to the phenyl rings of the polystyrene (Figure 
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6.4a).233 The thickness of the polystyrene coating is nonuniform along the length of the 

copper selenide nanowires. Nodules of PS are present along the length of these 

nanowires (Figure 6.4e and f). This nonuniformity is attributed to the fact that SI-ATRP 

was performed at room temperature. The rate of polymerization is proportional to local 

variation in reactivity along the selenium nanowire templates. Polystyrene colloids 

produced as a byproduct of the reaction can be removed by isolating the polystyrene-

encapsulated copper selenide nanowires via centrifugation at 3000 rpm followed by 

decanting the supernatant. A higher temperature can be used to accelerate the 

transformation of selenium to copper selenide nanowires, but the rate of styrene 

polymerization also increases. The resulting product is a viscous and tacky mass.  

 

Figure 6.4 High resolution C1s photoemission spectr a of (a) CuSe-Cu 2Se@PS 
prior to thermal purification to remove residual se lenium nanowires, 
(b) after thermal evaporation of selenium nanowires  at 300°°°°C under 
atmospheric pressure for 12 h, (c) after thermal ev aporation of 
selenium nanowires at 160 °°°°C under vacuum for 12 h, and (d) 
polystyrene standard. (e, f) Transmission electron microscopy 
revealed that polystyrene nodules are observed on s ome of the 
copper selenide@polystyrene nanowires. The scale ba rs are 1 µm. 

Copper selenide nanowires without polystyrene encapsulation (Figure 6.3c) can 

also be produced by drop casting selenium nanowires onto a Cu1+ and Cu0 enriched 
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Cu/CuOx substrate (Figure 6.1a) that had been used to synthesize the polystyrene 

coated copper selenide nanowires. This reaction was facilitated by an increase in the 

surface concentration of Cu1+ and Cu0 on the Cu/CuOx substrate from the presence of 

styrene radicals, as indicated by the XPS analysis. The Cu1+ and Cu0 species on the 

surfaces of the Cu/CuOx substrate can react with the selenium nanowires by two 

possible mechanisms. The Cu1+ species on the surfaces of the Cu/CuOx substrate can 

react electrochemically75, 257 to produce cuprous selenide (Cu2Se). In addition, copper 

selenides (CuSe and Cu2Se) can be formed through solid-state reactions between Cu0 

and Se0, as reported in previous literature.261-263 The newly formed copper selenide 

nanowires, both with or without the polymer coating, no longer exhibit the bend contours 

and have an increased contrast in the TEM images. These changes indicate the 

formation of a polycrystalline material that has a higher density than selenium. The 

electron diffraction patterns obtained from multiple copper selenide nanowires indicate 

similar crystal lattices for nanowires with and without the polymer coating (Figure 6.3d 

and e). Elemental analysis by energy dispersive X-ray spectroscopy (EDS) performed by 

STEM on an area containing a collection of copper selenide nanowires confirmed that 

these new nanostructures are composed of copper and selenium (Figure 6.3f). 

Elemental composition analyses were extracted from these EDS spectra shown in 

Figure 6.3f using TEM Imaging & Analysis software provided by FEI Company (version 

4.2 SP1). The bare copper selenide nanowires have an average composition of 

Cu1.63±0.04Se, and the polystyrene-encapsulated copper selenide core–shell nanowires 

have an average composition of Cu1.75±0.04Se@PS. In addition, spot EDS analyses 

performed along the length of individual Cu1.75±0.04Se@PS nanowire revealed a larger 

variation in composition between Cu and Se in comparison to the Cu1.63±0.04Se (Figure 

6.5). Variation in the ratio of Cu/Se observed in Cu1.75±0.04Se@PS nanowires could be 

due to the formation of the polystyrene layer, which occurs simultaneously to the 

electrochemical transformation of selenium into copper selenide. The polystyrene 

coating could impede the selenium nanowires from reacting uniformly with the Cu1+ 

species or there may be an uneven supply of reactive Cu species along the length of the 

selenium nanowire because some sections of the nanowire are dispersed in the styrene 

and not in physical contact with the Cu substrate. Poor physical contact would result in a 

nonuniform product for a solid-state chemical reaction.  
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Figure 6.5 Elemental analysis by energy dispersive X-ray spectroscopy was 
conducted at different positions along the length o f polystyrene 
encapsulated copper selenide (CuSe-Cu 2Se@PS) and copper 
selenide (CuSe-Cu 2Se) nanowires. The analyzed spots on the 
nanowires are circled and labeled on the scanning t ransmission 
electron microscopy high-angle annular dark field i mages, while 
their corresponding atomic concentrations (%) are t abulated next to 
these images. Scale bars are 100 nm. 

These polycrystalline 1D nanostructures have an average core diameter of 76 ± 

21 nm (Figure 6.6), which is ~2.6 times larger than the average diameter of selenium 

nanowires at 29 ± 9 nm. Because the copper selenide nanowires retain the anisotropic 

form of the template nanowires, the mechanism of transformation is unlikely to proceed 

solely by reduction of Se0 into Se2- before it reacts with the reactive copper species. The 

complete reduction of selenium would have resulted in the formation of copper selenide 

colloids.247-248 The reaction may instead have proceeded through an electrochemical 
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process in which Cu1+ ions diffused into the selenium nanowires as well as through a 

solid-state reaction in which Cu0 atoms diffused into the selenium in contact with the Cu 

substrate.75, 91, 257, 261, 263, 266 The combination of both processes lead to the 

transformation of selenium nanowires into cupric and cuprous selenide nanowires. 

 

Figure 6.6 The transformed nanowires of copper sele nide@polystyrene (CuSe-
Cu2Se@PS) have a larger core diameter in comparison to  the 
starting material of trigonal selenium (t-Se). Aver age diameters were 
calculated from ~200 nanowires. 

Copper selenide and copper selenide@polystyrene nanowires were further 

investigated with alternative TEM imaging modes to analyze the crystalline domains 

within these nanostructures. Under higher magnification TEM in the bright-field imaging 

mode (Figure 6.7a and c) in which the (000) diffraction spot is used to acquire the image, 

features such as grain boundaries and Moiré fringes are easily identifiable. The specific 

size of each grain and the orientation of these grains are difficult to discern from the 

bright-field image. Different regions of the sample that have similar crystal orientations 

and therefore jointly contribute to specific electron beam diffractions can be 

distinguished using a dark-field imaging mode. For example, other individual diffraction 

spots can be used to produce an image that distinguishes the size and distribution of 

grains within the Cu1.75±0.04Se@PS and Cu1.63±0.04Se nanowires that contribute to this 

diffraction (Figure 6.7b and d). This analysis suggests that the crystalline domains within 

the copper selenide nanowire have lateral dimensions from approximately 2 to 50 nm. 
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Additional confirmation of the phase and purity of copper selenide nanowires was sought 

using X-ray spectroscopy. 

 

Figure 6.7 (a, c) Grain boundaries and Moiré fringe s are observable in a bright-
field TEM image of a copper selenide@polystyrene na nowire (CuSe-
Cu2Se@PS NW) and copper selenide nanowire (CuSe-Cu 2Se NW), 
respectively, obtained using the (000) diffraction spot. (b, d). Dark-
field images acquired from the same region of each sample reveal 
the size and frequency of grains within each nanowi re that have a 
similar orientation to one another. Scale bars are 100 nm. 

We investigated the phase of the anisotropic copper selenide by powder XRD 

analysis. The acquired diffraction pattern (Figure 6.8) contains a set of overlapping 

diffraction peaks. Some of these diffractions arise from unreacted selenium nanowires, 

which correlate to PDF#: 42-1245. Other peaks coincide with hexagonal copper selenide 

(CuSe, PDF#: 01-072-8417 34-171), cubic copper selenide (Cu2Se, PDF#: 46-1129), 

and orthorhombic copper selenide (CuSe, PDF#: 86-1239). After one month of reaction, 

the reaction product consists of ~43% copper selenide nanowires and ~57% selenium 

nanowires. The powder XRD pattern was studied by a quantitative Rietveld phase 

analysis through a Materials Analysis Using Diffraction (MAUD) program (Appendix 

B).270 
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Figure 6.8 Quantitative analysis of powder XRD patt ern of the crude product after 
1 month of reaction is composed of selenium (pink, 57%), 
orthorhombic copper selenide (blue, 1%), cubic copp er selenide 
(green, 7%), and hexagonal copper selenide (red, 35 %). A linear 
combination of the four fits is shown in black. The  bottom plot 
represents the residual (R expt.  = 2%) of the curve fitting. 

The presence of selenium nanowires in the product diminishes with increasing 

reaction time. After 3 months, ~97% of selenium nanowires were converted to copper 

selenide nanowires (Figure 6.9). Optical characterization of the as-synthesized 

nanowires, such as by UV-vis absorption spectroscopy, could lead to an erroneous 

interpretation of the electronic transitions of these copper selenide nanowires due to the 

presence of unreacted selenium nanowires. Therefore, the unreacted selenium 

nanowires must be selectively removed from the sample. Selenium can be dissolved in a 

number of solvents, such as hydrazine49 and carbon disulfide,271 but these chemicals 

might also influence the composition of the copper selenide nanowires. Hence, an 

alternative method of was sought to selectively remove residual selenium from the as-

synthesized mixture. 
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Figure 6.9 Quantitative analysis of powder XRD patt ern of the crude product after 
3 months of reaction is composed of selenium (pink,  3%), 
orthorhombic copper selenide (blue, 4%), cubic copp er selenide 
(green, 26%), and hexagonal copper selenide (red, 6 7%). The blue 
dotted trace represents the raw data and the black trace is the linear 
combination of the four components. The bottom plot  represents the 
residual (R expt.  = 2%) of the curve fitting.  

Differential scanning calorimetry studies of selenium and copper selenide 

indicate these materials have very different melting and decomposition temperatures. 

Selenium melts at 221°C, 56 whereas the copper selenide decomposes to β-Cu2-XSe at 

380°C. 254 By operating between these two temperature ranges, it is possible to 

selectively remove the unreacted Se from the crude product by thermal evaporation. 

One method of purification is to heat a batch of crude product at 300°C in a Schlenk tube 

fitted with a cold finger under ambient pressure for 12 h. Subsequent analysis of the 

heat-treated samples by powder XRD (Figure 6.10) indicates the selective removal of 

selenium nanowires from the crude product because of the absence of trigonal selenium 

(t-Se) diffraction peaks. The purified product potentially consists of a mixture of three 

different phases of copper selenide. These phases are hexagonal (CuSe, PDF#: 01-072-

8417 34-171), orthorhombic (CuSe, PDF#: 86-1239), and cubic (Cu2Se, PDF#: 46-1129) 
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copper selenide (Figure 6.10). The thermally purified copper selenide nanowires are 

polycrystalline with an average domain size of 23 ± 13 nm, as approximated from the 

XRD data (Figure 6.10) using the Scherrer equation (See Appendix E).272 In addition, 

HAADF-STEM images of the purified copper selenide nanowires (Figure 6.11) indicate 

that the anisotropic nanostructure remains intact after thermal treatment to selectively 

remove the unreacted selenium nanowire template.  

 

Figure 6.10 X-ray diffraction pattern depicting a s ample of purified nanowires after 
the successful removal of selenium from the crude p roduct by 
heating the sample at 300°C for 12 h. The pure copp er selenide 
nanowires consist of a mixture of hexagonal (red; 5 3.4%; PDF#: 01-
072-8417 34-171), orthorhombic (blue; 18.1%; PDF#: 86-1239), cubic 
(green; 28.4%; PDF#: 46-1129) phases, and trigonal selenium (pink; 
0.1%. The blue dotted trace represents the raw data  and the black 
trace is the linear combination of the three compon ents. The 
quantitative analysis was approximated in Materials  Analysis Using 
Diffraction (MAUD) software through the Rietveld me thod. The 
bottom plot represents the residual (R expt.  = 2.7%) of the curve 
fitting.  

Heating the PS beyond its decomposition temperature39 could lead to 

carbonization of the polymer, converting the PS coating on the copper selenide 

nanowires into a mixture of amorphous carbon and graphite. High-angle annular dark-
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field imaging through scanning transmission electron microscopy analysis of the copper 

selenide@polystyrene nanowires revealed a change in the density of the PS coating 

after the sample had been thermal purified (Figure 6.11). Prior to thermal purification to 

remove residual selenium nanowires the PS coatings were observed as the low contrast 

material that coated the surfaces of the nanowires (Figure 6.11a – inset). These low 

contrast coatings were also observed in the STEM images of thermally purified copper 

selenide@polystyrene nanowires, which were purified either at 300°C under 

atmospheric pressure or under vacuum at 160°C (insets of Figure 6.11b and Figure 

6.11c, respectively). The STEM images revealed no observable difference in the copper 

selenide nanowires purified under either condition. Both purification methods had 

preserved the nanostructures’ anisotropic shape while keeping the nanowires 

encapsulated in low contrasting material after thermal treatment to remove residual 

selenium nanowires. 

 

Figure 6.11 High angle annular dark field (HAADF) i maging by scanning 
transmission electron microscopy (STEM) analysis of  copper 
selenide@polystyrene nanowires (CuSe-Cu 2Se@PS) (a) before 
thermal purification, (b) thermally purified at 300 °°°°C under 
atmospheric pressure for 12 h, and (c) thermally pu rified at 160 °°°°C 
under vacuum for 12 h. Scale bars are 100 nm. 

After the sample was thermally purified at 300 °C, the chemical state of the PS 

coating on CuSe-Cu2Se core-shell nanostructures was investigated by XPS. Analysis by 

XPS of these purified samples revealed the absence of the π–π* transition at ~291 eV, 

indicating that the polymer coatings on the copper selenide nanowires had lost their 

aromaticity (Figure 6.4b and c). In addition, analysis by electron energy loss 
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spectroscopy of the carbon K-edge performed using a scanning transmission electron 

microscope suggested that the polymer coatings have similar chemical state as the 

amorphous carbon coating after the thermal purification process (Figure 6.12).  

 

Figure 6.12 Analysis of the carbon K-edge by electr on energy loss spectroscopy 
(EELS) for (a) amorphous carbon and (b) CuSe-Cu 2Se@PS 
nanowires after residual selenium nanowires were re moved by 
thermal evaporation at 300 °°°°C under atmospheric pressure. (c) TEM 
image of CuSe-Cu 2Se@PS nanowires supported on a holey carbon 
grid. The regions indicated by the red boxes corres pond to the 
positions used for EELS analysis of amorphous carbo n (box #1) and 
CuSe-Cu 2Se@PS nanowires (box #2). 

Optoelectronic properties of selenium nanowires and purified copper 

selenide@polystyrene nanowires were characterized using UV-vis spectroscopy. Both 

materials have electronic transitions that can be excited in the UV-vis region of the 

electromagnetic spectrum. The UV-vis absorption spectrum of selenium nanowires 

(Figure 6.13a) spans from the UV to the near infrared (NIR) wavelengths of the 

electromagnetic spectrum, with three strongly absorbing peaks at 344, 437, and 559 nm, 

respectively. These peaks represent intramolecular and intermolecular electronic 

transitions.28 The absorption spectrum of copper selenide (Figure 6.13b) indicates that 

the material can absorb a wide range of the photon energies, but it is most efficient at 

absorbing in the UV region of the electromagnetic spectrum. The purified CuSe-
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Cu2Se@PS nanowires have an absorption edge at 508 nm (2.44 eV) that corresponds 

to the direct bandgap energy. The bandgap energy falls in between that of the reported 

values of cubic (2.2 eV)247 and hexagonal (2.0 and 2.8 eV)250 copper selenide. The 

observed bandgap might be due to mixing of the bandgaps of the two different phases.  

 

Figure 6.13 UV-vis absorption studies conducted on uniform dispersions of (a) 
selenium nanowires and (b) copper selenide@polystyr ene 
nanowires (purified by heat treatment) as well as t he corresponding 
plots used to estimate the indirect bandgap of each  sample (a and b 
insets, respectively). 

The inset plots of Figure 6.13a and b are used to estimate the indirect bandgap 

of the selenium and copper selenide nanowires using the formula: (αhv)1/2 = (Ahv/l)1/2 = 

(hv – Eg).6 The absorption coefficient (α) can be calculated using the Beer–Lambert 
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equation from acquired absorbance (A) values and the known light path length (l). At the 

corresponding spectral wavelengths, the photon energy is calculated by multiplying 

frequency (v) of the wavelength of radiation by the Planck constant (h). The bandgap 

energy (Eg) of the material is estimated by determining the x–intercept of the steepest 

slope in a plot of (Ahv/l)1/2 against hv. The estimated indirect bandgap of the selenium 

nanowires with an average diameter of 29 ± 9 nm is 1.61 eV, which closely matches the 

value of 1.65 eV previously reported on nanowires of a similar diameter.28 The purified 

CuSe-Cu2Se@PS nanowires have an indirect bandgap energy of 1.44 eV that is similar 

to reported literature values of 1.0–1.4 eV.273 

6.4. Conclusions 

This study was the first report of the direct conversion of selenium nanowires into 

cuprous and cupric selenide@polystyrene nanowires. This study demonstrated that the 

transformation of selenium to copper selenide proceeds readily under ambient 

conditions. The reaction was initiated by the surface-initiated atom transfer radical 

polymerization of styrene on the surfaces of the selenium nanowires or Cu/CuOx 

substrate. It is proposed that the styrene radical or polystyrene radicals subsequently 

reduced the Cu2+ oxide species to Cu1+ analogues and Cu0. These copper species 

subsequently react either through an electrochemical or a solid-state process with the 

selenium nanowires. The single crystalline selenium nanowire templates were 

simultaneously converted into polycrystalline cuprous and cupric selenide nanowires 

encapsulated with a thin sheath of polystyrene. Transformation from single crystalline 

selenium templates into polycrystalline copper selenide@polystyrene nanowires was 

accompanied with an increase in the diameter of the copper selenide nanowires. These 

polycrystalline copper selenide nanowires coated with a thin sheath of polystyrene have 

an average composition of Cu1.75±0.04Se@PS, as determined by EDS analysis on a 

collection of the nanostructures. Spot EDS analyses performed along the length of 

individual Cu1.75±0.04Se@PS nanowire revealed a larger variation in Cu and Se 

composition, which could be due to the formation of the polystyrene layer that impedes 

the selenium nanowires from reacting uniformly with the Cu1+ species and prevents 

uniform physical contact between the selenium nanowires and the Cu/CuOx substrate 

required for a solid-state reaction. The as-synthesized product was purified by 
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selectively removing the unreacted selenium nanowires (~3% impurity) through a 

process of selective thermal evaporation that also transformed the polystyrene to an 

encapsulating layer of amorphous carbon. The purified CuSe-Cu2Se@PS nanowires 

exhibited an indirect bandgap of 1.44 eV. This process could be readily extended to the 

formation and polymer encapsulation of other copper selenide nanostructures, but it may 

be adapted for the polymer encapsulation of other nanostructures. 

6.5. Future Directions in Surface-Initiated Atom Tr ansfer 
Radical Polymerization Induced Transformation of 
Selenium Nanowires into Copper 
Selenide@Polystyrene Core–Shell Nanowires 

This work can be extended to the transformation of selenium nanowires into 

other metal selenides, binary metal selenide, or ternary metal selenide nanowires 

initiated by the SI-ATRP process. Indium and gallium selenide nanowires are particularly 

interesting because of their potential applications in photovoltaic devices once they are 

further transformed into CuInSe2 and CuInxGa(1-x)Se2.274-276 The syntheses of these metal 

selenides nanoparticles, usually, involves the co-reduction of the corresponding metal 

salts at high temperatures.66, 277 Anisotropic nanostructures of indium and gallium 

selenides could be synthesized from selenium nanowire templates in this template-

engaged process to provide a complementary synthetic route to cation/anion-exchange 

techniques to prepare copper selenides from cadmium selenides.33, 241 

Another area of interest is to investigate the identity of the nanoparticles found on 

the surfaces of the CuSe-Cu2Se@PS nanowires. These nanoparticle decorated CuSe-

Cu2Se@PS nanowires are only observed in samples from which the styrene had 

evaporated unintentionally. Styrene had evaporated from a loosely capped reaction 

vessel at RT and atmospheric pressure over a period of ~1 year. High resolution TEM 

imaging revealed these nanoparticles are single crystalline nanocrystals (Figure 6.14). 

Particle size analysis by TEM indicates these nanoparticles have an average diameter of 

3 ± 0.8 nm. Future goals of this project include determining the elemental composition of 

the single crystalline nanoparticles by STEM-EDS and examining the possible 

mechanism in which these single crystalline nanoparticles were formed during the 
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chemical transformation of selenium nanowires into CuSe-Cu2Se@PS nanowires. As 

control reactions, one of the three reactants (Cu/CuOx, selenium nanowires, and 

styrene) would be excluded from reaction. For example, Cu/CuOx substrate would be 

immersed in styrene for 6 months in the absence of selenium nanowires. As a control 

experiment, another portion of selenium nanowires would be kept in a solution of styrene 

in the absence of Cu/CuOx for the same duration. The supernatants of both solutions 

would then be analyzed by TEM and STEM-EDS to screen for the formation of the single 

crystalline nanoparticles at 1, 3, and 6 months of reaction time.  

 

Figure 6.14 TEM analysis reveals the presence of si ngle crystalline nanoparticles 
embedded and on the surfaces of the PS coating (hig hlighted by 
arrows). (Inset) The corresponding lattice fringe i mage of a 
nanoparticle adhered to the surfaces of the PS shea th. Scale bars 
are 10 nm and (inset) 1 nm, respectively. 
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7. Conclusions and Outlook 

7.1. Conclusions 

To recap, at the beginning of this thesis our goals were to address the following 

four challenges listed as questions to improve our understanding of the surface 

chemistry of selenium nanowires: 1) how can we synthesize selenium nanowires with a 

controlled diameter and length?; 2) how can we alter the surfaces of the selenium 

nanowires to facilitate colloidal stability and dispersion of the nanowires for easier 

processing and to facilitate a more uniform chemical reaction on these templates?; 3) 

how do we manipulate selenium nanowires en mass, as well as individually?; and 4) 

how do we prevent the chemical degradation of selenium? In short, we were able to 

address and resolve the challenges that we found in growing high-aspect-ratio 

nanowires, creating stable dispersions, manipulating the nanowires en mass, and 

preventing their chemical degradation. In addition, we were able to combine the new 

synthetic techniques with our acquired knowledge of selenium nanowire’s surface 

chemistry to synthesize new classes of core-shell nanostructures (i.e., polystyrene 

coated selenium and polystyrene coated copper selenide nanowires).  

In Chapter 2, we have demonstrated that sonochemically-induced synthesis of 

selenium nanowires grow by an Ostwald ripening process. The solubilized selenium 

atoms nucleate to form t-Se seeds, upon which subsequent recrystallization takes place. 

The selenium nanowires form as a result of preferential recrystallization on the high 

energy {001} facets of t-Se seeds. These selenium nanowires are single crystalline and 

grow preferentially along the <001> directions. We were able to tune the diameter of the 

selenium nanowires by adjusting the solubility of a-Se precursor in the growth medium 

via temperature regulation. Temperature was used to control the availability of 

solubilized selenium and the rate of nanowire growth. We have identified that the 

amorphous selenium colloids need to dissolve at a sufficient rate to supply the growth of 

high-aspect-ratio selenium nanowires, while an overabundance of dissolved selenium 
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would lead to the formation of low-aspect-ratio selenium nanorods. In addition, we have 

demonstrated that the solubilized selenium attach preferentially to the higher surface 

energy facets of the selenium nanowires by selectively inhibiting their axial growth. 

Addition of 11-hydroxyundecan-1-thiol during the growth of the selenium nanowires 

selectively inhibits the {001} facets from further recrystallization processes, forcing the 

selenium anisotropic nanostructures to grow radially. We have also determined that the 

concentration of a-Se colloid and water content in the growth medium have a direct 

impact on the success of sonochemically-induced transformation. High concentrations of 

both a-Se and water content in the growth medium lead to aggregation of the a-Se 

colloids, decreasing the solubility of a-Se. Large aggregates of a-Se colloids cannot 

dissolve fast enough to support the growth of selenium nanowires and, therefore, lower 

the chance of a successful sonochemically-induced transformation. Using the optimized 

parameters developed in this study, we are able to consistently produce selenium 

nanowires with average diameters of 29 ± 9 nm. 

In Chapter 3, we have systematically examined the colloidal stability of selenium 

nanowires in a variety of organic and aqueous media. We have identified that organic 

solvents comprised of long aliphatic hydrocarbons are able to uniformly disperse the 

selenium nanowires, while providing viscous environments capable of keeping the 

nanowires suspended for long periods of time. Favorable interactions between the 

nanowires and the dispersing media was one of the key factors to obtain a homogenous 

dispersion of selenium nanowire. Solvents that are both viscous and can interact 

favorably with the surfaces of selenium nanowires provided the highest colloidal stability. 

The colloidal stability of the nanowires could also be enhanced through the addition of 

surfactants or polymers to provide steric stabilization. In addition, surfactants and 

polymers were used to facilitate the dispersion of otherwise hydrophobic selenium 

nanowires into aqueous solutions. We also have demonstrated that uniformity of 

platinum decorated selenium nanostructures (Se@Pt) prepared from selenium nanowire 

templates is directly influenced by how well the selenium nanowires are dispersed in 

solution. Performing the reaction with a poorly dispersed sample of selenium nanowires 

leads to the formation of undesired products, such as hollow Pt nanoshells, instead of 

platinum decorated selenium nanowires. 
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In Chapter 4, we have developed a technique for assembling nanowires of 

semiconductors and metals into macroscopic fibers directed along electric field when 

suspended in low dielectric solvents. This technique is capable of simultaneously 

assembling nanowires into an array of parallel fibers over distances much greater than 

the length of individual nanowires. The assembled fiber of selenium nanowires can 

extend over ~7 cm when assembled from dispersions of nanowires within 1 min of 

applying an electric potential to the solvent. These fibers of selenium nanowires can be 

isolated from solution, or re-dispersed as a suspension of individual nanowires in the 

absence of an electric field. These re-dispersed nanowires can be assembled into 

another fiber. Free-standing fibers of selenium nanowires are flexible and 

photoconductive. We have demonstrated that the electrokinetic assembly technique is 

versatile and scalable for directing the assembly of solution-phase synthesized 

nanowires that may otherwise be difficult to organize. 

In Chapter 5, we have determined the chemical composition at the surfaces of 

as-synthesized selenium nanowires using a combination of surface sensitive techniques, 

such as X-ray photoelectron spectroscopy (XPS) and secondary ion mass spectrometry 

(SIMS). We are the first to report that water molecules residing on the surfaces of the 

selenium nanowires interact with the surface selenium atoms to give rise to an additional 

chemical state (Seδ+) observed through XPS and SIMS analyses. In addition, surface 

sensitive analysis techniques revealed that t-Se nanowires oxidize when stored under 

ambient conditions, resulting in the formation of selenium dioxides. The selenium 

dioxides are dissolved in the presence of moisture, leading to corrosion of the selenium 

nanowire, which becomes pitted and fragmented. To increase the corrosion resistance 

of selenium nanowires, we encapsulated the nanowires with a thin layer of polystyrene 

formed by a surface-initiated atom transfer radical polymerization process. The PS 

encapsulation served as a moisture barrier to prevent the dissolution of selenium oxides 

on the surfaces of selenium nanowires. The XPS spectrum of t-Se@PS nanowires 

contains a new chemical state in comparison to the uncoated t-Se, suggesting Se-C 

formation during the surface-initiated atom transfer radical polymerization process. This 

encapsulating layer of polystyrene dramatically increases the resilience (greater than 

800 times more resilient to corrosion) of the selenium nanowires towards corrosion. 
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In Chapter 6, we have adopted the technology developed to increase the 

corrosion resistance of selenium nanowires to form copper selenide nanowires. We were 

able to directly convert selenium nanowires into cuprous and cupric 

selenide@polystyrene nanowires under ambient conditions. The reaction is initiated by 

the surface-initiated atom transfer radical polymerization of styrene on the surfaces of 

the selenium nanowires or a Cu/CuOx substrate. We proposed that the styrene radical 

or polystyrene radicals subsequently reduced the Cu2+ oxide species to Cu1+ analogues 

and Cu0. These copper species subsequently react either through an electrochemical or 

a solid-state process with the selenium nanowires. The single crystalline selenium 

nanowire templates were simultaneously converted into polycrystalline cuprous and 

cupric selenide nanowires encapsulated with a thin sheath of polystyrene. These 

polycrystalline copper selenide nanowires coated with a thin sheath of polystyrene have 

an average composition of Cu1.75±0.04Se@PS, as determined by energy-dispersive X-ray 

spectroscopy (EDS) of the nanostructures. Spot EDS analyses performed along the 

length of individual Cu1.75±0.04Se@PS nanowires revealed a larger variation in Cu and Se 

composition, which could be due to the formation of the polystyrene layer that impedes 

the selenium nanowires from reacting uniformly with the Cu(I) species and prevents 

uniform physical contact between the selenium nanowires and the Cu/CuOx substrate 

required for a solid-state reaction. The as-synthesized product was purified by 

selectively removing the unreacted selenium nanowires (~3% impurity) through a 

process of selective thermal evaporation that also transformed the polystyrene into an 

encapsulating layer of amorphous carbon. The purified CuSe-Cu2Se@PS nanowires 

exhibited an indirect bandgap of 1.44 eV. This process could be readily extended to the 

formation and polymer encapsulation of other copper selenide nanostructures, but it may 

also be adapted for the polymer encapsulation of other nanostructures. 

7.2. Outlook 

Nanoparticle catalysts that can be immobilized on solid supports are highly 

sought after because they can be easily isolated and recycled from heterogeneous 

reactions.278 One of the challenges in heterogeneous catalysis is to maintain the colloidal 

stability of the heterogeneous catalysts in the reaction media. Aggregation of the 

nanoparticles or nanoparticles immobilized on a solid support would decrease the overall 
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active surface area of the catalyst, resulting in a decrease in the rate of reaction. 

Aggregation of the catalyst supports could be avoided by selectively functionalizing the 

support materials with the appropriate surface chemistry. Anisotropic selenium 

nanostructures could be used as sacrificial templates to produce porous materials 

containing nanoparticle catalysts. The surfaces of selenium nanowires can be decorated 

with nanoparticle when they are mixed with the appropriate transition metal salts, such 

as platinum, ruthenium, and palladium (Figure 7.1 – t-Se@M-NPs).49, 71, 86 Subsequently, 

the nanoparticle decorated selenium nanowires could be encapsulated with a polymer 

(e.g., polystyrene or polyacrylonitrile) by surface-initiated atom transfer radical 

polymerization (Figure 7.1 – t-Se@M-NPs@PS).47, 208 The surface chemistry of polymer 

encapsulation could be further modified to increase the colloidal stability of the catalyst 

support core-shell structures. The catalyst support core-shell structures can be 

fragmented by sonication to expose the selenium. Selenium could then be selectively 

removed by exposing the sample to a solution of nitric acid47 or hydrazine71 to yield a 

hollow polymer structure with nanoparticles supported on the inside walls (Figure 7.1 – 

M-NPs@PS). This synthesis would yield a new form of colloidal material that could be 

used trap oxygen gas when exposed to a dilute solution of hydrogen peroxide. One of 

the potential applications is to use the M-NPs@PS with trapped gases as contrast agent 

for non-invasive ultrasound or magnetic resonance imaging diagnostics and 

therapeutics.279-280 

 

Figure 7.1 A schematic on the synthesis of hollow p olymer tubes with metal 
nanoparticles (M-NPs) decorated on the inside from templates of 
trigonal selenium nanowires (t-Se). 
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Appendix A. Electric Field Simulation by COMSOL Fin ite 
Element Method  

Electric field can be visualized through simulation in COMSOL using finite element 
method. The finite element method solves a charge conservation equation for the 
electric potential given the spatial distribution of electric charge in dielectric under static 
conditions. Both the magnitude and directional components of the electric field are 
calculated by the finite element method. The flux density (D) and strength of the electric 
field (E) in a 2D or 3D geometry was determined by solving the following equation,  

E = 	 M�M�� 
where εo is the electric permittivity of free space (εo = 8.85E-12 F/m), and εr is the 
relative permittivity of the isotropic medium. We were able to identify that our nanowires 
assemble along the direction of the electric field by correlating the experimental data 
with the simulated electric field. We also verified that the highest concentration of these 
assembled structures are located in areas of the highest electric field strength in the 
electrokinetic assembly of selenium and silver nanowires.  

Video tutorials on the COMSOL software are posted in the following link, 
http://www.youtube.com/user/softhummingbird/featured (accessed on September 03, 
2013). 

For additional information please refer to these books Pryor, Roger W. Multiphysics 
modeling using COMSOL: a first principles approach, Jones and Barlett: Sudbury, Mass. 
2011 in the Simon Fraser University Fraser Library (Surrey Campus), and Zimmerman, 
William B. J. Multiphysics modelling with finite element methods, London: New Jersey, 
2006 in the Simon Fraser University Bennett Library (Burnaby Campus). 



 

197 

Appendix B. X-Ray Photoelectron Spectroscopy Calibr ation  

Proper calibration of the hemispherical electron spectrometer is essential in obtaining 
accurate and high quality data with consistency. The instrument’s performance is, also, 
optimized through calibration, making the signal-to-noise ratio higher than an instrument 
that is un-calibrated. A properly calibrated instrument will allow the users to obtain 
accurate and high quality data 

The X-ray photoelectron spectroscopy (XPS) linear energy scale calibration procedure 
was performed in accordance to the ISO 15472 international procedure. For this 
procedure, all reference standard samples (gold and copper thin films) are etched with 
Argon ions to remove surface contaminants. The Argon ion etch area is 4 mm x 4 mm. 
Elemental composition, obtained from a survey scan that spans from 1200 to 0 eV in 
binding energy, of an Argon sputter cleaned sample should contain less than 1% atomic 
mass of oxygen and carbon. The elemental composition of Argon sputtered samples 
were calculated from survey scans of the corresponding reference standards. Survey 
scans were acquired at 0.5 eV increments, a Pass Engery of 160 eV, with a Mg X-ray 
source operating at 150 W (10 mA and 15 kV). 

Energy scale linearity was calibrated using a dual anode of Al and Mg X-ray sources on 
Argon sputter cleaned gold and copper substrates. High resolution spectra of Cu 3p3/2 
were obtained with Mg X-rays and the Au 4f7/2 signal were collected with Al X-rays. 
Signals were collected at 0.025 eV increments, and the hemispherical spectrometer’s 
electromagnetic lens was set to hybrid mode operating at a Pass Energy of 10 eV. 
Photoelectrons were collect from a 300 µm x 700 µm area of the sample. The kinetic 
energy separation between the acquired Cu 3p3/2 and Au 4f7/2 peaks should be within ± 
0.025 eV of the theoretical value of 1081.680 eV. Instrument gain is adjusted if the 
deviation is great than ± 0.025 eV.  

After the linear energy scale calibration was completed, Mg X-ray source was used to 
acquire a photoemission spectrum of the Au thin film. The signals were collected at 
0.025 eV increments, and the hemispherical spectrometer’s electromagnetic lens was 
set to a hybrid mode operating at a Pass Energy of 10 eV. Photoelectrons were collect 
from a 300 µm x 700 µm area of the sample. Work function of the instrument is then 
adjusted to position the apex of the Au 4f7/2 peak at 83.950 ± 0.025 eV. 
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Appendix C. Secondary Ion Mass Spectrometry Calibra tion  

Proper calibration of the mass spectrometer is essential in obtaining accurate, consistent 
and high quality data. The instrument’s performance is, also, optimized through 
calibration, making the signal-to-noise ratio higher than an instrument that is un-
calibrated. A properly calibrated instrument will allow the users to obtain accurate and 
high quality data with great efficiency. 

Mass alignment of the Hiden Analytical MAXIM triple filtered quadrupole secondary ion 
mass spectrometry (SIMS) analyzer was performed with a cesium iodide (CsI) sample 
drop casted on a ~1 cm2 piece of polished Si/SiOx wafer. Secondary ions, both positive 
and negative ions, were created by bombarding the sample with Argon ions at energies 
of 4.90 kV. Positive and negative ion mass alignments were performed separately using 
the same CsI sample as the calibration standard. In positive ion mass alignment, atomic 
masses of 22.99 (Na+), 132.91 (Cs+), and 392.71(Cs2I+) were selected as the reference 
masses to calibrate the analyzer linearity and for the negative ion mass alignment, 
atomic masses of 15.99 (O-), 126.90 (I-), and 386.71 (CsI2-) were chosen as the 
reference masses.  

NOTE: Please leave this procedure to a properly tra ined technician. Do not be 
afraid to request the technician to perform a mass alignment calibration if you 
think it is out of alignment. 
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Appendix D. Materials Analysis Using Diffraction by  
Quantitative Rietveld Refinement 

Rietveld quantitative analysis is a method for determining the composition of 
phase/texture in a sample containing multiple phases or the crystallites have certain 
preferential orientations. This is an indirect method to determine the phase composition 
in a multiphase sample, without using internal standards. The method uses the following 
equation to calculate the ratio of different crystal phases in a sample, 

NO	 = PO�QLR�
∑ P��QLR��T
UV<

 

where W is the relative weight fraction of a specific phase p in a sample that contains n 
phases. The equation also takes Rietveld scale factor, S, number of formula units per 
cell, Z, the mass formula unit, M, and the unit cell volume, V. Each diffraction pattern’s 
intensity and peak width is adjusted so the linear combination of the individual diffraction 
pattern matches that of the acquired diffraction data. In the synthesis of copper 
selenide@polystyrene core–shell nanowires from the selenium nanowire template, the 
diffraction patterns prior to thermal purification consisted of a mixture of trigonal 
selenium, hexagonal, orthorhombic, and cubic phases of copper selenide. We were able 
to follow the progress of reaction by XRD and Rietveld quantitative analysis. In addition, 
we were able to confirm using Rietveld quantitative analysis the successful removal of 
residual selenium nanowires from the sample by selective thermal evaporation. 

Materials Analysis Using Diffraction (MAUD) software was download from 
http://www.ing.unitn.it/~maud/ (accessed on September 03, 2013). 

Video tutorials that demonstrated installation and operation of the MAUD software are 
posted on Youtube. These tutorial videos can be accessed from this link 
http://www.youtube.com/user/MaudRietveldProgram (accessed on September 03, 
2013). 

Reference diffraction pattern data were obtained from Inorganic Crystal Structure 
Database available to SFU students through the SFU library from the following link 
http://icsd.fiz-karlsruhe.de.proxy.lib.sfu.ca/icsd/ (accessed on September 03, 2013). 

NOTE: Quantitative XRD phase analysis can only be a pplied to phase 
quantification only if structures of all phases wit hin the sample are known. 
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Appendix E. Approximating Size of Crystallites usin g the 
Scherrer Equation. 

Size of submicron crystallites can be approximated from the corresponding diffraction 
pattern using the Scherrer equation. This technique works well for samples that are hard 
to disperse prior to electron microscopy analysis. Also, this method is less time 
consuming than counting the size of individual particles from electron microscopy 
images,281 X-ray microtomography,282 atomic force microscopy,283 small angle X-ray 
scattering,284-285 dynamic light scattering techniques286-287, scanning ion occlusion 
sensing,288 nanoparticle tracking analysis,289 differential centrifugal sedimentation,290 and 
scanning mobility particle sizing.291  

Scherrer equation is used for approximating the average size of nanoscale crystallites 
from the acquired diffraction pattern, 

W = X×Z
[\]^_  

where τ is the approximated crystallite dimension, λ is the X-ray wavelength used to 
obtain the diffraction pattern, β is the full width at half maximum (FWHM) of a specific 
diffraction plane expressed in radians after instrumental peak broadening is removed, θ 
is the Bragg angle of the same diffraction plane that defined the FWHM. K is the 
Scherrer constant, a dimensionless shape factor.272, 292 For a sample containing 
crystallites of any shape, a Scherrer constant of 0.9 is sufficient to provide a first 
approximation.293 The Scherrer equation gives volume-weighted mean column length. 
The approximated crystal size of a specific diffraction peak/plane (i.e., (hkl) of Miller 
index) is average crystallite size perpendicular to the (hkl) plane.  

Note: Scherrer equation should only be used to appr oximate the crystal size of 
nanoparticles. The equation will not be able to app roximate micron sized particles 
or larger with certainty and precision. Strain indu ced peak broadening will lead to 
an underestimation of the nanostructures’ size. 
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