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Abstract of the Dissertation
Synthesis and Characterization of Carbon Nanotube-Metal Chalcogenide/Oxide

Heterostructures for Energy-related Applications
by
Lei Wang
Doctor of Philosophy
in
Chemistry
Stony Brook University

2016

With the increasing strain on existing fossil fuel resources and the serious concerns
associated with the environmental impacts on CO- release through the burning of fossil fuels,
clean energy innovation is needed to “get us on the right path” to energy sustainability.
Achieving this objective will necessitate a rational design, development, and deployment of
schemes to create novel sources of ‘carbon-free’ power using materials with specific and desired
functions or properties. In this dissertation, we have attempted to develop two different
categories of carbon nanotube (CNT)-based nanoscale heterostructures, namely (a) CNT- CdSe
quantum dot (QD) heterostructures and (b) CNT-LisTisO12 (LTO) heterostructures, and to study
their intriguing properties for applications associated with photovoltaics and lithium-ion batteries
(LIBs). In terms of the potential of CNT-CdSe QD heterostructures for photovoltaic devices, we
have put forth a unique compilation of complementary data from experiment and theory,
including results from transmission electron microscopy (TEM), near-edge X-ray absorption fine
structure (NEXAFS) spectroscopy, Raman spectroscopy, electrical transport measurements, and
theoretical modeling studies, in order to probe charge transfer behavior within nanoscale

composites composed of double-walled carbon nanotubes (DWNT) coupled with CdSe QDs.



These heterostructures were probed as a function of QD size, the nature of the distinctive
bridging ligand molecules used, as well as their unique attachment modalities. With respect to
CNT-LTO heterostructures for LIB applications, a novel flower-like nanostructured LTO motif
was synthesized by a facile, low-cost, and large-scale hydrothermal process involving re-useable
and recyclable precursors followed by a short, relatively low-temperature calcination step in air.
Furthermore, 3D “flower-like” LTO - multiwalled carbon nanotube (MWNT) composites were
generated via different preparative approaches, including (i) physical sonication, (ii) an in situ
direct deposition approach, as well as (iii) a covalent chemical attachment protocol. To the best
of our knowledge, we are the first to correlate the actual preparative strategy, i.e. the particular
chemical treatment process used to generate these composite materials, of a novel hierarchical
nanoscale motif, relevant for battery applications, with its resulting physically significant

electrochemical performance.
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Chapter 1. Carbon Nanotube-Metal Chalcogenide/Oxide Heterostructures: Promising
Structural Paradigms for Photovoltaics and Li-ion Batteries

1.1. Global Energy Crisis and the Applications of Nanostructures in Energy Conversion

Over the years, with the rapid increase in global population and accompanying economic
growth and consumption, there has been an increasing strain upon existing fossil fuel resources,
which has led to a corresponding hike in oil and gas prices.>> Moreover, the environmental
impacts, associated with energy production utilizing fossil fuels, have given rise to serious
concerns. The increasing atmospheric concentrations of carbon dioxide (CO2) through the
burning of fossil fuels have a profound impact on global climate change, which has become a
focal point of significant socio-political attention.® The need to control CO2 levels has led to
extensive research into developing attractive, alternative energy systems that do not rely on
traditional fossil fuels as a source of primary energy. The International Energy Agency's report,
entitled ‘Energy Technology Perspectives 2015: Mobilizing Innovation to Accelerate Climate
Action,’ notes that clean energy innovation is needed to “get us on the right path” to energy
sustainability. Therefore, achieving this objective will necessitate a rational design, development,
and deployment of schemes to create novel sources of ‘carbon-free’ power using “materials with
specific and desired functions or properties, predicted from first principles”.

The most obvious choice of an alternative energy resource is sunlight, which can be used
for heating, lighting, as well as electricity generation. For example, when properly concentrated
in usable form, sunlight can be used to provide steam in order to run turbines.* In fact, when the
sun is directly overhead with a clear sky, radiation impinging upon a horizontal surface can reach

~1,000 W m2, Significantly, in the United States, for example, the total amount of solar energy



striking the surface of the continental 48 states is ~4.67+10* quads per year (wherein a quad,
derived from ‘quadrillion’, is 1.05 40*J or 2.9 410 kWh), a value which is well in excess of the
98.6 quads that the nation consumes annually, on average.* It has been estimated that by the year
2050, a minimum of 20 terawatts of carbon-free energy (i.e., 1.5 times the total amount of all
forms of energy, consumed today globally), in the form of electricity and fuels, will be needed in
order to meet the increasing demands of both an economically and sustainably viable world.®
One way to convert sunlight directly into electrical energy is through the mediation of
photovoltaic cells. Currently about 0.08 quads of energy are produced each year in the United
States from solar thermal energy and solar photovoltaic device sources, which are able to convert
sunlight directly into electrical energy.* According to Tomokazu et al.®, there are three major
processes associated with converting sunlight into electrical power: (i) absorption of solar
photons using a photoactive layer to form locally confined excitons, (ii) migration of the excitons
to the donor—acceptor interface and subsequent dissociation to form free electrons and holes, and
(iii) transfer and separation of the charges towards respective electrodes so as to eventually yield
a photocurrent in an external circuit. Generally, there are three generations of photovoltaic
devices of interest: (i) the first generation consisting of single-crystalline silicon-based
photovoltaic devices, which are commercially available for installation, can deliver power with a
15% efficiency, but suffers from the high cost of manufacturing and installation, and (ii) the
second generation is composed of cheaper CulnGaSe; (CIGS) polycrystalline semiconductor thin
films, which can address cost considerations but unfortunately, possess poor overall efficiency.
At this time, extensive active research work has been focused on fabricating so-called third
generation devices, which are expected to deliver high efficiency at an acceptable economic cost by

utilizing semiconducting entities, such as quantum dots, as fundamental building blocks.* In effect,



the efficiency of solar photon conversion possesses an intrinsic limit that complicates matters. That
is, sunlight consists of photons possessing a wide range of energies from 0.5 to 3.5 eV, though only
~1/3 of the total energy can be utilized in current solar cell configurations. Indeed, photons
possessing a lower energy than the optical bandgap are frequently not absorbed, while for photons
maintaining a higher energy than the bandgap, the excess kinetic energy of the photogenerated
electrons and holes created above the bandgap (termed ‘hot’ carriers) is often lost as heat through
processes such as electron-phonon scattering. This unavoidable reality results in an upper bound to
the thermodynamic efficiency of single-bandgap cells.

Indeed, Shockley and Queisser (SQ) predicted a limiting power efficiency of 30% under
simulated black body radiation conditions, which has been re-calculated as 33% under AM 1.5 solar
irradiance,”® and this limit applies to both photovoltaic and solar fuel devices. Through the
utilization of third-generation devices, energy losses associated with the cooling of hot carriers can
be potentially reduced. At the same time, these devices render the absorption of sub-bandgap
photons possible. That is, through multi-exciton generation involving the production of two or more
excitons from hot excitons created by the absorption of high-energy photons, third-generation
devices can be created to realistically increase the measured conversion efficiency by as much as a
factor of 4/3.°

Although photovoltaics can convert sunlight into electricity, they are constrained by the
diffuse nature of the solar flux, which can vary considerably depending upon parameters that cannot
be necessarily controlled including incident solar radiation, weather conditions, and temperature.
Hence, there are basic issues associated with collecting, converting, and storing solar energy into a
usable and practical form, especially to account for situations where either there is less demand or

when solar radiation is not available, i.e. at night. As a major device for electric energy storage,



lithium-ion batteries (LIBs) have attracted worldwide attention, because they play an important role
in our daily lives as the dominant power sources for portable electronics such as cell phones and
laptops and possess great potential to completely power electric vehicles and the like in order to find
use in large-scale electrical grids. Lithium ion batteries (L1Bs) have achieved commercial success in
the field of portable electronic devices, due to their outstanding properties, such as high energy
density, light weight, long lifespan, and ambient temperature operation, 012

Generally, an integrated LIB system includes three indispensable parts, namely a negative
electrode (anode), an aqueous/non-aqueous electrolyte and a positive electrode (cathode).!® The
predominant active electrode materials usually consist of a lithiated metal oxide for the cathode and
a graphitic carbon as the anode. The active materials are combined with a binder (e.g. polyvinylidene
fluoride — PVDF) and conductive additives (e.g. carbon black, graphite, etc.) before subsequently
being deposited onto the metal foil current collectors. A polymer separator with a microporous
polypropylene/polyethylene laminate is necessary to be placed between the electrodes in order to
render them electrically insulated while allowing for lithium ion diffusion. A LIB operates by
movement of lithium ions from the cathode to the anode upon charging and the reversible process
occurs during discharging, as illustrated by the schematic in Figure 1.1.

The lithiated LiCoO> serves as the cathode, and graphitic carbon is the anode. Both materials
possess layered structures with interstitial spaces receptive to lithium ion intercalation. The active
material is able to store the lithium due to the simultaneous electron transport from the current
collector in order to reduce the lithium ion at the active material ‘‘host’’ site. The intercalation
process is facilitated by the formation of a necessary solid-electrolyte interface (SEI) on the surface
of each electrode which can passivate the electrode surface from further solvent reduction and act as

a selective layer to allow only lithium ions to diffuse. The lithium ions are present in an electrolyte



comprising a lithium salt, most often LiPFe, solvated by a mixed solution of alkyl carbonates (i.e.
ethylene carbonate (EC), dimethyl carbonate (DMC), etc.).}* With the growing demand for
applications in energy storage stations and modern electric vehicles, the development of LIBs
possessing a desirable mixture of positive attributes, such as high energy and power densities,
superior durability, long cycling performance, as well as favorable environmental sustainability

remains a highly sought-after objective.> 16
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Figure 1.1 Schematic illustrating the mechanism of operation for a lithium ion battery including
the movement of ions between electrodes (solid lines) and the electron transport through

the complete electrical circuit (dashed lines) during charge (blue) and discharge (red) states.
(Adapted in part from Ref. 14).



In recent years, nanomaterials have emerged as the new building blocks, applicable in the
development of both photovoltaic devices and LIBs. According to the National Nanotechnology
Initiative (NNI), a “nanomaterial” refers to a material possessing at least 1 dimension at the
nanoscale, namely 1- 100 nm. The prefix “nano” stems from the Greek word “nanos”, which means
‘dwarf’ and is assigned by the international system of units (Sl) as referring to 1 x 10”° of the base
unit.}” Compared with their bulk counterparts, nanoscale materials, with their large surface areas and
possible quantum confinement effects, exhibit distinctive optical, catalytic, electronic, and thermal
properties. The intriguing properties of nanomaterials can be tailored by varying their shapes, which
allows one to differentiate among various types of nanostructures through their dimensionality. The
shapes of nanomaterials are categorized by their dimensionality. For example, (i) nanospheres and
nanocubes, for example, denote zero-dimensional (0D) nanomaterials, since all of their dimensions
are confined at the nanoscale, (ii) anisotropic nanowires, nanorods, or nanotubes are one-
dimensional (1D) nanomaterials with one dimension of the nanostructure outside the nanometer
range, (iii) nanosheets and nanoplates are considered as two dimensional (2D) nanomaterials, with
only 1 dimension limited and the other two outside the nanometric size range, whereas (iv) nano-
flowers are three-dimensional (3D) nanomaterials, representing materials outside the nanosize range
in all dimensions but which are composed of the individual blocks at the nanometer scale.

In the interim, a lot of research interest has shifted from single-component nanomaterials
towards the synthesis and design of more complex, multi-component nanostructures. In effect,
nanoscale heterostructures, consisting of two or more chemically distinctive components, provide for
a unigue path to merge the favorable properties of individual nanoscale components into an
integrated whole, whose specific properties are different from and potentially better than the sum of

their separate parts. Such intriguing structural motifs demonstrated great potential for revolutionizing



nanomaterials’ research. Hence, through a judicious choice of complementary nanoscale moieties,
the synthetic potential herein is the ability to produce truly astonishing nanostructures with
distinctive and unforeseeable properties and functionalities. The effective, reliable and facile
fabrication of high-quality nanoscale heterostructures as well as the fundamental understanding of
their desirable electronic and optical properties are essential for promoting significant breakthroughs
in the development of renewable clean energy.

In this dissertation, we have reported on facile and reliable synthetic routes to generate two
different categories of nanoscale heterostructures, namely (i) OD-1D heterostructures, consisting of
0D quantum dots (QDs) attached onto 1D carbon nanotubes (CNTSs), and (ii) 3D-1D
heterostructures, composed of 3D metal oxides coupled with 1D CNTSs, respectively. Furthermore,
we have probed their intriguing opto-electronic and electrochemical properties associated with
applications associated with photovoltaics and LIB devices, separately. Specifically, in terms of OD-
1D heterostructures, we have correlated the charge transfer properties of CNT-QD heterostructures
with their connective attachment strategies (Chapter 3), the average size of the QDs used (Chapter
4), as well as the identity of the bridging ligand molecules (Chapter 5), respectively, which not only
sheds light on the possibility of chemically tuning for efficient charge transfer of the CNT-QD
heterostructures via the manipulation of the properties individual constituent components as well as
the attachment methodologies but also provides for valuable guidance towards the construction of
high-efficiency solar devices.

With respect to 3D-1D heterostructures, we have discussed the rational design of a novel 3D
flower-like LisTisO12 (LTO) structure (Chapter 6) and further investigated the effect of the
attachment modality upon the resulting 3D- 1D LTO-CNT heterostructures upon the performance of

the resulting LIB anode materials (Chapter 7). As a means of providing relevant background and



context, the synthetic methods employed to generate the various 0D, 1D, and 3D nanomaterials as
well as the compilation of both experimental and theoretical characterization techniques utilized
within this thesis will be discussed in detail in Chapter 2.

In light of the properties of the individual building components as well as the current
applications of the resulting heterostructures in the field of photovoltaics and LIBs, the following
sections provide for a concise introduction into the nature of CNTs, QDs, and metal oxides, as
well as their corresponding heterostructures, with the aim of targeting specific applications in
photovoltaics and LIBs. Specifically, we first provide a concise introduction into 1D CNTSs in
Section 1.2, including their synthesis and functionalization/purification procedures as well as
their potential applications in photovoltaic and LIB devices. In Section 1.3, we summarize the
synthesis of QDs as well as the subsequent ligand-exchange process with an emphasis on
elaborating upon their potential applicability in photovoltaics.

Subsequently, the common intriguing electrochemical properties of 3D metal oxides
relevant for their application in LIBs and structural details regarding the model LisTisO12> motif
are outlined in Section 1.5. In the context of the resulting heterostructures, synthetic methods
associated with CNT-QD nanostructures with potential applicability in photovoltaics are
highlighted in Section 1.4. The 3D metal oxide-CNT heterostructures denote a promising
structural paradigm for the development of high rate LIBs, and are presented in Section 1.6, with
an emphasis on discussing the attachment modalities of CNTs onto the surfaces of metal oxides.
In this Chapter, we present, in Section 1.7, the objectives of the current work, which includes the
purpose of this thesis, the goal of which is to generate, characterize, and analyze the various

nanoscale carbon nanotube-based heterostructures. Being able to tailor the structure and



properties of these novel composites can lead to considerable enhancements in both their activity

and durability for applications in photovoltaics and LIBs.
1.2. One-dimensional (1D) carbon nanotubes (CNTSs)

Carbon nanotubes (CNTSs) denote allotropes of carbons with a cylindrical nanostructure.
These motifs have been widely studied, since their discovery in 1991 by ljima.!® 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. The CNTs are composed of a long, hollow structure with the walls
formed by one-atom-thick sheets of carbon, called graphene. These sheets are rolled at specific
and discrete angles, 0, known as chiral angles, which in combination with the nanotube radius,
dictate the electronic properties of the CNTSs.

The walls of the CNTs can be often described, except for their length, by an intrinsic
geometric chiral vector, Cy, which is defined by the equation Cn= nai+ maz, wherein the integers
(n, m) represent the number of steps along the zig-zag carbon bonds and a: and az represent the
graphene lattice basis vectors in real space (Figure 1.2a).X® The chiral vector makes an angle, i.e.
the chiral angle, with the a; direction. This angle determines the amount of “twist” in the
nanotube, and two limiting cases exist, where the chiral angle is at 0=and 30< These are known
as zig-zag (0 and armchair (30, respectively, based upon the geometry of the carbon bonds
around the circumference of the nanotube (Figure 1.2b, c). All other conformations in which the
C—C bonds lie at angles 0°< 8< 30° are known as chiral tubes (Figure 1.2d). The n, m integers
completely describe nanotube chirality, and determine the electronic band structure of the CNTSs.
Thus, it is the chirality that yields the most impact upon the electronic properties of carbon

nanotubes. In particular, a slight change in the chiral angle gives rise to nanotubes that are either



metallic conductors or consist of either low bandgap or high bandgap semiconductors.
Depending upon the numbers of graphene walls, CNTs can be categorized as single-walled
nanotubes (SWNTSs) with average diameters of 0.4-2 nm and multi-walled nanotubes (MWNTS)
with average overall diameters of 2-100 nm, depending on the number of concentric carbon
layers.2 CNTs with small diameters tend to align themselves into "bundles" held together by van

der Waals forces, more specifically, pi-stacking.
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Figure 1.2 a) Unrolled graphene sheet showing the geometry of the (6, 3) nanotube (Cn and T:
chiral translational vectors, respectively). b—d) Examples of the three classes of nanotube
sidewall; zig-zag, armchair, and chiral. (Adapted in part from Ref. 19)

1.2.1. Synthesis method of CNTs

Various techniques have been developed to generate CNTs, including arc discharge, laser
ablation, and chemical vapor deposition (CVD) protocols. The arc-discharge method was first
used to prepare carbon nanotubes in 1991 by Ijima while attempting to synthesize Ceo. Such a
technique required a high voltage and current to be applied between two closely spaced (1-2
mm), highly pure graphite electrodes in an inert atmosphere.'® The type of carbon nanotube
produced can be tailored to be single-, double- or multi-walled through careful tuning of the

catalyst composition, atmosphere, current/voltage conditions, and carbon feedstock. The laser
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ablation method was reported for the first time by Smalley and his group to grow high quality
nanotubes. A carbon target is placed in a tube-furnace, heated to 1200 <C, and ablated by the
application of intense laser pulses. A flow of inert gas is used to carry the as-grown CNTs from
the chamber to the copper collector.?! Multi-walled nanotubes can be generated through the use
of pure carbon, while the addition of a catalyst, including elements, such as iron, yttrium,
sulphur, nickel, and molybdenum, can lead to the formation of a single-walled CNTs.?? In
catalytic chemical vapor deposition (CCVD) growth, which is the most widely used method for
the production of carbon nanotubes,?? a volatile gaseous carbon source (typically CHa, CO, or
C2H>) is decomposed at high temperature (approximately 700<C) in a process gas (such as NHs,
N2, or Hz) atmosphere over metallic nanoparticle substrates, commonly Ni, Co, and Fe.?* The
decomposed carbon atoms diffuse into the metal nanoparticles, and, upon saturation, precipitate

at the surface and thereby initiate nanotube growth directly from the nanoparticle.

1.2.2. Chemical functionalization of CNTs

Pristine CNTs contain a number of impurities, such as metal catalyst particles,
amorphous carbon, and other carbonaceous species, and are difficult to be dispersed in either
aqueous media or organic solvents. Moreover, strong van der Waals interactions between pristine
nanotubes result in their bundling and aggregation. These inherent challenges represent a huge
gap between the theoretical potential and practical utilization of using pristine nanotubes in
applications. To mitigate for the aforementioned problems, chemical functionalization of CNTs
represents 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. Examples of typical methods include either acid-based wet-chemical

oxidation,? % esterification,?’ carbodiimide activation,?® 28 fluorination,?® % or hydrophobic
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adsorption of aromatic derivatives.®: 32 To summarize, these functionalization strategies
generally fall into two major categories, namely, non-covalent and covalent functionalization,
respectively, according to the nature of the interaction between the CNTs and the surface
functional moieties. With respect to non-covalent functionalization, CNTs are usually wrapped
by either conducting polymers or other organic molecules containing conjugated carbon systems
through 7-7 stacking interactions, thereby obtaining the desired solubility or biological
functionality for various applications without introducing defects.®

Covalent functionalization usually breaks the intrinsic C=C sp?structure and is suggested
as a means for disrupting the electronic structure of CNTs. However, it provides for a robust and
effective methodology with a high degree of flexibility in introducing a variety of chemical
moieties onto the surfaces of CNTSs. In this thesis, our as-prepared heterostructures have
incorporated oxidized, oxygenated CNTSs, generated by the treatment of CNTs with strong acids
so as to form pendant carboxylic acid functionalities (as well as keto, aldehyde, and alcoholic
groups) on the nanotube surface. Such a treatment can not only remove the metal catalyst and
amorphous carbon impurities within the CNTSs but also introduce functional carboxylic acid
moieties, which can facilitate the subsequent covalent attachment of other components onto the

external CNT surfaces.

1.2.3. Application of CNTs in photovoltaic devices and LIBs

With respect to photovoltaic applications, CNTs possess unique electrical and opto-electronic
properties, a high surface area, and a wide electrochemical stability window, all of which render
CNTs as promising components of energy conversion devices.34-3 For example, when subjected to
appropriate bandgap excitation, semiconducting CNTs can undergo measurable charge separation. It

is worth noting that when the diameter of the CNTs approaches 1 nm, excitons with huge binding
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energies tend to be generated due to quantum confinement effects, which are a result of their
anisotropic one-dimensional (1D) structures. Transient absorption and emission measurements have
been used to probe a variety of exciton annihilation and charge separation processes in these
systems.> 3’ Moreover, nanotubes are capable of transporting charge ballistically over relatively
large distances at room temperature, 340

Hence, by ‘merging” CNTs with other nanostructures, unique heterostructures with
intriguing, favorable, and potentially unexpected opto-electronic properties can be generated. For
example, charge carriers are susceptible to recombination loss at the boundaries of semiconducting
particles. Chemically attaching CNTSs to these systems represents a convenient and practical strategy
of not only capturing photogenerated charges but also efficiently transporting them to the electrode
surface. Specifically, extensive research has focused on the development of CNT-based organic
solar cells, e.g. carbon nanotube-conducting polymer systems, such as (a) polyaniline (PANI)
nanocomposites to replace transparent conductive oxide (TCO) layers within dye-sensitized solar
cell (DSSCs),* as well as (b) SWNT/pyrene*/ZnP®and single-walled carbon nanotube (SWNT)-
sodium poly(styrene-4-sulfonate) (PSS™)/ZnP8* composites to substitute for semi-transparent indium
tin oxide (ITO) in photovoltaic cells.*> CNT-based heterostructures as components of inorganic
semiconductor-based solar cells have also been reported. These include not only CNT-silicon
heterojunction solar cell architectures, demonstrating power conversion efficiencies of up to ~14%,*
but also CNT-metal oxide hybrid composites, possessing nearly double the photoconversion
efficiency, as compared with that of the pure metal oxide-based systems, especially when SWNTs
are used as the underlying support for the deposition of the TiO2 nanoparticles.** In this particular
thesis, we have placed a special emphasis upon CNT-quantum dot (QD) heterostructures, which

have potential applicability in QD-sensitized solar cells (QDSCs).
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With respect to LIBs, CNTs have been recognized as potential candidate materials, due to
their outstanding set of electrochemical and mechanical properties. Generally, there are two common
ways of utilizing CNTs in LIBs, namely the incorporation of CNTSs either as i) conductive additives
or as ii) active lithium ion storage materials or physical supports for ultra-high capacity anode
materials in free-standing electrodes. The advantages of using of CNTs as conducting additives for
either the anode or cathode are several fold. First, as compared with other carbon-based additives
like carbon black, acetylene black, or carbon fibers, CNTs possess outstanding electrical
conductivity, exceeding 5x 10° S m™tat room temperature.*® Second, the high aspect ratios of CNTs
allow for lower weight doping levels to be achieved in order to achieve a comparable percolation
threshold (i.e. the concentration in a composite that sustains either long range connectivity or
contiguous pathways for electrons to move),* demonstrating more than an order of magnitude
reduction in additive mass as compared with other conventional carbon counterparts. Third, the -
orbital overlap between metallic CNTs enables the ballistic transport of electrons with mean free
paths on the order of microns along the length of the CNTs,*® which leads to the opportunity for
enhanced C-rate performance, particularly in conjunction with the poor transport inherent to cathode
materials. Lastly, CNTs also possess remarkable mechanical strength and excellent thermal
conductivity,*” #® which prevent cracking during battery operation and promote effective heat
dissipation within a composite, thereby potentially enhancing the safety of these materials over
composite electrodes incorporating inferior carbon additives.

Another intriguing application of CNTs in LIBs is the concept of using a free-standing CNT
“paper” as an electrode, which can serve in the capacity of both an active material and a current
collector. Figure 1.3a provides for a representative image of a free-standing SWNT paper electrode,

generated through vacuum filtration along with a detailed SEM image and a photograph highlighting
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a twisted electrode depicted in Figure 1.3b and c, respectively.** The most important advantage of
using a free-standing electrode is that the usable capacity can be increased by removing the inactive
copper foil. In addition, CNTs are better active materials as compared with the conventional graphite
electrodes. The lithium ion capacity in CNTSs results from the effective diffusion of lithium ions into
stable sites located on the nanotube surface and/or inside individual nanotubes through either endcap
or sidewall openings. In addition, lithium ion intercalation can occur between the MWNT layers
(entering through lattice defects or open nanotube ends) or the interstitial sites of close-packed
SWNT bundles. In addition to LixC capacity, there are calculations which propose a curvature-
induced lithium condensation inside the core of the nanotubes. Overall, the theoretical calculations
suggest that reversible capacities exceeding a LiC; stoichiometry (>1116 mAh g?) are attainable for

SWNTSs, denoting a dramatic improvement over use of conventional graphite (~300 mAh g1).49-5!

Figure 1.3 (a) Photograph of a free-standing SWNT paper prepared using vacuum filtration. (b)
SEM image of high purity SWNTSs. (c) Image of SWNT paper strips which are bent around a
curved surface and twisted without any unintended or irreversible deformation to illustrate their
flexible mechanical properties. (Adapted in part from Ref. 14)
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1.3. Zero-dimensional (OD) quantum dots (QDs)
Chalcogenide quantum dots (QDs) are nanometer-scale colloidal semiconductor

nanocrystals, typically composed of groups 11 to VI or Il to V elements, and are defined as particles

with physical dimensions smaller than the exciton Bohr radius.>? These were initially discovered at

the beginning of the 1980s by Alexei EKimov in a glass matrix and by Louis E. Brus in colloidal

solutions.> QDs have been intensively studied, because of their quantum confinement effects and

size-dependent optical properties with band-edge absorption and emission wavelengths that are

tunable across the visible range (400-700 nm). Usually, the larger the size of the quantum dot, the

smaller the band gap (Figure 1.4A). This interesting trend can be deduced both from ultraviolet-

visible (UV-Vis) spectroscopy and photoluminescence (PL) spectroscopy (Figure 1.4B and C) data.
As the reaction time is prolonged, the size of QD grows larger, indicative of a narrower

band gap. This can cause a red shift in the peak positions in both the UV-Vis and PL spectra.>

An ensemble of quantum dots of different sizes can in principle be designed to match and

overlap the overall absorption spectrum with the entire solar spectrum. Moreover, an intriguing

recent discovery suggests the possibility of multiple exciton generation (MEG) in quantum dots,

which are thought to be able to effectively convert a photon into more than one electron-hole

pair, thereby allowing for more efficient use of solar energy and a potential for quantum

efficiencies greater than 100%.%°-°" Such size and shape-dependent optical and electronic

properties of CdSe QDs make it meaningful for chemists to exploit their role in the rational

development of nanoscale assemblies for solar cells.®8 %
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Figure 1.4 (A) Colloidal suspensions of CdSe quantum dots of increasing size from left
(approximately 1.8 nm in diameter) to right (approximately 4.0 nm in diameter). Bottom:
Samples viewed in ambient light vary in color from green—yellow to orange—red. Top: The same
samples viewed under long-wave ultraviolet illumination vary in color from blue to yellow. (B)
Visible absorption spectra of CdSe QD samples, from left to right, corresponding to reaction
times of 20 s to 2 min. (C) Fluorescence emission spectra of identical samples using 400-nm
excitation. (Adapted in part from Ref. 54)
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1.3.1. Synthesis of QDs

Usually, the QD formation in solution entails both nucleation and growth processes. That
is, the burst of nucleation is followed by a supersaturation of monomers. The growth of nuclei is
then accompanied by consumption of the additional monomers present in the system. QDs with
different shapes and size distributions can be synthesized by tuning parameters such as but not
limited to the monomer concentration, the identity of capping agents, as well as the reaction
times. The QD growth is governed by both thermodynamics and kinetics. Specifically,
nanocrystals with low aspect ratios can be obtained in the slow growth limit under
thermodynamic control, while the nanocrystals with highly anisotropic shapes require a Kinetic
growth regime.®% 61

The Alivisatos group proposed that at a relatively low monomer concentration, nearly
round nanospheres are formed with a relatively large size distribution. Under that regime, a size
“defocusing” or “Ostwald ripening” is observed due to the depletion of smaller particles and the
concomitant continuous growth of larger particles. When the monomer concentration increases,
nanocrystals with low aspect ratio are still observed with a narrower size distribution. This size
“focusing” process is due to the faster growth rate of smaller particles as opposed to larger
particles, which finally results in a monodisperse nanocrystal ensemble. Usually, the growth rate
of a facet depends exponentially upon the surface energy, thereby resulting in the faster growth
of higher-energy facets as opposed to their lower-energy counterparts. Hence, when the
monomer concentration continues to increase, kinetics will begin to control nanocrystal growth,
thereby resulting in the production of nanocrystals with highly anisotropic shapes.5?

Generally, two methods have been commonly adopted to synthesize QDs, i.e. the

solvothermal method using organometallic reagents and the hydrothermal method using aqueous
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precursors. The synthesis of quantum dots via the solvothermal method is based upon a three-
component system, including precursors, organic surfactants, and solvents. A solvothermal
reaction could provide for elevated temperatures and pressures, thereby generating unique
synthesis conditions for nanocrystal growth. The solvothermal method usually starts from the
mixing of two individual precursors at a lower temperature, and then involves temperature
increases to the desired growth temperature within a sealed argon-filled three-neck flask for QD
production. Such an approach has been well-developed by Peng’s group,®® wherein metal oxides
(e.g. cadmium oxide, CdO) are employed as cadmium precursors in order to substitute for the
more conventional toxic precursor reagents (e.g. dimethyl cadmium, Cd(CHs).).

In a typical experiment, aliquots of solution, containing chalcogenide precursors
stabilized by organic capping agents, are rapidly injected into the cationic precursor solution
containing surfactants (e.g. trioctylphosphine oxide, tri-n-butylphosphine, oleylamine,
hexadecylamine, and oleic acid) at a temperature of between 200 — 330 <C in order to induce
nucleation, followed by a growth stage at a relatively low temperature. The presence of these
molecular capping agents stabilizes QDs within a colloidal dispersion and allows for
reproducible and precise control over QD size, and by extension, the corresponding tuning of the
QD bandgap.®* % The cleavage of the phosphorus-chalcogenide double bond (TOP = E, wherein
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 QDs synthesized in
organic solvents tend to be water-insoluble and usually need to be transferred to the aqueous
phase for further applications.®®

The second route is to directly synthesize QDs in aqueous solution, which is especially

attractive for biological application, due to their compatibility with water. Thiols and thioalkyl

19



acids including thioglycolic acid (TGA) and 3-mercaptopropionic acid (MPA) are popular
capping agents used for aqueous-synthesized quantum dots.®’: 8 The as-prepared quantum dots
generated in aqueous medium usually have relatively low quantum yield and possess a large size
distribution as compared with analogues generated using an organic approach. Most of these
protocols require additional post-synthesis treatments, such as size-selective precipitation,
selective photochemical etching, and surface modification, in order to further improve upon the
size distribution and quality of QDs.

In a typical synthesis of CdTe QDs under aqueous conditions, NaBH4 was used to react
with tellurium in deionized (DI) water to form NaHTe as the Te-containing precursor, whereas
CdCl; and the thiol ligand, N-acetyl-I-cysteine (NAC; as the surfactant), were dissolved in DI
water to form the Cd-containing precursor. The pH value of the Cd precursor was adjusted to 9.5
by the stepwise addition of NaOH at 4<C. The NaHTe solution was then added into the
aforementioned Cd precursor solution at 0<C with rigorous stirring, and the mixture was
subsequently loaded into a Teflon-lined stainless steel autoclave. CdTe quantum dots were
formed by heating the autoclave at 200<C for ~1 h.%® Control over the pH value is more essential
for dictating the progression of aqueous-based reactions as opposed to their organic-based
analogues, and necessitates careful monitoring in order to achieve the desired results.

A real and practical application in the energy field requires the synthesis of QDs,
possessing high quantum yields, good stability, and relatively narrow particle monodispersity, all
of which have been proven to be easier to achieve using the organometallic synthetic route.
Hence, in this thesis, the CdSe QDs will be prepared by following the well-established method,

previously proposed by the Peng group, to be discussed in Chapter 2.
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1.3.2. Surface modification of QDs

The unwieldy, bulky, and often non-conjugated ligands on the surfaces of as-prepared
QDs can effectively hamper charge transport and flow, which are inherently critical parameters
to optimize for improving upon photovoltaic cell efficiency. Moreover, due to the insulating
properties of these ligands, they often act as a potential barrier to the charge transport capability
between adjacent nanoparticles and nanostructures.’® "t Hence, not surprisingly, a lot of research
has focused on understanding the nature of surface ligand exchange reactions, wherein long alkyl
chains are replaced by relatively short ligands with efficient hole and electron scavenging
properties so as to mitigate for obstacles preventing effective charge transfer and transport.

Properly chosen electroactive ligand molecules can replace native insulating long-chain
ligands through the so-called ‘ligand exchange’ processes, in order to chemically modify and
coat the external surfaces of these QDs with more conductive entities.”? In this light, to tailor
QDs for desirable photovoltaic behavior, a wide variety of ligands has been studied as candidates
for potential capping agents of these nanoparticles, including bidentate aliphatic and aromatic
thiols,” primary amines,’ carboxylic acids,” and halide ions.’”® The judicious choice of ligands
and the chemical modification of the outer surfaces of QDs through ligand exchange reactions
are crucial for a number of reasons.

First, ligands can help to passivate surface defects, which play an important role in the
surface-related emission and corresponding photostability of QDs. Second, on a relevant device
level, the electronic properties of coupled colloidal QD solids can be precisely tuned through
modification of the QD surface chemistry via ligand exchange, and such an approach designates
a complementary strategy to control the QD bandgap through predictable variation of

nanocrystal size.”” Specifically, Liu et al. reported that the PL intensity of CdSe quantum dots is
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affected by the ligand involved with a decreasing order of TOPO > a-toluenethiol > thiophenol >
p-hydroxythiophenol. Aromatic rings and their associated & electron clouds within the ligands
apparently acted as effective quenchers of CdSe emission and scavengers of photogenerated
holes.”® Moreover, in the corresponding photovoltaic devices tested, thiophenol-capped QDs
exhibited a 10-fold increase in the short circuit current density as compared with TOPO-capped
CdSe. Third, specific short bidentate ligands, such as ethanedithiol, not only reduce the interdot
separation, thereby facilitating exciton dissociation and subsequent carrier transport towards the
collecting contacts,’® ”° but also serve as a molecular ligand bridge with which to connect QDs
with other charge-transporting components, such as double-walled carbon nanotubes, studied in
that particular work, through either covalent or non-covalent attachment strategies.®

A more systematic approach to controlling PL QY through ligand chemistry would be to
match the energy level band alignment of the ligands themselves with that of the QDs to which
they are attached. For instance, in order to incur efficient PL quenching of QDs due to photo-
induced charge transfer, the highest occupied molecular orbital (HOMO) of ligands needs to be
situated above the valence band (VB) of QDs. As an example, the HOMO of 2-aminoethanethiol
(AET) lies at a considerably higher energy level as compared with the VB of CdSe QDs, but is
situated at a lower energy as compared with the VB of CdTe QDs, thereby resulting in PL
enhancement for CdTe QDs and PL quenching for CdSe QDs, when TOPO molecules in as-
prepared QDs are replaced with AET through a ligand exchange reaction.

Therefore, by deliberatively altering the identity of the ligands, one can vary the ligand
length, the nature of the chemical binding groups, and the associated dipole moments, thereby

leading to a shift in the positions of the QD valence band maximum and conduction band
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minimum. In doing so, efficient charge transfer can be potentially tuned for, which is crucial to

the development of QD-based photovoltaics.

1.3.3. Application of QDs in photovoltaic devices

In recent years, the size-dependent properties of QDs have rendered them as promising
replacements for conventional organic dyes as light sensitizers in dye-sensitized solar cell
(DSSCs). Semiconducting quantum dots (QDs) have been considered as candidate materials for
the next generation of photovoltaic devices as a result of their unique attributes including (a)
size-dependent opto-electronic properties, (b) a potential to maximize the production of hot
photogenerated carriers through a multi-exciton generation effect, which would increase
photoconversion efficiency, (c) a remarkable photostability, including resistance to photoinduced
quenching, as well as (d) high extinction coefficients.®!

In fact, quantum dot solar cells (QDSCs) represent a very exciting third-generation solar
cell architecture. Specifically, the unusual morphology-dependent opto-electronic properties of
QDs provide for an unconventional means of potentially exceeding the traditional Shockley-
Queisser limit of 32% for Si-based solar cells,®? because by contrast with dyes, multiple charge
carriers can be potentially generated by QDs upon absorption of one photon.> Moreover, in early
studies, it was shown that charge separation can be enhanced by coupling two different types of
semiconductors as long as their bandgaps satisfy certain criteria.®*-% Hence, the essence of using
QDs instead of traditional dyes lies in the mechanism, wherein electrons can be injected from
semiconductors, such as CdSe, directly into wider bandgap materials, such as TiOg, thereby
resulting in charge rectification.®® Finding a means of efficiently capturing these photo-induced

electrons at the interface has been a particular challenge.
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1.4. Application of CNT-QD heterostructures in photoconversion
While QDs possess a great potential as components in photovoltaic cells, a number of

obstacles cannot be neglected and need to be overcome for practical applications. For example, in a
typical photochemical solar cell, the photoinduced charge carriers (e.g. electrons and holes) are
susceptible to recombination loss at the boundaries of semiconducting particles before they become
separated and end up being transported to electrodes, which is a crucial step in generating the
photocurrent. Hence, in order to enhance the power conversion efficiency of QD-based solar cell, a
decrease in the amount of recombination of charge carrier species is essential. Specifically, there has
been an intense level of interest in generating QD-based nanotube architectures, incorporating either
carbon nanotubes (CNTs)®” or metal oxide nanotubes such as TiO,% and Zn0O®, as a means of
improving upon photo-induced charge transport at the nanoscale by both maximizing charge
separation and minimizing charge recombination.

It has been reported that CNTs can act as good electron acceptors in their photoexcited state,
wherein charge and energy transfer between conjugate species and CNTs may occur. A popular
concept has been to utilize CNT networks as supports in order to anchor light-harvesting
semiconducting particles, namely CdSe QDs in this thesis, thereby providing for a convenient means
of capturing photo-generated charges and transporting them back to the electrode surface. Previous
studies have focused on using and chemically attaching either CdS®® or CdSe®*® QDs directly onto
SWNT templates (e.g. Figure 1.5) in order to optimize the practical efficiency of generating
photocurrent in these systems under visible light illumination. Transient absorption experiments
have confirmed the quick deactivation of excited CdS species on the SWNT surface, as the transient

bleaching activity recovers in about 200 ps.%*
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Figure 1.5 Left: Synthetic steps involved in the preparation of the SWNT—CdS composite: a)
SWNT suspension in THF, following the addition of CdlI. solution, b) dropwise addition of NazS, c)
completion of the reaction, as the SWNT-CdS composite settles down in THF, and d) re-suspension
of SWNT-CdS in methanol. (Reprinted from ref. 90). Right: Photocurrent generation using SWNT-
CdSe composite materials (Reprinted from ref. 93).

To date, enormous efforts have been expended for the fabrication of nanoscale
heterostructures, comprised of QDs deposited onto CNTSs for improving solar device performance.
Generally, CNT— QD heterostructures have been fabricated via either in situ growth, covalent, or
non-covalent approaches. The in situ deposition of QDs onto the 1D CNTSs can be realized by either
chemical bath deposition or successive ionic layer adsorption and reaction (SILAR) protocols.®®
However, the in situ growth and immobilization of QDs on the CNT scaffold surface usually
encounters the difficulty of precise control over the morphology and size of the as-deposited QDs.
Normally, to obtain QD-CNT composites with a narrow size distribution and a uniform morphology,
a covalent attachment method is often employed. Surface oxygenated moieties are required for the
covalent bond formation between CNTs and QDs, and these oxygen-rich species are often generated
by the treatment of CNTs with strong acids, so as to form carboxylic acid functionalities (as well as
keto, aldehyde, and alcoholic groups) on the external nanotube surface. Such a chemical treatment

necessarily also however increases the possibility of localized defects, thereby disrupting the 7-
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bonding symmetry of the sp?-hybridized orbitals and potentially resulting in unwanted alterations in
not only conductivity but also other desirable electrical and mechanical properties.

To mitigate for this issue, Olek et al. reported on a polymer wrapping technique that has been
used to non-covalently attach QDs onto the surfaces of MWNTSs without introducing defects;® this
mild functionalization method represents a promising means of preserving the high conductivity of
CNTs in the subsequent QDSCs. Moreover, a hybrid architecture in which polymers, CNTs, and
QDs are collectively utilized and combined into one discrete functional configuration has drawn
significant attention, recently. Specifically, a P3HT: PbS QD / MWNT nanohybrid-based solar cell®’
has been reported to efficiently harvest the “often-lost” but important near-IR photons from the solar
spectrum. It has been proposed that this effect can be attributed to the involvement of the NIR
harvesting capability of PbS QDs coupled with the enhanced separation and transport of photo-
excited charge carriers along the MWNT and polymer networks towards the electrodes themselves.

Although the non-covalent strategy can reduce the possibility of breaking the desired C=C
sp? symmetry, the resulting composites often suffer from the poor structure stability, due to the
relative weak electrostatic interactions and/or n-x stacking. The lack of long-term stability, high
sensitivity to changes in pH and ionic strength, and difficulty in terms of control over QD
stoichiometry and loading limit the practical application of heterostructures, specifically prepared

using this method.%

1.5. Three-dimensional (3D) metal oxides
Metal oxide nanostructures are promising electrode materials for lithium ion batteries

(LIBs) and supercapacitors, because of their high specific capacity, which is typically 2-3 times
higher than that of the traditional graphite electrodes.®® In particular, transition metal oxides are
of great interest because of their capability of storing lithium by the conversion mechanism, in

which the active material is fully reduced by lithium to the metal form. In addition, some metal
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oxides such as iron and manganese oxides are abundant in nature and therefore low-cost. The
size and morphology of metal oxide nanostructures can also be easily tuned, which makes it
possible to systematically investigate possible structure-electrochemical property relationships
and correlations.’® However, several unfortunate issues have limited the practical application of
various metal oxides. First, the wide bandgaps of some of the most extensively studied oxides
(such as MnO., Co304, and NiO) often lead to poor electrical conductivity, which can thereby
result in legitimate safety concerns, due to the generation of a large amount of heat during the
charge/discharge cycles. Second, metal oxides generally suffer from poor ion transport
kinetics.1%! Lastly, some metal oxides inevitably are limited by pronounced volume expansion
and contraction during cycling, thereby resulting in pulverization of the electrode film.1%

To mitigate for such problems, extensive research efforts have been expended in
downsizing oxides into nanoscale motifs, which can facilitate ions to enter the internal region of
the electrode matrix by providing for sufficient ion transport. Among the various nanoscale metal
oxides, the 3D nanostructures hold many inherent and critical advantages for energy storage over
electrodes comprised of either 0D nanoparticles or 1D nanowires of electroactive materials: 1)
High surface area: the hierarchical structural design increases the relative surface area of the
electrode material, which is extremely important for LIBs, owing to an improvement in the
accessibility for lithium ions and the electrochemical kinetics between the metal oxide materials
and electrolytes. ii) Tunable free volume of the 3D architecture accommodates for the expansion
of the metal oxides upon lithium insertion. iii) Shortened lithium diffusion distance: The
nanostructured nature of the electrodes implies a shortened transport length for Li-ion diffusion
either through the lattice (in the case of intercalation materials) or through the regions of lithium

oxide (in the case of either conversion or alloying reactions).1%
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The model metal oxide system studied in this thesis is LiaTisO12 (LTO) with a cubic
space group Fd-3m, illustrated in Figure 1.6,%* known as the ‘zero-strain’ material. In LTO, all
of the tetrahedral 8a sites are occupied by lithium, and the octahedral 16d sites are shared by
lithium and titanium with an atomic ratio of 1: 5 within the cubic oxygen array. LTO can be
denoted as [Liz]sa[ TisLi]16a[O12]32¢. During the lithiation process, three lithium atoms at the 8a
sites move to the empty 16c sites, and the new lithium atoms will also take up the 16c¢ sites,
converting the initial spinel structure to a rock salt structure LizTisO12 ([Lis]16c[ TisLi]16d[O12]32e).
The occupation of these sites by lithium ions does not change the structure of LTO, thereby
resulting in an intriguing ‘zero-strain’ property. Moreover, it has been proven that more than
three lithium ions can be inserted per formula, as the 8a, 8b, and 48f sites can be occupied after
the 16c sites are fully occupied. Thus, LisTisO12 can be further denoted as LigTisO12,
corresponding to the capacity below 1.0 V.10

LTO has also been extensively studied as an excellent alternative anode material, due to
several intrinsic advantages, including (i) its outstanding structural stability, due to its ‘zero-
volume’ change during electrochemical cycling; (ii) its high and stable potential plateau value
(i.e. 1.55 V versus Li/Li"), which circumvents solid electrolyte interphase (SEI) formation and
avoids the possibility for a battery short circuit issue, triggered by the formation of lithium
dendrite deposition on the surface of the electrode; as well as (iii) its fast electrode kinetics,
enhanced by possible 3-dimensional Li*-ion diffusion pathways within the spinel structure.6: 106
However, the inherently sluggish lithium ion diffusion coefficient of bulk LisTisO12 (i.e. 10° to
10713 cm?/s)107: 198 coupled with its low intrinsic electronic conductivity (i.e. 1023 S/cm)109110

greatly limit its overall rate capability. In this dissertation, we will focus on mitigating these
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problems through i) generating novel hierarchical flower-shape LTO motifs and ii) attaching

CNTs as conductive additives onto as-prepared LTO structures.
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Figure 1.6 Structure of LisTisO12, LizTisO12, and LigTisO12 (Reprinted from Ref. 104).

1.6. Application of CNT-metal oxide heterostructures in Li-ion batteries
As discussed in Section 1.2.3, in order to enhance the electron conductivity of either the

semiconducting or insulating metal oxide electrode materials, CNTSs are often incorporated, due
to their superior electron conductivity and structural stability. Two rational strategies have been
mainly utilized to form the CNT-metal oxide hybrids. First, CNTs are often coated on the oxide
surface, which is mostly realized by soaking the oxides into a dispersion of CNTSs, either at room
temperature or under hydrothermal/solvothermal conditions. Another hybrid structure consists of
coaxial carbon core-oxide shell nanostructures. Several important advantages are associated with
this hybrid configuration, including (i) good electron conduction due to the presence of a carbon
core, (ii) a homogeneous electrochemical accessibility and a high ionic conductivity by avoiding
binders and other additives that could give rise to additional detrimental grain boundaries, and
more interestingly, (iii) a dual energy-storage mechanism. !

Currently, substantial research has successfully highlighted the plausibility of

incorporating CNTs within the context of 0D, 1D, and 2D LTO-based anode materials using

either physical mixing or in situ deposition methods.*211” For example, Fang et al. prepared
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LTO/CNT-based composites by embedding submicron LTO particles within a network of
conductive multi-walled carbon nanotubes (MWNTS); the resulting composite exhibited
excellent rate and cycling performance, i.e. a value of 163 mAh g at 2 C after 1000 cycles.!8 In
addition, Ni et al. reported on the use of CNTs to which LTO nanoparticles had been
immobilized by means of liquid phase deposition as a composite anode material for high rate
LIBs; these materials delivered 112 mAh g at a 20 C discharge rate.!® Additional examples
abound. Shen et al. were able to grow LTO sheathes with a measured thickness of ~25 nm on the
exterior of a MWNT core, and noted that these structures exhibited significantly higher rate
capabilities of 158.9, 147.8, 136.3, and 123.6 mAh g at rates of 1, 5, 10, and 20 C, and an even
better capacity retention potential, as compared with their uncoated analogues.'?® Zhang et al.
recently developed LTO nanosheet/CNT composites, which demonstrated 145 mAh gtand 118

mAh gat discharge rates of 11C and 23 C, respectively.'’

1.7. Objectives of Current Work
In terms of the application of CNT-QD heterostructures in photovoltaic devices, although

CNT-CdSe QD nanocomposites have been widely investigated in the recent literature with the
goal of enhancing the photovoltaic efficiency, there is still a lack of systematical study in CNT-
QD systems with a focus on probing and correlating the effect of varying attachment strategies
(Chapter 3), QD sizes (Chapter 4), and linker molecules (Chapter 5), with the resulting charge
transfer properties of as-prepared nanocomposites.

This dissertation demonstrates the first attempt to put forth a unique compilation of
complementary data from experiment and theory, including results from transmission electron
microscopy (TEM), near-edge X-ray absorption fine structure (NEXAFS) spectroscopy, Raman
spectroscopy, electrical transport measurements, and theoretical modeling studies, in order to

probe charge transfer behaviors within 2 nanoscale entities, i.e. DWNT and CdSe QDs with
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different sizes, in the context of a heterostructure, joined together by various chemical ligand
bridging molecules as well as various attachment modalities. Experimentally, while NEXAFS,
Raman, and electrical transport measurements have been separately applied as tools to
investigate charge transfer in various types of carbon nanotube-based heterostructures for years.
However, to the best of our knowledge, this is the first time in which all of these unique
experimental protocols have been applied within the context of DWNT-linker-QD
heterostructures in order to study the nature of interfacial charge transfer.

Theoretical modeling has been utilized to i) probe the intrinsic properties of individual
linker, i.e. the linker lengths and energy levels, and ii) calculate the NEXAFS spectra in order to
understand the contributions of constituent groups of carbons to the total spectra and further
correlate the intensity variations in the NEXAFS spectra with the actual charge transfer process.
In effect, we have engaged in deliberative and systematic efforts to employ a complementary
suite of all of experimental and theoretical methodologies to address the issue of charge transfer
in nanotube-QD model systems with the objective of understanding the effect of varying QD
size, coverage density, ligand composition, and attachment strategy, which can potentially lead
to very practical improvements in terms of both photovoltaic efficiency and cost-effectiveness.

With respect to CNT-LTO heterostructures for LIB application, a novel flower-like
nanostructured LTO motif was synthesized by a facile, low-cost, and large-scale hydrothermal
process involving unique, re-useable, and recyclable precursors followed by a short, relatively
low-temperature calcination in air. The material (i) delivered capacity of 141, 137, 123, and 60
mAh gt under high discharge rates of 10 C, 20 C, 50 C, and 100 C at cycles of 55, 60, 65, and
70, respectively; (ii) maintained a capacity retention value of ~97% from cycle 10 — 100; ~99%

from cycle 20 — 100 at discharge rate of 0.2 C; and an impressive ~87% using a more rigorous
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discharge rate of 20 C from cycles 101-300, respectively; and (iii) at the highest discharge rate of
100 C, the “flower-like’ LTO provided for ~3X the discharge capacity of the spherical
commercial material (Chapter 6).

Furthermore, 3D “flower-like” LTO-multiwalled carbon nanotube (MWNT) composites
were generated via different preparative approaches, including (i) physical sonication, (ii) an in
situ direct deposition approach, as well as (iii) a covalent chemical attachment protocol. Such
composites possessed a number of structural advantages that can assist in improving the
measured anode performance. First, the thin constituent nanosheets within the flower-like LTO
micron-scale spheres can provide for a reduced lithium ion diffusion distance. Second, the
numerous roughened surfaces of the thin petal-like nanosheets, associated with a high surface
area, represent potentially favorable active sites for the interaction of the electrolyte with LTO.
Third, the incorporation of the MWNT network not only efficiently provides for viable electrical
pathways to the LTO flower-like structure from the current collector but also increases the
mechanical stability of the underlying electrode through the interweaving of the electrode
components. To the best of our knowledge, we are the first to correlate the actual preparative
strategy, i.e. the particular chemical treatment process used to generate these composite
materials, of a novel hierarchical nanoscale motif, relevant for battery applications, with its
resulting physically significant electrochemical performance. (Chapter 7).

The following sections provide a concise outline of each chapter.
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1.7.1. Synthetic methods for CNT-based heterostructures as well as experimental and theoretical
characterization techniques of the structural, opto-electronic, and electrochemical properties of

the as-prepared composites (Chapter 2)

In this chapter, we will provide a core set of experimental methods, which have been
employed to purify and functionalize CNTSs, synthesize and initiate a ligand-exchange for CdSe
QDs, generate LTO, as well as fabricate CNT-QD and CNT-LTO heterostructures. In order to
examine the structure of our as-prepared nanostructures as a function of composition,
crystallinity, size, structure, and morphology, we discuss data collected using powder X-ray
diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), and electron microscopy
techniques including scanning electron microscopy (SEM), and transmission electron
microscopy (TEM). In addition, we describe results from the methods used for evaluating opto-
electronic properties including near-edge X-ray absorption fine structure (NEXAFS)
spectroscopy, Raman spectroscopy, electrical transport measurements, UV-visible (UV-visible),
and photoluminescence spectroscopies.

Additionally, self-consistent density functional theory (DFT) calculations using the PBE-
0 functional*?' 122 within the 6-31G*'?3 basis set will be discussed, with the focus on modeling
the differentially functionalized CNT-QD systems and obtaining theoretical X-ray absorption
spectra (XAS), according to Fermi’s Golden Rule. Furthermore, for work on LIBs, electrode
preparation, and electrochemical characterization methods (e.g. charge/discharge profiles and

electrochemical impedance spectroscopy (EIS) measurements) will be described.
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1.7.2. Probing differential optical and coverage behavior in nanotube—nanocrystal

heterostructures synthesized by covalent versus non-covalent approaches (Chapter 3)

Double-walled carbon nanotube (DWNT) - CdSe QD heterostructures with the individual
nanoscale building blocks linked together by 4-aminothiophenol (4-ATP) have been successfully
synthesized using two different and complementary routes, i.e. covalent attachment and n-7t
stacking. Specifically, using a number of characterization methods, we have probed the effects of
these differential synthetic coupling approaches on the resulting CdSe quantum dot (QD)
coverage onto the underlying nanotube template as well as the degree of charge transfer between
the CdSe QDs and the DWNTSs. In general, we noted that heterostructures generated by non-
covalent 7t-7t stacking interactions evinced not only higher QD coverage density but also possibly
more efficient charge transfer behavior as compared with their counterparts, produced using

covalent linker-mediated protocols.

1.7.3. Probing the Dependence of Electron Transfer on Size and Coverage in Carbon Nanotube—

Quantum Dot Heterostructures (Chapter 4)

As a model system for understanding charge transfer in novel architectural designs for
solar cells, double-walled carbon nanotube (DWNT) — CdSe quantum dot (QD) (QDs with
average diameters of 2.3 nm, 3.0 nm, and 4.1 nm, respectively) heterostructures have been
fabricated. The individual nanoscale building blocks were successfully attached and combined
using a hole-trapping thiol linker molecule, i.e. 4-mercaptophenol (MTH), through a facile, non-
covalent n-w stacking attachment strategy.

Transmission electron microscopy (TEM) confirmed the attachment of QDs onto the
external surfaces of the DWNTSs. We herein demonstrate a meaningful and unique combination

of near-edge X-ray absorption fine structure (NEXAFS) and Raman spectroscopies, bolstered by
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complementary electrical transport measurements in order to elucidate the synergistic
interactions between CdSe QDs and DWNTSs, which are facilitated by the bridging MTH
molecule that can scavenge photo-induced holes and potentially mediate electron redistribution
between the conduction bands in CdSe QDs and the C 2p-derived states of the DWNTSs.
Specifically, we correlated evidence of charge transfer as manifested by (i) changes in the
NEXAFS intensities of the =" resonance in the C K-edge and Cd Ms-edge spectra, (ii) a
perceptible outer tube G-band down-shift in frequency in the Raman spectra, as well as (iii)
alterations in the threshold characteristics present in transport data, which varied as a function of
the nature of CdSe QD deposition onto the underlying DWNT surface. In particular, the separate
effects of (i) varying QD sizes and (ii) QD coverage densities on the electron transfer were

independently studied.

1.7.4. Ligand-induced Dependence of Charge Transfer in Nanotube-Quantum Dot

Heterostructures (Chapter 5)

As a model system to probe ligand-dependent charge transfer in complex composite
heterostructures, we fabricated double-walled carbon nanotube (DWNT) — CdSe quantum dot
(QD) composites. Whereas the average diameter of the QDs probed was kept fixed at ~4.1 nm
and the nanotubes analyzed were similarly oxidatively processed, by contrast, the ligands used to
mediate the covalent attachment between the QDs and DWNTSs were systematically varied to
include p-phenylenediamine (PPD), 2-aminoethanethiol (AET), and 4-aminothiophenol (ATP).
Herein, we have put forth a unique compilation of complementary data from experiment and
theory, including results from transmission electron microscopy (TEM), near-edge X-ray
absorption fine structure (NEXAFS) spectroscopy, Raman spectroscopy, electrical transport

measurements, and theoretical modeling studies, in order to fundamentally assess the nature of
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the charge transfer between CdSe QDs and DWNTS, as a function of the structure of various,
intervening bridging ligand molecules.

Specifically, we correlated evidence of charge transfer as manifested by changes and
shifts associated with NEXAFS intensities, Raman peak positions, and threshold voltages both
before and after CdSe QD deposition onto the underlying DWNT surface. Importantly, for the
first time ever in these types of nanoscale composite systems, we have sought to use theoretical
modeling to justify and account for our experimental results. Our overall data suggest that (i) QD
coverage density on the DWNTSs varies, based upon the different ligand pendant groups used and
that (ii) the presence of a m-conjugated carbon framework within the ligands themselves and the
electron affinity of the pendant groups collectively play important roles in the resulting charge

transfer from QDs to the underlying CNTs.

1.7.5. Enhanced Performance of “Flower-like” LisTisO12 Motifs as Anode Materials for High-

rate Li-ion Batteries (Chapter 6)

Flower-like motifs of LisTisO12 have been synthesized by using a facile and large-scale
hydrothermal process involving unique precursors followed by a short, relatively low-
temperature calcination in air. Specifically, the resulting flower-like LisTisO12 microspheres
consisting of thin nanosheet constituents can provide for an enhanced surface area and a reduced
lithium ion diffusion distance. The high surface areas of the exposed roughened, thin petal-like
component nanosheets are beneficial for the interaction of the electrolyte with LisTisO12, thereby
ultimately providing for improved high-rate performances and favorable charge/discharge
dynamics. Electrochemical studies of the as-prepared nanostructured LisTisO12 clearly reveal
their promising potential as an enhanced anode material for lithium ion batteries, thereby

presenting both excellent rate capabilities (delivering 148, 141, 137, 123, and 60 mAh g under
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discharge rates of 0.2 C, 10 C, 20 C, 50 C, and 100 C, at cycles of 50, 55, 60, 65, and 70,
respectively) and stable cycling performance (exhibiting a capacity retention of ~97% from
cycles 10 — 100, under a discharge rate of 0.2 C, and an impressive capacity retention of ~87%

using a more rigorous discharge rate of 20 C from cycles 101-300).

1.7.6 Understanding the Effect of Preparative Approaches in the Formation of “Flower-like”
LisTisO12 - Multiwalled Carbon Nanotube Composite Motifs with Performance as High-rate

Anode Materials for Li-ion Battery Applications (Chapter 7)

We have correlated nanoscale attachment modality with electrochemical performance,
herein. Specifically, various loading ratios of multi-walled carbon nanotubes (MWNTS) have
been successfully anchored onto the surfaces of a unique “flower-like” LisTisO12 (LTO) micro-
scale sphere motif, for the first time, using a number of different and distinctive preparative
approaches, including (i) a sonication method, (ii) an in situ direct-deposition approach, as well
as (iii) a covalent attachment protocol. In terms of structural characterization, the composite
generated by physical sonication retained the intrinsic hierarchical “flower-like” morphology and
exhibited a similar crystallinity as compared with that of pure LTO. By comparison, the
composite prepared by an in situ direct deposition approach yielded not only a fragmented LTO
structure, likely due to the possible interfering presence of the MWNTSs themselves during the
relevant hydrothermal reaction, but also a larger crystallite size, owing to the higher annealing
temperature associated with its preparation. Finally, the composite created via covalent
attachment was covered with an amorphous linker, which probably led to a decreased contact
area between the LTO and the MWNTSs and hence, a lower crystallinity in the resulting
composite. Electrode tests suggested that the composite generated by sonication out-performed

the other two analogous heterostructures, due to a smaller charge transfer resistance. In
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particular, the LTO-MWNT 10 wt% composite, produced by physical sonication, exhibited a
reproducibly high rate capability as well as a reliably solid cycling stability, delivering 148 mA h
gl at 20 C with a 96% capacity retention from cycles 25-95. Such data denote the highest

measured performance measured to date for LTO-carbon nanotube-based composite materials.
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Chapter 2. Synthetic methods for CNT-based heterostructures as well as experimental and
theoretical characterization techniques associated with the structural, opto-electronic, and
electrochemical properties of as-prepared composites

2.1. Synthesis methods used in this thesis

2.1.1. Purification and surface functionalization of CNTs

DWNTs. Specifically, 50 mg of pristine DWNTSs (Helix Material Solutions) (Figure
2.1A) were dispersed in 8 M HNOz by sonication and then heated to 95<C for 20 h so as to
remove metal catalysts and carbonaceous impurities, including SWNTSs and amorphous carbon.
The resulting purified and oxidized DWNTSs (Figure 2.1B) were filtered through a 200 nm
polycarbonate membrane (Millipore), thoroughly washed with excess water, and dried at 80C

for 18 h.

Figure 2.1 TEM images of (A) pristine and (B) purified DWNTSs. (Reprinted with permission
from Dalton Trans., 2014, 43, 7480 — 7490. Copyright 2014 Royal Society of Chemistry.)

MWNTSs. Pristine MWNTS (SES Research) (Figure 2.2A) were initially dispersed in
concentrated HNOs by sonication and further refluxing at 120<C for 4 h in order to (a) remove

any remnant metal catalysts and carbonaceous impurities, as well as to (b) generate functional,
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oxygenated carboxylic acid moieties onto the nanotube surfaces. The resulting purified and
oxidized MWNTSs (Figure 2.2B), possessing a diameter range of 10 to 30 nm, were filtered
through a 200 nm polycarbonate membrane (Millipore), thoroughly washed with excess water,

and dried at 80<C for 18 h.

Figure 2.2 TEM images associated with (A) pristine MWNTSs and (B) functionalized MWNTs
after an HNOg treatment. The region containing amorphous carbonaceous impurities is indicated
by the white circle.

2.1.2. Synthesis and ligand-exchange of CdSe

In order to synthesize CdSe quantum dots, we started off with a number of molecular
precursors including hexadecylamine (HDA) (90%), selenium powder (100 mesh, 99.5%), 1, 3-
dicyclohexyl-carbodiimide (DCC) (99%), p-phenylenediamine (PPD) (99%), 4-mercaptophenol
(MTH) (97%), and 4-aminothiophenol (4-ATP) (97%), all of which were procured from Aldrich.
In addition, we also purchased tri-n-octylphosphine oxide (TOPO) (99%), stearic acid (97%),
cadmium oxide (CdO) (99%), tri-n-butylphosphine (TBP) (95%), and 2-aminoethanethiol

hydrochloride (98%) (AET) from Acros Organics.
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Synthesis of CdSe with various sizes. CdSe QDs with various sizes have been prepared,
according to a well-known protocol, developed by the Peng group.! Briefly, 0.2 mmol of
cadmium oxide (CdO) and 0.8 mmol of stearic acid were added to a three-necked round bottom
flask, then de-gassed, and ultimately heated at 150 <C under an Ar atmosphere. Once the contents
were dissolved, 3.88 g each of trioctylphosphine oxide (TOPO) and hexadecylamine (HDA)
were added to the flask and heated to 320<C under an Ar atmosphere. Separately, a precursor
selenium (Se) solution was prepared in an air-sensitive glovebox environment wherein the Se
was dissolved in tributylphosphine (TBP) and dioctylamine (DOA). Once the solution mixture
had attained 320 <C within the flask, the Se precursor was injected therein, and QD growth was
allowed to proceed for different time intervals in order to obtain the desired QD size at 270<C.
Depending on the targeted QD sizes, different sources of TOPO were chosen with minor
modifications of the reaction algorithm. For example, to create QDs possessing average particle
diameters of 2.3 nm and 3.0 nm, TOPO from Alfa Aesar was used, with corresponding reaction
times of 15 s and 20 min, respectively. As for the synthesis of QDs with average diameters of 4.1
nm, TOPO from Acros Organics was utilized with reaction times of ~100 s (Figure 2.3). After
growth was achieved, the mixture was later cooled to room temperature, then washed with either

methanol (MeOH) or acetone, and ultimately stored in hexane.
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Figure 2.3 (A) UV-visible spectra of as-prepared CdSe QDs possessing average diameters of
2.3, 3.0, and 4.1 nm, respectively. (B) XRD patterns of as-prepared CdSe QDs (measuring 3.0
nm in diameter). The corresponding literature database standard (JCPDS #08-0459) is shown
immediately below and is highlighted in red. (Reprinted with permission from J. Phys. Chem. C,
2015, 119, 26327-26338. Copyright 2015 American Chemical Society.)

Ligand-exchange process of CdSe QDs with targeting ligands. The ligand exchange
process was carried out on our as-prepared CdSe QDs in order to substitute the native TOPO and
HDA capping agents with a targeted series of specific ligand moieties of interest. In a typical
experiment, 0.1 mmol of each ligand was dissolved in 2 mL methanol and added drop-wise to a
suspension of as-prepared, TOPO/HDA-capped CdSe QDs (0.04 mmol) in 4 mL of hexane
([ligands]/[QDs] = 25). Under dark conditions, individual methanolic mixtures of thiol-based
AET, ATP and MTH ligands were stirred for 30 min; the analogous methanolic solution of PPD
was heated at 40 <C and stirred for 6 h under argon atmosphere, until the CdSe QDs could be
subsequently precipitated, upon completion of the ligand exchange process. As-generated ligand-
exchanged QDs were then collected by centrifugation and subsequently washed with methanol

and ethanol at 9000 rpm for 5 min for three successive times. As-generated MTH-capped QDs

were then collected by centrifugation and subsequently washed with a methanol and chloroform
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mixture (with a volume ratio of 1: 8) at 9000 rpm for 5 min for three successive times. The
resulting processed QDs were ultimately re-dispersed in dimethyl sulfoxide (DMSO) for

additional characterization.

2.1.3. Synthesis of DWNT-ligand-CdSe QD heterostructures

Non-covalent attachment/ -7 stacking strategy. In a typical run (Scheme 2.1),2 1 mg
of pDWNT was dispersed in 10 mL DMSO by sonication followed by the addition of 2 mL of
ATP-CdSe/MTH-CdSe QDs (0.004 mmol) in DMSO in a drop-wise manner. The resulting
mixture was further sonicated for 10 min. Upon completion of the reaction, the solution was
filtered using 200 nm polycarbonate membranes (Millipore), extensively washed with distilled
water and ethanol in order to remove the excess free-standing CdSe QDs, and ultimately stored

at 4<C, prior to further measurements.

Acid

OH

(MTH)

Q > Q=

Scheme 2.1. Synthetic route associated with the non-covalent attachment of MTH-functionalized
CdSe QDs onto underlying DWNT frameworks. (Reprinted with permission from J. Phys. Chem.
C, 2015, 119, 26327-26338. Copyright 2015 American Chemical Society.)
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Covalent attachment strategy. In a representative run (Scheme 2.2),% 1 mg of pPDWNTs
were dispersed in 10 mL DMSO by sonication followed by the addition of 35 mg DCC in
dimethylformamide (DMF) solution, a biochemically inspired protocol allowing for the
activation of the surface carboxylic acid groups on the exterior of the pPDWNTSs and thereby
facilitating the subsequent and effective immobilization of larger amounts of QDs anchored onto
the DWNT surface in as little as 4 h of overall reaction time. We note that we added 1-
hydroxybenzotriazole (HOBT) to DCC in a molar ratio of 1: 1 in order to minimize the
formation of an unwanted side product, e.g. diisopropylurea (DIU). A solution of 2 mL
PPD/AET/ATP-capped CdSe QDs (0.004 mmol) in DMSO was subsequently introduced to the
resulting solution and stirred in the dark for 4 h. Upon reaction completion, the solution was
filtered using 200 nm polycarbonate membranes (Millipore), extensively washed with distilled
water and ethanol in order to remove excess free-standing CdSe QDs, and ultimately stored at
4<C, prior to further analysis.

Scheme 2.2 highlights a plausible reaction scheme associated with the synthesis of our
DWNT-QD heterostructures, using a covalent attachment strategy. It is also worth mentioning
that the creation of an amide bond (indicated in black) may not necessarily be the only bonding
interaction that results in the attachment of QDs onto underlying DWNTSs. Specifically, some
QDs may additionally interact with the presence of oxygenated defects localized on the outer
DWNT surface through the plausible mediation of a Cd—O-C linkage (highlighted as red dotted

lines), due to the relatively favorable affinity for metal-oxygen bond formation.

50



) N
Acid ggg E oH % (NR|
xidation b o
Oxidat .)ngv (<° o \O

Ligand exchange A: O ﬂ) ON—@—NHZ

H,N ~"“sH
Ligand exchange B: O ? OS/\/NH2

2

Q =ty Qs

N=C=N =

<:§ b == DCC O = CdSe Heterostructure A:
N|-|2—<j>—m12 == PPD
Heterostructure B:

HZN\/\SH == AET

NH2@SH == ATP Heterostructure C:

Scheme 2.2. Synthetic route associated with the covalent attachment of DWNTs with CdSe QDs
functionalized with PPD, AET, and PPD ligands, respectively (Reprinted with permission from
Nanoscale, 2016, DOI: 10.1039/C6NR03091B. Copyright 2016 Royal Society of Chemistry.)

Ligand exchange C:

-

2.1.4. Synthesis of “flower-like ’LisTisO12 microspheres

The synthesis strategy we have chosen herein to generate the flower-like LisTisO12 (LTO)
is a hydrothermal reaction. The term hydrothermal was first used by the British geologist, Sir
Roderick Murchison, to describe the action of water at elevated temperatures and pressures in
bringing about changes in the earth’s crust, thereby leading to the formation of various rocks and
minerals. A deeper understanding of this concept has led to the development of the hydrothermal
technique. In 1845, Schafthaul was first to take advantage of this mineral formation process in

nature to obtain quartz crystals upon transformation of freshly precipitated silicic acid in Papin’s
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digester.* Hydrothermal reactions can be defined as any heterogeneous reactions in the presence
of aqueous solvents or mineralizers under high pressure and temperature conditions, performed
in an apparatus consisting of a steel pressure vessel called an autoclave, to dissolve and
recrystallize materials that are relatively insoluble under ordinary conditions. The hydrothermal
method possesses several intriguing advantages over other synthesis strategies, such as high
product purity and homogeneity, the capability of generating metastable compounds with unique
physicochemical properties, narrow particle size distributions, as well as fast reaction times.*

In a typical synthesis of flower-like LTO, the relevant precursors, i.e. flower like Li-Ti-O
hydrate micron-scale spheres, were fabricated using a straightforward hydrothermal reaction.
Specifically, we cut the Ti foil (STREM chemicals, 99.7%) into 40 pieces, measuring 1 cm x 1
cm squares, and placed pieces of this Ti foil into the bottom of the Teflon liner of an 120 mL
autoclave. In particular, 86.1 mL of 0.5 M LiOH and 7.83 mL of 30% (w/w) H.O> aqueous
solution were then added to the solution, followed by strong stirring at room temperature for 15
min. Afterwards, the as-prepared solution mixture was transferred into a stainless steel autoclave,
which was subsequently heated at 130<C for 4 h. After cooling down to room temperature, the
suspension and associated white precipitate, which had formed, were separated by vacuum
filtration, washed with aliquots of deionized water and ethanol for several times, and then
ultimately oven dried at 80<C. The final products were annealed at 500<C in air for 3hin a

muffle furnace in order to obtain flower-like LisTisO1> micron-scale spheres.

2.1.5. Synthesis of ‘flower-like’ LisTisO12 micron-scale sphere - MWNT composites.

To demonstrate the inherent flexibility of our preparative methodology and to further
study the correlation between synthetic strategies, i.e. the chemistry of heterostructure formation,

and electrode performance, composites were generated by three complementary strategies,
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namely by means of (1) a physical mixing of pre-formed structures by sonication; (2) a direct in
situ deposition of MWNTSs onto the underlying LTO micron-scale spheres within the context of a
hydrothermal reaction environment; and (3) the covalent attachment of the two constituent
components through the mediation of linker molecules.

Sonication method. The acid-functionalized MWNTSs were well dispersed in dimethyl
sulfoxide (DMSO) by ultrasonication for 1 h in order to obtain a clear black solution. As-
prepared LTO micron-scale spheres were sonicated in water for 30 min before being added into
the MWNT solution in a drop-wise manner. The solution mixture was further ultra-sonicated for
another 1 h. The final product was collected by filtration, washed with deionized water, and dried
at 80<C in order to obtain the resulting LTO-MWNT composites.

In situ direct deposition approach. The functionalized MWNTSs were added to the
autoclave together with the precursors of lithium titanate, namely H20», LiOH, and Ti foil, using
the same reaction parameters, as previously described. The resulting grey product was further
annealed at 600<C for 3 h under an N2 atmosphere in a tube furnace in order to preserve the
underlying structural integrity of MWNTS.

Covalent attachment protocol. The relevant reaction procedures are depicted in Scheme
1. As-prepared LTO micron-scale spheres were initially functionalized with (3-aminopropyl)
triethoxysilane (APTES) linker molecules by dispersing them in anhydrous organic DMSO
solvent, in order to inhibit the formation of undesirable polysilsesquioxane that normally is
generated through the hydrolytic condensation of organosilanes in either water or ethanol-water
media.>’ The coated LTO sample was subsequently reacted at 85<C for 18 h under a N>
atmosphere, followed by thermal curing at 120<C for 24 h in order to generate amine-terminated

LTO. The resulting NH2-terminated LTO product was collected by centrifugation and further
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washed with DMSO for three times to remove any remaining, free-standing APTES molecules.
The acid-functionalized MWNTSs were dispersed in a HoO: DMSO mixture (v: v = 1: 2)
by sonication followed by the addition of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC) and N-hydroxysuccinimide (NHS) in order to activate pendant carboxylic acid groups.
The APTES-derivatized LTO were dispersed in water and mixed in with the MWNT solution in
a 2-morpholino-ethanesulfonic acid (MES) buffer solution. The resulting mixture was reacted
under vigorous stirring for 24 h. The final product was ultimately filtered, washed with excess

deionized water, and finally dried at 80 <C to obtain LTO-MWNT composites.

2.2. Brief introduction to common experimental and theoretical characterization
techniques

2.2.1. Powder X-ray Diffraction

X-ray powder diffraction (XRD) is utilized to probe the crystallinity, crystalline structure,
and chemical composition of as-synthesized nanostructures. Diffraction occurs when light is
scattered by a periodic array with long-range order, producing constructive interference at
specific angles. The atoms in a crystal are arranged in a periodic array and therefore can diffract
light. Electromagnetic waves with wavelengths of the order of 1071° m are called X-rays. The
electric field of such waves interacts with the charges of all electrons of an atom, which then
emit an almost spherical wave with the same wavelength as the incident radiation. The incidence
of a primary X-ray beam onto a sample volume would produce scattering in all directions
without the presence of diffraction effect. Diffraction redistributes intensity from the whole
scattering sphere into distinctive directions. Figure 2.3 illustrates one way of describing these

directions. It entails the notion of scattering lattice planes and interference between the wavelets
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scattered by neighboring lattice planes.® The so-called Bragg reflection occurs when the path of
the wavelet scattered from the lower of the two planes is longer by an integer number of
wavelengths A than that of the wavelet scattered from the upper plane. A reflection will thus
occur when

nA= 2d sinb. [Equation 2.1]

Equation 2.1 above is the so-called Bragg equation, where A is the wavelength of the
radiation, ‘n’ is an integer number, 0 is the angle between the lattice planes and the incident
beam, and ‘d’ is the distance between the lattice planes for which the peak occurs. The scattering
of X-rays from atoms produces a diffraction pattern, which contains information about the
atomic arrangement within the crystal. Amorphous materials like glass do not have a periodic
array with long-range order, so they do not produce a diffraction pattern. Information regarding
the crystalline structure was determined by comparing the experimental diffraction patterns with

standard patterns obtained from the Joint Committee on Powder Diffraction Patterns (JCPDS).

7

Figure 2.3. Geometric representation of Bragg’s law: Constructive interference occures when
the delay between waves scattered from adjacent lattice planes given by a;+ay is an integer
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multiple of the wavelength A (reprinted from Ref. 8).

2.2.2. Electron Microscopy

In addition to XRD, two electron microscopy techniques, i.e. transmission electron
microscopy (TEM) and scanning electron microscopy (SEM), have been widely used in this
thesis in order to enable direct examination of the morphology, size, homogeneity, crystallinity,
chemical composition, and surface structure of our as-prepared nanoscale heterostructures as
well as of their individual building blocks. Transmission electron microscopy (TEM), which was
developed by Max Knoll and Ernest Ruska in 1931,° is a microscopy technique that functions
similarly to a light microscope, except that a beam of electrons instead of light is transmitted
through an ultra-thin specimen, interacting with the specimen as it passes through it. An image is
formed from the interaction of the electrons transmitted through the specimen, which is then
magnified and focused onto a fluorescence screen containing a layer of photographic film.

There are four main components to a TEM: an electron optical column, a vacuum system,
the necessary electronics (lens supplies for focusing and deflecting the beam and the high voltage
generator for the electron source), and control software (Figure 2.4A).1° Inside the electron
microscope, the electron source is collimated into a parallel beam by the condenser lens; this
passes through the sample and is then focused as an enlarged image onto a fluorescent screen,
which emits light when struck by electrons, or, more frequently in modern instruments, an
electronic imaging device such as a CCD (charge-coupled device) camera. The whole trajectory
from source to screen is under vacuum, and the specimen has to be very thin to allow the
electrons to travel through it. Not all specimens can be made thin enough for the TEM.
Alternatively, if we want to look at the surface of the specimen, rather than a projection through

it, a scanning electron microscope is a more appropriate technique.

56



It is not completely clear who first proposed the principle of scanning the surface of a
specimen with a finely focused electron beam in order to produce an image. The first published
description appeared in 1935 in a paper by the German physicist Max Knoll. Although another
German physicist, Manfred von Ardenne, performed some experiments with what could be
called a scanning electron microscope (SEM) in 1937, it was not until 1942 that three
Americans, namely Zworykin, Hillier, and Snijder, first described a true SEM with a resolving
power of 50 nm.1® Modern SEMs can have resolving power better than 1 nm. An SEM, similar to
TEM, consists of an electron optical column, a vacuum system, electronics, and software. The
column is considerably shorter, because the only lenses needed are those above the specimen and
these are specifically used to focus the electrons into a fine spot on the specimen surface.

Generally, a SEM microscope operates by generating an electron beam at the specimen
surface with a spot size of less than 10 nm in diameter. The specimen that is impacted by the
accelerated electrons emits signal in the form of electromagnetic radiation. Selected portions of
this radiation, usually known as secondary (SE) and/or backscattered electrons (BSE), are
collected by a detector, and the resulting signal is amplified and displayed on a computer
monitor. In the most common or standard detection mode, i.e. secondary electron imaging (SEI),
the secondary electrons are emitted from very close to the specimen surface. Back-scattered
electrons (BSE) represent beam electrons that are reflected from the sample by elastic scattering,
which emerge from deeper locations within the specimen and as such, yield a poorer image
quality than that of the SE images. There are no lenses below the specimen. The specimen
chamber, on the other hand, is larger, because the SEM technique does not impose any restriction
on specimen size other than that set by the size of the specimen chamber (Figure 2.4B). The most

important differences between TEM and SEM are as follows:
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) Rather than the broad static beam used in TEM, the SEM beam is focused to a fine
point and scanned line by line over the sample surface in a rectangular raster pattern.

i) The accelerating voltages, i.e. typically 50 to 30,000 volts, are much lower than in
TEM, because it is not necessary to penetrate the specimen; and

i) The specimen is not required to be thin, greatly simplifying specimen preparation.
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Figure 2.4. Comparison between TEM and SEM microscopes (adapted in part from ref. 10).

2.2.3. Thermo-gravimetric Analysis (TGA)

TGA is a thermal analysis technique, which monitors the mass change of the materials as
a function of the increasing temperature and time within a controlled atmosphere. A TGA
consists of a sample pan that is supported by a precision balance. That pan resides in a furnace,
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and is either heated or cooled during the experiment. The mass of the sample is monitored during
the experiment. A sample purge gas controls the sample environment. This gas may be inert or a
reactive gas that flows over the sample and exits through an exhaust. The TGA instrument can
quantify the loss of water, the loss of solvent, the loss of plasticizer, decarboxylation, pyrolysis,
oxidation, decomposition, weight % filler, the amount of metallic catalytic residue remaining on

carbon nanotubes, and weight % ash.!

2.2.4. BET (Brunauer—Emmett—Teller) surface area measurement

Brunauer, Emmett, and Teller (BET) denotes the most common method used to provide
precise specific surface area evaluation of materials by nitrogen multilayer adsorption, measured
as a function of relative pressure using a fully automated analyser, which was first proposed by
these three scientists in 1938.12 BET theory is basically an extension of the Langmuir theory,
which describes monolayer molecular adsorption, onwards to multilayer adsorption with the
following hypotheses: i) gas molecules physically adsorb onto a solid in infinite layers; ii) there
IS no interaction between each adsorption layer; and iii) the Langmuir theory can be applied to
each layer.™® The true surface area, including surface irregularities and pore interiors, is
determined at the atomic level by the adsorption of either an unreactive or inert gas. In BET
surface area analysis, nitrogen is usually used, because of its availability in high purity and its
strong interaction with most solids. The amount of the adsorbates measured is a function not only
of the total amount of exposed surface but also i) temperature, (ii) gas pressure, and (iii) the
strength of interaction between the gas and the solid.

In a typical BET measurement, the known amount of N2 gas is released into the sample
chamber. Relative pressures less than atmospheric pressure can be achieved by creating

conditions of partial vacuum. After the saturation pressure, no more adsorption occurs regardless
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of any further increase in pressure. Highly precise and accurate pressure transducers monitor the
pressure changes due to the adsorption process. After the adsorption layers are formed, the
sample is removed from the nitrogen atmosphere and heated to cause the adsorbed nitrogen to be
released from the material and thereby quantified.

The data collected are displayed in the form of a BET isotherm, which plots the amount
of gas adsorbed as a function of the relative pressure.}* The surface area of the sample is
determined from the BET equation, illustrated in Equation 2.2, which utilizes the information
from the isotherm. ‘X’ is the weight of nitrogen adsorbed at a given relative pressure (P/P,) as a
function of the incident pressure Po, ‘Xm* is the monolayer capacity, which is the volume of gas
adsorbed at standard temperature and pressure (STP), and ‘C’ is a constant.

1 _ 1 +C_1(£) [Equation 2.2]
X[(P-/P)=1] X.C X.C P,

2.2.5. Atomic force microscopy (AFM)

The atomic force microscope (AFM) is a scanning near-field tool, and was invented by
Binnig in 1986 for nanoscale investigation.'® The basic design of an AFM (left-hand image in
Figure 2.5) includes the use of a sharp tip scanning over the surface of a sample, while sensing
the interactions between the tip and the sample.® The tip with a cantilever is mounted onto a
piezoelectric scanner, which can move in three dimensions. During the measurement, a laser
beam is bounced upon the back of the cantilever associated with the tip, which subsequently
deflects the laser in an angular fashion. The movement of the reflected laser beam is detected
with a position-sensitive photodiode. The intensity of the beam deflection changes in response to
the interaction force between the tip and sample, which provides the relevant details in terms of

the surface topography of the sample. AFM usually provides for two imaging modes, known as
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contact mode (right-hand image in Figure 2.5, panel A) and dynamic mode (right-hand image in
Figure 2.5, panel B), in order to visualize the sample topography. In contact mode, the AFM tip
continuously scans over the sample, which causes significant lateral forces in the sample. In the
dynamic mode, the cantilever is oscillated either near or slightly above its resonance frequency

during the scan, which significantly reduces the lateral force between the tip and sample.!’

..........................
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Figure 2.5. Work principle (left) as well as operating modes (right) of the AFM (A. contact
mode and B. dynamic mode) (Adapted in part from ref. 16).

2.2.6. Fourier transform infrared (FT-IR) spectroscopy

FT-IR is the preferred method of infrared spectroscopy. In infrared spectroscopy, IR
radiation is passed through a sample. Some of the infrared radiation is absorbed by the sample,
and some of it is transmitted. IR spectroscopy records the molecular absorption and transmission,
corresponding to the unique signature frequencies of vibrations between the bonds of the atoms
making up the material, thereby creating a molecular fingerprint of the sample.*® FT-IR
spectrometry was developed in order to overcome the limitations encountered with dispersive IR

instruments, which measure all of the infrared frequencies individually, thereby resulting in a
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slow scanning process. In order to achieve the goal of measuring IR frequencies simultaneously,
an optical device called an interferometer is employed, which includes a beam splitter that takes
the incoming infrared beam and divides it into two optical beams. Because the subsequent
analysis requires a spectrum of the intensity at each individual frequency in order to enable an
identification of a certain compound, the measured interferogram signal cannot be interpreted
directly. A well-known mathematical technique called the Fourier transformation was used to
decode the individual frequencies. This transformation process is performed by computer which

then provides the user with the desired spectral information for analysis.*®
2.2.7. Raman

Raman spectroscopy is a spectroscopic technique based on inelastic scattering of
monochromatic light, usually from a laser source. Inelastic scattering means that the frequency
of photons in monochromatic light changes upon interaction with a sample. Photons of the laser
light are absorbed by the sample and then re-emitted. The frequency of the re-emitted photons is
shifted either up or down by comparison with the original monochromatic frequency, which
provides information about the vibrational, rotational, and other low-frequency transitions in
molecules.?’ Raman spectroscopy has provided for an exceedingly powerful tool for the
characterization of carbon nanotubes.?

In this thesis, Raman spectra have been acquired on both DWNT and DWNT-CdSe
heterostructures in order to reveal details about potential charge transfer in between these two
constituent components. Three different Raman regions are generally investigated with respect to
CNTs, namely, the lower frequency radial breathing mode (RBM) region, the D-band, and the G-
band at higher frequency. The study of the RBM frequencies associated with various laser

energy values can be used for characterizing the diameter distributions of SWNTSs within SWNT
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bundles. For example, the D band carries important information about the crystalline quality of
the samples. The disorder-induced D band is only activated in the Raman spectrum of sp?
carbons in the presence of hetero-atoms, vacancies, grain boundaries, or any other defects that
can potentially lower the crystal symmetry of the quasi-infinite lattice. The D-band intensity and
linewidth can be used as a handy probe for measuring the degree of disorder in SWNTs.?

The G-band lineshape can be used to distinguish between metallic from semiconducting
nanotubes within SWNT bundles. The charge transfer is monitored by a shift of the G line. Upon
doping, the G line shifts to higher frequencies for the outer tubes and to lower frequencies for the
inner tubes. Usually, charge transfer from the dopant happens predominantly to the outer tubes at
low doping. Charge transfer to the inner tubes occurs at higher doping levels. Depending on the
type of doping involved, the Fermi level can be shifted either upwards with n-type doping or

downwards with p-type doping.?®

2.2.8. Ultraviolet—visible spectroscopy (UV-Vis)

UV-visible refers to absorption spectroscopy in the UV (200-400 nm) and visible (400-
700) portion of the electromagnetic spectrum. When a molecule containing electrons typically
starting out in a singlet ground state absorbs a photon, the electrons will be excited to higher anti-
bonding orbitals. A UV/Vis spectrophotometer measures the intensity of the transmitted light
passing through a sample (1) as well as the intensity of the incident light at a given wavelength
(lo). The transmittance, T, is defined as the ratio 1/lo, and is usually expressed as a percentage
(%T). The absorbance, A, can be derived from transmittance using A= -log (%T1/100%). The
Beer-Lambert law (Equation 2.3) states that A is directly proportional to the concentration of the
absorbing species in the solution and the path length.?* Therefore, UV-Visible spectroscopy can

be used to determine the concentration of the absorbing species, using Equation 2.3.
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==-log (%T/100%) =ecL  [Equation 2.3],
wherein L is the path length through the sample, ¢ is the extinction coefficient, and c is

the concentration of the absorbing species.

2.2.9. Photoluminescence spectroscopy

Photoluminescence spectroscopy involves the excitation of the sample with incident light
and the detection of the emitted light from the sample. Photoluminescence is divided into two
categories: fluorescence and phosphorescence. A pair of electrons occupying the same electronic
ground state, i.e. a singlet spin state, possesses opposite spins. When the sample absorbs either an
ultraviolet or visible photon, one of its valence electrons moves from the ground state to an
excited state with a conservation of the electron’s spin. Fluorescence is one of many relaxation
processes by which a photon is emitted from the singlet excited state to the singlet ground state
with the same spin, and the average lifetime of an electron in the excited state is only 10°-10%s.
In some cases, an electron in a singlet excited state is transformed to a triplet excited state, in
which its spin is opposite to that of the electron in the ground state. The emission between the
triplet excited state and the singlet ground state is defined as phosphorescence with an average

lifetime ranging from 10 to 10*s.®

2.2.10. Near-edge X-ray absorption fine structure spectroscopies (NEXAFS)

As a means of probing interfacial interactions among nanocomposites, the use of near-
edge X-ray absorption fine structure (NEXAFS) spectroscopy has been extensively
investigated,?6-2° as it characterizes the electronic transitions from a particular core level of an
atom to its unoccupied (i.e. bound or continuum) states. Therefore, NEXAFS spectroscopy is
element specific and is also very sensitive to the local chemical environment. Upon core—hole
decay, two processes can occur, namely either fluorescence emission (i.e. bulk-sensitive)*® or
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Auger electron emission (i.e. surface-sensitive, as probed using the partial electron yield (PEY)
mode).3! By observing these processes, information about the occupancy of the low-lying
unoccupied electronic states specific to the absorbing atom can be derived, and these data have
been productively used to investigate the chemical bonding, electronic structure, and surface
chemistry of many disparate types of nanomaterials.>?

Furthermore, as compared with other techniques, such as but not limited to infrared
spectroscopy (IR), NEXAFS (i) places fewer demands on the actual physico-chemical
characteristics of the substrates analyzed (such as optical transparency), a finding which is
advantageous for in situ analysis, and (ii) provides for high sensitivity upon chemical changes.?
Moreover, by contrast with X-ray photoelectron spectroscopy (XPS) and ultraviolet
photoelectron spectroscopy (UPS) which determines the presence of occupied states in the core
region and the valence region, respectively, NEXAFS probes unoccupied states, and is thus

complementary to both XPS and UPS.%

2.2.11. Field-effect transistors (FETSs) for electrical transport measurement

The field-effect transistor (FET) is a transistor that uses an electric field to control the
electrical conductivity of one type of charge carrier (i.e. either an electron or hole) in a
semiconductor material in an active channel from the source to the drain. The conductivity of the
channel is a function of the potential applied across the gate and source terminals. A FET usually
includes the following components (illustrated in Figure 2.6):*® a thin semiconducting layer,
which is separated from a gate electrode by the insulating gate dielectric as well as source and
drain electrodes of width W(channel width), separated by a distance L (channel length) that are

in ohmic contact with the semiconducting layer.
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The semiconducting layer in the FET is usually deposited using either spin-coating or the
drop-cast method. The gate electrode can be either a metal or a conducting polymer, but very
often, highly doped silicon serves as the substrate and the gate electrode at once. Inorganic
insulators, such as SiO», are often either thermally grown or sputtered onto Si to serve as the gate
dielectrics. The source and drain electrodes, usually high work functional metals, such as Au or
Ag, inject charges into the semiconductor.®* VVoltages that are applied to the gate and drain
electrode are referred to as Vg and Vg, respectively. The source electrode is normally grounded
(Vs = 0). The potential difference between the source and the gate electrodes is usually just
called the gate voltage (Vg), while the potential difference between the source and the drain is
referred to as the source-drain voltage (Vas). The source is the charge-injecting electrode, as it is
always more negative than the gate electrode when a positive gate voltage is applied (i.e.

electrons are injected) and more positive than the gate electrode when a negative gate voltage is

.
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Figure 2.6 Schematic structure of a field-effect transistor with applied voltages: L = channel
length; W = channel width; V = drain voltage; V4= gate voltage; Vtn = threshold voltage; l4=
drain current (Adapted in part from Ref. 33).
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2.2.12. Theoretical modeling methods for simulated X-ray absorption spectra (XAS)

In this thesis, we have simulated theoretical X-ray absorption spectra (XAS) results,
calculated using density functional theory (DFT) calculations,®28 based on Fermi’s Golden
Rule, to compare and ultimately to correlate computed results with measured NEXAFS
experimental data in order to potentially test for and verify predictions from experiments. DFT is
a relatively efficient and unbiased computational quantum mechanical modelling approach used
in physics, chemistry, and materials science in order to investigate the electronic structure
(principally the ground state) of many-body systems, in particular atoms, molecules, and solids
to nuclei in addition to quantum and classical fluids. DFT predicts a great variety of molecular
properties, such as molecular structures, vibrational frequencies, atomization energies, ionization
energies as well as electric and magnetic properties.3®

In the current thesis, the electronic ground state calculations was computed using
NorthWest computational Chemistry (NWChem),*® which is a code developed in the W.R.
Wiley Environmental Molecular Sciences Laboratory (EMSL) at the Pacific Northwest National
Laboratory (PNNL). Such a software package offers a wide range of capabilities and it is able to
take advantage of massively parallel computer architectures, which fully realize the potential of

computational modeling in answering key scientific questions.

2.3. Structural characterization protocols used in this thesis
2.3.1. XRD

For the CdSe QDs, we characterized the crystallinity and crystallographic profile of our
variously processed CdSe QDs using powder XRD. To analyze these materials, as-prepared
samples were sonicated, dispersed in ethanol for about 2 min, and after deposition, finally air-

dried onto transparent glass slides. Diffraction patterns for all of these materials were recorded
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using a Scintag diffractometer, operating in the Bragg configuration with Cu Ko radiation (A =
1.54 A) and scanning in the range from 20 to 80<at a rate of 0.25 “per minute.

In terms of the flower-like LTO and the resulting LTO-MWNT composites,
crystallographic data on as-prepared LTO micron-scale spheres as well as various LTO-MWNT
composites were obtained using a Rigaku Miniflex Il diffractometer, operating in the Bragg
configuration using Cu Ko radiation (1.54 A). Specifically, diffraction data were collected in a
range of 10270at a scanning rate of 1°per minute using a zero-background holder. A Rietveld
refinement has been performed on as-obtained XRD profiles using the EXPGUI interface in the
Match! (Crystal Impact GbR) software, thereby allowing for phase identification from powder

diffraction data.

2.3.2. Electron Microscopy

The structure, morphology, and size of the as-prepared LTO micron-scale spheres were
observed by using a field-emission scanning electron microscope (FE-SEM Leo 1550) operating
at 2.5 kV. LTO-MWNT micron-scale spheres were probed using an analytical high resolution
SEM (JEOL 7600F) instrument, operating at an accelerating voltage of 15 kV and equipped with
EDX capabilities. To prepare these samples for subsequent characterization, fixed quantities
were dispersed in ethanol and sonicated for ~1 min, prior to their deposition onto an underlying
silicon (Si) wafer.

Low-magnification TEM images were collected using an accelerating voltage of 120 kV
on a JEOL JEM-1400 instrument, with a 2048 x 2048 Gatan CCD Digital Camera. High
resolution TEM (HR-TEM) images coupled with SAED patterns were recorded using a JEOL
JEM-3000F microscope, equipped with a Gatan image filter (GIF) spectrometer, operating at an

accelerating voltage of 300 kV. Specimens for all of these TEM runs were prepared by
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dispersing as-prepared samples in ethanol, sonicating for 2 min in order to ensure adequate
dispersion, and finally depositing a drop of solution onto a 300 mesh Cu grid, coated with a lacey
carbon film. Microtomed LTO samples analyzed by using transmission electron microscopy
were processed by using standard techniques. Briefly, samples of as-prepared LTO were
dehydrated by using ethyl alcohol and then embedded in a low-viscosity Spurr’s resin (Electron
Microscopy Sciences, Fort Washington PA). A series of ultrathin sections of 80 nm were serially
prepared by using a Leica EM UC7 ultramicrotome instrument and then placed onto formvar-
coated Cu grids. Sections were then stained with uranyl acetate and lead citrate, and viewed by
using a FEI Tecnail2 BioTwinG? electron microscope. Digital images were acquired with an

AMT XR-60 CCD digital camera system.

2.3.3. Thermo-gravimetric Analysis (TGA)

To test the thermal behavior as well as the MWNT loading ratio in the heterostructures,
thermogravimetric analysis (TGA) data were collected using a TGA Q500 instrument over a
relatively broad temperature range spanning from 30 to 800<C under an air atmosphere, using a

heating rate of 10<C/min.

2.3.4. BET (Brunauer—-Emmett-Teller) surface area

Multipoint BET surface area data were acquired by using a Quantachrome Nova 4200e

instrument with N2 gas as the adsorbent.

2.3.5. FT-IR spectra

To obtain FT-mid-IR data on solid samples, we used a Nexus 670 (Thermo Nicolet)
spectrometer, equipped with a single-reflectance zinc selenide (ZnSe) ATR accessory, a KBr
beam splitter, and a DTGS KBr detector. A series of as-prepared, PPD-, AET-, and ATP-capped

CdSe QD samples as well as MWNT-LTO and DWNT-CdSe heterostructures were then dried in
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a vacuum oven, prior to measurement. Solid samples were physisorbed onto a ZnSe crystal.

Measurements were then taken in reflectance mode by using the Smart Orbit module.

2.3.6. Atomic force microscopy (AFM)

AFM height images were obtained in tapping mode in air at resonant frequencies of 50—
75 kHz with oscillating amplitudes of 10 to 100 nm. The magnitude of the tip oscillation
amplitude was kept at a minimal level for each sample to minimize potential sample damage.
The samples were spin coated from a methanolic solution onto a mica substrate, and imaged with
Si tips (k = 1-5 Nm™?) using a Multimode Nanoscope Illa (Digital Instruments, Santa Barbara,
CA) instrument. All AFM images were taken at the center of the sample substrate, measuring
500 <500 nm?in area, and were normalized to a vertical height scale of 150 nm in order to

permit for self-consistency and comparison within our data set.

2.4. Opto-electronic characterization techniques used in this thesis
2.4.1. UV-visible spectra.

UV-visible spectra of the CdSe QDs were gathered at high resolution by using a
Thermospectronics UV1 instrument on sample dispersions within quartz cells, maintaining a 10
mm path length. Specifically, as-prepared QDs were suspended in hexane, while the ligand-
exchanged QDs were dispersed in dimethyl sulfoxide (DMSO). Collected data were corrected in
order to account for and subtract away the presence of the solvent background. Ensemble

extinction spectra were collected on a PerkinElmer Lambda25 apparatus.

2.4.2. Photoluminescence spectra.

Ensemble photoluminescence (PL) spectra were collected on samples under continuous
stirring utilizing an SC 450-PP Fianium supercontinuum laser and interference filters for

excitation. Steady-state PL was collected using 2MHz pulses. Excitation fluences were kept near
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<N> = 1E-5. A long wave pass emission filter was used in conjunction with a JY-Horiba
monochromator and CCD camera for steady-state detection. Photoluminescence quantum yields
(QY) were calculated using Rhodamine B as a relative standard which has a quantum yield of
0.7.*! Quantum dot concentrations were kept low, with attenuation values between 0.2 and 0.02
so as to avoid errors in QY calculations. Nonetheless, the lower limit for our PL QY detection is

of the order of 1107 %.

2.4.3. Raman.

Raman spectra were accumulated from our samples using a Renishaw inVia high
resolution confocal Raman microscope that had been outfitted with a Leica DM2500 upright
microscope using a 514.5 nm (2.41 eV) in line laser. The microscope stage was equipped with an
automated xyz-motorized stage. Wavelength and intensity calibrations were completed by using
an internal silicon standard, based upon a reference peak at 520 cm™.

Spectra from the samples were acquired using an 1800 line/mm grating, thereby resulting
in a spectral resolution of ~0.5 cm™, with a 10 s integration time per spectrum using a CCD
array. Raw spectra were subsequently processed and analyzed using the WIRE 4.1 software.
Baselines were subtracted from all of the spectra, and the integrated spectral areas were
normalized to an area of 1. The resulting peaks were then fitted with Lorentzian curves in order

to determine the requisite peak positions, integrated areas (intensity), and peak widths.

2.4.4. Near-edge X-ray absorption fine structure spectroscopies (NEXAFS).

We were able to perform carbon K-, oxygen K-, and cadmium Mz-edge NEXAFS
measurements at the NIST U7A beamline at the National Synchrotron Light Source located at
Brookhaven National Laboratory. Specifically, NEXAFS spectra were achieved by using a

horizontally polarized X-ray beam incident at 55° (i.e. magic angle) and a channeltron electron
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multiplier equipped with a variable entrance grid bias. For the various elements studied, the
entrance grid bias was set to —150 V in order to enhance surface sensitivity and to reduce the
low-energy electron background. A toroidal spherical grating monochromator, comprised of a
600 lines/mm grating for the C K-edge data as well as a 1200 lines/mm grating for the Cd M3 &
O K-edges, was used. Slit openings of 30 um %30 um along the beamline provided for an energy
resolution of ~0.1 eV for all measured spectra. An electron flood gun set at 60 pA was used to
mitigate for the possibility of surface charging.

The partial electron yield (PEY) signals were normalized to the incident beam intensity
using the photoemission signal from a freshly evaporated Au mesh located along the incident
beam path. The spectra were calibrated in terms of energy by analyzing the photoemission
current from an amorphous carbon mesh also located along the path of the incident beam.

Spectra were calibrated and normalized using standard routines from the Athena software.*2

2.4.5. Electrical transport.

Electrical transport measurements have been used to complement the NEXAFS and
Raman data as well as to gain additional insights into the impacts of QD size, coverage density
as well as ligand identities. To this extent, devices have been fabricated onto a highly p-doped
silicon substrate with a 90 nm silicon dioxide layer on top. Next, carbon nanotubes either with or
without functionalization are spun out of solution onto the substrate, and the three-terminal
transistor structure is finalized by e-beam lithography and lift-off of titanium / gold (30 nm / 30
nm) source/drain contacts. A probe station set up in conjunction with a parameter analyzer is
then used to determine the current through the device, i.e. Ips, as a function of the drain Vps and
the gate voltage Ves. To reduce any hysteresis effect on the device characteristics, a pulse

measurement set up was used. In a typical pulse measurement, the Hewlett Packard (HP)
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parameter analyzer) is turned off between each data point taken instead of being operated
continuously. In total, more than 180 discrete and distinctive double-wall carbon nanotube
(DWNT) field-effect transistors (FETS) were characterized in this fashion, giving rise to a decent
statistical trend, that have allowed us to observe trends between variously treated devices, in
spite of the presence of possible device-to-device variations arising from different DWNT
chiralities and diameters as well as general experimental non-reproducibilities. All data presented

in this article were obtained at room temperature under a vacuum of about 10 Torr.

2.5. Theoretical modeling methods used in this thesis
Since the DWNTSs used in our experiments possess outer diameters of about 10 nm and

have tendency to form larger bundles, curvature and reduced dimension effects should be quite
small, and thus, the outer surface of the DWNTSs can be approximated by graphene in our
theoretical modeling endeavors.*® A finite model with a 3 nm square (410 carbon atoms) sheet of
graphene was employed for the analysis. Electronic ground state calculations for the various
complexes were computed using the NWChem?° version 6.3, and specifically, the self-consistent
density functional theory (DFT) calculations were achieved using the PBE-0 functional®* 4
within the 6-31G**® basis set. Full details associated with the construction of the differentially
functionalized systems will be discussed later.

Since relaxed core-hole calculations were too expensive on these systems with so many
distinctive carbon atoms present, the theoretical X-ray absorption spectra (XAS) were calculated,
according to Fermi’s Golden Rule, using the dipole approximation as well as using unrelaxed
orbitals and energies, following established practices.*” Gaussian numerical broadening was used
with a half width of 0.1 eV to model beam width and finite temperature effects. Since the core

energies are not accurately predicted by DFT, theoretical spectra when compared with their
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experimental counterparts were shifted in order to align the large peak, attributed to the c*
transition. When comparing theory to theory, no shift was deemed to be necessary.

In a complex system characterized by a large population of polydisperse nanotubes,
unforeseen numbers and types of defects and binding sites, as well as differential amounts of
ligands and QD coverages, generating precise quantitative agreement with experimental results
may be an unreasonable expectation. Nevertheless, herein we have employed standard, widely
accepted methods in our analysis to acquire a basic, well-grounded qualitative understanding of
the experimental behavior. In so doing, we have attempted to make sense of and to potentially
de-convolute the acquired experimental results by systematically and separately identifying the
independent contributions of the defects, the ligands, and the quantum dots, respectively. Details
regarding the construction of the various model systems as well as a representative image of a
typical graphene-ATP-CdSe QD composite, which is illustrative of our approach and captured in
Vesta,*® are displayed in Figure 2.10.3

A flat graphene sheet measuring 3 nm x 3 nm and a carbon - carbon bond length of 1.418
A was created using the VMD software.*® The sheet was hydrogen-terminated using the
Avogadro software.®® The ‘defected’ system was created from this graphene sheet by adding in
20 defects, randomly spaced around the interior of the sheet. The localized geometries of the
‘defected’ carboxyl groups as well as that of the local environment in the graphene sheet were
each individually allowed to relax using Avogadro’s force field optimization with the UFF force
field. The linker molecules were subsequently built into this ‘defected’ system, with the linker
molecules attached at the same ‘defected’ sites in the graphene sheet. Identical relaxation

techniques were also applied to the various atoms in the ligands, followed by a geometry
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relaxation using NWChem for all systems. Detailed coordinates of each ligand-bound graphene
system can be found in separate ‘xyz’ files, attached herein.

For systems with a CdSe quantum dot, the dot was generated as follows: a wirtzite®! unit
cell with a stoichiometric ratio of 1:1 cadmium to selenium was replicated many times along
each spatial dimension. Then all atoms outside the desired radius of 0.75 nm were discarded. A
sphere of (CdSe)ss (i.e. a magic number®?) was subsequently attached to either the relevant S or
N atom after removing the capping hydrogen atom of the linker, and the entire system was
subsequently relaxed in NWChem using the identical parameters, as stated above. Full images of

these systems, captured in Vesta, are displayed in Figure 2.7.

Figure 2.7. Representative model used in theoretical NEXAS calculations of typical graphene-
bound ATP-CdSe QD heterostructures. The atoms are labeled as follows: brown - carbon; white
— hydrogen; red — oxygen; gray — nitrogen; yellow — sulfur; pink — cadmium; and green —
selenium (Reprinted with permission from Nanoscale, 2016, DOI: 10.1039/C6NR03091B.
Copyright 2016 Royal Society of Chemistry.).
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2.6. Electrochemical characterization techniques used in this thesis
Details associated with coin cell assembly and electrochemical characterizations will be

discussed in the thesis from Yiman Zhang (Takeuchi Group, Stony Brook University).
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Chapter 3: Probing Differential Optical and Coverage Behavior in Nanotube-Nanocrystal
Heterostructures Synthesized by Covalent versus Non-covalent Approaches

3.1. Introduction

In our group, we have successfully demonstrated not only a covalent but also an in situ
route towards the site-selective synthesis of single-walled carbon nanotube (SWNT) and
multiwalled carbon nanotube (MWNT) — nanoparticle-based conjugates containing two different
types of nanoscale species, i.e. Au nanoparticles and CdSe/CdTe quantum dots (QDs).}*
Although in situ techniques can potentially achieve a higher level of control over spatial
coverage as well as the degree of clustering of QDs onto the nanotubes (NTs), as-formed
nanoparticles often lack homogeneity in terms of size and shape.® By contrast, chemical
bonding protocols, such as covalent and non-covalent-inspired schemes, are inherently more
flexible, since nanoparticles with desired shape, size, and morphology can in theory be pre-
synthesized with excellent monodispersity prior to their attachment onto the NT templates.
Nevertheless, the key point of our findings is that we have the synthetic capability of not only
spatially controlling where we place our nanoparticles (e.g. ends versus sidewalls) but also their
size, density, and numbers on the CNT surface. Recently, using covalent chemistry, we have
quantitatively probed the effects of varying oxidation treatments, precursor concentrations, and
incubation times in order to rationally affect the spatial coverage and distribution of either Au
nanoparticles or semiconducting QDs on the MWNT sidewalls and tips.®

Moreover, in previous work, the formation of these heterostructures has consequences for
their overall optical behavior. Specifically, we have found that the emission of CdSe QDs
appears to be obviously quenched when bound covalently to the MWNT, suggesting a strong
excited state interaction with the NTs. The featureless fluorescence signal for MWNT-CdSe

conjugates is in agreement with prior literature on these types of heterostructures.” 8 That is, to
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explain the observed emission quenching, the deactivation process of photo-excited CdSe
nanoparticles can be attributed to an appreciable and rapid electron transfer and charge injection
from the excited semiconductors into the MWNT platform.® 1° Specifically, photoinduced
electrons upon illumination of CdSe formed electron-hole pairs which could then undergo a
normal radiative recombination process. However, once MWNTSs were brought into contact with
these excited QDs, a non-radiative quenching process became competitive with the intrinsic
radiative decay process, thereby resulting in the observed decrease in the PL intensity of the
CdSe.™ The quenching of the excitonic emission of QDs has also been previously observed in
SWNT-QD composites by our group and many others,* 78 1213 especially when the nanotube
and QD are in close spatial contact with one another. This phenomenon has been ascribed to the
electron-acceptor behavior of SWNTSs. That is, photoexcited electrons produced upon
illumination of QDs can conceivably flow into SWNTSs, nonradiatively, prior to their
recombination with photogenerated holes in QDs. The overall point is that efficient charge
separation and transport can be achieved in these nanoscale conjugate systems but needs to be
more fully understood.

The question therefore we wish to address in this work is how to more precisely tune and
potentially optimize that optical ‘cross-talk’, ‘cross-communication’, and interaction between the
QD and the NT motif in a more deterministic and controlled way. The first strategy we have
taken in this Chapter has been to use double-walled carbon nanotubes (DWNTs)* 1° as opposed
to SWNTSs. We recognize that the sp>~hybridized structure of single nanotube sidewalls can be
potentially destroyed during the oxidation treatment associated with their purification, a step
which may result in a corresponding and unwanted decrease in the favorable electronic transport

properties of the SWNTSs that render them so appealing in the first place. By contrast, with
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DWNTs, consisting of two coaxial single tubes, we can potentially and selectively functionalize
only the outer walls so as to enable selective chemical attachment of quantum dots without
necessarily damaging and degrading the inner tubes, a consequence of which is that one can
envision possibly retaining the desired electronic properties of the overall material. For instance,
it has been demonstrated that preferential functionalization of the outer wall of DWNTS has a
much less profound influence upon their carrier transport ability as compared with the analogous
functionalization of SWNTSs.2® Our group®” has already shown that the synthesis of DWNT-CdSe
QD heterostructures using a conventional covalent protocol mediated by 2-aminoethanethiol
(AET) is not only possible but also that there is some degree of charge transfer from the CdSe
QDs to DWNTs.

The second strategy we have employed in this Chapter is to consider alternatives to
covalent attachment that do not necessarily depend on either high-temperature, in situ,
electrodeposition, or reduction reactions. The approach that we have chosen in this Chapter is to
immobilize our QDs onto the underlying NTs through non-covalent n-n stacking interactions, a
process which takes advantage of the extended, delocalized conjugated n-electron system
inherent to NTs. It is a method which has already been exploited by a number of groups, due to
the simplicity, relative non-destructiveness, and effectiveness of this technique;*®%° in essence,
both the intrinsic morphology and electronic structure of the NTs tend to be preserved. In
addition, the ‘n-x stacking” method is attractive, because it may take as little as 10 minutes of
sonication to complete, which is significantly more time-efficient and facile as compared with
certain conventional covalent attachment approaches, which may involve as much as 1 day of
vigorous stirring under zero illumination conditions to finalize.® More importantly, this

noncovalent protocol may potentially mitigate for some of the deficiencies associated with
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covalent attachment approaches, namely (i) the relatively low efficiency and degree of resulting
chemical functionalization on the NT surface, (ii) the potentially unpredictable effect of such a
treatment upon the electronic properties of the NTs, and (iii) the resulting non-uniform spatial
distribution of QDs on the NT surface.® However, it has been reported?! that heterostructures
formed through the ‘n-r stacking” approach are not necessarily stable over the long term, may be
highly sensitive to the changes in pH and ionic strength, and can be difficult to tailor in terms of
relative percentages of constituent QDs and NTs. Nonetheless, to highlight the feasibility of this
approach for our particular experiments, an analogous SWNT-pyrene-CdTe heterostructure has
been generated through this n-r stacking methodology; in terms of optical characterization,
steady-state measurements and luminescence lifetimes were used to analyze the resulting charge
transfer process.?°

It is somewhat surprising that while these distinctive attachment approaches to create
nanotube-based heterostructures have been known for years, there has not been any systematic
effort (either qualitatively or quantitatively) to correlate morphology as well as the optical
properties (and specifically the charge transfer behavior) of these composites with the
corresponding chemical treatment process used to synthesize these composite materials in the
first place. Therefore, in this Chapter, we aim to perform such a structure-property correlation by
focusing on comparing morphology as well as the charge transfer behavior in DWNT-CdSe
heterostructures created through the mediation of 4-aminothiophenol (4-ATP) as a linker, using
complementary covalent and n-x stacking attachment approaches. 4-aminothiophenol (4-ATP) is
relatively a short linker with a terminal —SH group with a strong affinity for CdSe QDs; the —
NH2 group at the other end of the molecule can be potentially utilized to initiate possible amide

formation with acid-functionalized CNTs in order to covalently generate the desired
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heterostructures. Conversely, the aryl ring within the 4-ATP molecule can also be exploited to
initiate heterostructure formation through n-n stacking interactions with the nanotube sidewall.
To highlight the potential of our work, we note that there have already been reports about the use
of 4-ATP as a linker, specifically in the context of as-prepared graphene-4-ATP-CdSe
heterostructures, which gave rise to effective PL quenching.??

The morphology and specifically the QD coverage density on the DWNT surface were
characterized by transmission electron microscopy (TEM) in order to compare the relative
attachment efficiency of the two protocols we have tested herein. In terms of charge transfer
properties and to probe the optical behavior of heterostructures generated by different chemical
strategies, photoluminescence measurements and quantum yield calculation were carried out.
Meanwhile, in order to further confirm the charge transfer properties, Raman spectra of both
constituent NTs and QDs as well as of the resulting heterostructures were obtained with a focus
on analyzing and understanding relative changes in certain distinctive bands associated with both
NTs and QDs. Specifically, the high-frequency Raman-active vibrations of sp? carbon are
sensitive to chemical doping,? and there has been a concomitant increase in interest in studying
the resonance Raman spectra of DWNTSs, doped with electron donors and acceptors, with the
hope and expectation of being able to modulate their electronic properties in a deterministic
manner.2*2 In particular, the tangential mode (TM) region of the Raman spectrum provides
information about the metallicity of the tubes and even minute changes in these features are often
induced by charge transfer between the dopants and the tubes themselves.?52 In this respect, in
our work, for our heterostructures, we are treating our attached CdSe QDs as a ‘dopant’ for our
DWNTSs. Hence, our Raman measurements will enable us to better understand charge transfer in

our as-prepared heterostructures as a function of their attachment chemistry.
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3.2. Results and Discussion
3.2.1. Structural Characterization

Low magnification TEM data in Figure 3.1A highlights the formation of a heterostructure
formed by covalent attachment with the mediation of DCC as a coupling agent. On the basis of
statistical measurements of 20 distinctive and discrete as-formed heterostructures, QDs
possessing an average diameter of 3.2 nm were clearly visible on the outer surfaces of our
purified DWNT bundles. The corresponding average coverage density was found to be 88 +15
dots for DWNTSs, measuring 1 um in length and 40 nm in diameter for a typical bundle. This
coverage density figure of CdSe QDs immobilized on the DWNT surface was estimated by
dividing the total number of QDs attached onto the CNT surface by the corresponding length of
the DWNTSs in microns. However, the spatial coverage of QDs on DWNTSs was non-uniform, an
observation which could be attributed to the initial non-uniform precursor distribution of
carboxylic functional groups on the outer surfaces of the DWNTS.

The corresponding HRTEM image in Figure 3.1B further confirmed the successful
chemical conjugation of DWNTSs with CdSe QDs. Lattice fringes associated with CdSe QDs as
well as with the interface between the QDs and the DWNT surface were clearly discernible.
Specifically, the measured 3.51 A value corresponded to the d-spacing of the (002) lattice plane
of the hexagonal CdSe, whereas the measured 3.41 A spacing could be ascribed to the interlayer
spacing of graphite layers within the DWNT themselves. The concentric rings in the SAED
pattern in Figure 3.1C have been enumerated as 1 through 8, moving from the inner center to the
outside rim, and these can likely be assigned to successive features associated with the (100) and
(002) lattice planes of hexagonal CdSe, the (002) lattice plane of DWNTS, as well as the (101),

(110), (103), (112), and (213) lattice planes of hexagonal CdSe, respectively.
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Analogous TEM and HRTEM images of QDs immaobilized onto DWNTSs by non-
covalent coupling are shown in Figure 3.1 D and E. In this case, the coverage density was
calculated to be 1273 70 dots for DWNT bundles, measuring 1 um in length and 60 nm in
diameter, a finding suggesting that substantially larger numbers of QDs could be attached onto
DWNT surfaces with this non-covalent synthetic technique. Moreover, we noted a far more
uniform nanoparticle coverage on the sidewalls of the DWNT bundles as compared with the
covalent coupling approach. These cumulative observations can be explained by the fact that in a
covalent reaction, QDs can be attached to DWNT practically only where the -COOH functional
groups in DWNT are spatially located, whereas in the n-n stacking mechanism, QDs can be

anchored essentially anywhere along the conjugated 7 system in the DWNTs.

Figure 3.1. A, B, and C. TEM image, HRTEM image, and SAED pattern, respectively, of
DWNT-4-ATP-CdSe heterostructures synthesized by covalent attachment. D, E, and F.
Corresponding TEM image, HRTEM image, and SAED pattern, respectively, of DWNT-4-ATP-
CdSe heterostructures fabricated through n-7 stacking effects. (Reprinted with permission from
Dalton Trans., 2014, 43, 7480 — 7490. Copyright 2014 Royal Society of Chemistry.)
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The d-spacings of 3.51 A and 3.41 A measured from Figure 3.1E were ascribed to the d-
spacing of the (002) lattice plane of hexagonal CdSe as well as to the interlayer spacing of the
graphite layer in DWNTSs, respectively. The SAED pattern in Figure 1F highlighted similar
results to what had been observed with covalently bound analogues. Specifically, the ring pattern
from the inner core to the outside rim could be assigned to successive features associated with
hexagonal CdSe (100) and (002), DWNT (002), as well as with hexagonal CdSe (101), (110),
(103), (112), and (213) lattice planes, respectively. The morphologies of representative
heterostructures generated using both covalent and non-covalent protocols were further probed
and corroborated by atomic force microscopy (AFM) height images, shown in Figure 3.2. These
data are suggestive of a slightly more uniform and homogeneous coverage of QDs on the
surfaces of heterostructures produced non-covalently as compared with their covalently

synthesized counterparts, a finding which is consistent with our TEM observations.

Figure 3.2. AFM height images (same z-scale), obtained in air of purified DWNT-4-ATP-CdSe
heterostructures, derived using non-covalent (A) and covalent (B) methodologies. (Reprinted
with permission from Dalton Trans., 2014, 43, 7480 — 7490. Copyright 2014 Royal Society of
Chemistry.)
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In a non-covalent reaction process, the extended conjugated © system in DWNTS
essentially reacts non-specifically with the phenyl rings of 4-ATP linkers immobilized on the
surfaces of the QDs. We postulated therefore that an acid pre-treatment for DWNTSs should not
be a necessary pre-requisite for fabricating DWNT-QD heterostructures in a non-covalent
manner. In order to prove that hypothesis, we substituted pristine DWNTS for their
functionalized analogues in our work in order to directly attach QDs with the objective of
creating our desired heterostructures. The TEM image (Figure 3.3B) illustrated a typical smaller
DWNT bundle, possessing a diameter consistent with that of fewer bound individual constituent
DWNTs, as compared with the larger DWNT bundles noted in Figure 3.3A. We note
parenthetically that the number of individual DWNTSs within a bundle is a function of the degree
of chemical functionalization since greater quantities of oxygenated functional groups such as
carboxylic acid moieties on the outer wall can facilitate nanotube aggregation and clumping;
hence, purified DWNTSs are associated with more tubes than their pristine counterparts.

The point is that after reaction with QDs, our pristine DWNTSs were noted to be
uniformly covered with CdSe QDs. The average coverage density was measured to be 437 +20
dots for a structure measuring 1 um in length and 10 nm in diameter. This coverage density value
was subsequently normalized to 2622 120 dots for a 1-pum long, 60 nm diameter bundle, which
represented over 2 times higher spatial coverage density as compared with the use of purified,
functionalized DWNT analogues (i.e. 1273 + 70 dots, as per Figure 3.1 analysis). This result can
potentially be attributed to a higher degree of structural preservation in the extended conjugated
carbon network in pristine DWNTSs as compared with processed DWNTSs. The implication
therefore is that there is a higher quantity of available active sites present in pristine DWNTSs for

potential QD attachment through =-n stacking interactions.
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Figure 3.3. DWNT-4-ATP-CdSe heterostructures formed from n-rt stacking effects, derived
from purified (A) and pristine (B) DWNTSs, respectively. (Reprinted with permission from
Dalton Trans., 2014, 43, 7480 — 7490. Copyright 2014 Royal Society of Chemistry.)

The IR spectra of pristine DWNTS, purified DWNTSs, covalently-formed DWNT-ATP-
CdSe heterostructures, and n-n stacking-derived purified DWNT-ATP-CdSe heterostructures are
respectively shown in Figure 3.4. The major peak (feature ‘a’) located at 1700 cm™ in Figure
3.4B can be assigned to the asymmetric stretching mode of carboxylic acid groups, which had
been absent in the spectrum of the pristine DWNTSs (Figure 3.4A), and its presence is suggestive
evidence of a successful surface functionalization process. After the attachment of amine-
terminated CdSe QDs to the purified DWNTS, the amide group appeared (features ‘b’ through
‘d’ in Figure 3.4C). Specifically, the peak at 1677 cm™ could be ascribed to the C=0 stretching
mode of a secondary amide, whereas the peak at 1510 cm™ could be assigned to the N-H bending
stretch of a secondary amide as well. The peak at 1255 cm™ might originate from the the C-N
stretching from the unreacted ATP linker. No distinctive peaks or features were noteworthy in

the IR spectrum of DWNT-ATP-CdSe QD heterostructures, synthesized non-covalently through

n-7 stacking interactions (Figure 3.4D).
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Figure 3.4. Infrared spectra of (A) pristine DWNTSs, (B) purified DWNTSs, (C) covalently-
derived DWNT-4-ATP-CdSe QD heterostructures, and (D) non-covalently-derived DWNT-4-

ATP-CdSe QD heterostructures. (Reprinted with permission from Dalton Trans., 2014, 43, 7480
— 7490. Copyright 2014 Royal Society of Chemistry.)

3.2.2. Optical Characterization

To probe the optical properties of different types of DWNT-4-ATP-CdSe QD
heterostructures, UV-visible and photoluminescence (PL) spectra were collected in Figure 3.5.
The UV-Vis spectra (black curves in Figure 3.5) indicate the presence of
CdSe on the DWNTSs. The first exciton feature is present in all extinction spectra, with the
feature appearing at 570 nm in as-prepared CdSe(A) and ATP-CdSe (B). The extinction spectra
from the heterostructure materials are prominently show non-resonant scattering from all DWNT
species and resonant absorption of metallic DWNTSs, potentially resulting in less photons being
absorbed by the 4-ATP-CdSe QDs themselves and therefore less overall signal, leading to a
masking and shifting of the CdSe band edge features 565 nm (C), 567 nm (D), and 571 nm (E).
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Moreover, another factor is that the CdSe QD concentration likely decreased in the final,
resulting, as-prepared composites, with the implication that the measured signal would therefore
became less featured.

Even with elevated concentrations the emission intensity was quite low (red curves in
Figure 3.5). Calculating the PL QY value validated that indeed the emission efficiency had been
reduced for the PL of the ligand exchanged dots but the most severely reduced in the
heterostructure systems. Despite the exceedingly low values, the lower limit of detection for our
system coupled with longer integration times, allowed us to obtain the following PL quantum
yield (QY) values in order from highest to lowest PL QY: (A) 28.333% (£0.2) (as-prepared
CdSe), (B) 0.0185% (+2E-4) (ATP-CdsSe), (C) 0.0023% (+2E-5) (pristine DWNT-ATP-CdSe
using w-7 stacking method), (E) 0.0014% (38E-6) (purified DWNT-ATP-CdSe using covalent
method), and (D) 0.0009% (#6E-6) (purified DWNT-ATP-CdSe using n-r stacking method).
This order indicates that functionalization of the DWNT promotes additional PL quenching and
indicates more efficient quenching for (E) and (D) than for (C) with the most efficient charge
transfer being attained for the functionalized =-m stacking method. Another signature of the
efficient electronic coupling is the absence of the deep trap emission (730 nm in ATP-CdSe) for
the heterostructure samples indicating charges are successfully transferred to the DWNT instead
of being trapped.

The high-energy (roughly 500 nm) emission seen in Figure 3.5(C), is consistent with
previous observations of hot carrier emission being prominent in time integrated emission
spectra under conditions of efficient energy transfer in QD-NT heterostructures?. The loss of
deep trap emission at 730 nm and absence of band edge recombination is characteristic of

ultrafast electronic interactions. In the absence of covalent interactions which lead to efficient
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carrier trapping, it is reasonable to assume that energy transfer will dominate. We note that
Figure 3.5(D) and 3.5(E) display distinct emission spectra from (C), despite similar levels of PL
quenching. It is likely that the introduction of surface states via functionalization of the DWNTSs
(D) and covalent attachment (E) leads to a different mechanism for charge transfer.

The differences between the covalent and n-r methods of the acid functionalized DWNT
heterostructures, while minor, can attributed to the distance dependence of charge and energy
transfer interactions, resulting in slightly improved charge transfer efficiency (slightly lower PL
QY) for a sample with decreased distance for charges to travel.

The lifetime data for the ligand exchanged/heterostructure samples was dominated by the
instrument response function, not enough photons could be detected under this excitation
wavelength, which is consistent with significantly decreased PL QY. For CdSe quantum dots
with charge trapping ligands on the surface and little-to-no trap emission this extremely

shortened PL lifetime is expected. 2°-3
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Figure 3.5 Extinction and Emission spectra for As-prepared CdSe (A), 4-ATP-CdSe (B), pristine
DWNT-ATP-CdSe generated by noncovalent method (C), purified DWNT-ATP-CdSe derived
from non-covalent method (D), and covalent method (E). All emission spectra were obtained by
exciting the samples at 415 nm. The extinction spectra in (C) — (E) are offset by a roughly
constant non-resonant scattering background due to the presence of DWNTSs. (Reprinted with
permission from Dalton Trans., 2014, 43, 7480 — 7490. Copyright 2014 Royal Society of
Chemistry.)
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The Raman spectra for (i) DWNTSs, (ii) as-prepared CdSe QDs, as well as (iii) DWNT-
CdSe heterostructures synthesized by both covalent and non-covalent (-7 stacking) means are
shown in Figure 3.6 and Figure 3.7. All samples have been excited at energies of 2.41 eV (Figure
3.6) and 1.58 eV (Figure 3.7), respectively. Specifically, the spectra associated with pristine and
purified DWNTSs were displayed in Figure 3.6A. The intensity ratio of the D band near 1340 cm™
to the tangential mode (G band) near 1580 cm™ (Ip/lg) dramatically increases after the
purification process (i.e. Io/lc = 0.04 for pristine DWNTs and 0.50 for purified DWNTS). The
increase in the Ip/lg ratio due to the purification process is understandable, since the increased
peak intensity of D band is typically attributed to damage and distortion of the conjugated sp?
carbon lattice, as well as to the presence of amorphous carbon?®® and other symmetry-breaking
defects in the DWNTSs generated during the oxidation and concomitant surface functionalization
of DWNTSs (i.e., formation of -COOH and other oxygenated species on the surfaces of our
tubes).3* 3 The Raman spectra (Figure 3.6B) of CdSe dots anchored onto the sidewalls of
pristine DWNTSs by non-covalent r-n stacking interactions were broadly similar to that of
pristine DWNTSs themselves, thereby suggesting that the inherent electronic structures of pristine
DWNTSs were likely preserved to a large extent by this relatively non-destructive protocol.
Similar phenomena in terms of a lack of shift or distortion in G peaks after non-covalent
attachment were observed in SWNTs modified with pyridine-coated QDs.8

The tangential modes (G bands) of purified DWNT-4-ATP-CdSe composite
heterostructures synthesized by covalent and =-r stacking methods together with their starting
analogues are collectively displayed in Figure 3.6C. The asymmetry of the lines shapes of certain
peaks, i.e. G peaks, in our data is consistent with the idea that metallic tubes are being excited at

2.41 eV. Each individual G band was interpreted as being composed of a convolution of 4
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Gaussian and Lorentzian functions (i.e. the dashed curves). For the purified DWNTS, the peak at
1580 cm is associated with the A; tangential G* mode for the inner tubes, while the peak
located at the higher frequency, i.e. 1605 cm™, can be ascribed to the unresolved A; and E;
tangential G * modes for the outer tubes.®® It has been reported in previous literature that shifts of
the G band are opposite for n-and p-doping of DWNTSs;*’ for example, the G-band of nitrogen-
doped DWNTSs often appears at a lower frequency as compared with undoped DWNTS, whereas
the G band of boron-doped DWNTSs appears at a higher frequency.®

In our case, the peak of the G band in our DWNT-ATP-CdSe heterostructures formed by
covalent chemistry was up-shifted by 4 cm™ to 1583 cm™ as compared with purified DWNTSs
(1579 cm™). This up-shift of the G band position through covalent QD attachment onto the
DWNTs can potentially be attributed to a photoinduced hole transfer from CdSe QDs to the
DWNT (or conversely electron transfer from the DWNTSs to the CdSe acceptor, resulting in a
depletion in the occupation of electron states from the nanotube valence bands as the Fermi level
is lowered)?® through the ATP linker. The hole transfer process results in an effective shortening
of the C-C bond distance and therefore, a stiffening of the G mode.*® A similar explanation has
also been noted to explain the peak shift of the G band in Br.-doped DWNT systems, wherein
the observed up-shift of the G band intensity in the Raman spectra appeared, due to electron
transfer from the CNTSs to Br», leaving holes on the CNTs.?” Analogous G band upshifts have
also been observed in thiolation reactions of DWNTs.*

By contrast with the heterostructure synthesized by covalent means, the G band of QDs
attached to DWNTSs by n-r interactions gave rise to a downshift to 1576 cm™. One possible
explanation for this observation could be the injection of excess charge carriers from the linker

molecule present, coating the QDs. More specifically, we observed that the G band of 4-ATP-
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linked DWNTSs (i.e. nanotubes functionalized with ligands only) was down-shifted 11 cm™ to
1568 cm™ as compared with that of purified DWNTSs (i.e. 1579 cm®), as shown in Figure 3.6C.
The ligand, 4-ATP, possesses a strong electron donating group (i.e. -NH2 connected to the
phenyl ring),* which allows for an increase of the electron density in the carbon nanotube
backbone and a corresponding expansion in the C-C bond distance associated with a G band
downshift.® As compared with the G band of 4-ATP-capped DWNTSs (i.e. 1568 cm™) alone, the
G band associated with the subsequent addition of CdSe, i.e. CdSe-4-ATP-DWNT
heterostructures, created by m-r stacking interactions, is located at 1576 cm™ and is upshifted by
8 cm 1, indicating that the photoinduced holes from the CdSe QDs are indeed still being
transferred to DWNTSs. That is, this hole transfer process from the CdSe to the DWNTSs
compensates to some degree for the primary countervailing down-shift phenomenon associated

with the ATP linker itself.
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Figure 3.6. Raman spectra measured at an excitation wavelength of 514 nm (2.41 eV) of (A)
pristine and purified DWNTSs, (B) pristine DWNT as well as pristine DWNT-4-ATP-CdSe
heterostructures, generated by non-covalent r-n stacking, (C) G-band analysis of purified
DWNT-4-ATP-CdSe heterostructures, derived both covalently and non-covalently, as well as of
purified DWNTSs. (D) D and G band regions of purified DWNT-4-ATP-CdSe heterostructures,
derived using covalent and non-covalent methods. Raman profile of as-prepared CdSe QDs.
(Reprinted with permission from Dalton Trans., 2014, 43, 7480 — 7490. Copyright 2014 Royal
Society of Chemistry.)

Hence, as compared with the relevant control samples, the observed Raman upshifts
associated with heterostructures generated both covalently and non-covalently provide evidence
for a charge transfer process occurring between CdSe QDs and DWNTSs. Though we emphasize
that our results are merely suggestive, we did indeed observe a larger upshift of the G band with

heterostructures fabricated by n-r stacking interactions (i.e. 8 cm™ upshift) as compared with

their counterparts produced by covalent binding (i.e. 4 cm™ upshift), implying a more efficient
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charge transfer process*? in the non-covalently generated composite. This observation could be
attributed in part to the order-of-magnitude higher coverage densities of QDs noted in
heterostructures created using non-covalent (i.e. 1000s of particles) versus covalent (i.e. 100s of
particles) protocols.

This Raman study about charge transfer properties further supported the aforementioned
QY yield comparison with non-covalently derived heterostructures maintaining a lower QY,
which also indicated a more efficient transfer process happening in this system as compared with
its covalent counterparts. Nevertheless, an evident decrease in the intensity of the G* peak for
outer tubes (near 1605 cm™) was observed in heterostructures generated by both chemical
methodologies as compared with purified DWNTSs alone (see arrows in Figure 3.6C), providing
for additional evidence of ‘charge flow’ between the nanotube and the proximal QDs.*

A comparison between unbound CdSe QDs and the corresponding CdSe-DWNT
heterostructures is shown in Figure 3.6D. From the CdSe QD spectrum, two discernible peaks
(bottom figure) attributed to the longitudinal optical phonon mode (1-LO) and its overtone (2-
LO) of the CdSe QDs core are clearly visible in the region of 200 cm™ and 400 cm™,
respectively.*** The broad peak in the region spanning from 1000 cm * to 3000 cm  likely
corresponds to the fluorescence peak of CdSe QDs due to photoexcitation. The disappearance of
this distinctive broad peak after CdSe QD attachment onto the DWNT template surface suggests
that the charge transfer process takes place in both non-covalently and covalently-derived
heterostructures. This result is consistent with what has been previously observed with pyridine-
capped QDs self-assembled onto individual SWNTs.*°

By means of comparison, Raman spectra of the aforementioned samples were also

collected and measured at 785 nm (1.58 eV), and these data are shown in Figure 3.7.
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Specifically, spectra associated with pristine and purified DWNTSs (Figure 3.7A) are similar to
the analogous results measured at 514 nm (Figure 3.6A) with a perceptible increase in the Ip/lc
ratio after the acid treatment process (i.e. Io/lc = 0.04 for pristine DWNTSs and 0.11 for the
corresponding purified DWNTS). In order to probe the potential for charge transfer in these
systems, the G band was studied prior to and after ‘doping’ with CdSe QDs at an excitation
wavelength of 785 nm. Our G band profiles obtained at this particular wavelength appeared to be
mainly associated with semiconducting nanotubes, based on the line shape, and are likely
strongly influenced by small diameter inner semiconducting tubes 2" It is interesting to note
that unlike at 514 nm excitation, we did not observe any appreciable shift in the positions of the
Raman peaks at 785 nm excitation for all of the heterostructures analyzed (Figure 3.7B and C)
upon CdSe QD attachment, using either noncovalent or covalent strategies.

We attribute the absence of shifts in the G bands noted at 785 nm excitation to either the
total absence of or very minimal charge transfer, which could possibly have occurred for the
following two reasons. First, shielding of the semiconducting inner tubes by the outer metallic
tubes may have resulted in a very weak interaction between the inner semiconducting tubes and
the attached CdSe QD ‘dopants’ and hence, a correspondingly smaller charge transfer effect
between the two. That is, the inner semiconducting tubes are in stronger resonance and more
prominent at this wavelength, and this fact contributes more to the observed line shape profile as
opposed to any more nuanced charge transfer effect.*® Second, the Raman spectrum of unbound
CdSe QDs at 785 nm (Figure 3.7D) gave rise to a substantially noisier profile as compared with
the results obtained at 514 nm (Figure 3.6D). Only a longitudinal optical phonon mode (1-LO)
was clearly visible in the region of 200 cm™*. No obvious fluorescence peak in the 1000-3000 cm-

! range was visible in the spectrum. These observations are not surprising, considering that
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excitation either at 785 nm or at 1.58 eV represents an energy level which was far below the
energy level necessary for CdSe QDs to become photoexcited (Figure 3.5). Hence, the
intrinsically low probability of finding charge carriers at 785 nm would have contributed to low
charge transfer observed. By contrast, at 514 nm, our observation of charge transfer was likely

due in part to photoexcitation of CdSe QDs.
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Figure 3.7. Raman spectra measured at an excitation wavelength of 785 nm (1.58 eV) of

(A) pristine and purified DWNTSs, (B) G band analysis of pristine DWNT as well as

pristine DWNT-4-ATP-CdSe heterostructures, generated by non-covalent n-x stacking,

(C) G-band analysis of purified DWNT-4-ATP-CdSe heterostructures, derived both covalently
and non-covalently, as well as of purified DWNTSs.(D) Raman profile of as-prepared CdSe QDs.
(Reprinted with permission from Dalton Trans., 2014, 43, 7480 — 7490. Copyright 2014 Royal
Society of Chemistry.)
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3.3. Conclusions
In this manuscript, DWNT-4-ATP-CdSe heterostructures have been successfully

synthesized by both covalent and non-covalent attachment approaches, as confirmed by AFM
height images. TEM and HRTEM images indicated that the non-covalent attachment was
quantitatively more efficient in terms of coverage density of CdSe QDs on the DWNT surface.
Furthermore, the non-covalent method is significantly more time-efficient and facile as
compared with analogous covalent attachment approaches. Moreover, the non-covalent nt-rt
stacking method can be carried using pristine DWNTSs without additional surface
functionalization, an experimental possibility which can preserve the inherent electronic
structure of DWNTSs. Further investigation of PL quantum yield and Raman spectra suggests that
both covalent and non-covalent attachments of 4-ATP-functionalized CdSe QDs lead to
observable charge transfer behavior with the latter non-covalent protocols appearing to be more
efficient, possibly due to the resulting higher coverage density of discrete QDs on the DWNT

surface.
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Chapter 4: Probing the Dependence of Electron Transfer on Size and Coverage
in Carbon Nanotube—Quantum Dot Heterostructures

4.1. Introduction
Carbon nanotube (CNT) - quantum dot (QD) heterostructures, which merge the favorable

charge transport properties of CNTs with the interesting size-tunable optoelectronic properties of
QDs into an integrated whole, represent not only a conceptually unusual architectural paradigm
but also a practically functional nanocomposite in the field of photovoltaic cells.2 In our group,
we have successfully demonstrated various synthetic methods including but not limited to
covalent attachment, n-n stacking, as well as an in situ route towards the simple, site-selective,
and coverage-controllable synthesis of single-walled carbon nanotube (SWNT), double-walled
carbon nanotube (DWNT), and multiwalled carbon nanotube (MWNT) - CdSe/CdTe quantum
dot (QD) conjugates.®®

In this thesis, we have specifically chosen to use DWNTSs as opposed to SWNTs. One
rationale is that the acid purification process developed to remove the metal catalysts and
amorphous carbon impurities from the pristine carbon nanotubes often involves the breaking of
the sp? structure of the nanotube sidewall, thereby diminishing the attractive electronic transport
characteristics we seek to exploit when utilizing SWNTSs. Moreover, with DWNTS, consisting of
two coaxial tubules, we can selectively functionalize the outer tube while retaining the desirable
electronic properties of the inner tube.!

Nevertheless, the crucial step in understanding the nature of QD-based photovoltaic cells
involves control over the effective interfacial charge transfer, which is often inefficient due to the
spatial confinement of the electron and the hole to the interior of the QDs as well as to the

unavoidable recombination process caused by the Coulombic interaction.® This issue can be
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potentially tackled by rational chemical design. Specifically, by properly choosing linker
molecules and the subsequent chemical modification of the external surfaces of these QDs
through a ligand exchange reaction in order to passivate surface defects, we can do much
towards controlling surface-related emission and reducing recombination losses.° In fact, the
fabrication of conductive QD films for optimum operation within a solar cell regime often relies
on replacing the long alkyl ligands used in colloidal QD synthesis with short organic bidentate
linkers, such as either ethanedithiol or mercaptopropionic acid (MPA), for instance.!! 12 12 These
specific short bidentate linkers not only reduce the interdot separation to less than the carrier
tunneling distance, thereby facilitating exciton dissociation and enabling carrier transport
towards the collecting contacts'* ' but also serve as a bridge with which to connect QDs with
CNTs through either covalent or non-covalent attachment strategies.® 1

The specific linker molecule we have deliberately chosen here is 4-mercaptophenol
(MTH) with the terminal thiol —SH group, possessing a strong affinity for Cd sites on the QD
surface. The presence of the aromatic aryl ring moiety within the MTH molecule can be
manipulated in order to initiate heterostructure formation through facile non-covalent n-n
stacking interactions with the CNT sidewalls. It has been previously reported that the presence of
thiol functional groups within MTH can serve as ‘hole — scavengers’ and thereby act as effective
acceptors for photogenerated holes from the CdSe QDs. These photogenerated holes from CdSe
can efficiently convert thiols into disulfides by means of a photocatalytic reaction. 17 18

Due to the conduction band alignment of CdSe QDs with either adjacent DWNTSs or
metal oxides, interfacial electron transfer has been extensively studied.® 2 Specifically, Hines et
al. have reported on electron tunneling from CdSe to TiO., a process facilitated by various thiol

linkers, which possessed higher LUMO levels as compared with both QDs and TiO> and which
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served as energy barriers.?! Additional examples exist. For example, Weaver et al. investigated
the photoinduced electron and hole transfer within a complex nanocomposite, consisting of
CNTs, thiol derivatives of perylene compounds, and CdSe QDs.?? Herein, in our experiments,
due to the presence of the energetic barrier created by the existence of bridging MTH linker
molecules located at the interface, the linkers maintain a higher LUMO level as compared with
both CdSe QDs and DWNTSs. Hence, electrons from QDs need to tunnel through the linkers
themselves, prior to their localization onto adjoining DWNTSs, whereas the associated holes are
expected to be trapped by the terminal thiol groups inherent to the MTH.

Understanding of interfacial charge transport mechanisms are therefore essential towards
realizing the optimal design and construction of high-performance QD-based solar energy
conversion systems.?® As a means of probing interfacial interactions among nanocomposites, the
use of near-edge X-ray absorption fine structure (NEXAFS) spectroscopy has been extensively
investigated,?*?" as it characterizes the electronic transitions from a particular core level of an
atom to its unoccupied (bound or continuum) states. With respect to relevant, prior results, the Sn
Ms 4 edge, O K-edge, and C K-edge have been successfully measured and analyzed with the goal
of elucidating the synergistic interactions between crystalline SnO2 nanoparticles (NPs) and
CNTs through bonding, and the study noted that this interaction involved a charge redistribution
between C 2p-derived states with the valence and conduction bands in SnO2 NPs via an
interfacial interaction facilitated by oxidative treatment of the CNTSs, prior to composite
formation.?® Additional examples abound. Koroteev et al. reported a decrease of the m*
resonance intensity in the C K-edge spectrum upon MoS; deposition onto the CNT surface,
signifying the likelihood of charge transfer between the two components.?® Yueh et al.

investigated the local electronic structure associated with ‘Fe-catalyzed and stabilized” CNTs of
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various diameters, and they noted that an enhancement of the C K-edge and a corresponding
reduction of the Fe Lz-edge features, thereby denoting observations indicative of a charge
transfer taking place from C 2p to Fe 3d orbitals.*

In terms of charge transfer properties, the Raman spectra of both constituent CNTs and
the resulting heterostructures have been collected with a focus towards analyzing and
understanding relative changes in the presence of certain distinctive bands associated with CNTs.
Specifically, the high-frequency Raman-active vibrations of sp? carbon are sensitive to chemical
doping,! and there has been a concomitant increase in interest in studying the resonance Raman
spectra of DWNTS, doped with electron donors and acceptors, with the hope and expectation of
being able to modulate their electronic properties in a deterministic manner.32% In particular, the
tangential mode (TM) region (G-band) of the Raman spectrum provides information about the
metallicity of the tubes and even minute changes in these features are often a consequence of
charge transfer between the dopants and the tubes themselves.3* Moreover, shifts in the Raman
frequencies for the tangential G* modes and the corresponding alterations in their intensities can
provide for further evidence for charge transfer between CNTs and the dopants themselves.*® For
example, Li et al. have reported a large downshift of the G-band, which is likely indicative of
substantial electron transfer between Fe atoms and DWNTSs.%’ In another manifestation of the
sensitivity of this technique, Rauf et al. observed G band shifts to higher frequencies for the
outer tubes and corresponding shifts to lower frequencies for the inner tubes, when charge
transfer occurred through potassium intercalation into the DWNTs.®

In order to monitor the charge carrier mobility in our heterostructures, electrical
transport measurements have been collected by constructing field effect transistor (FET)

devices. Owing to their suitable direct bandgap (Eqg= 1.74 eV), which yields a measurable
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response upon exposure to visible light, CdSe QDs have attracted extensive attention as
promising candidates for applications in photovoltaic and photoelectronic devices.3% 4°
Moreover, CNTs also yield respectable field-effect mobility and therefore represent a promising
architecture for electronic devices.** There have been reports focusing on FETS, created using
CNT-QD heterostructures. For example, Zhao et al. noted that CdSe QDs formed in situ on the
carbon nanobelt matrix could give rise to the formation of a nanoscale p—i—n junction, possessing
p-type conductivity with hole mobility values as high as 1.4 x 10*cm? V151,42

Therefore, it is interesting to note that while NEXAFS, Raman, and electrical transport
measurements have been separately applied as tools to investigate charge transfer in various
types of nanotube-based heterostructures for years, there have been comparatively fewer papers
published about utilizing these unique characterization protocols within the context of DWNT-
QD heterostructures in order to study the nature of interfacial charge transfer. There have been
even fewer deliberative and systematic efforts (either qualitatively or quantitatively) to use a
cumulative combination of all of these techniques in CNT-QD systems with the focus on probing
and correlating the effect of varying QD sizes and coverage densities with the resulting charge
transfer properties of as-prepared nanocomposites.

Hence, in the current Chapter, our efforts are focused on gaining fundamental insights
into charge transfer behavior across nanoscale interfaces in composite heterostructures as a
function of QD size and coverage density. Specifically, our efforts are directed towards
comparing and understanding charge transfer behavior, i.e. specifically electron transfer trends,
at the interfaces of a number of different DWNT-CdSe heterostructures, possessing various QD
average diameters (2.3 nm, 3.0 nm, and 4.1 nm), created through the mediation of 4-

mercaptophenol (MTH) using a non-covalent n-x stacking attachment approach. The structure,
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morphology, and specifically the QD coverage density on the DWNT surface were characterized
by transmission electron microscopy (TEM). Meanwhile, data from NEXAFS and Raman
spectroscopies coupled with electrical transport measurements were acquired on both constituent
CNTs and the resulting heterostructures with a focus towards analyzing and understanding the
nature of nuanced but reproducible data trends, governing charge transfer (and specifically
electron tunneling) from QDs with various sizes and coverage densities to DWNTSs within

heterostructures.

4.2. Results and Discussion
With the amount of DWNTSs and the concentration of the MTH-CdSe solution kept

constant in order to ensure data reliability, the resulting DWNT-MTH-CdSe heterostructures,
possessing QD diameters measuring 2.3, 3.0, and 4.1 nm, respectively, were generated by
utilizing a facile non-covalent n-n stacking strategy (Scheme 2.1 in Chapter 2). TEM was utilized
to characterize the QD sizes and coverage densities on the DWNT surface in the resulting
heterostructures. Meanwhile, charge transfer (and specifically electron tunneling) from QDs with
various sizes and coverage densities to DWNTS in heterostructures was probed by using

NEXAFS and Raman spectroscopies coupled with electrical transport measurements.

4.2.1. Electron Microscopy Studies.

Low magnification TEM data in Figure 4.1 highlighted the formation of all three
heterostructures, formed by n-m stacking, with the presence of QDs clearly visible on the outer
surfaces of our purified DWNT bundles, created through the mediation of MTH linker. On the
basis of statistical measurements of 20 distinctive and discrete as-formed DWNT-QD bundles
within each heterostructure sample, the corresponding average coverage density was found to be

14 +10 dots for MTH-QDs, possessing diameters of 2.3 0.4 nm (Figure 4.1A); 16 +8 dots for

109



MTH-QDs, with diameters of 3.0 0.4 nm (Figure 4.1B); and 27 =5 dots for MTH-QDs,
measuring 4.1 0.6 nm in diameter (Figure 4.1C), respectively. All measurements were based
on typical DWNT bundles with lengths of 100 nm and diameters of 20 nm.

This average coverage density of CdSe QDs immobilized onto the DWNT surface was
estimated by dividing the total number of QDs attached onto the CNT surface by the
corresponding length of the DWNTSs normalized to 100 nm intervals. We found that the 4.1 nm
CdSe QDs evinced a notably higher coverage density (almost two times) as compared with their
2.3 and 3.0 nm diameter analogues, possibly due to the presence of additional ligand molecules
at the surface, which would have contributed to more effective bonding with the underlying
DWNT framework.

The corresponding HRTEM images in Figure 4.1D-F further confirmed the successful
chemical conjugation of DWNTs with CdSe QDs. Lattice fringes associated with CdSe QDs as
well as with the interface between the QDs and the DWNT surface were clearly discernible.
Specifically, the measured 3.51 A and 3.72 A values corresponded to the d-spacings of the (002)
and (100) lattice planes of the hexagonal CdSe, respectively, whereas the measured 3.41 A
spacing could be ascribed to the interlayer spacing between the graphitic layers within the

DWNT themselves.
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Figure 4.1 (A, B, and C). TEM images and (D, E, and F). HRTEM images of DWNT-MTH-
CdSe QD (with average constituent QD diameters of 2.3, 3.0, and 4.1 nm, respectively)
heterostructures, respectively, synthesized by a non-covalent strategy, taking advantage of n-n
stacking effects. (Reprinted with permission from J. Phys. Chem. C, 2015, 119, 26327-26338.
Copyright 2015 American Chemical Society.)

4.2.2 NEXAFS Spectra.

Explanation of Physical Meaning of Edge Data: Specifically, the C K-edge spectral features

arise from dipole transitions from C 1s core states to 2p-derived electronic states. The sharp peak
at around 285.4 eV represents a C 1s to the C=C 2p r* transition; the broad peak at 292-294 eV
is composed of three C 1s to C-C o™ transitions.?” *® Furthermore, the peaks at ~288.1 eV and
~289.1 eV can be attributed to the n* C=0 and o* states, respectively, associated with C-O
functionalities.?® ¢ Moreover, the areas under resonance (or peak intensity) of these 7* and c*

features are approximately proportional to the electronic density of the unoccupied C 2p derived
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states, whereas the increased intensities of these features can be correlated either with the
increased numbers of unoccupied C 2p orbitals or with a charge transfer process taking place
between the C 2p orbital and the dopant at the interface.?’: 28 30

Two well-separated absorption features are observed in the O K-edge with a sharp peak
located at 531.8 eV and a broader peak centered at around 539—546 eV. The feature at ~531 eV
can be assigned to transitions from the O 1s core levels to n* C=0 states derived from carboxylic
acid moieties, whereas the broad absorption feature centered at around 539—546 eV can be
attributed to the superposition of transitions from the O 1s core levels to the final states
possessing o* symmetry, localized on the O—H, C—O, and C=0 bonds. The small peak at ~534.6
eV likely originates from the -OH n* transition associated with carboxylic acid species.?® 444/

The Cd M3 edge originates from transitions between the Cd 3p initial state and
unoccupied 5s states. The projected electronic density of states (DOS) generated from theory
demonstrates that the bottom of the conduction band of CdSe is composed of Cd 5s states. If the
bottom of the CdSe conduction band were to shift by an energy interval, AEc, then the
corresponding Mz absorption edge would shift by an equivalent amount, thereby representing the
quantum confinement induced shift in the conduction band.*® 4° Although the M edges are
known to suffer from weak signals and a large background*® by contrast with the Cd Ls edge, the
former can be readily probed within the operational energy range (180-1200 eV) of the U7A
beam line. Therefore, in order to render these M3 edges useful for quantitative analysis, we
collected multiple replicates of the spectra and increased data integration times in order to obtain
higher signal-to-noise ratios and therefore data interpretability.

Actual Results Obtained: The C K-edge and O K-edge spectra of the pristine and oxidized

DWNTSs (Figures 4.2A and B) were consistent with the successful purification and
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functionalization of DWNTSs by acid-treatment which generated oxygenated functionalities, e.g.
—COOH groups, on their external surfaces. C K-edge data gave rise to prominent transitions at
285 eV, 292-294 eV, and 301-309 eV, respectively, corresponding to a sharp C 1s to C=C r*
(ring) transition, three C 1s to C-C o* (ring) transitions,?” *® as well as broad (n + o) transitions,
respectively.** After oxidation of the DWNTS, specific transitions at ~288.1 and 289.1 eV, which
can attributed to the * states of carbonyl groups associated with -COOH as well as of ¢* states
associated with C-O functionalities,?® became more prominent. The corresponding O K-edge
data associated with the oxidized DWNTSs evinced several distinctive peaks. Specifically, the
peak at 531.6 eV corresponds to the C=0 =* transition, which originates from the carbonyl
oxygen atom, while the peak at 534.8 eV can be assigned to the “~-OH” moiety from the
carboxylic group. The two broader peaks located at 539.6 and 543.8eV can be ascribed to the

presence of inequivalent 6* C-O bonds within the carboxylic acid group.** %°
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Figure 4.2. C K-edge and O K-edge NEXAFS spectra of pristine and oxidized DWNTSs.
(Reprinted with permission from J. Phys. Chem. C, 2015, 119, 26327-26338. Copyright 2015
American Chemical Society.)

The C and O K-edge NEXAFS spectra of the DWNTSs, of the DWNT-MTH control

sample, and of the DWNT-MTH-CdSe heterostructures are shown in Figure 4.3, panels A and B,
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respectively, whereas the Cd Ms-edge spectra of free-standing MTH-CdSe QDs as well as of all
three DWNT-MTH-CdSe heterostructures are highlighted in Figure 4.4.

On the basis of the C K-edge NEXAFS analysis (Figure 4.3A), several features are
worthy of note. First, the 7* transition intensity, which reflects the unoccupied DOS
corresponding to * character, is enhanced when MTH linkers were attached onto oxidized
MWNTs, which might be due to the presence of the sp? carbon from the aromatic MTH linker.
This 7* transition intensity is subsequently strongly reduced within DWNT-MTH-CdSe
heterostructures; the composites incorporating 2.3 nm diameter QDs gives rise to the largest
observed reduction, suggestive of possible electron transfer from CdSe conduction bands to the
C 2p-derived m* states.

Second, the appearance of a slightly enhanced C K-edge peak at ~289 eV coupled with
shoulder features near this peak within the heterostructures, as compared with the DWNT-MTH
nanohybrid control alone, suggests the presence of slightly perturbed bonding between carbon
and oxygen after the QD deposition process. That is, the presence of an oxidized C environment
at the interface of the heterostructures may result in a localized and higher density of the
unoccupied state possessing C 2p character, thereby indicating that DWNTs may have the
opportunity of possibly back donating a small amount of charge to the immobilized CdSe QDs
through the mediation of Cd—O—C bonding.?" >

In the O K-edge data (Figure 4.3B), the C=0 =* transition intensity appears to be
suppressed in all three heterostructures after the QD deposition as compared with the DWNT-
MTH control sample. The heterostructure incorporating the smallest 2.3 nm diameter QDs gives
rise to the strongest reduction in the C=0 =* transition, suggesting that the carbonyl oxygen

atom within the carboxylic group on the surface of the DWNTSs is withdrawing charge after QD
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deposition, whereas the C-O or -OH c* transition intensity is apparently enhanced the most in
the heterostructure incorporating 2.3 nm diameter QDs, thereby implying that the oxygen atoms

in the —OH and C-O bonds from the MTH ligands are donating charge.
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Figure 4.3. C K-edge (A) and O K-edge (B) spectra of oxidized DWNTSs (black), DWNT-MTH
composite control samples (red), and DWNT-MTH-CdSe QD (with constituent QD average
diameters of 2.3 (blue), 3.0 (pink), and 4.1 (green) nm, respectively) heterostructures. (Reprinted
with permission from J. Phys. Chem. C, 2015, 119, 26327-26338. Copyright 2015 American
Chemical Society.)

We found that all three DWNT-MTH-CdSe heterostructures evince enhanced intensities
of the Cd Mz-edge relative to that of free-standing MTH-CdSe QDs (Figure 4.4), thereby
implying an increased level of unoccupied DOS in the conduction band of CdSe and providing
for direct evidence of an electron transfer process taking place from CdSe QDs to DWNTSs. By
analogy with the C and O K-edge features previously discussed, we have noted that the
heterostructure incorporating 2.3 nm diameter QDs gave rise to the largest enhancement of the

peak intensity, thereby indicating the potential for the largest amount of electron transfer in this

system.
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Figure 4.4 (A, B, and C). Cd Mz-edge spectra of MTH-functionalized CdSe QDs (black) and of
DWNT-MTH-CdSe (red; with average constituent QD diameters of 2.3, 3.0, and 4.1 nm,
respectively) heterostructures. (Reprinted with permission from J. Phys. Chem. C, 2015, 119,
26327-26338. Copyright 2015 American Chemical Society.)

All NEXAFS spectra have yielded spectroscopic evidence that charge redistribution
involving the CdSe QDs and C 2p-derived states likely has occurred. Specifically, upon close
inspection of the C and O K-edge together with the Cd Ms-edge data, these entailed (i) an
intensity reduction in the 7* C=0 and —OH signal of the O K-edge and the =* C=C response of
the C K-edge transitions coupled with (ii) an intensity enhancement in the Cd Ms-edge as well as

the o* C-O or —OH signal associated with the O K-edge. Hence, it is plausible to propose a

possible directional electron transfer process, as follows. Upon excitation, the electrons tunnels
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from the conduction band of the CdSe QDs to the n” states of the DWNT C=C carbonaceous
network as well as the C=0 = states of surface carboxylic functional moieties. This charge
interaction was mediated between the n- © conjugated system associated with the DWNTSs and
the MTH-capped CdSe QDs, as manifested in discernible but interpretable changes.

Therefore, we have shown that the DWNT-MTH-CdSe heterostructures incorporating the
smallest 2.3 nm diameter QDs gives rise to the largest amount of electron transfer, an
observation which can be potentially explained by the Marcus theory, which is commonly used
to describe the interfacial charge transfer process and to quantitatively probe the dependence of
the transfer rate on the driving force.>>3 Previous studies have indicated that electron transfer
from photoexcited QDs lies in the so-called ‘normal’ region, where the charge transfer rate
increases with and is proportional to the driving force.>* >° For example, the Kamat group
reported™® that by systematic reduction of the QD size, the electron transfer from CdSe QDs to
the adjoining TiO; particles could be enhanced, and it was subsequently concluded that this
transfer resides within the ‘normal’ region of Marcus theory.

A potential charge transfer model for our DWNT-MTH-bound-CdSe systems, possessing
discrete energy levels associated with each component, is proposed in Figure 4.5. The energy
levels of CdSe QDs possessing different sizes as well as of the DWNTSs have been calculated,
based on previous papers.>®° The redox energy level of the thiophenol linker has been
previously reported to be -0.006 V vs. NHE,! which is situated at a higher energy as compared
with the valence bands of all three CdSe QDs; hence, the linker is energetically favorable for
hole trapping. Upon excitation and photon absorption, an electron—hole pair exciton will form
within the CdSe QDs. The photogenerated holes will then be efficiently trapped by the thiol

groups within the MTH linker that is strongly adsorbed onto the CdSe surface, resulting in the
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creation of a thiol-based radical with the implication that two thiol-based radicals can be
combine to form a disulfide.!® Due to the previously reported higher LUMO levels associated
with these various thiol molecules,?! %2 % electron transfer should occur at the interface between
the CdSe QDs and the DWNTSs, in which the intervening MTH linker molecule serves as an
energetic barrier through which electrons can tunnel.%* ® Hence, the difference between the
conduction band energy levels of the CdSe QDs and of the DWNTSs serves as a driving force for
interfacial electron transfer.%® Therefore, it is expected that the QDs, possessing higher
conduction band energy levels, i.e. ever smaller sizes of quantum confined QDs, should induce

additional electron transfer.

E, (eV) CdSe QDs Hole frapping DWNT EIHE
0 Linker pH-—g.5
-1.0- -3.5
-2.04 2.5
-3.0 - -1.5
-4.0 - 0.5
5.0 0.5
6.0 1.5
7.0 2.5

Figure 4.5. Energy diagram of the various sizes of the CdSe QDs probed, the MTH linkers
themselves, and the DWNTS, respectively. e": electron, h*: hole. (Reprinted with permission
from J. Phys. Chem. C, 2015, 119, 26327-26338. Copyright 2015 American Chemical Society.)

Nevertheless, it was noted that there was not a significant difference between the 3.0 and

4.1 nm diameter QD-based systems in terms of the C and O K-edges. Furthermore, we appeared
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to observe more charge transfer in the Cd Ms-edge for the composites incorporating 4.1 nm
diameter QDs as opposed to 3.0 nm diameter QDs, although the smaller 3.0 nm diameter QDs
with their higher conduction bands supposedly were more amenable to charge transfer.

One possible explanation for this aberration is the fact that we observed different QD
coverage densities within these two systems. Specifically, as shown in Figure 4.1, the 4.1 nm
diameter CdSe QDs evinced a noticeably higher coverage density (i.e. ~1.5 times) as compared
with their 3.0 nm diameter counterparts on the outer DWNT surface, thereby providing for
greater interfacial contact areas as well as the potential possibility for additional pathways and
channels for charge flow to occur from QDs to DWNTSs with the net result that this intrinsic
spatial, geometric consideration would dominate over the inherent electronic driving force
associated with quantum confinement. The impact of QD coverage density upon the electron
transfer properties has been specifically investigated using electrical transport measurements, as

described later.

4.2.3. Raman Spectra.

Raman spectra associated with pristine and oxidized DWNTSs are displayed in Figure 4.6.
The intensity ratio of the D band near 1340 cm to the tangential mode (G band) near 1580 cm™
(Io/lg) dramatically increases after the purification process (i.e. Ip/lc = 0.04 for pristine DWNTSs
and 0.50 for purified DWNTS). The increase in the Ip/lg ratio due to the purification process is
expected, since the increased peak intensity associated with the D band can typically be
attributed to damage and distortion of the intrinsic conjugated sp? carbon lattice, as well as to the
presence of amorphous carbon®’ and other symmetry-breaking defects in the DWNTS generated
during the oxidation and concomitant surface functionalization of DWNTSs (i.e., formation of —

COOH and other oxygenated species on the surfaces of our tubes).58: 6°
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Figure 4.6. Raman D and G-band data of pristine (black) and oxidized (red) DWNTs,
respectively. (Reprinted with permission from J. Phys. Chem. C, 2015, 119, 26327-26338.
Copyright 2015 American Chemical Society.)

The tangential modes (G-bands) of the DWNT-MTH-CdSe composite heterostructures
together with that of the DWNT-MTH control sample are collectively displayed in Figure 4.7.
Each individual G band was treated as a convolution of 4 Lorentzian components (i.e. the dashed
curves). The two peaks at higher frequencies can be attributed to the G* and G™ bands of the
semiconducting outer tube, whereas the other two peaks at lower frequencies correspond to the
G* and G™ bands of the semiconducting inner tube. According to the Kataura plot,”® the 2.41 eV
excitation energy of the laser is in resonance with the Ess® transition of a semiconducting (S)

outer tube as well as with the E3s® transition of a semiconducting (S) inner tube. The fits of the
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sum of the Lorentzian peaks match well with previously reported G-band deconvolution data on
DWNTSs, possessing a S@S configuration.’ 2

Upon deposition of CdSe QDs, all of the outer tube G* sub-bands (i.e. the peak with the
highest frequency), which can be ascribed to the unresolved A1 and E; tangential G ™ modes for
the outer tubes,” evince an apparent peak down-shift, an observation which can be potentially
attributed to the G-band ‘softening’, indicative of the expansion of C-C bonds upon n-type
doping and suggestive of the presence of electron transfer from QDs in all three linker systems.3"
3 The observed downshifts in the frequency of the outer tube G*-band of DWNT-MTH-CdSe
heterostructures possessing QD sizes of 2.3, 3.0, and 4.1 nm are 15, 3, and 8 cm™, respectively.
Moreover, the behavior associated with downshift in the G¥outer peak frequency evinces a similar
trend to electron transfer that had been previously observed with the C K-edge and Cd Ms-edge
NEXAFS spectra (i.e. QD diameters of 2.3 > 4.1 > 3.0 nm), again confirming the presence and
extent of charge transfer. The fact that the inner outer tube G sub-bands barely alter after QD
deposition is also consistent with a picture in which the charge from the QD donor is transferred
to the outer tubes within the DWNT acceptor, which leads to a filling of those van Hove

singularities (VHS) in the conduction band responsible for the observed Raman resonance.
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Figure 4.7. Raman G-band spectra measured at an excitation wavelength of 514 nm (2.41 eV) of
a DWNT-MTH control sample as well as of DWNT-MTH-CdSe (with constituent QD diameters

of 2.3, 3.0, and 4.1 nm, respectively) heterostructures, generated by non-covalent n-r stacking.
(Reprinted with permission from J. Phys. Chem. C, 2015, 119, 26327-26338. Copyright 2015
American Chemical Society.)

4.2.4. Electrical Transport Measurements.

Both NEXAFS and Raman spectroscopy data have confirmed the presence of electron
transfer between CdSe QDs and the underlying DWNTSs. Electrical transport measurements have
been used to complement the optical data as well as to achieve additional insights into the impact
of individual reaction parameters such as acid functionalization, QD sizes, and QD coverage

densities. In total, more than 180 DWNT-MTH-CdSe heterostructure field-effect transistors
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(FETSs) were characterized by a pulse measurement set-up in order to reduce any hysteresis effect
on the device as well as to provide decent statistics that would allow for detecting any evident
trends between variously chemically treated devices.

Specifically, exemplary subthreshold characteristics of a pristine DWNT and of an MTH-
CdSe functionalized device obtained at Vps = -0.5 V were shown in Figure 4.8 in order to
illustrate the extraction process that was used to acquire insights into the impact of QD size and
coverage density on the doping stage of DWNTSs. For otherwise similar devices, the threshold
voltage holds critical information about the doping stage of an FET and/or the amount of charge
in the vicinity of the channel. Since extracting the actual threshold voltage Vi that defines the
transition from the device off-state (where the current depends exponentially on the gate voltage)
to the on-state that typically shows more of a power law dependence from experimental data is
often challenging, we have used herein a more robust approach that utilizes the ambipolar nature

of most nanotube device characteristics.
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Figure 4.8. Sub-threshold characteristics of a pristine and MTH-functionalized DWNT FET
measured at Vps=-0.5 V. A clear shift of the minimum current point is observed. (Reprinted
with permission from J. Phys. Chem. C, 2015, 119, 26327-26338. Copyright 2015 American
Chemical Society.)
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So-called ambipolar device characteristics are a result of electron transport through the
nanotube conduction band at positive gate voltages and hole transport for negative gate voltages
through the valence band. Of the above mentioned total number of devices, those that show clear
ambipolar behavior were selected for the extraction process that determines the gate voltage at
which minimum current is reached as a qualitative measure of V. The process was discretely
used for (a) pristine DWNTSs, (b) DWNTs functionalized with MTH and CdSe QDs measuring
2.3 nm, (c) DWNTs functionalized with MTH and CdSe QDs possessing a diameter of 3.0 nm,
as well as for (d) DWNTSs functionalized with MTH and CdSe QDs with a diameter of 4.1 nm. It
is worth mentioning here that all of the measurements have been carried out under dark
conditions. Hence, the observed charge transfer behavior is not associated with the photo-
induced excitons,’* but rather with possible work function differences amongst the various
individual components in the system.

The trend of a shifted minimum current Vmin for pristine and various DWNT-MTH-CdSe
heterostructures is summarized in Figure 4.9. We note that while individual devices may show a
similar Vmin, indicating a similar doping level, the large number of devices characterized in this
study provides clear evidence of a doping trend between transistors of type (a) through (d). In
fact, our data suggest an increase in the n-doping level from (a) to (d) with the highest n-doping
achieved in the DWNT-MTH-CdSe, measuring 4.1 nm, suggestive of the presence of the highest
amount of charge generated in spatial proximity to the DWNTSs. As has been pointed out before,
the coverage of DWNTSs varies with the choice of the QD size. We find that our transport results
are consistent with the TEM supported observation (Figure 4.1) that the average QD density
varies from 14 QDs/100 nm in case (b) to 16 QDs/100 nm in case (c) to 27 QDs/100 nm in case

(d). We submit that it is the charge transfer process from the MTH-CdSe QD system to the
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DWNT due to a smaller work function of the functionalized group as compared with the DWNT
itself that creates the observed n-doping level, a finding that had not been previously reported
before. We also re-emphasize that the above statements are not related to the amount of charge
transfer under illumination. Since all measurements were performed in the dark, no photo-
induced electron transfer can be observed. Instead, the data indicate that the QD-ligand system
once attached to the DWNT is no longer ‘charge neutral’, an important fact that needs to be
considered in the context of solar cell applications. To summarize, in the absence of laser
illumination, systems possessing higher QD coverage densities lead to more charge transport.
Measurements of this series of DWNT-MTH-CdSe heterostructures in the presence of laser
illumination are still under investigation in order to reveal additional insights into photo-induced

charge transport.
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Figure 4.9. Distribution plot showing the trend of a shifted minimum current Vmin for pristine
and MTH-QD functionalized DWNTSs. The higher the level of QD-decoration, the more negative
the Vmin. (Reprinted with permission from J. Phys. Chem. C, 2015, 119, 26327-26338.
Copyright 2015 American Chemical Society.)
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It is also worth reinforcing our findings about DWNT functionalization from data
associated with ‘on/off current ratios’. When functionalizing DWNTSs as opposed to single-wall
carbon nanotubes (SWNTSs) with the MTH-QD complex, the idea was to ensure the structural
and electronic integrity of the inner carbon nanotube shell, while only breaking bonds associated
with and attaching the ligands onto the outer shell of the DWNT. This approach appears to be a
promising strategy for solar cell applications, since it ensures that excellent transport of charges
through the inner shell of the system is preserved, even after functionalization of the outer tube
shell has occurred. While the various optical methods presented above clearly indicate the
successful attachment of the ligand-QD system, these measurements cannot unambiguously
provide the desired information about the quality of transport through the DWNT system after
functionalization. Therefore, herein we present for the first time a statistical study of on/off
current ratios (see illustration in Figure 4.10) that provides initial insights into this topic.

Figure 4.10 highlights the distribution of experimentally measured lon/loff Values for a
large number of three-terminal devices. For pristine DWNT FETSs, the expectation is that on/off
current ratios are rather small, consistent with the notion that the outer shell of a DWNT with its
larger diameter exhibits a smaller band gap that results in a higher off-current as compared with a
SWNT. Groups have recently reported’ ® on/off current ratios of about 3 and 4 respectively,
consistent with this statement. Our results indicate that pristine DWNT FETSs exhibit in only
about 13% of all cases, lon/lott-values larger than 2, and none of these devices characterized
achieved an on/off ratio of 8. On the other hand, a much larger number of devices, i.e. 22% of
MTH-capped CdSe QD-functionalized DWNTSs exhibited lon/loff > 2 and a small number of these
devices even attained on/off current ratios of as large as 8 (c.f. Figure 4.10). This interesting

observation can be understood in the context of the above intuitive argument of breaking only
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the outer, external carbon nanotube shell when attaching the MTH-capped CdSe QDs onto the
DWNT structure. In fact, we find that in 34% of all SWNT FETSs, on/off-current ratios larger
than 2 are obtained and values as high as 8 are achievable in some FETSs (see lower distribution
plot in Figure 4.10). Our experimental data clearly suggest that the device behavior of DWNTS is
becoming more similar to pristine SWNT FETSs after functionalization, thereby confirming the

validity of the intuitive picture.
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Figure 4.10. On / off-current distribution for pristine and functionalized carbon nanotubes. A
larger portion of functionalized DWNTSs shows an on/off-current ratio larger than 2 as compared
with pristine DWNTSs. (Reprinted with permission from J. Phys. Chem. C, 2015, 119, 26327
26338. Copyright 2015 American Chemical Society.)
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4.3. Conclusions
In this manuscript, DWNT-MTH-CdSe heterostructures, possessing average QD

diameters ranging from 2.3, 3.0, and 4.1 nm, have been successfully synthesized using a facile
non-covalent w-r attachment approach through the mediation of MTH linker. TEM and HRTEM
images have indicated that the 4.1 nm diameter MTH-CdSe QDs are quantitatively more
numerous as compared with their smaller-sized counterparts in terms of coverage density on the
underlying DWNT surface.

With a collective analysis of both NEXAFS and Raman spectra, plausible evidence for
electron transfer has been proposed for all the DWNT-MTH-CdSe heterostructures. Specifically,
NEXAFS spectra of DWNT-MTH-CdSe heterostructures incorporating different QD sizes
confirms that the interfacial electron transfer falls within the ‘normal’ Marcus theory region,
wherein the heterostructure possessing the smallest QD size (i.e. 2.3 nm) gives rise to the largest
driving force for charge transfer. The heterostructure possessing larger 4.1 nm diameter QDs
yielded anomalously greater charge transfer behavior with respect to that containing 3.0 nm
diameter QDs, an observation which can be ascribed to differential coverage densities onto the
underlying DWNT templates.

Complementary Raman investigation at 2.41 eV excitation evinced an evident down shift
of the outer tube G*-band, thereby suggesting that CdSe QDs serve as electron donors, wherein
electrons are predominantly transferred to the outer tubes in DWNTs in all three as-synthesized
DWNT-MTH-CdSe QDs heterostructures, which led not only to a filling of the Van Hove
singularities of the conduction band but also to a further ‘softening’ of the C-C bond, thereby
shifting the G*-band to lower frequencies. We note that this downshift in the G*outer peak

frequency evinces a similar trend to what has been previously noted with electron transfer in the
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NEXAFS spectra (QD diameters of 2.3 > 4.1 > 3.0 nm), again confirming the presence and
extent of charge transfer.

The electrical transport measurements obtained in the absence of illumination, which
serves as complementary measurement to the aforementioned optical data, indicated that the
MTH-capped QDs once attached onto the DWNTSs are no longer ‘charge neutral’ and further
correlated the idea of n-doping, i.e. the presence of electron transfer under ‘dark’ conditions from
the QDs to DWNTSs which is essentially dependent upon the QD coverage densities, as
corroborated by interpretable changes in threshold voltage characteristics. The on-off ratios from
the FETs further confirmed that the acid treatment used selectively functionalizes the outer tubes
of the DWNTSs and hence preserves the electronic integrity of the inner tubes.

Therefore, the cumulative NEXAFS, Raman, and electrical transport studies present in
this work have highlighted the presence of electron transfer in the DWNT-MTH-CdSe
heterostructures both under photonic excitation as well as under ‘dark’ illumination conditions.
Moreover, our studies offer a reasonable capability and path forward to tune and facilitate charge
transfer of DWNTSs via size and coverage density control of immobilized CdSe QDs. Such
findings should shed light upon the connection between architectural design and control of

charge separation within the context of QD-based solar cell regimes.
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Chapter 5. Ligand-induced dependence of charge transfer in
nanotube—quantum dot heterostructures

5.1. Introduction

Semiconducting quantum dots (QDs) have been considered as candidate materials for the
next generation of photovoltaic devices as a result of their unique attributes including (a) size-
dependent opto-electronic properties, (b) a potential to maximize the production of hot
photogenerated carriers through a multi-exciton generation effect, which would increase
photoconversion efficiency, (c) a remarkable photostability, including resistance to photoinduced
quenching, as well as (d) high extinction coefficients.! Double-walled carbon nanotubes
(DWNTSs), consisting of two coaxial tubules, represent a particularly interesting variation on the
carbon-based anisotropic motif. By contrast with single-walled carbon nanotubes (SWNTS), in
DWNTs, the outer shell of these structures can be selectively chemically functionalized while
maintaining the physical integrity and hence, the favorable opto-electronic properties of the inner
shell.>* As such, DWNT - QD heterostructures, which merge the desirable properties of
individual nanoscale constituent components into an integrated whole, embody a conceptually
unusual architectural design in the field of photovoltaic cells.>®

Typically, as-prepared QDs are capped with organic bulky long-chain, alkyl-based
ligands, such as but not limited to trioctylphosphine oxide, tri-n-butylphosphine, oleylamine,
hexadecylamine, and oleic acid. The presence of these molecular capping agents stabilizes QDs
within a colloidal dispersion and allows for reproducible and precise control over QD size and by
extension, the corresponding tuning of the QD bandgap.® 1° However, by their very structure,
these unwieldy, bulky, and often non-conjugated ligands can effectively hamper charge transport

and flow, which are inherently critical parameters to optimize for improving upon photovoltaic
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cell efficiency. Moreover, due to the insulating properties of these ligands, they often act as a
potential barrier to the charge transport capability between adjacent nanoparticles and
nanostructures. - 12

This issue can be potentially tackled by properly choosing electroactive ligand molecules
and by performing the subsequent ligand exchange processes with the native ligands, in order to
chemically modify and coat the external surfaces of these QDs with more conductive entities.*3
In this light, to tailor QDs for desirable photovoltaic behavior, a wide variety of ligands have
been studied as candidates for potential capping agents of these nanoparticles, including
bidentate aliphatic and aromatic thiols,'* primary amines,* carboxylic acids,® and halide ions.!’
The judicious choice of ligands and the chemical modification of the outer surfaces of QDs
through ligand exchange reactions are crucial for a number of reasons.

First, ligands can help to passivate surface defects, which play an important role in the
surface-related emission and corresponding photostability of QDs. Second, on a relevant device
level, the electronic properties of coupled colloidal QD solids can be precisely tuned through
modification of the QD surface chemistry via ligand exchange, and such an approach designates
a complementary strategy to control the QD bandgap through predictable variation of
nanocrystal size.® Third, specific short bidentate ligands, such as ethanedithiol, not only reduce
the interdot separation, thereby facilitating exciton dissociation and subsequent carrier transport
towards the collecting contacts,” *° but also serve as a molecular ligand bridge with which to
connect QDs with other charge transporting components, such as the DWNTSs herein, through
either covalent or non-covalent attachment strategies.?’ Recently, our group has already shown
that the synthesis of DWNT-CdSe QD heterostructures, using both covalent and non-covalent z-

7 conjugation protocols, mediated by specially chosen, short-chain ligands, 2-aminoethanethiol®
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and 4-aminothiophenol,?? is not only chemically feasible but also that there is a degree of charge
transfer from the CdSe QDs to the DWNTSs with the heterostructure itself.

Therefore, by deliberatively altering the identity of the ligands, we can vary the ligand
length, the nature of the chemical binding groups, and the associated dipole moments, thereby
leading to a shift in the positions of the QD valence band maximum and conduction band
minimum. In doing so, we can potentially tune for efficient charge transfer, which is crucial to
the development of QD-based photovoltaics.

With respect to previous and relevant studies on probing photo-induced charge transfer
process in the CNT-QD systems, Weaver et al. reported on both electron and hole transfer from
both CdSe QDs and the thiol-containing perylene compound (ETPTCDI) molecular linkers to the
underlying CNTSs, denoting processes which effectively increased the overall photon harvesting
efficiency of the resulting nanocomposite.?® In a separate work, based upon steady state and time
resolved photoluminescence studies, rapid electron transport was observed between QDs and
CNTs within ligand-free CdSe QD - CNT composites that had been fabricated using
ultrasonication.?* Additional examples abound. For example, Guo et al. designed graphene-CdSe
QD composites bridged together by pyridine linkers, which not only enhanced the adhesion of
QDs onto the graphene surface but also provided for good electronic coupling between the CdSe
QDs and the underlying two-dimensional carbon allotrope, thereby leading to injection of n-type
carriers within the graphene phase.?®

Yet, although substantial research efforts have been expended with respect to analyzing
charge transfer within CNT-QD composites, the precise role and function of the ligand
molecules in this process is not entire clear. To the best of our knowledge, there have been very

few if any systematic efforts, involving either qualitative or quantitative studies, with the

137


javascript:popupOBO('CHEBI:52214','C3NR00928A','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=52214')

objective of exploiting a cumulative combination of both experimental and theoretical techniques
within the context of carbon nanotube (CNT)-QD systems to correlate the effect of varying
ligand molecules with interfacial charge transfer in these nanocomposites.

Hence, in the current Chapter, our efforts are focused on gaining fundamental insights
into charge transfer behavior across nanoscale interfaces within covalently bound DWNT-CdSe
composite heterostructures as a function of the chemical nature of mediating ligand molecules,
i.e. p-phenylenediamine (PPD), 2-aminoethanethiol (AET), and 4-aminothiophenol (ATP),
respectively. The 3 ligand molecules we have deliberately chosen here are relatively short
structures, with either a terminal —SH or —NH> group, possessing a strong affinity for Cd sites on
the QD surface; the pendant —NH> group at the other end of the molecule can be potentially
utilized to initiate possible amide formation with acid-functionalized CNTSs in order to covalently
generate the desired heterostructures. It is worth noting that these -SH or —NH> capped ligands
are ‘hole —scavengers’?® and can act as effective acceptors for photogenerated holes.

Our group has previously reported on the presence of effective hole transfer from CdSe
QDs to underlying DWNT networks, connected through ligands, i.e. using both the AET?” and
the ATP? ligands in separate studies. Nevertheless, despite the well-studied hole transfer
behavior, electron transfer also exists in these types of systems, due to the band alignment of
CdSe QDs with either adjacent DWNTSs or metal oxides.? %°

Therefore, in the current manuscript, the electron transfer processes in the DWNT-ligand-
CdSe QD heterostructures will be probed through a unique combination of data acquired from
complementary experimental techniques such as (i) transmission electron microscopy (TEM)
images in order to nail down morphology and heterostructure formation as well as the

corresponding QD coverage density within our various CNT-CdSe QD nanocomposites; (ii)
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near-edge X-ray absorption fine structure (NEXAFS) spectroscopy, which will provide
information about the occupancy of the low-lying unoccupied electronic density of states,
specific to the CdSe QDs and DWNTSs;° (iii) Raman spectra of both constituent CNTs and the
resulting heterostructures, with a focus towards analyzing and understanding relative changes in
the positions and intensities of distinctive CNT-specific, Raman-active vibrational modes, which
are sensitive to chemical doping;®3* and (iv) electrical transport measurements of
heterostructures as manifested through the construction of field-effect transistor (FET) devices in
order to monitor the effect of the ‘doping” of DWNTSs, induced by the presence of QDs. We
emphasize that rarely if ever have all of these experimental techniques been collectively and
advantageously used in a constructive, synergistic combination to analyze and to fundamentally
understand the opto-electronic behavior of nanoscale composites of any composition.

As a unique corroboration for our insights, we have used theoretical X-ray absorption
spectra (XAS) results, calculated based on Fermi’s Golden Rule, to simulate, compare, and
ultimately correlate computed results with measured NEXAFS experimental data in order to
potentially test for and verify predictions from experiments. Although there are several papers
that already deal with a comparison between DFT theoretical calculations and NEXAFS
experimental data,®>- this current effort herein represents, to the best of our knowledge, the first
attempt to comprehensively model a complex CNT-QD nanoscale heterostructure composite
system generated using various ligands, through the interpretation of (i) an ensemble of
theoretical molecular modeling and DFT calculations, buttressed by (ii) a suite of microscopy
and spectroscopy measurements in addition to (iii) device data. That is, we seek a holistic picture

and understanding of linker-mediated charge interactions between the CdSe QDs and DWNTS.
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5.2. Results and Discussion
We have chosen to organize our discussion on the key scientific issue of how

systematically varying QD ligands alters charge transfer within composite nanoscale motifs
through the ‘prism’ of particular data sets obtained from various complementary characterization
techniques. Nonetheless, it is worth pointing out that to specifically deduce the effect of ligand
identity, i.e. with all other parameters kept constant to ensure consistency, DWNT-CdSe
heterostructures incorporating QDs with average diameters of ~4.1 nm only were generated by a
covalent attachment strategy through the mediation of intervening PPD, AET, and ATP ligand

molecules, respectively (Scheme 2.2 in Chapter 2).

5.2.1. Structural Characterization.

Low magnification TEM data in Figure 5.1 depicted the formation of all three, as-
prepared heterostructures. The corresponding average coverage density on the underlying
DWNT surface was noted to be 40 £12 dots for PPD-capped QDs, possessing an average
diameter of 4.1 0.9 nm (Figure 5.1A); 450 £55 dots for AET-capped QDs, maintaining
average diameters of 4.1 0.7 nm (Figure 5.1B); and 430 +=30 dots with ATP-capped QDs,
associated with average diameters of 3.9 0.5 nm (Figure 5.1C), respectively. The DWNTSs used
measured 500 nm in length and 30 nm in diameter for a typical bundle.

The use of 4.1 nm average diameter, AET and ATP-capped CdSe QDs resulted in
substantially larger quantities of QDs attached onto the underlying DWNT surfaces (i.e. about 10
times as much as compared with their PPD analogues). Moreover, we noted a far more uniform
nanoparticle coverage for these specific functionalized QDs on the sidewalls of the DWNT
bundles as compared with heterostructures synthesized using PPD-CdSe QDs. These collective

observations can be explained by the fact that the —SH group associated with the AET and ATP
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ligands possesses a stronger affinity for the CdSe QD surface by contrast with the -NH> group,
thereby resulting in a greater coverage of these thiol-based ligands and consequently a higher
probability and accessibility for QDs to be attached onto the DWNT surface frameworks.3® 40
The measured d-spacings of 3.52 A and 3.41 A in Figure 5.1 D-F could be ascribed to the d-
spacing of the (002) lattice plane of the hexagonal phase of CdSe as well as to the interlayer
spacing of the graphitic layer within DWNTS, respectively. One other feature worthy of note is
that AET-QDs (Figure 5.1E) appear to have a larger tendency to aggregate as compared with
their PPD-QD (Figure 5.1D) and ATP-QD (Figure 5.1F) counterparts, a finding which could
possibly be ascribed to the shorter interdot distance as a result of the shorter ligand length

associated with AET.

Figure 5.1. (A, B, and C). TEM images and (D, E, and F) HRTEM images of DWNT-PPD-
CdSe QD, DWNT-AET-CdSe QD, and DWNT-ATP-CdSe QD heterostructures, respectively,
synthesized by an amide-mediated covalent attachment strategy. (Reprinted with permission
from Nanoscale, 2016, DOI: 10.1039/C6NR03091B. Copyright 2016 Royal Society of
Chemistry.)
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To further confirm this observation, TEM and HRTEM images of various ligand-capped
CdSe QDs have been provided in Figure 5.2. We confirm that the AET-QDs, highlighted by the

yellow circles, tend to be more clustered, as compared with their other two analogues.

Flgure 5.2. TEM images of (A) as- prepared (B) PPD- capped (C) AET- capped and (D) ATP-
capped CdSe QDs. Insets shows corresponding HRTEM images and the scale bar in insets are 5
nm. The aggregated AET-capped CdSe QDs are highlighted in yellow circle. (Reprinted with
permission from Nanoscale, 2016, DOI: 10.1039/C6NR03091B. Copyright 2016 Royal Society
of Chemistry.)
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To further investigate the surface functionalities as well as confirm the successful ligand
exchange process, FT-IR data are present in Figure 5.3. The presence of the various ligand
terminated moieties (i.e. PPD, AET and ATP) on the CdSe QD surfaces expected after ligand
exchange was confirmed by FTIR analysis, as shown in Figure 5.3. Specifically, for the as-
prepared CdSe QDs, the surface capping agent is TOPO.*! The sharp P=0 stretch of the TOPO
near 1147 cmis red-shifted to 1070 cm™ and is strongly broadened, which could imply the
presence of multidentate coordination through the occupation of bridging sites on the Cd
surface.*> 3 Significantly, in the case of CdSe QDs capped with thiol ligands such as AET and
ATP, after the respective ligand exchange reactions involved, the absence of a distinctive R-SH
peak near 2400-2500 cm™* suggests that all thiol pendant moieties in these ligands are likely to be
completely bound onto the surfaces of the CdSe QDs.** Moreover, the two N-H stretching bands
for free PPD species initially located near 3400-3300 and 3330-3250 cm™, respectively, are
distinctly absent in the corresponding spectra of the capped dots, thereby confirming that PPD is
likely bound onto the CdSe QD surface.

In terms of other noticeable peaks, aromatic ligands such as PPD and ATP give rise to
characteristic peaks for aromatic rings near the 1530-1600 cm, 1400-1500 cm™, and 1160-1175
cm regions for the C=C asymmetric stretching mode, the C=C symmetric stretching mode, and
the C-H bending mode, respectively. The broad OH vibration peak located at 3430 cm™ and
found in the AET-CdSe QDs likely emanates from water. Water adsorbs onto the surfaces of
CdSe quantum dots, because of their high surface-to volume ratio. The bands located at around
2925 cm* and 2850 cm™ in the ligand-exchanged QDs can be assigned to a C—C—H stretching
mode, implying that there are still small, remnant amounts of TOPO immobilized onto the

surfaces of the CdSe quantum dots, even after the ligand exchange process.
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Figure 5.3 FT-IR spectra of as-prepared, PPD, AET, and ATP-capped CdSe QDs possessing
average diameters of 4.1 nm, respectively. (Reprinted with permission from Nanoscale, 2016,
DOI: 10.1039/C6NR03091B. Copyright 2016 Royal Society of Chemistry.)

5.2.2. NEXAFS Spectra.

Figures 5.4 highlighted the corresponding C and O K-edges as well as the Cd Mz-edge
associated with the DWNT-PPD/AET/ATP capped-CdSe QD heterostructures. By means of
comparison, all of the data associated with the various edges within the three ligand systems
tested have been plotted on the same scale.

C K-edge. In principle, the C K-edge spectra correspond to the dipole transitions from C

1s core states to 2p-derived electronic states. The sharp peak at around 285.4 eV can be ascribed
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to a C 1s to the C=C 2p m* transition. The broad peak at 292-294 eV can be assigned to a
convolution of three C 1s to C-C o™ transitions.*> ¢ In addition, the peaks at ~288.1 eV and
~289.1 eV can be attributed to the n* C=0 and o* C-O functionalities, respectively.30: 4’
Moreover, the areas under resonance (or peak intensity) of the various n* and c* features are
approximately proportional to the extent of the electronic density of the unoccupied C 2p derived
states. Hence, the increased intensities of these features can be correlated either with the
increased numbers of unoccupied C 2p states or with a charge transfer process taking place
between the C 2p orbital and the dopant at the interface. 6 48 4°

Experimentally, when the ligands are attached onto the oxidized DWNTSs (i.e. red
spectra), the C K-edge (Figure 5.4A, D, and G) C=C r* transition intensity was found to be
enhanced in the AET and ATP systems (black spectra), while no obvious change was observed
for the PPD system. The reason for this enhancement will be discussed in the theory section.

After the QD deposition (i.e. blue spectra), we note that in all three of these
heterostructures, the C K-edge n* transition intensity is either barely affected or perceptibly
reduced in magnitude, whereas the ¢ * C-O transition evinced an enhanced intensity and a
narrower peak as compared with the DWNT-PPD / AET / ATP nanoscale hybrid control sample
prior to CdSe QD deposition (i.e. red spectra). These data suggest that the CdSe QDs donate
charge onto the DWNT C=C r* states, while the sp? carbons in the o* C-O states on the DWNTSs
may also back donate some charges to the CdSe QDs, possibly through the formation of a C-O-
Cd link.%®-%° One hypothesis consistent with our later theoretical analysis is that the conjugated
7* carbons are accepting electrons from the QDs, thereby resulting in a decrease in the
unoccupied electronic density of states and giving rise to a suppressed signal, associated with the

C=C =t* transitions. By contrast, the o* carbons associated with the oxygenated species are
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donating charges to the QDs, thereby causing an increase in the unoccupied electronic density of
states and hence, an enhanced peak.

Nevertheless, the amount of charge transfer from DWNTSs to CdSe QDs is expected to be
negligible as compared with charge transfer in the reverse direction from CdSe QDs to DWNTSs,
within the CdSe QD — DWNT heterostructures. We hypothesize that the slight increase in the ©*
C=0 band intensity observed with AET-capped QDs may also denote possible evidence for
electron transfer from the DWNTSs to the QDs through the mediation of the C=0 linkage in the
derivatized DWNTSs, because the absence of a conjugated aromatic system associated with the
attached AET ligand itself renders a small, albeit finite, probability for this particular ‘back
donation’ scenario. The broad * C-O peak (present in the oxidized and ligand-attached
DWNTSs) may be ascribed to the presence of 6 conjugated structures of varying sizes, i.e. a
superposition of o* resonances. Upon addition of (interaction with) the QDs, some of these
structures are chemically eliminated, thereby resulting in the narrowing of the peak.

Cd Mzs-edge. In principle, the Cd Ms-edge is associated with transitions between the Cd
3p initial state and the unoccupied 5s states, which comprise the bottom of the conduction band
of CdSe, based on the projected electronic density of states (DOS) proposed by theory. Hence, if
the bottom of the CdSe conduction band were to shift by an energy interval, AEc, then the
corresponding Mz absorption edge would shift by an equivalent amount, thereby representing the
guantum confinement induced shift in the conduction band.>!°2 The M-edges are known to
suffer from weak signals and a large background®® by contrast with the Cd Ls-edge. Therefore, in
order to render these Ms-edges useful for quantitative analysis, multiple replicates of the spectra
were collected with increased data integration times in order to obtain higher signal-to-noise

ratios and therefore data interpretability.
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Experimentally, within the heterostructure data set, the enhanced intensity of the Cd Ma.
edge (Figure 5.4B, E, and H) provides direct evidence for charges being withdrawn from CdSe
QDs upon deposition onto the DWNTSs. Moreover, the heterostructures incorporating AET-QDs
appeared to give rise to the largest enhancements observed, as noted by the drastic changes in the
Cd M3 edge (Figure 5.4E), as compared with their aromatic PPD and ATP analogues. This
situation may possibly be ascribed to the shorter lengths of the aliphatic ligands, thereby
resulting in a more extensive and favorable intermolecular charge transfer as compared with that
of analogous bulkier aromatic ligands.>® Another viable contributive factor is the electron affinity
of —SH, which has been calculated to be 2.23 and significantly, is higher in magnitude than that
of -NHp, i.e. 0.71.>* The implication is that ligands with pendant thiol groups can potentially
withdraw more charge from CdSe QDs as compared with their amine-terminating analogues.

Furthermore, it is also worth recalling from the TEM data (Figure 5.1) that the AET-
based heterostructure possesses a higher coverage density (about 10 times) as compared with its
PPD counterpart, a situation which might contribute to a larger amount of the observed charge
transfer. Hence, because the Cd M edge spectra of each linker (5.4B, E and H) are pre-to-post
edge normalized (to unity), on an atom-by-atom basis, we emphasize that the greatest
enhancement of the Cd Ms-edge is detected with the AET-based heterostructure, an observation
implying that the highest amount of charge transfer ascribed to the CdSe QDs is associated with
the AET-capped CdSe QD system. To gain additional insights into the precise effect of QD
coverage density associated with various ligands upon the resulting charge transfer, we have
collected and interpreted complementary electrical transport measurements in Section 5.2.5.

O K-edge. In terms of the O K-edge, the two well-separated absorption features observed

can be ascribed to a sharp peak located at 531.8 eV and a broader peak centered at around
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539-546 eV. Specifically, the feature at ~531 eV can be potentially assigned to transitions from
the O 1s core levels to the n* C=0 states derived from carboxylic acid moieties, whereas the
broad absorption feature centered at around 539—546 eV can possibly be attributed to the
superposition of transitions arising from the O 1s core levels to the final states possessing o*
symmetry, localized on the O—H and C—O bonds. The small peak centered at ~534.6 eV likely
derives from the -OH n* transition associated with carboxylic acid species.>>’

Experimentally, the n* -OH (534.6 eV) transition in the O K-edges (Figure 5.4C, F, and
I) originating from carboxylic groups on the DWNT surface diminishes in all three of the
heterostructures tested, suggestive of the formation of an amide bond upon QD deposition.
Significant increases in both the n* and ¢ * transitions associated with the O K-edge spectra were
also observed in all three of the heterostructures analyzed (i.e. blue spectra) as compared with the
oxidized DWNT controls (i.e. red spectra), a likely consequence of electrons being withdrawn
from the oxygenated functional moieties on the DWNTSs after chemical attachment of the
adjoining QDs.

From all of the NEXAFS results associated with the C K-edge, O K-edge, and Cd Ms-
edge data, it is reasonable to assert that charge is being transferred from CdSe (i.e. enhanced Cd
Mzs-edge intensity) to the surface oxidized C-O functionalities (such as carboxylic acid moieties),
and finally onto the C=C conjugated network of the ligand-functionalized DWNTSs (i.e. as
evidenced by an increase in the O K-edge n* C=0 and o* C-O transition intensities and a
corresponding reduction in the C K-edge n* C=C transition intensity). We also expect a minor
degree of charge back donation from DWNTSs to QDs, as manifested by alterations in the o* C-O

bond transitions (i.e. an enhanced C K-edge c* C-O intensity after QD deposition).
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It is also noteworthy that although the AET system demonstrates the largest enhancement
in the Cd Mz-edge data, in the corresponding C K-edge spectra, the ATP system appears to
evince the largest suppression in the = * C=C transition (Figure 5.4G), while comparable
changes within AET and PPD-based systems are similar to each other. Hence, the C K-edge data
would seem to suggest that the largest amount of charge transferred from the QDs to the
underlying DWNTSs occurs within the ATP-based heterostructures. Therefore, in order to further
probe the effect of the intrinsic properties of each ligand upon the individual charge transfer
processes observed, to normalize for the effect of QD coverage density, and to reveal more
detailed insight into the charge transfer process from the QDs to the DWNTSs as manifested by
changes in the experimental C K-edge data, theoretical calculations of the C K-edge NEXAFS

spectra have been performed on these various ligand systems, possessing identical QD coverage.
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Figure 5.4. Probing the effect of varying ligands. Experimental (A, D, and G) C K-edge, (B, E,
and H) Cd Ms-edge, and (C, F, and 1) O K-edge spectra of DWNT-PPD-CdSe QD, DWNT-
AET-CdSe QD, and DWNT-ATP-CdSe QD systems, respectively. (Reprinted with permission

from Nanoscale, 2016, DOI: 10.1039/C6NR03091B. Copyright 2016 Royal Society of
Chemistry.)

5.2.3. Theoretical Modeling.

In the theoretical models (see Chapter 2 for full details), a flat graphene sheet measuring
3 nm x 3 nm, with 20 carboxyl group defects randomly spaced around the interior of the sheet,
was created. The presence of the linker molecules was subsequently built into this ‘defected’
system, with the ligand molecules attached at the same ‘defected’ sites in the graphene sheet.

QDs possessing a relaxed geometry of 1.3 nm were subsequently attached onto the ligand-
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capped graphene. Figure 5.5 overlays the experimental (purple) with theoretical (green) C K-
edge NEXAFS spectra of various linker-modified graphene species (Figure 5.5A, C and E) as
well as of the corresponding linker-derivatized graphene-CdSe QD heterostructures (Figure
5.5B, D and F), with theory shifted to align with the experimental o* peak located at 293 eV.
Both data sets have been normalized, such that the o* peak located at 293 eV has a spectral
intensity of 1. A comparison highlights the overall agreement in terms of the relative positions
and intensities of the " and o* peaks associated with the various species. The calculated C K-
edge spectra of pristine graphene (red), of defect-ridden (oxidized) graphene (blue), of various
ligand species bound to graphene (green), as well as of heterostructures characterized by CdSe

QDs attached to various ligand-modified graphene species (purple) are displayed in Figure 5.6.
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Figure 5.5. Comparisons of theoretically calculated versus experimental C K-edge NEXAFS
spectra for the graphene-bound PPD/AET/ATP composites (A, C, and E), as well as for the
graphene-bound PPD/AET/ATP-CdSe QD heterostructures (B, D, and F), respectively.
(Reprinted with permission from Nanoscale, 2016, DOI: 10.1039/C6NR03091B. Copyright
2016 Royal Society of Chemistry.)

Before QD deposition (ligand bound to graphene systems). As previously mentioned,

with respect to the experimental NEXAFS data connected with AET/ ATP-bound DWNTS (i.e.
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red curves in Figure 5.4D and G), the C=C =" (~279 eV) intensity appears to be enhanced relative
to that of oxidized graphene alone (i.e. black curves in Figure 5.4D and G). Such an
enhancement was observed as well with the simulated spectra for both calculated AET and ATP-
bound graphene (i.e. green curves in Figure 5.6B and C) as compared with the oxidized graphene
alone (i.e. blue curves in Figure 5.6B and C). It is noted that both in the experimental and
theoretical systems, the ATP-bound graphene evinced a more obvious enhancement as compared
with its AET-linked analogue. It is also worth mentioning that the enhancement is most obvious
with the calculated PPD-bound graphene system (i.e. green curve) as compared with oxidized
graphene alone (i.e. blue curve in Figure 5.6A). Such a scenario was not necessarily confirmed
by the experimental NEXAFS data (i.e. red curve as compared with black in Figure 5.4A), and
this discrepancy might have been possibly ascribed to the much lower coverage density of PPD

within the experimental PPD-bound DWNT system.
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Figure 5.6. Theoretically calculated C K-edge NEXAFS spectra of pristine graphene (red), of
defect-ridden (i.e. oxidized) graphene (blue), of various ligands bound to graphene (green), as
well as of graphene-bound ligand-CdSe QD heterostructures (purple). (Reprinted with
permission from Nanoscale, 2016, DOI: 10.1039/C6NR03091B. Copyright 2016 Royal Society
of Chemistry.)

In order to further investigate this enhancement, Figure 5.7 delineates the contribution of
the various constituent groups of carbons to the total spectrum associated with the PPD, AET,
and ATP-bound graphene systems, including (1) the C=C backbone carbons within the graphene
layer (i.e. the carbon atoms in the plane of the graphene sheet, labeled as the “sheet” carbon,
herein) and (2) the carbon atoms associated with the ligands themselves (i.e. the carbon atoms
out of the plane of the graphene, labeled as the “linker” carbon, herein). It is apparent that the

origin of the large increase in the C=C n" peak near 279 eV for the PPD and ATP-bound

graphene systems (i.e. green curves) as compared with oxidized graphene alone (i.e. blue curves)
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in Figure 5.6A and C) can be ascribed to the aromatic carbon atoms present within the ligands
themselves, which constitute the major component of the total C=C =" peak signal in Figure 5.7A
and C. Such an enhancement in the experimental data associated with ATP-bound DWNTS (i.e.
red curve) relative to that of the oxidized DWNTSs itself (i.e. black curve) is also apparent in
Figure 5.4G, but it is not as evident with the PPD-bound DWNT system in Figure 5.4A, an
observation possibly due to the much lower coverage density of PPD within the experimental
PPD-bound DWNT system. The corresponding lack of a large increase in the C=C =" peak
intensity near 279 eV for AET-bound graphene (i.e. green curve, Figure 5.6B) can be attributed
to the fact AET does not possess aromatic carbons within the ligand itself (Figure 5.7B). Hence,
the spectra for the AET, ATP, and PPD-bound graphene systems are very similar with respect to
the carbon atoms within the sheet itself, with only a slight increase in the intensity of the peak

located at 278 eV for the AET-bound graphene system (i.e. blue curve in Figure 5.7B).
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Figure 5.7. (A, B, and C). Breakdown of the NEXAFS spectra associated with graphene-bound
PPD, AET, and ATP composites, respectively. (Reprinted with permission from Nanoscale,

2016, DOI: 10.1039/C6NR03091B. Copyright 2016 Royal Society of Chemistry.)
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After QD deposition (CdSe QDs chemically attached onto ligand-bound graphene
systems). After CdSe QD deposition, a reduction of the C=C =" transition was observed for the
CdSe-ATP-graphene system as compared with ATP-graphene itself (i.e. purple curve as
compared with green curve in the Figure 5.6C inset), denoting behavior which is consistent with
the corresponding experimental data shown in Figure 5.4G (blue as compared with red curves).
A smaller reduction was noted in the C=C =" transition of the CdSe-PPD-graphene composite as
compared with PPD-graphene itself (i.e. purple curve as compared with green curve in the Figure
5.6A inset). Only a marginal diminution was observed with the CdSe-AET-graphene
heterostructure as compared with AET-graphene itself (i.e. purple curve as compared with green
curve in the Figure 5.6B inset).

In particular with the CdSe-ATP-graphene heterostructures, the total decrease in the C=C
n peak intensity appears to be much larger than what has observed for both the AET and PPD-
based analogues. In order to further investigate the suppression in the C=C =" transition after QD
deposition, the various ‘differential’ carbon contributions to the simulated C K-edge NEXAFS
spectra associated with the CdSe QD-ligand-graphene heterostructures as compared with the
analogous ligand-bound graphene system are highlighted in Figure 5.8.

The largest suppression was noted with the CdSe-ATP-graphene system after the QD
deposition (i.e. purple curve) as compared with ATP-graphene itself (i.e. green curve in Figure
5.8G and Figure 5.6C inset). In effect, the ligand carbons (Figure 5.8H) contribute to the largest
reduction in the ©" peak amongst all three of the ligand systems tested. We have also observed
that the C=C =" peak associated with the “sheet” carbon atoms (Figure 5.81) remain relatively
unchanged when the QD is added. The smallest reduction was actually observed in the C=C n”

peak near 279 eV for the CdSe-AET-graphene system (i.e. purple curve) as compared with AET-
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graphene itself (i.e. green curve in Figure 5.8D and Figure 5.6B inset). This decrease can be
attributed to the carbon atoms within the graphene sheet, likely experiencing suppression in their
intensity at this energy level (Figure 5.8F). There is a corresponding noticeable enhancement of
the peak attributed to the “ligand” carbons at 282 eV (Figure 5.8E), which is consistent with
experimental data presented in Figure 5.4D.

For the graphene carbon atoms in the CdSe-PPD-graphene system (i.e. purple curve), a
reduction is noted in the " peak intensity as compared with the analogous PPD-graphene system
(i.e. green curve in Figure 5.8A and Figure 5.6A inset). This decrease can be attributed to the sp?
carbons within the ligand (Figure 5.8B). The first thing to note is that the addition of QDs can
reduce the intensity of nearly all energies, with the only exceptions being around 281 and 282
eV, associated with the o* C-O functionalities, which yielded a small amount of enhancement
from the carbon atoms in the graphene sheet and the ligand region (Figure 5.8B and C). The
suppression of nearly every peak and the corresponding enhancement of the peak at 282 eV in
the CdSe-PPD-graphene system are consistent with experiment (Figure 5.4A). The locations of
both calculated 7" and o* peaks also correlate well with experiment (Figure 5.4A), though the
intensity of the theoretical CdSe-PPD-graphene system was found to be different from what
experiment yielded. This latter discrepancy may be due to the higher coverage of the PPD
ligands in the simulated system as compared with the corresponding coverage of the PPD ligands
within the experimental CdSe-PPD-DWNT system.

Our calculated C K-edge NEXAFS spectra imply that when normalized to the same
amount of QD coverage density, the CdSe-ATP-graphene heterostructure gave rise to the largest

decrease in the C=C n" peak. Successively lower reductions in the C=C =" peak intensities were
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noted for the CdSe-graphene-PPD and AET-based systems, respectively, with the AET-

associated composite yielding the least amount of =" peak reduction.
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Figure 5.8. Differential carbon contributions to the C K-edge NEXAFS spectra associated with
the graphene-bound PPD-QD heterostructures as compared with the graphene-bound PPD
system (A-C), graphene-bound AET-QD heterostructures as compared with the graphene-bound
AET system (D-F), and graphene-bound ATP-QD heterostructures as compared with graphene-
bound ATP composites (G-I), respectively. (Reprinted with permission from Nanoscale, 2016,
DOI: 10.1039/C6NR03091B. Copyright 2016 Royal Society of Chemistry.)

Summation. To recapitulate, despite differences between theory and experiment in terms
of ligand coverage and QD size, theory reproduces the overall experimental trends observed.
With respect to the ligand-bound graphene systems, theory and experiment mutually confirm the

presence of the largest enhancement in the C=C n" peak of the ATP-derivatized graphene, and

the least enrichment for the AET-functionalized graphene. Theory explains these trends on the
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basis that the sp? carbon atoms within the ATP ligand share a similar chemical environment with
the carbon atoms of the graphene sheet and can therefore add onto the C=C 7" peak intensity
directly, whereas the analogous sp® carbons within the AET ligand do not. Experimentally, the
PPD ligands maintained such a low spatial coverage that this trend was not observed.

When analyzing the extent of the C=C " peak suppression occurring upon the addition of
QDs, theory and experiment both were in agreement that use of the ATP ligand gave rise to the
strongest decline, whereas the AET linker yielded significantly less peak intensity decrease.
Indeed, theory explains the overall observed ‘suppression’ as arising primarily from a diminution
in the intensity emanating from the carbons in the ligands themselves in the aromatic ligand
systems. These data are consistent with the experimental results presented in Figure 5.4A and G,
and the calculated XAS shown in Figure 5.6A and C. This finding moreover corroborates
previous published results which suggest that electron-rich, conjugated systems are more
efficacious at enabling the charge transfer process as compared with their non-conjugated

counterparts.®®

5.2.4. Raman.

The tangential modes (G bands) typical of DWNT-PPD / AET / ATP-CdSe
heterostructures together with the corresponding DWNT-PPD / AET / ATP control samples are
highlighted in Figure 5.9A-C. Each individual G band was treated as a convolution of 4
Lorentzian functions (i.e. the dashed curves). The two peaks located at the higher frequencies
can be attributed to the G* and G bands of the semiconducting outer tube, whereas the other two
peaks associated with the lower frequencies correspond to the G* and G™ bands of the
semiconducting inner tube. According to the Kataura plot,®® the 2.41 eV excitation energy of the

laser is in resonance with the Ess® transition of a semiconducting (S) outer tube as well as with
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the Ess® transition of a semiconducting (S) inner tube. The fits of the sum of the Lorentzian peaks
match well with previously reported G-band deconvolution data on DWNTS, possessing a S@S
configuration.®® ®1 In particular, the peak located at higher frequency can be ascribed to the
unresolved A; and E; tangential G * modes for the outer tubes.®?

Upon deposition of CdSe QDs, all of the outer tube G* sub-bands evince an apparent
peak down-shift and a corresponding intensity decrease, an observation which can be potentially
attributed to the G-band ‘softening’, indicative of the expansion of C-C bonds upon n-type
doping and suggestive of the presence of electron transfer from QDs in all three of the ligand
systems analyzed.®® ® ATP-based heterostructures gave rise to the largest down shift in the peak
position recorded of 16 cm™, as compared with 2 cm™ and 7 cm™ associated with PPD and AET-
based analogues, respectively. These data are consistent with complementary observations from
both experimental and calculated NEXAFS data, indicating the largest amount of electron
transfer with ATP-centric systems. Although the observed changes in the PPD and AET-based
systems are reasonably comparable in terms of the measured peak downshift, as a result of the
much higher coverage density of AET-CdSe QDs as compared with PPD-CdSe QDs within our
heterostructures (Figure 5.1A and B), the use of aromatic PPD might actually be a more

promising and efficient ligand choice in terms of promoting charge transfer.

160



——DWNT-PPD-CdSe| A —— DWNT-AET-CdSe]|

Raman Intensity {a.u.)
Raman Intensity (a.u.)

n A 1 i 1 L i i L i A
1450 1300 1550 1600 1650 1700 1450 1500 1550 1600 1650 1700

Raman Shift {am™) Raman Shift {cm™)
—— DWNT-ATP-CdSe] C

Raman Intenslty (a.u.)

1450.15'00.151')0.15'00.1650.1700
Raman Shift {cm)

Figure 5.9 (A, B, and C). Raman G-band spectra, measured at an excitation wavelength of 514

nm (2.41 eV), of DWNT-PPD-CdSe QD, DWNT-AET-CdSe QD, and DWNT-ATP-CdSe QD

heterostructures, respectively, by comparison with their respective controls. Reduced chi-square

of the fitting is 3.2, 1.6, 2.7, 2.8, 1.3, and 1.7 for DWNT-PPD-CdSe QD, DWNT-PPD, DWNT-

AET-CdSe QD, DWNT-AET, DWNT-ATP-CdSe QD, and DWNT-ATP structures, respectively.

(Reprinted with permission from Nanoscale, 2016, DOI: 10.1039/C6NR03091B. Copyright
2016 Royal Society of Chemistry.)

5.2.5. Electrical Transport Measurements.

The combination of NEXAFS and Raman spectroscopy data has experimentally
confirmed the presence of charge transfer between immobilized CdSe QDs and the underlying
DWNTSs. In order to further probe the potential device capabilities of our as-generated DWNT-

CdSe QD heterostructures for photoelectronic applications, additional electrical transport
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measurements of associated FETs have been acquired. When performing electrical transport
measurements within a three-terminal FET geometry, critical information about the charge state
of the pristine and ligand-QD decorated carbon nanotubes can be gathered from the gate voltage
dependence of the respective devices.® It is worth mentioning here that all of the measurements
have been carried out under ‘dark’ conditions, meaning the ligand-capped CdSe QDs themselves
are not being excited. Hence, the observed charge-transfer behavior is not associated with
photoinduced excitons, but rather with possible work function differences among the various
individual components in the system.

All measurements were performed at room-temperature at a pressure of ~1 107 torr.
Device characteristics obtained in this way are very similar in appearance (inset of Figure 5.10)
but exhibit their current minima at distinctly different gate voltages, depending on the particular
type of ligand analyzed (Figure 5.10). In fact, in these CNT devices, it is this unique fingerprint
characterized by a shift in the threshold voltage (relative to Vgs) that holds information about the
amount of charge transfer that can occur between the ligand-QD system and the attached
DWNTs, due to their different work functions.

Figure 5.10 highlights the gate voltage at which the current through the device is
minimum (Vmin) with the relevant transfer characteristics obtained for four different types of
samples: (a) pristine DWNTS; (b) DWNTSs coupled with ~4.1 nm diameter AET-QDs; (c)
DWNTs immobilized with ~4.1 nm diameter ATP-QDs; and (d) DWNTSs connected to ~4.1 nm
diameter PPD-QDs. To obtain a decent statistical distribution, about 40 devices were fabricated
and measured for each functionalization type. Only devices showing clear ambipolar behavior,
i.e. electron currents for positive gate voltages and hole currents for negative gate voltages, have

been included in the analysis. Relative to pristine CNT FETSs, all functionalized tube devices
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show a clear negative shift of Vmin, which indicates that electrons are being transferred from the
ligand-QD system to the DWNTS. Indeed, the performance of the CNT FET devices is indicative
of electron transfer both to and from DWNTSs. Nevertheless, it is obvious that the electron
transfer from QDs to DWNTSs is the predominant effect as compared with possible electron back-
donation from the DWNTSs to the QDs, since the FET devices tested herein primarily

demonstrated the presence of an n-doping effect after QD decoration.
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Figure 5.10. Vg values, at which the current versus gate voltage characteristics of individual
devices showed their minimum, for the various ligands tested. The inset shows a representative
measurement for a device with ATP functionalization at a drain voltage of Vgs=-1V. The
channel length is 1 um. (Reprinted with permission from Nanoscale, 2016,

DOI: 10.1039/C6NR03091B. Copyright 2016 Royal Society of Chemistry.)
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Figure 5.11 summarizes the distribution of Vmin values for the various ligand-QD CNT
devices as a function of the respective QD coverage densities on the underlying DWNTS, as
extracted from TEM. To summarize, the data suggest that in the absence of laser illumination,
the QD-ligand system once attached to the DWNT is no longer “charge neutral” and in fact,
systems possessing higher QD coverage densities lead to more charge transfer to the DWNT
(Table 5.1). Measurements of the various DWNT-ligand-capped CdSe QD heterostructures in
the presence of laser illumination are still under investigation in order to reveal additional

insights into photoinduced charge transport.
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Figure 5.11. Vmin vs. coverage density for various ligand-bound QD-CNT heterostructured

samples. (Reprinted with permission from Nanoscale, 2016, DOI: 10.1039/C6NR03091B.
Copyright 2016 Royal Society of Chemistry.)
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Table 5.1. Summary of transport results for various functionalized ligand-QD CNT samples.
(Reprinted with permission from Nanoscale, 2016, DOI: 10.1039/C6NR03091B. Copyright
2016 Royal Society of Chemistry.)

PPD 4.1nm ATP 4.1nm AET 4.1nm

Shift of V;, [V] -0.67£0.69 -1.4+0.78 -2.231+0.92
Coverage [um] 80+24 860130 900+ 100

5.3. Conclusions

In this manuscript, various DWNT-CdSe heterostructures, with average QD diameter of
4.1 nm, have been successfully synthesized using a covalent attachment approach through the
mediation of PPD, AET, and ATP ligands, respectively. With a collective analysis of both
experimental and theoretical data sets, plausible evidence for charge transfer has been proposed
for heterostructures generated through the mediation of various ligands.

Focusing on the role of the pendant functional group within the ligand, TEM and
HRTEM images have indicated that the PPD-capped CdSe QDs gave rise to a lower coverage
density as compared with AET and ATP-based heterostructures, possibly due to the weaker
binding strength of —NH> as compared with the —SH groups with respect to the Cd sites of the
QD surface. Specifically, the larger experimental NEXAFS enhancement associated with the Cd
Ms-edge transition intensity for the AET-based (versus PPD-bound) heterostructures was likely a
consequence not only of their greater QD coverages but also of the higher electron affinity of the
AET’s terminal —SH groups as compared with PPD’s pendant —NH, moieties. The net
consequence was an overall increased charge withdrawal and charge transfer from the
immobilized CdSe QDs within the AET-mediated heterostructures. Subsequent electrical

transport measurements suggest that in the absence of laser illumination, the QD-ligand system
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once attached to the DWNT is no longer “charge neutral”, and systems possessing higher QD
coverage densities lead to more charge transfer to the underlying DWNTSs.

Concentrating on the function of the carbon-rich z-conjugated system within the ligand
structure, analysis of the experimental C K-edge spectra, specifically the C=C =* transition, as
well as of the Raman spectra of the DWNT G*-band down-shift have unambiguously suggested a
more nuanced picture in which the ATP-based heterostructures actually gave rise to the largest
amount of charge transfer observed from the QDs to the underlying DWNTSs. We hypothesize
that although both ligands similarly possess pendant —SH functional groups as well as similar
QD coverage densities, the presence of the ATP’s intrinsic -conjugated aromatic system
mediates and facilitates greater charge transfer as compared with its aliphatic AET counterpart.
Nonetheless, the aromatic PPD-based system yielded a smaller amount of charge transferred to
DWNTs as compared with their aliphatic ATP-based analogues, possibly due to the much lower
QD coverage density and concentrations, i.e. 1/10 for PPD versus ATP-based composites.

Our overall data point to the presence of the n-conjugated carbon system as well as the
pendant groups within the ligands as important contributive factors governing the resulting
charge transfer to the underlying CNTs. Theoretical NEXAFS data reproduced the overall
experimental trends in terms of enhancement/suppression behavior of the C=C n* peak (Figure
5.5). In particular, the use of theory explained the origin of the C=C ©* peak enhancement in the
graphene-linker systems as arising from the nature of carbon atoms within the linker (Figure 5.7)
and the suppression of the C=C z* peak is stronger within the conjugated systems (Figure 5.6).
Theory could not conclusively ascribe the C=C n* peak suppression to the effect of charge
transfer. However, it is crucial to note that whereas by virtue of creating a computationally

tractable and doable system, the theory calculations necessarily focused upon a QD with a
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relaxed geometry of 1.3 nm, experimental QDs were actually substantially larger (4 nm) and
often aggregated, a scenario which would be expected to transfer more charge. In other words,
theory could effectively and qualitatively account for all of the observed phenomena and
behavior at the smallest of dimensions. Hence, future work will explore the idea of scaling these
size-dependent effects to macroscopic regimes involving larger-sized and greater numbers of

quantum dots.
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Chapter 6. Enhanced Performance of “Flower-like” LisTisO12 Motifs as
Anode Materials for High-rate Li-ion Batteries

6.1. Introduction
Lithium ion batteries (LIBs) have achieved commercial success in the field of portable

electronic devices due to their outstanding properties, such as high energy density, light weight,
long lifespan, and ambient temperature operation.' With the growing demand for applications
in energy storage stations and modern electric vehicles, the development of LIBs possessing a
desirable mixture of positive attributes, such as high energy and power densities, superior
durability, long cycling performance, as well as favorable environmental sustainability remains a
highly sought-after objective.* > Conventional LIBs utilize carbon-based anode materials
(typically graphite), which suffer greatly from effects associated with volume expansion and
shrinkage during Li-ion intercalation and extraction processes. These phenomena can potentially
lead to a loss in electrical contact between graphitic particles and in turn, a decrease in overall
capacity. Another limitation arises from the potential for deleterious lithium dendrite formation
during the overcharge process, owing to a low Li-intercalation potential of the graphite anode,
approaching 0 V (versus Li/Li*).>%8

Spinel LisTisO12, known as the ‘zero-strain’ material, has been extensively studied as an
excellent alternative anode material, due to several intrinsic advantages, including (i) its
outstanding structural stability due to its ‘zero-volume’ change during electrochemical cycling;
(i) its high and stable potential plateau value (i.e. 1.55 V versus Li/Li*), which circumvents solid
electrolyte interphase (SEI) formation and avoids the possibility for a battery short circuit issue,
triggered by the formation of lithium dendrite deposition on the surface of the electrode; as well

as (iii) its fast electrode kinetics enhanced by possible 3-dimensional Li*-ion diffusion pathways
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within the spinel structure.> ” However, the inherently sluggish lithium ion diffusion coefficient
of bulk LisTisO12 (10 to 1013 cm?/s)® ° coupled with its low intrinsic electronic conductivity
(1023 S/cm)101 greatly limit its rate capability.

Two strategies have been typically employed to improve the rate performance of
LisTisO12 anodes. One strategy has been to improve the electron transfer via ion doping, surface
modification, and/or incorporation of carbon. The other strategy is to reduce the electron and Li-
ion diffusion lengths by producing nanostructured analogues of LisTisO12 itself.12 1* Recently,
the synthesis of nanostructured motifs of LisTisO12, including zero-dimensional (0D)
nanoparticles,' 1> one-dimensional (1D) nanowires and nanotubes,*® " as well as other three-
dimensional (3D) structural architectures,® * 18 has been widely adopted to address and overcome
these issues, as these unique structures often lead to improved kinetic performance by reducing
the overall lithium diffusion distance. Among various unique structural manifestations, the 3D
nano-/micro- hierarchical structure in particular represents an ideal host for lithium storage, since
it combines the merits of nanometer-sized building blocks (i. e., shortened diffusion distances
and high electrode/electrolyte contact surface areas) with the benefits of either micrometer- or
sub-micrometer-sized assemblies (i. e., thermodynamic stability and high tap-density).® 1

For instance, Kim et al. reported on LisTisO12 microspheres assembled from nanosheets,
synthesized by mixing titanium tetraisopropoxide (TTIP), LiOH, and H20- at 130<C for 20 h
under hydrothermal conditions; these nanosheets evinced stable cycling performances, with a
high capacity retention (140 mAh g?) at a current density of 10* mA/g, even after 4000 cycles.?
Tang et al. created flower-like LisTisO12, consisting of nanosheets fabricated using a
hydrothermal reaction, run at 170 <C for 36 h; these structures exhibited a high reversible

capacity and an excellent rate capability of 165.8 mAh g* at 8 C.2! Wu et al. prepared petal-like
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LisTisO12-TiO2 nanosheets by boiling a lithium titanium peroxide - ammonium solution in an oil
bath followed by a low temperature, short duration solid-state calcination. The resulting
nanosheets gave rise to excellent performance with a remarkably high discharge capacity of
175.8 mAh g after 450 cycles, representing ~94.8% of the initial discharge capacity at a 0.1 C
rate.?? Sha et al. fabricated well-crystallized LisTisO1. nanoplates through a two-step
hydrothermal preparation using benzyl alcohol-NHz-H-O as the solvent at 180 <C for 6 h
followed by subsequent calcination in air; these nanoplates retained a superior discharge capacity
of 153 mAh g after 1000 charge—discharge cycles at 10 C.?3

Therefore, herein, we have constructed novel three-dimensional LisTisO1. flower-like
micron-scale spheres through a facile and rapid hydrothermal reaction, which possesses the
following novel synthetic attributes: (i) use of a Ti foil instead of an organic titanium precursor
to synthesize a 3D hierarchical LisTisO12 material; (ii) no other solvents except for water were
needed for the hydrothermal reaction; and (iii) the hydrothermal reaction was carried out at
130<C for 4 h, which effectively shortened the reaction time and lowered the overall reaction
temperature as compared with previous reported experiments.* 8 24 Subsequent experiments
showed that the Ti foil itself can be repeatedly recycled and re-used without either a noticeable
alteration in sample morphology and quality or a drop-off in the yield of the resulting product.

The as-prepared LisTisO12 described herein possesses outstanding advantages that can
assist in improving the measured anode performance. First, the flower-like LisTisO1.
microspheres assembled by thin nanosheets can contribute to a reduced lithium ion diffusion
distance. Second, the roughened exposed surfaces of the thin petal-like nanosheets can provide
for an enhanced active surface area available for reaction and are beneficial for the interaction of

the electrolyte with LisTisO12, thereby ultimately providing for improved voltage profiles and
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charge/discharge dynamics. Herein, the as-prepared nanostructured LisTisO12 material was tested
as an anode material for lithium ion batteries, and yielded an excellent reversible capacity and
good cycling performance, even under conditions of high current densities. Specifically, at the
highest discharge rate of 100 C tested, our flower-like motifs provided ~3X the discharge
capacity of spherical commercial material analogues, thereby demonstrating their significantly

improved rate capability.

6.2. Results and Discussion
6.2.1. Structure and Morphology of as-prepared LisTisO12 materials

The intermediate LisTisO12 precursor first obtained from the initial hydrothermal reaction
can be ascribed to a ternary Li-Ti—O phase. Specifically, the XRD pattern shown in Figure 6.1A
can be assigned to an orthorhombic lithium titanium oxide hydrate: Li1.gHo.19Ti20s* X H20 (i.e.
JCPDS card No. 47-0123) phase.> 18 2 The peak possessing a relatively high intensity at 20 =
10.5<(i.e. d200= 0.84 nm) suggests that this product possesses a layered titanate structure, an
assertion which can be confirmed with SEM (Figure 6.2). Nonetheless, though the as-prepared
LisTisO12 precursor exists as a flower-like motif, it is covered with a coating composed of a low

atomic number element, possibly excess LiOH precursor, as indicated in Figure 6.2.
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Figure 6.1. XRD patterns associated with (A) an as-prepared LisTisO12 (LTO) precursor as well
as (B) the product of the calcination of the as-synthesized LTO precursor at 500<C. (Reprinted
from ChemSusChem 2015, 8, 3304 —3313. Copyright 2015 John Wiley & Sons, Inc.).
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Figure 6.2. SEM image of the LisTisO12 precursor intermediate, obtained immediately after the
hydrothermal reaction. (Reprinted from ChemSusChem 2015, 8, 3304 —3313. Copyright 2015
John Wiley & Sons, Inc.).

The TGA profile in Figure 6.3 corresponding to the layered hydrous lithium titanate
indicates that it can be transformed into the LisTisO12 spinel phase by removing water molecules
intercalated between the gaps of the lithium-titanate oxide layers, after heat treatment above
400°<C. In this light, the precursor was annealed at 500 <C for 3 h in order to ensure adequate
transformation. The final product can be indexed to the pure cubic spinel structure of LisTisO12

(i.e. JCPDS card No. 49-0207) (Figure 6.1B). The broad peaks in the XRD pattern suggest that
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the LisTisO12 possesses a small crystallite size, whose presence has been previously reported to
favor enhanced rate properties of the material;® in fact, the mean crystallite size of our sample

was calculated to be ~13.3 nm using the Debye - Scherrer equation.
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Figure 6.3. TGA curve of the LisTisO12 precursor intermediate, obtained immediately after the
hydrothermal reaction. (Reprinted from ChemSusChem 2015, 8, 3304 —3313. Copyright 2015
John Wiley & Sons, Inc.).

The morphology and structure of as-synthesized flower-like LisTisO12 microspheres have
been investigated using scanning electron microscopy (SEM). The overall morphology is clearly
flower-like in shape with an overall diameter of 1 um, as can be seen in Figure 6.4. At higher
magnification (i.e. Figure 6.4B), the product is characterized as a hierarchical architecture,
composed of an assemblage of many fine petal-like nanosheets, possessing a thickness of about

12.5 2.6 nm. The presence of such a grouping of both nanoscale and micron-scale structures

should increase the active, accessible surface area of the electrode material, which in turn should
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contribute to an enhanced electrode performance by reducing the overall diffusion path lengths
necessary for efficient ionic and electronic mobility.

More detailed structural information and morphology data were provided by transmission
electron microscopy (TEM) and selected area electron diffraction (SAED). Typical TEM images
of LisTisO12 microspheres in Figure 6.4C show that the LisTisO12 microspheres possess an
average uniform diameter of ca. 0.9 £0.1 um. A higher magnification image of the nanosheets
(Figure 6.4D), corresponding to the region indicated in the inset figure in Figure 6.4C, confirms
the overall layer-by-layer stacking framework as well as the roughened surfaces of the
constituent component petals of the flower-like LisTisO12 microspheres, which could render a
more efficient contact interfacial area between the active material and the intervening,
surrounding electrolyte. HRTEM images of the individual petals are shown in Figure 6.4E (top-
view) and Figure 6.4F (side-view), respectively. The lattice fringes with d-spacings of 2.09 and
4.84 A can be respectively attributed to the (400) and (111) planes of spinel LisTisO12. It is also
worth noting that the (400) surface has been reported to be the most energetically favorable for
Li insertion, suggesting that its exposure represents another possible contributor to the
enhanced rate performance observed for our samples herein. The corresponding SAED pattern
(inset to Figure 6.4E) can be indexed to the (111), (311), (400), (333), and (531) lattice planes,
respectively. A side-view image of the petal highlights a ‘sawtooth’ shape, confirming the

roughened surfaces of the petals (Figure 6.4F).
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Figure 6.4. S (A and B and TEM (C and D) images of as-snthesized LisTisO12
nanostructures at various magnifications. HRTEM image and an inset corresponding to the
SAED pattern of an individual constituent petal-like nanosheet (E: top-view and F: side-view).

(Reprinted from ChemSusChem 2015, 8, 3304 —3313. Copyright 2015 John Wiley & Sons, Inc.).
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To obtain greater structural insights into our as-prepared 3D hierarchical LisTisO12
microspheres, samples were physically microtomed for subsequent TEM analysis. In particular, a
series of successive radial cross-sections, obtained by serially ‘cutting’ through a sample of such
microspheres, was collected. Each ‘slice’ measured ~80 nm in thickness; our goal was to analyze
the overall spherical structure of an individual flower-like aggregate, commencing from its
external ‘petals’ at one ‘pole’, proceeding inwards through to its innermost core, and ultimately
terminating at its opposite ‘pole’. A representative sequence of images collected from visualizing
a series of 9 consecutive, evenly spaced sections obtained from a specific microtomed flower-
shape LisTisO12 microsphere is depicted in Figure 6.5.

In the first two outermost sections, only exposed, loosely interconnected nanosheets can
be observed, and these appear to be randomly packed. The outlines of the aggregate ‘core’
composed of discrete nanoparticles begin to materialize by section C. As the sectioning process
progresses further inwards, the core comes into greater structural definition and focus. The core
diameter itself attains an ostensible maximum value in section E with an average dimension of
444 +20 nm, and its individual constituent nanoparticles possess an apparent diameter of ~11.9
+1.8 nm. The other key structural motif present in section E, i.e. nanosheets, are characterized
by average lengths of 242.7 =25 nm, and are arranged and aligned radially, like spokes of a
wheel, around the central particulate core. Due to the inherent symmetry of the spherical
microsphere, the core understandably begins to disappears from view from section F onwards,
and is replaced by a growing preponderance of ever more disorganized nanosheets upon reaching

the opposite ‘end’ of the ‘flower-like’ structure.
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Figure 6.5 (A) through (1). Serial sections of microtomed LisTisO12 flowers, processed from one
end to the other. (Reprinted from ChemSusChem 2015, 8, 3304 —3313. Copyright 2015 John
Wiley & Sons, Inc.).

In order to fully understand the structural evolution and temporal formation of the
‘flower-like’ LisTisO12 microspheres, the effect of the reaction time upon the resulting
morphology has been carefully investigated using SEM, as presented in Figure 6.6. It was
observed that the morphology of the LisTisO12 precursor (Figure 6.2) and of the final product

after further calcination at 500 <C exhibited no significant differences; that is, the loss of water in

LizgHo.19Ti20s - X H20 as well as its phase transformation to spinel-type LisTisO12 did not induce
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any obvious changes in the structure of the material. In the following analysis, only samples
obtained after further calcination at 500 <C are presented, due to the greater facility of obtaining
interpretable SEM images of these specific samples.?

Over the reaction time course of 12 h, as shown in Figure 6.6, titanium foil oxidation
proceeded through an H>O»-enhanced oxidation in aqueous LiOH solution to create the LisTisO12
precursor. Such a redox strategy combined with a hydrothermal reaction involving a titanium
source (e.g., either Ti foil or Ti powder), a basic NaOH or KOH solution, and an oxidizing H20>
solution has been previously developed by our group to generate the 3D sea-urchin TiO>
assemblies.?’

In the early stages of the reaction, i.e. a reaction time of 1 h (Figure 6.6A), irregularly-
shaped bulk materials were observed, possessing a relatively smooth surface. Approximately 15
min later (Figure 6.6B), small, ultrafine nanoparticles were generated by a rapid nucleation
process,?® and these particles later aggregated to produce the core of the ‘flower-like’ structure.
At this initial reaction stage, products collected after hydrothermal reaction maintained a very
low yield.

When the reaction time was increased to 1.5 h (Figure 6.6C), evidence of the appearance
of closely packed, layered nanoplatelets comprising more defined edges and smooth surfaces
was noted, as if the shapeless bulk were being deftly ‘chiseled’ and ‘molded’ by the hydrogen
peroxide solution into more recognizable morphologies. These plate-like architectures further
evolved into aggregates of thinner nanosheets with average thicknesses of 30.8 +6.5 nm, and
these appeared to freely self assemble to generate a larger, more complex, and more ordered
6.6D hierarchical motif with little if any nanoparticles present, upon a reaction time of 1 h and 45

min (Figure 6.6D).
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Additionally, after a reaction time of 2 h (Figure 6.6E), unbound, detached ‘flower-like’
LisTisO12 microspheres started to appear, possessing an overall diameter of 1.3 0.1 um with
their individual constituent petals measuring 25.4 £3.3 nm in thickness. As the reaction time was
prolonged to 4 h (Figure 6.6F), the microspheres became somewhat smaller with overall
dimensions of 0.9 0.1 um in diameters, and the individual constituent petals thinned by
approximately half to 12.5 2.6 nm. The simultaneous decrease in not only the diameter of the
flower-like microspheres but also the thicknesses of the petals can reasonably be attributed to
additional etching from the surrounding, enveloping H20- solution. We believe this unique,
relatively uniform morphology to be beneficial for an enhancement in electrode performance,
due to the potential for shortened ion diffusion distances and enhanced contact surface area with
the electrolyte. As the reaction proceeded onwards to 8 h, a more polydisperse mixture of flower-
like microspheres and aggregated particles was noted, as shown in Figure 6.6G. At a reaction
time of 12 h and beyond (Figure 6.6H), the 3D flower-like structures appeared to ostensibly fall
apart and disintegrate with the concomitant formation of smaller, more plentiful motifs

comprised of nanoparticles and nanosheets.
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stages with successively increasing reaction times of (A) 1 h, (B) 1 hour 15 min, (C) 1 hour 30
min, (D) 1 h 45 min, (E) 2 h, (F) 4 h, (G) 8 h, and (H) 12 h, respectively. (Reprinted from
ChemSusChem 2015, 8, 3304 —3313. Copyright 2015 John Wiley & Sons, Inc.).
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Based on the SEM and TEM analyses discussed above, we have devised a plausible
scheme to clearly illustrate the growth procedures of the flower-like LisTisO12 precursor. As
mentioned, our initial step was to generate from a redox strategy combined with a hydrothermal
reaction, as a function of increasing hydrothermal reaction time (presented in Scheme 6.1). The
oxidation of Ti foil proceeded through an H20O2-enhanced oxidation process in the presence of
LiOH aqueous solution. In the initial stages of the reaction, we noted bulk-like in addition to
rapidly nucleated, small particulate morphologies of Li-Ti-O. Particularly after 1.5 h of reaction
time, the surface of the bulk material continued to roughen with the concomitant formation of
layered sheets. It has been previously reported that the addition of a large amount of H>O> can
induce the formation of distinctive layered hydrous lithium titanate nanosheets, which are
precursors to particular morphological motifs of LisTisO12.1® 2° Moreover, a similar ‘evolution’
of structures has been previously reported by Tang et al. during the analogous synthesis of TiO-
microspheres using H.O, under alkaline reaction conditions.®® All of these observations can be
reasonably attributed to the fact that regions of the bulk material undergo localized dissolution—
precipitation followed by an in-situ transformation during the hydrothermal reaction.3- 32

When the reaction time was prolonged to 1 h and 45 min, the ongoing H2O; etching
‘sculpted’ the underlying bulk material into hierarchical aggregates of individual thinner
nanosheets. The driving force favoring spherical 3D architectures can be presumably ascribed to
factors such as but not limited to van der Waals attractive forces, hydrogen bonding,*? interfacial
tension, the postulated hydrophilicity of adjacent titanate surfaces,?’ as well as the minimization
of the overall total energy of the system.®® After a longer growth and etching process to 2 h, the
larger nanosheet aggregates started to break up into smaller individual, discrete 3D ‘flower-

shape’ motifs. Additional reaction to 4 h resulted in a continued thinning of the individual
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constituent ‘petals’ and a perceptible decrease in the overall sizes of our ‘flowers’. When the
reaction time was further extended to 8 h and beyond, the desired 3D hierarchical structure itself
began to disintegrate into less organized, individual discrete ‘petals’ and particles with a
polydisperse size distribution. We should note that all of the resulting products from the
hydrothermal reaction were likely encapsulated with unreacted LiOH precursor, present in
excess in order to compensate for Li volatilization during the calcination process.

From the electrochemically desirable vantage point of exploiting an Li-Ti-O precursor
intermediate, possessing attributes of an optimized surface area, size monodispersity, chemical
purity, morphological definition, as well as structural integrity, our products isolated after 4 h
represented the ‘best’ choice. After the subsequent annealing process in air, the initial flower
motif was successfully retained, and the intermediate Li-Ti-O phase was transformed into the

desired spinel LisTisOq2 structure.

Ti Foll

DDD Hydrothermal &% Hydrothermal

Hydrothermal
ﬁ

rxn. time

H,O/OHJLj* rXn.time rxn. time J i
z H,0 = 1h and 15 min =1h and 30 min = 1h and 45 min
2
rxn. time : Li-Ti-O uniform, ordered ' X- M
3D hierarchical motif =4h

=
= 8h [diameter; 0.9 + 0.1 um;

4
LI-TI-O particles and fragmented — %ﬁ thickness: 12.5 £ 26 nm]

3D hierarchical structures

Calcination
Li-Ti-O uniform, ordered
3D hierarchical motif
[diameter: 1.3 = D.1ums
thickness: 25.4 = 3.3 nm]

Li,TizO,, flower

Scheme 6.1. Proposed formation process of LTO precursors and ‘flower-like” LisTisO12 motifs.
(Reprinted from ChemSusChem 2015, 8, 3304 —3313. Copyright 2015 John Wiley & Sons, Inc.).
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The surface area of our LisTisO12 materials was determined using the BET gas adsorption
method. We found that our as-synthesized ‘flower-like’ materials possess a surface area of 44
m2/g as compared with 10 m?/g for the spherically-shaped control samples. Presumably, the high
surface area can be attributed to a combination of the 3D hierarchical structure and the
roughened surfaces of the ‘sawtooth’ shape petals, which lead to an enlarged interfacial contact
area between the electrolyte and the LisTisO12 sample, thereby providing for the superior high-

rate capacities and charge/discharge dynamics observed.

6.2.2. Electrochemical performance

Figures associated with the following discussions will be presented in the thesis from
Yiman Zhang (Takeuchi Group, Stony Brook University). The electrochemical cells were tested
in galvanostatic mode. In total, the flower-like and spherical LisTisO12 materials were subjected
to 100 discharge-charge cycles at different discharge rates, ranging from 0.2 C to 100 C, with a
moderate rate of a 0.2 C charge for cycles 1-50 and 71-100, respectively; a 0.5 C charge was
used for the intervening interval consisting of cycles 51 to 70. This unusual regimen provided the
opportunity to effectively assess both the rate capability and the capacity retention of our
samples. In effect, our special motifs evinced excellent rate capability, delivering 148, 141, 137,
123, and 60 mAh g under discharge rates of 0.2 C, 10 C, 20 C, 50 C, and 100 C, at cycles 50,
55, 60, 65, and 70, respectively. By contrast, the spherical LisTisO12 control material only
delivered 148, 114, 106, 80, and 20 mAh g* under identical circumstances. Thus, the realized
capacity was similar under low rate discharge conditions but very different under high rates of
discharge, with an evidently higher delivered capacity from our as-prepared ‘flower-like’

LisTisO12.
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The capacity retention behavior was assessed by considering the capacity under a lower
rate 0.2 C discharge as a function of cycle number. At cycles 10, 30, 50, and 100, the capacities
for the spherical control were 150, 148, 148, and 148 mAh g1, respectively, whereas the
capacities for our unique flower-like architectures were 151, 149, 148, and 147 mAh g7,
respectively. Thus, both materials exhibited a similar capacity retention of 97% from cycles 10 —
100 and ~99% from cycles 20 - 100.

The voltage profiles of both as-synthesized flower-like LisTisO12 and commercial
spherical LisTisO1. were consistent with prior reports for LisTisO12, i.e. showing a long single
plateau followed by a steep voltage transition for discharge at rates < 50 C. The voltage versus
capacity curves were generated at cycles 50, 55, 60, 65, and 70, respectively, in order to assess
the relative polarization of the two LisTisO12 materials tested under various discharge rates.
Under the 0.2 C, 10 C, and 20 C rates, the two Li4sTisO12 materials, i.e. the spherical as well as
the ‘flower-like” morphologies, evinced voltages plateaus at 1.56 (1.57), 1.45 (1.48), and 1.39
(1.41) respectively, all within 20-30 mV of each other. At the higher rate discharge (50 C),
additional polarization was evident in the spherical control, with a 60 mV lower voltage, relative
to our flower-like motifs (i.e. 1.23 versus 1.29 V). At the highest discharge rate of 100 C, our as-
prepared flower-like structures provided for ~3X the discharge capacity of the spherical control,
thereby clearly highlighting demonstrating the significantly improved rate capability of the
products of our synthesis-driven designs.

To further evaluate the rate capability of the material, 200 additional discharge-charge
cycles were performed under perceptibly higher and more rigorous 20 C discharge and 20 C
charge rates. The flower-like LisTisO1. material delivered 134 mAh g on cycle 101 and 117

mAh g on cycle 300 (i.e. 87% capacity retention), whereas the commercial spherical LisTisO12
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only gave rise to 103 mAh gt on cycle 101 and 77 mAh g on cycle 300 (i.e. 66% capacity
retention). Thus, our ‘flower-like” materials exhibited both a significantly improved capacity and
a superior capacity retention (~20% reduced fade) as compared with commercial spherical
analogues under ‘high rate’ conditions.

In order to further investigate the structural stability of the electrodes, pre- and post-
cycling SEM images of electrodes containing commercial LisTisO1. (Figure 6.7 A and B) and
the as-synthesized flower-like LisTisO12 (Figure 6.7C and D) are analyzed. Both pre-cycling
electrodes evince reasonable surface uniformity with particles (Figure 6.7A) and 3D hierarchical
microspheres (Figure 6.7C) of LisTisO12 active materials mixed with carbon black spheres. After
300 discharge-charge cycles, the morphology of the commercial LisTisO12 electrode retains
intact. It is worth to mention that the flower-like LisTisO12 materials with nanosheet constituents
are still discernible in the electrode after cycling (Figure 6.7D), indicating the high structural

stability of our synthesized 3D hierarchical LisTisO12 motifs.
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Figure .7. ' EM imaes of electrodes tken bh efore (Aahd ‘ and aﬁer (B an )
electrochemical cycling. (A) and (B) correspond to the commercial LisTisO12 whereas (C) and
(D) are associated with the as-synthesized flower-like LisTisO12, both active materials are
coupled with carbon black. (Reprinted from ChemSusChem 2015, 8, 3304 —3313. Copyright
2015 John Wiley & Sons, Inc.).

These electrochemical results for our flower-like LisTisO12 prepared were considered in
light of prior reports for materials of similar structure (summarized in Table 6.1). We should
state at the outset that our synthesis protocol is relatively more simplistic and less time-
consuming as compared with the strategies used for other previously reported structures. In terms
of a direct comparison of electrochemical results, after ~50 cycles of testing, herein we observed
a discharge capacity of ~140 mAh g* under 10 C discharge, whereas a previously reported

‘flower-like’ LisTisO12 structure gave rise to ~150 mAh g* under 8 C,3* and a different ‘peony-

like’ LisaTisO1, material yielded merely ~100 mAh g under 10 C discharge.®® As another
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example, after ~65 cycles of testing, we noted a discharge capacity of 123 mAh g observed at
50 C, whereas a similar porous hierarchical LisTisO12 architecture reported in the literature only
delivered 121 mAh gt at a 30 C discharge rate.? Finally, another analogous urchin-like
LisTisO12 motif gave rise to 120.8 mAh g at 20 C rate.®!

Notably, our as-prepared structures have been tested under high rate discharge
conditions, and it is worth mentioning that our as-prepared flower-like LisTisO12> maintained a
capacity of >60 mAh g™ at 100 C. Furthermore, after 300 total cycles including >200 cycles at
anomalously high discharge rates > 20 C, our ‘flower-like’ LisTisO12 material delivered 117
mAh g. To the best of our knowledge, this represents one of the more strenuous tests
incorporating LisTisO12 material of this specific hierarchical morphology. In terms of capacity
retention, the behavior of our flower-like LisTisO12 structure compares favorably with that of
other previously reported flower-like LisTisO12 materials. For instance, after 100 cycles, our
capacity was 147 mAh g under 0.2 C (i.e. 97% relative to cycle 10 and ~99% from cycles 20 -
100), and 117 mAh g™ after 300 cycles under a relatively high discharge rate of 20 C,
demonstrating not only comparable performance, relative to a prior flower-like LisTisO1>
motif,3* but also, importantly, significant capacity retention improvement, relative to prior
dandelion-like*® and peony-like LisaTisO12 materials.®> Moreover, it has been previously
reported?® that the favorable cyclic retention can be attributed to the 3D motif itself, which can

effectively accommodate the drastic volume changes associated with Li insertion and extraction.
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Table 6.1. Comparison of Synthesis Methods and Corresponding Electrode Performances of
LisTisO1. prepared in this work and in prior cited literature. (Reprinted TOC figure from
ChemSusChem 2015, 8, 3304 —3313. Copyright 2015 John Wiley & Sons, Inc.).

Material Method Rate Capability Cycling Performance Ref.
Flower-like Hydrothermal: For cycles 55, 60, For cycles 20-100: This work
LigTisO12 130<C for4h 65, and 70: 0.2 C: 99% retention;
(discharge Anneal: 10 C: 141 mA h g-l, For CyCIeS 101'300
range: 3.0-1.0 500<C for 3 h 20 C: 137 mA h g'1' 20 C: 87% retention
V) 50 C: 123 mA hgL;

100 C: 60 mA h g1

Flower-like Hydrothermal: First discharge For cycles 5-100: 27
LigTi5012 170<Cfor36h  gc:1658mAhgl 8C:152mAhgl,
(discharge with ammonia 3.8% fading rate
range: 2.5-1.5  and ethylene
V) glycol.

Anneal:

500C for 2 h
Peony-like Hydrothermal: First discharge For 10-100 cycles: 28
LigTi5012 180°C for24h  1c:1760mAhgl 1C:137.1mAhgL;
(discharge with CTAB. 10C: 1197 mAhg" 10C:100.1 mAh g
range: 2.5-1.0 Anneal: 1 1
V) 400°C for 2 h 4.8% fading rate
Hierarchically Sol-gel: 24 h 3 cycles discharge: For 1-500 cycles: 19

porous
LigTisO12
(discharge
range: 2.0-1.0
V)

Dandelion-like
LigTisO12
(discharge
range: 3.0-0.7
V)
Urchin-like
hierarchical
hollow
LigTi5O12
(discharge
range: 3.0-1.0
V)

+ hydrothermal
at 100<C for 24
h

Anneal:

700C for2h

Hydrothermal:
150<C for6 h
Anneal:
500<C for 4 h

Hydrothermal:
150C for24h
Anneal:
600<C for 2 h

10C: 155 mA hg*;
30C:121mAhg?

First discharge
0.69C:138mAhg
1

At cycles 80 and 90:
10C: 1346 mAhg"
1.

20C: 1208 mAhg"
1

5 C: 98% retention

For 1-100 cycles: 29

0.69C:117mAhg"
1

15.2% loss

For 1-100 cycles: 25a
2 C: 1.9% capacity
loss
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6.3. Conclusions
Nanostructured flower-like LisTisO12 structures have been successfully synthesized by a

simplistic and rapid hydrothermal method involving short reaction times, relatively low reaction
temperatures, and re-useable, recyclable Ti precursors. By taking advantage of the etching
capability of the H.O> solution under hydrothermal conditions, the resulting “flower-like”
precursor to LisTisO12 possesses a high surface area as well as a uniform 3-D layered
morphology. Upon calcination at a relatively low temperature of 500<C, a well-crystallized final
product was generated.

The thin petal-like constituent nanosheets of individual LisTisO12 assemblies in addition
to the ‘sawtooth’-shaped roughened surface of the discrete petals greatly enhance the interfacial
contact area with the surrounding electrolyte and shorten Li-ion diffusion distances, all of which
are beneficial in terms of contributing to the excellent rate capability and stable cycling
performance observed for as-prepared anodes. The resulting LisTisO12 electrodes exhibited
remarkably high rate performances of 141, 137, 123, and 60 mAh g under discharge rates of 10
C, 20 C, 50 C, and 100 C, respectively. When discharged at 0.2 C, the electrode evinced a
capacity retention of ~97% from cycles 10 — 100, ~99% from cycles 20 — 100, and ~87% under a
higher and more robust discharge rate of 20 C from cycles 101-300. As mentioned above, this
facile, straightforward, and reasonably rapid synthesis protocol represents a promising technique
to prepare 3D nanostructured LisTisO12 materials on a large scale for effective use in high-rate

Li-ion batteries.
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Chapter 7. Understanding the Effect of Preparative Approaches in the Formation of
“Flower-like” LisTisO12 - Multiwalled Carbon Nanotube Composite Motifs with
Performance as High-rate Anode Materials for Li-ion Battery Applications

7.1. Introduction

One of the key goals of sustainability is to create reliable, efficient, and cost-effective
alternatives for fueling and powering conventional devices. In particular, the development of Li-
ion batteries (LIBs) possessing high rate performance, superior durability, as well as desirable
environmental sustainability is critical to advancing the practical applicability of batteries in
applications ranging from smart electronics to electric vehicles.!* Conventional LIBs associated
with graphite anode materials suffer from lithium deposition on the anode surface, leading to
poor cycling stability.*® Hence, as a promising alternative anode material, the idea of using
spinel LisTisO12 (LTO) has been extensively probed, because of the material’s several intrinsic
advantages. These include the fact that such anodes exhibit (i) a high and stable potential plateau
value (i.e. 1.55 V versus Li/Li"), thereby avoiding the deposition of lithium dendrites and
suppressing the reduction of the electrolyte; (ii) an excellent durability over an extended cycle
life due to a negligible volume change during electrochemical cycling; as well as (iii) a high
thermal stability, potentially enabling their use at elevated temperatures.* * Hence, overcoming
the inherently low conductivity (<107 S cm™) coupled with the moderate lithium ion diffusion
coefficient (10°-10"2 cm?2s 1) of bulk LTO represent achievable objectives for further
improvement of electrochemical performance.* 8 °

A significant amount of effort has been expended in terms of developing strategies to
ameliorate the rate performance of LTO electrodes. The first approach has been to design unique
nanostructure motifs of LTO in order to enhance their electronic and Li-ion conductivity, within

the context of zero-dimensional (0D) nanoparticles,'® 1* one-dimensional (1D) nanowires and
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nanotubes,'? 13 as well as three-dimensional (3D) structural architectures.® ** 1> Recently, our
group reported on being able to successfully generate novel hierarchical ‘flower-like’ LTO
microspheres, consisting of thin saw-tooth shaped constituent nanosheets that had been
synthesized by (i) a facile and large-scale hydrothermal process involving recyclable precursors
followed by (ii) a short, relatively low-temperature calcination process in air. We noted that in
our hierarchical assemblies, the thin nanosheets gave rise to shortened Li-ion diffusion distances
and enhanced contact area with electrolyte, while the micron-scale spherical assemblies
themselves possessed thermodynamic stability and high tap-density.!* 1® The resulting electrodes
exhibited both excellent rate capabilities and stable cycling performance, delivering, as an
example, as much as 137 mAh g* with a capacity retention of ~87 % at a discharge rate of 20 C
from cycles 101 to 300.%

The second generalized strategy has been to render LTO more conductive either through
(a) the formation of a conductive coating onto an underlying LTO surface or (b) the doping of
other ions within the underlying LTO lattices so as to enhance the electronic conductivity
between the anode material and the current collector.® 181 Carbon nanotubes (CNTs), which are
unique and desirable as a result of their exceptional electrical conductivity and outstanding
mechanical strength in part due to their anisotropic structure, may represent a particularly
promising conductive additive for improving the rate capabilities of LTO composites.’ 2% 2!
Specifically, substantial research has successfully highlighted the plausibility of incorporating
CNTs within the context of 0D, 1D, and 2D LTO-based anode materials, respectively, using
either physical mixing or in situ deposition methods.?2%”
Representative examples of these varied efforts are discussed. For example, Fang et al.

prepared LTO/CNT-based composites by embedding submicron LTO particles within a network
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of conductive multi-walled carbon nanotubes (MWNTS); the resulting composite exhibited
excellent rate and cycling performance, i.e. a value of 163 mAh g at 2 C after 1000 cycles.?® In
addition, Ni et al. reported on the use of CNTs to which LTO nanoparticles had been
immobilized by means of liquid phase deposition as a composite anode material for high rate
LIBs; these materials delivered 112 mAh g at a 20 C discharge rate.® Moreover, Shen et al.
were able to grow LTO sheathes with a measured thickness of ~25 nm on the exterior of a
MWNT core, and noted that these structures exhibited significantly higher rate capabilities of
158.9, 147.8, 136.3, and 123.6 mAh g at rates of 1, 5, 10 and 20 C, and an even better capacity
retention potential, as compared with their uncoated analogues.? Finally, Zhang et al. recently
fabricated LTO nanosheet/CNT composites, yielding 145 mAh g and 118 mAh g at discharge
rates of 11C and 23 C, respectively.?” However, to date, there have been few if any reports
focused on the integration of CNTs with 3D hierarchical LTO motifs into a defined, discrete, and
rationally designed architecture. Why hence is there an emphasis on this particular
heterostructure motif?

The main reason is that a hybrid composite possesses a number of outstanding ‘structural
design’ advantages that can assist in improving the measured anode performance. First, the thin
constituent nanosheets within the flower-like LTO micron-scale spheres can provide for a
reduced lithium ion diffusion distance.®® Second, the numerous roughened surfaces of the thin
petal-like nanosheets, associated with a high surface area, represent potentially favorable active
sites for the interaction of the electrolyte with LTO, thereby ultimately providing for improved
voltage profiles and charge/discharge dynamics. Third, the incorporation of the MWNT network

not only efficiently provides for viable electrical pathways to the LTO flower-like structure from
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the current collector but also increases the mechanical stability of the underlying electrode
through the interweaving of the electrode components.’

As such, herein, we have constructed novel 3D hierarchical flower-like LTO-MWNT
composites, for the first time, with the explicit aim of precisely tuning for and potentially
optimizing the nature of the interaction of the LTO with the underlying MWNT framework.
Furthermore, although prior work has been conducted in terms of generating MWNT-LTO
nanocomposites to enhance electrode performance, to the best of our knowledge, there have been
few if any efforts primarily focused on chemically controlling and improving upon the ion
transport between the constituent LTO motifs and the adjoining CNTSs in terms of systematically
engineering the nature of the molecular junction between these two species through judiciously
chosen attachment strategies.

Therefore, in separate experiments, our as-prepared 3D LTO microspheres have been
subsequently embedded into the MWNT network through (i) physical sonication, (ii) direct in
situ deposition, as well as (iii) simple and effective covalent attachment strategies, which had
never, to the best of our knowledge, been previously reported with prior LTO-MWNT composite
formation. In so doing, for the first time in these types of systems, we have sought to correlate
the electrochemical performances of these individual distinctive LTO-MWNT composites with
their specific attachment strategy, i.e. with the particular preparative treatment process used to
generate each of these composite materials. Subsequent structural and electrochemical
characterization has yielded valuable insights into the structural properties, the rate performance,
as well as the relative impact of MWNTSs loadings and the nature of the attachment modality

upon the resulting ion transport of the composite material.

201



7.2. Results and Discussion
7.2.1 Morphology and structure of the materials

Typical XRD patterns of (i) MWNTS, (ii) pure ‘flower-like” LTO micron-scale spheres,
and (iii) LTO-MWNT composites, prepared using different synthetic strategies, respectively, are
presented in Figure 7.1 (with the MWNT loading ratio in each composite as 5 wt%, as confirmed
by the TGA profile, shown in Figure 7.2). The pure LTO can be indexed to the face-centered
cubic (fcc) spinel structure of LisTisO12 (i.e. JCPDS card No. 49-0207). The broadened peaks in
the XRD pattern suggest that as-synthesized LTO possesses a relatively small crystallite size,
which has been calculated to be ~12.6 nm using the Debye-Scherrer equation.

Upon MWNT addition, it was observed that all of the diffraction peak positions of the
LTO did not necessarily change, with the major diffraction peaks located at 20 values of 18.4<
35.7<43.3547.4< 57.3< 62.8< and 66.2< which could be ascribed to the (111), (311), (400),
(331), (333), (440), and (531) planes, respectively, of a face-centered cubic spinel structure,
possessing a Fd-3m space group. A new and reasonably broadened peak centered at 26.2 <could
be assigned to the (002) lattice plane of the MWNTS, present in the XRD profile of the MWNTSs
alone, as highlighted in the top panel of Figure 7.1.3

When comparing these data with pure LTO, we found that the LTO-MWNT composite
generated by the sonication method yielded little if any obvious change in the degree of overall
crystallinity and that the LTO-MWNT sample, prepared by in situ methods, evinced sharper
diffraction peaks, suggestive of the formation of a larger crystallite size, possibly due to the
higher annealing temperature used. In effect, based on the Debye-Scherrer equation, the
crystallite size derived from the composite prepared by the in situ method was calculated to be
30.0 nm as compared with a 12.6 nm value associated with both pure LTO as well as the

composite generated by physical sonication. It has been reported that the presence of a larger
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crystallite size may lead to a reduced rate performance of this composite material as compared
with analogous composites possessing a smaller crystallite size. This assertion has been ascribed
to the observation that a relatively small crystallite size often favors enhanced rate capabilities
and long-term cyclability, because of a combination of not only low charge transfer impedance

but also decreased Li* diffusion impedance.3 33
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Figure 7.1. XRD patterns associated with (i) MWNTS, (ii) pure flower-shape LTO motifs, and
(iii) the resulting LTO-MWNT composites, generated by sonication, direct in situ, and covalent
attachment strategies, respectively.
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Figure 7.2. TGA curves of the LTO-MWNT (5 wt%) composite, generated by sonication (A), in
situ deposition (B), and covalent attachment (C) strategies.
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Additionally, the LTO-MWNT composite, prepared by means of covalent
immobilization, gave rise to less well-defined XRD peaks and lower signal-to-noise ratios,
thereby indicating the presence of material with a lower degree of crystallinity, a situation which
could be possibly attributed to the existence of amorphous APTES linker molecules®* on the
LTO surface. The calculated crystallite size for this covalently formed composite was estimated
to be 12.0 nm, similar to that of pure LTO alone, thereby indicating that the APTES
functionalization process itself had not altered the apparent crystallinity of LTO itself.

Our pure LTO micron-scale spheres exhibited a hierarchical ‘flower-shape’ structure with
an overall diameter of 1 um, as indicated by the SEM image in Figure 7.3A. The thin constituent,
petal-like component nanosheets measured 12.5 £2.6 nm in thickness from the TEM image, as
shown in Figure 7.3B. The morphologies and micron-scale structures of the LTO-MWNT (5
wt%) composites were investigated by TEM and SEM, as presented in Figure 7.4. The MWNTSs,

indicated by arrows, measure 10-30 nm in diameter and are intermingled with the LTO spheres.

Figure 7.3. (A) SEM and (B) TEM images of pure LTO motifs, possessing hierarchical ‘flower-
shape’ morphologies.
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The composite generated through a physical sonication method (Figure 7.4A and D)
evinced the presence of a relatively uniform coverage of evenly distributed MWNTSs with no
observable morphological change associated with the underlying LTO micron-scale spheres. As
for the composite synthesized by the direct in situ deposition technique, the presence of the
MWNTs might have potentially interfered with the growth of the LTO micron-scale spheres
themselves during the process of the hydrothermal reaction, since we observed a certain degree
of fragmentation, thereby resulting in the formation of ‘broken up’, particulate LTO structures,
possessing an average diameter of 35.2 5.3 nm, as well as individual, dissociated nanosheets,*
as indicated by the white circles in Figures 7.4B and E. By contrast, we noted that the MWNTSs
appeared to be more uniformly dispersed and distributed throughout the network of LTO micron-
scale spheres within the framework of composites generated through covalent attachment
(Figures 7.4C and F). However, the occurrence of individual nanosheets themselves became less
distinctive, possibly due to the presence of surface capping associated with APTES linker

molecules, as indicated by the yellow circles in Figure 7.4F.

207



Figure 7.4. TEM (A-C) and SEM (D-F) images of LTO-MWNT (5 wt%) composites generated
by sonication, direct in situ, and covalent attachment strategies, respectively. The MWNTSs are
indicated by the white arrows and the fragmented LTO structures are denoted by the white
circles. The existence of APTES molecular linkers within the LTO-MWNT (5 wt%) sample
generated by covalent attachment strategy is indicated by the yellow circles, shown in Figure F.

More detailed structural information was provided by HRTEM (Figure 7.5A-C) and
selected area electron diffraction (SAED) (Figure 7.5D-F). In effect, within the HRTEM data,
distinctive lattice fringes possessing distances of approximately 4.84 A and 3.41 A were
observed, corresponding to the (111) planes of spinel LTO and the interlayer spacings of
graphitic layers within the MWNTSs themselves, respectively. The corresponding SAED patterns
could be indexed to the (111), (311), and (400) lattice planes of spinel LTO as well as to the
(002) lattice plane of MWNTS, respectively. These data provided further evidence for the

presence of phase purity within our system. We found that the MWNTSs are in close contact with

the LTO nanosheets, thereby providing for the possibility of enhanced electron transport
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pathways between adjacent LTO micron-scale spheres. It is also noteworthy that the covalently
attached composite (Figure 7.5F) was less crystalline than the other two as-formed
heterostructures (Figure 7.5D and E), an observation which again was consistent with the

aforementioned XRD results.
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Figure 7.5. HRTEM images (A-C) and the corresponding insets to the SAED patterns (D-F) of
LTO-MWNT (5 wt%) composites, generated by sonication, in situ, and covalent attachment
strategies, respectively.

FT-IR spectroscopy was used to confirm the formation of amide bonds within the LTO-
MWNT composite formed by means of covalent attachment. Specifically, spectra of oxidized
MWNTs and of APTES-functionalized LTO, together with that of covalently-attached LTO -
MWNT 5 wt% composites, are respectively shown in Figure 7.6. Upon treatment with nitric

acid, the peaks located at 1694 cm™ could be ascribed to the stretching bands of the C=0

functionality derived from the carboxylic acid group, while the broadened peak located
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between 2400-3100 cm™ corresponds to the —OH stretching modes associated with the
carboxylic acid groups, thereby confirming the success of the acid functionalization protocol. In
the APTES-LTO species, the characteristic peaks located at 1140 and 1030 cm™ could be
assigned to the Si-O-H and Si—O-Si groups connected with the APTES linker,*® whereas the
peaks localized at 3430 cm™ and 1650 cm™ were consistent with the N-H stretching and bending
modes derived from the amine group, respectively. These data were indicative of the likely
successful functionalization involving APTES. Peaks at 1650 cm™, 3406 cm™, and 1577 cm'™?
associated within the LTO-MWNT composite likely corresponded to the C=0 stretching bands
in addition to the N-H stretching and bending modes from the amide group, respectively, all of
which were suggestive of the probable formation of an amide bond between the MWNTSs and the

LTO micron-scale spheres.

/\/-’:W a) Oxidized MWNTs
C-Hs 1

tretch i .
I Cc=0 stret¢th  Si-O-Si

¥

N-H bend b) APTES-LTO

N-H stretch ,
SiO-H

- ¢) LTO-MWNT covalent
Cc=0 stretchtN_H bend

Transmittance

N-H stretch

4000 3500 3000 2500 2000 1500 1000
Wavenumbers (cm™)

Figure 7.6. IR spectra of (a) oxidized MWNTSs, (b) APTES-functionalized LTO motifs, as well
as (c) LTO-MWNT (5 wt%) heterostructures, generated by a covalent attachment strategy.
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In order to systematically investigate and correlate the optimal MWNT loading ratio with
the electrochemical performance, composites of LTO-MWNT, possessing 1 wt% and 10 wt% of

MWNTs as determined by the TGA profiles shown in Figure 7.7, were also generated by means

of sonication.
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Figure 7.7. TGA profiles of the (A) LTO-MWNT (1 wt% loading) and the (B) LTO-MWNT (10
wt% loading) composite, respectively, generated by physical sonication.
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The relevant structures and morphologies were characterized by TEM and SEM in Figure
7.8As compared with the aforementioned LTO-MWNT composites, possessing 5 wt% (Figure
7.4A and D) and 1 wt% of MWNTSs (Figure 7.8A and C), we found that the coverage of the
MWNTSs was neither continuous nor evenly distributed; in effect, we noted domains rich with
MWNTs adjacent to areas wherein there were very little if any MWNTSs. When the weight
addition ratios of MWNTSs were increased to 10 wt% (Figure 7.8B and D), we determined that
the MWNTSs had essentially enveloped and completely covered the surfaces of the underlying
LTO micron-scale spheres. This scenario favors an enhanced contact area and hence interaction

between the ‘flower-like’ LTO structures and the surrounding conductive MWNT network.

500 nm

kv

Figure 7.8. TEM (A and B) and SEM (C and D) images of a series of LTO-MWNT (1 wt%) and
(10 wt %) composites, generated by the physical sonication method. The MWNTS are indicated
by the presence of the white arrows.
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7.2.2 Electrochemical properties of LTO-MWNT composite heterostructures

Figures associated with the following discussions will be presented in the thesis from
Yiman Zhang (Takeuchi Group, Stony Brook University).
7.2.2.1. Cyclic voltammetry

Cyclic voltammetry of two electrode cells using the LTO-MWNT heterostructures was
run at scan rates of 0.5, 1.0, 2.0, and 5.0 mV/s. The voltammograms of the 5% in situ sample
revealed reversible electrochemistry at all scan rates wherein clear anodic and cathodic peaks
were apparent. The AEpeak Values were 0.36, 0.36, 0.48, and 0.60 V at the scan rates of 0.5, 1.0,
2.0, and 5.0 mV/s, respectively. Under the slower scan rates of 0.5 and 1.0 mV/sec, two features
were present for the anodic wave. At the highest scan rate of 5.0 mV/s, the cathodic wave
showed distortion, leading to a broadening of the appearance of the peak. The 5% physically
sonicated LTO-MWNT sample demonstrated AEpeax Values of 0.36, 0.44, 0.56, and 0.70 V at
scan rates of 0.5, 1.0, 2.0, and 5.0 mV/s, respectively. The cathodic wave at the 5.0 mV/sec scan
rate also gave rise to distortion, leading to a broadening of the appearance of the peak.

The CVs for the 5% covalent LTO-MWNT sample showed AEpeak Values which were
0.32,0.44,0.62, and 0.93 V at scan rates of 0.5, 1.0, 2.0, and 5.0 mV/s, respectively. The AEpeax
values for the covalently attached sample were comparable to the in situ and the sonicated
samples measured at scan rates of 0.5 to 2.0 mV/s, yet these were higher at the scan rate of 5.0
mV/s. It is noteworthy that the CV peaks associated with the covalently attached composites are
wider as compared with the other two preparative analogues, an observation which can be
ascribed to the charge transfer resistance imparted by the presence of APTES linkers.

The anodic and cathodic peak current values were determined and plotted versus the

square root of the scan rate in order to determine if the charge transfer kinetics were fast enough
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to obey the Randles-Sevcik equation.®” The sample prepared by the physical sonication method
yielded correlation coefficients of 0.99 and 0.95 for the cathodic and anodic peak currents,
respectively. The in situ sample resulted in correlation coefficients of 0.93 and 0.96 for the
cathodic and anodic peak currents, while the covalent sample highlighted correlation coefficients
of 0.062 and 0.95 for the cathodic and anodic peak currents, respectively. These results indicate
that the fastest kinetics among the three attachment modalities were demonstrated by the
sonication-prepared LTO-MWNT sample. Notably, the cathodic peak current for the covalently
attached sample did not obey the Randles-Sevcik equation, thereby indicating slow kinetics.

The electrochemical cells were tested in galvanostatic mode for both discharge and
charge processes. The LTO-MWNT composite samples were subjected to a total of 105
discharge-charge cycles, consisting of three rounds of 35 cycles at discharge rates of C/2 (20
cycles), 20 C (5 cycles), 50 C (5 cycles), and 100 C (5 cycles). This testing provided the
opportunity to assess both rate capability and capacity retention. Different strategies of
integration with and attachment of MWNTSs onto LTO were investigated on samples possessing
5% MWNT loading amounts.

The capacity retention for the three as-generated LTO-MWNT composites was
investigated. At cycles 20, 55, and 90, the capacities for the composite generated by the covalent
method were measured to be 148, 145, and 143 mAh/g, respectively, under a rate of C/2. The
capacities for the composite synthesized by the in situ protocol were found to be 150, 150, and
149 mAh/g, while the capacities for the composite derived from the physical sonication
technique were computed to be 161, 160, and 159 mAh/g, respectively. Thus, the LTO-MWNT
sample prepared using the chemical covalent method exhibited a slightly poorer capacity

retention of ~97% from cycles 20 — 90 as compared with the samples prepared via either
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physical sonication or in situ direct deposition methods, which yielded ~99% capacity retention
from cycles 20 - 90.

At a rate of C/2, the LTO-MWNT 5 wt% fabricated by the sonication method out-
performed all of the other analogues, delivering 161 mAh g%, which is close to the theoretical
capacity of the LTO material. The differences among the measured capacities under the C/2 rate
for the LTO-MWNT 5 wt% composites, synthesized by the in situ direct-deposition approach as
well as by covalent attachment protocols were minimal.

The rate capability of the material samples was also assessed. Under C/2 conditions, both
the in situ prepared LTO-MWNT sample and the sample prepared via physical sonication
demonstrated an abrupt voltage drop upon initial discharge to ~20 mAh/g, followed by a broad
voltage plateau at ~1.55 V. The sample prepared using covalent attachment gave rise to a more
gradually sloping voltage profile with higher voltages from 2.2 - 1.6 V out to 60 mAh/g, and
followed by a plateau at ~1.55 V for the remainder of the discharge process. Even though the
realized capacities for the three electrode types were similar under low rate discharge conditions,
dissimilarities in the shapes of the voltage profiles were even more apparent at higher rates.

Under high rates of discharge, more significant differences were observed, where the
highest delivered capacity was achieved by the samples prepared via the sonication method. For
example, under a 50 C discharge rate, the physical sonication-prepared samples delivered 90
mAh/g, while the in situ-derived samples produced 71 mAh/g and the covalently attached
samples brought about 16 mAh/g. Under cycling, the samples prepared via the sonication
method delivered 161, 145, 90, and 15 mAh/g, under discharge rates of C/2, 20 C, 50 C and 100
C, at cycles 20, 25, 30, and 35, respectively. By contrast, the 5% in situ LTO-MWNT material

resulted in capacities of 150, 133, 71, and 8 mAh/g, while the sample prepared by the covalent
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method gave rise to corresponding capacities of 148, 105, 16, and 0.15 mAh/g, respectively,
through cycles 20, 25, 30, and 35. In all cases, the charge capacities reflected the discharge
capacities measured under the same rate. These quantifiable differences are consistent with the
prior observations from the CV experiments.

Electrochemical impedance spectroscopy was used to compare the inherent resistance of
the LiI/LTO-MWNT cells with 5% MWNT loading, prepared using different modes of
attachment. The data were fit using an equivalent circuit, where R1 was attributed to ohmic
resistance and R2 was ascribed to charge transfer resistance. The R1 values were consistent for
all three cell types, with a range of 1.5 — 2.3 ohms. The R2 quantity, however, gave rise to more
variation among the cells, with measured values of 52, 65, and 89 ohms noted for the cells
prepared from LTO-MWNT samples associated with sonication, in situ deposition, and covalent
attachment modalities, respectively. The higher charge transfer resistance ascribed to the
covalent attachment modality was consistent with the poorer rate capability discussed above in
the context of the voltammetry and galvanostatic testing results. Moreover, these results are
consistent with a study, wherein covalent attachment of FesO4 onto a glassy carbon electrode
surface using a 3-aminopropyltriethoxysilane (APTES) linker led to the observation of a higher
charge transfer resistance as compared with a bare glassy carbon surface.®® An increased charge
transfer resistance associated with the covalent attachment process would also account for not
only the lower delivered capacity but also, due to increased polarization effects, the poorer
capacity retention observed.

Since the physical sonication method yielded the highest capacities at every C rate tested,
the impact of the loading amount of MWNTSs with sonication-prepared LTO-MWNT

heterostructures was investigated further. Specifically, LTO-MWNT samples with 1%, 5%, and
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10% MWNT loadings, respectively, were prepared and electrochemically evaluated. At cycles
20, 55, and 90, the capacities for the 1% loading samples were 167, 166, and 165 mAh/g,
respectively. The corresponding capacities for the 5% loading amounts were 161, 160, and 159
mANh/g, while the associated capacities for 10% MWNT loading amount were 173, 171, and 170
mAh/g, respectively. All of the materials prepared by the physical sonication method exhibited
similar capacity retention of ~99% from cycles 20 — 90.

The LTO material characterized by 10% MWNT loading showed the best rate capability
at both 20 C and 50 C. The LTO samples with the 10% MWNT loading produced capacities of
148, 146, and 142 mAh/g under discharge rates of 20 C, at cycles 25, 60, and 95, respectively. At
a discharge rate of 50 C, the values were determined to be 103, 95, and 81 mAh/g at cycles of 30,
65, and 100 respectively. The 5% MWNT loading materials yielded capacities of 141, 132, and
122 mAh/g under a discharge rate of 20 C at cycles of 25, 60, and 95, respectively. The
corresponding data at a discharge rate of 50 C consisted of 85, 67, and 53 mAh/g at cycles of 30,
65, and 100 respectively. By comparison, the 1% MWNT loading materials gave rise to
capacities of 149, 137, and 124 mAh/g, under a discharge rate of 20 C, at cycles of 25, 60, and
95, respectively. When the discharge rate was increased to 50 C for that specific heterostructure,
the measured capacities were noted to be 79, 59, and 45 mAh/g at cycles of 30, 65, and 100,
respectively.

The advantages for using 10% MWNT loading materials were more obvious at a higher
discharge rate of 50 C. In effect, the observed capacities were not only 18 mAh/g higher than the
5% MWNT loading sample but also 24 mAh/g higher than the 1% MWNT loading sample at
cycle 30. At 100 C, with respect to the samples which had been prepared by the physical

sonication method, regardless of the loading amounts of MWNT tested, all samples delivered
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approximately similar capacities of ~15, 13, and 10 mAh/g at cycles 35, 70, and 105,
respectively. Indeed, the high reversible capacity and excellent cycling stability at C/2 and a high
discharge rate of 20 C for as-prepared ‘flower-like’ LTO-MWNT 10 wt% composites are
definitely superior to those of previously reported values associated with LTO-carbon nanotube
composite materials. A detailed comparison of our results in the context of existing literature is
presented in Table 7.1.

Table 7.1. Rate capability and cycling stability of the “flower-like” LTO-MWNT 10 wt%

composite prepared in this work and those of analogous LTO-CNT composite materials, that had
been reported in previous studies.

Material Method Morphology Rate Capability Cycling Ref.
Performance
“flower- Hydrother- 3D C/2:173mAhg?;  C/2:99% from This
like” LTO- mal+ hierarchical 20 C: 148 mAhg?; cycle20to  work
MWNT 10  sonication  “flower-like” 50 C:103mA hg? cycle 90;
wit% method LTO micron- based on LTO mass 20 C: 96%
(discharge scale from cycle
range: spheres: 25 to cycle 95;
2.5-1.0V) ~1 um 50 C: 79%
from cycle
30 to cycle 100
nanostruc- aerosol particles: 1C:163mAhg?; 100 C: 89% 2
tured spray ~400 nm 10 C: 143 mA hg?; retention after
LTO/CNT drying + 100C: 108 mA h g* 8000 cycles
11 wt% annealing based on LTO mass
(discharge
range:
2.8-1.0V)
LTO/CNT In situ particles: 10C: 103 mA h g N/A 26
15.2 wt% growth of ~500 nm 20C:73mAhg?;
(discharge  CNT by Ni— 50 C:48mAhg!
range: P-catalyzed based on total mass
2.0-1.0V) thermal
hydrolysis
of acetylene
onLTO
Crdoped-  ball-milling irregular C/2: 140 mAhg?; 10C: 95.9% *°
LTO/ solid-state particles 5C:128mAhg?;  retention after
CNTs 10 reaction 10C:120mA h gt 200 cycles
wt%
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(discharge

range:
2.5-1.0 V)
nanosized  ball-milling  particles: 1C:161mA hg?; 1C:99%, 28
LTO/ solid-state ~50- 5C:152mAhg?; 10 C: 97%
MWNT reaction 200 nm 10C: 147mAhg? capacity
5 wt% +anneal in retention after
(discharge Ar/H 100 cycles
range:
2.5-1.0V)
nanoscale  liquid phase  particles: 1C:171mAhg?; 1C:05%and °
LTO/ deposition + ~50 nm 20C:112mAhg? 5C: 2%,
MWNT  anneal in N based on LTO mass  capacity loss
9.64 wt% after 100
(discharge cycles
range:
2.5-1.0 V)
LTO/CNT  sol-gel + particles:  05C:163mAhg?!; 5C:97.9% 22
8.2 wt% annealing 100-180nm 10 C:147mAhg?;  retention after
(discharge in N2 20C: 115mA hg-1 500 cycles
range: based on LTO mass
3.0-1.0V)
LTO/CNT  sol-gel + LTO sheath  C/50: 171 mA hg’*; 1C:56%  2°
17.5 wt% hydrother- thickness: 10C: 136 mA hg?';  capacity loss
coaxial mal+ anneal 25 nm 20C: 123 mAhg?; after 100
nanocable in N2 40C:96mAhg! cycles
(discharge based on LTO mass
range:
2.5-1.0 V)
nanoscale solvother- particles: 1C:172mAhg?; 1C:97% 25
LTO/ mal 10-15 nm 20C: 140 mAhg?; retention after
MWNT +anneal in 50C:118 mAhg! 200 cycles;
20 wt% Hao/Ar based on LTO mass 10 C: 98%
(discharge retention after
range: 1000 cycles
2.5-1.0V)
LTO/AB/  ball-milling  particles: ~ 1C:170.5mAhg?; 2C:4% 28
MWNT assisted ~100- 20C: 116 mAhg?;  capacity loss
4.7 Wt% solid-state 200 nm 30C:102mA hg? after 1000
(discharge reaction based on LTO mass cycles
range: +anneal in
3.0-1.0V) Ar
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LTO/CNT/  pressure- particles: 0.5C:157,154,and 10C:96.4%
CNF (LTO  controlled  100-200 nm 150 mA h g2 for for LTO-50;
loading of aqueous LTO-50, 60 and 79.4% for
50%, 60%, extrusion 70%, respectively; LTO-60, and
and 70%) process 10 C: 142, 129,and 68.8% LTO-70
(discharge 115 mA h gt for after 500
range: LTO-50, 60 and cycles
2.5-1.0V) 70%, respectively,
based on LTO mass
LTO/CNT In situ nanosheets: 157, 145,132,118, 2Ag*(114 ?
(CNT hydrother- 300 nm in and 105 mA hg? C): 6.9%
loading of mal diameter atl,2,3,4,and5A  capacity loss
5%, 7.5% + Aranneal and20nmin g!(5.7,11.4,17.1, after 1000
and 10%) thickness 22.9 and 28.6 C), cycles for
(discharge respectively, for CNT-7.5%
range: CNT-7.5% composite
2.5-05V) composite

based on LTO mass

7.3. Conclusions

In the current Chapter, we have demonstrated the successful synthesis, for the first time,
of “flower-like” LTO-MWNT composites systematically fabricated via different preparative
approaches, including (i) physical sonication, (ii) an in situ direct deposition approach, as well as
(iii) a covalent chemical attachment protocol. Data from our structural characterization analysis
suggest that the composite generated by the physical sonication method retains not only the

favorably small crystallite size (i.e. 12.6 nm) of the pure LTO but also the intrinsic “flower-like”

morphology of the pure LTO both during and after the preparative process.

By contrast, the composite prepared through an in situ direct-deposition approach yielded
not only fragmented LTO structures possibly due to curtailed crystal growth induced by the

presence of interfering MWNTS but also larger overall crystallite sizes likely resulting from the

higher annealing temperatures used, denoting factors which contributed to the lower

electrochemical performance measured. Finally, the composite produced via covalent attachment
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appeared to be enveloped with a coating of amorphous linker molecules, thereby leading to not
only lower overall crystallinity but also a decreased contact area between LTO and MWNTS,
giving rise to poorer performance.

Equally significant is that we have correlated the performance of these composite
materials with their corresponding attachment chemistry. For example, in this study, the LTO
sample with the 10% MWNT loading prepared via the physical sonication method evidenced the
highest delivered discharge capacity at every C rate from C/2 to 100C with the most notable
differences apparent under discharge rates > 20 C. Notably, the LTO-MWNT samples prepared
via the covalent attachment scheme delivered a lower capacity and displayed 97% capacity
retention from cycle 20 to cycle 90 at C/2 rate as compared with the higher capacity and 99%
capacity retention for both the physically sonicated and in situ samples. The voltammetric and
galvanostatic data coupled with the impedance results indicate slower kinetics for the LTO-
MWNT heterostructures, prepared using a novel covalent attachment method, denoting data
consistent with a prior report on a totally different system of increased charge transfer resistance
associated with a covalent coupling protocol involving the 3-aminopropyltriethoxysilane
(APTES) linker.®

It is worth further mentioning that the LTO-MWNT 10 wt% composite, produced by
sonication means, exhibited a reproducibly high rate capability and desirable cycling stability,
delivering 173 mA h g* at C/2 with a 99% capacity retention from cycles 20-90 and 148 mA h g
L at 20 C with a 96% capacity retention from cycles 25-95. These values denote, to the best of
our knowledge, clearly superior performance to those of any previously reported LTO-carbon

nanotube composite materials.
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Hence, our work illustrates a clear example, wherein we have used deliberative
processing protocols in order to tune and control fundamental material properties. Indeed, such a
truly favorable cycling performance coupled with the high discharge capacity detected highlight
distinctive advantages for our hierarchical architectures from a battery perspective. In addition,
together with the rather simplistic attachment route used and the fairly economical production
costs associated with fabricating our “flower-like” LTO-MWNT 10 wt% composites by the
physical sonication method, these cumulative results suggest the practical viability of utilizing
these novel hierarchical structures within the context of commercially relevant designs for

energy storage.
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Chapter 8. Conclusions and Future Directions

Carbon nanotube (CNT)-based hetero-nanostructures represent exciting and distinctive
structural paradigms in the development of high-performance energy conversion and storage
devices, particularly owing to their intriguing electronic, optical, magnetic and catalytic
properties. Extensive research efforts have unambiguously shown that nanotechnology can
potentially bring about revolutionary improvements in a wide variety of areas including
catalysis, photovoltaics, and batteries. Despite the growing interest in synthesizing, chemically
modifying, and utilizing rationally designed CNT-based heterostructures in practical energy
conversion applications, there has been a surprising lack of effort placed on carefully scrutinizing
and correlating the influence of various physicochemical properties of each individual
component within the heterostructure (e.g. chemical composition, particle dimension, and
attachment modality, all of which can be controlled experimentally) with their resulting
optoelectronic and electrochemical performance.

Hence, in this thesis, we have sought to acquire fundamental insights into the unique
structural properties of these CNT-based heterostructures, which may shed light upon the
rational design and engineering of clean-energy driven devices with enhanced efficiency and
durability with the objective of potentially revolutionalizing the field. Towards this goal, we
have highlighted herein several tangible advances in synthesis, nanomaterial purification, as well
as the characterization of structures and their properties, both experimentally and theoretically.
8.1. CNT-CdSe QD Heterostructures for photovoltaic applications

In the context of photovoltaics (Chapters 3-5), DWNT-CdSe QD heterostructures have
been judiciously chosen as the model system with the focus of probing interfacial charge transfer

behavior between the adjoining two components. Specifically, in Chapter 3, we have analyzed
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the effects of using differential synthetic coupling approaches, i.e. covalent attachment and non-
covalent n—m stacking with respect to the resulting CdSe quantum dot (QD) coverage on the
underlying DWNT template. That notably differential impact upon coverage, for example,
yielded correspondingly substantial and measurable discrepancies in the degree of charge
transfer between the CdSe QDs and the underlying DWNT linked together by 4-aminothiophenol
(4-ATP). Specifically, electron microscopy as well as PL and Raman spectroscopy data
collectively suggested that heterostructures generated by noncovalent n—r stacking interactions
evinced not only higher QD coverage density but also possibly more efficient charge transfer
behavior as compared with their counterparts produced using covalent linker-mediated protocols

(Figure 8.1).
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Figure 8.1. TEM, UV-Vis, PL and Raman data of DWNT-ATP-CdSe QD heterostructures
prepared by covalent and non-covalent attachment strategies. (Reprinted TOC figure with
permission from Dalton Trans., 2014, 43, 7480 — 7490. Copyright 2014 Royal Society of
Chemistry.)

As a culmination of our efforts, we have demonstrated a unique combination and

compilation of experimental and theoretical studies that were collectively used to probe charge
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transfer behavior in the DWNT-CdSe QD nanoscale heterostructures (Figure 8.2). Specifically,
we correlated evidence of charge transfer as manifested by (i) changes in the NEXAFS
intensities of m*resonance in the C K-edge and Cd Ms-edge spectra bolstered by complementary
theoretical modeling results, (ii) a perceptible outer tube G-band downshift in frequency in
Raman spectra, as well as (iii) alterations in the threshold characteristics present in transport data

as a function of QD size (Chapter 4) and linker chemistry (Chapter 5).
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Figure 8.2. Compilation of experimental and theoretical characterization data on various
DWNT-CdSe QD heterostructures.

In Chapter 4, our efforts are directed towards comparing charge transfer behavior, i.e.
specifically electron transfer trends, at the interfaces of a number of different DWNT-CdSe
heterostructures possessing various QD average diameters (i.e. 2.3 nm, 3.0 nm, and 4.1 nm),
created through the mediation of 4-mercaptophenol (MTH) through a facile, noncovalent n—n

stacking attachment strategy. Our results confirm that the interfacial electron transfer falls within
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the “normal” Marcus theory region, wherein the heterostructure possessing the smallest QD size
(i.e., 2.3 nm) gives rise to the largest driving force for charge transfer. The heterostructure
possessing larger 4.1 nm diameter QDs yielded anomalously greater charge-transfer behavior
with respect to that containing 3.0 nm diameter QDs, an observation which can be ascribed to
differential coverage densities onto the underlying DWNT templates.

In Chapter 5, a combination of complementary data from experiment and theory has been
used to investigate DWNT-CdSe QD heterostructures, within which the QD average diameter
was measured to be ~4.1 nm and the ligands used to mediate the covalent attachment between
the QDs and DWNTSs were systematically varied to include p-phenylenediamine (PPD), 2-
aminoethanethiol (AET), and 4-aminothiophenol (ATP). Our overall data suggest that (i) the QD
coverage density on the DWNTSs varies, based upon the different ligand pendant groups used,
and that (ii) the presence of a n-conjugated carbon framework within the ligands themselves
coupled with the electron affinity of their pendant groups collectively play important roles in the
resulting charge transfer from QDs to the underlying CNTSs.

Nonetheless, in order to test the photovoltaic power conversion efficiency of our
heterostructure systems, future work will be necessarily focused upon building up a bulk
heterojunction (BHJ) cell device. BHJs are similar to bilayer devices with respect to the donor-
acceptor architecture concept. Instead of using a design incorporating two sub-layers which often
requires a very thin film layer in order to ensure that the charges can diffuse, the BHJ cell utilizes
a blend of electron donor and acceptor materials.

In this configuration, the active material is cast as a mixture, thereby resulting in a largely
increased interfacial area wherein charge separation can be expected to occur. Regions of each

material within the device are separated by only several nanometers, a distance suited for carrier
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diffusion. In this case, a thicker active layer can be obtained, which can contribute to an
enhanced sunlight absorption capability. The efficiency of exciton separation within a BHJ
geometry is significant, because all excitons can be theoretically dissociated. Moreover, while
charges are separated within the different phases, the recombination process is reduced to a large
extent, and the resulting photocurrent trend often follows the light intensity either linearly* 2 or
slightly sub-linearly.>* For future studies, we propose to apply our DWNT-QD heterostructures
within a photovoltaic regime and to vary the (a) cell architecture; (b) film thickness and
homogeneity; (c) ratios of active materials as well as (d) the buffer layer in order to achieve the
optimal cell performance.
(@) Cell architecture

Both the normal (Figure 8.3a) and inverted (Figure 8.3b) architectures of photovoltaics
will be studied, wherein electrons and holes exit the device in opposite directions.® In the
‘normal’ photovoltaic configuration, the indium tin oxide (ITO) side will serve as the positive
electrode, and hence, poly(3,4-ethylenedioxythiophene) (PEDOT) and poly(3-hexylthiophene)
(P3HT) layers will be deposited on top to extract holes. In the ‘inverted” design, the TiO>
electron extraction layer will be deposited onto the ITO glass substrate and the MoOs layer will

be subsequently immobilized on top of the active layers in order to extract holes.

Figure 8.3. Schematic of (a) normal and (b) inverted solar cell devices (Reprinted from Ref. 6).
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(b) Film thickness and homogeneity.

The thickness of each layer within the photovoltaic device is very important in terms of
charge diffusion and transport. Indeed, the thickness of each layer, which will be measured by
cross-section SEM, can be precisely controlled by varying the spin coating parameters and the
physical vapor deposition (PVD) deposition time. Film homogeneity is another key contributing
factor that determines the overall device performance. The film homogeneity is significantly
affected by the dispersibility of the functionalized DWNTSs in the selected solvent. Preliminary
results on the DWNT-P3HT-based device (Figure 8.4A) generated by our group has suggested
that the films deposited by using DWNT-P3HT in dichlorobenzene (DCB) (Figure 8.4C) are
much more uniform than those fabricated by using dimethyl sulfoxide (DMSO) (Figure 8.4B).
Since the film homogeneity is significantly affected by the solvent, by judiciously choosing
solvent, a well-dispersed solution of the active materials can be obtained. Moreover, different
spin coating parameters will be tested in order to obtain a film with a high homogeneity when

transferring the active material from solution onto a solid substrate.
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Figure 8.4. Schematic of a photoconducting DWNT-P3HT device (A) as well as the photograph
of the device (top view), generated by using DMSO (B) and DCB (C), respectively, as dispersing
solvents.

(c) Ratios between DWNTs and QDs

A careful tuning of the DWNT concentration is required within our DWNT-QD system,
wherein a delicate balance must be achieved between maximizing contact with QDs while
minimizing incident light absorption by the DWNTSs.

(d) Buffer layer

I-V characteristics and corresponding efficiency of PV cell are significantly dependent

upon active materials, layer thickness, and the thin film quality of the buffer layer between ITO
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and the active layer. For example, the external quantum efficiency of PV is greatly improved
when poly-ethylenedioxythiophene doped with poly-styrenesulfonate (PEDOT: PSS) is used as a
buffer layer.” Figure 8.5 denotes an energy diagram of how such a device might function. PbS
possesses a narrow intrinsic band gap (i.e. 0.41 eV for bulk PbS) and a large excitonic Bohr
radius. It serves as a light harvesting system for absorbing radiation over a wide wavelength
range of the entire solar spectrum. MWNT and P3HT have been used as acceptors of
photoexcited electrons and holes to the cathode and anode, respectively. PEDOT: PSS was used
as the buffer layer, due to the possibility of allowing for well-aligned energy levels, as shown in
Figure 8.5. Overall, this device exhibits a largely enhanced conversion efficiency of 3.03% as
compared with 2.57% for the standard bulk hetero-junction photovoltaic (PV) cell, constructed

from P3HT and [6,6]-Phenyl-Ceo-Butyric Acid Methyl Ester (PCBM) mixtures.®
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Figure 8.5. Energy-level diagram of various materials used for fabricating P3HT: PbS-QD / MWNT
nanohybrid PV devices. (Adapted in part from Ref. 8.)

Although the incorporation of PEDOT:PSS as the buffer layer is often beneficial for
facilitating the hole transport within the photovoltaic regime, the interface between ITO and

PEDOT: PSS is not stable and a chemical reaction between ITO and PEDOT can result in a
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degraded device performance.® Several metal oxides have been demonstrated as efficient hole
injection materials for organic electroluminescent devices.'® Molybdenum oxide (MoQs) has
been tested and proven to be able to successfully substitute for PEDOT: PSS as a buffer layer
within the PV cell. Furthermore, the thickness of the buffer layer needs to be optimized and will
be investigated in the future work.

It is worth noting that although extensive research efforts have been expended on the
design and engineering of the CNT-QD based photovoltaic devices, there has been no report
with respect to correlating either the ligand chemistry or attachment strategies between the CNT
and QD components of the composite heterostructure with the resulting device performance. We
believe that our studies on charge transfer behaviors within these various DWNT-CdSe QD
systems joined together by different ligands and attachment modalities can shed light upon
optimizing the device design as well as improving upon the resulting device efficiencies.

8.2. CNT-Li4TisO12 Heterostructures for Li-ion battery applications

In Chapter 6, we demonstrated a novel flower-like nanostructured LisTisO12 (LTO) motif
synthesized by a facile, low-cost, and large-scale hydrothermal process involving unique, re-
useable, and recyclable precursors followed by a short, relatively low-temperature calcination in
air (Figure 8.6). A brief and viable scheme has been proposed to clearly illustrate the structural
evolution of the material. The resulting electrodes based on the as-synthesized material exhibited
excellent high-rate capability and stable cycling performance.

In terms of synthetic attributes and advantages: (i) Ti foil was used instead of an organic
titanium precursor to synthesize a three-dimensional hierarchical LisTisO12 material. Subsequent
experiments showed that the Ti foil itself can be repeatedly re-used without either a noticeable

alteration in sample morphology and quality or a drop-off in the yield of the resulting product.
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(if) No other solvents except for water were needed for the hydrothermal reaction. (iii) The
hydrothermal reaction was carried out at 130<C for 4 h, which effectively shortened the reaction
time and lowered the reaction temperature as compared with previous reported experiments. (iv)
A subsequent calcination process was performed at a relatively low temperature of 500<C for
only 3 h.

With respect to electrochemical performance, the LTO material (i) delivered a capacity of
141, 137, 123, and 60 mAh g under high discharge rates of 10 C, 20 C, 50 C, and 100 C at
cycles of 55, 60, 65, and 70, respectively; (i) maintained a capacity retention of ~97% from
cycle 10 — 100, ~99% from cycle 20 — 100 at discharge rate of 0.2 C, and an impressive capacity
retention of ~87% using a more rigorous discharge rate of 20 C from cycles 101-300; and (iii) at
highest discharge rate of 100 C, the flower-like material provided for ~3X the discharge capacity

of the spherical commercial material.

Figure 8.6. Structural and electrochemical characterization of the as-synthesized “flower-like”
LTO microspheres. (Reprinted TOC figure from ChemSusChem 2015, 8, 3304 —3313. Copyright
2015 John Wiley & Sons, Inc..)
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To further improve upon the electron conductivity of the as-prepared flower-like LTO, in
Chapter 7, we demonstrated the first attempt in successfully correlating the effect of different
attachment modalities with electrochemical performance in LTO- multiwalled carbon nanotube
(MWNT) anode composites, with the goal of shedding light upon the judicious selection of
preparative strategies for LTO-CNT composites with the possibility of enhanced electrode
performance. Specifically, data from both structural and electrochemical characterization suggest
that the composite generated by the physical sonication method outperforms the other two
analogues.

The composite generated by sonication evinces the lowest electrochemical impedance
and the “flower-like”” morphology of the pure LTO remains intact during and after the
preparative process. By contrast, the composite prepared through an in situ direct-deposition
approach yielded fragmented LTO structures with overall larger crystallite sizes possibly due to
truncated crystal growth induced not only by the presence of MWNTS but also by the higher
annealing temperatures used. Finally, the composite fabricated via covalent attachment appeared
to be enveloped with a coating of amorphous linker molecules, thereby leading to not only lower
overall crystallinity and decreased contact area between LTO and MWNTS but also larger
electrochemical impedance.

With different MWNT loading ratios of 1, 5, and 10%, the LTO sample with the 10%
MWNT loading prepared via the physical sonication method appeared to yield the highest
delivered discharge capacity at every C rate from C/2 to 100C, possibly due to the more uniform
MWNT distribution. Such LTO-MWNT 10 wt% composites, produced by sonication means,
exhibited an outstanding high rate capability and cycling stability, delivering 173 mA h g* at C/2

with a 99% capacity retention from cycles 20-90 and 148 mA h g at 20 C with a 96% capacity
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retention from cycles 25-95. These values denote, to the best of our knowledge, clearly superior
performance to those of any previously reported LTO-carbon nanotube composite materials.

Generally, two strategies have been employed to improve the electrochemical
performance of LTO, which maintains a low electronic conductivity (103-10° S/cm)*! and
decreased diffusion coefficients of lithium ions (estimated 108-10"23cm?/s).12 One of them is to
design a new nanoscale type of morphology in order to reduce the lithium diffusion distance. The
other approach is to increase the conductivity and ionic diffusion in order to accelerate charge-
transfer reaction via either surface modification or ion doping.*3

In this dissertation, we have successfully synthesized a promising flower-like LTO anode
material with enhanced high-rate performance and further attached MWNTSs in order to further
enhance the electron conductivity. With respect to future studies, we propose to further improve
upon the electron conductivity and ionic diffusion rate through doping with ions. The advantages
associated with ion doping of LTO are several fold. First, LTO is relatively insulating, due in
part to the empty 3d orbital of Ti*".1* Hence, doping ions with different charges might potentially
drive the transformation of partial Ti** into Ti*, based upon charge compensation
considerations. Hence, the goal would be to increase the concentration of electrons within the 3d
orbitals and thereby enhance conductivity.'® Second, doping ions with a larger radius could
potentially induce a lattice expansion, which could enlarge the lithium ion diffusion pathway,
and thereby enhance the conductivity of LisTisO1..'® There has been extensive research focusing
on doping of either the Li®, Li'® Ti'® or 0% sites, with ions such as Ni?*, Mg?*, Zn%*, AI¥*,
Cr¥*, Zr**, Nb*, V", Ta®, and F~.*® Herein, for future directions, we aim to select a proper cation

and anion to further improve the electrode performance of the as-prepared flower-like LTO.
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In a cubic spinel LTO, the 32e sites are occupied by oxygen atoms, 5/6 of the 16d sites
are taken by Ti atoms, and the rest of the 16d are filled by Li atoms. Moreover, the tetrahedral
holes are filled by Li atoms at the 8a site, and the 16¢ octahedral holes are empty (Figure 8.7).
The formulae could be expressed as Lisa[Li1/3Tis/z]16d04,32¢.1° There are two possible diffusion
pathways for lithium ion insertion and de-insertion: 8a-16¢-8a, which is the predominant one,
due to a shorter diffusion distance and its having more available reactive sites, and 8a-16¢-48f-
16d. Based on the structure, two principles need to be followed for selecting ion dopants.

First, the doped ions should be either larger than the replaced ion, which can enhance the
lithium ion diffusion by lattice expansion, or these should possess more charge than the replaced
ions, which can increase the electron density by driving the Ti** toTi®* transformation. Among
all ion dopants, we propose to choose three of them to further explore these issues. These include
Ca?" (replacing Li* at the 16d site), Nb°>* (replacing Ti** at the 16d site), and F~ (replacing O% at
the 32e site). Useful information can be gained, such as the optimal “key site” for dopants which

can efficiently enhance the measured electron conductivity and Li-ion diffusion.
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Figure 8.7. Crystal structure and lithium ion diffusion pathway. Black balls indicate Li ions,
grey circles denote Ti ions, and circles with the dashed line highlight temporarily occupied sites.
Arrows show possible diffusion pathways (reprinted from Ref. 15).

Ca?" possesses a radius (Pauling’s crystal radius) of 114 pm (6 coordination), which is
larger than Li* with 90 pm. Therefore, doping with Ca?* could induce a transition of Ti*" to Ti®*
and result in an optimal lattice expansion, thereby contributing to a better rate and cycle
performance of this system.!’: 18 Previously, only one other group has reported data on Ca-doped
LTO nanoparticles, in which LisgCao.1 TisO12 material showed a discharge capacity of
138.7 mAh g after 100 cycles with 10 C charge—discharge rates, denoting operational
performance representing a dramatic improvement as compared with the 70 mAh g capacity
value expected for pure LTO.Y” With respect to our specific flower motif, LisxCaxTisO12 can be
potentially generated by adding in as the Ca source, i.e. Ca(Ac)2 H20, at different ratios within
the autoclave for a hydrothermal reaction.

The radius of Nb®" is 78 pm (6 coordination), which is larger than the 74.5 pm for Ti*".

The extra positive charge in Nb°* should drive the transition of Ti** towards Ti*. Previously

reported Nb-doped LTO work only focused on the motif of nanoparticles, which were generated
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by solid-state reactions. The LisTis97Nbo.03O12 achieved a capacity of 130.2 mAh g* after 200
cycles at the charge—discharge rate of 20C, which was about 2.5 times higher than that of the
pure LTO.% In the context of our 3D LTO motif, the precursor of Nb,Os can also be added into
the hydrothermal reaction in order to generate a family of desired LisTis-xNbxO12 materials.

Distinctive from and in addition to the principle of cation selection, the choice of an
anionic dopant with less negative charge should drive Ti** to Ti®* transformation due to charge
compensation effects. Specifically, F~ replaces the O% at the 32e position, with a relative smaller
radius of 133 pm (6 coordination) than O measuring 140 pm. As compared with either Br~ (182
pm) or CI" (167 pm), F~ possesses a similar size to O%, thereby leading to a larger tendency to
replace the original O atom, which ultimately yields a formula of LisTisO12xFx. Previously
reported carbon-encapsulated F-doped LTO, generated by a solid state reaction, denoted a high
charge capacity of ~158 mA h g* at the 1 C rate with negligible capacity fading for 200 cycles
and an extremely high rate performance up to 140 C.%

Based upon the previous literature reports, we believe our Ca, Nb and F-doped LTO
structures should demonstrate enhanced capacity as well as high rate capability. With the unique
3D flower-like morphology of our as-prepared LTO motif, we propose that our doped LTO
samples will potentially evince better performance than those reported in literature, due to the
enhanced ion and electron transport rate within the distinct 3D motif as compared with the 0D
nanoparticles. The phase structure, morphologies, electrochemical properties and the doping
ratio of all of these samples will be characterized using either X-ray diffraction, scanning
electron microscopy (SEM), or transmission electron microscopy (TEM) as well as cyclic
voltammetry (CV), EDS-mapping, and inductively coupled plasma optical emission

spectrometry (ICP—OES), respectively. Electron Energy Loss Spectroscopy (EELS) will also be

240



applied in order to assist in tracking the transformation of Ti** to Ti**. The approximate doping
ratio as well as the dopant ion distribution can be measured by means of EDS mapping and ICP
measurements. We do expect some degree of non-uniformity in terms of the dopant distribution
within the flower LTO motif. In order to track down the dopant locations more accurately, we
plan to perform EDS mapping on one particular LTO flower from the petal through to the core
area using microtoming, by which LTO flowers can be cut into multiple parallel slices
individually possessing average thicknesses of 80 nm. Moreover, electrochemical performance

will be assessed to confirm expected improvements after ion doping.
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