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2011

Solar energy has been considered to be an alternative energy source to meet the
exponential demand for renewable energy. To date, the use of nanomaterials has provided
alternative and promising ways to improve solar device performance. In particular, nanoscale
heterostructures hold great promise in the improvement of energy conversion efficiency, due to
their advantages of possessing diverse functionalities in a single structure and their unique
properties arising from strong interfacial interaction. Moreover, the safety risk associated with
nanomaterials needs to be comprehensively assessed prior to their widespread use. In this
dissertation, we have attempted to develop facile and reliable routes to two different categories
of nanoscale heterostructures, namely (a) zero-dimensional (0D) — one-dimensional (1D)
heterostructures and (b) 1D coaxial heterostructures, and to study their intriguing properties in
applications associated with the energy conversion process. Specifically, the first part of the
dissertation, including Chapter 2 and 3, will demonstrate the rational design of heterostructures
consisting of carbon nanotubes and one or more types of nanocrystals, with precise control over
the location and coverage of nanocrystals on the nanotube surface. The investigation of their
photophysical properties reveals insight into the dynamics of charge carriers in the

heterostructures. Moreover, the fabrication of SnO,/TiO, 1D radial heterostructures by coaxial
iii



electrospinning technique will be discussed as an example of creating discrete multifunctional
1D heterostructures. The applicability of such inorganic radial heterostructures in energy
conversion applications is manifested by their photocatalytic activity in the degradation of
organic dyes (Chapter 4). Finally, the morphology effect upon the toxicity of ZnO nanostructures
towards marine diatoms has been studied, revealing the impact of nanomaterials on the
environment (Chapter 5). Overall, these studies have provided valuable insight into the
fabrication and utilization of nanostructures to resolve problems with global significance as well
as to provide useful implications for evaluating the potential environmental risks of

nanomaterials during the course of their life cycle.
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Chapter 1 Introduction

1.1  Global Energy Issue and the Applications of Nanostructures in Energy Conversion

Ensuring a reliable energy supply has arguably become one of the most important
problems facing humanity. The exponential demand for energy has been exacerbated by
dwindling fossil fuel resources and record-high oil prices because of explosive global population
growth and rapid economic development. The energy crisis has been further complicated by
major concerns about global warming from greenhouse gas emissions emanating from
indiscriminate fossil fuel consumption. Therefore, obtaining alternatives sources of clean energy
is imperative. One such strategy to meet our energy needs involves the use of solar energy
conversion. The sun continuously delivers to the earth ~120,000 TW of energy, which
dramatically exceeds our current rate of energy needs (13 TW).! This implies that covering only
0.1% of the earth’s surface with solar cells of 10% efficiency would satisfy our current energy
demands.? The major barriers for the large-scale use of solar energy are the high cost and
inadequate efficiencies of current solar devices.

Solar cells, also known as photovoltaic (PV) cells, can convert sunlight directly into
electricity. PV gets its name from the process of converting light (photons) into electricity
(voltage), which is called the PV effect. The PV effect was discovered in 1954, when scientists at
Bell Labs discovered that silicon created an electric charge when exposed to sunlight. Soon solar
cells were being used to power space satellites and smaller items such as calculators and watches.

Today, thousands of people power their homes and businesses with individual solar PV systems.



In 2006, SunPower announced that it would commercialize silicon solar cells with power
conversion efficiencies of 22%, approaching the theoretical Shockley-Queisser limiting
efficiency of 33%. These first generation devices are generally the most efficient. However, they
suffer from the high cost of manufacturing and installation. Second generation devices,
consisting of polycrystalline semiconducting thin films (e.g. CdTe and Culn,Gag.xSe), have
been under intense development during the 1990s and 2000s. They can potentially bring down
the price significantly, but their efficiency needs to be enhanced in order to render them
practically viable. Currently, the focus is on third generation devices, such as dye-sensitized
solar cells (DSSCs)**, bulk heterojunction cells,> ® and hybrid cells, which aim to couple the
high electrical performance of the first generation devices with the low production costs of those
of the second generation.

In recent years, nanomaterials have emerged as the new building blocks applicable in the
development of photovoltaic devices. Compared with bulk materials, low-dimensional nanoscale
materials, with their large surface areas and possible quantum confinement effect, exhibit
distinctive electronic, optical, chemical, and thermal properties. Meanwhile, a natural
progression from single-component nanomaterials has been made towards the synthesis and
design of more complex, multi-component nanostructures. In particular, nanoscale
heterostructures, consisting of two or more chemically distinct components, have demonstrated
great potential for revolutionizing nanomaterials research by providing a means to incorporate
diverse functionalities within a single nanostructure and, moreover, to generate novel properties
which are nonexistent in the individual component but arise from the strong interfacial
interactions at the nanoscale junction. To this end, the fabrication of high-quality nanostructures

with desirable properties via effective, reliable approaches, as well as a fundamental
2



understanding of their electronic and optical properties are essential to promote a breakthrough
in the development of sources of renewable energy. Meanwhile, with the increasing expansion
associated with the academic investigation and commercial manufacturing of nanomaterials,
there is a growing concern about the impact of nanomaterials on the environment as well as the
health of human beings. A full risk assessment of nanoscale materials is crucial before their
widespread use in energy conversion applications.

In this dissertation, we have attempted to develop facile and reliable routes in order to
fabricate two different categories of nanoscale heterostructures, namely (a) zero-dimensional (0D)
— one-dimensional (1D) heterostructures and (b) 1D coaxial heterostructures, and study their
intriguing properties in applications associated with the energy conversion process. Specifically,
the rational design of heterostructures consisting of carbon nanotubes and one or more types of
nanocrystals, with precise control over the location and coverage of nanocrystals on the nanotube
surface, has been demonstrated (Chapter 2), shedding light on the possibility of the manipulation
of 0D —1D heterostructures via a facile and simple route. Furthermore, we have thoroughly
investigated photophysical properties of carbon nanotube-quantum dot 0D —1D heterostructures
(Chapter 3), which not only provides a better understanding of the dynamic of charge carriers
within heterostructures, but also provides valuable guidance for the construction of high-
efficiency solar devices. We also pioneered the use of coaxial electrospinning technique in
development of inorganic 1D radial heterostructures and further demonstrated the applicability
of such inorganic radial heterostructures in energy conversion applications (Chapter 4). Lastly,
the environmental impact of nanostructures has been assessed and this has been manifested in the
morphology effect on the toxicity of ZnO nanostructures towards marine diatoms (Chapter 5).

Overall, these studies have provided valuable insight into the fabrication and utilization of
3



nanostructures to resolve problems with global significance, as well as useful implications for

evaluating the potential environmental risk of nanomaterials during the course of their life cycle.

1.2 Zero-dimensional (0D) Nanostructures: Quantum Dots

Materials that are nanoscale in three dimensions are termed “zero-dimensional” (0D)
nanomaterials. In particular, semiconductor materials will exhibit quantization effects when the
charge carriers of these materials are confined within very small regions of space by potential
barriers along all three spatial dimensions. It results in an increasing bandgap accompanied by
the quantization of the energy levels to discrete values. For most semiconductors, this
observation normally occurs when the particle size is reduced to a few nanometers. Colloidal
semiconductor nanocrystals, which experience quantum confinement, are also termed “quantum
dots” (QDs). They were discovered at the beginning of the 1980s by Alexei EKimov in a glass
matrix and by Louis E. Brus in colloidal solutions.” Afterwards, the size-dependent optical

properties of QDs have been the focus of significant research over the past three decades.

1.2.1 Synthesis of quantum dots

The synthesis of nanosized crystals usually takes place in solution-based reactions
involving the process of precipitation of a solid phase from solution. The separation of
nucleation and growth of nanocrystals has been found to be necessary to ensure the synthesis of
high-quality monodisperse nanocrystals. The rapid addition of the reagents is usually required to
increase in the concentration of a supersaturated precursor solution above the nucleation
threshold, therefore leading to a short nucleation burst. Then the system enters the growth stage
as the concentration of precursor is below the threshold wherein new nuclei cannot be formed

4



(Figure 1.1A-B). At any given monomer concentration, there is a critical size (Figure 1.1C). At
the initial growth stage, the smaller particles grow more rapidly than the larger ones because the
free energy driving force is larger for smaller particles when the particle size is slightly larger
than the critical size. This phenomenon is called “focusing” of size distributions.? When the
monomer concentration is depleted due to growth, the critical size becomes larger than the
average size present. Therefore, the system enters into a second, distinctive growth stage called
Ostwald ripening. In this process, smaller QD species with a high surface energy
thermodynamically tend to dissolve faster than the bigger ones, and the dissolved materials are
re-deposited onto the larger QDs. As such, the precise control over the size of QDs depends
critically upon the kinetics of the initial nucleation and subsequent growth.

The synthesis of quantum dots via colloidal methods is based upon a three-component
system composed of precursors, organic surfactants, and solvents. The “green” approach for
synthesizing high-quality QDs has been well developed by Peng’s group,”* wherein metal
oxides (e.g. cadmium oxide, CdO) are employed as cationic precursors in order to substitute the
conventional toxic precursor reagents (e.g. dimethyl cadmium, Cd(CHj3),) . In a typical
experiment, an aliquot of solution containing chalcogenide precursors stabilized by organic
ligands is rapidly injected into the cationic precursor solution containing surfactants (e.g.
phosphonic acid, phosphine oxide, fatty acid and/or amine) at a temperature of 200 — 330°C in
order to induce nucleation, followed by a growth phase at a relatively low temperature.
Alivisatos and co-workers have investigated this reaction mechanism, suggesting that the
cleavage of phosphorus chalcogenide double bond (TOP = E, E = Se, Te, S) is activated by the
nucleophilic attack of either phosphonate or oleate on a (TOP=E)-Cd complex, thereby

generating the initial Cd-E bond. The surfactants such as phosphonic acid and fatty acid have
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been found to be responsible for the cleavage of the phosphorus chalcogenide double bond in
addition to the binding to the nanocrystal surface. Specifically, trialkylphosphine chalcogenides
deoxygenate the alkylphosphonate or alkylcarboxylate surfactants, liberating the chalcogen atom,
accompanied by the generation of trialkylphosphine oxide and anhydride products of either oleic

or phosphonic acid.*
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Figure 1.1: Schematic and the model for synthesis of quantum dots. (A) Cartoon depicting the
stages of nucleation and growth for the preparation of monodisperse QDs in the framework of
the La Mer model. The addition of reagents induced the nucleation burst, followed by a slower
controlled growth on the existing nuclei. (B) Representation of the simple synthetic experimental
setup employed in the preparation of monodisperse QD samples. (A-B) Reproduced from
Murray et al. Annu. Rev. Mater. Sci. 2000, 30, 545-610."" (C) Variation of the growth rate versus
size, according to the model of Sugimoto. r is the radius of the nanocrystals and r’ is the critical
radius for which the solubility of the nanocrystal is exactly the concentration of the monomers in
solutign (zero growth rate). Reproduced from Peng et al. J. Am. Chem. Soc. 1998, 120, 5343-
4344,



1.2.2 Optical properties of quantum dots and related characterization techniques

With the absorption of a photon with energy greater than the band gap energy (Eg), the
excitation of an electron leaves a hole in the valence band. The lowest energy state of an
electrostatically bound electron-hole pair is known as an exciton. Relaxation of the excited
electron back to the valence band annihilates the exciton, accompanied by the emission of a
photon, a process known as radiative recombination. The exciton has a finite size within the
crystal defined by the Bohr exciton diameter, which can vary from 1 nm to more than 100 nm
depending on the material.*® If the size of a semiconductor nanocrystal is smaller than the Bohr
exciton diameter, the charge carriers become strongly spatially confined, therefore resulting in
discrete energy levels. As a result, the optical and electronic properties of nanocrystals become
size-dependent. For semiconductor nanocrystals in the quantum confinement regime, the

effective band gap, Eqef(R), is given by
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where Egq is the bulk band gap, m. and my are the effective masses of the electron and hole, and ¢
is either the bulk optical dielectric constant or relative permittivity.™

Even though the quantum efficiency for radiative recombination of QDs can approach
unity due to the strong overlap between the electron and hole wave functions in the confined
structure as compared with bulk semiconductors, there are a number of non-radiative relaxation
pathways influencing the quantum efficiency of QDs, including hot-carrier relaxation, trapping
processes, charge carrier transfer, and carrier-carrier interaction. Figure 1.2 illustrates the major

relaxation pathways for charge carriers formed upon illumination with energies above the band



gap energy. The first step of relaxation should be electron relaxation in the conduction band and
hole relaxation in the valence band, which usually occurs rapidly on the time scale of hundreds
of femtoseconds or several picoseconds.”> Once charge carriers have relaxed to the lowest-
energy states, they can recombine radiatively to emit strong band-edge luminescence if there are
no other competing non-radiative pathways. This process should be on the order of nanoseconds
or longer.™ If there are trap states with energies within the band gap, the charge carriers are more
likely to be trapped by the trap states due to the faster kinetics of the trapping process itself
(~picoseconds).?* 2 Recombination of trapped charge carriers can give rise to trapping emission,
which is red shifted with respect to band-edge emission. Alternatively, the extra charge carriers
residing on the QDs can trigger another non-radiative process, called Auger recombination,
wherein the energy released by the recombination of the second electron-hole pair promotes this
extra charge carrier to a high energy level. In the case where the QDs are connected with another
charge-carrier acceptor, two other external non-radiative de-excitation processes can occur,
namely (a) resonance energy transfer (RET) of both charge carriers via a near-field
electromagnetic interaction and (b) charge transfer (CT) involving one of the charge carriers.
Both processes are highly dependent upon the separation between QDs and acceptors.

A number of state-of-the-art spectroscopies with high spatial and temporal resolution
have been developed and utilized in order to study the photophysical properties of semiconductor
materials. In particular, the time-resolved photoluminescence (TRPL) technigue is a common
method used to measure the dynamics of fluorescence from photoexcited QDs. Most
experiments excite the sample with a pulsed laser source, and subsequently detect the
photoluminescence with either a photodiode or photomultiplier tube (PMT), set up for single-

photon counting. Among a wide variety of experimental configurations, the time-correlated
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single photon counting (TCSPC) technique possesses the advantages of a short acquisition time,
high sensitivity, high accuracy, and high time resolution, which can be as low as 25 ps. This
technique is based on the fact that for low intensity level, high repetition rate signals, the light
intensity is usually so low that the probability of detecting one photon in one signal period is
much less than one. When a photon is detected, the time of the corresponding detector pulse is
recorded. Afterwards, the histogram of detection time derived from many collection events can
be generated, thereby reconstructing the waveform of the photoluminescence decay of the
sample. In a simplified classic TCSPC set up, the laser pulse is split into two beams with a beam
splitter. The first beam triggers a time-amplitude converter (TAC) to start ramping up a voltage.
The second beam excites photoluminescence from the sample. The photoluminescence is passed
through a long pass filter and monochromator onto a PMT. The first emitted photon detected by
the PMT sends a stop signal to the TAC. The output signal generated from the TAC is
proportional to the time elapsed between the start and the stop pulse, which is then amplified,
converted to digital signal by analog-to-digital converter (ADC), and ultimately stored in
memory. As such, the reconstructed waveform based on memory reflects the dynamics of the

excited state associated with the samples.
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Figure 1.2: Schematic illustration of charge carrier relaxation in semiconductor nanocrystals.
The solid line with upward arrows indicates an excitation process and the dashed lines with
downward arrows indicate different relaxation processes: (1) electronic relaxation within the
conduction band (CB), (2) band-edge electron-hole recombination, (3) trapping into trap states
(TS), and (4) trapped electron-hole recombination.

11



1.2.3 Surface modification

Since the atoms on the surface of a crystal facet are incompletely bonded within the
crystal lattice, it often leaves one or more “dangling orbitals” on each atom pointing outwards
from the crystal. The energy of surface states formed by these unpassivated orbitals may lie
within the band gap of the semiconductor, thereby giving rise to non-radiative pathways for the
recombination of electrons and holes, which could be detrimental to the overall quantum
efficiency. Because of the high surface-to-volume ratio inherent to nanocrystals, surface ligands
have a strong influence on physical properties of QDs including photophysics® and charge
transport.”* Hence, proper surface chemistry is considered key to generate a viable QD-based
solar device or other optoelectronic device. A number of surface ligands have been tried and
their corresponding properties are summarized in Figure 1.3.2

The most common surface ligands are based on organic hydrocarbon molecules with
anchoring end groups (e.g. alkyl phosphine oxides, alkyl phosphonic acids, alkyl phosphines,
fatty acids, and amines). These molecules all contain metal coordinating groups as well as
solvophilic groups. According to the molecular orbital (MO) diagrams, in the absence of a ligand,
an electron-poor Cd?* surface site on a QD forms an electron-trapping surface state whose
energy lies between the highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) of CdSe QDs.? Since the participating orbitals of Cd®* have mostly
5s character, they interact most strongly with o-donating ligands to form bonding and
antibonding MOs. The relative energies of these MOs depend on the strength of the Cd**-ligand
interaction, which in turn depends on the o-donating ability of the ligand as given by its

electronegativity and basicity. A strong o-donating ligand can effectively passivate surface sites
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by removing an electron-trapping mid-gap state, whereas a weak o-donating ligand may achieve
weak passivation. Most of the organic ligands on the surface of the as-prepared QDs are strong
o-donating ligands, such as trioctylphosphine oxide (TOPO) or hexadecylamine (HDA).
Therefore, the as-prepared QDs generally exhibit excellent quantum yield with a high degree of
surface passivation.

However, most organic ligands act as bulky insulating barriers, hindering charge
transport. A simple exchange of the original bulky ligands with smaller molecules is a widely
used approach for improving charge transport. The ligand exchange procedure typically involves
exposure of colloidal QDs to a large excess of competing ligands. In order to achieve complete
exchange of the original surface ligands, the procedure can be prolonged up to a few days,
repeated multiple times, or even accelerated by gentle heating. One of the most common ligands
used to modify nanocrystal surfaces are thiols, which exhibit a high affinity with metal atoms in
11-V1 semiconductors as well as a great flexibility in terms of ligand length and chemical
functionality. Depending upon the size and functional groups present, thiol ligands can either
stabilize the excited charge so as to increase the quantum yield or withdraw excited electrons or
holes, therefore doing the reverse and quenching the QDs.?’ In addition, it has been found that
thiol ligands at low concentrations can passivate existing electron trap states of QDs,
accompanied by enhancement of the photoluminescence. However, a high concentration of thiol
ligands can lead to a decrease in QD photoluminescence as a result of the formation of hole trap
states because of the presence of two non-bonding electron pairs of the sulfur atom associated
with the thiol group.?*?®
Apart from surface ligands, the application of an inorganic shell onto the QD core is

another viable approach towards passivating the surface of QDs. That is, when the band gap of
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the shell materials is wider than that of core, the charge carriers can be confined to the
nanocrystal core. As such, surface defect states will have a diminished impact on the
fluorescence efficiency, and the optical properties of the nanocrystal core will be less likely
affected by environmental factors, such as the presence of either oxygen or water molecules. The
first published prototype system demonstrating core-shell nanocrystal structures was CdSe/ZnS.
The ZnS shell significantly improved the amount of fluorescence QY as well as stability against
photobleaching.?® In addition to appropriate band alignment, obtaining a decent crystallinity of
the shell material as well as minimizing any lattice mismatch between shell and core materials
play key roles in optimizing optical properties. As another factor, the strain induced by the
growth of shells and the formation of defect states at the core/shell interface or within shells will

essentially undermine the amount of fluorescence QY.
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1.2.4 Quantum dot-based solar cells

QD-based solar cells have attracted a lot of attention recently owing to the advantageous
properties of QDs including (i) the higher absorption of a QD coating than a single molecular
layer of organic dye, (ii) a greater stability of QDs as compared with conventional organic dyes,
and (iii) a highly tunable optical absorption capability over a wide wavelength range, which
could be highly matched to the full region of the solar spectrum. Moreover, the possibility of
multiple exciton generation in some of QDs allows for potential quantum efficiency higher than
100%.%

The efficiency of QD-based solar cells has been increased to 3.6% using an elegantly
simple Schottky junction configuration, wherein the QDs are deposited onto an indium tin oxide
(ITO) substrate followed by evaporation of a top metal contact as the negative electrode. A
remarkable short-circuit photocurrent density (Jsc) of 24.5 mA cm™ has been achieved when
PbSe QDs were used, a result that can be ascribed to the strong absorption of PbSe in the
infrared region.*® Further significant progress on QD-based solar cells has been achieved by
sensitizing a nanoporous TiO; electrode with a layer of QDs. In such a configuration, upon light
absorption, the photogenerated electrons are injected from QDs into a TiO; electrode, while the
holes can be transported via a suitable electrolyte to the counter electrode. The direction of the
current flow is determined by relative energy levels of the semiconductors and the oxides, rather
than band bending as in the Schottky junction-based configuration.

Either chemical bath deposition or linker-assisted self-assembly has been used to prepare
QDs onto TiO; in order to achieve greater contact between QDs and oxides, while post-
treatments such as the deposition of a semiconductor shell have been applied in order to greatly

prevent serious recombination between electrons and holes at the QD/electrolyte interface. 3.2%
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of photon conversion efficiency in this configuration has been attained.*® However, it is worth
mentioning that even though optimization of the oxide coverage with QDs can yield high optical
absorption, an increase in the thickness of QDs beyond more than one monolayer may inherently
undermine the overall efficiency due to possible attenuation of charge transfer. Therefore, such

configurations usually experience low photocurrent.

1.3 One-dimensional (1D) Nanostructures: Carbon Nanotubes (CNTS)

Materials that are nanoscale in two dimensions are termed “one-dimensional” (1D)
nanomaterials and include nanowires, nanotubes, nanobelts, and nanoribbons. 1D nanomaterials
have attracted considerable interest in the scientific community due to their advantageous
properties. For example, the large surface area-to-volume ratio of 1D nanostructures allows for
their distinctive structural and chemical behavior as well as great chemical reactivity. In addition,
their large aspect ratio is favorable for their uses in a number of technological applications. For
instance, 1D structures are recommended as ideal materials for interconnects and as functional
building blocks in fabricating nanoscale electronic, optoelectronic, and electrochemical
devices.** Furthermore, a number of studies have been conducted to improve the processability
and efficiency of solar devices by utilizing 1D nanostructures.® * 3¢ In particular, carbon
nanotubes (CNTs) have been widely studied since their discovery in 1991.3” Due to their unique
electronic and chemical properties, they are considered as attractive candidates for a number of
diverse photochemical and electronic applications, ranging from photovoltaic devices to field

effect transistors.
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1.3.1 Chemical functionalization of CNTs

However, there still is a huge gulf between the theoretical potential and practical reality
of using pristine nanotubes in applications conducted on a widespread scale. First, strong van der
Waals interaction among pristine nanotubes results in their bundling and aggregation. Second,
pristine nanotubes are hardly soluble or dispersible in aqueous media as well as organic solvents.
Third, as-prepared nanotubes tend to be contaminated with a number of impurities such as metal
catalyst particles, amorphous carbon, and other carbonaceous species. Hence, given these
challenges with pristine tubes, chemical functionalization of carbon nanotubes is one of the most
effective means for manipulating and processing nanotubes.

Prior research has demonstrated that CNTs can be reliably modified by a number of
chemical treatments.®® *° Generally, chemical functionalization falls into two major categories,
namely, non-covalent functionalization and covalent functionalization, according to the nature of
the interaction between the nanotubes and functional moieties. With regard to non-covalent
functionalization, CNTs are usually wrapped by either polymers or other biological molecules®
through -7 stacking interactions, thereby obtaining the desired solubility or biological
functionality for various applications, including biosensors and electronic detectors. Even though
covalent functionalization is suggested to disrupt the electronic structure of CNTs by destroying
the intrinsic nanotube sp? structure, it provides a robust and effective methodology with a high
degree of flexibility in introducing a variety of chemical moieties onto the surfaces of CNTs in
order to improve nanotube processability, accessibility, and performance.

At this stage, a number of key conclusions about the reactivity of nanotubes subjected to
covalent functionalization are evident. First, nanotubes tend to be most reactive at their tips in

order to relieve the strain arising from pyramidalization of the carbon atom at the end caps of the
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carbon nanotubes. Second, w-orbital misalignment between adjacent carbon atoms on the
nanotube sidewall plays a large influence in determining overall reactivity of CNTs. Furthermore,
since n-orbital misalignment as well as pyramidalization scale inversely with nanotube diameter,
CNTs with smaller diameters are expected to be far more reactive than larger diameter tubes. To
date, molecular moieties have been covalently introduced onto the surface of CNTs by (i) either
linking to oxygenated groups at the ends or the defect sites of oxidized CNTs via amidation or

41-44

esterification reactions, or (ii) utilizing polar, pericyclic, as well as radical reactions to

construct carbon-carbon and carbon-heteroatom bonds on the sidewalls of carbon nanotubes.*>*°

1.3.2 Application of CNTs in photovoltaic devices

Owing to a number of advantageous properties of CNTs, such as their great thermal and
mechanical stability®®, excellent carrier mobility (100,000 cm?/ V-s at room temperature)™, and
high surface area (~ 400 m?/g), CNTs have been incorporated into polymer solar cells in order to
improve the device performance.®® >® Extensive studies have reported that transparent thin films
of CNTs can be prepared to replace high-cost ITO in PV devices due to the excellent
conductivity of CNTs>* (Figure 1.4). With a sheet resistance value comparable to that of ITO,
CNT thin films have exhibited not only optical transmittance similar to that of commercial ITO
in the visible spectrum but also superior transmittance in the 2 to 5 um infrared spectral band.>
An organic solar cell with an efficiency of 2.65% can be fabricated while using SWCNTSs as the
transparent electrode (Figure 1.4).>® In addition to acting as charge carrier conducting channels,
CNTs can also provide a high field at polymer/CNT interfaces for exciton dissociation in a

typical organic photovoltaic device (OPV).>"* Femtosecond transient absorption studies on

photochemical solar cells consisting of single-walled CNT (SWCNT) —porphyrin (HsP%)
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composites have confirmed that the enhancement in the incident photon to photocurrent
efficiency (IPCE) can be attributed to the electron transfer between photoexcited H4P** and
SWCNTSs as well as to improved charge transport enhanced by SWCNTs (6.5% for SWCNT-
H4P? vs. 1.5% for H,P**).%° Recently, the Strano group® has demonstrated that efficient exciton
dissociation can be achieved at the interface of a planar nanoscale heterojunction comprising of
well-isolated perfectly aligned SWCNTSs underneath a poly(3-hexylthiophene) (P3HT) layer. The
photovoltaic efficiencies per nanotube of this heterojunction ranging in 3% — 3.82% exceeded
those of polymer/nanotube bulk heterojunctions by a factor of 50 — 100, a result attributed to the
fast charge transport in this planar device geometry. In another study, the incorporation of CNTs
in ITO/P3HT/Cgo/Al OPV resulted in the increase in open-circuit voltage (Voc) t0 0.7 - 0.8 V
(vs. 0.45 V in the absence of CNTs) and the improvement of short-circuit current (Jsc) by a
factor of 5.°

Overall, CNTs have demonstrated their potential advantages in the construction of high-
efficiency photovoltaic devices. Enormous research is still ongoing in order to better understand
the interaction of CNTs with other components in these devices and to exploit the properties of

CNTs for improving device performance.
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Figure 1.4: Transparent single-walled carbon nanotube (SWCNT) films used for solar device
fabrication. (A) Transparent single-walled carbon nanotube (SWCNT) films with the indicated
thickness on quartz substrates. (B) 80-nm-thick SWCNT film on a sapphire substrate with a
diameter of 10 cm. (C) AFM image of a 150-nm-thick SWCNT film surface. (A-C) Reproduced
from Wu et al. Science 2004, 305, 1273-1276.% (D) Transmission spectra for transparent
electrodes used for device fabrication. Inset: inverted-contrast transmission electron microscopy
image of sprayed SWCNTs. (E) Light (solid lines) and dark (dashed lines) J-V curves for devices
on SWCNT and ITO transparent electrodes. Inset: National Renewable Energy Laboratory
(NREL)-certified light I-V data for bulk heterojunction (BHJ) device on a SWCNT electrode
without g?e hole transport layer. (D-E) Reproduced from Barnes et al. Appl. Phys. Lett. 2010, 96,
243300.
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1.4 0D - 1D Nanoscale Heterostructures

Due to the high surface area-to-volume ratio of both 0D nanocrystals and 1D
nanostructures, the nature of the interaction occurring at the large interfacial area between these
two motifs has a significant influence on the overall behavior of the heterostructures.®
Specifically, the electronic coupling between these two components, highly dependent upon the
spatial separation and nature of the chemical functionalities, can potentially bias either the charge
flow or energy flow within these systems, thereby raising significant interest in the utilization of
these OD — 1D heterostructures in electronic device design. In addition, the tunability in terms of
size, shape, and chemistry of 1D nanostructures and OD nanocrystals allows for the properties at
the junction interface to be inherently manipulable and hence, predictable. Thus, the rational
design of these nanoscale heterostructures is critical for understanding the intrinsic factors
affecting their electronic and optical properties (e.g. carrier mobility and carrier recombination).
Results based on a thorough understanding of these systems will be useful when OD — 1D
heterostructures are incorporated as building blocks in either electronic or other photovoltaic

devices.

1.4.1 Synthesis of OD — 1D heterostructures

As suggested by the previous section, semiconductor nanocrystals can be assembled or
deposited onto the mesoporous metal oxide film in order to construct semiconductor-sensitized
solar devices. In the light of the various uses of 1D nanostructures, enormous effort has been
expended for the fabrication of nanoscale heterostructures comprised of QDs deposited onto
metal oxide nanowire (nanotube) arrays for improving solar device performance.®® The in situ

preparation of QDs onto the 1D nanostructures can be realized by either chemical bath
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deposition or successive ionic layer adsorption and reaction (SILAR) protocols. As opposed to
the limited control over the size and size distribution associated with in situ preparation, linker-
assisted approaches provide for more inherent flexibility in terms of controlling the
monodispersity of QDs.

In terms of the broad range of OD —1D heterostructures that can be possibly fabricated,
CNT-nanocrystal heterostructures stand out as being of exceptional interest in that such
heterostructures take advantage of the unique physical and chemical properties of both carbon
nanotubes and nanoparticles in one discrete structure with potential applications spanning a

64-66

broad range of diverse fields from heterogeneous catalysis®*®, chemical sensing®’, drug

68, 69 70,71

delivery”™ >, to optoelectronic device development.

Similarly, CNT- nanocrystal heterostructures have been fabricated via either in situ
growth, non-covalent, or covalent approaches. The in situ synthesis of nanocrystals on the CNT
scaffolds usually possesses the difficulty of precise control over the morphology of nanocrystals,
whereas non-covalent approaches, relying on electrostatic interactions and/or n-xt stacking, are
not generally practical for a number of applications due to the lack of long-term stability, high
sensitivity to changes in pH and ionic strength, and difficulty in terms of control of
stoichiometry.”

In contrast with in situ growth and non-covalent approaches, the advantages of covalent
conjugation of nanocrystals onto the surface of CNTSs are at least three-fold: (i) the shape and
size of nanocrystals can be easily controlled prior to attachment onto CNTSs, thereby avoiding the
influence of CNTs on the nucleation and growth of nanocrystals; (ii) covalent bonds can rigidly

connect the linker molecules and CNTSs in a reliable and robust manner, such that the

nanoparticles will not become easily dislodged even after sonication or extensive washing; and
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(iii) the spatial coverage and exact positions of nanocrystals depend upon the precise nature of
the chemical functionalities on CNT surfaces, and these can be reasonably governed by
controlling oxidation treatments and/or chemical reaction conditions. In recent years, extensive
research has been conducted to covalently attach the nanoparticles onto the surfaces of CNTs via
the formation of either amide or ester bonds through the use of organic molecular linkers. For
example, nanocrystals, either metallic or semiconducting, have been linked onto oxidized CNTs
by the formation of amide bonds in the presence of a carbodiimide agent such as N-(3-
dimethylaminopropyl)-N’-ethylcarbodiimide (EDC) or dicyclohexylcarbodiimide (DCC).”*"
Most importantly, it has been found that nanocrystals tend to be concentrated at either the ends

or defect sites of SWNTs where the largest concentration of carboxylic groups is present.

1.4.2 Application of 0D — 1D heterostructures in photoconversion

Since QDs have been considered as one of most promising 0D nanomaterials capable of
being utilized in solar devices, there has been a growing interest in developing QDs-based 0D —
1D heterostructures, which take advantage of 1D nanostructures to overcome the difficulties
associated with charge separation and transport in the ensemble of QDs alone. In particular, the
development of nanoscale hybrids consisting of CNTs and semiconducting QDs has been of
great interest in recent years. In such nanohybrids, CNTSs are expected to provide for the physical
scaffolds onto which semiconductor particles are attached, thereby not only facilitating
photoinduced charge carrier separation but also aiding in collecting and transporting
photogenerated charge carriers to the respective electrodes. (Figure 1.5) Indeed, a significant
decrease of the photoluminescence of QDs upon conjugation with CNTs has been observed,

which can be attributed to either charge transfer or energy transfer from QDs to CNTs.”® ”’ It has
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been suggested that the charge carrier recombination in QDs can be efficiently suppressed due to
the presence of CNTSs. In addition, it has been found that carbon nanotubes with different
chemical functional groups (e.g. carboxyl, hydroxyl, and amine) can quench the luminescence of
mercaptoacetic acid-capped CdSe quantum dots to different degrees.”® This observation was
attributed to the charge difference on the surfaces of CNTSs, which can affect the electrostatic
forces between CNTs and QDs. As a result, the separation between CNTs and QD was altered
thereby influencing the degree of quenching. One recent photophysical investigation employing
both luminescence and transient absorption measurement has demonstrated that charge transfer
in CdTe—pyrene—-SWCNT nanohybrids can occur at 62 ps, which is strongly competitive with the
radiative recombination of charge carriers (i.e. 35 ns), thereby transforming excited CdTe QDs
into a charge-separated state with a lifetime of several nanoseconds."

Recently, photovoltaic devices with an external quantum efficiency of 2.6% have been
achieved by utilizing CNT-PbSe composites with a high-density coverage of PbSe (up to 20
wt%), as compared with the 1.2% value associated with isolated quantum dots alone. (Figure 1.5)
The improvement in efficiency was attributed to not only efficient harvesting of infrared photons
but also the fast charge transfer and enhanced conduction due to the presence of CNTs.™
Another study has revealed that an IPCE up to 2.3% could be achieved in hybrid cells consisting
of SWCNT/pyrene*/red-emitting CdTe stacks.®® Strong electronic interactions in the ground and
excited states were thought to be responsible for the favorable charge-transfer characteristics
observed. Similarly, hybrid solar cells consisting of CdS-grafted SWCNTs on a Si substrate have
been constructed, exhibiting a fairly high efficiency of up to 1.4%.%% 8 CdSe-SWCNT
nanohybrids have also been incorporated into flexible, lightweight polymer solar devices

composed of either poly(3-octylthiophene) (P30T)® or thiol derivative perylene compounds® in
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order to facilitate exciton dissociation and carrier transport. These nanocomposites evinced a ~2-
4-fold enhancement in their photoconductivity. The flow of electrons and holes in the
nanocomposites intrinsically was found to rely on the energy levels of different components in
the solar devices including QDs, CNTs, and organic polymers. The point is that the degree to
which the QDs can produce excitons, the degree to which CNTs and the polymer can absorb
light, as well as the degree to which excitons can be dissociated at the junctions ultimately
depend on the nature and the tunability of materials as well as the types of junctions that can be
created. All of these parameters are fundamentally a function of material composition as well as

the precise morphology (e.g. shape and size) of each individual building block.
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Figure 1.5: Carbon nanotube — nanocrystal heterostructures used for solar device.(A)
Photoinduced charge injection from excited semiconductor particles into SWCNT. (B) SWCNTSs
as conducting scaffolds to transport photogenerated charge carriers in a photoelectrochemical
cell. (A-B) Reproduced from Vietmeyer et al. Adv. Mater. 2007, 19, 2935-2940. (C) Synthetic
route for the preparation of SWNTs coupled with PbSe. (EDAC: N-(3-dimethylaminopropyl)-N-
ethylcarbodiimide hydrochloride, DMSO: dimethyl sulfoxide.) (D) Current density-voltage (I-V)
curves of PbSe QD/poly(vinyl carbazole) (PVK) and SWNT-PbSe/PVK devices in the dark and
under illumination. Inset: structure of the IR photodetector device employed in this study. (C-D)
Reproduced from Cho et al. Adv. Mater. 2007, 19, 232-236.
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1.5 1D Nanoscale Heterostructures

As implied by the previous section, 1D nanostructures, exhibiting attractive properties,
have demonstrated potential in a host of applications. Therefore, combining different materials
into a single 1D nanostructure can allow us to potentially exploit the combined benefits of the 1D
morphology and the unique function of the multicomponent heterojunction. Different 1D

85, 86
d

heterojunctions can be classified by the nature of the junction, including segmente , core-

8789 cross junctions (or T junctions)®, hyperbranched®®, or multibranched

shell (or radial)
(“nanobrushes”)® heterojunctions. Figure 1.6 demonstrates several examples of various types of
1D nanoscale heterojunctions. The type of junctions plays an important role in determining their
ultimate properties and applicability. For example, segmented heterostructures are thought to be
useful as either nanoswitches or nanoscale diodes in nanoelectronic devices®, as well as
“barcodes” in applications associated with tracking and bio-diagnosis.** In particular, 1D radial

heteroscale structures have been considered as promising materials in photo-energy conversion

applications.
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Figure 1.6: Examples of a wide variety of one-dimensional nanoscale heterostructures: (A)
STEM image of the Si/SiGe segments of the nanowire (NW) prepared by vapor-liquid-solid
(VLS) synthesis. (B) FESEM image of a CNT/Si NW end-to-end heteroscale junction formed on
a Pt-Ir STM tip from a Au catalyst. (C) SEM image of the cross section of an InP/InAs/InP NW
showing a hexagonal shape composition. (D) TEM image of a sawlike heterojunction of ZnS
NWs grown on a ZnO belt by a two-step vapor-solid process. (E) SEM image of assembled Au-
polypyrrole segmented nanorods (NRs) prepared by electrochemical deposition. (F) SEM image
of GaAs NW/Au NR heterojunction synthesized by combining VLS growth of GaAs NWs and
seed-me%iSated growth of Au NRs. (A-F) Reproduced from Mieszawska et al. Small 2007, 3,
722-756.
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1.5.1 Synthesis of 1D heterostructures

Extensive effort has been devoted to synthesizing 1D heterostructures in recent years. 1D
heterojunctions have been fabricated via the vapor-liquid-solid (VLS) growth mechanism by
using various types of deposition methods, including chemical vapor deposition (CVD), pulsed-
laser deposition (PLD) and chemical beam epitaxy (CBE). The fabrication process usually
entails the use of specific chemicals as precursor materials, with or without appropriate catalysts
pre-deposited on the substrate, and the utilization of specialized equipment in order to achieve
elevated temperatures in the range of 500 — 1200°C and/or low vacuum environments.

In order to obtain segmented structures, two or more different types of precursors are
introduced to the chamber in either sequential or alternating fashion. For example, Si/SiGe
segmented NW heterojunctions have been synthesized in the reaction chamber wherein the Ge
reactant vapor was controllably supplied by laser ablation of solid targets and Si was provided by
the constant supply of the vapor-phase precursors, SiCl, and H,. Alternate switching of the laser
between ‘on’ and ‘off’ states led to the formation of the segmented structures of Si/SiGe with
control over the length of the segments.® Similarly, switching of the reactant gas or applying a
completely different experimental condition can lead to the homogeneous deposition of the
second material onto the nanowire surface of the first material, therefore forming a uniform core-
shell heterostructure. In one study, ZnO-Al,O3 core-shell NWs were obtained by pre-
synthesizing ZnO NWs with a diameter of 10 — 30 nm via VLS growth, followed by growth of
the Al,O3 shell with a thickness of 10 nm in the atomic layer deposition (ALD) chamber, by
using Al(CHs); and H,O as precursors.*®

Heteroscale junctions can also be successfully synthesized by solution-phase methods.

The synthesis can occur (i) by introducing all of the precursors at once in one step, (ii) by
30



alternating the precursors in the solution, or (iii) by synthesizing the core in the first place and
then transferring it to a new solution for the subsequent formation of the shell. Stabilizing ligands
and surfactants are usually necessary in order to confine the morphology of the resulting
materials. For instance, ZnO/CdS core-shell QDs® and CdSe/CdS core-shell nanorods® have
been synthesized by first synthesizing core materials in the coordinating solvent mixture and
then growing the CdS shell by slowly adding the tri-n-octylphosphine (TOP) solution containing
dimethylcadmium and bis(trimethylsilylsulfide). Another study has demonstrated that hematite

nanoparticles were able to epitaxially grow onto multiple nucleation sites on the CdS nanowires
(i.e. (1OiO)CdS Il (4§O)a_F6203 ) via a two-step hydrothermal method, thereby successfully yielding

CdS/Fe,05 core-shell heterostructures.”

Template-assisted approaches are another key route for fabricating 1D nanoscale
heterostructures. In the early 1990s, Martin and co-workers pioneered the use of hard templates
in the synthesis of NWs by either electrochemical or electroless deposition in porous membranes
followed by removal of templates in the presence of proper solvents.'®® '°! By adapting the same
principle of preparing single-component NWs in the polycarbonate or alumina membrane
template by electrochemical deposition, NWs with different segments can be prepared by using
either single bath or alternating baths. The dimensions of NWs are highly restricted to both the
pore width and length of the membranes. Nonetheless, such methods have been generalized for a

102,103 'semiconductors'® and polymers'®. For

wide variety of materials including metals
example, metal-CdSe—-metal NWs have been prepared by sequentially electrodepositing either
Au or Ni NWs as well as CdSe NWs from a plating solution consisting of 0.3 M CdSQO,, 0.25 M

H,SO, and 0.7 mM Se0,.* In more sophisticated experiments, core-shell 1D nanostructures
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have also been prepared by either a one-step or two-step electrodeposition procedure. Zhu et al.
has demonstrated that Ni/TiO, core-shell nanorod arrays can be formed by a one-step
electrodeposition process in electrolyte containing 0.04 M TiF4 and 0.08 M NiCl,-6H,0 at -1.30
V for 10 min.*® The authors suggested that the TiO, shell was rapidly deposited onto the inner
surface of the channels of the template due to the presence of hydroxyl ions along its inner
surface, produced at a negative potential, whereas Ni NW core was formed slowly from the
bottom of the channels wherein a thin layer of Au was pre-sputtered as working electrode,
thereby giving rise to the final core-shell structures.

Apart from advanced technical methodologies, well-known chemical conversion
processes (e.g. ion exchange'®’, sulfidation'®, and the Kirkendall effect®) have been
successfully used for the preparation of 1D heterostructures. For instance, Alivisatos and co-
workers have developed a facile, colloidal route to convert nanorods with a single chemical
composition into a striped pattern through a single-step partial cation exchange.'®® *° The
diffusion-limited growth and strain arising from the lattice mismatch between CdS and Ag,S
were suggested to account for the spontaneous superlattice-pattern formation. Recently, Shuai et
al. demonstrated that ZnO/ZnS core-shell nanorods could be obtained through the reaction of
ZnO NWs with thioacetamide. The sulfidation conversion could took place at the surface of the
ZnO NWs, thereby leading to the formation of a ZnS shell composed of nanoparticles with a
mean size of 18 nm.

In addition, the use of a combination of these aforementioned approaches is a common
strategy to open up more possibilities for generating 1D heterojunctions with a broad-spectrum
range of chemical compositions. For instance, vertically aligned ZnO/CdTe core-shell nanocable

arrays deposited onto ITO have been fabricated by electrochemical deposition of CdTe onto ZnO
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nanorod arrays which were pre-synthesized by VLS.2® Multilayered core-shell NWs consisting of
SiOy, Fe,03, and Ni have been successfully prepared by a combination of ALD and
electrodeposition methods.*** However, as compared with the progress in the synthesis of
homogeneous 1D nanowires and nanotube systems, the reliable synthesis of 1D heterostructures
with well-defined interfaces via a facile, scalable, and cost-effective route with precise control
over chemical composition and spatial dimension still remains an elusive objective, prior to any

consideration about their potential widespread use in commercialized industry applications.

1.5.2 Applications of 1D radial heterostructures in photoconversion

The study of 1D nanoscale heterostructures is rapidly growing because of the numerous
potential applications for these multicomponent structures. According to the band offset, the
heterojunction formed at the interface between two different materials can be classified as either
type I, where both the conduction and valence bands of one material are located within the
bandgap of the other, or type Il, where one material has higher conduction and valence bands
than the other. In particular, 1D radial heterostructures with a type Il configuration can yield
efficient charge separation at the interface and carrier transport in the orthogonal direction, which

is a desirable outcome for applications related to the photoconversion process.

1.5.2.a Photovoltaic devices
In applications of photovoltaic devices, the use of 1D radial heterostructures has been

112 and experimentally® > 1% demonstrated to provide improvements in

theoretically
photoconversion efficiency as compared with the conventional planar geometry heterostructures.

For instance, in a typical photovoltaic device, three major processes need to be optimized in
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order to achieve a highly efficient device. These factors include light absorption, carrier
separation, and charge collection. For the conventional planar geometry heterojunction, even
though an increase of the light-absorbing layer can enhance light absorption, the collection
efficiency of charge carriers can be compromised as it is highly limited by the minority carrier
diffusion length in the semiconductor. By contrast, 1D nanostructures with heterojunctions in the
radial direction would enable a decoupling of the requirements for light absorption and carrier
extraction in orthogonal spatial directions. Specifically, each individual nanowire in the cell
could be sufficiently long in the direction of incident light, allowing for optimal light absorption,
but thin in the other dimension, thereby allowing for effective carrier collection.

In the example of a photodetector consisting of a ZnO/CdTe nanocable on ITO, the
photogenerated electrons were more likely to be injected from the CdTe shell into the ZnO
nanowire core, driven by the type Il band alignment between ZnO and CdTe, (Figure 1.7A) and
then rapidly transported to the ITO substrate by means of single-crystalline ZnO, which can
serve as an electron-transport highway. Both the nanocable array configuration (Figure 1.7B) as
well as the interfacial interaction of two materials (Figure 1.7C) were believed to contribute to
the impressive photocurrent density of ~ 5.9 mA/cm? as compared with previously reported
results obtained from similar devices.® In 2006, the Yang group developed dye-sensitized solar
cells based on arrays of ZnO NWs coated with thin shells of either Al,Ozor TiO;, by ALD, with
an overall conversion efficiency up to 2.25%. The superior performance of these solar cells
based upon ZnO-TiO, core-shell NWs was attributed to the radial surface field generated at the
interface within each NWs, which can repel electrons from the NW surface and thus decrease the

recombination rate in these devices.**®
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Figure 1.7: (A) Schematic of the operation of a semiconductor-sensitized solar cell composed of
ZnO/CdTe nanocable arrays on ITO. (B) TEM image of the uniform morphology of a single
ZnO/CdTe nanocable. (C) HRTEM image showing the interface of the nanocable. (D) I-V
curves for ZnO/CdTe nanocable arrays-on-1TO photoelectrodes measured in the dark and under
an illumination of AM 1.5 light at 100 mW/cm?. (A-D) Reproduced from Wang et al. ACS Nano,
2010, 4, 3302-3308.%
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1.5.2.b Photocatalysis

In addition to the fabrication of photovoltaic devices, 1D radial heterostructures hold
great promise in terms of a significant improvement in the photocatalysis and photo-degradation
of organic pollutants owing to their remarkable advances in terms of charge separation and
charge transport.

Over the last decade, growing scientific and engineering interest in the application of
easily available, chemically stable semiconductor photocatalysis has emerged because of the
increasingly substantial concern about hazardous waste remediation. However, one of the
barriers hindering the effective photocatalytic efficiency of semiconductor nanocatalysts is the
occurrence of charge carrier recombination prior to charge transfer from the semiconductors to
the species adsorbed onto the surfaces of these semiconductor nanocatalysts.

In principle, when the energy of the incident photons either matches or exceeds the
bandgap energy of the semiconductor, an electron is promoted from the valence band into the
conduction band, leaving a hole behind. The photoexcited electrons and holes can then
recombine, dissipating the input energy as heat or emitted photons, get trapped in surface states,
or react with electron donors/acceptors adsorbed onto the semiconductor surface. Therefore,
competition between the charged carrier recombination and trapping, as well as between trapped
carrier recombination and interfacial charge transfer can play important roles in determining the
photocatalytic reactivity of semiconductor photocatalysts. It has been reasonably argued that
either increasing the interfacial charge transfer or lowering the possibility of charge carrier

recombination will effectively enhance semiconductor photoreactivity. In this regard, the
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formation of heterostructures between two materials provides a promising resolution in terms of
eliminating charge recombination by separating charge carriers at the interface.*** 1’

For example, p-type NiO/n-type ZnO heterojunction nanofibers exhibited excellent
photocatalytic activity and are in fact superior to the NiO and ZnO nanofibers alone.™® Figure
1.8A-B highlights a distinctive structural interface and a continuity of lattice fringes between
NiO and ZnO nanoparticles, indicative of the formation of a reasonable p-n heterojunction in the
NiO/ZnO nanofibers. Owing to the electronic characteristics of these two materials, electrons
tend to diffuse from n-type ZnO to p-type NiO at the interface, whereas holes migrate in the
opposite direction, thereby generating a depletion region at the interfacial surface. This local
exchange of charge causes a change in the energy of charge carriers at the junction, leading to
the formation of band bending at the interface, a phenomenon in this case that can facilitate the
separation of photogenerated charge carriers at the junction upon UV illumination (Figure 1.8C).
It is believed that such heterojunctions account for the outstanding photocatalytic activity of
NiO/ZnO fibers. In a separate study, SnO,/Fe,O3 nanoscale heterostructures prepared by
hydrothermal method exhibited a higher photocatalytic reactivity for the degradation of
methylene blue than that associated with Fe,Os itself.** Similarly, this improvement was
ascribed to the type 1l band configuration at the interface of SnO,/Fe,O3 nanoheterostructures.
Photogenerated electrons and holes separated at the interface migrated effectively to the surface

of SnO, and Fe, 03, respectively, so as to form the hydroxyl radicals, thereby leading to the

decomposition of the probed organic molecules.
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Figure 1.8: p-type NiO/n-type ZnO heterojunction. (A) TEM image of as-prepared NiO-ZnO
nanofibers. (B) HRTEM of p-type NiO/n-type ZnO heterojunction region in the nanofibers. (C)
Schematic diagram showing the energy band structure and electron-hole pair separation in the p-
type NiO/n-type ZnO heterojunction.(A-C) Reproduced from Zhang et al. ACS Appl. Mater.
Interfaces, 2010, 2, 2915-2923.1%
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1.6 Environmental Impact of Nanostructures

According to the Project on Emerging Nanotechnologies (PEN), over 1,300
manufacturer-identified, nanotechnology-enable products have entered the commercial
marketplace around the world, and the number could reach over 3,400 by 2020. Since the use of
nanotechnology in consumer products continues to grow at a rapid and consistent pace, the
unforeseen environmental problems associated with nanoscale materials has raised great concern.
While the issue of nanoscale toxicity is still unresolved to a large extent due to a comprehensive
lack of conclusive studies on the matter, there is a wealth of evidence supporting the harmful
effects of certain nanoscale particulates, which can cause a number of pulmonary pathologies in
mammals as well as human beings when inhaled. The US Environmental Protection Agency
(EPA) has attributed 60,000 deaths per year to the inhalation of atmospheric nanoparticles.'?
Apart from nanoparticles produced unintentionally from natural sources (e.g. volcanic eruptions,
forest fires, and pollen fragments) as well as from anthropogenic sources (e.g. power plants,
vehicles, and coal combustion), nanoparticles have been purposely generated for use in
sunscreens, detergents, paints, or printer inks, which can also enter the environment through
accidental spills during their production and transportation, wear and tear throughout their usage,
as well as their final disposal.

For example, semiconducting nanoparticles (e.g. TiO, and ZnO) have been produced for
the purpose of environmental remediation, such as the de-chlorination of groundwater
pollutants.*** However, the environmental impact of the release of these manufactured
nanoparticles into the aquatic environment is largely unknown. Moreover, once in the

environment, free nanoparticles tend to form aggregates that can be trapped or eliminated
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through sedimentation. Subsequently, aggregated nanoparticles can be uptaken by either filter
feeders or sediment-dwelling animals. As a result, the environmental impact of nanoparticles
essentially is magnified through the food chain, potentially having an adverse effect upon human
health. Therefore, a life cycle assessment for risk to the health of the environment is necessary
and required, concomitant with a safety evaluation of nanomaterials. Hence, while the field of
nanoecotoxicology is still in its infancy, it represents an important and growing research area in
the USA and Europe.

At the cellular level, most internalization of nanoparticles will occur via endocytosis.
Typical endocytic mechanisms include phagocytosis, pinocytosis (which implies internalization
of fluid surrounding the cell), clathrin-mediated endocytosis, and clathrin-independent
endocytosis (e.g. caveolae-mediated endocytosis and Cdc42-dependent endocytosis). By contrast
with animal cells, most plant, algae, and fungi cells possess cell walls that constitute a primary
site for interaction and a barrier for the entrance of nanoparticles. For example, cell walls in
plants and algae mainly consist of cellulose, while diatom algae typically possess hydrated
silicon dioxide. Cell walls are typically semipermeable, with pores across the cell wall
possessing diameters in the range of 5 — 20 nm. Thus, only nanoparticles/aggregates with sizes
smaller than that of the largest pore are expected to pass through the cell wall and reach the
plasma membrane. Moreover, the interactions of the cells with nanoparticles might induce the
formation of new pores, which might be bigger than normal, and hence increase the possibility of

internalization of the nanoparticles through the cell wall.*??

After passing through the cell wall,
the nanoparticles will be uptaken into the cells across the plasma membrane either via the
endocytic processes or using embedded transport carrier proteins. As soon as the particles enter

the cell, they may bind with different types of organelles and interfere with the metabolic
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processes. In such a case, one of the possible cell responses would be to produce reactive oxygen
species (ROS), including superoxide anions, hydrogen peroxide, hydroxyl radicals, and
peroxynitrites. Furthermore, the nucleus may experience degeneration due to oxidative DNA

damage.

1.6.1 Direct toxic effects of nanoparticles

The extent of the direct toxic effects of nanoparticles upon organisms is mainly
determined by their surface reactivity and chemical composition. It is known for example that
the surface chemistry and reactivity of materials are different when their dimensions shrink down
to the order of 100 nm or less. For example, carbon fullerenes, with diameters on the order of
several nm, may have a different toxicity as compared with micron-sized graphite particles, even
though both particles are made of carbon.'? In addition, the size of nanoparticles is directly
correlated with their ability to penetrate into and accumulate within cells and organisms.*?**#
For example, the oxidative stress induced inside of alveolar macrophages in the presence of Ag
nanoparticles with sizes of 15, 30, and 55 nm has revealed that smaller Ag nanoparticles can
evoke a more significant inflammatory response, partially because they were more accessible to
cell membranes and hence, undergo internalization.** Once they are uptaken, nanoscale
materials exhibit greater reactivity and thus induce severe oxidation inside the cells, owing to
their much higher specific surface area as compared with their bulk-like counterparts. Therefore,
this can have an adverse impact upon the normal photosynthetic or respiratory processes of algae
or plants.*® In addition, the size of nanoparticles also governs other physical/physicochemical

properties of nanomaterials, such as the degree of aggregation and surface charge, which, in turn,

can also affect their ecological toxicity.
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The chemical composition of nanomaterials plays an important role in determining the
toxicity of nanomaterials as well. Evaluation of the toxicity of several metal oxides (e.g. ZnO,
Ti0, and Al,O3) on zebrafish embryos has revealed that ZnO caused severe tissue damage and
delayed zebrafish embryo development, whereas the presence of TiO, and Al,O3 did not give
rise to any obvious toxicity.™* In order to understand the influence of chemical composition of
nanoparticles on their toxicity to cells, lung epithelial cells were exposed to iron-, manganese-,
cobalt-, and titania-containing nanoparticles possessing the same morphology and degree of
agglomeration. Afterwards, the release of ROS was quantitatively measured, and then correlated
with either the catalytic activity or chemical composition of nanoparticles. These results
confirmed that the oxidative damage noted varied with both the chemical and catalytic properties
of nanomaterials, apart from their physical properties, such as size, shape, and degree of

agglomeration.™*

1.6.2 Indirect toxic effects of nanoparticles

Apart from these direct toxic effects, the presence of nanoparticles can perceptibly
influence the metabolic processes of biological species by either releasing toxic ions ** or
imposing physical restraints (e.g. through aggregation and adsorption of nanoparticles). Even
though some of these ions are considered as nutrients at low concentrations, an excess amount of
ions may disrupt cellular metabolic processes by preventing the uptake of other ions essential for
physiological needs.**
A comparative assessment, for example, of the toxicity of Au, Ag, and Ag—Au bimetallic

nanoparticles conducted on Daphnia magna indicated that Ag-containing nanoparticles were

much more toxic than pure Au ones. This observation could be ascribed to the fact that Ag* can
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inhibit sodium influx in aquatic species.™** The use of cysteine, a strong silver ligand, can
completely inhibit the toxicity of Ag nanoparticles to freshwater algae, Chlamydomonas
reinhardtii, by greatly reducing silver bioavailability due to the formation of an Ag—cysteine
complex. This observation further suggested that the released Ag* was the main factor
contributing to the observed toxicity of Ag nanoparticles.* A more systematic study about the
role of dissolution in governing the toxic effect of various metallic nanoparticles (e.g. Ag, Cu, Ni,
and Co) has revealed that the presence of soluble copper ions is not necessarily responsible for
the overall toxicity of copper nanoparticles due to the low dissolution of copper, even though
soluble copper ions are extremely toxic. However, the toxicity of Ni nanoparticles largely
resulted from the presence of dissolved Ni, because of its large dissolution capability.™*
Therefore, the dissolution ability of nanomaterials is another key parameter that needs to be
taken into account in determining the overall risk assessment of nanomaterials.

The aggregation of nanoparticles is strongly affected by the particle size, shape, pH value,
and ionic strength of aqueous solutions.** **" In turn, the degree of the aggregation of

138 the available reactive surface

nanoparticles can influence the nature of particle dissolution,
area, and ultimately, their interaction with biological species.** For example, a comparison of
the toxic effects of bulk TiO, and aggregated TiO, nanoparticles has demonstrated that algal
cells (P. subcapitata) tended to become entrapped in small TiO, aggregates, while experiencing
growth inhibition because the light essential for growth was shielded by nanoparticles.**® As

such, the toxicity evaluation of nanostructures should take into consideration not only the

chemical but also the physical properties of the nanomaterials.
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Chapter 2 Hierarchical Synthesis of Carbon Nanotube — Nanocrystal Heterostructures
and Investigation into Controlling Nanocrystal Density and Spatial Location on the

Surfaces of Carbon Nanotubes

2.1 Introduction

As discussed in the Introduction chapter, CNT—nanocrystal heterostructures have been of
great interest for a wide variety of applications. Selective functionalization of CNTs with precise
control over the location as well as the density of nanocrystals can potentially advance practical
application of such heterostructures as building blocks in electronic devices. Prior studies have
examined the idea of selective functionalization of CNTs with nanocrystals. For instance, by
making use of sidewall protection using a polystyrene matrix, selective bi-functionalization of
the ends of CNTs with carboxylate groups at one end and thiol groups at the other has been

elegantly demonstrated.***

Moreover, a combination of focused-ion-beam (FIB) irradiation and
subsequent mild chemical treatments was used to specifically anchor nanoparticles, fluorescent
nanospheres, amino acids, as well as proteins onto pre-treated sites on the CNT surface through
electrostatic and covalent interactions.'* In addition, the use of biologically specific recognition
strategies, involving small, amphiphilic proteins, has been demonstrated to create hybrid
nanostructures of CNTs and Au nanoparticles.** While all of these methods clearly offer a
viable route forward, it is also useful to develop such a protocol, which would be neither tedious

nor expensive, and would involve the use of ambient experimental conditions without requiring

complicated instrumental facilities.
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Owing to the obvious reactivity of CNTs subject to covalent functionalization as implied
in Chapter 1, the synthesis of CNT—nanocrystal heterostructures by covalent approaches has
offered potential advantages in terms of capabilities of controlling the spatial coverage and
location of nanocrystals on the CNT surfaces. Specifically, the tips of CNTs can be preferentially
functionalized, attaining a higher density of functional moieties (e.g. carboxylic groups) there, as
opposed to relatively inert sidewalls. In this regard, we have attempted to achieve site-selective
placement of two types of nanocrystals onto CNTs by systematically exploring a number of
different reaction conditions (e.g. the degree of oxidation treatment, particle concentration, and
reaction time). A more rigorous and quantifiable correlation between chemical treatment and
attachment strategy of nanoparticles/QDs onto CNT surfaces is demonstrated herein.

Specifically, we have used multi-walled carbon nanotubes (MWNTS) as a model template
with which to construct complex hierarchical assembles of nanotube—nanocrystal
heterostructures. That is, building on prior studies,*** we initially oxidized our CNTs with
carboxylic groups and then covalently functionalized the oxidized MWNT surfaces with either
pre-synthesized Au NPs or CdSe QDs. The key step forward was that we could reliably alter the
positions and densities of these NPs and QDs through appropriate variations in oxidation
treatments and overall reaction conditions. For instance, one structure we have produced consists
of Au NPs mainly localized at carbon nanotube tips with an over-coating of QDs along the
nanotube sidewalls. We can also form the converse structure, consisting of QDs immobilized at
the tips and Au NPs concentrated along the sidewalls.

To the best of our knowledge, such a generalized approach to the site-selective placement
of both nanoparticles and quantum dots, i.e. either at the ends or sidewalls of nanotubes, using

simple chemistry, has not as yet been reported. As such, our work is highly relevant not only
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from the fundamental idea of tailoring chemical groups and moieties on nanotubes through a
facile protocol but also from the practical notion of using the nanotube surface as a platform with
which to precisely add specific functionalities. Moreover, to the best of our knowledge, very
little has been published on the covalent fabrication of CNT-based nanocomposites containing
two or more different types of nanocrystals. These structures are fascinating because of their
potential for multi-functionality. Given that precise manipulation and placement of nanoscale
building blocks represent a key goal of nanoscience, our effort in this work implies a predictable

site-specific functionalization of CNTs with two or more different types of nanoparticles.

2.2  Experimental Section

2.2.1 Materials preparation

2.2.1.a Synthesis of Au nanoparticles (NPs)

Au nanocrystals (~12.7 nm) were prepared by a standard protocol'*®

in aqueous media by
the reduction of HAuCl, in the presence of sodium citrate. Specifically, 5 mL of 1% sodium
citrate was added to 95 mL of aqueous HAUCI, solution containing 5 mg of Au, followed by

heating to 80°C for 20 min to ultimately yield colloidal gold.

2.2.1.b Synthesis of CdSe QDs

CdSe QDs (~ 4.2 nm) were prepared by a method**°

adapted as a safer, easier, and faster
alternative to conventional syntheses. Specifically, 30 mg Se was dissolved in 5 mL of 1-
octadecence (ODE) containing trioctylphosphine (TOP). 13 mg of CdO was subsequently added

into a 25 mL round-bottom flask containing 10 mL ODE and 0.6 mL oleic acid (OA). CdO was
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then dissolved into the mixture, remaining colorless as the flask was heated. When the
temperature attained 225°C, 1 mL of as-prepared Se solution was injected. A noticeable color

change, indicative of nanocrystal formation, was observed immediately.

2.2.1.c Ligand exchange of CdSe QDs (Functionalized, amine-terminated CdSe)

10 mL of chloroform and 20 mL of a 0.5 M methanol solution of 2-aminoethanethiol
(AET) were added to 10 mL of ODE solution containing as-prepared CdSe QDs. As a result, the
mercapto groups associated with the thiol bonded to the Cd atoms, whereas the pendant amine
groups rendered the modified QDs hydrophilic so that QDs can be dispersible in aqueous
solution. These amine-terminated nanocrystals, namely AET-CdSe, were then precipitated out of
solution by centrifugation upon ligand exchange, followed by subsequent washing with methanol

and ultimately, stored in distilled water.

2.2.1.d MWNT Oxidation

Pristine MWNTSs were oxidized by a variety of oxidation treatments, by which nanotubes
were not only purified but also coated with carboxylic groups for further conjugation with
nanocrystals. Essentially, we systematically increased the strength of nanotube oxidation
according to known protocols. For instance, it is known that (i) gas-phase oxidation introduces
very few defect sites, (ii) refluxing in dilute nitric acid is a form of mild oxidation, and (iii)
sonication in H,SO4/H,0; is a more robust oxidative method for increasing the number of
carboxylic acid groups.'*’ The subsequent presence of nanocrystals permitted the direct
observation of the density distribution of defects following each of these specific treatments,
which we now describe.

Wet air treatment:
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100 mg MWNTSs was placed at the bottom of a 100 mL two-neck flask. The flask was
then heated to 200°C. Water steam, produced by boiling distilled water in a 500 mL Erlenmeyer
flask, was subsequently passed through the flask for 5 h as a means of mildly functionalizing the
nanotube surface.

Ozonolysis / H,O, treatment:

MWNTs were oxidized by a modified ozonolysis method*****! based on techniques
developed for SWNTSs. Specifically, 100 mg of pristine MWNTSs were dispersed in 150 mL
methanol by extensive sonication. The resulting reaction mixture was stirred vigorously during
ozonolysis, which was carried out by placing the reaction flask in an ice/acetone bath. A 25%
aqueous H,0- solution was then added and heated to 70°C for 4 h so as to cleave the generated
ozonide intermediate. The ozonized MWNTSs were finally vacuum filtered using a 0.2 um
polycarbonate membrane (Millipore, type GTTP), extensively washed with distilled water, and
finally dried in an oven.

Dilute HNOs treatment:

MWNTs were refluxed in either a 3 M or 9 M solution of HNOs for 36 h. The oxidized
MWNTSs were subsequently filtered, washed, and dried, prior to subsequent use.

KMnO4/ H,SO,4 treatment:

100 mg of as-prepared MWNTSs were dispersed in 20 mL of 0.5 M sulfuric acid.
Separately, 1.98 g of potassium permanganate was dissolved in 20 mL of 0.5 M sulfuric acid and
placed in a funnel fitted to the side neck of the reaction flask. The flask was then heated to 150°C
with vigorous stirring. KMnQO, solution was added dropwise through the side funnel. The
solution was refluxed for an additional 5 h. The mixture was then cooled and filtered. The filtrate

was further washed with concentrated hydrochloric acid and distilled water in order to remove
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as-generated manganese oxide.'*? Oxidized MWNTSs were subsequently filtered, washed, and
dried, prior to further use.
H2SO, / HNOj3 treatment:

100 mg MWNTSs were sonicated in a solution mixture of H,SO4 / HNO3 (v : v =3:1) for
2 h, and then refluxed for 2 h. These acid-treated MWNTSs were subsequently filtered, washed,

and dried, prior to use.

2.2.1.e Thiolation of oxidized MWNTSs

10 mg of oxidized MWNTSs were dispersed in 50 mL methanol by sonication, after which
an aliquot of 0.1 M 2-(N-morpholino) ethanesulfonic acid (MES) buffer solution (pH = 6.0) was
added, followed by activation through the addition of 57 mg N-hydroxysuccinimide (NHS) and
60 mg N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide (EDC). The solution was then stirred
for 30 min at room temperature. Afterwards, 200 mg AET was added with the reaction lasting
for 12 h. The solution mixture was filtered through a polycarbonate membrane and washed with

a large excess of water to remove excess NHS, EDC, and AET.

2.2.1.f Synthesis of MWNT-Au heterostructures

0.1 mg of thiolated MWNTSs were dispersed in ~1 mL of distilled water by sonication. An
aqueous solution of Au nanoparticles (NPs) was then added to the above solution and incubated
for 2 h to promote gold-thiol bond formation. The final concentration of Au NPs in solution was
100 nM. After reaction, the solution was subsequently filtered and washed with an excess of

water.
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2.2.1.g Synthesis of MWNT-Au-CdSe heterostructures

Prior to reaction with CdSe, 0.1 mg of MWNT-Au heterostructures were further oxidized
in1 M HNO;s for 0.5h, 1 h, 6h, 12 h, and 24 h in separate experiments, after which they were
extensively washed with distilled water, oven dried, and re-dispersed in distilled water. An
aliquot of 0.1 M MES buffer (pH = 6.0), EDC and NHS was then added to the above acid-treated
MWNT-Au heterostructures in order to activate these structures for further coupling with AET-
CdSe. The solution was stirred for 2 days. The resulting material was subsequently filtered and

washed to remove loosely bound aggregates.

2.2.1.h Synthesis of MWNT-CdSe heterostructures
0.1 mg of oxidized MWNTSs were dispersed in ~1 mL distilled water by sonication. An
aliquot of 0.1 M MES buffer (pH = 6.0), EDC, and NHS in aqueous solution was added to the

above solution, followed by the addition of AET-CdSe. The solution was then stirred for 2 days.

2.2.1.i Synthesis of MWNT-CdSe—Au heterostructures

0.1 mg of MWNT-CdSe heterostructures were further oxidized in 1 M HNO; for 0.5 h, 1
h, 6 h, 12 h, and 24 h in separate experiments, followed by extensive washing with distilled
water and oven drying. Subsequent thiolation of acid-treated MWNT-CdSe heterostructures can
create additional active sites for coupling with Au NPs. Afterwards, an aqueous solution of Au
nanoparticles was added to a dispersed suspension of thiolated MWNT-CdSe heterostructures
and subsequently incubated for 2 h. The resulting material was subsequently filtered and washed

to remove loosely bound aggregates.
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2.2.2 Materials characterization

2.2.2.a Powder X-ray diffraction

X-ray diffraction is a non-destructive analytical technique, which reveals information
about the crystallographic structure and chemical composition of solid materials. The principle is
that when an incident x-ray beam interacts with atoms periodically arranging in crystals,
diffracted waves from different atoms can interfere with each other, resulting in the diffraction
pattern highly correlated with lattice planes following the well-known Bragg’s law. In general,
the crystallographic structure (e.g. space group and crystal phase) of tested materials can be
identified by comparing diffraction patterns, encompassing peak position and intensity, against a
standard database. The crystallite size (grain size) of materials can be derived from the width of
diffraction peaks by means of the Scherrer equation.

In our work, to analyze these heterostructures, as-prepared samples were sonicated and
dispersed in ethanol, and finally air-dried upon deposition onto glass slides. Diffraction patterns
of these materials were collected using a Scintag diffractometer, operating in the Bragg
configuration using Cu K, radiation (. = 1.54 A) from 20° to 80° at scanning rates of 0.25° per

minute.

2.2.2.b Electron microscopy

An electron microscope is an instrument that uses an electron beam to illuminate the
specimen and produce a magnified image of samples. Two common types of electron
microscopes used in our studies are the transmission electron microscope (TEM) and the
scanning electron microscope (SEM). For TEM, a beam of electrons is transmitted through an

ultra thin specimen. An image is formed as a result of interactions of electrons with the specimen,
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which is then magnified by an objective lens and projected onto a fluorescent viewing screen.
The resolution of a modern TEM is about 0.2 nm. The morphology, chemical composition, as
well as crystallographic information can be obtained if relevant modules are placed with the
scope. At lower magnifications, TEM image contrast arises from the difference in absorption of
electrons in the material, due to the thickness and composition of the material.

By contrast, SEM produces images by probing the specimen with a beam of electrons,
and then collecting signals produced in the form of low-energy secondary electrons (SE), back-
scattered electrons (BSE), or characteristic X-rays, which contain information about the sample’s
surface topography and chemical composition. The resulting SEM images yield a characteristic
three-dimensional appearance useful for understanding the surface structure of a sample.
Generally, the image resolution of a SEM is about an order of magnitude poorer than that of a
TEM. Because the intensity of the BSE signal is strongly correlated with the atomic number of
elements, BSE images can provide information about the distribution of different elements in the
samples. In addition, the characteristic X-rays, emitted upon interaction between the electron
beam and inner shell electrons of the sample, can be used to identify the chemical composition
and abundance of elements in the sample.

In our study, morphologies of MWNTS were characterized using a field emission
scanning electron microscopy instrument (FE-SEM Leo 1550), operating at an accelerating
voltage of 2.0 kV and equipped with energy-dispersive X-ray spectroscopy (EDS) capabilities.
Samples for SEM were prepared by dispersing nanostructures in ethanol, and then depositing the
sample onto either a copper grid or a silicon wafer, attached to a SEM brass stub.

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

Tecnail2 BioTwinG? instrument, equipped with an AMT XR-60 CCD Digital Camera System.
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High-resolution images were obtained on a JEOL 2010F instrument, equipped with an INCA
EDS system, at accelerating voltages of 200 kV. Specimens for all of these TEM experiments
were prepared by dispersing the as-prepared product in ethanol, sonicating to ensure adequate
dispersion of the nanostructures, and dipping one drop of solution onto a 300 mesh Cu grid,

coated with a lacey carbon film.

2.2.2.c Optical spectroscopy

FTIR data were obtained on a Nexus 670 (Thermo Nicolet) equipped with a single
reflectance zinc selenide (ZnSe) ATR accessory, a KBr beam splitter, and a DTGS KBr detector.
Solid samples were placed onto a ZnSe crystal. Measurements were obtained in absorbance
mode using the Smart Performer module. UV-visible spectra were collected using a
Thermospectronics UV1 with quartz cells having a 10-mm path length. Samples were prepared
by sonication in distilled water. Data were corrected to account for the solvent background.
Samples for photoluminescence (PL) spectra were initially dispersed in deionized water.
Fluorescence data were obtained at room temperature on a Jobin Yvon Spex Fluorolog 3

instrument with a 1 s integration time, using excitation wavelengths of 400 nm.

2.2.3 Basis of calculations

As-obtained, commercial pristine MWNTSs measured 16.3 + 5.1 nm in diameter and ~1-5
um in length. As a rough guide to the extent of our functionalization protocol, we approximated
the tips and sidewalls of the CNTs as hemispheres and cylinders, respectively, whose intrinsic
structure presumably remained relatively intact during the entire functionalization process. Our

calculations showed that the surface area ratio of tips to sidewalls of MWNT spanned from 1:
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122 to 1: 613, reinforcing the conclusion that the surface area available to the nanoparticles was
considerably higher along the nanotube sidewalls than at the tips. The number of nanoparticles
localized at the tips and sidewalls of the tubes was counted from 20 nanotubes randomly selected
for each type of heterostructures investigated.

In this work, we characterized the nature of our heterostructures using a number of
different parameters. For instance, the percentage of nanoparticles at the tips was obtained by
dividing the number of nanoparticles at the tips by the total number of nanoparticles on the entire
CNT surface. By analogy, the percentage of nanoparticles along the sidewalls could be computed
by dividing the number of nanoparticles along the nanotube sidewalls by the total number of
nanocrystals on the entire CNT surface. The average nanocrystal coverage of each type of
heterostructure investigated was calculated by dividing the total number of nanoparticles
attached to the CNT surface by the corresponding length of the MWNTS in microns. For
practical purposes, because of the significantly high surface area along the sidewalls of CNTSs as
compared with that at the tips, we could reasonably ignore the latter quantity in our overall

nanocrystal density computation.

2.3 Results and Discussion

2.3.1 Synthesis of Au NPs and ligand exchange of CdSe QDs.

As-prepared Au NPs capped with citrate possessed a size of 12.7 + 1.1 nm (Figure 2.1A)
exhibiting a typical plasmon resonance peak centered at 520 nm (Figure 2.1B). As-prepared
CdSe QDs capped with hydrophobic capping ligands (e.g. trioctylphosphine oxide (TOPO) oleic
acid) were well dispersed in non-polar solvents such as hexane, toluene, and ODE. Upon ligand
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exchange with 2-aminoethanethiol (AET), AET-CdSe QDs became hydrophilic due to the
presence of charged amine groups on the surface.*>® TEM images of as-prepared CdSe QDs
(Figure 2.1C) revealed that QDs were monodisperse with a diameter range of 4.22 + 0.79 nm.
The diameter of AET-CdSe, measuring 4.21 + 0.62 nm, suggested that ligand exchange has little
influence upon the overall size of QDs. The absorption spectrum of CdSe QDs shows a
prominent excitonic absorption at 610 nm, corresponding to a bandgap of 2.04 eV. A slight blue
shift of absorption of AET-CdSe QDs as compared with that of as-prepared CdSe QDs suggested
a small increase in the band gap of the CdSe QDs after ligand exchange (Figure 2.1D). This
observation could be attributed to the photo-oxidation of CdSe QDs induced by the presence of
ligands.™* It is also worth noting that the CdSe solution after ligand exchange was unstable and

that the CdSe QDs precipitated after a few weeks in solution.
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Figure 2.1: (A) TEM image and (B) UV-visible absorbance spectrum of as-prepared Au NPs. (C)
TEM image of as-prepared CdSe nanocrystals. (D) UV-visible absorbance spectra of CdSe
nanocrystals before and after ligand exchange.
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2.3.2 Oxidation and thiolation of MWNTSs.

The commercial MWNTSs were produced by arc-discharge, with an overall nanotube
content of 20 — 30 wt %. The major impurities in the pristine MWNTSs consisted of multi-layered
polygonal structures ("bucky onions") and graphitic particles. Based on SEM data along with
EDS data highlighted in Figure 2.2, we concluded that no metal catalysts were present in the
pristine MWNT sample. Since graphitic particles are believed to be more active than MWNTS,
all of the oxidation processes employed in this work generally yielded relatively pure MWNTS.

In this work, several oxidation treatments using a variety of oxidants were applied, with
the idea of systematically proceeding from a relatively mild oxidizing agent to progressively
stronger oxidizing regimes. Therefore, the subsequent nanocrystal density can be tuned and
correlated with the coverage and distribution of oxygenated functionalities on the CNT surface.
In our series of experiments, the treatments we used, in order of increasing oxidizing strength,
are: (a) oxygen in a wet air flow, (b) ozone/ H,O,, (¢) 3 M nitric acid, (d) 9 M nitric acid, (e)
KMnO4/ H,S04 (0.5 M), and (f) H,SO4 (18 M) / HNO3 (16 M) mixture.

FT-IR results confirmed the success of the oxidation of MWNTS. For instance, for
H,SO4/ HNO; treated MWNTS, a peak belonging to the C=0 stretching vibration at 1691 cm™
can be observed in its spectrum, indicating the presence of carboxylic groups on the CNT surface
after oxidation (Figure 2.3A). The broad band between 3100 and 3500 cm™ occurs as a result of
the O-H stretching vibration emanating from the carboxylic acid groups. The peak at 2200 cm™
could be attributed to the presence of CO, in the environment. Similar results were obtained for
other oxidized MWNTSs subjected to different oxidation treatments (Figure 2.3B). However, we

note that the results cannot sufficiently provide for a quantitative determination of the extent of
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oxidation treatment due to a lack of a practical standard as well as efficient calibration of
experimental conditions.

In order to successfully attach Au NPs onto MWNTSs, oxidized MWNTSs were further
thiolated with AET (Figure 2.4). Therefore, dangling thiol groups on the nanotube surface could
serve as active sites for NP attachment. Upon thiolation of MWNTS, the formation of amide
bonds led to a shift of carbonyl peaks to 1600 cm™. The peaks at 2910 and 2846 cm™ correspond
to aliphatic C-H stretching modes associated with the alkyl groups of AET (Figure 2.3A). As
evidence for the validity of this entire approach, we note a far more successful attachment of Au
NPs onto the MWNT surface after oxidation and thiolation as compared with merely using

unoxidized, pristine MWNTS.
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Figure 2.2: (A) SEM image of pristine MWNTSs, showing an estimated overall nanotube content
of 20-30 wt %. (B) SEM image of HNO3/H,SO, oxidized MWNTSs. Acid purification treatment
clearly removed the majority of graphitic nanoparticulate impurities but in spite of a lot of
unpublished experimental effort, it was not 100% effective. (C-D) EDS of pristine MWNTSs and
HNO3/H,SO,4 oxidized MWNTS. The Cu signal originates from copper TEM grids used for SEM
sample preparation.
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Figure 2.3: (A) FT-IR spectra of (a) pristine MWNTSs, (b) oxidized MWNTS, and (c) thiolated-
MWNTSs, in which MWNTSs were initially oxidized using a H,SO4/ HNOj3 treatment.

(B) FT-IR spectra of oxidized MWNTSs upon different oxidation treatments: (a) wet air, (b)
ozonolysis, (¢) 3M HNOs3, (d) 9M HNO;3 and (e) KMnO4/ H,SO4,
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Figure 2.4: (A) Synthetic route associated with the preparation of MWNTSs coupled with (i) thiol
groups, (i) Au NPs (large orange spheres) and (iii) AET-CdSe QDs (small red spheres). (B)
Summary of synthetic strategies proposed for the formation of either MWNT-Au-CdSe or
MWNT-CdSe—Au heterostructures.
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2.3.3 Synthesis of MWNT-Au heterostructures.

TEM images (Figure 2.5) evince the presence of a series of MWNT-AuU heterostructures,
prepared using different oxidation treatments from a relatively mild wet air treatment to
comparatively stronger acid protocols. High-resolution TEM images show the successful
formation of MWNT-Au heterostructures, wherein Au nanoparticles were bound to MWNTSs
along the sidewall (Figure 2.6A and B). Lattice fringes associated with Au nanoparticles as well
as the interfaces between the nanoparticles and the MWNT surface were clearly discernible.
Similarly, well-defined lattice fringes corresponding to CdSe nanocrystals were also observed in
MWNT-CdSe heterostructures, as shown in Figure 2.5C and D.

The results (Table 2.1) confirmed that the density of Au nanoparticles on the tube surface
strongly correlated with the nature of the oxidative treatment.'*" **>**® For instance, the control
experiment in the presence of unoxidized MWNTSs showed no obvious attachment of Au NPs
(Figure 2.5A), indicating that the weak non-covalent interaction between Au NPs and pristine
MWNTs was not sufficient to achieve effective attachment of NPs onto the MWNT surface. We
also found that the MWNT-AuU heterostructures originating from a wet air treatment possessed
the lowest surface coverage of Au NPs (1.0 particle/um) due to its relatively low extent of
oxidation. An average of 12.0 nanoparticles of Au /um was observed when a mild oxidative
treatment, such as 9 M nitric acid, was used. By contrast, H,SO, /HNOj3 -treated MWNTSs
possessed a relatively high density of functional groups, and hence the highest density of Au
nanoparticles (20.3 particles/um). It is worth noting that although the statistical error on some of

our measurements was relatively high, partly because of a large degree of polydispersity in
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nanotube length and diameter, the trend of Au NP coverage on the MWNT surface clearly
correlated with the strength of the oxidation treatment.

Apart from reactive sites created upon the oxidation of nanotubes, the change in
solubility of CNTs in the reaction medium associated with the extent of oxidative treatment also
affected the subsequent coverage of nanoparticles. In this study, for instance, Au NPs were
incubated with thiolated MWNTS in aqueous solution. The nature of pristine CNTSs is
hydrophobic. In that case, a poor dispersion of these CNTs in solution would have hampered the
diffusion of NPs into the spaces between individual CNTSs, thereby limiting the chances of
reacting NPs with CNTSs. By contrast, a high concentration of carboxylic groups on the surfaces
of the CNTSs treated by the strong oxidation process rendered these modified MWNTS far more
hydrophilic and therefore soluble in the reaction medium (e.g. methanol and water), which, in

turn, would lead to a greater probability of interaction with Au nanoparticles.

2.3.3.a Spatial distribution of nanoparticle coverage correlates with strength of oxidative
method.

The spatial coverage of Au nanoparticles on the nanotube surface was also found to
correlate strongly with the nature of the oxidative treatment. For instance, the mechanism of
ozonolysis of CNTs has been proposed to involve ozone addition to the conjugated double bonds
of the outer CNT circumference through a facile 1,3-dipolar cycloaddition reaction.**® Therefore,
one would theorize that the distribution of oxygenated functional groups would favor a higher
density of Au NPs along the sidewalls of CNTs as compared with that at the tips. In fact, not
surprisingly, the experimental results showed that 92.4% of Au nanoparticles are apt to attach

onto the nanotube sidewall.
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Figure 2.5: (A) TEM images of unoxidized MWNTSs incubated with Au nanocrystals. MWNT-
Au heterostructures generated after various different oxidation treatments: (B) wet air; (C)
ozonolysis; (D) 9 M HNOg3; (E) KMnO4/H,SO4; and (F) H,SO4/ HNOs. Red circles highlight the
locations of Au nanoparticles anchored at the tips of carbon nanotubes.
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Figure 2.6: High-resolution TEM image of either Au (A) or CdSe (C) nanocrystals bound onto
the surface of MWNTSs. (B) Magnified image of the area indicated by the white square in (A).
(D) Magnified image of the area outlined by the white square in (C).
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Table 2.1: Spatial distribution and coverage of Au Nanoparticles on CNT Surfaces subjected to
different oxidation treatments.

Overall
Percentage of Percentage
MWNT-Au Oxidation Density of
NPs a|0ng the of NPs at the
heterostructures treatment _ Nanocrystals
sidewalls (%)  tips (%) 1
(pm™)
0 Unoxidized 0
1 Wet air 100 0 1.0+0.5
2 Ozonolysis/H,0, 92.4 7.6 7.8+3.0
3(a) 3 M HNO;z at 50°C 90.9 9.1 6.9+3.1
3 (b) 9 M HNO;3 at 50°C 69.1 30.9 120+24
4 KMnO,/ H,SO4 86.8 13.2 12.7+4.4
5 H,SO, /HNO; 94.6 5.4 20.3+8.5
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By analogy, acid oxidation treatments are thought to preferentially open the more
reactive end caps of nanotubes as well as to etch away defect sites along the sidewalls, and then
coat the nanotubes with reasonable quantities of keto, carboxylic, aldehyde and alcoholic
groups.™®* ¥’ Therefore, selective introduction of oxygenated groups onto the ends of CNTs with
either minimal or no damage to the sidewalls can be theoretically achieved by carefully choosing
different oxidation protocols. We expected that the treatment using 9 M nitric acid reflux at 50°C
preferentially oxidized MWNTS at their ends, thereby leading to the highest density of Au NPs
(30.9 %) as compared with any other treatment method. This observation is highlighted in Figure
2.5 D, where the red circles correspond to Au NPs anchored at the tips of the carbon nanotubes.

By contrast, a stronger acid treatment, such as a combined KMnQ, /H,SO,4 treatment, not
only introduced reactive acid groups at the ends of the CNT but also had a higher possibility of
attacking defect sites along the tube sidewalls. Consequently, in this case, the probability of
attachment of Au NPs along the sidewalls increased to 86.8% as compared with 69.1 % for 9 M
HNO; treated MWNTS. Similarly, a combined H,SO, / HNO3 treatment followed by sonication
non-discriminately and aggressively attacked the entire CNT surface, creating a large number of
defect sites not only at the ends but also along the sidewalls. In fact, this harsh protocol led to the
highest density of Au NPs (94.6%) observed along the sidewalls of the MWNTs among all the
oxidation treatment we tested.

Interestingly, when a considerably milder treatment (e.g. 3 M HNOj3 at 50°C and wet air
oxidation) was used, the percentage of Au NPs at the tips unexpectedly decreased. As mentioned
above, the hydrophilicity of mildly oxidized nanotubes in the reaction medium can influence the

degree of nanoparticle attachment. Thus, a high degree of aggregation of MWNTSs in these
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specific cases likely prevented individual nanotube tips from being adequately exposed to the
presence of Au NPs, thereby dramatically reducing the probability of attaching NPs at these end

sites and hence leading to a <10% of loading at the tips.

2.3.3.b Observed nanoparticle coverage depends upon particle concentration.

By increasing concentrations of Au NPs present from 50, 100, to 200 nM, a
correspondingly higher density of Au NPs could be achieved on the nanotube surface (Figure
2.7A-C and Table 2.2). Meanwhile, the actual spatial distribution of nanocrystals at the ends,
defect sites, and sidewalls was not noticeably affected by changes in the concentration of Au NPs.
One could make the argument that an increase in the NP concentration increases the probability

of NP attachment both at the tips and along the sidewalls.

2.3.3.c Increasing incubation time yields higher nanoparticle coverages.

H,SO,4 /HNOs-treated MWNTS were incubated with AET-CdSe nanocrystals for different
incubation/reaction time of 0.5, 2, and 48 h with a constant CdSe concentration of 100 nM. The
density of QDs increased significantly from as low as zero particles per micron on the CNT
surface to ~71.3 particles um™ upon increasing incubation time of 0.5 to 48 h (Figure 2.7D-F and
Table 2.3). By contrast, for the MWNT-Au heterostructures, in which the MWNTS were
oxidized by 9 M HNO; and the concentration of Au was 100 nM, the coverage density remained
relatively stable at about 12 —14 particles um™ over the entire incubation time range of from 0.5
h to 48 h (Table 2.4).

It is worth noting that even though the MWNTS in these two types of heterostructures
were modified by different oxidation treatments, that fact alone likely cannot fully explain the

clear difference in attachment rate between the two different heterostructures. We note the

80



formation of nanotube—nanocrystal heterostructures in these two cases relied on two distinctive
chemical processes. Specifically, in the MWNT-CdSe conjugate system, the attachment rate
was determined by the rate of amide bond formation between carboxylic acids on the MWNT
and amine groups on the CdSe, whereas creation of Au-S bonds governed the production of

thiolated MWNT-Au heterostructures. Hence, it is likely due to binding affinity and kinetic rate

158 9

constant data that the formation of Au-S bonds™® is faster than that of amide bond production.™
More importantly, the MWNT-CdSe system showed a substantially greater coverage of
QDs on the tubes (71.3 particles um'l) as compared with its MWNT-Au analogue (20.3 particles
um™) under similar reaction conditions. This observation could be ascribed to a potentially better
diffusion of QDs through the MWNT framework, because of the relatively smaller size of these
CdSe QDs. In addition, it is highly possible that there was a dense quantity of either thiol or
carboxylic groups dangling at either the defect sites or the ends of the oxidized MWNTSs.
Therefore, the larger Au NPs (12.7 nm) attached to the reactive sites might have posed a steric
hindrance factor, thereby preventing additional nanoparticles from approaching and coordinating
onto the remaining reactive thiol sites available. By contrast, the CdSe QDs with a relatively

smaller size, measuring 4.2 nm, would have a greater likelihood of generating a dense coating on

the nanotube surface without a high degree of spatial impediment.
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Figure 2.7: (A-C) The effect of nanocrystal concentration. TEM images of MWNT-Au
heterostructures incubated with a concentration of Au NPs set at (A) 50 nM, (B) 100 nM and (C)
200 nM. Fixed incubation time: 2 h. MWNTSs were initially oxidized with H,SO, /HNOj3 (D-F)
The effect of reaction time. TEM images of MWNT-CdSe heterostructures with incubation time
of (D) 0.5 h, (E) 2 h, and (F) 48 h. Fixed concentration of CdSe nanocrystals: 100 nM. MWNTSs
were initially oxidized using a H,SO4 /HNO3 treatment.
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Table 2.2: Spatial distribution and coverage of Au nanoparticles with different nanoparticle
concentrations on carbon nanotube templates

Concentration of Percentage of Percentage of Density Coverage
Au Nanoparticles along Nanoparticles at the of Nanoparticles

Nanoparticles (nM) the sidewall (%) tips and ends (%) on MWNTSs

(um™)
50 100 0 1005
100 94.6 5.4 20.3%8.5
200 98.0 2.0 48.0 £ 6.9
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Table 2.3: Spatial distribution and coverage of CdSe nanocrystals onto carbon nanotube
templates with different incubation time

Incubation time (h) Percentage of Percentage of Coverage of

nanocrystals along nanocrystals at nanocrystals on

the sidewall (%0) the tips (%) MWNTs
(um™)
0.5 100 0 1.0+1.0
2 98.5 1.5 154+ 3.7
48 96.6 3.4 71.3+14.2
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Table 2.4: Spatial distribution and coverage of Au nanocrystals onto carbon nanotube templates
with different incubation time*

Incubation time (h) Percentage of Percentage of Coverage of

nanocrystals along nanocrystals at nanocrystals on

the sidewall (%0) the tips (%) MWNTSs
(um™)
0.5 82.0 18.0 13.4+34
2 69.1 30.9 12.0+2.43
48 74.7 25.3 145+3.38

(*Data were obtained from MWNT-Au heterostructures, in which MWNTSs were initially
oxidized by 9 M HNO3)
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2.3.4 Hierarchical synthesis of MWNT-Au-CdSe heterostructures

Since Au NPs had the highest spatial preference for the tube sidewalls in MWNT-Au
heterostructures using MWNTSs pre-treated with H,SO4/HNOj3, this type of MWNT-Au
heterostructures were used as the starting material in order to synthesize more sophisticated
structures with different types of nanoparticles. Moreover, the higher hydrophilicity of these
specifically oxidized MWNTSs likely enabled a better dispersibility of MWNTS in reaction
solution, thereby increasing the probability of interaction between the tips of the MWNTS and
the additional CdSe nanocrystals.

Experimentally, as-prepared MWNT—-Au heterostructures were further oxidized in 1 M
HNOs so as to generate additional reactive sites for the subsequent attachment of CdSe
nanocrystals (Figure 2.4B). TEM images shown in Figure 2.8 highlight the formation of MWNT-
Au-CdSe heterostructures associated with different oxidation time in 1 M HNOg. The red arrows
denote the presence of Au NPs whereas the blue arrows indicate the location of CdSe QDs. It can
be noted that upon prolonged reaction in dilute acid, we gradually lost Au NP coverage on the
CNT surface (Table 2.5). Specifically, the density of Au NPs dropped from 20.3 particles pm™ to
1 particle pm™ within 24 h of reaction. Our observations can be ascribed to two factors. First,
although the use of dilute acid was necessary in order to prevent excessive damage of pre-formed
amide bonds, it is unlikely that all pre-formed amide bonds remained intact during the entire
reaction process, as amide bonds are easily hydrolyzed under either acidic or basic conditions.
Second, it has been previously reported that dissociation of the thiol ligand from the surface of
NPs can be induced by lowering the pH of the reaction solution, as the added hydrogen ions can

compete for the surface ligands with pre-attached nanoparticles.’® In any event, two different
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sets of reactive sites on the nanotubes were available upon further oxidation treatment with 1 M
HNOs: (i) one group, which had been unoccupied by Au NPs prior to the 1 M HNO; oxidation
step, and (ii) an additional group of sites, which became available as Au NPs were lost upon
exposure to 1 M HNOs3 oxidation. Both sets of sites nonetheless provided locations at which
CdSe QDs could be subsequently bound onto the surfaces of the CNTSs.

Upon incubation of oxidized MWNT-Au heterostructures with CdSe QDs, the coverage
of CdSe QDs increased dramatically in the MWNT-Au templates with oxidation time of 1 hin 1
M HNOs and then leveled off, even after oxidation time of 24 h. Correspondingly, the portion of
Au NPs in the resulting MWNT-Au-CdSe heterostructures decreased with additional oxidation
time. With respect to the spatial distribution of either NPs or QDs, the number of Au NPs at the
tips gradually decreased with increasing oxidation time in 1 M HNOg3, with a concomitant
increase of CdSe QDs on the resulting MWNT-Au-CdSe surface. A maximum level of up to
9.0% of total CdSe QDs was observed at the tips upon 1 h oxidation of MWNT-Au in the
presence of 1 M HNOj;. Essentially, we observed that the majority of the tips of MWNTSs ended
up being occupied by CdSe QDs after their introduction into the reaction medium, while the
remaining Au NPs were primarily distributed along the MWNT sidewalls, as illustrated in Figure
2.8. With an increase in oxidation time of the MWNT-Au template, Au NPs along the CNT
sidewalls were “replenished” with CdSe QDs, ultimately leading to an overall increase in the
percentage of CdSe QDs along the nanotube sidewalls. It should be mentioned that there was
insufficient evidence to support a faster dissociation rate of Au NPs at the tips as compared with
the sidewalls. Nonetheless, given the same intrinsic probability of losing Au NPs at both the tips

and the sidewalls, the lower quantity of particles localized at the tips, as compared with the
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sidewalls, would have led to a more rapid replacement rate at the tips with CdSe QDs, which

explains our data.

2.3.5 Hierarchical synthesis of MWNT-CdSe—Au heterostructures.

The converse reaction was also carried out to test the flexibility of our synthetic strategy.
Specifically, H,SO, /HNOgs-treated MWNTSs were first coated with CdSe QDs, followed by an
additional oxidation process in 1 M HNOs, and finally, incubation with Au NPs, so as to prepare
MWNT-CdSe—Au heterostructures. As seen in Table 2.5, even though the loss of CdSe was
large, i.e. from 71.3 particles pm™ to 9.8 particles um™, the coverage of Au did not increase in a
proportionate manner, consistent with a previous inference that the intrinsic size difference
between Au and CdSe nanocrystals affected their overall density of coverage on the nanotube
surface. Therefore, not surprisingly, we noted the portion of CdSe QDs relative to Au NPs in the
resulting MWNT-CdSe—Au heterostructures attained a value of no less than 40%, even after a
prolonged oxidation treatment of 24 h (Figure 2.9).

With respect to the spatial distribution of nanocrystals on the surfaces of the MWNTS, an
initially high percentage of CdSe QDs along the sidewalls of MWNTSs (Table 2.6) was observed,
an observation similar to the findings in MWNT-Au heterostructures. Subsequently,
approximately 6 hours of 1 M HNOj treatment of MWNT-CdSe heterostructures resulted in a
larger fraction of added Au NPs localized at tip regions (up to levels as high as 10.3%). At longer
oxidation time of MWNT-CdSe in 1 M HNOg, i.e. up to 12 hours, defect sites, localized at the
sidewalls, also began to fill up with added Au NPs as CdSe QDs in these regions were being

continuously removed by acid.
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Figure 2.8: (A-E) TEM images of MWNT-Au-CdSe heterostructures. MWNT-Au
heterostructures (red arrows) were initially oxidized in 1 M HNO; for (A) 0.5 h, (B) 1 h, (C) 6 h,
(D) 12 h, and (E) 24 h, respectively, followed by reaction with AET-CdSe nanocrystals (blue
arrows). (F) MWNT-Au heterostructures after 1 M HNOj3 oxidation for 24 h without incubation
with AET-CdSe nanocrystals. MWNTSs were initially oxidized using a H,SO4 /HNOj3 treatment.
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20 nm

Figure 2.9: (A-E) TEM images of MWNT-CdSe—Au heterostructures. MWNT-CdSe
heterostructures (blue arrows) were initially oxidized in 1 M HNO;3 for (A) 0.5 h, (B) 1 h, (C) 6
h, (D) 12 h, and (E) 24 h, respectively, followed by thiolation and subsequent reaction with Au
NPs (red arrows). MWNTSs were initially oxidized by a H,SO4 /HNOj3 treatment.
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Table 2.5: Spatial distribution and coverage of Au NPs and CdSe QDs in MWNT-Au-CdSe
heterostructures as a function of oxidation time of the MWNT-Au templates in 1 M HNO3

Oxidation Percentage of Percentage of Coverage of
time of the | nanocrystals along | nanocrystals at the nanocrystals on
MWNT-Au | the sidewall (%0) tips and ends (%) MWNT surfaces
template (h) (um™)

Au NPs 0 94.6 5.4 20.3+85
0.5 93.3 6.7 18 +4.7
1 94.5 5.5 12.0+3.2
6 95.0 5.0 50+15
12 100 0 23+1.0
24 0 0.0
CdSe 0 0
Nano- 0.5 100 0 05+03
crystals 1 91.0 9.0 48.0 +13.6
6 94.9 5.1 48.2+154
12 94.2 5.8 50.0+15.1
24 94.1 5.9 50.9+15.0
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Table 2.6: Spatial distribution and coverage of Au NPs and CdSe QDs in MWNT-CdSe-Au
heterostructures as a function of oxidation time of the MWNT-CdSe templates in 1 M HNO3

Oxidation Percentage of Percentage of Coverage of
time of the nanocrystals nanocrystals at the| nanocrystals on
MWNT- along the sidewall | tips and ends (%) | MWNT Surface
Cdse (%) (pm?)
template (h)
Au 0 - - 0
Nano- 0.5 100 0 8.0+21
Particles 1 91.7 8.3 8.7+20
6 89.7 10.3 13.4+4.3
12 96.3 3.7 12.0+3.9
24 95.2 4.8 13.0+6.0
CdSe 0 96.6 3.4 71.3+14.2
Nano- 0.5 97.8 3.2 50.0+15.9
particles 1 89.5 10.5 32.2+15.0
6 96.9 3.1 29.0+10.9
12 97.5 2.5 25.0+12.7
24 96.8 3.2 9.8+10.1
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2.3.6 Other characterization protocols used

2.3.6.a X-ray Diffraction

XRD data (Figure 2.10) show that oxidized MWNTSs possessed no obvious diffraction
feature in the 26 range between 30° and 80°. Additional peaks appearing in the heterostructure
samples confirmed the presence of Au NPs and/or CdSe QDs. For comparison, the XRD pattern
of AET-CdSe displayed in Figure 2.10b was consistent with literature values of the CdSe bulk
(JCPDS File No. 02-0330). Bragg diffraction peaks were all relatively broad because of the
extremely small dimensions of the CdSe nanocrystals. For the MWNT-CdSe heterostructures,
peaks corresponding to CdSe crystal planes of (110) and (112) indicated that CdSe QDs were
anchored onto CNT surfaces. For the MWNT-AuU heterostructures, peaks positioned at (111),
(200), (220), and (311) can be assigned to reflections of gold. Diffraction peaks for both Au NPs
and CdSe QDs, though weak, suggested the successful formation of both MWNT-Au-CdSe and

MWNT-CdSe—Au heterostructures, respectively.

2.3.6.b Optical measurements

Oxidized MWNTSs appeared featureless in the absorption spectra (Figure 2.11).
Relatively weak absorption peaks of MWNT—-Au heterostructures and MWNT-CdSe
heterostructures were noted at 520 nm and 600 nm, respectively. The lower intensity of
absorption may likely be due to an intrinsically lower concentration of nanocrystals on the
MWNT surface. In addition, the absorption of CdSe in MWNT-CdSe heterostructures was
slightly blue-shifted as compared with that associated with as-prepared CdSe QDs, an
observation that has been ascribed to the photo-oxidation of CdSe, as discussed previously. The
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broad peak of MWNT-Au-CdSe centered at 576 nm was attributed to collective absorption due
to both Au nanoparticles and CdSe QDs (Figure 2.11). UV-visible data for all of our MWNT-
based heterostructures do not show any extraneous features that would typically arise from an
electronic interaction between nanotubes and quantum dots in their ground states.*®

The photoluminescence behavior (PL) of AET-CdSe, MWNT-CdSe and MWNT-Au-
CdSe heterostructures was measured upon illumination at 400 nm. A substantial decrease in the
PL intensity was observed for both MWNT-CdSe and MWNT-Au-CdSe heterostructures as
compared with the AET-CdSe, which possessed an intense band-edge emission peak at 612 nm
(Figure 2.12). The significant suppression of emission of the CdSe upon covalent conjugation
with MWNTSs suggested a strong excited state interaction with the nanotubes. This observation
was in agreement with prior literature on SWNTSs, including our own prior work.”® ** That is,
the de-excitation process of excited CdSe QDs can be attributed to a rapid charge transfer from
the excited semiconductors to the MWNT platform.*®* 1% Specifically, the photoinduced excition
(a electron-hole pair) generated upon illumination of CdSe could undergo a normal radiative
recombination process. However, once MWNTSs were brought into contact with these excited
QDs, the non-radiative quenching process, due to electron flow from the conduction band of
electron donating QDs to the empty electronic states of the electron accepting nanotube, became
competitive with the intrinsic radiative decay process, thereby resulting in the observed decrease
in the PL intensity of the CdSe.™" In addition, it has been proposed that nanotubes can also act as
energy sinks for attached nanoparticles/nanocrystals through an energy transfer mechanism.
That provides for an alternative pathway for quenching of the CdSe emission.” In our case, the

PL of CdSe QDs could also have been quenched by our use of relatively short linkers (e.g. AET)
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bridging the CdSe and oxidized MWNTSs. More detailed investigation of optical properties of
CNT-CdSe heterostructures will be discussed in Chapter 3.

To rule out the possibility that the removal of ligands from the QD surface due to the
presence of CNTs might have partially offset the observed emission of CdSe QDs, the PL
spectrum of MWNT-CdSe heterostructures was taken in the presence of free AET molecules at a
concentration of 0.5 M. No obvious change was noted as compared with that in the absence of
AET solution. Moreover, we should note that any unbound CdSe QDs as well as free ligands
were likely removed from the system by extensive washing steps, prior to our optical
experiments. As such, it is less likely that the presence of either free CdSe QDs or free ligands
interfered with the observed, intrinsic optical signature associated with our nanotube-nanocrystal
heterostructures.

For our MWNT-Au-CdSe heterostructures, we noted that CdSe QDs were in close
physical proximity to Au NPs in some cases. Therefore, the observation of a further depression
of QD emission in our MWNT-Au-CdSe heterostructures could be attributed to additional non-
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radiative pathways, e.g. either energy transfer*® or electron transfer'®® between CdSe QDs and

Au NPs.
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Figure 2.10: XRD patterns of (a) oxidized MWNTSs, (b) AET-CdSe nanocrystals, () MWNT-
CdSe heterostructures, (d) MWNT-Au heterostructures, (e) MWNT-Au-CdSe heterostructures,
and (f) MWNT-CdSe—-Au heterostructures. MWNTSs were oxidized by H,SO,4 / HNO3. For
MWNT-Au-CdSe heterostructures, MWNTSs were first coated with Au NPs, oxidized in 1 M
HNO; for 1 h, and finally coated with CdSe QDs. For MWNT-CdSe—-Au heterostructures,
MWNTs were first coated with AET-CdSe, oxidized in 1 M HNOj for 1 h, and finally coated
with Au NPs.
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Figure 2.11: (A) UV-visible spectra of oxidized MWNTs, MWNT-Au heterostructures,
MWNT-CdSe heterostructures, MWNT-Au-CdSe heterostructures, and CdSe QDs. MWNTs
were initially oxidized by H,SO4,/HNO3. (B) Magnified absorption spectra corresponding to
nanotube-based heterostructures.
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Figure 2.12: Photoluminescence spectra of (a) raw MWNTSs (black curve), (b)) MWNT-Au-
CdSe heterostructures (green curve), (¢) MWNT-CdSe heterostructures (red curve), and (d)
AET-CdSe nanocrystals (orange curve). MWNTSs were initially oxidized by H,SO4/HNO:s.
Excitation wavelength is 400 nm.
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2.4  Conclusions

We have demonstrated a covalent route towards the site-selective synthesis of MWNT-
nanoparticle heterostructures containing two different types of nanoscale species, i.e. Au
nanoparticles and CdSe QDs. We have quantitatively probed the effects of varying oxidation
treatments, precursor concentrations, and incubation time in order to rationally affect the spatial
coverage and distribution of either Au NPs or semiconducting QDs on the MWNT sidewalls and
tips. The degree of NP coverage was found to primarily vary with the intensity of the oxidation
treatments. In general, the stronger the oxidation treatment, the denser the coating of
nanoparticles and/or quantum dots on the nanotube surface. In addition, the use of larger
concentrations of precursor nanocrystals along with longer incubation time also led to the
observation of higher nanoparticle densities on our nanotube templates.

While none of these trends were perfect, our findings suggest a reasonable way of
fabricating a series of novel CNT—nanocrystal/nanoparticle heterostructures with potentially
tailorable electronic or optical properties. By controlling the oxidation time of MWNT-Au/CdSe
templates, MWNT-Au-CdSe and MWNT-CdSe—Au heterostructures with various spatial
locations and coverages of NPs and QDs could be obtained. Potential charge-transfer as well as
energy transfer between CNTs and the corresponding nanoparticles/quantum dots, as evidenced
by the suppression of QD emission, will likely render such heterostructures as key components

in nanoscale devices and/or solar applications.
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Chapter 3 Synthesis of Double-walled Carbon Nanotube — Quantum Dot

Heterostructures and Photophysical Studies of Carrier Dynamics in Heterostructures

3.1 Introduction

3.1.1 Double-walled carbon nanotubes (DWNTS)

In recent years, double-walled carbon nanotubes (DWNTS), consisting of two coaxial
tubules, have attracted significant attention due to their unique properties.*®”*®® Indeed, because
of the fact that the outer and inner layers in a DWNT retain the basic electronic properties of
each constituent graphene monolayer tubule, even though the detailed energy dispersion relations

are affected by the interlayer interaction,"® "

the properties of DWNTSs are predicted to be as
promising as or superior to those of SWNTs and MWNTs.!"? For instance, with respect to field
emission properties, it has been found that DWNTSs not only maintain higher current densities
but also combine the low threshold voltage for electron emission normally characteristic of
SWNTSs with the efficient emission stability typically associated with MWNTs.}”® *"* Moreover,
the different permutations of interwall interactions between the inner and outer tubes of DWNTSs
also result in their electronic structure being somewhat different from that of SWNTSs, thereby
leading to their unique spectral features.”® 1> By comparison with SWNTs shown to enhance
electron transport,®® DWNTSs with a high charge mobility have been utilized to construct efficient

solar cells by facilitating hole transport." ¥ Moreover, the advanced structural stability,**
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decent thermal conductivity, and high mechanical stiffness'™* render DWNTSs as promising
candidates for numerous applications.'®" 2

Most recently, chemical functionalization studies of DWNTS, including sidewall
fluorination, have been carried out.'®®* Raman and optical absorption spectra results have
indicated that fluorination can be used to suppress the optical properties of carbon nanotubes
without interfering with the properties of inner tubes.'®* That is, it is possible to suppress only the
Raman radial breathing modes contributed by the outer tubes of DWNTS, while keeping intact
the intrinsic electronic structure of the inner tubes, as demonstrated by photoluminescence maps
and optical absorption spectra.’® In the context of DWNT-=NC heterostructures, fluorine atoms
on the outer tubes of DWNTSs have been found to more effective at nucleating and growing 5-7
nm CdSe nanoparticles in situ than oxygen-containing functional groups.'® Nonetheless, the in
situ chemical synthesis of semiconducting nanoparticles directly onto the surfaces of carbon
nanotubes usually leads to inhomogeneities in shape and size.®

In this Chapter, we present the covalent, linker-mediated synthesis of a DWNT-NC
heterostructure, prepared by anchoring surface-modified CdSe quantum dots (QDs) onto the
surface of functionalized DWNTSs. By applying a relatively mild treatment, the physical integrity

and optoelectronic properties of the DWNT would not be necessarily compromised upon

functionalization.

3.1.2 Photophysical studies of CNT-QD heterostructures
As discussed in Chapter 1, the fate of the electron-hole pair (exciton) highly depends
upon the presence of radiative and non-radiative channels. Upon conjugation with CNTSs, two

external non-radiative channels, including Forster resonance energy transfer (FRET) and charge
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transfer, can be taken into account. FRET is a non-radiative relaxation process wherein the
energy is transferred from a photoexcited donor to a ground-state acceptor without the
concomitant irradiation of a photon. The interaction is based on the coupling between dipoles of
a donor and an acceptor. There are at least three basic requirements for FRET to occur: (i)
overlap between the emission spectrum of a donor and absorption spectrum of an acceptor, (ii)
coupling between donor and acceptor transition dipoles, and (iii) close proximity of donor and

acceptor. The rate of energy transfer can be simplified as

Kerer = 1 (&] (3.1)

Ty r

where 14 is the radiative lifetime of a donor in the absence of an acceptor, Ry is the Forster
distance at which the efficiency of energy transfer is 50%, and r is the donor-to-acceptor distance.
Generally, FRET interaction is weak when r > 100 A. The estimation of R involves a number of
parameters including the spectral overlap integral, the orientation of donor-acceptor dipoles, the
refractive index of the medium, and the fluorescence quantum efficiency of the donor.

On the other hand, charge transfer of one of the photogenerated charge carriers from QDs
to an acceptor occurs via tunneling. The rate of charge transfer can be estimated based on the
free energy change of the reaction, the reorganization energy, and the electronic coupling
strength, as elaborated in the later section. Its kinetics has been found to depend exponentially on
the distance between donors and acceptors. This means that the molecular linker between QDs
and the acceptors plays a crucial role in determining the rate of interfacial electron transfer and

offers a powerful handle for controlling interfacial electronic coupling. In addition to the
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molecular length, the chemical nature of the functional groups as well as the molecular backbone
can also have a profound effect upon the coupling strength and molecular conductance.

To date, suppression of fluorescence of QDs has been commonly observed upon
conjugation with CNTSs, which indicates strong coupling between them. However, it is still
problematic to unambiguously attribute the reduced fluorescence to either charge or energy
transfer between the QDs and CNTSs. In some of the studies, the quenching of the QDs has been
attributed to the charge transfer process’® while others indicated that energy transfer is the main
factor.”” In one recent study, the authors have shown that the energy transfer efficiency from an
individual quantum dot to a carbon nanotube can reach as much as 96%.% In order to effectively
implement CNT-QD heterostructures in photovoltaic devices, efficient charge carrier extraction
is a crucial step. While devices, which exploit FRET process, have been shown to be useful for
solar harvesting,*® such process is detrimental to a device based primarily upon charge transfer
interactions. As charge and resonance energy transfer are competing with donor-acceptor
interactions, it is essential to be able to understand the design rules which can favor one process
over the other. Therefore, the investigation of the photophysical properties of QD—-CNT
heterostructures is crucial for developing a fundamental understanding of exciton dissociation
via a charge/energy transfer process, thereby providing critical insights into the chemical
modification of the QD surface as well as the rational design of QD-based heterostructures for
the development of photovoltaic devices.

In order to experimentally resolve the dynamics of electron/energy transfer events,
spectroscopic techniques employing sub-picosecond pulsed lasers are often necessary. As
suggested in Chapter 1, those time-resolved spectroscopies usually utilize a pump-probe

configuration, wherein the change in the signals (e.g. fluorescence and absorption) after
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excitation by the pump pulse can be monitored by the probe pulse. In this Chapter, we have
employed time-resolved photoluminescence spectroscopy (TRPL) to study the dynamics of
excitons generated in QDs. Ideally, the excitons generated in well-passivated, defect-free
guantum dots are expected to decay via a radiative recombination with a constant rate, therefore
producing a single exponential decay trace. In fact, exciton decay is influenced by both radiative
and non-radiative recombination events, the rate of which is fluctuated over time. As a result, a
multi-exponential exciton decay of QDs is typically observed during time-resolved fluorescence
measurements.

A number of groups have used TRPL to study the carrier dynamics in QD-acceptor
systems. Watson and co-workers have studied electron transfer from CdS QDs capped with
mercaptoalkanoic acid to TiO, nanoparticles by using TRPL, which complements transient
absorption.*®® The rapid decay of CdS QDs upon addition of mercaptoalkanoic acid and TiO, has
implied the presence of a dynamic quenching mechanism. By contrast, the time-resolved
emission data of CdS-ZrO,, wherein the conduction band of ZrO, is located above that of CdS,
showed no additional dynamic quenching. It further confirmed that the quenching process was
due to an interfacial electron transfer from CdS to TiO,. Kamat and co-workers have used TRPL
to investigate a size-dependent charge transfer rate from CdSe QDs to a TiO, nanotube array.®
CdSe QDs with smaller size (e.g. 2.6 nm) exhibited faster decay with an average lifetime of 0.4
ns as compared with the 2.6 ns measured for bigger QDs (e.g. 3.7 nm). These results indicated
that the charge injection process is highly affected by the energy difference in the conduction
band between CdSe and TiO,. It is also important to note that it can be difficult to distinguish

charge transfer from the de-convolution of dynamic contributions from other non-radiative
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channels such as charge trapping, energy transfer, and hot electron relaxation, especially if there

is a lack of other complementary data.

3.2  Experimental Section

3.2.1 Materials preparation

3.2.1.a Synthesis of DWNT-CdSe (DWNT-CdSe/ZnS) heterostructures

Commercial DWNTSs (Helix Material Solutions, Inc.) were purified in nitric acid so as to
remove metal catalysts and carbonaceous impurities, including SWNTSs and amorphous carbon.
Specifically, 50 mg of DWNTSs were dispersed in 8 M HNOj3 by sonication, and then stirred 60°C
for 30 h. The resulting, purified DWNTSs have been filtered through a 0.2 um polycarbonate
membrane (Millipore), thoroughly washed by excess water, and ultimately dried, prior to TGA
measurements.

CdSe quantum dots (CdSe QDs) have been prepared according to a well-known protocol
in the prior literature.**® Upon further processing, oleic acid capping agents of as-prepared CdSe
QDs were replaced by 2-aminoethanethiol molecules (AET) via a ligand exchange reaction,
resulting in water-soluble, amino-terminated CdSe quantum dots (AET-CdSe QDs). The
resulting AET-CdSe QDs were finally re-dispersed in dimethyl sulfoxide (DMSO). Commercial
CdSe/znS QDs (D = 5.4 nm with core diameter of 2.5 nm) capped with octadecylamine in
toluene were purchased from NN lab. For CdSe/ZnS QDs, the aforementioned ligand-exchange
procedure was repeated three times in order to ensure the complete replacement of

octadecylamine with AET and obtain AET-CdSe/ZnS QDs.

108



The composites were synthesized by formation of amide bonds between the amino
terminal groups on the surface of AET-CdSe QDs (or AET-CdSe/ZnS QDs) and the carboxylic
groups on DWNTSs with the assistance of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC)/N-hydroxysuccinimide (NHS) (or N,N'-Dicyclohexylcarbodiimide (DCC)). In a typical
experiment, 1 mg of oxidized DWNTSs was dispersed in 10 mL dimethylformamide (DMF) by
sonication. A total of 80 mg of EDC/NHS and an aliquot of 2-(N-morpholino) ethanesulfonic
acid (MES) buffer were subsequently added, followed by the addition of 1 mL of AET-CdSe
QDs (or AET-CdSe/ZnS QDs) with an estimated concentration of 10 M. The resulting solution
was stirred in the dark for 24 h. Upon completion of the reaction, the solution was vacuum
filtered by using a 0.2 um polycarbonate membrane (Millipore), extensively washed with DMF

and distilled water, and finally oven-dried for subsequent measurements.

3.2.1.b Synthesis of CdTe QDs and AET-CdTe QDs

0.0128 g of CdO (0.1 mmol) and 0.057 g of tetradecylphosphonic acid (TDPA) (in order
to slow down the reaction rate as compared with oleic acid) was dissolved in 5 ml of octadecene
(ODE) at 250°C under Ar atmosphere. 0.025 g of Te (0.196 mmol) was dissolved in 0.475 g of
tributylphosphine (TBP), followed by the addition of 1.5 g of ODE. At 285°C, the Te-TBP-ODE
solution was swiftly injected into CdO-TDPA-ODE solution and heating was turned off
immediately. The color of the solution gradually turned from yellow to orange and onwards to
red and dark brown. When the solution cooled down, it was red with an absorption peak located
at 594 nm. The unreacted precursor was then extracted by adding chloroform/methanol and the
as-prepared CdTe solution was washed by acetone followed by centrifugation. The diameter of

as-prepared CdTe nanocrystals is about 3.5 nm and the concentration of the CdTe solution is
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estimated to be 7x10™° M, according to the reported correlation between extinction coefficient
and particle size. CdTe is unfortunately relatively unstable in air.

Ligand exchange was conducted in a glove box (air-free environment). 0.1 mL of CdTe
stock solution was added into 2 mL of chloroform, followed by 0.1 mL of 0.5 M AET. The
mixture was manually shaken prior to the subsequent addition of 1 mL of water. Once the water
phase turned red, it was carefully separated from chloroform phase by pipette and kept in an inert

atmosphere. We note that AET-CdTe is stable in water but not ethanol.

3.2.2 Materials characterization

3.2.2.a Electron microscopy

Low-magnification TEM images were taken at an accelerating voltage of 80 kV on a FEI
Tecnail2 BioTwinG? instrument, equipped with an AMT XR-60 CCD digital camera system.
High-resolution images were obtained on a JEOL 2010F instrument, equipped with an INCA
EDS system, at accelerating voltages of 200 kV. Specimens for all of these TEM experiments
were prepared by dispersing the as-prepared product in ethanol, sonicating to ensure adequate
dispersion of the nanostructures, and dipping one drop of solution onto a 300 mesh Cu grid,

coated with a lacey carbon film.

3.2.2.b Powder XRD
Crystallographic and purity information on nanotube—nanocrystal heterostructures were
obtained using powder XRD. To analyze these materials, as-prepared samples were subsequently

sonicated, and finally air-dried upon deposition onto glass slides. Diffraction patterns of these
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materials were collected using a Scintag diffractometer, operating in the Bragg configuration

using Cu K, radiation (A = 1.54 A) from 20° to 80° at scanning rates of 0.25° per minute.

3.2.2.c Optical spectroscopies and fluorescence microscopies

FT- IR data were obtained on a Nexus 670 (Thermo Nicolet) instrument equipped with a
single reflectance zinc selenide (ZnSe) ATR accessory, a KBr beam splitter, and a DTGS KBr
detector. Solid samples were placed onto a ZnSe crystal. Measurements were obtained in
absorbance mode using the Smart Performer module. UV-visible spectra were collected at high
resolution using a Thermospectronics UV1 apparatus with quartz cells maintaining a 10-mm path
length. Data were corrected to account for the solvent background.

Composite samples for optical measurements were freshly prepared by dispersing CNT-
QD heterostructures in ethanol by sonication. For AET-QD samples, the concentration of AET-
QDs in ethanol solution was estimated to be similar to that in composite samples. Steady-state
fluorescence data were obtained at room temperature on a home-built confocal microscope
coupled to a high-repetition rate (250 kHz) ultrafast Ti : sapphire-based amplified laser system.
An optical parametric amplifier was used to generate visible laser pulses (~200 fs) tuned to the
appropriate region of the absorption spectrum of the quantum dots. Before photoexcitation, the
laser pulses were temporally broadened and spectrally narrowed to a bandwidth of 2 nm, using a
set of interference filters. The excitation wavelength was tuned to be 524 nm, close to the exciton
absorption of our samples, thereby avoiding possible complications of our carrier dynamics with
potential multi-exciton generation process. Emission from the QD solutions was collected into a
single-grating spectrometer (iHR320, JY Horiba) equipped with both a liquid nitrogen cooled

CCD (Symphony, JY Horiba) for acquiring data and an avalanche photodiode (Micro-Photon-
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Devices) for dynamic measurements. Time-resolved PL data were acquired by using the time-
correlated single photon counting technique using Picoharp 300 (Picoquant GmbH) photon
counting instrumentation. Optical interference filters (Chroma) and the grating spectrometer
were simultaneously employed for spectral filtering of the PL emission. Solutions were
continuously stirred during data acquisition. The power density of laser remained sufficiently
low so that less than one electron-hole pair per QD presumably was generated during each pulse
period.

The resulting time-resolved fluorescence data can be fit by exponential decay functions

with either one or more components.

=3 Aem (3.2)

wherein A is the amplitude and 7 is the lifetime. For the average lifetime, it can be calculated

according to an intensity-weighted approach

7= At/ /Z AT, (3.3)

Fluorescence images were taken using a confocal fluorescence microscope (Leica, TCS
SP5) equipped with an argon ion laser. Samples were excited under 488 nm irradiation, and data
images were separately collected via two different output channels, which were monitored in the

range of 590-620 nm and 570-800 nm, respectively.
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3.3 Results and Discussion

3.3.1 Preparation of purified, oxidized DWNTSs

As-obtained commercial DWNTS typically were contaminated with metal particles,
amorphous carbon, and SWNTSs, as illustrated in Figure 3.1. Based on the TGA data, upon
heating pristine DWNTSs to 800°C under air, the remaining weight % of sample residue collected
was ~10%, indicative of 10% metal content. Furthermore, the plot of derivative weight vs.
temperature (Figure 3.1C) suggested that DWNTSs were destroyed at ~560°C, with a shoulder at
around 476°C, which can be attributed to the presence of amorphous carbon and SWNTSs in the
sample, likely due to the higher reactivity of amorphous carbon, defective graphitic carbon, and
SWNTSs as compared with DWNTs.'"% 1819 \w/e note that metal particles present in pristine
DWNTSs, possessing a similar size to that of QDs, can interfere with the observation of DWNT-
QD heterostructures under TEM, whereas the presence of SWNTs may affect the final properties
of DWNT-QD heterostructures. Therefore, it was critical to remove those impurities prior to a
further coupling reaction.

It is known that nitric acid can not only destroy the metal catalyst but also remove
amorphous carbon and chemically active SWNTs. TGA measurements demonstrated that less
than 1% of metal catalyst was contained in purified DWNTSs along with the disappearance of the
shoulder, previously observed at 476°C (Figure 3.1D). These results indicated that our purified
DWNTSs were, to a certain extent, free from amorphous carbon and SWNTs as well. A
comparison between TEM images of DWNTSs before and after nitric acid treatment provides for

visual confirmation of a much higher sample quality associated with our purified DWNTSs.
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3.3.2 Characterization of DWNT-CdSe heterostructures

The oxidation of DWNTSs was confirmed by IR spectra as illustrated in Figure 3.2. The
obvious peak for oxidized DWNTSs at 1700 cm™ is associated with the presence of carboxylic
acid groups. Oxidized DWNTSs also could be well-dispersed in ethanol and even water, as the
presence of carboxylic groups on the surface of DWNTSs enhances their solubility™® in polar
solvents. In addition, Figure 3.3 shows infrared spectra of CdSe QDs before and after ligand
exchange. Specifically, peaks at 2926 cm™ and 2858 cm™ in oleic acid (OA) and OA-CdSe can
be assigned to C-H stretching vibration associated with the alkyl chain; the C=0 double bond
stretching mode at 1700 cm™, originally shown in oleic acid ligands, shifts to 1535 cm™ and is
associated with the vibration of COO™ when oleic acid bonded onto the CdSe surface. It is
suggested that the carboxylic group of oleic acid was de-protonated while interacting with the Cd
atoms on the CdSe surface. A comparison of the infrared spectra before and after ligand
exchange confirmed the presence of AET on the surface of CdSe after the ligand exchange
process. It has been reported that the thiol ligands can be de-protonated to form thiolate
molecules, which can then be bonded onto the QD surface.?® 1% As such, peaks associated with
S-H in the region of 2400 — 2600 cm™ disappeared upon AET attachment to the CdSe surface.
We also note that thiol-capped CdSe QDs were not temporally stable, losing solubility over time.
This could be attributed to photocatalytic oxidation of the thiol ligands to disulfides, which do
not attach well to the surfaces of nanocrystals.**

According to the same protocol of the coupling reaction discussed in Chapter 2, the
formation of DWNT-CdSe heterostructures was based on the formation of amide bonds between

the amino groups on the surface of CdSe and the carboxylic groups on the CNT surface. The

appearance of peaks at 1656 and 1504 cm™ in the infrared spectra of the as-obtained DWNT-QD
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heterostructures suggested the formation of amide bonds. TEM images (Figure 3.4) show that
upon conjugation, QDs with an average diameter of 3.4 nm were clearly visible along DWNT
bundles. We note that the coverage of QDs on DWNTSs was non-uniform, which could be
attributed to (i) either non-uniform distribution of carboxylic groups on the CNT surface (ii) or
an inefficient attachment of QDs as a result of steric hindrance arising from the possible
aggregation of DWNTSs. Figure 3.4B and C showed typical high-resolution TEM images of
DWNT-CdSe heterostructures, wherein the distinctive double walls of carbon nanotubes and
highly crystalline CdSe nanocrystals immobilized on the nanotube surface could be observed. It
is worth noting that some of the tubes appeared to be wrapped in some amorphous coating,
which most likely originated from solvent residue, incurred during the TEM sample preparation
process.

Powder XRD (Figure 3.4D) confirmed the presence of CdSe in these as-prepared
heterostructures. The peak at ca. 25.4° was associated with the presence of graphite (JCPDS No.
75-1621) in carbon nanotubes. We noted that for the DWNT-QD heterostructures, peaks at 42.5°
and 48.8°, indicated by arrows, though weak, could be reliably assigned to the reflections of
hexagonal wirtzite CdSe QDs (JCPDS No. 02-0330), again consistent with the formation of

DWNT-QD heterostructures.
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Figure 3.1: TEM images of (A) raw double-walled carbon nanotubes (DWNTSs) and (B) the

corresponding purified DWNTs (B). TGA data of (C) raw DWNTs and (D) the corresponding
purified DWNTSs.
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Figure 3.2: Infrared spectra of (a) raw DWNTs (black), (b) oxidized, purified DWNTs (red), and
(c) DWNT-CdSe heterostructures (blue), respectively.
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Figure 3.4: (A) TEM as well as (B and C) HRTEM images of DWNT-CdSe. (D) XRD patterns
of raw DWNTSs (black) and DWNT-CdSe heterostructures (red).
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3.3.3 Optical characterization of DWNT-CdSe heterostructures

3.3.3.a Absorption and steady-state fluorescence

For absorption spectra, as-prepared CdSe nanocrystals (Figure 3.5) exhibited a well-
pronounced absorption peak at ~580 nm, whereas a 5 nm red shift in peak position was noted for
AET-CdSe, indicating a possible aggregation of QDs upon ligand exchange. Similarly, a
physical mixture of oxidized DWNTSs with the same concentration of AET-CdSe QDs yielded an
identical absorption spectrum (Figure 3.5). However, the peak intensity was relatively weaker, an
observation attributable to light scattering by DWNTSs, causing less photons to be absorbed by
AET-CdSe QDs themselves. No obvious spectral feature was noted in the absorption spectrum of
DWNT-CdSe nanostructures, presumably due to the decreased CdSe concentration in the final
composites, which might have been below the detection limit of UV-visible spectroscopy. In
addition, the strong background due to scattering by DWNTSs might have conceivably
overwhelmed the signal generated by CdSe QDs.

In steady-state fluorescence measurements, as-prepared CdSe QDs exhibited a
pronounced band-gap emission (excitonic emission) at 595 nm with only a small shoulder
centered at 750 nm, merging with the long tail of the band-gap emission of CdSe (Figure 3.6).
By contrast, the fluorescence spectrum of AET-CdSe QDs (Figure 3.6) consists of a high-energy
peak, corresponding to band-gap emission at 600 nm, as well as a broad, low-energy emission
band at 800 nm with significant intensity. As compared with that of as-prepared CdSe QDs, this
emission appearing in the near infrared region is believed to originate from trap states on the

surface induced by the surface ligand itself, namely AET. The asymmetric band-gap emission
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profile is suggestive not only of the broad size distribution of CdSe QDs but also of spectral
fluctuations in their microenvironment. Moreover, the broad trap emission centered at 795 nm
indicated a wide energy distribution in the trap states, with the energy shift of > 0.4 eV relative to
the excitonic emission.

Strikingly, even though the complete quenching of emission of QDs in CNT-QD
heterostructures has been observed commonly, the excitonic emission of QDs by CNTSs in our
DWNT-CdSe heterostructures was still quite evident. Moreover, as compared with the emission
profile of AET-CdSe alone, the excitonic peak position for DWNT-CdSe composites blue shifted
by 20 nm. More interestingly, the trap emission from QDs was no longer observable, suggesting
that the surface trap emission state was effectively quenched by the presence of DWNTS.

For comparison, a control sample consisting of a physical mixture of nanotubes and
guantum dots, generated simply by adding DWNTSs together with AET-CdSe QDs at the same
concentration as the pure AET-CdSe solution, was also optically probed. It turns out that the
observed peak position of the excitonic emission in the mixture was similar to that of AET-CdSe
QDs alone; moreover, the trap emission state was still significant. Furthermore, the intensity
ratio of the trap emission state to the excitonic emission state (l¢/l¢) for the mixture sample was
smaller than that of the AET-CdSe solution. Interestingly, when an excess of AET ligands was
added to the mixture solution, an increased ¢/l ratio was observed, once again suggesting that
the presence of AET ligands contributed to an increase in trap sites as well as to the observed
trap emission (Figure 3.7). Hence, it is reasonable to infer that the equilibrium associated with
the association and dissociation kinetics of AET ligands on the CdSe QD surface was affected by
the interaction between the nanotube and QDs, resulting in the observed changes in Ii/le. We note

that the absolute value of the intensity difference of I between that of the AET-CdSe solution
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and the corresponding physically mixed sample could be due to factors such as power fluctuation,
scattering from the carbon nanotubes, as well as re-absorbed emission by the DWNTs
themselves.

Confocal fluorescence images (Figure 3.8) of both AET-CdSe and DWNT-CdSe
heterostructure composites were used to further confirm our findings in steady-state spectra.
Images were collected at two different channels separately monitored at 600 nm and 800 nm,
corresponding to excitonic emission and trap emission of CdSe, respectively. Not surprisingly,
the AET-CdSe by themselves showed discernible fluorescence in images obtained at both ca.
600 nm and ca. 800 nm emission wavelengths (Figure 3.8). For the DWNT-CdSe
heterostructures, as expected, fluorescence can be observed in the 600 nm channel but not at the
800 nm channel, in excellent agreement with our steady-state fluorescence spectra results.
Moreover, the overlapping images of fluorescence images and bright-field images clearly
correlated the spectral overlap of the CdSe excitonic fluorescence with the spatial localization of
the DWNTSs. We note that the distribution of fluorescence of CdSe along the DWNTSs themselves
was not uniform, an observation fully consistent with our TEM data. We also cannot rule out the
possible existence of either small clusters or single CdSe nanocrystals exhibiting weak
fluorescence beyond the functional capabilities of our detector.

Based on all of these data, we can conclude that the conjugation of DWNTSs with CdSe
plays a significant role in affecting the surface-state emission of the QDs and also, profoundly
alters the dominant relaxation pathway of photogenerated charge carriers within the QDs

themselves.
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Figure 3.5: UV-visible spectra of as-prepared CdSe (black), AET-CdSe (red), a physical mixture
of DWNTSs and AET-CdSe (green), and DWNT-CdSe (blue).

123



n —— As-prepared CdSe

P — — AET-CdSe
:; Mixture of AET-CdSe
Cl'.i and DWNTs

~ — - =DWNT-CdSe
O
(@)

c
()
(@)
(7))
()

S
&
=
@)

# —

@)

e

al
i
/ .o X5

500 600 700 800 900 1000
Wavelength (nm)

Figure 3.6: Steady-state photoluminescence spectra of as-prepared CdSe (black), AET-CdSe
(red), a physical mixture of DWNTSs and AET-CdSe (green), and DWNT-CdSe heterostructures
(blue), respectively.
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Figure 3.7: Influence of surface ligands upon the surface trap states. A rise in the excess amount
of AET ligands in the solution correspondingly increased the ratio of trap emission to excitonic
emission.
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Figure 3.8: Confocal scanning fluorescence microscopy images. (A-B) fluorescence images of
AET-CdSe QDs collected at ca. 600 nm (A) and ca. 800 nm (B). (C) The bright field image of
DWNT-CdSe heterostructures. (D) Merged image of DWNT-CdSe heterostructures, including
(C) and the corresponding fluorescence images collected at both ~ 600 and ~ 800 nm. No
detectable signal was observed in the near-infrared channel. Scale bars are 10 um.
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3.3.3.b Time-resolved fluorescence

Time-resolved fluorescence spectroscopy was used to reveal more information about the
dynamics of charge carriers within the heterostructures probed. First, we monitored the decay of
exciton emission and trap emission of isolated AET-CdSe QDs. Figure 3.9A shows time-
resolved emission measurements for each of these bands on a log-log scale in order to highlight
the different decay components and the overall time window difference in the visible and NIR
regions. The exciton luminescence was multi-exponential with a relatively short total lifetime,
with early time decay dynamics occurring faster than the instrument responsive function, which
was indicative of a very efficient non-radiative contribution. Given the risen of trap emission
observed in the steady-state spectrum, this ultrafast process could be ascribed to the trapping
process induced by the presence of AET ligands. On the other hand, the NIR trap emission was
found to exhibit a long lifetime relative to the intrinsic radiative processes in CdSe QDs, with
significant recombination still occurring on ps timescales. The recombination kinetics in the NIR
can be compared directly with quantitative models that consider the effect on the QD PL of both
the quantity and energy distributions of surface traps '*2.

As such, both the energy shift associated with the trap emission (> 0.4 eV) and its decay
kinetics are consistent with the presence of deep carrier traps. This is consistent with reports of
thiol ligands as hole acceptors since their redox energy level is situated at a noticeably higher
energy level than that of the valence band of CdSe®®®; moreover, it is partially due to the low
electronegativity of sulfur as compared with oxygen in either oleic acid or TOPO.?! Therefore,

the presence of the AET-induced NIR emission and associated exciton kinetics provides a direct
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optical signature for the presence of deeply trapped carriers in the vicinity of the QD surface and
therefore allows us to monitor what happens to these trapped carriers upon functionalization.

When the CdSe-AET complex was covalently linked to DWNTS, the optical signature of
these trapped charges disappeared, affecting both the steady-state and time-resolved PL. We note
that as opposed to the multi-exponential decay behavior observed in the AET-CdSe sample, the
exciton now decayed nearly mono-exponentially (Figure 3.9B), an optical signature indicative of
charged exciton (trion) photoluminescence rather than a species with a nearby trapped charge.
These types of exciton ion (trion) complexes form upon photoexcitation of a charged QD and
have been shown to be weakly emissive. In our system, the observed TRPL kinetics is consistent
with previous reports of trion emission in both films *** and isolated"®> '* CdSe-based QDs. In
general, we observed double-exponential kinetic behavior similar to what has been reported, with
average lifetimes that were shorter than the neutral radiative lifetime (typically 5 -9 ns).
Specifically, the luminescence decay curve can be perfectly fit by a double-exponential function
as shown in the Figure 3.9B, revealing that more than 90% of the emission is contained in a
single exponential function with a lifetime of ~ 2.7 ns. In addition, a small amount of carrier
recombination was found to occur with a lifetime of ~ 11 ns (leading to an average total lifetime
of 3.5 ns). Moreover, the failure of the recovery of nearly-mono-exponential decay in the
physically mixed sample suggested that this unique optical signature was particularly intrinsic to
the heterostructures of DWNT-CdSe (Figure 3.9B). In all cases, the results were found to be

independent of incident laser power.

128



A 0 . e . CdSe-AET Emission
10 1% T . IRF
2> E N 599 nm
D 795 nm
c )
O 10" 3
£
©
g 1077
©
£
e -3
O 10”3
Z ]
10“lil-"""l LR | : J II"""'I LI | LR | L
0.1 1 10 100 000
Time (ns)
B - o AET-CdSe
A Mixture
O DWNT-CdSe
- - - Fit for DWNT-CdSe
E 1 |
) 10 o
r—
= 14
° ]
o ®
N4
© } &
£ 1024 ¥
= i
s i
4o
4 O
e ]
10° r
0 10 20 30 40

Figure 3.9: (A) Normalized exciton (orange at 599 nm) and trap (red at 795 nm) emission decay
of CdSe-AET on a log scale. The instrument response function is shown as a reference (black).
(B) Normalized time-resolved photoluminescence measurements of the exciton decay in AET-
CdSe (red), a physical mixture of AET-CdSe and DWNTSs (green), and DWNT-CdSe
heterostructures (blue), respectively.
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It is important to note that while previous reports have relied upon statistical fluctuations
of the QD charge state for the observation of the trion luminescence, this species was isolated in
our assembled heterostructure. The observed nearly-monoexponential decay implies that the rate
of the non-radiative contribution, usually attributed to Auger recombination involving the extra
charge carrier, was no longer fluctuating in time. Instead, the emission rate appeared to be time-
independent, suggesting a long-lived (nearly permanent) charge separated state between the QD
and the DWNTSs. In addition, it is usually expected that the presence of CNTs would shorten the
overall PL lifetime by providing additional nonradiative recombination channels. However, we
note that the exciton in the DWNT-CdSe heterostructures had a significantly longer average
lifetime as compared with that associated with AET-CdSe nanocrystals alone. Therefore, this
provides further proof that we were likely observing the emission of trion formed in charged
QDs. Both the disappearance of trap emission and the observation of the optical feature of
charged QDs suggested that the electronic interaction between the QD and DWNT was
dominated by a surface-mediated charge transfer process rather than by resonance energy
transfer interaction.

Moreover, it is important to note that a low laser power of 5 — 500 uW was typically used
in our measurements, corresponding to pulse energies of 0.2 — 2 nJ. If we used a value of 10™

cm? as an upper bound on estimates of our absorption cross-sections*®’

at 520 nm and a spot size
of ~ 25 microns, the average number of carriers <N> expected from statistics is 0.015 — 1.5.
This is well below the regime where multiple carrier interactions will become significant. In
addition, samples were kept stirring in order to prevent charge buildup during measurements.

Therefore, we believed that the observed kinetics were trustworthy without interference with

multiple-exciton interactions.
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3.3.4 Calculation of distance-dependent kinetic rates

To support our hypothesis above, we have analyzed the rates of different possible decay
channels of the quantum dot excitation into the nanotube, including resonance energy transfer
(RET) of both charge carriers via a near-field electromagnetic interaction and charge transfer
(CT) of one of the charge carriers. Both of these processes are highly dependent upon the
physical separation between donor and acceptor, and can potentially compete with each other. In
the dipole limit, the RET rate is inversely proportional to the sixth order of magnitude of
distance,”” whereas the interfacial charge transfer rate decays much more rapidly, falling off

exponentially with the tunneling distance.™*® **°

3.3.4.a Determination of resonance energy transfer rates

The calculation of energy transfer rate has been conducted by our collaborator, Dr.
Matthew Sfeir. The calculation process is briefly described here and the results are illustrated in
Figure 3.10. Specifically, since the physical size of the nanotube is larger than the surface-to-
surface distance (r) to the QD, the typical dipole approximation (and corresponding r rate
dependence) is no longer valid. As such, we have followed the methodology of Swathi and

Sebastian®®

to more precisely treat the transition density in the nanotube. In this calculation, the
QD is approximated as an ideal dipole, with a transition moment taken from calculations
provided by Govorov et al. ?* We have modeled the DWNT as two non-interacting
semiconducting SWNTSs, (14, 13) and (9, 8), with the appropriate chiral vectors to give a NT-NT

spacing of ~ 0.34 nm. We have simplified the calculation by using the single-electron picture to

calculate the electronic structure of the nanotube (ignoring many-body effects). We argue that
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the error introduced by this treatment is compensated for by the variation in the type (metallic,

semiconducting) and size (1 — 4 nm) of the nanotubes likely present in our sample.

3.3.4.b Determination of charge transfer rates
Electron (charge) transfer kinetics of a donor-bridge-acceptor system in solution are often

evaluated by Marcus theory,?®? in which the rate of ET can be estimated by the expression®®

2
- _2m, . 1 exp[_(AG +1) J (3.4)

no ™ Jamak,T 47Kk T

wherein Hpa is the electronic coupling matrix element, A is the total reorganization energy, 4G

is the free energy change of the electron transfer reaction, and kg is Boltzmann constant.
According to Marcus theory,?® the rate of CT between CdSe and CNTSs can be estimated based
upon the free energy change of the reaction, the reorganization energy, and the electronic
coupling strength.

Detailed calculations show that the amplitudes of the wave functions decrease
exponentially with distance, and thus, the magnitude of Hpa? also decays exponentially as a

function of distance.

H SA =H I?)A,max exp(_ ﬂr) (35)
wherein r is the separation between donor and acceptor or the length of the bridge, H{, ... is the

electronic coupling element at the contact distance for the donor and acceptor, and S is a
structure-dependent attenuation factor which correlates with the rate of electron transfer with the
chemical structure of the bridge.?®* In the case where the saturated hydrocarbon molecules, such

as alkanethiol, are used as the bridge, A has been reported to be in the range of 0.8 —1.0A 2%420°
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Figure 3.10: Calculations of the distance-dependent charge (red) and energy transfer (black)
rates for an ideal dipole (p = 13 D) and a DWNT composed of (14, 13) and (9, 8) chiral vectors.
The dielectric medium was set to be slightly higher than water (&= 2).
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Determination of
The total reorganization energy A usually includes contributions from the molecular

vibrations, A, and solvent oscillators, As, which strongly depends on the dielectric constants of

203 5
|

the medium. which involves the nuclear relaxation within nanocrystals, is usually

I 206, 207 208
)

considered to be smal on the order of 0.01 eV or smaller.”™ Kamat and co-workers have
estimated that the reorganization energy was 10 meV for the electron transfer between QDs and
metal oxide thin film.?*® In our study, we believe that charge transfer is surface-mediated.
Therefore, the extent of the nuclear reorganization within the lattice of CdSe involved in charge
transfer is likely to be negligible. For the sake of simplicity, it is reasonable for us to assume that
Ai is very small and close to 0 eV.

203,

The parameter A5 can be determined by the dielectric continuum model of a solvent,

% which is expressed as

2
PRI B SUOE SRS B S (3.6)
e, \2r, 2r, 1. \ny” €

where €0is the permittivity constant of vacuum; rpand ra are the radii of the donor and acceptor,
respectively; np and ¢ are the refractive index and the dielectric constant of the medium (ethanol),
respectively; and r. is the center-to-center distance between the donor and the acceptor. In our
study, the edge-to-edge distance between CdSe and CNTs is estimated to be 4.7A upon the
formation of amide bonds between 2-aminoethanethiol and carboxylic groups on the surfaces of
the carbon nanotubes. According to this model, in ethanol, Asis 0.22 eV. Thus, the total

reorganization energy A can be calculated to be around 0.22 eV. This value is also consistent
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with the reorganization energy of 0.2-0.6 eV, estimated for the electron transfer from CdSe to

Rhodamine B.?°® To this end, equation (3.4) can be rewritten as

4.2(AG + 1)
lgker =17 +1gH 3, e —%r—(#) (3.7)

where Hpamax, 4G, and Z are ineV and ris in A,

Determination of AG

The driving force 4G is associated with the difference in the redox potentials of CdSe and
CNTs.2% 2% The CB and VB potentials of CdSe with a size of 3.48 nm have been reported as -
3.5 and -5.6 eV versus vacuum (or -1.0 and 1.1 V versus NHE, respectively).?*?'? According to
the trap emission peak centered at 800 nm, observed in steady state photoluminescence spectra,
the hole trap states can be estimated to be around -5.1- (-5.2) eV. On the other hand, the reported
work function for acid-oxidized multi-walled CNTs is -5.1 eV versus vacuum.**® Therefore, the
driving force of the hole transfer from the surface trap states of CdSe to CNT can be estimated as

0-(-0.1) eV.

Determination of Hpa max

Hpa is an indicator of the extent of overlap between the donor and acceptor electronic
wavefunctions. It has been reported that the electronic coupling energy between CdTe with a size
of 3.4 nm and a inter-particle distance of 0.4 nm was 20 meV.?** For hole transfer, the coupling
energy should be smaller due to the high effective hole mass. In our case, 107 eV would be a
fairly good approximation for Hpa max

Given that p= 1.0 A and L = 0.22 eV, equation (3.7) can be reformulated as
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lgke, =13-0.43r,AG = -0.1eV (3.8)

We note that although the total reorganization energy has a minor distance dependence, the
electronic coupling element generally governs the distance-dependence of charge transfer
dynamics. The length scales for charge transfer between the surface states of CdSe and CNTs is

illustrated in Figure 3.10. At r = 4.7 A, we estimate that ker = 10'° ~10' s*

3.3.4.c Insights into mechanism

Comparisons between the RET and CT scaling behavior are supportive of the hypothesis
that we are observing predominantly trion emission as the observed changes in the PL kinetics
cannot be explained by invoking a simple quenching process (e.g. CT or RET) alone. For
example, if we assume that the carriers were located near the center of the QD, then the expected
charge transfer rate was too low (< 10° s™) to effectively compete with either RET or radiative
recombination. In this scenario, RET should dominate and led to an overall shortening of the
total lifetime. According to the above calculations, we can determine the expected RET rate for
the DWNT—CdSe. The surface-to-surface distance is 2.17 nm and the calculated rate is 1.3 ns™;
this is ~5X faster than the observed total lifetime (3.5 ns). Regardless of the exact numbers given
by the calculations, it is abundantly clear that a faster overall rate should be observed upon
binding to the DWNT, in contradiction with the experimental results. However, if a photoexcited
carrier can be efficiently trapped in a surface state, the rate of the CT process to a NT acceptor
can enhanced significantly by several orders of magnitude, whereas radiative recombination and
RET were no longer viable due to the poor spatial overlapping of hole and electron
wavefunctions upon trapping. As a result, CT became the dominant relaxation pathway for the

excitons generated in the CNT-CdSe hybrids and effectively competes with trap recombination
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(given by our time-resolved PL measurements on the NIR emission band to be 10° - 10" s%). To
reinforce this, our calculations show that charge transfer can be quite an efficient process (~ 10
s™) for a carrier trapped at the QD surface that is closest to the NT, owing to the short length of

the molecular linker. Due to the high mobility of holes in the nanotube,*®

the probability of back
electron transfer from the CNTs to CdSe QDs was much less likely than the forward rate, again
due to the dramatic distance scaling. Consequently, quasi-permanent QD ions were generated via
a surface-mediated charge transfer process (Figure 3.11), thereby giving rise to the optical
feature observed in the time-resolved photoluminescence measurement.

In addition, we note that the rate of the initial surface trapping step will depend highly
upon the number of traps and their energy distribution. In our material, we have tried to engineer
an ultrafast trapping process, by maximizing the coverage of AET molecules on the surface of
the particle. As such, we would not expect this surface trapping process, thought to be localized
at the sulfur-QD interface, to be affected by the presence of the DWNT, which was bonded
through the nitrogen atom of the AET. To this end, we conclude that, in this system, we were
observing the long-lived negatively charged state of CdSe. The whole process can be
summarized by the following equations:

CdSe (exciton)” + CdSe-AET (trap) + DWNT - CdSe (exciton)” + CdSe-AET (trap)" + DWNT
- CdSe (exciton)” + CdSe-AET (trap) + DWNT" (3.9)

Furthermore, we note that if the back transfer rate was slow enough, then it is likely that
the charge-separated state was achieved through incidental excitation (either from ambient
illumination or laser alignment) before PL measurements occurred. As such, it is reasonable that

the NIR signature of trap recombination disappeared in the DWNT-CdSe heterostructures.

During laser studies, a subsequent electron-hole pair was generated via photon absorption by the
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CdSe anion, creating a negative exciton ion (trion), which emitted light with a characteristic
nearly mono-exponential decay behavior. *** ¥ \We note that a recent result from the Lian
group®®® has demonstrated that achieving asymmetric charge transfer rates in CdSe QD based
complexes was feasible. Using an adsorbed Rhodamine B molecule, these researchers observed
that charge transfer interactions accounted for 84% of the exciton quenching in QDs with a ratio

of the forward/back charge rates of > 10%.2%

3.3.5 Optical characterization of DWNT-CdSe/ZnS heterostructures

As an additional check on our work, we generated an analogous heterostructure using
core-shell CdSe/ZnS QDs after ligand exchange with AET. Given that the bandgap of ZnS is
wider than that of CdSe, forming a type-1 core-shell structure, the electrons and holes are
expected to be more confined within the CdSe core by the ZnS shell. In particular, the hole wave

function has a negligible probability of spreading into the ZnS layer,?*®

thereby lowering the
probability of hole trapping onto the surface of QDs. For a material without an effective charge
trapping step, we expect that RET will dominate the electronic interaction and effectively shorten
the total lifetime. Similar experiments in this regime have recently been reported for CdSe/ZnS
QDs on graphene.?!” Experimentally, the as-prepared CdSe/ZnS QDs exhibited highly efficient
emission with nearly mono-exponential decay due to the improved surface passivation provided
by the ZnS shell. Upon AET ligand exchange, a multi-exponential decay of the exciton of AET-
CdSe/ZnS suggested that the relaxed, lowest-lying core exciton remained weakly coupled to the

surface states. However, no obvious trap emission was observed in AET-CdSe/ZnS, even upon

an extensive ligand exchange process (Figure 3.12A).
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Figure 3.11: A schematic of the plausible surface-mediated charge transfer mechanism
occurring in our DWNT-CdSe heterostructures.
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Similar to the CdSe QDs, covalent conjugation of the AET-CdSe/ZnS to DWNTSs resulted in a
noticeable decrease in emission intensity. However, a significant difference was observed in the
time-resolved photoluminescence data (Figure 3.12B), where the Kkinetics of the exciton reveals
the presence of an additional quenching channel resulting in a smaller average total lifetime. In
addition, by contrast with DWNT-CdSe, the exciton decay of CdSe/ZnS-AET-DWNT remained
a multi-exponential process. Based on these overall observations, it is conceivable that the
charge-separated state could not be formed within the CdSe/ZnS-AET-DWNT heterostructures,
due to the substantial impairment of the surface trapping process.

As a consequence, RET became a more probable relaxation pathway and can account for
the significant decrease of exciton emission. From the observed TRPL decays, it is possible to
estimate the RET rate from the CdSe/ZnS QD to the DWNT and the overall decrease in quantum
yield. Although the decays were multi-exponential, we can assume that the additional

nonradiative relaxation process affected each component identically:

_ _ _ 1 ,
L [OD—NT) =T, [OD]4+ T I, =~ = D A7, /ZA;;
T i (3.10)

where I'e:[QD—NT], Tw: [QD], and T ., represent the total decay rate of CNT-QD

heterostructures, the total decay rate of QDs alone, and the rate of RET, respectively. The
amplitudes (A) and lifetimes (t) can be extracted by fitting each of the data sets (with and
without DWNTS). The decay traces of AET-CdSe/ZnS and DWNT-CdSe/ZnS can be fit using a
multi-exponential function with three components, respectively. The lifetimes and amplitudes
obtained by these fitting protocols can be used to compute the RET rate; it is determined to be

0.22 ns™. This should give a corresponding reduction in the quantum yield of ~ 2.3X before
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accounting for the absorption of the incident and emitted light by the presence of the broadly
absorbing nanotube species. In practice, it is difficult to accurately resolve the absolute
absorbance of the QDs from the DWNT baseline. However, our best estimate gave a change in
PL intensity of ~ 3.5. Using our kinetic models, the CdSe/ZnS-AET-DWNT complexes, with a
surface-to-surface distance of 3.17 nm, had a calculated RET rate of 0.3 ns™. This value matched
very well with the experimental value (0.2 ns™) and was well within the expected error.

Since we have already established that charge transfer from the interior of the dot was
inefficient, all of these results explain why the charged-separated state can be formed in CdSe
but not CdSe/ZnS complexes. Taken all together, these results provide strong evidence that an
ultrafast trapping process was a crucial intermediate in the formation of the observed long-lived

charge-separated state, and an efficient solar device based on these inorganic nanostructures.
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Figure 3.12: (A) The steady-state photoluminescence spectra of CdSe/ZnS-AET (pink) and
CdSe/ZnS-AET-DWNT composites (purple). (B) Normalized time-resolved photoluminescence
measurements of the exciton decay in CdSe/ZnS-AET (red circle) and CdSe/ZnS-AET-DWNT

composites (purple square).
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3.3.6 Optical characterization of CdTe and AET-CdTe

To further back up our hypothesis of hole trapping on CdSe QDs induced by AET ligands,
we prepared CdTe QDs and tested the influence of AET on their optical properties. The as-
prepared CdTe QDs have an average size of 3.5 nm (Figure 3.13A), therefore possessing surface
area-to volume ratio similar to that of CdSe QDs used in DWNT-CdSe heterostructures
discussed before. Moreover, the excitonic absorption of as-prepared CdTe QDs at 597 nm
(Figure 3.13B) suggested that it had similar band gap energy to that of CdSe as well. As both the
energies of conduction band and valence band of CdTe QDs were found to be higher than those
associated with CdSe QDs, similar trap emission is expected to be observed in AET-CdTe QDs
if the electron traps account for the original trap emission in AET-CdSe QDs. However, upon
ligand exchange, as opposed to the observation found in AET-CdSe, no trap emission was arisen
in the steady-state fluorescence spectrum of AET-CdTe QDs as illustrated in Figure 3.13C. This
suggested that electron traps should not be responsible for the observed trap emission in AET-
CdSe. The symmetric broadening of steady state spectrum of AET-CdTe could be plausibly
attributed to the disturbance of size distribution of CdTe by interaction with AET. In addition,
the almost identical exciton decay traces (Figure 3.13D) of both CdTe and AET-CdTe QDs
indicated that AET had little influence on exciton dynamics within CdTe. Therefore, the absence
of additional non-radiative pathway associated with AET in AET-CdTe further confirmed that it
was photogenerated holes, instead of electrons, being trapped on the surface of CdSe in the

presence of surface ligands, AET.
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Figure 3.13: (A) TEM image of as-prepared CdTe QDs. (B) UV-visible spectrum of as-prepared
CdTe QDs. (C) Steady-state spectra of as-prepared CdTe and AET-CdTe QDs. (D) Exciton
decay curves of as-prepared CdTe and AET-CdTe QDs.
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3.4  Conclusions

In order to take advantage of the unique properties of DWNTSs for diverse applications, it
has been critical to explore the chemical modification of DWNTSs with other functional moieties,
such as quantum dots. Herein, we demonstrated that a conventional covalent approach can be
applied to reliably synthesize DWNT-CdSe heterostructures. The use of surface ligands, AET,
induced hole trapping process at the CdSe surface, thereby leading to trap emission in near-
infrared region, which was then completely quenched upon conjugation with CNTSs. In addition,
we observed nearly mono-exponential charged exciton photoluminescence upon conjugation of
CdSe QDs with DWNTSs, suggesting the formation of a long-lived charge-separated state within
DWNT-CdSe heterostructures. An efficient surface-mediated charge transfer from CdSe QDs to
the DWNTSs is suggested to account for the optical observation, as supported by theoretical
calculations. In addition, we note a high coverage of AET on the surface of CdSe ensured not
only the high efficiency of surface trapping process but also the high statistical probability that
one particular type of charge carriers localized near the interface. Moreover, it cannot be
overemphasized that precise control of both the proximity of QDs to the DWNTSs and the surface
chemistry is crucial for controlling the different kinetic pathways.

While additional experimental and theoretical studies on the effect of chemical
functionalization on the properties of DWNTSs are still needed, the experimental evidence
presented herein suggests that DWNT-QD heterostructures mediated by the electronically active
molecular linker, AET, exhibit potential for incorporation into devices such as photovoltaic cells,

especially considering the observation of effective charge separation between CdSe and DWNTS.
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Chapter 4  Fabrication of Inorganic Core-shell Nanofibers by Coaxial Electrospinning

and Their Potential Applications in the Photo-degradation of Organic Pollutants

4.1 Introduction

One-dimensional nanoscale heterostructures have been of particular interest due to their
composite intriguing properties that often go beyond a simple linear sum of their multiple
constituent functionalities. In fact, the most interesting science often occurs at interfaces. Indeed,
the unique properties of these materials, which cannot necessarily be realized in single-
component structures, render them attractive in a broad range of applications. These include their

incorporation as building blocks in nanoscale electronics as well as in photonics devices,*,

219, 220 115, 222

catalysts, sensors,?*! as well as solar cells.

As suggested in Chapter 1, considerable research efforts have been expended towards the

synthesis and manufacturing of one-dimensional heterostructures possessing various chemical

219, 220

compositions, including metals and semiconductors.”*%*! In general, a core-shell

heterostructure can be generated by two-step synthetic protocols, wherein the initial one-

dimensional core template is pre-synthesized prior to the subsequent shell coating.?*> 22 23

However, such approaches based upon solution-phase manipulations often require either (a)
tedious purification steps in order to obtain pure core materials and/or (b) a very careful
experimental design in order to efficaciously apply a secondary homogeneous, contiguous

coating of shell materials. Alternatively, epitaxial growth based upon a two-step deposition

218, 223, 232 224,227

process, employing either chemical vapor deposition, pulsed laser deposition, or
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atomic layer deposition**®

techniques can provide the heterostructure with a well-defined
interface. However, these gas phase processes usually require highly specialized equipment in
order to achieve the high temperatures and/or low vacuum environments that are needed. Such
an approach therefore can be potentially be energy-intensive and expensive. By contrast, simpler
template-assisted methods usually are low-throughput in nature and can also be costly and time-
consuming in terms of mass generation of product. Furthermore, chemical conversion processes
(e.g. sulfidation'®® and the Kirkendall effect®™) have been successfully exploited for the
preparation of core-shell heterostructures. However, such strategies are highly limited in scope as
they depend upon the precise nature of the materials synthesized. As such, developing
generalizable and facile practical protocols that will fabricate one-dimensional well-defined core-

shell nanostructures consisting of two chemically different materials still poses a significant

challenge.

4.1.1 Electrospinning

Electrospinning has been of interest as it is a relatively simple, environmentally friendly,
and versatile technique for generating highly uniform one-dimensional nanofibers composed of a
variety of materials including polymer and inorganic composites.** %** Its attractive advantages
include not only its high throughput in a continuous process under mild conditions but also its
inherent flexibility in terms of controlling the fiber diameter from the micron to nanometer scales.
Briefly speaking, electrospinning is a process using electrical stress to generate fibers from
liquids. In a typical electrospinning setup, the syringe pump is used to supply precursor solution
into a metallic spinneret at a constant rate. When high voltage is applied, the liquid solution

coming out of the spinneret is stretched into a conical shape under charge repulsion. This conical
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shape is named Taylor cone. Once the charge repulsion force reaches a threshold value under
which the electrostatic forces balances out the surface tension, a fiber jet will be ejected from the
Taylor cone. Subsequently, the solvent is evaporated during the whipping process, leading to the
formation of solid fibers collected on the grounded substrates. A number of processing
parameters (e.g. applied voltage, flowing rate, and spinneret-collector distance) as well as
material parameters (e.g. precursor concentration and solvent conductivity) play an important
role in fiber formation and structure. For example, an increase in the strength of the applied
electrical field can more likely lead to greater stretching of the solution due to the large
Coulombic force between surface charges, therefore resulting in a decrease in the diameter of
electrospun fibers. Similarly, the decrease in the flowing rate of the precursor solution can
potentially lead to the reduction of the fiber diameter under the conditions wherein the Taylor
cone can be maintained. It is also important to note that the exact relationship between each
parameter variable and the resulting fiber morphology can differ for each system.

To date, electrospun inorganic nanofibers such as TiO,, ZnO, V,0s, and Fe3;0,4 have been
demonstrated to not only possess the unique properties of the individual materials themselves but
also incorporate outstanding attributes associated with the one-dimensional morphology.?* 2%
Moreover, in recent years, the state-of-the-art configuration of the nozzle has advanced in a way
such that the structure and morphology (and hence, overall functionality) of the resulting
nanofibers can be precisely altered. For example, the coaxial nozzle configuration has been
developed, allowing for the simultaneous coaxial electrospinning of two distinctive components.
This technique stands out from other methods, owing to its ability to very easily prepare one-
dimensional core-shell nanoscale heterostructures on a large scale in a one-step synthetic process.

To date, electrospun polymer nanofibers with either core-shell or tubular structures have been
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fabricated for a wide variety of applications including drug delivery devices,
electrodes.?*® However, to the best of our knowledge, fabrication of inorganic nanofibers with a

well-defined core-shell structure by coaxial electrospinning has not as yet been reported.

4.1.2 The use of TiO,-based systems for photo-degradation

TiO,, as a well-known photocatalyst, has been widely used for the treatment of organic
pollutants in water and air.?*> However, the drawback of TiO, photocatalysts is that the rate of
electron transfer from TiO, to either oxygen or the electron acceptor on the surface of TiO; is
much slower than that of the recombination of the electron-hole pair, a fact which impairs the
photocatalytic activity of TiO,.2** To address this problem, coupling TiO, with another
component, either a semiconductor or a metal, has been proposed as a means of preventing
charge carriers from fast recombination by achieving efficient charge separation between TiO,
and the other material. Among coupled semiconductor photocatalysts, the TiO,/SnO, system in
particular has been extensively studied, as it has demonstrated high photocatalytic activity due to
fast electron transfer from TiO; to Sn0,.2*?* SN0, is a common semiconductor used as a
component of transparent conductors, electrodes, and sensors, due to its excellent
conductivity.?*> 2*® The band-gap energies of TiO, and SnO- are 3.2 and 3.8 eV, respectively.
Hence, the energy offset between TiO, and SnO, allows photogenerated electrons to accumulate
onto SnO, whereas holes will accrue onto TiO, upon formation of a heterojunction at the
TiO,/Sn0; interface (Scheme 1).

Various TiO,/SnO, binary oxide nanostructures have been prepared including films,?**

248-250

247 nanoparticles, nanotubes,?*! and nanowires.??* However, one-dimensional

nanostructures in particular have attracted a significant amount of interest, because of their
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higher aspect ratios, large surface area-to-volume ratios, and potentially high conductivity.
Studies have shown that well-ordered and aligned nanoparticles encapsulated within one-
dimensional nanofibers can facilitate interparticle charge transfer along the nanofiber framework
as compared with randomly packed nanoparticles.?** %> Moreover, apart from the necessity for
reasonable interfacial contact between TiO, and SnO; for efficient charge separation, it is
believed that full exposure of both components to the reaction medium would allow for both
photogenerated holes and electrons to take part in the photocatalytic reactions, thereby enhancing
the observed photocatalytic efficiency. In order to achieve this requirement, a bi-component
nanowire structure of TiO, and SnO, has been realized by electrospinning with a side-by-side
dual spinneret.*** However, the fragile nature of this side-by-side design may result in poor
catalyst durability, an essential property for catalysts. In order to mitigate this potentially
damaging flaw, a core-shell architecture is preferable, owing to its greater stability and larger
interfacial contact.

In this Chapter, we have demonstrated that core-shell SnO,/TiO, nanofibers can be
successfully fabricated by coaxial electrospinning. This simple, straightforward method yields
highly uniform coaxial nanoscale heterostructures with well-defined interfaces between
components. By rationally and precisely controlling material parameters and electrospinning
conditions, the resulting morphology of coaxial SnO,/TiO, nanofibers can be altered as either
tubular coaxial, peapod-like, or solid coaxial architectures. Furthermore, due to the interesting
electronic properties of SnO; and TiO, discussed above, the resulting core-shell nanofibers,
incorporating both materials, can potentially be used as promising materials for photon energy

conversion applications, including as solar devices and photocatalysts.
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In particular, we have tested the photocatalytic activity of our novel tubular SnO,/TiO,
coaxial heterostructure fibers generated in this study. The enhanced photocatalytic activity of our
tubular SnO,/TiO, systems as compared with commercial TiO, photocatalysts can be attributed
to a number of factors: (i) the dual layer structure ensures a well-defined heterojunction between
TiO,and SnO,, which allows for an increase in charge-separation efficiency; (ii) one-
dimensional nanofibers facilitate efficient interparticle charge transfer along the nanoscale fiber
framework; and (iii) the hollow structure allows for full exposure of both the TiO, outer layer
and SnO; inner layer to the reaction medium, thereby allowing for both photogenerated electrons
and holes to participate in the photocatalysis reaction. Hence, due to the versatility in our choice
of materials as well as the flexibility of morphology control, our work has demonstrated that
coaxial electrospinning can be considered to be an excellent and facile alternative route towards
the fabrication of one-dimensional coaxial heterostructures with different chemical compositions
and configurations, thereby providing the opportunity for the development of unique nanoscale
devices. In particular, tubular coaxial structures prepared by coaxial electrospinning, which
cannot be easily obtained by conventional synthetic routes, would be significantly beneficial for
a broad range of applications, wherein it is desirable to have access to both materials, while

maintaining a large and stable interface.

4.2  Experimental Section

4.2.1 Preparation of TiO, and SnO; precursor solutions
The TiO; electrospinning solution was prepared by first dissolving 0.175 g of poly(vinyl

pyrrolidone) (PVP) (My, = 1,300,000, Acros Organic) in 2 mL of ethanol with stirring, followed
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by the addition of 0.5 mL of acetic acid. Once the PVP was completely dissolved and the
solution became transparent, 0.25 mL of titanium isopropoxide (98+%, Acros Organic),
Ti(OiPr)4, was added and kept stirring in solution in order to obtain a homogeneous solution with
a final concentration of Ti at 3 x 10™ mol/mL. Subsequently, the precursor solution was loaded
into a 3 mL plastic syringe. SnO, precursor solutions with varying concentrations were prepared
by adding selective aliquots of tin ethylhexanoate (96%, Alfa Aesar) to light mineral oil (LMO,
Lot A0251014, Acros Organic), followed by stirring in order to create a homogeneous solution.

The precursor solution was also loaded into a separate 3 mL plastic syringe.

4.2.2 Electrospinning

In order to fabricate co-axial fibers, a home-made dual spinneret with the coaxial
geometry was used, as shown in Figure 4.1. In a typical experiment, the TiO, precursor solution
was fed into the outer 16 G spinneret with a feeding rate of 1.0 mL/h. At the same time, the SnO;
precursor solution was run into the inner 23 G spinneret with a feeding rate of 0.1 mL/h. A high
voltage was applied between the tip of the spinneret and the aluminum foil collector with a
voltage/distance profile in the range of 5 kV / 3 inch. As-spun nanofibers were left to “air dry’
for one day in order to allow for the hydrolysis of Ti(OiPr), to proceed to completion, followed
by calcination in air at 500°C for 2 h. All as-generated nanofibers were prepared under identical

electrospinning conditions, unless otherwise noted.

4.2.3 Materials characterization
Crystallographic and purity information on the prepared nanofibers were obtained using a
Scintag diffractometer, operating in the Bragg configuration using Cu Ko radiation (A = 1.54 A).

158



SEM images were processed with a field emission (FE) SEM instrument (Leo 5050), operating
at an accelerating voltage of 20 kV and equipped with EDS capabilities. HRTEM images and
selected area electron diffraction (SAED) patterns were gathered using a JEOL 2010F instrument,
equipped with a Gatan high-angle annular dark field detector (HAADF) for performing either
incoherent HAADF or Z-contrast imaging in scanning TEM mode at accelerating voltages of
200 kV. Specimens for cross-sectional TEM experiments were prepared by embedding samples
in Epon resin, which was then cut by a Reichert-Jung UltracutE ultramicrotome and placed onto
Formvar-coated copper grids.

N absorption profiles were measured with a NOVA 2200e Surface Area & Pore Size
Analyzer. Multipoint Brunauer-Emmett-Teller (BET) method was used to determine the surface

area of the electrospun fibers. The BET equation is present as follows,

1 _1..¢ —1( P J
w((P,/P)-1) W.C W.CI\P, @.1)
wherein W is the weight of gas adsorbed at a relative pressure P/Py and W, is the weight of
adsorbate constituting a monolayer of surface coverage. C is the constant related to the energy of
adsorption in the first adsorbed layer, indicative of the magnitude of the adsorbent-adsorbate

interactions. In the linear range of BET plot, where P/Py is usually in the range of 0.05 to 0.35

when using N as the adsorbate, Wy, can be obtained by the equation

S+i (4.2)

wherein s and i are the slope and intercept, respectively, of the BET plot. The total surface area
(S) of the sample can be expressed as:
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M (4.3)
wherein N is Avogadro’s number and M is the molecular weight of the adsorbate. A is the

molecular cross-sectional area of the adsorbate molecule. For the hexagonal close-packed
nitrogen monolayer at 77 K, the cross-sectional area, A, for N2 is 16.2 A% The pore sizes for

each sample were calculated, according to Barrett-Joyner-Halenda (BJH) theory.?®

4.2.4 Photocatalytic degradation activity

In typical experiments, 4 mg of either tubular SnO,/TiO, nanofibers, solid SnO,/TiO,
nanofibers, TiO, nanofibers, or commercial TiO;, nanoparticles (P25) were dispersed, by
sonication for 5 min, in separate, aqueous solutions of 5 mg/L Rhodamine B (RhB). The
solutions were magnetically stirred in the dark for 30 min so as to establish an adsorption-
desorption equilibrium of reactants with the photocatalysts. After exposure to UV light (~ 3
mW/cm?) at 366 nm, the UV-visible absorption spectra of RhB were monitored at different time
intervals. The photocatalytic performance of nanofibers was evaluated by the change in the
intensity of the optical absorption peak at 555 nm. In terms of a control experiment, RhB

solution was treated under the identical conditions without the addition of any photocatalysts.
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Figure 4.1: A simple schematic illustration of the experimental set-up associated with co-axial
electrospinning. The core solution is fed into the inner spinneret while the shell solution is
transported into the outer one. Coaxial fibers are collected on the metal substrate under high-

voltage conditions.
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4.3 Results and Discussion

4.3.1 Effect of concentration of tin precursor solution upon the internal morphology of
electrospun SnO,/TiO, nanofibers

In order to create a distinctive boundary between the core and shell materials, it has been
previously suggested that physical mixing between two solutions during the electrospinning
process should be eliminated by using two immiscible solvents for the core solution and the shell
solution, respectively.?®! Hence, in our study, ethanol was chosen as the solvent for the shell
precursor solution whereas LMO, which is not miscible with ethanol, was used for the core
precursor solution. The morphologies of the resulting SnO,/TiO, nanofibers have been evaluated
by SEM with a backscattering detector, wherein titanium and tin elements could be distinguished
by the differential contrast in these images owing to their substantial difference in atomic number.

We have noted that the concentration of tin precursor solution maintains a significant
influence upon the internal morphology of the resulting SnO,/TiO; coaxial fibers. Specifically,
highly uniform SnO,/TiO, nanofibers with unique tubular coaxial structures can be formed when
the concentration of tin (I1) precursor solution is 1.6 mmol/mL. As shown in Figure 4.2A-B, a
smooth thin layer was found to coat the interior wall of the tubular nanofibers possessing an
overall outer diameter of 285 + 45 nm and an inner diameter of 122 + 36 nm; this thin layer was
continuous along the entire inner surface of fibers. A cross-sectional SEM image (inset) of
fractured nanofibers unambiguously shows the presence of an integral bright ring, concentric
with the hollow outer fiber.

In addition, the cross-sectional TEM image along with the corresponding EDS line scan

across the structure confirmed the overall elemental distribution in our samples. Specifically,
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Figure 4.2C highlights a representative cross-sectional TEM view of a single nanofiber. An inner
concentric SnO, layer, consisting of densely packed nanoparticles, with a diameter of 20 + 5 nm,
was observed within the less-dense but thicker circular TiO, shell. Particle-like aggregates in the
hollow central core region most likely corresponded to the fragments of fibers generated during
the TEM sample preparation process. The size of the inner hollow region is 141 nm, consistent
with the results obtained from the SEM images. In addition, the outer TiO; shell consists of
loosely packed small nanoparticles with diameters of about 15 nm, indicative of the
polycrystallinity of the nanofibers. The EDS line scan results (Figure 4.2D), collected from the
area indicated by the red dotted line in Figure 2C, showed that the intensity of the Sn L signal
reached a maximum in the inner layer region whereas the Ti Ka signal profile dramatically
increased at the location of the outer shell, in excellent agreement with SEM observations. All of
these data are consistent with the formation of tubular TiO, nanofibers consisting of a thin inner
layer of SnO,.

Such a structure has potential advantages in terms of applications associated with sensing,
catalysis, and energy conversion, because it possesses not only a well-defined heterojunction
comprised of two distinctive components but also an open inner channel which provides for high
surface area and also direct access to the interior material. Not surprisingly, this unusual
architecture gave rise to superior photocatalytic activity, as compared with either the individual
single-component analogues or its solid wirelike counterparts, as will be further elaborated in a
later section. Importantly, to the best of our knowledge, such tubular coaxial nanofibers
consisting of two distinctive metal oxides fabricated by coaxial electrospinning have not been

previously reported.
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Figure 4.2: (A-B) SEM images of hollow SnO,/TiO, coaxial nanofibers obtained when the
concentration of tin (1) precursor is 1.6 mmol/mL. Inset is an SEM image of a typical cross-
sectional view of hollow SnO,/TiO; coaxial nanofibers. (C) Cross-sectional TEM image of
coaxial SnO,-TiO, core-shell nanofibers. (D) The signal intensity profile of Sn L and Ti Ka
derived from EDS line scanning profiles collected along the red dotted line in (C). Each data
point corresponds to the red dot along the line drawn from left to right across the image.
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Figure 4.3: (A and B) SEM images of peapod-like SnO,/TiO, nanofibers created when the
concentration of tin (1) precursor is 2.2 mmol/mL. SEM images of the same sample area were
taken at accelerating electron voltages of 10 kV (C) and 20 kV (D), respectively. (E) Cross-
sectional TEM image of peapod-like SnO,/TiO, nanofibers, illustrating particle-like features
attached to the inner hollow wall of the fibers. (F) The signal intensity profile of Sn L and Ti Ka
derived from EDS line scanning profiles collected along the red dotted line in (E). Each data
point corresponds to the red dot along the line drawn from left to right.
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When the concentration of the tin (I1) precursor solution was increased to 2.2 mmol/mL,
we begin to see the formation of SnO, nanoparticles within the inner cavity of the nanowires.
Representative SEM images (Figure 4.3A-B) highlight the presence of these nanoparticles,
possessing a size of 58 £ 13 nm. These peapod structures maintain overall widths of 284 + 36 nm,
similar to previous tubular fibers. However, they possess a slightly decreased inner cavity,
measuring only 99 + 16 nm. We attribute this reduction of the inner cavity size to the
proportionally lower LMO content in the tin precursor solution. In order to verify that the
observed SnO; nanoparticles were in fact inside the tubular fibers, as opposed to on the external
surfaces of the TiO, nanofibers, SEM images of the same sample area were taken under different
accelerating electron voltages. In principle, an increase in accelerating electron voltage allows us
to visualize regions within the fiber interior.

As illustrated in Figure 4.3C, nanofibers with a smooth exterior were observed at an
accelerating voltage of 10 kV, whereas the hollow features as well as nanoparticles themselves
became more readily apparent upon increasing the accelerating voltage to 20 kV (Figure 4.3D).
These results confirmed that SnO, nanoparticles were encapsulated within the tubular fibers,
instead of physically localizing on the exterior surface of the fibers. Additional proof was
provided using cross-sectional TEM. A representative cross-sectional TEM image (Figure 4.3E)
shows that particle aggregate attached to the interior wall of fibers possesses a size of about 70
nm, consistent with findings from SEM. Aggregates were composed of smaller nanoparticles,
measuring ~12 nm. In addition to these nanoparticles, the thin inner SnO; coating, present within
the hollow nanotubes, is maintained within these peapod-like nanostructures. This is suggestive

that upon the formation of a contiguous inner coating of SnO,, excess tin precursors began to fill
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in the actual inner cavity. An EDS line scan result (Figure 4.3F) again demonstrated that Sn was
localized in the region of the inner particle, whereas the Ti signal was more dominant in the outer
shell area, in spite of the sample drifting caused by charging, as well as the potential signal
interference associated with the presence of fragments of fibers generated during the sample
preparation.

Upon application of the tin precursor without the addition of mineral oil, we were able to
form solid SnO,/TiO, coaxial nanofibers. Typical SEM images (Figure 4.4A-B) show that as-
prepared SnO,/TiO, core-shell nanofibers are highly uniform with a discernible core-shell
structure. The overall diameter is 275 + 30 nm, with an average core size of 53 + 13 nm. The
contrast noted in the SEM images arising from the difference in the atomic number between Sn
and Ti highlights a clearly distinctive boundary between the shell and the core, which is
continuous along the entire length of fibers. Particularly, in the image (Figure 4.4B) where the
fibers were fractured and the cross sections of the fibers can be visualized, it is evident that the
bright central core is concentrically wrapped by the shell materials. EDS spectrum associated
with SEM images (Figure 4.4C) indicates that the fibers contain both Ti and Sn without the
presence of any distinguishable impurities.

The cross-sectional TEM image (Figure 4.5A) suggests that these SnO,/TiO, nanofibers
were composed of a thick shell, consisting of loosely packed nanoparticles with an average
diameter of about 20 nm, and a denser circular core with a size of about 50 nm. This is in good
agreement with the SEM data. The loosely packed particles in the shell likely gave rise to the
overall porosity of these SnO,/TiO, nanofibers, which is potentially beneficial for their
applicability in photocatalysts and in solar cells. EDS spectra (Figure 4.5B) were taken at

selected areas of the shell and core, respectively. As expected, the strong Sn signal collected
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from the center area confirmed that the core of nanofibers was primarily comprised of SnO,,
whereas the shell was dominated by the presence of Ti, indicative of the TiO, shell. We also
noted that a weak Sn signal is present in the shell region. This implies that Sn was likely doping
TiO,.

The electron diffraction patterns of the selected sections of the core and shell regions,
respectively, (Figure 4.5C and D) also confirm that both the core and shell of SnO,/TiO,
nanofibers were polycrystalline and that the five most distinctive diffraction rings of the core (or
shell) can be assigned, moving concentrically and sequentially from the center outwards, to (110),
(101), (200) (or (111)), (211), and (301) planes of rutile phase SnO, (or TiO,). In addition, the
fringe spacing has been determined to be 3.30 A for the shell materials, a value which is slightly
larger than the expected d10 = 3.25 A associated with phase-pure rutile TiO2.2*® This slight
lattice expansion may be partially attributed to Sn doping of TiO,, whose likelihood have already

been implied by the aforementioned EDS results.
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Figure 4.4: (A) Low-magnification SEM image of highly uniform SnO,/TiO, core-shell
nanofibers generated when the concentration of tin (11) precursor is 3.0 mmol/mL. (B) High-
magnification SEM image of SnO,/TiO, core-shell nanofibers. Red arrows indicate the presence
of fractured fibers, wherein the core shell structure can be clearly observed. (C) EDS profile
collected from the SnO,/TiO, core-shell nanofibers.

169



w

Sn

o
Cu Ti

Intensity (a.u.)

Sn Cu

0O 2 4 6 8 100 2 4 6 8 10
Energy (keV)

Figure 4.5: (A) Cross-sectional TEM image of a representative SnO,/TiO; core shell nanofiber,
prepared at a concentration of tin (1) precursor of 3.0 mmol/mL. (B) EDS profiles collected
from the corresponding frames indicated in TEM image. (C) SAED and HRTEM data obtained
from the core component. (D) SAED and HRTEM taken from the shell region.
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4.3.2 Crystal structure of SnO,/ TiO, nanofibers

The crystallographic information associated with SnO,/TiO; nanofibers has been
investigated by means of XRD. As illustrated in Figure 4.6, the pure TiO, nanofibers, calcinated
at 500°C, exhibited a pure anatase phase (JCPDS No. 21-1272), whereas the pure rutile phase of
Ti0, nanofibers could be obtained upon calcination at 800°C. Surprisingly, the calcinated
SnO,/TiO, nanofibers possessed a pure rutile phase for both SnO, and TiO, components, even at
a relatively low calcination temperature of 500°C. All peaks in fact could be indexed to the
tetragonal rutile phase of TiO, (JCPDS No. 21-1276) and SnO, (JCPDS No. 72-1147). As the
peaks corresponding to rutile TiO, lie very close to those of rutile SnO,, the observed peak
pattern of SnO,/TiO, was broader than that associated with their individual constituent
components. A phase transition of TiO, from the anatase phase to the rutile phase, which can
plausibly be ascribed to the doping of Sn** ions, has been previously reported.?*® 22

In our case, we speculate that some Sn** ions might have migrated into the Ti-O-Ti
network during the electrospinning and subsequent calcination processes. This latter step could
then have facilitated further diffusion of tin ions at the interface and inside the Ti-O-Ti network,
thereby inducing the phase transition of TiO, at the relatively low temperature we observed.?*>
Such speculation also explains our observations in the EDS spectra. In addition, it has been
observed that rutile SnO, can promote the preferential growth of rutile TiO,, owing to the fact
that the lattice difference between rutile SnO, and TiO is only about 2%.%* Hence, the influence

of the SnO;, lattice could likely be another important factor in promoting the observed phase

transition of TiO.,.
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Figure 4.6: XRD patterns of TiO, fibers sintered at 500°C (a) and 800°C (b), as well as of
hollow SnO,/TiO, coaxial nanofibers (c).
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4.3.3 Effect of electrospinning conditions upon the morphology of SnO,/TiO, electrospun
nanofibers

The subtle influence of other factors such as feeding rate and the applied voltage upon the
morphologies of SnO,/TiO, nanofibers was also investigated. By contrast with the importance of
the concentration of the tin (I1) precursor solution upon structure, changing either the feeding
rate or applied voltage does not appear to substantially impact upon the inherent morphologies of
SnO,/TiO, nanofibers. Nonetheless, as the feeding rate necessarily affects the precursor supply
during the electrospinning process, that factor can play an important role in determining the
resulting dimensions of the fibers. Indeed, the size of the inner diameter of nanofibers increases
directly as a function of inner feeding rate, as summarized in Tables 4.1 and 2. In the case where
the concentration of the tin (I1) precursor solution was 1.6 mmol/mL with an inner feeding rate
of 0.15 mL/h, a hollow co-axial structure was retained, whereas the diameter of the inner cavity
increased in magnitude by 134% to 164 + 43 nm as compared with only 122 + 36 nm when the
inner feeding rate was 0.10 mL/h. Similarly, when the inner feeding rate was decreased to ~0.03
mL/h, the overall diameter of the fibers as well as their inner cavity diameter diminished to 236
nm and 60 nm, respectively.

It is also worth mentioning that at a constant feeding rate of the shell precursor solution, a
minimum feeding rate of the core precursor solution was required in order to ensure the
formation of fibers with continuous inner features. For example, if the inner shell feeding rate
were too low, i.e. below 0.03 mL/h, shorter hollow segments could potentially form inside each
of the fibers.?*! On the other hand, if the inner oil-phase solution were injected at a substantially

high rate, for example, 0.5 mL/h in our case, no fibers were collected, as the supply of shell
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precursor solution would not have been sufficient to completely coat the oil phase with shell
material during electrospinning. Similarly, solid SnO,/TiO, nanofibers exhibited the same trend
in that a decrease in the inner feeding rate can lead to a decrease in the diameter of the core and
in the overall dimension of the as-produced fibers. The reduction in the dimension of fibers
correlated with a decrease in the outer feeding rate as well. Therefore, in this study, we were able
to vary the core diameter of solid SnO,/TiO; nanofibers in the range of 30 — 60 nm by altering
the inner feeding rate between 0.05 — 2 mL/h.

By contrast with the substantial effect of feeding rate upon the resulting fiber diameter,
the magnitude of the applied voltage was found to exert little influence upon the dimensions of
fibers synthesized under our experimental conditions (Table 4.3). Specifically, at a given feeding
rate, the average diameter of fibers varied within a relatively narrow range of 272 to 285 nm,
whereas the inner diameter slightly widened from 104 to 122 nm when the applied voltage was
reduced from 7 to 5 kV. Previous studies®" have demonstrated that the enhancement of local
electrical field can result in a significant decrease in fiber diameter when fibers with a single
composition are fabricated. In our case herein, the magnitude of the electrical field was limited to
a relatively narrow range of 5 — 7 kV in order to achieve the formation of a stable co-axial jet,
which would ultimately yield co-axial fibers. We noted that below the minimum voltage of the
critical range necessary to form the electrospun fibers, the reagent solutions tended to drip
haphazardly from the spinnerets without the formation of a fiber jet. By contrast, the use of
voltages above the critical range would cause recession of the Taylor cone, which would
therefore inhibit production of a co-axial jet. In fact, we have noted that our considerably limited
ability to vary the applied voltage in our case precluded us from deducing a definitive

relationship between the magnitude of the electrical field and the resulting fiber dimension.
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Table 4.1: The influence of inner feeding rate upon the resulting dimensions of as-prepared

tubular TiO,/SnO, nanofibers.

Feeding rate (mL/h) Diameter of
Diameter of
inner tubes
Outer needle  Inner needle fibers (nm)
(nm)
0.15 164 + 43 301 £50
1.0 0.10 122 + 36 285 + 45
0.03 60 + 16 236 + 23

175



Table 4.2: The influence of feeding rate upon the resulting dimensions of TiO,/SnO, nanofibers.

Feeding rate (mL/h)

Diameter of core Diameter of fibers
(nm) (nm)
Outer needle Inner needle
2.0 0.20 63+ 19 345 + 54
0.10 53+ 13 275+ 30
1.0
0.05 32+5 236 + 23
0.5 0.05 377 194 + 20
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Table 4.3: The influence of the voltage profile upon the resulting dimensions of tubular
TiO2/SnO; nanofibers

Overall
Diameter of
Diameter of
Voltage (kV) inner tubes
fibers
(nm)
(nm)
5 122 + 36 285 + 45
6 104 + 23 280 + 48
7 104 + 25 272 + 37
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4.3.4 Plausible mechanism

In a previous study, a structure with SnO, nanoparticles encapsulated inside the hollow
TiO, nanofibers was reported.”* However, the unique tubular structure with dual co-axial layers
formed in our study has not been previously synthesized. We note that tin ethylhexanoate as the
tin precursor in our study has an appealing solubility due to its distinctive structure. It is an
amphiphilic molecule consisting of a hydrophobic alkyl chain terminal group as well as a
hydrophilic carboxylate terminal group, allowing it to dissolve and/or disperse in both nonpolar
and polar solvents. A simple test performed by adding ethanol to a mixture of tin 2-
ethylhexanoate and mineral oil showed that the tin precursor dispersed in mineral oil gradually
accumulated at the interface between the ethanol layer and mineral oil layer, forming an
intermediate layer (Figure 4.7). As such, it is highly likely that tin ethylhexanoate molecules
migrate to the interface between the polar shell solution (ethanol) and the nonpolar core solution
(mineral oil) during electrospinning prior to decomposition into SnO, under the heating
treatment. Moreover, while the as-prepared fibers were air-dried at room temperature, allowing
for hydrolysis of the titanium precursor, and subsequently heated at elevated temperature for
annealing, small TiO, nanocrystals started to grow in the shell. Those TiO, nanocrystals could
potentially provide active sites for the heterogeneous nucleation of SnO, since the carboxylate
group of ethylhexanoate molecules in tin precursor is apt to anchor onto the surface of TiO,.>
Upon calcination, the metal precursors would then be converted into robust metal oxide layers,

whereas the polymer and mineral oil would be removed. It is highly likely that the growth of

metal oxide nanocrystals occurred simultaneously with, if not prior to, the combustion of
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polymer and mineral oil. Hence, even though the calcination step led to the shrinkage of the
overall dimension of fibers, the tubular structure was still retained.

In addition, the proportion of mineral oil within the tin precursor solution plays a key role
in forming the tubular co-axial SnO,/TiO, structure. For instance, the increase in the proportion
of mineral oil, giving rise to the tin precursor concentration of 0.8 mmol/mL, resulted in the
formation of “bead-like” fibers consisting of wider central cavities coated with a discontinuous
inner SnO;, layer (Figure 4.8). Since mineral oil cannot be readily electrospun, in this case, an
increase in the proportion of mineral oil may reduce the interfacial stress generated between the
core solution and shell solution in the co-axial Talyor cone. Therefore, the shell solution may not
effectively confine the core solution within the co-axial cone. As a result, the inner jet can then
undergo various break-up processes, leading to the formation of hollow bead fragments
interconnected by solid fibers.”® By contrast, an increase of the concentration of tin precursor to
1.6 mmol/mL provided for sufficient tin precursor materials to coat the inside wall of the tubular
TiO,, thereby resulting in the formation of the tubular co-axial SnO,/TiO, structure we have
observed. When the concentration of tin precursor was subsequently increased to 2.2 mmol/mL,
the use of an excess amount of tin precursors led to the formation of SnO, nanoparticles in
addition to the SnO, inner layer, accompanied by a shrinkage of the inner hollow channel. With a
further increase (decrease) of the proportion of tin precursor (mineral oil) in the core precursor

solution, a solid coaxial structure could be obtained, as summarized in Figure 4.9.
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Figure 4.7: (Left) Photograph of ethanol (upper layer) and a mixture of tin 2-ethylhexanoate and
mineral oil (bottom layer). (Right) Photograph of the identical solution after one hour. An
intermediate layer has clearly formed between the ethanol and mineral oil layers (as indicated by

the red arrow).
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Figure 4.8: SEM image of SnO,/TiO, nanofibers when the concentration of tin (I1) precursor is
0.8 mmol/mL.
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The concentration of tin precursor increases

Figure 4.9: Effect of the concentration of tin precursor upon the morphology of the SnO,/TiO;
electrospun fibers. By increasing the concentration of tin precursor, the morphology of
electrospun fibers evolves from that of a tubular coaxial structure to a peapod-like structure, and
finally, onwards to a solid, filled core-shell structure.
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4.3.5 Photocatalytic Activity

In order to test the practical applicability of electrospun coaxial heterostructures, the
photocatalytic activities of SnO,/TiO, nanofibers were evaluated by monitoring the degradation
of an organic dye. Figure 4.10A highlights the degradation of RhB in the presence of tubular
SnO,/TiO, nanofiber photocatalysts under UV illumination over a time period of 150 min. By
comparison, the photocatalytic activities of commercial TiO, nanoparticles (P25), electrospun
TiO; nanofibers, as well as solid SnO,/TiO, coaxial nanofibers were also tested under identical
conditions. The data clearly show that the degradation of RhB catalyzed by tubular SnO2/TiO,
nanofibers is much faster than that associated with the three other types of photocatalysts,
whereas the dye in the control experiment experiences little if any degradation upon UV
exposure. The photocatalytic degradation reaction of RhB can be modeled as a pseudo-first-order
reaction with the kinetics expressed by the equation, In(Co/C;) = kt, where C, represents the
initial concentration of aqueous RhB, C; denotes the concentration of RhB at a given reaction
time “t”, and Kk is the reaction rate constant. Derived from the plot as shown in Figure 4.10B, the
computed reaction rate constants are 4.6 x 10, 3.3 x 10, 3.0 x 10°% and 2.5 x 10° min™ for
tubular SnO; /TiO, nanofibers, solid SnO, /TiO, nanofibers, TiO, nanofibers, and P25,
respectively. As we can see, our tubular SnO, /TiO, nanofibers exhibited a 1.5-fold higher
intrinsic activity than TiO, nanofibers alone, and an almost 2-fold increase in photocatalytic
activity as compared with commercial TiO, nanoparticles, under identical reaction conditions.

This substantial improvement in the activity of tubular SnO, /TiO, nanofibers can be
attributed to a number of factors related to the unique structure of the fibers as well as to the

energy level offset between SnO; and TiO,, which is inherently beneficial for efficient charge
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separation at the interface of these two components. First, nanoparticles spatially confined within
nanofiber motifs likely experienced an efficient interparticle charge transport along its one-
dimensional structure. A comparison between P25 nanoparticles and pure TiO, fibers implied
that interparticle interactions may play an important role in facilitating charge transport between
the particles, thereby enhancing photocatalytic efficiency. Specifically, trapping and detrapping
processes induced by the surface defects of randomly packed nanoparticles have been found to
dramatically undermine charge mobility and subsequently cause significant charge
recombination. In particular, studies have shown that one-dimensional structures encapsulating
closely packed nanoparticles can enhance the diffusion length and improve the degree of charge
transport.?” 2® For instance, the electrical conductivity of SnO, nanowires and polycrystalline
nanotubes has been found to be more than 5x higher than that of SnO, nanoparticles alone.”*® A
photocatalytic comparison between TiO, nanofibers and TiO, nanoparticles suggested that TiO,
nanofibers possessed higher photocatalytic activity by a factor of 3 in terms of photocurrent
generation as a result of the noticeable improvement in interparticle charge transport.”*®
Therefore, in our photocatalytic reactions, a rapid interparticle transport of photogenerated
charge carriers through the grain boundaries in SnO2/TiO; fibers likely accounts for the
improved activity as compared with TiO, nanoparticles alone.

Second, the tubular structure led to a remarkable increase in accessible surface area. The
available surface area of tubular SnO,/TiO, nanofibers was determined to be 87 m?/g (Table 4.4),
which is about 1.5-fold higher than that of P25 TiO, nanoparticles (55 m?/g), solid TiO,
nanofibers (52 m?/g), and solid SnO,/TiO nanofibers (60 m?/g), respectively. The high surface
area of tubular SnO,/TiO, fibers allowed for a correspondingly high adsorption of active species,

thereby promoting the observed photocatalytic efficiency. Third, photogenerated electron
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transfer from TiO; to SnO,, due to the energy-level offset between the conduction bands of SnO,
and TiO,, greatly suppressed the possible recombination of charge carriers, as highlighted in
Figure 4.11. A comparison between solid SnO, /Ti0, coaxial nanofibers and anatase TiO;
nanofibers also revealed the advantages of using heterojunctions. It has been suggested that the
rutile phase TiO, possesses a lower activity than its anatase analogue.?®® Therefore, the slight
enhancement in the activity of solid SnO, /TiO, coaxial nanofibers with a pure rutile phase as
compared with its anatase counterpart strongly confirmed that the formation of heterojunction
between TiO, and SnO; yielded a positive influence on the carrier separation efficiency, so as to
enhance the photocatalytic activity.

Subsequently, the tubular structure tended to facilitate the photocatalytic process wherein
not only holes on TiO, but also electrons accumulated on SnO, could react with active species in
solution, thereby providing oxidizing radicals that could subsequently act to assist in the
degradation of organic dyes. We note that though the phase transformation of TiO, from anatase
to rutile may lower its intrinsic photocatalytic activity, the synergistic coupling of the tubular
one-dimensional structure with favorable electron transfer from TiO; to SnO; can lead to the

overall enhancement of photocatalytic activity as observed.
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Figure 4.10: (A) Degradation profiles of Rhodamine B (RhB) in the presence of different
photocatalysts under UV illumination. (B) First-order kinetic rate constant data associated with
RhB photocatalytic degradation in the presence of different photocatalysts.

186



H,0,+ 0Oy
.
K Reduction (~pus)
H,0 E=3.2¢eV 0,

Oxidation (~100 ns) —

h+

OH-
TiO, SnO,

Figure 4.11: This cartoon represents a typical configuration of our as-prepared tubular
SnO,/TiO, coaxial electrospun fibers. The corresponding energy band diagram of SnO; and TiO,
illustrates the principle of charge separation at the interface of SnO,/TiO; as well as the

subsequent photocatalytic reaction.
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Table 4.4: Measured physicochemical properties of different photocatalysts used in our study.

BET surface area BJH pore radius

Samples
(m°/g) (nm)
P25 55 14
Electrospun TiO, nanofibers 52 2.7
Solid SnO,/TiO; nanofibers 60 2.0
Tubular SnO,/TiO, nanofibers 87 2.7
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44  Conclusions

In summary, this study has demonstrated that SnO,/TiO, nanofibers with well-defined
core-shell structures can be readily fabricated by coaxial electrospinning. Three different interior
morphologies were prepared by appropriately varying the precursor concentration. Measurement
of the photocatalytic activity of these materials has suggested that tubular coaxial nanofibers are
superior to their compositional analogues as a result of the combination of the advantages
associated with the formation of a heterojunction as well as a tubular motif. The established
methodology reported herein is highly versatile and can be extended to different binary metal
oxide systems, including SnO,/Fe,05'* and ZnO/NiO™, as well as to either metals or sulfides
depending on appropriate post-treatments (e.g. annealing in a reducing atmosphere will generate

metal nanofibers®®

). The important advantages of using coaxial electrospinning for the
fabrication of inorganic heterostructures lie in its flexibility in terms of the choice of materials,
synthetic simplicity, high yield, as well as the reliable generation of high-quality coaxial
structures. Hence, the potential functionalities that can be incorporated into electrospun coaxial
structures are essentially unlimited. In fact, these materials could readily encompass luminescent,
magnetic, and ferroelectric moieties. Furthermore, the ability to tune the interior morphology all

the way from hollow nanotubes to filled nanowires allows for the development of a host of

useful applications.
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Chapter 5  Study of the Morphology Effect of ZnO Nanostructures upon Their Toxicity

to Marine Organisms

5.1 Introduction

With an increase in commercial manufacturing of nanoparticle-containing goods and
biomedical applications utilizing nanoparticles, there is a growing concern about the real and
perceived environmental risks associated with exposure to nanomaterials. Indeed, the toxicity of
a particular material may increase when its size decreases to the nanometer scale and this
property may be related to the ability of nanoparticles to penetrate into and accumulate within
cells and organisms. 24126128262 pjyerse physicochemical factors including morphology,
encompassing issues related to the size, shape, and aspect ratio of nanoparticles, can influence
the fate of nanoparticles in aquatic systems.?®® For example, the shape of nickel nanoparticles can
affects their toxicity towards zebrafish embryos,*** while the morphology of TiO, nanoparticles
can also induce noticeable toxicity in bacteria or mammal cells.? 264 265

ZnO nanoparticles are widely incorporated in commercially available merchandise (e.g.
sunscreen, coatings, and paints).2%® However, their environmental impact and the mechanism of
their toxicity still have not been fully elucidated. A few studies involving marine and freshwater
organisms have suggested that the dissolution of the Zn ions from ZnO nanoparticles can account
for their toxicity.'*% %72 The effects of natural organic compounds (e.g. fulvic acid and

cysteine) and pH upon the dissolution kinetics of ZnO nanoparticles in different types of water

systems (e.g. deionized seawater and artificial seawater) have also been studied in order to shed
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light upon the impact of ZnO nanoparticles in the environment.?’® However, the dissolution
behavior of nanomaterials has also been found to be influenced inherently by their
morphologies.?”* For instance, owing to their anisotropic structure and the presence of fewer
surface defect sites, either one-dimensional wire-like or rod-like nanomaterials have exhibited
higher resistance to dissolution than zero-dimensional spherical nanoparticles in fuel cell
operations.?’? The dissolution of ZnO nanoparticles was also found to be size-dependent.?” As
such, engineering ZnO nanostructures may alter their intrinsic toxicity by influencing their
inherent dissolution rate.

A recent report has suggested that both nanoscale particulate ZnO and dissolved Zn?*
could account for the toxicity of nanoscale ZnO aggregates to zebrafish embryos, because the
presence of soluble Zn?* alone could not fully explain the adverse effects induced in embryos by

2 Moreover, Miao et al. ?® have argued that the additional inhibitive

nanoscale ZnO aggregates.
effects observed for ZnO nanoparticles as compared with Zn** could be ascribed to the extra Zn?*
released from ZnO nanoparticles upon either their attachment to the cell surface or intracellular
accumulation. Given that the morphology of nanoparticles can potentially affect their interaction
with cell membranes as well as their ability to penetrate into cells and organisms, a true,
verifiable morphological dependence of the toxicity of ZnO nanoparticles may exist in addition
to the inherent toxic effect associated with the presence of dissolved metal ions. In fact, a recent
study has suggested that the size dependence of the antibacterial activity of ZnO could be
attributed to the faster movement and less spatial hindrance of smaller nanoparticles upon
attachment to the bacterial surface as opposed to bulk materials.?”® Both Escherichia coli and

Pseudomonas fluorescens have been found to exhibit a high tolerance to zinc ions at the tested

ZnO concentration (20 mg L™). The physical attachment of ZnO nanoparticles onto the surface
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of bacteria was ascribed as the main cause of ZnO toxicity to these bacterial species.?’> Brayner
et al.”’”® have investigated bacterial growth in the presence of ZnO, possessing various
morphologies, and found that the surfactant used for regulating the shape of ZnO was primarily
responsible for the observed toxicity. Thus far, however, little is known about the actual size-
and shape-dependence of the observed toxicology of ZnO nanoparticles in the presence of
marine organisms.

As such, in this Chapter, we have attempted to address two specific questions: (i) Would
nanoscale ZnO with different morphologies result in intrinsically different toxic effects to marine
diatoms by altering their dissolution behaviors on time scales relevant to biological systems? (ii)
Apart from the soluble zinc that is released from ZnO nanoparticles, would the presence of
nanoscale ZnO particles themselves induce an additional toxic effect in diatoms? If so, are the
toxic effects of nanoparticles effectively morphology-dependent? To address all of these
questions, we have synthesized ZnO nanoparticles of different morphologies without any
surfactants, and examined the specific toxic effects of these nanoparticles upon marine diatoms,
which represent prominent examples of phytoplankton assemblages in aquatic ecosystems. Three
diatom species were compared. One of these diatoms possesses a much more lightly silicified
frustule than the other two species. In our study, two different shapes as well as two different
sizes of ZnO nanoparticles were examined for each algal species in order to determine whether
ZnO toxicity could be systematically altered in a comprehensible fashion. The influence of

particle concentration for each type of nanoparticle upon algal growth was examined as well.
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5.2  Experimental Section

5.2.1 Synthesis of ZnO nanostructures possessing different morphologies.

The preparation of ZnO nanoparticles with different morphologies has been adapted from
the reported literature.?’"2"® Specifically, existing methods were optimized in order to improve
control over nanoparticle morphology by systematically varying solvent composition, precursor
concentrations, and reaction time without the assistance of either any organic ligands or capping
agents. We note that it was essential to prepare nanoparticles in the absence of organic capping
ligands, since these organic compounds may exacerbate inherent toxic effects and thereby distort
data interpretation.?”

In a typical experiment, for spherical nanoparticles, 2.3 mL of 0.3 M NaOH in methanol
was added dropwise to 4.2 mL of 0.1 M ZnCl;, in methanol. The resulting solution was then
heated at 60°C and stirred for 2 h, yielding small spherical nanoparticles (SS) and after 6 h,
producing large spherical nanoparticles (LS). The white precipitate was subsequently washed
several times with distilled water, and ultimately oven dried for further experiments. To obtain
one-dimensional ZnO nanostructures, the nucleation and growth rates of ZnO were altered by
increasing the concentration ratio of [OH] to [Zn?*] to 20: 1 and by using a solvent mixture
consisting of water and ethanol. Specifically, 0.0512 g of ZnCl; (0.38 mmol) and 0.3 g of NaOH
(7.5 mmol) were dissolved in 0.75 mL of distilled water, followed by the addition of 8 mL of
ethanol and sonication at 40°C for 35 min. To obtain ZnO nanoneedles (NN), the above solution
was then stirred at 60°C overnight. The white precipitate was collected by centrifugation, washed
several times with ethanol and distilled water, and finally oven dried prior to additional

experiments.
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5.2.2 Materials characterization

Crystallographic and purity information on the prepared nanomaterials were obtained
using a Scintag diffractometer, operating in the Bragg configuration using Cu K, radiation (A =
1.54 A) from 20° to 80° at scanning rates of 0.25° min™.

The size and shape of the nanostructures were determined by TEM analysis, with images
taken at an accelerating voltage of 80 kV on an FEI Tecnail2 BioTwinG? instrument, equipped
with an AMT XR-60 CCD digital camera system. Specimens for all of these TEM experiments
were prepared by dispersing the nanoparticles in ethanol to ensure an adequate dispersion of the
nanostructures, placing one drop of solution onto a 300 mesh Cu grid, coated with a lacey carbon
film, and allowing for air drying to take place. The sizes of the nanoparticles were determined by
statistically measuring 30 nanoparticles in TEM images by ImageJ. In addition, the interior
morphology of diatoms after exposure to nanoparticles was also examined by TEM. Following
exposure to ZnO nanostructures, the diatoms were centrifuged, fixed in 3% glutaraldehyde/0.05
M phosphate buffer (pH = 7), and kept at 4°C. After fixation, samples were then placed in 2%
osmium tetroxide in phosphate buffer, dehydrated using a graded series of ethyl alcohol, and
embedded in Epon resin. Ultrathin sections of 80 nm were cut with a Reichert-Jung UltracutE
ultramicrotome and placed onto Formvar-coated slot copper grids. Sections were then counter-
stained with both uranyl acetate and lead citrate.

The actual sizes of the nanoparticles in medium were determined by dynamic light
scattering (DLS) measurements (Brookhaven Instruments Corporation, 90Plus Particle Size
Analyzer). Dynamic light scattering is a non-invasive technique that can be used to determine the
hydrodynamic size distribution profile of small particles in solution. When the light from laser

hits the small particles, a time-dependent fluctuation in the scattering intensity can be observed
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due to the Brownian motion of small particles in solution, which therefore leads to the changes in
the distance between the scatterers as a function of time. The dynamic information about the
particles in solution can be derived from an autocorrelation of the scattering intensity trace
recorded during the experiment. At short delay time, the correlation is high because the particles
do not have a chance to move to a great extent from their initial state, whereas the degree of
correlation diminishes to zero over time as the particles diffuse. The resulting exponential decay
of the correlation function is characteristic of the diffusion coefficient of the particles, which can
be used to determine the hydrodynamic radius of a sphere through the Stokes-Einstein equation.
Experimentally, ZnO nanoparticles were dispersed in solutions of fresh medium at certain
concentrations (e.g. 10 mg L™, 40 mg L™, and 80 mg L™). All solutions were subsequently
sonicated for a few minutes to break up visible clumps of aggregates. Samples were then placed

in a clean cuvette and five measurements were taken successively for each solution.

5.2.3 Dissolution of ZnO nanoparticles

The extent of dissolution of ZnO nanostructures in the seawater medium in the absence of
algae was measured using graphite furnace atomic absorption spectrometry (GFAAS) (AAnalyst
800, Perkin Elmer). Specifically, ZnO nanostructures were dispersed by sonication into fresh
growth medium (40 mg ZnO L) for all shapes and sizes of the nanoparticles and held at room
temperature forupto 3d. At 1 h, 4 h, 24 h, and 72 h, an aliquot of solution was withdrawn and
centrifuged at 8300 g for 30 min. The supernatant was then filtered through a 0.05 pm
polycarbonate membrane in order to remove any remaining nanoparticles. The total amount of
dissolved Zn in the filtrate was measured by GFAAS. The light source consisted of a hollow

cathode lamp and the spectra were monitored at a wavelength of 213.9 nm, corresponding to
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where Zn atoms maintain a characteristic absorption profile. Replicates were measured for each
sample and the relevant metal concentration was calculated using a standard curve. In order to
test the concentration effect of ZnO nanoparticles upon their dissolution rate, three different
concentrations (e.g. 10 mg L™, 40 mg L™, and 80 mg L™) of ZnO small nanospheres (SS) and

nanoneedles (NN) were investigated, following the procedure noted above.

5.2.4 Nanoparticle exposure and algal growth studies

We examined three marine diatoms possessing different morphologies, namely
Thalassiosira pseudonana, Chaetoceros gracilis, and Phaeodactylum tricornutum. All diatom
cultures were maintained in an f/2 medium,?®° prepared using filtered surface seawater collected
8 km off Southampton, NY and modified such that Mn, Co, Mo, and f/20 Fe were added but no
EDTA was used. Specifically, f/2 denotes a tried and true medium for culturing marine
phytoplankton. The term, F/20 of a certain nutrient, signifies that one tenth of the amount of that
nutrient is added. Media for all algal cultures were sterilized by filtering through a sterile 0.2 um
filter. The starting cell density of T. pseudonana was 2-10° cells/mL. The corresponding, initial
values for C. gracilis and P. tricornutum were 2-10” cells/mL and 3-10* cells/mL, respectively,
S0 as to yield approximately the same initial biomass for all species. A calculated amount of each
type of ZnO nanostructures was then re-dispersed in 1 mL of f/2 medium by sonication in order
to ensure a homogeneous dispersion of ZnO by minimizing clumping; this was then added into
the algal cultures. Four different concentrations of ZnO nanostructures were tested for all cell
cultures, namely 10 mg L™, 20 mg L™, 40 mg L™, and 80 mg L™. All treatments were conducted
in triple replicates. Once the diatoms were exposed to ZnO nanostructures, the cultures were

incubated at 17°C with light provided by cool-white fluorescence lamps (120 pmol quanta m?s™)
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on a 14 h: 10 h light: dark cycle. Two mL of algal cultures were sampled from each flask every
24 h and preserved with filtered Lugol’s solution for further cell count measurements. Control
algal cultures were treated under identical conditions without the addition of ZnO nanoparticles.
Algal cell counts were obtained using a Coulter Counter (Coulter Multisizer 111). Log-linear cell
division rates were calculated between 24 and 72 h.

The diatom, T. pseudonana, was also exposed to radioactive ZnO nanostructures in order
to determine the bioavailability of the Zn initially associated with the nanoparticles. ZnO
nanostructures labeled by ®*Zn were prepared following the same procedure as the non-
radioactive synthesis, except that the gamma-emitting radioisotope, >Zn, was added together
with stable Zn salt for the synthesis of the nanoparticles. Specifically, stable Zn was combined
with 26.2 kBq (0.436 nmoles) of ®Zn for the synthesis of each type of ZnO nanoparticle. Two
replicate cultures were then assessed for each treatment. The starting algal cell density was
measured to be 3-10° cells mL™. The level of Zn bioaccumulation was determined, as described
previously.?®! Briefly, at each sample time, a 5 mL sample from each culture was withdrawn,
filtered through a 1 pm-pore-size polycarbonate membrane, and rinsed twice with 5 mL of
unlabeled filtered seawater. Control cultures containing no diatom cells were also studied in
order to differentiate the ®Zn, collected on the filters and attributable to adsorption to the
polycarbonate membrane, from that associated with the filtered cells. The net radioactivity of
%7n associated with the diatoms was calculated by subtracting the radioactivity from the control
cultures. Radioactivity of the filters was measured at 1115 keV using an LKB 1282
CompuGamma equipped with a well-type Nal(Tl) detector. Counting time was 5 minutes and

yielded propagated counting errors of <5%. The quantity of total Zn associated with the cells was
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determined by considering the specific activity of ®Zn in the experimental cultures. The specific

activity of Zn on the date of experiments was noted to be 1.636 uCi/pug.

5.2.5 Statistical analysis

Data analysis was performed using Minitab 16.1.0 (LEAD Technologies, Inc.) software.
One-way Analysis of Variance (ANOVA) with Tukey’s method for multiple comparisons was
used in order to evaluate the various responses induced by either different particle concentrations
or particle morphologies, with p-values <0.05 considered to be significant.

ANOVA is a general technique that has been developed to test the hypothesis that the
means among two or more groups are equal, under the assumption that the sampled populations
are normally distributed. One-way ANOVA has been used to evaluate the effect of an
independent treatment variable on the dependent variables. The p-value indicates the probability
of obtaining a mean difference between the groups as high as what is observed by sampling

variation. A low p-value suggests a more significant difference between the groups.

5.3 Results and Discussion

5.3.1 Structural characterization of ZnO nanoparticles

Figure 5.1 highlights representative XRD patterns of both ZnO nanorods and spherical
nanoparticles, which agrees with a database standard previously reported (JCPDS No. 36-1451),
confirming that the resulting products were crystalline hexagonal-phase ZnO. The enhanced
intensity and narrow band width of the peak located at about 34°, associated with the (0002)

plane, as shown in XRD pattern of ZnO nanorods, have suggested that the potential growth
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direction of one-dimensional ZnO nanostructures was along the [0001] direction. All other ZnO
nanostructures analyzed exhibited similar XRD patterns, confirming both the chemical
composition and crystallographic phase of these nanomaterials.

To be precise, the size and shape of ZnO nanoparticles, as determined by TEM images,
were uniform with a remarkably narrow size distribution. The sizes of small spherical and large
spherical nanoparticles were measured to be 6.3 £ 1.1 nm and 15.7 = 1.3 nm, respectively
(Figure 5.2A-B). For one-dimensional nanoparticles, with a high ratio of [OH7] to [Zn?*]
precursors, the excess of OH" led to the formation of ZnO,%, which is soluble in water. This
provided for a supersaturated precursor solution, which would in turn give rise to the rapid
formation of a number of ZnO cluster nuclei upon the addition of ethanol followed by ultrasonic
treatment. ZnO,% in aqueous solution provides the source of Zn, according to the following

equation:

ZnOZ + H,0 <> ZnO + 20H - (5.1)

Therefore, the addition of alcohol could deactivate OH™ and ensure that the reaction
would shift towards the right. In fact, the growth rate of the ZnO nanostructure itself was
controlled by the presence of an alcohol-water mixture, which could effectively control the
inherent reactivity of ZnO,> species. Therefore, usage of highly basic conditions coupled with an
alcoholic environment was essential in separating the fast nucleation step from the subsequent
slow growth of ZnO in order to ensure the formation of one-dimensional nanostructures. As such,
ZnO nanorods and nanoneedles could be generated by varying the reaction time. ZnO nanorod

lengths measured 242 + 47 nm with diameters of 13.5 + 2.7 nm (Figure 5.2C), with the latter
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comparable in size with that of large spherical nanoparticles. By comparison, ZnO nanoneedles
possessed lengths of 862 + 301 nm with diameters of 29.5 £ 7.1 nm (Figure 5.2D).

According to the DLS data (Table 5.1), a wide size distribution of particles in the solution
was observed for all four types of ZnO nanostructures, typically showing two distinctive
populations in both the several hundred nanometers region and the several microns region, a
result which is consistent with that reported previously.?®’ In particular, the size increased by a
factor of above 50 for spherical nanoparticles, indicative of a considerable degree of aggregation
within nanoparticles as a consequence of the high surface-area-to-volume ratio of nanoparticles.
In fact, it is not uncommon that the particles appear as agglomerates in solution since there was
no surfactant capping on their external surfaces.?®® ?®* As shown in the inset to Figure 5.2, both
ZnO NRs and NNs tend to assemble as sub-micron-sized spherical aggregates. We have also
noted that the concentration of ZnO did not exert a great influence upon the degree of
aggregation observed. For example, the size ranges of ZnO SS in suspension were 313 — 1900
nm, 425 — 1599 nm, and 416 - 2149 nm, when the corresponding amounts of SS in suspension
were 10 mg L™, 40 mg L™, and 80 mg L™, respectively. The aggregation effect should be taken
into account for analyzing the extent of particle dissolution. Nevertheless, the surface topography
and morphology of each type of ZnO aggregates can be distinctive, as observed in the associated

TEM images
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Figure 5.1: X-ray diffraction patterns of ZnO nanorods, ZnO spherical nanoparticles, and a
database standard previously reported (JCPDS No. 36-1451).
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Figure 5.2: TEM images of ZnO nanoparticles possessing different morphologies. (A) small
spheres, SS; (B) large spheres, LS; (C) nanorods, NR; and (D) nanoneedles, NN. Inset highlights
low magnification TEM images of NN.
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Table 5.1: Particle dimensions of ZnO nanostructures obtained by TEM and DLS.

Size estimated from TEM Actual size range in suspension, as
Sample analysis (nm) estimated from DLS (nm)
(d: diameter; I: length)

ss 63+1.1 313 - 19007, 425 - 1599°, 416 — 2149°
LS 15.7+1.3 277 — 1186 363 - 1588°, 386 — 1653°
242 + 47 (I) 2 ARG . 1Enqb ¢
NR 135+ 27 (d) 504 — 1766% 459 - 1528°, 320 — 1666
862 + 301 (I) AR 200 - 19928 987 . 1920°
NN 205+ 7.1 (d) 321 - 1344 309 - 1223°, 288 - 1239

® The initial ZnO concentration in suspension is 10 mg L™
® The initial ZnO concentration in suspension is 40 mg L™,

® The initial ZnO concentration in suspension is 80 mg L™
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5.3.2 Dissolution of ZnO nanoparticles

The dissolution of the ZnO nanoparticles (40 mg L™) occurred within the first few hours
and slowed over time, so that equilibrium was generally achieved within 72 h (Figure 5.3). The
pH of the ZnO suspensions was in the range of 8.2-8.3, close to the value obtained from the pure
medium and independent of the initial concentration of ZnO nanoparticles. Considering that the
dissolution of ZnO can be modeled as a first-order reaction, the dissolution profiles can be fit by

the Noyes-Whitney equation 2.

c=c.,(l-e™) (5.2)

where C is the concentration of solute in solution at time t, C; is the solubility of ZnO in
equilibrium at the experimental temperature, and Kk is the first order release rate constant.
Mathematically, t1/, the time taken to attain half of C, can be calculated by

In2
t . =— 5.3

The estimated t;» was 0.55 + 0.04, 0.47 £ 0.03, 0.40 £ 0.28, and 0.38 £ 0.24 h for NR,
NN, SS, and LS, respectively. Statistically, the dissolution kinetics of the various types of
nanostructures tested did not significantly differ (p > 0.05). The calculated Cswas 1.42 + 0.04,
1.33+0.06, 1.59 + 0.05, and 1.41 + 0.09 mg L™ for NR, NN, SS, and LS, respectively. That C,
was lowest for NN and highest for SS among the four different nanostructures tested is likely due
to their different structural morphologies, as manifested by surface curvature, with a smaller
radius of positive curvature thermodynamically leading to a higher equilibrium solubility.?”* The
overall dissolution observed corresponded to ~4.1-4.9% of the total Zn added and was
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comparable to findings reported elsewhere.?®* Recently, Miller et al.?*® have studied the
dissolution of ZnO in seawater at four different initial nanoparticle concentrations. Specifically,
100% of the nanoparticles dissolved when the concentration of ZnO was lower than 1 mg L™, a
result similar to an observation reported earlier,”®® whereas about 30% of these nanostructures
dissolved at a concentration of 10 mg L. It was not surprising that ZnO nanoparticles would
continuously dissolve until the solution was saturated and attain dissolution equilibrium. In our
study, a concentration of 10-40 mg L™ of ZnO was used to ensure a considerable amount of ZnO,
possessing the initial morphology, after the dissolution process.

Structural morphologies of ZnO after exposure to algal cultures after one week were
evaluated by TEM, thereby confirming the integrity of ZnO nanoparticles after the dissolution
process (Figure 5.4). In spite of the coagulation of nanoparticles due to the presence of organic
residue from the algal culture on the ZnO nanostructures, the morphology of individual
nanostructures was retained. The observation that the dissolution process did not result in either
an overall decrease in the size or a substantial distortion of the shape of nanoparticles can be
attributed to the Ostwald ripening phenomenon,?®® which suggests that smaller nanoparticles
with higher surface energy thermodynamically dissolve significantly faster than bigger ones. As
a result, we hypothesize that the smaller particles present in the ensembles were preferentially
dissolved first and contributed a higher fraction to the overall dissolved Zn content present in
solution, thereby leading to the preservation of the morphology of the remaining ZnO
nanostructures.

We also examined the influence of the initial particle concentration on the dissolution
kinetics of ZnO by monitoring the dissolution of 10 mg L™, 40 mg L™, and 80 mg L™ of ZnO SS

and NN in the medium, respectively. Values for Cs and ty/, for each treatment are summarized in
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Table 5.2. For SS, t;, was calculated to be 0.24 + 0.15, 0.40 £ 0.28, and 0.35 + 0.02 h for 10 mg
L 40 mg L™, and 80 mg L™ of ZnO SS, respectively. These results suggested that the
dissolution rate was statistically independent of initial particle concentrations over the time
scales we tested (p > 0.05). In another case, data with ZnO NN, possessing a distinctive one-
dimensional structure with a high aspect ratio as opposed to spherical nanoparticles, showed that
the initial particle concentration had little impact upon the dissolution rate of ZnO (p > 0.05). On
the other hand, an increase of the initial ZnO concentration did not result in a significant increase
in the amount of zinc ions in solution at equilibrium; this observation can be attributed to the fact
that the lowest amount of ZnO added (10 mg L™) was expected to be higher than the inherent
solubility of ZnO (Cs) under the experimental conditions tested. This overall observation was in
agreement with other reports that ZnO particle concentrations have little influence upon their
dissolution behaviors, as long as the amount of ZnO in the solution is substantially higher than
the expected equilibrium value.?’® 2* In fact, the variation of C, and ty/, between each treatment
was well within experimental error and probably due to pH fluctuations in solution.?”

The explanation for a lack of particle-morphology and particle-concentration dependence
of dissolution kinetics of ZnO in our case could lie in the inherent aggregation effect of
nanoparticles.”®” 2" As described in the aforementioned discussion, particles without surfactants
on their surfaces tend to form aggregates in solution in spite of the variety of morphologies and
concentrations tested. As noted from DLS measurements, those aggregates possessing similar
sizes and size distributions could yield an overall similar surface area for all types of
nanoparticle suspensions. Given that the dissolution rate is highly associated with the diffusion

efficiency of dissolved solute, which in fact can be affected by the particle surface area, the
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resultant similar surface area of all aggregates can potentially lead to a comparable overall

dissolution kinetics among all of the ZnO suspensions analyzed.?"*
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Figure 5.3: Dissolved Zn concentrations (mg L) detected using GFAAS upon exposure of
seawater to various ZnO nanostructures over time. Data points shown (n = 3) are within 1 SD
error bar.
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Table 5.2: The solubility of ZnO (Cs) and time for [Zn?*] to reach half of C; (t1,) in different
dissolution experiments undertaken.

NN SS
[ZnO] (mg L™
Cs (mg Ll) t12 (h) Cs (mg Ll) 112 (h)
10 1.49 (0.03)% 0.32 (0.12) 1.79 (0.09) 0.24 (0.15)
40 1.33 (0.06) 0.47 (0.03) 1.59 (0.05) 0.40 (0.28)
80 1.31 (0.06) 0.26 (0.04) 1.93 (0.07) 0.35 (0.02)

% Values in parentheses denote 1 standard deviation.
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Figure 5.4: TEM images of ZnO nanoparticles possessing different morphologies after
incubation with P. tricornutum cultures. (A) small spheres, SS; (B) large spheres, LS; (C)
nanorods, NR; and (D) nanoneedles, NN.
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5.3.3 Toxicity of ZnO nanoparticles

Figure 5.5 presents representative growth curves of T. pseudonana either with or without
exposure to ZnO nanostructures. The log-linear cell division rates, calculated in a 24-72 h time
frame (Table 5.3), decreased significantly after exposure to ZnO, regardless of the nanoparticle
morphologies and of the initial particle concentration. It is not an unexpected result, given that
the concentrations of dissolved Zn (after partial dissolution of the ZnO nanoparticles) are noted
to be sufficiently high to interfere with the growth of T. pseudonana, according to ECs, (0.82 mg
L™ and ECy (2.59 mg L™) values (concentrations leading to depression of cell division rates by
50% and 100%, respectively) reported for similar culture conditions.?®* A similar observation
was determined for C. gracilis, showing a complete cessation of growth after 24 hours (Figure
5.6 and Table 5.3). Neither particle-concentration nor morphology dependence was observed for
C. gracilis.

By contrast, P. tricornutum in the presence of ZnO nanostructures exhibited continuous
growth at a relatively slow rate with respect to the algal cultures without nanoparticles (Figure
5.7). The inter-specific differences in algal sensitivity to ZnO nanoparticles are probably due to
structural differences in their biological structures. Specifically, cells of P. tricornutum possess
frustules that are more lightly silicified than those of the other species; the ash content of these
cells contained 9% Si (0.30 pg Si cell™) as compared with 35% Si (1.66 pg Si cell™) for T.
pseudonana cells.?®® Since Zn and Cu can interfere with diatom growth by disruption of Si

uptake and frustule formation,*

it is possible that P. tricornutum can more easily meet its
cellular Si requirement than the other diatoms upon exposure to toxic metals. The log-linear cell

division rates (Table 5.3) calculated over 72 hours decreased significantly with increasing

215



particle concentrations for all nanoparticle types, an observation not noted in the case of T.
pseudonana and C. gracilis, as their growth was fully suppressed upon exposure to ZnO
nanostructures under all tested concentrations. More importantly, the cell division rates between
treatments, in which ZnO nanostructures with different morphologies were added, were
significantly different when the particle concentration was > 20 mg L™. Specifically, the
inhibition effect on P. tricornutum caused by one-dimensional ZnO nanostructures was more
substantial than that caused by spherical nanostructures, when the particle concentrations were >
40 mg L™ (Figure 5.8).

We have speculated that the morphology and particle-concentration dependence of ZnO
toxicity to P. tricornutum cannot be solely explained by the presence of dissolved zinc in bulk
solution. First, no systematic difference in the dissolution rate of ZnO was found to associate
with either distinctive particle morphologies or particle concentrations. Second, we observed that
SS particles released more Zn than rod-shaped particles and hence ought to have been more toxic
than their NN analogues, which is in fact opposite to the pattern of algal toxicity caused by SS
and NN particles. Third, the estimated ty, suggested that the dissolution of particles occurred
within one hour, which is much faster than the diatom cell division rate. Hence, assuming that
even if the concentration of dissolved zinc were slightly different over a relatively short time
period at the beginning of ZnO dissolution for each treatment, that fact may not be significant
enough to result in such a profound difference in algal growth. In fact, the diatoms were likely
exposed to about the same amount of dissolved zinc for all of the treatments during their growth.
Therefore, we hypothesize that the physical structure of the particles themselves was also a

important factor in determining the observed toxicity of ZnO nanoparticles. This hypothesis is
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consistent with the observation that the morphology effect associated with ZnO toxicity became
more profound with an increase of ZnO concentration.

In order to investigate the direct influence of nanoparticles upon toxicity to P.
tricornutum, cells were examined by TEM after exposure to ZnO nanostructures for 4 days. For
the diatoms growing in the absence of nanoparticles, defined and compact organelles were
visible inside the cells possessing a distinctive silicon wall, indicative of healthy cells (Figure 5.9
Inset). By contrast, an internal degradation characterized by a lack of recognizable organelles
and damage to the cell walls was observed in samples treated with ZnO nanoparticles. We noted
the presence of ZnO aggregates, as indicated by the high-electron-density materials, either
closely or directly attached to the cell walls of P. tricornutum, whereas ZnO nanoparticles were
rarely observed inside the cells themselves (Figure 5.9A-D). However, because of their small

287, 288

size and/or further dissolution of ZnO intracellularly, we cannot completely rule out the

possibility that free individual nanoparticles may have entered the cells.
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Figure 5.5: Growth of T. pseudonana in either the absence (4) or presence of ZnO
nanoparticles with different morphologies at different concentrations. 10 mg L™ (), 20 mg L™ (
0), 40mg L™* (A), and 80 mg L™ (%), over 100 h.
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Figure 5.6: Growth of C. gracilis in the absence (4) or presence of ZnO nanoparticles with
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Table 5.3: Log-linear cell division rates (divisions day™) of T. pseudonana, C. gracilis, and P.
tricornutum exposed to ZnO nanostructures at different particle concentrations within a 24-72
hour time frame.

Diatom [ZnO]  Control

species  (mgL™) Sample NR NN SS LS
10 0 0 023 0.19
(0.04) (0.36) (0.56)°  (0.48)
2 0.05 0 0 0.10
T 174 (0.10) (0.16) 0.03)°  (0.14)
pseudonana " (0.72)° 015 015 016 007
(0.21) (0.18) (0.47) (0.02)
80 O * O * O * O *
(0.20) (0.51) 024)°  (0.07)
10 0.05 0.12 0 0.12
(0.09) (0.22) 021)°  (0.08)
20 0 0.03 0.11 0.13
. 0.82 (0.06) (0.07) (0.16) (0.15)
C. gracilis 0.40
10 (0.40) 0.18 035 0.06 0.10
(0.24) (0.38) (0.09)°  (0.08)
0 022 021 0.06 0.19
(0.56) (0.01) (0.09)"  (0.75)
10 0.73 0.77 0.84 0.89
(0.09) (0.07) (0.09)  (0.03)
- 0.72 0.79 0.75 0.89
P 197 (0.05) (0.02) 0.07)  (0.07)
tricornutum e (0.10) 0.58 0.54 0.69 0.75
(0.03) (0.09) 002)  (0.02)
- 0.38 0.39 057 0.59

(0.07) (0.06) (0.06) (0.02)
% Values in parentheses denote the standard deviation.
" The value is not significantly different from 0.
“p < 0.05. Division rates between treatments with different particle morphology within the fixed
particle concentration are significantly different.
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Figure 5.8: Log-linear cell division rate of P. tricornutum vs. particle concentration and particle
morphology. Data points represent mean values (n = 3) with 1 SD error bars. C1 = ZnO
concentration of 10 mg L™ C2=20mg L™?; C3=40mg L™; C4 =80 mg L™. The division rate
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Figure 5.9: TEM images of P. tricornutum after exposure to ZnO nanostructures with initial
particle concentration of 40 mg L™ over a period of 100 h, (A) NR, (B) NN, (C) SS and (D) LS.
The black arrows point to the location of ZnO nanoparticles. Inset is a typical TEM image of P.
tricornutum growing in the absence of ZnO nanoparticles.
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Nonetheless, it is reasonable to infer that the adhesion of nanoparticles onto the diatoms
played an essential role in determining the toxicity of ZnO, either by causing mechanical
damage®® or by releasing zinc ions in the vicinity of metal transporting sites on the cell
membrane, so as to enhance Zn?* concentration near the cell surface and disrupt cellular
metabolic processes. In any event, when the concentration of ZnO was increased, the diatoms
were in fact exposed to a higher amount of nanoparticles, thereby enduring more severe damage
arising from a physical interaction with the particles than in treatments in which a lower
concentration of ZnO was present. Moreover, the morphology effect associated with the toxicity
of ZnO revealed that the interaction between each type of ZnO nanoparticles/aggregates and P.
tricornutum was intrinsically affected by the distinctive particle shape and surface morphology.
Specifically, nanoscale ZnO with one-dimensional structures appeared to be more toxic than
spheres, in spite of the formation of aggregates, whereas the size of nanoparticles had less
influence upon the observed toxic effect. It has been reported that nanomaterials with one-
dimensional structures can potentially enter the cell nucleus by penetrating through
nucleopores.?®® ZnO nanowires also have been found to locate inside of either phagosomes or
lysosomes upon incubation with human monocyte macrophages 2%”. However, at this stage, we
cannot unambiguously determine the actual mechanism of cellular interaction of ZnO
nanoparticles.

Together with the dissolution results, the toxicity of ZnO to T. pseudonana and C.
gracilis was most likely caused by the presence of high dissolved zinc concentrations upon
partial dissolution of the ZnO nanoparticles. The cellular accumulation of Zn in T. pseudonana
was further studied in order to confirm that the amount of dissolved zinc in solution was

sufficient to account for the observed depression of cellular growth. After 21 h of exposure to the
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radiolabeled ZnO nanoparticles, the concentration of total Zn associated with cells of the diatom,
T. pseudonana, was 223 amol pm™, 392 amol pm™, 314 amol pm™, and 170 amol pm™for NR,
NN, SS and LS, respectively. These cellular concentrations did not change appreciably over the
following 2 days of treatment. The volume/volume concentration factor (VCF) of the Zn
associated with these cells was calculated by dividing the Zn concentration in the cells by the
dissolved Zn concentration, resulting from dissolution of the ZnO nanoparticles (VCF = mol Zn
um’ cell divided by mol Zn um™ dissolved in seawater). VCF values were noted to be 10.2 - 10°
for NR, 19.1 - 10°for NN, 12.8 - 10° for SS, and 7.8 - 10°for LS, respectively.

These VCF values were comparable with previous findings for Zn in T. pseudonana (12 -
10°),%* suggesting that the Zn dissolution of the nanoparticles could be sufficient to account for
all of the Zn uptake observed for these diatoms. Importantly, the cellular Zn concentrations
present exceeded the Zn concentrations necessary to depress log-linear cell division rates in this
species by 50% (ECso, 16 amol pm) and 100% (40 amol um®), respectively.?" In essence, the
Zn uptake by T. pseudonana in the cultures exposed to the various nanoparticles exceeded
sublethal and lethal doses by more than an order of magnitude, thereby accounting for the
cessation of growth in this species. A similar argument has been made by Pipan-Tkalec et al. **°
who studied the bioaccumulation of Zn in isopods, exposed to ZnO nanoparticles. However, as
noted for P. tricornutum, the Zn associated with these cells could be attributed to the presence of
both ZnO particles/aggregates as well as to soluble zinc ions. Therefore, we could not fully

exclude the possibility that the presence of ZnO aggregates on the cell surface may have also

contributed to the depression of algal growth through the release of zinc ions.
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5.4  Conclusions

In conclusion, the dissolution of ZnO nanostructures in our medium was found to occur
within hours and to be essentially independent of either nanoparticle morphology or particle
concentration. The lack of a particle concentration and morphology dependence of ZnO
nanoparticle dissolution could be attributed to the aggregation effect, which inherently altered
the surface area of nanoparticles in solution. The complete suppression of growth in T.
pseudonana and C. gracilis could be explained solely on the basis of Zn dissolution since the
lowest concentration of ZnO used (10 mg L™) released sufficient Zn ions to be acutely toxic to
these cells. The more lightly silicified diatom, P. triocornutum, was less affected by the presence
of Zn released into the aqueous phase, possibly because it required lower amounts of Si. For this
diatom, the adverse growth effect induced by ZnO nanoparticles was found to be influenced by
both particle concentration and morphology, wherein one-dimensional structures evinced greater
toxicity. The overall results from this study suggest that not only dissolved zinc ions but also the
nanoparticles themselves need to be carefully assessed in order to determine the specific toxicity

of ZnO to marine organisms.
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Chapter 6  Conclusions

Nanostructured materials have drawn research attention because of their unique and
interesting electronic, optical, magnetic and catalytic properties, which are distinctive from their
bulk counterparts. Numerous studies have unarguably implied that nanotechnology can
potentially bring about revolutionary improvements in a wide variety of areas including catalysis,
electronics, and renewable energy. For example, in the context of the exploitation of solar energy,
the maximum theoretical efficiency of a standard silicon solar cell in use today is limited to
~31%, in part because of the loss of any photon energy that exceeds the semiconductor band gap.
By contrast, the use of quantum dots can potentially increase the efficiency up to 66% due to the
possibility of a multiexciton generation process and the exploitation of hot charge carriers as a
result of the quantum confinement effect.?" 2%

Despite the great promise of nanostructured materials in the application of photovoltaics,
one of the main challenges in this field has been the need to rationally design and precisely
fabricate nanostructured materials, especially heterostructures consisting of components with two
or more distinctive chemical compositions, with precise control over chemical composition and
physical dimensionality by facile, low-cost, and versatile approaches. Apart from materials’
fabrication, a fundamental understanding of the electronic and optical properties of those
nanostructures has become a more pressing concerning. In particular, unambiguously unraveling

the underlying mechanisms of opto-electronic interactions between each component within a

discrete multidimensional structure is crucial for providing valuable insight into the development
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and construction of heterostructured assemblies as potential building blocks for highly efficient
photovoltaic devices.

Hence, the synthesis and characterization of various nanoscale heterostructures along
with the investigation of their novel properties for their potential applicability in energy
conversion processes have been the focal point of my graduate study, as summarized in Figure
6.1. Specifically, the synthesis of carbon nanotube — nanocrystal heterostructures consisting one
or more type of nanocrystals by covalent approaches was demonstrated in Chapter 2. A number
of reaction conditions were extensively explored to reveal the potential for a rigorous and
quantifiable correlation between the chemical treatment used and the resulting density and spatial
distribution of nanoparticles/QDs on the CNT surfaces. In addition, the investigation of the
optical properties of the quantum dots on the scaffold of CNTs has been described in detail in
Chapter 3, highlighting the importance of the nature of the molecular linkers on the resulting
charge transfer efficiency; the molecular linkers are crucial because of their chemical
functionality in assembling the heterostructure as well as their electronic functionality by
providing a discrete intermediate state. In Chapter 4, the fabrication of metal-oxide-based coaxial
nanofibers by co-axial electrospinning has been successfully demonstrated, showing the potential
advantages in energy conversion applications of combining both heterojunction chemistry as
well as one-dimensional tubular structural motifs. Moreover, the morphology dependence of the
toxicity of ZnO nanostructures to marine diatoms has been elucidated in Chapter 5, suggesting
that the potential toxicological risk of nanostructures needs to be comprehensively assessed prior

to their widespread use in a number of commercialized industrial applications.
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Properties and Nanomaterial

Applications Synthesis

Figure 6.1: Representative electron microscopy images of various nanoscale materials and
complex heterostructures.
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With the emergence of nanotechnology and the ever-increasing demand for
nanostructured materials for a host of applications, there has been a very pressing need to
develop environmentally friendly and energy-efficient synthetic methods for the rational,
controllable synthesis of nanomaterials. In our study, some limitations still exist in the chemical
solution approach used for the synthesis of carbon nanotube — nanocrystal heterostructures,
including (1) insufficient control over the uniformity in terms of the spatial distribution of
nanocrystals on the nanotube surface, (2) the requirement of additional organic reagents in order
to facilitate the reaction rate, and (3) the need for post-washing steps in order to separate the
product from the reaction medium. However, our method offers the advantages of conducting all
of these reactions under ambient conditions without relying on either vacuum or complex
experimental protocols involving steps such as heating or the external application of electric and
magnetic force fields. At the same time, we have demonstrated a high capability of controlling
the spatial location and density of attached nanocrystals. On the other hand, the “green” merit of
the electrospinning process, used for the fabrication of high-quality one-dimensional
nanostructures in our study, lies in (1) the generation of few if any byproducts or hazardous
wastes during the production process and (2) flexibility in terms of the choice of precursor
materials, thereby allowing for the substitution of toxic reagents with more environmentally
benign chemical alternatives. Indeed, it cannot be overemphasized that in addition to the
development of facile and “green” techniques, substituting conventional toxic reagents and
solvents with significantly safer replacements, including but not limited to biological reagents
and ionic liquids, represents an alternative towards “green” synthesis.

In order to shed light on the charge/energy flow pathways, we have attempted to

understand carrier dynamics in our multidimensional heterostructures by state-of-the art
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instrumental techniques, such as time-resolved photoluminescence measurements. The different
optical signatures we have observed for analogous heterostructures comprised of different
chemical components (e.g. CdSe and CdSe/ZnS) reveal that the interfacial electronic interaction
is fundamentally correlated with materials’ composition as well as surface chemistry. We believe
that the lessons learned from the photophysics of these CNT—QD heterostructures can be applied
in general to the production of multidimensional device assemblies incorporating nanostructured
semiconducting chromophores. A deeper understanding of the structure-property relationship
will provide more valuable insights into the interfacial interactions between each component, so
that we can more readily construct these types of heterostructured architectures with predictable
properties in a rational manner.

In addition to these interfacial properties, we note that the surface properties and overall
morphology of heterostructures can also play a key role in affecting their interactions with other
components when they are incorporated into functional devices. For example, in our study, the
surface area of one-dimensional heterostructures fabricated by electrospinning could be
increased either by introducing the tubular structural motif or by modifying solution parameters
(e.g. precursor and/or polymer concentration). In particular, the unique tubular heterostructures
developed in our study, which possess hollow channels as well as a large-and-stable interface,
can open up new opportunities for research in a host of various applications. Due to their
versatility, methodologies based on the electrospinning technique established in our study can be
exploited for many other systems, thereby providing unlimited possibilities for producing useful
and interesting heterostructures for a wide variety of applications.

While improvements in energy conversion efficiency by the exploitation of

heterostructures can be realized by efficient charge separation, several issues cannot be ignored
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in achieving the construction of functional photovoltaic devices. For example, as we have noted,
even though the surface modification of quantum dots can improve the electronic coupling
between quantum dots themselves, or between quantum dots and energy/charge acceptors, the
exciton lifetime and quantum yield can be also substantially undermined at the same time.
Specifically, the poor passivation of the QD surface can increase the amount of surface states
that act as recombination centers and decrease the chemical stability of quantum dots. Therefore,
an appropriate chemical modification of quantum dots is also critical for improvement of the
overall device performance. In addition, unexpected doping may occur when the heterojunction
is formed between two elementally distinctive but chemically similar components. In particular,
ion diffusion and subsequent doping effects during the processing step may result in the
formation of undesired crystal phases or compounds, of which the advantageous electronic and
optical properties are either significantly impaired or even diminished completely. Such adverse
effects should be minimized and need additional investigation.

We are also aware that even though the use of nanoscale materials can lead to significant
improvements in technologies for protecting the environment, including the areas of renewable
energy and remediation of environmental contaminants, the novel characteristics of
nanotechnology-related products in general may lead to unforeseen environmental problems. For
instance, manufactured nanomaterials might pose risks to human health and other organisms due
to their chemical composition, reactivity as well as unique size and shape. Our study implies that
apart from the inherent dissolution of materials, possible aggregation effects, the actual
morphology of materials, and the resulting surface topography of aggregates also contribute
significantly to the potential toxicity of nanomaterials. Hence, a life-cycle risk assessment of

nanotechnology-based devices is also important, especially when it comes to inevitable waste
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disposal issues. In particular, the environmental risk of quantum dots and carbon-based

nanostructures (e.g. fullerene, carbon nanotubes and graphene) needs comprehensive

examination before they can be effectively utilized in the development of renewable energy.
Apart from OD — 1D and 1D coaxial heterostructures we have explored in this dissertation,

there are many other different types of heterostructures (e.g. 0D — 0D, 0D — 2D and 1D - 2D)

that can be exploited for applications related to energy conversion. Future work will continue to

focus on the development of rational synthetic strategies and fundamental property investigations.

Efforts will be extended in particular towards the design and fabrication of photovoltaic devices

based on the heterostructures we have either prepared or will develop according to the

knowledge we and others have gained in the research.
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