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Synthesis of colloidal semiconductor heterostructures for photocatalysis
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Assistant Professor Brandi M. Cossairt

Department of Chemistry

The development of colloidal nanoscale semiconductors for next-generation technologies
IS attractive due to their size-dependent optoelectronic properties and compatibility with solution-
based manufacturing methods. This versatile class of nanomaterials holds great promise for light
absorption, emission, and energy conversion. However, while the synthesis of single component,
isotropic nanocrystals is well developed, the true promise of these materials is in their

customization within heterostructure motifs where significant synthetic challenges remain. In



particular, colloidal semiconductor nanomaterial heterostructures hold great potential as
photocatalysts. Efficient electron-hole recombination is promoted by quantum confinement
making traditional quantum dots non-ideal for photocatalytic applications. However, charge
carriers can be thermodynamically separated across a nanoheterostructure interface. This prolongs
the lifetime of photogenerated charge carriers, paving the way for efficient photoredox chemistry.
This thesis uncovers the underlying, generalizable principles for accessing tailor-made
heterostructures to provide a roadmap for accessing desirable colloidal semiconductor
nanoheterostructures. The generalized rubrics describe strategies and identify potential pitfalls for
the synthesis of desirable nanostructures, even if explicit examples of the target structure have not
been previously reported. Beyond developing anisotropic heterostructures with rod and tetrapod
morphologies, this work demonstrates a new application for nanomaterial photocatalysis by using
guantum dots to cleave C-O bonds in biomass model substrates. In all, this thesis makes strides in
developing our understanding of how to design and synthesize colloidal semiconductor

nanoheterostructures, and of the use of nanomaterials in photolytic applications.
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Chapter 1. INTRODUCTION

Components of this chapter were republished with permission of the Royal Society of Chemistry,
from Synthesis of tailor-made colloidal semiconductor heterostructures, Enright M. J. and

Cossairt. B. M., 54, 2018; permission conveyed through Copyright Clearance Center, Inc.

1.1 OVERVIEW

The synthesis of nanometer scale crystals has evolved since their first use as metallic glitters on
ancient Mesopotamian pottery! and as ruby-red colorants in stained glass windows.? The last few
decades have seen the degree of synthetic sophistication progress to enable the use of designer
nanomaterials with tailored morphologies and surface chemistries in applications including
biomedicine, color-conversion, and catalysis.>* Today, synthetic efforts are increasingly focused on the
atomically-precise synthesis of complex nanostructures with well-defined compositions. The purpose
of this introduction is to summarize progress in the field towards the development of robust,
reproducible synthetic techniques for accessing customizable colloidal semiconductor heterostructures.
A focus on our current understanding of the mechanisms of crystal growth and composition evolution
will be highlighted to extract generalizable design principles for semiconductor nanomaterials which
are then used to develop clearly defined rules for heterostructure assembly.

Colloidal synthesis offers a versatile, inexpensive, scalable, solution-phase approach to creating
semiconductor nanocrystals with tunable optical and electronic properties.>® Semiconductor quantum
dots hold potential to replace and improve many existing technologies, including display devices, %4

biological imaging, and medical delivery agents,*>? and light-driven catalysis for fuels and commodity



2
chemicals.?*?° Heterostructured nanomaterials can offer additional functionality with respect to
optoelectronic properties through spatial confinement or delocalization of charge carriers. For example,
type | heterostructures possess a nested band alignment in which the conduction and valence band
energy levels of one component semiconductor straddle the bands of the other semiconductor
component.%® This nested structure confines holes and electrons to the smaller band gap material and
can give rise to higher photoluminescence quantum yields for improved application in photoemission
devices by insulating and passivating defects at the core. Type Il heterostructures, on the other hand,
arise from materials with offset conduction and valence bands in which both the conduction and valence
band edges of one material are at higher energies relative to the second material. This offset band
alignment facilitates charge carrier separation across the heterojunction interface because regardless of
which material serves as the light absorber, electrons will localize to the lowest energy conduction band
while holes will be confined to the highest energy valence band. Type Il heterostructures can be well
suited for catalytic and photovoltaic applications due to slower charge carrier recombination that occurs
on the nanosecond time scale as opposed to picosecond and faster times for exciton recombination in
analogous single material systems.! In addition, because the photogenerated electron and hole are
physically separated, Auger processes are also greatly suppressed.3234

To date, a breadth of synthetic methods that have been developed for accessing, in particular,
[1-VVI nanocrystal heterostructures. This introduction provides a review of the concepts governing core-
shell heterostructure synthesis , as well as more complex anisotropic heterostructures that require more
specialized synthetic methods, but that offer additional functionality. Three principle approaches for
obtaining colloidal anisotropic heterostructures will be featured both in this review and through original
work in subsequent chapters: top-down synthesis via cation exchange (Chapter 2), one-pot approaches

from molecular precursors (Chapter 3), and seeded assembly (Chapter 3 and 4). Ultimately, it is found
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that seeded assembly offers the greatest control and enables the most predictable product structures, but
one-pot methods and top-down/post synthetic approaches (i.e. cation exchange) provide serviceable
approaches as well as offering a more comprehensive understanding of how to obtain tailor-made
colloidal semiconductor heterostructures.

An underlying goal throughout the process of heterostructure development is to ultimately use
these materials as catalysts for light-driven transformations. While the hydrogen and oxygen evolution
reactions dominate the field of photoredox catalysis with nanomaterials, they are increasingly viewed
as competent materials for a wide range of organic transformations.?*? In an effort to expand the scope
of nanoparticle driven photocatalysis, the light-induced cleavage of carbon oxygen bonds with quantum
dots is developed as a model for both bond cleavage reactions with nanostructures as well as

depolymerization of biomass (Chapter 5).

1.2 CORE/SHELL QUANTUM DOTS

The most widely explored and developed colloidal heterostructures are core/shell quantum dots,
including type I, type Il, and advanced gradient or multi-shell structures (Figure 1.1). A common
trademark of type I core/shell quantum dots is that a wide bandgap, protective shell assists in confining
excitons to the core material while passivating defects that could create trap states and alternative modes
of non-radiative exciton relaxation. This gives rise to quantum dots with high quantum vyields, and
tunable emission features that are better isolated from environmental influences, making these materials
the leading choice for lighting, display, and imaging applications.'! 3¢ The offset band structure of
type 1l core/shell quantum dots leads to a red-shift in the heterostructure band gap and introduces a
physical mechanism for charge separation, leading to suppression of Auger processes.*?3*3" Spherical

type 1l core-shell heterostructures have therefore shown promise for photovoltaic and
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photoelectrochemical applications.®®*° In addition to traditional core/shell heterostructures where the
shell thickness is typically a few monolayers, ultra-thick-shelled, or “giant” quantum dots, in particular
CdSe/CdS core/shell QDs with shell thicknesses greater than 10 monolayers, have demonstrated
impressive photophysical properties including blinking suppression and strongly reduced nonradiative
Auger effects.*>*2 These giant QDs also exhibit enhanced chemical and photostability, making them

ideal candidates for a range of single-particle photophysical experiments.

Type | Type Il Gradient Shell

Energy (eV)

_

Figure 1.1. Energy level diagram of type I, type Il, and representative gradient core-multishell

semiconductor heterostructures.

Along with band alignment, the requirement of an epitaxial interface between the core and shell
materials is critical in realizing the idealized function of core/shell QDs, requiring precision control over
the synthesis. One pot synthetic methods have been developed, but require pre-designed control over
the relative reactivities of the molecular precursors used to access both materials, with the core
precursors requiring elevated reactivity to produce nuclei.**® Because of this, core/shell QDs are

predominantly synthesized in a multi-step procedure that involves core synthesis and purification,
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followed by subsequent shell growth.*6*” Independent nucleation of the shell material and uncontrolled
core ripening is generally prevented by maintaining a lower temperature during shell growth than is
used for core synthesis.>® The shell growth step can be carried out using a variety of approaches: slow
addition of low-reactivity precursors,®® “ selective ionic layer adhesion and reaction (SILAR),%% 450
and colloidal atomic layer deposition.®* The most advanced and well-developed shell-growth strategy
that enables retention of crystalline quality and minimal introduction of defects across a range of shell
thicknesses is the SILAR method.>® 5 In this method the shell material is added one monolayer at a
time by the sequential addition of cation and anion precursors to the QD cores.® When compared to
earlier approaches that relied on co-injection of cation and anion precursors, SILAR offers the advantage
of higher shell growth temperatures due to the self-limiting nature of the reaction chemistry and prevents
nucleation of nanocrystals. SILAR is likely not required for growth of thin shells and is perhaps not
required in the case of lattice-matched systems;* however, this approach was clearly shown to improve
the size distribution of moderately thick-shell CdSe/ZnS core/shell NQDs (large lattice match: 12%)
compared to their single-injection counterparts.>® Moreover, SILAR can be combined or modified by
thermal cycling to enable low-temperature, conformal coating of QDs followed by an elevated
temperature annealing or crystallization step where finer morphological control is required.>

Core/multi-shell QD heterostructures have also been assembled to maximize the benefits of type
| and type Il systems. While core/shell systems can improve charge separation by localizing charge
carriers to the core or shell, undesirable exciton leakage across the core and shell boundary is not entirely
prevented despite the offset energy levels. Thus, thicker shells are required to protect confined excitons
in type | systems or better separate charge carriers in type Il arrangements. Lattice mismatches between
materials, however, may limit the sizes of the core or shell that may be used as well as create strain

induced defects that introduce new modes of non-radiative recombination that the protective shell is
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designed to diminish. A commonly highlighted example of lattice mismatch challenges in type |
structures is using ZnS as a shell for CdSe; the 12% lattice mismatch between the two materials limits
shell growth to only a few (2-3) monolayers. The lattice mismatch between ZnSe and CdSe is only
6.3% and the mismatch is even smaller, 3.9%, for CdS and CdSe. While the lattice mismatch improves,
the energy offsets decrease. The core/multi-shell approach provides a gradient of progressively
increasing bandgaps between a CdSe core and ZnS shell such as: CdSe/CdS/(Cd,Zn)S/ZnS%® >3 and
CdSe/ZnSe/ZnS.555" The layered shells facilitate a smooth change in lattice parameter to the greater
band gap offset. The gradient alloy layer serves these systems by facilitating a smooth, tunable transition
between two layers that would otherwise have a large lattice mismatch. In addition, systematic,
thermally driven interfacial alloying of shell layers can provide a mechanism to control the electronic
structure in QD heterostructures and enable switching between type | and type Il configurations.>®
Precise tailoring of the individual shell thicknesses to compensate for the various exciton decay
pathways can even allow for balancing the competing effects of induced latticed strain and confinement

potential to enable the realization of smaller sized QDs with reduced blinking.*°

1.3 ANISOTROPIC NANOCRYSTALS

For all their utility in emissive applications and in enabling detailed investigation of the
fundamental photophysics of colloidal nanocrystal heterostructures, core-shell quantum dots can be
limited in terms of their practical application in schemes where charge separation is desired. Considering
photocatalysis as an illustrative example, in type Il core-shell structures, one of the charge carriers will
be confined to the core while the other carrier may be extracted from the shell at the surface to facilitate
redox reactions. To envision using these core-shell structures as long-term photosensitizers, and to

avoid energy loss due to charge recombination, the hole or electron localized to the core must be
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efficiently quenched through application of an applied bias or by a sacrificial chemical redox equivalent.
In solution and in the presence of sacrificial donors, hole refilling from the donor is often competitive
with back electron transfer between a substrate and the nanocrystal.8%¢? For quantum dots adsorbed to
electrodes, hole refilling must proceed via electron transfer from the electrode surface through the
tethering ligands and into the quantum dot. In a representative system, the rate of hole refilling via an
electrode was slower than back electron transfer from a methyl viologen substrate.® Even using
conjugated linkers to improve electronic communication between the electrode and nanoparticle does
not facilitate hole replenishment at a competitive rate to back electron transfer. Type Il heterostructures
are designed to trap holes away from the electron to prolong exciton lifetimes and reduce the rates of
parasitic back electron transfer reactions. However, in core/shell type 1l systems, only one of the
materials presents a directly accessible surface. Thus, these structures rely on electron tunneling to
resupply charge carriers (i.e. holes confined to the core). To obtain type Il heterostructures without
systemic inefficiencies that lead to energy loss from charge recombination, both materials in the
heterostructure must be physically accessible for charge carriers to be replaced via a wire or sacrificial
donor.

To get around the physical challenges regarding charge replenishment, alternative structural
motifs must be utilized to better facilitate the cyclical process of excitation, charge transfer, and
regeneration. Anisotropic heterostructures retain all of the excitation and charge separation benefits
afforded by the core-shell structure but also offer greater customizability, physical access to both
materials across the heterojunction for unimpeded charge replenishment, and unique facets and
materials for selective functionalization. A key challenge for adopting efficient and inexpensive
nanomaterials into photocatalytic and photovoltaic applications is the lack of robust synthetic methods

for obtaining anisotropic heterostructures. For translation to market, processes for preparing anisotropic
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nanocrystal heterostructures must be scalable and inexpensive, making solution processing one of a few

suitable methods.

Dots Rice Rods

Monomer concentration

Figure 1.2. Example structures that can be obtained from one-pot, bottom-up colloidal synthetic
methods. While synthetic conditions will ultimately dictate the product nanomaterial shape and
structure, a corollary trend between shape and monomer concentration is observed here. Dots: Reprinted
with permission from D. V. Talapin, A. L. Rogach, A. Kornowski, M. Haase, and H. Weller, Nano
Lett., 2001, 1, 207-211. Copyright 2001 American Chemical Society.*® Rice, rods, tadpoles: Reprinted
with permission from Z. A. Peng and X. Peng, J. Am. Chem. Soc., 2002, 124, 3343-3353. Copyright
2002 American Chemical Society.®® Tetrapods: Reprinted by permission from Nature Research: L.
Manna, D. J. Milliron, A. Meisel, E. C. Scher and A. P. Alivisatos, Controlled growth of tetrapod-

branched inorganic nanocrystals, Nat. Mater., 2003.%

Colloidal methods for semiconductor nanocrystal synthesis have demonstrated reproducible
procedures for synthesizing a myriad of shapes (Figure 1.2): dots,® %8769 rods 85 €8 70 arrows, 7 rice,®
teardrops,’ tetrapod,® ° and wire nanoarchitectures,’ among others. In a typical one-pot approach,
colloidal semiconductors are synthesized using a hot-injection method where precursors are rapidly
added to a pre-heated solution of solvent and surfactants.®” The elevated temperature leads to rapid

monomer formation. Ultimately, per the La Mer nucleation model, the number of monomers reaches a
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critical concentration, which leads to nucleation.”? Remaining monomers assemble on the surface of the
growing nanocrystal. In the case of isotropic nanocrystals growth can be allowed to proceed to
completion in many cases without detrimental ripening effects, however in the case of anisotropic
nanocrystals where maintaining kinetic growth conditions is crucial, the reaction is typically quenched

at a prescribed point by rapidly reducing the temperature or seizing the reaction with an additive.

Structural diversity is obtained by exploiting distinct reaction conditions to obtain specific
products. Precursor injection temperature and ligand concentration are important variables because
these conditions can set the phase of the nanostructure. Cadmium selenide provides an illustrative
example. CdSe typically forms in the Kinetic zinc blende phase at low temperature. Nucleation at
temperatures above 300 °C or thermal annealing of zinc blende nanocrystals gives rise to crystalline
wurtzite CdSe. Interestingly, given the relatively small difference in energy between the zinc blende
and wurtzite structures (1.4 meV per CdSe unit), it has been observed that the ligand-surface interaction
can play a large role in phase determination at a given temperature, with carboxylate ligands stabilizing
the zinc blende structure and phosphonate ligands stabilizing the wurtzite structure.”® Furthermore, by
adjusting the concentration of monomers in the reaction solution, distinct shapes can be targeted.
Spherical nanocrystals form at the lowest monomer concentrations, followed by rice grains, rods, and
then branched structures with increased concentration.®® Spherical nanocrystals are the most
thermodynamically stable shape® 7 across this spectrum of products and are also the product of
Ostwald ripening.”>"” This concentration dependence is a fluid spectrum; elongated structures can
readily be obtained by bolstering the monomer concentration in a sample of growing spheres.
Conversely, spheres can be evolved from their higher aspect ratio counterparts if left in solution with a

low monomer concentration.
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There are three distinct mechanistic stages in the temporal evolution of anisotropic structures
(Figure 1.3).” To promote elongation of the nanocrystal, wurtzite structures are preferred due to the
higher chemical potential along the structure's (0001) axis (also known as the c-axis). Each growing
nanocrystal is surrounded by a diffusion sphere defined by a concentration gradient between the bulk
solution and the stagnant solution about the nanocrystal. Monomers near the crystal (within the diffusion
sphere) readily add to the surface of the nanocrystal leading to continued diffusion of monomer in
solution into the sphere. The first mechanistic stage is growth along the long c-axis. At high monomer
concentrations, growth occurs nearly exclusively along the c-axis, the face of the nanocrystal with the
highest chemical potential.”® As available monomer is consumed by the growing nanocrystal, the
relative concentration of monomer in solution decreases and moves into the diffusion sphere at a slower
rate. At this intermediate growth concentration, known as the 3D-growth regime, monomers grow on
all facets simultaneously.”* The third stage occurs after the concentration of monomers diminishes
sufficiently to no longer drive new monomer to enter the diffusion sphere. At this point, interparticle
diffusion occurs where monomers from the rod ends migrate towards the middle of the nanorod to give
isometric products.” For CdSe, these stages were identified quantitatively by tracking cadmium
concentration in solution by mass. From 1.4—2% the rods are in the 1D-growth regime and enter the
3D-growth regime at 0.5-1.4% cadmium by mass. At 0.5%, the cadmium mass percentage

concentration remains constant as the nanocrystals exist in the interparticle diffusion regime.’
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Figure 1.3. Mechanism and evaluation of nanorod growth. (A) Three stages of anisotropic nanostructure
growth as a function of monomer concentration. Arrows indicate the direction of diffusing monomers.
(B-D) Evaluation of unseeded CdSe nanorod growth. (B) UV-Vis spectra at 2 min intervals over the
first 30 min of nanorod growth. Nanorod dimensions measured using TEM analysis as a function of
time are plotted for length (B, inset), volume (C), and aspect ratio (D). The equation for the line of best
fit for the volume vs. time relationship is y = 9.7919x — 44.591. (B-D) Adapted from ref. 79 with

permission from The Royal Society of Chemistry.™
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Transitions between kinetic and thermodynamic growth regimes are observable by tracking
nanomaterial growth using transmission electron microscopy. In a representative case, we have
conducted profile mapping of length and aspect ratio of growing CdSe nanorods showed the transition
point between 1-D and 3-D growth to occur within 20 min of precursor injection with trioctylphosphine
selenide in a cadmium tetradecylphosphonate bath. The transition from 1-D to 3-D growth is indicated
by a characteristic tapering off of length growth and a plateau of aspect ratio (Figure 1.3).” Furthermore,
tracking nanocrystal width and volume change over time revealed a growth rate of 2.9 to 3.5 monomer
rod! s for unseeded and seeded CdSe nanorods respectively growing at 250 °C. This type of
quantitative evaluation of growing anisotropic structures offers a template for determining when kinetic
growth conditions have been established for nanostructures. Similar analysis has also shown CdS
nanorods to assemble at 36 monomers rod ! s™' upon wurtzite seeds while length growth predominates
for 13.5 minutes of crystal growth.”® The monomer concentration ranges used to access rod elongation
are only a small component of the spectrum of monomer concentrations that give nanocrystals. As
monomer concentrations are decreased, spherical quantum dots are formed. Considering the
relationship between 1-D and 3-D growth it is unsurprising that lower aspect ratio nanocrystals would
form under reduced monomer conditions. Alternatively, increasing the monomer concentration above
rod growth conditions has led to tetrapod and branched structure formation.®® 70 8
A challenge for reproducibility in colloidal systems is exclusively promoting nucleation at a
single point early in the reaction before conditions for nanocrystal growth are established. To achieve
monodisperse nanoparticles, the temporal progression of precursor conversion, nucleation, and growth
must be balanced to generate conditions that enable all of the evolving crystals to have effectively the
same growth history.® An additional challenge in systems designed to target more advanced

nanostructures is that the solution conditions may not favor the same kinetic growth conditions
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throughout the reaction, potentially leading to phase transitions in the growing nanocrystal.%®
Furthermore, due to the need to control both nucleation and growth conditions in a single reaction,
tuning the nanocrystal shape, size, and structure becomes increasingly difficult.

Tetrapod synthesis is a clear demonstration of overcoming the challenges associated with
balancing nucleation, growth, and differences in stability between the cubic and hexagonal crystal
phases (Figure 1.4).%% 7081 For example, nanotetrapods of CdSe™ and CdTe®® 8 were assembled in a
one-pot synthesis by first obtaining zinc blende cores in situ with four (111) facets with growth of four
wurtzite rod arms, each terminated with wurtzite (0001) facets. A requirement for the in situ synthesis
of nanotetrapods is that the energy difference between wurtzite and zinc blende structures must be low
so that switching between the two phases is possible, but not so low that there is no energetic preference
for one phase over the other. In highly ionic and covalent systems, the energy difference between the
different crystal structures is too high (>10 meV per atom) to enable in situ polytypism.8? Conversely,
the energy difference between phases of several 11-VI semiconductors, (CdS, CdSe, and ZnS) is barely
a few meV per atom, which makes it challenging to create conditions that change the accessible phase
over the course of a reaction. Interestingly, cadmium telluride falls into a sweet spot that allows selective
nucleation of zinc blende cores, which are still favored at high temperatures that typically promote
wurtzite assembly, before ultimately growing wurtzite arms upon the core's (111) planes. Wurtzite
growth is the preferred crystallinity at high temperatures when alkyl phosphonate ligands are present.?
Despite the low phase transition energy barrier between zinc blende and wurtzite crystal structures for
CdSe, tetrapods were still obtained in mixtures of rods due to some nucleation of zinc blende cores in
conditions that predominately promote wurtzite growth.”® While these pioneering syntheses of tetrapods
demonstrated the ability to elicit structural complexity within a single reaction environment, the narrow

window of conditions (temperature and ligand concentration) in combination with characteristics of the
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material (nucleation of zinc blende nanocrystals even under wurtzite promoted growth conditions) limits

the generality of these methods.

Figure 1.4. A dissected view of the core and arm facets of a 11-VI tetrapod. Phosphonate ligands
selectively bind to the circumferential facets of the wurtzite tetrapod arms. Reprinted by permission
from Nature Research: L. Manna, D. J. Milliron, A. Meisel, E. C. Scher and A. P. Alivisatos, Controlled

growth of tetrapod-branched inorganic nanocrystals, Nat. Mater., 2003.%¢

1.4  ANISOTROPIC HETEROSTRUCTURES IN ONE-POT FROM MOLECULAR PRECURSORS

The next level of complexity in colloidal nanocrystal synthesis from anisotropic nanocrystals is
anisotropic heterostructures. This chemistry has been enabled for 11-VVI semiconductors by the
development of simple, scalable methods for generating the starting seeds. Prior to 2001, cadmium

chalcogenide nanocrystals were customarily synthesized using dimethyl cadmium (Cd(CHz)).
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However, in addition to high cost and thermal instability, Cd(CHz)2 is both pyrophoric and toxic. In a
pivotal study on cadmium chalcogenide nanocrystal synthesis, Peng and Peng reported that CdO could
replace Cd(CHsa)2, giving rise to high quality quantum dots and rods for CdS, CdSe, and CdTe.® This
new scheme provided a more reproducible, straightforward, and scalable synthetic approach accessible
to even undergraduate chemists.3
When using CdO as a precursor, the active cadmium source is generated in situ and is already
present in solution for hot injection of the chalcogenide reagent. Korgel et al. took advantage of this
approach to elongate CdE (E = S, Se, Te) nanorods with a series of chalcogenide precursor injections.®
The initial chalcogenide injection seeded CdE growth and each subsequent addition selectively grew
epitaxially on the (0001) hexagonal planes to elongate the nanorods. By changing the identity of the
chalcogenide during subsequent additions, this procedure was used to generate heterostructures with a
well-defined transition between the two components of the heterostructure without obvious stacking
faults (Figure 1.5).8 Depending on the relative bandgap alignment of the components of the
heterostructure, modulation of the photoluminescence quantum yield by an order of magnitude was
realized. Upon depletion of the cadmium—phosphonate complex and continued heating, the nanorod
ends were observed to ripen into spheres with a significant number of stacking faults. Ripening was not
observed for the core rod components and could be prevented at the ends with rapid quenching of the

reaction upon completion of nanorod growth.
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Figure 1.5. General outline of growth of cadmium chalcogenide nanorod and nanorod heterostructures.
Multiple injections of chalcogenide precursor in a bath of cadmium precursor yields growth along the
c-axis. Changing the chalcogenide precursor in subsequent additions gives growth of the new cadmium
chalcogenide component to yield rod-rod heterostructures. Reprinted with permission from F. Shieh, A.
E. Saunders, and B. A. Korgel, J. Phys. Chem. B, 2005, 109, 8538-8542. Copyright 2005 American

Chemical Society.®

Using a comparable growth procedure in which preformed cadmium phosphonate is present in
excess upon addition of chalcogenide, Alivisatos and co-workers demonstrated control over nanocrystal

composition and branching throughout a nanoheterostructure synthesis.2® This work elaborated on
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similar studies that showed zinc blende—wurtzite polytypism in CdTe tetrapods enabled arrangement of
four wurtzite quantum rods of the same composition about a central zinc blend quantum dot core.%®
From rod elongation of cadmium chalcogenides (or from the wurtzite arms of a tetrapod) stacking faults
form zinc blende segments that serve as scaffolds for growth of new branches. The zinc blende facets
branch the growing nanocrystal by forming several identical facets that, upon nucleation of new
branches, revert to anisotropic wurtzite growth. Zinc blende formation is facilitated when the system is
supersaturated with precursor immediately following injection, followed by wurtzite growth as the
precursor is consumed. Furthermore, the size of the core and secondary tetrapods and the distance
between them could be regulated with careful timing of subsequent additions and amounts of
precursors.®

Anisotropic heterostructure development has made significant strides in systems that conserve
the cation or anion sublattice, however, the current scope of heterostructures containing materials that
differ with respect to both the cation and anion components is limited. Breaking the need to retain a
cation or anion sublattice throughout the entire heterostructure is valuable for designing structures with
greater offset conduction and valence bands to better separate charge carriers and prolong exciton
lifetimes. A major pitfall of anisotropic heterostructure assembly from molecular precursors is that a
one-pot approach hinders development of new material combinations. Anisotropic nanocrystal growth
often only occurs in a narrow range of synthetic conditions, such as high monomer concentration. Direct
addition of precursors for a different material with the expectation that nanocrystal growth will be
exclusively of the new component is synthetically challenging. The presence of remaining monomer
from growth of the core promotes competitive alloying or cation exchange processes instead of

heterostructures with clearly defined interfaces.
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1.5 HETEROSTRUCTURES USING TOP-DOWN, POST-SYNTHETIC METHODS

As demonstrated by the bottom-up synthetic methods using molecular precursors, a spectrum
of sizes and shapes of nanocrystals can be obtained from one-pot synthetic approaches. Core/shell dots,
heterodumbells, and heteronanorods are some of the most sophisticated structures obtainable in
colloidal systems. However, accessing these heterostructures for all material combinations via
heteroepitaxial growth techniques can be challenging. Top-down cation exchange methods offer new
opportunities for accessing heterostructures and tuning the optoelectronic properties of nanocrystals. In
fact, large libraries of distinct heterostructured nanoparticles with precisely defined materials and
interfaces can be amassed using cation exchange and post synthetic modification procedures, with
Schaak et al.'s collection of 47 metal sulfide nanostructures as an illustrative case.’ Cation exchange is
a particularly useful approach to tune a quantum dot's band gap, Fermi level, and emissive properties
through dopant incorporation.88-°" Cation exchange that is allowed to proceed to a greater extent than
just a few percent dopant ion incorporation leads to changes in the structural and optoelectrical
properties of the nanostructure and can be an effective means of obtaining heterostructures.%: %108
Furthermore, in some anion sublattices, cation exchange can be sufficiently well controlled to give a

range of structures from homogeneous alloys, to gradient alloys, to core/shell quantum dots (Figure

1.6).98’ 101, 104
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Figure 1.6. Cation exchange mediated synthesis of doped, alloyed, segmented, and core/shell

heterostructures.

For example, cation exchange of Cd?** and Zn?* for Pb?" in chalcogenide lattices has been
accomplished to yield lead chalcogenide nanostructures that retain the original chalcogenide (sulfide,
selenide, or telluride) lattice. This process was observed to be thermally activated and the extent of the
reaction controlled by modulating temperature and reaction duration. In particular, anisotropic cation
exchange on spherical cadmium chalcogenide nanocrystals could be accomplished with exchange
starting at one edge of the nanocrystal and proceeding along the (111) direction to leave a sharp interface
on the (111) crystallographic plane.’® The final, incomplete cation exchange products in sulfide and
selenide lattices are quasi-spherical, Janus-type CdS/PbS and CdSe/PbSe heterostructures, respectively.
It was demonstrated that the degree of conversion to the lead chalcogenide component was directly

dependent upon the initial temperature for the partial exchange reactions.'® Replacement of Cd?* with
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lead can also be accomplished in two steps by first replacing the cadmium with copper and then
substituting the copper with lead.’®® In the case of selenide lattices, cation exchange has been observed
in both directions for Pb?* and Cd?*.1%4 197 Exchange of Cd?* for Pb?* is driven by a vacancy assisted
migration mechanism.'®” Incomplete exchange led to the formation of core/shell PbSe/CdSe.

Moreover, de Mello Donega and co-workers demonstrated thermally tunable cation exchange
in which Zn?* and Cd?* exchange in a selenium sublattice to give a distribution of (Zn,Cd)Se
nanocrystals. The spectrum of structures accessed in this system (from core/shell nanocrystals, to alloys)
enabled tailoring of the optoelectronic properties and charge carrier localization.'%* Starting from zinc
blende ZnSe, treatment with Cd(oleate), at 150 °C provided core/shell ZnSe/CdSe with clearly defined
core and shell components. The same Cd(oleate). treatment at temperatures between 200 and 220 °C
gave gradient (Zn;—«Cdyx)Se alloy nanocrystals with increasingly smooth gradients from core to outer
shell with increased temperature. Above 240 °C, homogeneous (Zni—xCdx)Se alloys were obtained. This
trend holds for nanocrystals over a range of quantum confined dimensions. Further post-synthetic
thermal annealing of core/shell and gradient nanostructures yielded homogeneous (Zn;—xCdx)Se alloys,
regardless of starting composition and structure. The mechanism proposed for this process is that cation
exchange rapidly occurs at the nanocrystal surface followed by slower, thermally activated solid-state
cation diffusion into the selenium sublattice. Mediated by Frenkel pairs, interstitial Zn?* migrates
outward while incoming Cd?* diffuses towards the core via a vacancy hoping mechanism. Since new
layers of material are not added to the nanocrystal, the size of the nanocrystal remains relatively
unchanged. This cation exchange process is promoted by the greater stability of Zn(oleate)2 in solution
vs. Cd(oleate), as well as the greater bond strength between Cd—Se over Zn-Se.1%

The activation barrier for cation exchange of Cd?* in ZnSe has been determined to be between

30 and 40 kJ mol™.2%® Qur investigations have revealed that in the softer telluride sublattice, the
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activation barrier to cation exchange between Cd?* and Zn?* in ZnTe nanorods was measured to be 24
kJ mol™! following initial adsorption of cadmium to the nanorod surface.®® The low activation barrier
for cation exchange in ZnTe has enabled core/shell nanorods with thin CdTe shells at room temperature
and alloyed (Zn;—xCdx)Te nanorods at 75 °C. Further evaluation of cation exchange in the (Zn;—~Cdyx) Te
system revealed that cation exchange could be slowed by starving the system of Cd?*, which results in
incomplete surface passivation.%®
The aforementioned cation exchange studies on isotropic starting materials highlight synthetic
challenges associated with heterostructure development. Nanocrystal growth typically occurs at
elevated temperatures, readily driving cation exchange preferentially to nanocrystal growth due to the
low energetic barriers in chalcogenide lattices. Thus, attempts to grow cadmium chalcogenide
components on zinc chalcogenide seeds have been unsuccessful. However, cation exchange procedures
have been devised to directly give anisotropic heterostructures by selectively exchanging on a single
edge or select facet to give rod-rod or hetero-octopod heterostructures. %1% For example, anisotropic
CdS/Cu,S heterostructures were created via cation exchange between copper and cadmium to give
heterostructure nanorods.® Since the orthorhombic form of Cu,S and the hexagonal (wurtzite) form of
CdS both have hexagonal close-packed structures with nearly identical sulfur sublattices, cation
exchange is readily facilitated without imposing significant strain to the nanorod lattice or interface
between the copper and cadmium components.t! In fact, even when all cadmium is exchanged for
copper to give Cu2S nanorods, the size and shape is conserved with only an 8% contraction in lattice
volume.!® The (001) axis of the orthorhombic Cu.S component lies parallel to the hexagonal
CdS(0001) plane. The difference between relative activation barriers for nucleation at the (0001) and
(0001) end facets of CdS gives rise to asymmetric cation exchange. The formation energy for CuoS at

the (0001) end is lower by ~0.18 eV per Cd—Cu-S unit compared to the (0001) end, due to the presence
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of three dangling bonds per atom, thereby promoting surface passivation by seeding orthorhombic CuxS
preferentially.**2 Nucleation at the end facet is the main kinetic barrier for cation exchange. Once
nucleation has occurred, the kinetic barrier for further cation exchange is lowered and promotes
continued exchange into the anionic sublattice.'*>** It was also observed that increasing the diameter
of the CdS nanorod offered flatter CdS nanorod ends and better promoted cation exchange exclusively
at the (0001) end.1® Similarly, selective exchange was observed in CdSe/CdS octopods. Partial cation
exchange between copper and cadmium at the arm tips gave ternary nano-octopods with cubic sphalerite
CdSe cores, hexagonal wurtzite CdS arms, and hexagonal Cu,S ends.!'® However, the only way to
promote asymmetric cation exchange in these systems is to maintain a low concentration of Cu* ions.
Elevated concentrations of Cu™ led to indiscriminate cation exchange at both ends of the CdS nanorods

or more rapid exchange of all cadmium for copper (Figure 1.7).
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Figure 1.7. TEM images of selective cation exchange of Cu* for Cd?* in sulfide sublattices. Images are
of nanorods (A) and octopods (B). (A) Reprinted with permission from B. Sadtler, D. O. Demchenko,
H. Zheng, S. M. Hughes, M. G. Merkle, U. Dahmen, L.-W. Wang and A. P. Alivisatos, J. Am. Chem.
Soc., 2009, 131, 5285-5293. Copyright 2009 American Chemical Society.!®® (B) Reprinted with
permission from K. Miszta, D. Dorfs, A. Genovese, M. R. Kim and L. Manna, ACS Nano, 2011, 5,

7176-7183. Copyright 2011 American Chemical Society.*1°

Cation exchange is dependent on a number of variables: temperature, relative bond strengths of
the pre- and post-cation exchange materials, stability of the exchanging and departing ions in solution,
reactivity and concentration of other species in solution, and purification procedures used to clean the
nanocrystals. In general, increasing the temperature increases the rate and extent of cation exchange.*®
101 However, when the anion precursor is also present in solution, increasing the temperature facilitates
monomer formation to better enable shell growth preferentially over the competing cation exchange
pathway.'*®> A principle driving force of cation exchange is the relative stability of the exchanging and
departing cations in solution. Typically, harder Lewis acids will preferentially depart the nanocrystal

lattice in the presence of hard Lewis base ligands, such as oleate. Reactive ligands, especially oleates
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and thiols, will also assist in etching nanocrystals, which better facilitates adsorption of the new cation
at the nanocrystal surface. Saturation of the nanocrystal surface is vital for promoting and prolonging
cation exchange. Similarly, the bond strength of the cations to the anionic lattice will be a determining
factor in cation exchange progressing forward. When formation enthalpies favor the new cation, a
thermodynamic driving force exists to enable the cation exchange process.

Lastly, ligands can also be used to passivate the surface and mitigate cation exchange. Recently,
it was shown that residual acetate ligands on nanocrystal surfaces slowed down cation exchange and
etching processes.!’> While cation exchange is a powerful tool for obtaining precisely tunable
nanomaterials,® %101 103, 116 meeting all of the criteria for cation exchange for any given combination
of cations is still limited, preventing access to some desirable systems.

Another top-down approach for obtaining heterostructures with a clearly defined interface is
thermally induced atomic reconstruction. For example, thermal annealing of PbSe/CdSe core/shell
quantum dots led to the formation of Janus type segregated bi-hemispheric heterostructures joined by a
common (111) Se plane.*'” Using in situ TEM, the structural and morphological reconstruction was
observed to be primarily driven by reconstruction of the CdSe shell. At temperature ranges between 150
°C and 200 °C, the CdSe shell migrates to one side of the heteronanocrystal to separate into a CdSe and
a PbSe section. When the volumes of CdSe and PbSe are equivalent, the resulting product is perfect bi-
hemispheric heteronanospheres. At unequal volumes, the two phases still segregate under thermal
annealing but instead form two spheres bound together by a selenium (111) atomic plane. The joining
(111) plane forms a near perfect heterointerface between the cubic zinc-blende CdSe and the octahedral
PbSe structures. The presence of oleate capping ligands at the surface prevented coalescence and inter-

particle ripening (Figure 1.8).
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Figure 1.8. Evolution of PbSe/CdSe core/shell nanoparticles to Janus-type bi-hemisphere particles
joined by the selenium (111) atomic plane. Reproduced from ref. 7 with permission from The Royal

Society of Chemistry.*’

1.6 ANISOTROPIC HETEROSTRUCTURES FROM ISOLATED SEEDS

We can learn several lessons from the growth of anisotropic nanostructures from molecular
precursors and from top-down methods like cation exchange. However, it remains a challenge to obtain
a target heterostructure with a particular shape and combination of materials with only a one-pot
synthesis. We are also severely limited in accessing certain heterostructures with post-synthetic
modification due to limitations in ion diffusivity in many lattice types. However, we can use much of
the knowledge generated in the direct synthesis of anisotropic heterostructures from one-pot procedures
using molecular precursors to develop seeded growth approaches that enable predictable access to tailor-
made nanostructures.

As a representative case in point, anisotropic CdS/ZnSe is a highly sought after heterostructure

due to the type Il band structure. Attempts to obtain these structures typically involve treatment of
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purified CdS nanorods with zinc and selenium precursors.™® It has been observed that treatment of zinc
chalcogenide nanomaterials with cadmium precursors will preferentially lead to cation exchange under
typical nanocrystal growth conditions even when excess chalcogenide is available in the system,%: 10t
Conversely, treatment of cadmium chalcogenide nanomaterials with zinc precursors does not lead to
cation exchange. Instead, spherical ZnSe tips assemble on the (0001) and (0001) facets of the CdS rod
while suppressing shelling to a fraction of a monolayer.!!® More recently, it was observed that cadmium
chalcogenide nanorods etch anisotropically when treated with zinc oleate.*® The same directional
etching of the nanorod ends was also observed with sodium oleate but not with oleic acid. Nanorod
etching with zinc and sodium oleate led to a build-up of cadmium oleate in solution, which could
subsequently be deposited epitaxially as CdSe upon the CdS nanorods with the addition of
trioctylphosphine selenide. Despite the abundance of zinc precursor in solution, CdSe preferentially
formed at the surface of the CdS nanorods over ZnSe and independent nucleation of new CdSe
nanoparticles away from the nanorod. ZnSe growth could be obtained if the system was subjected to
higher temperatures or by increasing the amount of excess oleic acid present while adding zinc and
selenium precursors simultaneously.*®

As illustrated by the previous example, seeded growth of anisotropic heterostructures is
intrinsically a multi-step process that begins with having a monodisperse sample of nanocrystal seeds
with clearly defined surface facets. In fact today, many straightforward and inexpensive syntheses exist
for obtaining monodisperse quantum dot samples in high yields; some of these syntheses can even be
completed by high school and undergraduates with minimal laboratory experience within a single
laboratory session.3* 120125 \While multiple-step syntheses may initially seem to add complexity to a
synthetic work flow, seeded growth of nanocrystals can in fact provide a convenient way to assemble

heterostructures with more advanced shape, structure, compositional complexity, and functionality.”
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126 The increasing value of multicomponent heterostructures is reflected in the increasing research focus
on integrating multiple inorganic components.*” 127131

One emergent area of success in the seeded growth of anisotropic heterostructures has been the
development of so-called dot-in-rod structures.*?® 132136 These structures have received the most
attention in type Il and quasi-type Il system applications because of the spatial separation of excitons
into different components of the nanocrystal. Compared to core—shell structures, dot-in-rod structures
show promise for photocatalysis.’ In one such application, CdS nanorods seeded with CdSe cores and
metal tips demonstrated efficient long-lasting charge carrier separation with reduced back charge
transfer reactions from reaction partners compared to unseeded rods with identical metal tips. The
seeded systems were found to significantly increase activity for hydrogen production under orange light
illumination with better stability than the analogous seedless rods.*®’

Access to dot-in-rod and related heterostructures with a variety of morphologies has been
demonstrated by starting with seeds with differing crystal phases without significant alteration of
synthetic conditions (Figure 1.9). Alivisatos et al. showed that CdSe seeds could readily promote
CdSe/CdS nanorods (from wurtzite seeds) or tetrapods (from zinc blende seeds) by starting with the
same size spherical seeds but different crystal structures.’?® In these types of seeded rod assembly
syntheses, conditions similar to those designed to facilitate typical one-pot CdS nanorod growth are
established. However, during the induction time (typically 1-4 min for CdS nanorods) a concentrated
solution of CdSe seeds are rapidly added to the reaction mixture. CdS monomers readily nucleate upon

the surface of the CdSe seeds, and nanorod or nanotetrapod growth begins. 12”138
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Figure 1.9. CdSe/CdS heterostructures obtained from spherical wurtzite and zinc blende CdSe seeds.
Spherical wurtzite CdSe gives 1-D CdSe/CdS nanorods, while zinc blende seeds of equivalent size yield
tetrapod nanoarchitectures with CdSe cores and CdS arms under similar reaction conditions. Wurtzite
seeds promote 1-D rod growth while zinc blende scaffolds give tetrapod products. Reprinted with
permission from D. V. Talapin, J. H. Nelson, E. V. Shevchenko, S. Aloni, B. Sadtler and A. P.

Alivisatos, Nano Lett., 2007, 7, 2951-2959. Copyright 2007 American Chemical Society.'?®

Further tailoring of these seeded heterostructures is possible using ligand control. Alkyl
phosphonate ligands are known to selectively stabilize the lateral, non-polar facets of hexagonal wurtzite
nanocrystals.’* 8 These ligands can be used to force growth in certain directions due to reduced
reactivity on the ligand bound circumferential facets.> ° Thus, when seeds are introduced to a system
with abundant phosphonic acid that selectively binds to the (1010) facets of w-CdS and w-CdSe, growth
is slowed in those directions to promote growth exclusively along the growing c-axis of the wurtzite
crystal.**® Additionally, nucleation occurs primarily on the (0001) and (0001) facets of the CdSe seed

which leads to CdS growth in the (0001) and (0001) directions.'® The lattice mismatch between the
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two materials is less than 4% which promotes favorable epitaxial growth.®® %3 In these studies, it was
observed that the CdSe seed was regularly positioned away from the center of the nanorod. This is due
to the slightly greater reactivity of the (0001) vs. the similar, but not identical, (0001) facet as discussed
previously.”® The exact location of the core in a nanorod depends on the relative growth rates of the
ends and the exact core location can be controlled by using ligands to selectively passivate one end to
slow growth in that direction.> The length of wurtzite nanorods could be controlled to give highly
crystalline nanorods between 10-63 nm long with aspect ratios approaching 13.1% A similar range of
customizability could be obtained for the arms of tetrapods, which could be modified to lengths of 5—
50 nm. Length of the rods and tetrapod arms was controlled by altering the concentration of CdSe seeds
while all other reaction parameters remained the same.

Precise control over nanocrystal component dimensions affords tailored exciton distribution and
dynamics in nanoheterostructures.***%? One of the more comprehensive studies of ligand mediated
control over nanorod and heterostructure dimensionality was reported by Lee and co-workers using a
dual diameter nanorod system.*#° In this work, two distinctly segmented components of a single nanorod
have different diameters and were used to monitor the axial growth rates of the two components using
transmission electron microscopy. Monitoring the growth rates of the dual diameter nanorod offered a
quantitative correlation between ligand population and growth rate at the (0001) and (0001) facets. Dot-
in-rod heterostructures were also prepared, and as previously shown, the exact position of the dot within
the rod could be varied by modulating the concentration of phosphonate ligands of different chain
lengths.1%° The greater the ratio of long chain to short chain phosphonate ligand in the reaction, the more
offset the core resides from the center of the nanorod. This illustrates that long chain phosphonate can
selectively impede growth upon the (0001) end by reducing monomer diffusivity to the (0001) surface.

The (0001) surface grows at a constant rate regardless of the fraction of long chain phosphonate present,
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which leads to CdSe growth of 19 nm min™" at the (0001) end irrespective of the ligand. Ultimately, the
(0001) end facets are replaced by (0111) slant facets when the monomer concentration in solution is
reduced. Since (0111) and (0001), facets have comparable growth rates in the axial direction, continued
nanorod extension is dramatically curtailed when reactive monomer is consumed.’* Due to the
complexity in predicting such phenomena, ligand mediated growth modulation is underutilized for
developing heterostructures of customizable dimensions, despite how such morphological control over
core position and rod component dimensions can dramatically affect exciton dynamics and polarized

optical transitions in semiconductor nanostructures (Figure 1.10).
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Figure 1.10. Assembly and evaluation of dual diameter heterostructures. (a) A schematic representation
of a dual diameter heterostructure with a representative energy level diagram. TEM images of the
CdSe/CdS nanorods at 2 min (b), 3 min (c), 5 min (d), and 10 min (e). (f) The diameter, length, aspect
ratio, and volume of the thick and thin components over time. Reprinted with permission from D. Kim,
Y.K.Lee, D. Lee, W.D. Kim, W. K. Baeand D. C. Lee, ACS Nano, 2017, 11, 12461-12472. Copyright

2017 American Chemical Society.4°

While it is widely known that ligands can be used to selectively passivate surfaces of growing
crystals, ligands can also be used to control concentrations of available monomer in solution. Our recent
work has shown that controlling monomer concentrations, especially when using seeds, is valuable for
controlling the dimensions and morphology of the new nanomaterial component. Monomers, the
reactive nanocrystal growth reagent, can reside in an equilibrium with ligand bound monomer precursor.

As nanocrystals assemble, only a small percentage of ligand is associated with the growing nanocrystal
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compared to the material incorporated in the colloid. The residual ligand left in solution pushes the
equilibrium between monomer and precursor back towards the original precursor, thereby hindering
monomer assembly and nanocrystal growth. In nanorod syntheses, the changing monomer
concentration can dictate whether growth proceeds in a single direction to elongate the nanorod (1-D
growth) or facilitate growth in all directions simultaneously (3-D growth). In rod growth systems, there
exists a threshold of ligand vs. remaining monomer precursor that dictates the growth regime and
therefore the nanocrystal product dimensions. Remaining below this threshold allows continued 1-D
growth, while spiking a synthesis with additional ligand can force premature entrance into the 3-D
growth regime.”® This enables a new level of control over heterostructure component dimensions

(Figure 1.11).
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Figure 1.11. llustration of the array of structures attainable from a synthesis of CdSe nanorods.
Modification of the synthesis of CdSe nanorods with additional precursor or ligand yields monodisperse

products of a range of dimensions.



33

Access to a diversity of valuable double and multi-heterojunction nanostructures is challenging

using exclusively one-pot bottom-up or post-synthetic top-down synthetic techniques. Starting with
anisotropic seeds has recently provided a wealth of new heterostructures, beyond dot-in-rod
architectures.'>146 These structures have demonstrated enhancements to desirable properties, such as
improved photoluminescence or increased charge carrier lifetimes. One example is the double
heterojunction nanobarbell (Figure 1.12). In these systems, a nanorod seed is used as a scaffold for
growing spherical quantum dots and even shell or multi-shell ends. In these cases, the incorporation of
subsequent heterostructure components upon a nanorod seed is facilitated using similar procedures to
one-pot syntheses of nanostructures. The key difference is replacing the nucleation step with the
addition of seeds. Instead, monomers of the new nanocrystal nucleate upon specific facets of the starting
seed to give heterostructures. Selective and directed growth upon specific seed facets clearly offers a

versatile strategy for developing tailor-made colloidal heterostructure semiconductors.
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Figure 1.12. Double heterojunction nanorod structures with a barbell type construction. (a) An energy

band diagram of the components of the nanobarbell system. (b and ¢) TEM images of the CdS nanorod
scaffold, (d and e) CdS/CdSe nanobarbells and (f and g) CdS/CdSe/ZnSe nanorod-barbell multijunction
heterostructures. The scale bar is 50 nm for (b), (d), and (f) with 5 nm scale bar for the insets. For (c),
(e), and (g), the scale bar is 100 nm with a 10 nm scale bar for the insets. Reprinted by permission from
Nature Research: Double-heterojunction nanorods, N. Oh, S. Nam, Y. Zhai, K. Deshpande, P. Trefonas

and M. Shim, Nat. Commun., 2014.14

1.7 OUTLOOK ON ANISOTROPIC STRUCTURE ASSEMBLY

Anisotropic heterostructures are less readily accessible than their spherical counterparts due to
the narrow range of reaction conditions required to facilitate anisotropic crystal growth. One-pot
synthetic methods are the simplest and most readily scaled, but often are not broadly generalizable to a
variety of compositions given the requirement of carefully balancing the precursor conversion kinetics
of more than two interacting components. Post synthetic alloying of nanomaterials, while useful for
tuning the properties of a given system across a spectrum of compositions, relies on the diffusivity of
ions of interest in the host lattice, limiting this approach to specific combinations of materials. Seeded

material assembly of nanocrystal heterostructures is a versatile approach that is benefited by the well-
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established chemistry that has been developed to generate the parent seeds. By using easily synthesized
seeds with clearly defined morphologies and surface chemistries, a range of customizable structures
with tunable properties can be subsequently obtained in a pseudo-one-pot synthetic approach. In
general, seeded syntheses adopt the nanocrystal growth conditions from traditional one-pot approaches
but bypass the nucleation event. Since nanocrystal nucleation is replaced with addition of pre-formed
seeds, growth conditions can be directly established without devising procedures to separate nucleation
and growth events.

The majority or existing synthetic methods have primarily focused on developing 11-VI
nanocrystal heterostructures. These materials have been the most well studied because of the abundance
of available precursor combinations and their excellent photophysical properties. Chalcogenide based
nanomaterials also benefit from residing in a sweet spot for facilitating nanocrystal assembly, cation
exchange, polytypism, and facet directed growth that have driven the field forward. Access to colloidal
nanocrystal heterostructures for other classes of semiconductors, including I11-V and group 1V
materials, has been more limited. While challenges remain in preparing even the simplest core-shell
heterostructures for these material classes, the seeded growth approach provides a reasonable direction
for further synthetic development. In addition, limited examples of controlling anisotropy to access, for
example, pure phase nanorods, provides additional motivation for synthetic methods advancement.
After these synthetic tools are developed, it is likely that access to complex heterostructures will be best
approached using a seeded assembly strategy based on the principles that have been established for 11—
VI systems. This motivation to advance synthetic methods for anisotropic heterostructure assembly
from seeds lends itself well to customization of structure and band edge combinations to better design

more efficient type I or type Il heterostructures.
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1.8 PHOTOCATALYSIS WITH NANOMATERIALS

Nanomaterial heterostructures have the potential to better facilitate photoredox processes as
compared to their single material counterparts because of their ability to separate charge across the
heterostructure interface when the band edges are in a staggered, Type I, configuration. Furthermore,
anisotropic nanostructures show greater promise than their spherical counterparts.*3” However, for
the value of anisotropic heterostructure photocatalysis to ever reach its full potential, nanomaterial
driven photocatalysis must be better understood. Ever since the first report by Fujishima and Honda
using TiO2 photoanodes to promote UV light induced photo-assisted decomposition of water into
hydrogen and oxygen,** the field of photocatalysis with semiconductor nanostructures has boomed
with the sunlight to hydrogen conversion being a defining model system.'#¢162 While hydrogen
generation is an extremely important process and accounts for a major component of global energy
consumption through steam reforming to generate hydrogen used in the production of ammonia via the
Haber-Bosch process, hydrogen evolution is only one reaction of many valuable industrial scale
chemical processes that could be facilitated by nanoscale catalytic materials.

The largest industrial energy users are the chemical and petrochemical sectors which account
for about 10% of total global energy demand and produce around 7% of global industrial greenhouse
gas emissions.*®® Since 90% of chemical processes use catalysts for efficient production, catalyst
development is valuable for energy conservation and reducing greenhouse gas production.
Projections for catalyst development suggest new catalyst technologies could yield energy savings
of up to 13 exajoules by 2050.1%% Photocatalysts are an especially valuable class of catalysts
because they absorb sunlight to drive energetically unfavorable or slow chemical processes.
Despite semiconductor nanoparticles possessing properties such as high photostability, large

extinction coefficients (10°-10° L/mol-cm), tunable optoelectrical properties, customizable
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surface chemistry, and high durability compared to their molecular counterparts,t3’: 164171 they
have been underexplored as photoredox catalysts.*"2176

One potential application is biomass depolymerization. Biomass is an inexpensive,
renewable, and abundant resource with great potential as a chemical feedstock. A major
component of biomass is lignin, an aromatic biopolymer responsible for providing structural
support and shape to plants that constitutes roughly 30% of all non-fossil organic carbon on
earth.r”” In fact lignocellulosic biomass is widely considered the most sustainable carbon
alternative to petroleum.’®1®  Furthermore, lignin is composed of a diversity of electron-rich
phenylpropanols, which are high-value aromatics with potential broad usage in pharmaceuticals,
fertilizers, and many other industries.'®-'8 Current industrial processing of biomass is
predominantly performed using traditional Kraft, sulfite, or soda pulping methods, and while these
processes give some marketable substances, these techniques require techniques that are often too
energy-intensive and harsh to allow for production of useful commodity chemicals.!82-183 Thus,
development of reliable methods for compound isolation from lignin remains underdeveloped.8+
185 Due to these challenges, lignin is principally used as a combustible fuel source.

In an effort to valorize lignin, a variety of approaches have focused on molecular catalysts
to isolate high-value components through targeted cleavage of abundant -O-4 linkages, which
account for 45-60% of all linkages in the complex lignin polymer backbone.'8-18" Reductive,
oxidative, and redox-neutral pathways have all been successfully used in cleavage of C,—O bonds
in substrates that model the greater lignin macrostructure.'8-1%" However, these processes typically
require temperatures in excess of 80 °C, an over pressure of hydrogen, and an expensive late-row
transition-metal  catalyst. Recently, a visible light absorbing iridium catalyst,

[Ir(ppy)2(dtbbpy)]PFe, was used to selectively drive C-O bond cleavage at ambient pressure and
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temperature under visible light.188 1977199 while this catalyst required prerequisite oxidation of
lignin’s native benzylic alcohols to benzylic ketones, resulting in a multistep route to
depolymerization products, these discoveries open the door to further photo-redox catalyst
development, 185 188,200

In comparison to molecular light harvesters, such as the aforementioned iridium catalyst
and other traditional transition-metal-based photocatalysts, quantum dots have demonstrated
longer-lived excited states, greater photostability, increased photon absorbance per molecule, and
broader absorption spectra.?’?! Thus, quantum dots and related nanoscale materials should be
considered as viable photoredox catalysts for processes beyond hydrogen evolution. With tunable
electronic properties and redox potentials as well as modifiable size, shape, structure and surface
chemistry, quantum dots have a great number of customizable parameters to optimize for a
particular photocatalytic system.?° The increased surface area of a nanomaterial compared to
traditional molecular catalysts could lead to increased probability of catalyst—substrate encounters
and enhanced turnover rate. So far, work with quantum dots and biomass has been limited to
primitive approaches where lignocellulose is used as an electron reservoir for hydrogen evolution
but fails to take advantage of the unique, aromatic-rich bio-framework of lignin.2°2 Development
of quantum dots for selective C-O bond cleavage in biomass depolymerization model systems
holds great promise for furthering the fields of biomass valorization and more general development

of nanomaterials as photoredox catalysts.2%3
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Chapter 2. KINETICALLY CONTROLLED ASSEMBLY OF
CADMIUM CHALCOGENIDE NANORODS AND NANOROD

HETEROSTRUCTURES

Components of this chapter were Republished with permission of the Royal Society of Chemistry,
from Kinetically controlled assembly of cadmium chalcogenide nanorods and nanorod
heterostructures, Enright M. J., Sarsito, H., and Cossairt. B. M., 2, 2018; permission conveyed

through Copyright Clearance Center, Inc.

The range of reaction conditions for synthesis of anisotropic nanostructures is narrow.
Furthermore, most existing reports of these syntheses conclude their investigations with simply
creating a mostly uniform, high aspect ratio product. However, a nanomaterial’s optical and
electronic properties are dictated by its size and structure. Thus, to fully realize the potential of
anisotropic shape and size control, more clearly defined rules for material assembly are required

to understand how to create a structure of a preconceived set of dimensions.
2.1 INTRODUCTION

Since the turn of the 19th century when the concept of interchangeability led to the dawn of
modern assembly-line manufacturing, there has been great effort in developing processes that
reproducibly yield products of an exact structure and composition from a set of constituent parts. A
longstanding goal in the field of nanoscience has been the practical translation of this concept to the

bottom-up synthesis of nanomaterials. For nanomaterial synthesis, as in nearly all other fields, it is
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desirable to have the ability to control the shape and structure of a material and to tune these features to
modulate the chemical and physical properties for specific applications.> Anisotropic nanostructures
have unique, direction-dependent properties that enable both confinement of electrons, holes, and
phonons as well as delocalization of charge carriers in specific and predictable directions.>? This
directional control has value in applications from energy conversion and storage devices (such as lithium
ion batteries, thermoelectric devices, and solar cells)**! to electronics (such as conducting platforms,
transistors, and electromechanical devices).'?*> Furthermore, anisotropic structures hold great potential
for use in optical (i.e. lasers, photodetectors, and OLEDs)'®*8 and electrochemical devices (i.e. catalysis
and sensors).1%2°

Metal chalcogenide nanomaterials are a class of semiconductors that possess useful properties
for photovoltaic, photodetector, and photocatalytic applications due to their ability to efficiently absorb
sunlight to generate excitons.?! Furthermore, the size and shape of metal chalcogenide nanomaterials
can be inexpensively controlled using colloidal synthetic techniques.???* Specifically, the ability to
exploit structural differences between wurtzite and zinc blende crystal structures facilitates colloidal
synthesis of nanocrystals with unique crystal facets and distinct shapes. Axial growth on wurtzite
nanocrystals occurs on the (0001) axis to give high aspect ratio nanorods. Existing mechanistic studies
show the importance of monomer concentration on rod growth, as well as support a magic size cluster
mediated pathway.?® The impact of ligands on directional nanocrystal growth has also been examined,
showing a clear impact on growth rates and specific facet coordination on asymmetric wurtzite seeds.?’

While it is well understood that controlling anisotropic structure formation can be accomplished
by establishing kinetic growth conditions, the practical extension of this knowledge to access nanorods
with a specific aspect ratio has not been realized. The approach adopted in most synthetic reports is to

devise a set of conditions that give nanorods. However, for nanomaterial application development, the
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logic of this approach must be flipped so that the nanorod structure is considered first and then synthetic
conditions are devised for obtaining the target structure. Here, existing precedents and established
methods for crystal growth serve as a foundation for method development to access nanorods of specific
lengths and widths. The purpose of this work is to go beyond simply creating a set of growth conditions
to obtain rods, dots, rice, and tetrapods,? and to demonstrate how to synthesize a nanomaterial of desired
aspect ratio in a premeditated fashion. Specifically, monomer addition rates are measured on seeded and
unseeded CdSe nanorods. However, simply using these growth rates as monomer resupply rates during
nanorod growth is insufficient to maintain kinetic, 1-D growth. Instead, it is demonstrated that
maintaining high precursor concentrations is more important for extending 1-D growth and the Cd/Se
to ligand ratios required for preserving a 1-D growth environment are quantified. Understanding these
parameters in any system enables premeditated design of nanorods of specific aspect ratios and reduces
the amount of waste from unused precursors. This work also describes how to control nanocrystal
growth on a pre-existing seed, enabling greater customizability of anisotropic nanostructures. The vision
for this model system is to serve as a rubric for the development of customizable anisotropic

nanocrystals, and as a platform for understanding heterostructure assembly in colloidal systems.

2.2 KINETICS OF CADMIUM SELENIDE NANOROD GROWTH

Extensive work has been carried out to synthesize high aspect ratio CdSe nanorods for a variety
of diverse applications.?® Most of these procedures are based on the same recipe where a long chain
cadmium alkyl phosphonate is heated to high temperature (above 300 °C) in trioctylphosphine oxide
(TOPO) solvent. Then, a solution of selenium precursor, most commonly trioctylphosphine selenide

(TOP=Se), is injected rapidly to facilitate nucleation of wurtzite CdSe crystals before a growth
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temperature (around 250 °C) is established to grow the nanorods. For many investigations
(i.e. functionalization with catalytically active nanoparticle tips,?®32 exciton generation and mobility
studies,®*34 and device assembly®>-3%) simply obtaining a reasonably monodisperse sample of nanorods
with a high aspect ratio is sufficient. Mechanistic studies of anisotropic assembly and shape control have
illuminated the specific conditions required to enable rod growth as well as outline the general stages of
rod growth construction.?52” 3" Despite these contributions and the apparent ease of obtaining non-
isotropic cadmium chalcogenide structures, the scientific community still does not yet have sufficient
synthetic control to enable the a priori setting of reaction conditions to obtain nanorods of a specific
aspect ratio and length. In this report, a generalizable rubric is outlined for how to determine rod growth
rates and use that information to design rods or heterostructures of desired dimensions.

The generally accepted mechanism for syntheses that yield nanorods proceeds through three
phases.®’ First, when reagent concentrations are high, growth along the c-axis of a wurtzite nanocrystal
is promoted and known as the 1-D growth regime. As precursors are consumed by the growing nanorod,
the solubilized monomer concentration decreases, and growth is facilitated on all axes, known as the 3-
D growth regime. Understanding when to expect axial growth to slow down relative to radial growth is
vital for targeted structure assembly. The synthesis time it takes to reach the transition point between
the two regimes is highly sensitive to each system. Evaluating precursor amounts and concentrations at
these observable transition points can help accurately determine when to expect synthetic conditions to
promote 1-D or 3-D nanocrystal growth. The third regime is rod-to-sphere ripening, which occurs when
the concentration of precursors falls below a second threshold and no longer facilitates growth of new
monomer on the nanocrystal. During this phase, monomers from the rod ends migrate to the sides of

the rod to give spheres, the more thermodynamically favored product over the kinetically derived rods.
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To better understand how to design nanorods of desired dimensions, a baseline evaluation of
unseeded nanorod growth rate is a vital first step. As can be seen in the absorbance spectrum in Figure
1.1 and as detailed by Jiang and Kelley, the mechanism of nanorod growth proceeds via a magic size
cluster (MSC) mediated pathway.?® The sharp feature at 348 nm is indicative of the presence of the
MSC throughout the initial 30 min of nanorod growth. Aspect ratio evaluation of the nanomaterials over
this timeframe shows nanorods, once seeded, grow nearly exclusively along the wurtzite c-axis, for the
first 16-18 min. Figure 2.1 shows that at approximately 18-20 min, the aspect ratio, as well as rate of
length increase begin to slow as the growing nanorods begin to transition from the 1-D growth regime
into the 3-D growth regime. Despite the tapering of length growth rate, the rate of nanocrystal volume
growth remains relatively unchanged. At this transition point, there is still an abundance of precursor
present to exceed the critical saturation point to make MSCs, as well as sufficient precursor present to
enable nanocrystal growth at an unimpeded rate. Despite this, the available concentration of monomer

has decreased enough to no longer support 1-D growth kinetics.
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Figure 2.1. Evaluation of unseeded CdSe nanorod growth. (A) UV-Vis spectra at 2 min intervals
over the first 30 min of nanorod growth. Nanorod dimensions measured using TEM analysis as a
function of time are plotted for length (A, inset), volume (B), and aspect ratio (C). The equation
for the line of best fit for the volume vs. time relationship is y = 9.7919x — 44.591. Associated

TEM images are included in Appendix A, Figure A.1.

Nucleation of wurtzite seeds requires high temperatures (above 300 °C), which is why rod
growth begins with rapid, hot-injection of the selenium precursor. Growth of elongated wurtzite rods
upon a wurtzite seed (dots or rods), however, is readily facilitated at 250 °C when sufficient monomer
is present. As long as there is a source of seeds and a supply of monomers, or available precursor to give
monomers, rod growth can be restarted and maintained at 250 °C. Independent nucleation of new
nanomaterials is not observed when the reaction is restarted from seeds below the nucleation

temperature. Figure 2.2 and Figure A.2. illustrate that nanorods can be used as seeds for extended
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nanorod growth in fresh precursor and that successive additions of new precursor enable continued

nanorod growth to 100 nm.

1.4 —— CdSe (Starting rods and 1st Se addition)
12.5 min
12 ——23.5 min (2nd Se addition)
' ——32.5min
——37.5 min
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Figure 2.2. Evolving absorption spectrum over multiple selenium additions. The
increasing nanorod size evolves through three subsequent additions of TOP-Se into a bath of

excess cadmium tetradecylphosphonate (Cd-TDPA) precursor.

Since the 1-D growth regime only predominates over the first 20 minutes of CdSe nanorod
growth, it is necessary to devise methods to prolong the duration of length growth to continue to access
nanorods of increasing length. One way the duration of the 1-D growth regime is increased is to halt
CdSe nanorod growth within the first 20 min and use those nanorods as seeds to restart rod growth in a
fresh bath of precursor. Restarting the reaction with fresh precursor effectively reinstates the original 1-
D growth regime conditions and rod growth begins again upon the nanorod seeds. The CdSe rod growth

reaction can be halted and restarted by removing or providing heat to the system.
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2.3 NANOROD ELONGATION BY THE GROWTH-PURIFY-RESTART METHOD

Restarting nanorod growth with a fresh supply of precursor gives longer nanorods with greater
aspect ratios over the same total growth time. Figure 2.3 displays the set of nanorod seeds (column 1)
used as scaffolds for continued rod growth. These rods are extracted from a solution of growing
nanorods. An identical volume of each sub-sample of nanorods was extracted at each time point (10
min, 20 min, 30 min, and 60 min) and each sample of rods was purified in an identical manner to remove
unreacted precursor and unbound ligand. A combination of quantification of CdSe composition using
Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) and TEM evaluation to
determine rod volume was used to verify that the number of rod seeds to be added to fresh precursor
remains the same across all growth restart procedures. Rod growth was restarted upon the purified,
intermediate seeds through rapid injection of selenium precursor to a solution of seeds and cadmium
tetradecylphosphonate (Cd-TDPA) at 250 °C. Figures 2.3 — 2.5 show that restarting rod growth upon
nanorods originally grown for 10 min and 20 min facilitates greater rod elongation than the expectation
for a growing nanorod over the same total reaction time. A nanorod that experiences 10 min of growth,
purification, and an additional 10 minutes of growth in fresh precursor is both longer and exhibits a
greater aspect ratio than a nanorod that grows for 20 min continuously. Every time rod growth
conditions are reinitiated; width growth is curtailed, and aspect ratio increases. A comparison of
nanorods that have experienced 30 min of total growth time shows that nanorods that undergo a growth—
purify—restart procedure with purification at 10 min or 20 min gives higher aspect ratio nanorods than
30 min of continuous growth. Curiously, a sample that first grows for 10 min with an additional 20 min
of growth has a smaller aspect ratio than its converse (20 min growth initially followed by 10 additional
minutes). One explanation for this phenomenon is that there is a 4-5 min induction time between

precursor injection and the start of nanocrystal growth when starting a reaction without seeds. The
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restarted reactions have seeds and do not require this additional pre-growth time. Since the greatest
enhancements to aspect ratio occur between 5-20 min (15 min of growth time) the 10 min + 20 min
sample experiences 5 min of 1-D growth before purification but only 15 min of 1-D growth when
restarted. The 20 min + 10 min sample experiences 15 min of 1-D growth pre-purification and 10 min
after restart. Thus, the 10 min + 20 min sample experiences 5 fewer minutes of 1-D growth and has a
smaller aspect ratio. Major caveats to rod elongation viathe growth—purify—restart method is the

increased level of waste and significant time increase with each subsequent restart.
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Figure 2.3. TEM images showing unseeded and seeded nanorod growth as a function of time.

Nanorod dimensions (length by width) are summarized explicitly in the tables at the upper right.
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Figure 2.5. Growth-purify-restart method evaluation of width and volume. Width (A) and volume
(B) vs time for the growth-purify-restart method of rod elongation corresponding to the same rod

growth procedure imaged in Figure 2.3.

2.4 NANOROD ELONGATION BY RESUPPLYING PRECURSOR

In order to more readily access nanorods of prescribed dimensions without extensive
intermediary purification, a more comprehensive understanding of rod growth conditions beyond
knowing when a synthesis transitions between 1-D and 3-D growth regimes is needed. Revisiting the
data presented in Figure 2.1, an evaluation of unseeded nanorod growth shows that nanorods increase
in volume at a rate of 2.9 monomers rod* s%. This is determined by Using on the relationship between
volume vs. time, where the slope is 9.79, and the known volume of a CdSe unit cell composed of
4 atoms (2 cadmium and 2 selenium) of 112.25 A3,

While tracking length increase and elucidating monomer addition rates can assist in
understanding how to better target a specific nanostructure, it is an incomplete description of how to
establish synthetic conditions for prolonging rod growth over an extended period of time. Quantifying
the monomer consumption rate for a known concentration of seeds, however, is sufficient for

determining the exact amount of reagent consumed by the growing nanorod ensemble. This assembly
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rate can be subsequently applied to future systems in which precursor is resupplied to maintain 1-D

growth regime conditions.
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Figure 2.6. CdSe nanorod growth on CdSe seeds. Length (A), width (B), volume (C and D), and

aspect ratio (E) are tracked over the duration of each reaction. (D) is a slope evaluation between

4-16 min, the period of time dominated by length growth, used to determine monomer addition

rates for each seeded synthesis. Rod growth occurs at 2.9 monomers rod? s for unseeded

nanorods, 3.5 monomers rod! s for2.73*10°" mol and 2.73*108 mol seeds.
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The number of nanorods is estimated using the CdSe extinction coefficient that has been
measured for CdSe quantum dots.® Notably, this estimation appeared consistent with nanorod
quantification using a combination of ICP-OES and TEM. In an effort to best emulate the unseeded rod
growth synthesis, three concentrations of wurtzite CdSe nanoparticle seeds were used as scaffolds for
CdSe nanorod growth: 2.73 x 107" mol, 2.73 x 10~ mol, and 1.00 x 10~® mol seed samples. As can be
seen in Figure 2.6 and TEM images presented in Appendix A, Figures A.3— A.5, none of the three seed
concentrations yielded an exact match to the growth rate of unseeded nanorods, however, the 2.73 x
10 mol seed synthesis tracked the closest. The 2.73 x 1077 mol appears to have too many seeds because
the length and volume of the nanocrystals appears to reach a limit of length and volume prior to 15 min
of growth and this nanorod size is both shorter and has less volume than that observed for unseeded
nanorods grown for 30 min. The higher seed count leads to less precursor available to grow upon each
nanorod. It also gives a lower effective precursor concentration leading to a shorter period of time in the
1-D growth regime and an earlier entrance into the 3-D growth regime. While the 1.00 x 108 mol seed
sample appears to track well to the unseeded case by volume, the rate of length growth is slower. This
appears to point to a lower limit for nucleus concentration given the set of precursor conditions. The
low seed concentration may lead to nucleation of new CdSe. The 2.73 x 10~® mol seeded growth rates
tracked closely to the unseeded growth rates by both length and width evaluations and is used as the
starting seed concentration for precursor replenishment studies. Evaluation of the volume growth rates
of all of the seeded samples over the early time points (before the rate of volume increase tapers off)

shows that all three seeded samples grow at a rate of 3.5 monomers rod ' s .
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Figure 2.7. CdSe nanorod growth on CdS seeds. The length (A), width (B), and volume (C) profiles

over time for CdSe nanorod growth when seeded with wurtzite CdS seeds.

Similar CdSe growth rates are observed when using wurtzite CdS seeds as a scaffold for CdSe
nanorod growth. As can be seen in Figure 2.7 and TEM images presented in Appendix A, Figures A.6
— A7, CdSe growth on two different concentrations of CdS seeds demonstrated a nearly identical
volume, length, and growth rate between 5-20 min of the reaction when compared to unseeded CdSe
growth. This is important for heterostructure development since changing the seed material appears to
have minimal impact on the rate of the growing nanorod. It should be noted that there is an initial etching
step when using CdS seeds. The width of the material when using 2.73 x 10”7 mol seeds initially
decreases before retaining its original 4 nm size. When a greater concentration of seeds is provided to
the system (8.19 x 1077 mol) the etching step is less readily observable. In the high seed concentration

heterostructure, the growing nanorods exit the 1-D growth regime more quickly than in any other lower
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seed concentration conditions. Thus, the conditions for the high seed concentration rod growth likely
enters the 3-D growth regime at an earlier time point, thereby replacing the etched surface with new
monomer more quickly.

Conversely, growth rates for CdS nanorod growth on CdSe seeds can be determined using the
same type of TEM evaluation. CdS nanorod growth is typically carried out at greater temperatures (340
°C) and higher chalcogenide precursor concentrations when compared to CdSe nanorod growth.® This
is due to the decreased reactivity of TOP-S versus TOP-Se, which arises from the stronger binding of S
to P, resulting in less available S*on a per molecule basis.®® CdS monomers assemble on growing CdS
rods at a rate of 36 monomers rod*s™'. While this measured rate is about 10 times more rapid than
CdSe at 250 °C, it does not serve as a direct comparison to CdSe nanorod growth due to disparate
temperature and concentration conditions. Despite these differences, seeded rod growth of CdS and
CdSe nanorods both exhibit an abrupt curtailment to the length extension rate of the growing material.
After 15 min, 1-D growth abruptly slows, and volume increases are predominately from increases in
nanorod width. Figures detailing the rates of length, width, volume, and aspect ratio of the growing

nanorod sample are shown in the Figure 2.8 and TEM images in Appendix A, Figure A.8.
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Figure 2.8. CdS growth on CdSe seeds. Length (A), width (B), volume (C), and aspect ratio (D)

over time.

Knowing the exact number of seeded nanorods in the system enables accurate determination of
precursor consumption and precursor to rod incorporation yields. Over the first 30 min of the reaction,
the time where the highest aspect ratio nanorods are obtained, less than 10% of the precursors have been
incorporated into nanorods. Evaluation of the aspect ratios for both seeded and unseeded CdSe nanorods
shows that enhancements to aspect ratio decline for both seeded and unseeded rods before 20 min of
reaction. At 20 min, only 6.1% and 4.3% of the available cadmium supply has been incorporated into
nanorods for the seeded and unseeded cases, respectively. These low percentage yields and narrow
window for reaction conditions that facilitate nanorod growth are two major challenges for anisotropic
nanocrystal and heterostructure development.

Since favorable rod growth conditions only exist in a small window with abundant precursor,

spiking the system with excess reagent during the reaction should replenish the reagent consumed
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during the early time points of the synthesis and retain conditions for the 1-D growth regime. As can be
seen in the unseeded and seeded growth cases, there is never more than a 5 min induction time to build
up sufficient monomer reserves before rod growth begins. Based on these observations, replenishment
at 7.5 min is late enough that it should not disrupt initial monomer formation and rod nucleation. Since
rods remain in the 1-D growth regime beyond the first 15 min, there is also sufficient time to generate
new monomers from the fresh precursor to promote continued length growth. As can be seen in Figure
2.9, doubling the amount of fresh precursor at 7.5 min does in fact prolong the amount of time spent in
the 1-D growth regime and yields longer and thinner nanorods compared to their counterparts from non-
replenishment syntheses across the same time points. Doubling the starting precursor extends the
duration of 1-D growth to about 35 min, while adding 50% more precursor leads to exiting the 1-D
growth regime before 25 min. The width, volume, and aspect ratio profiles over time for addition of
fresh precursor at a single event are depicted in Figure 2.10 with accompanying TEM images in

Appendix A, Figures A.9 — A.10, for precursor doubling and 50% more precursor respectively.
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aspect (D) profiles are tracked over time for CdSe nanorod growth facilitated by replenishment of

additional precursor added all at once at 7 min 30 s.

2.5

EFFECTS OF LIGAND CONCENTRATION ON MONOMER FORMATION

Real-time monomer concentration is challenging to quantify directly, so instead the

concentrations of cadmium and selenium to provide insights into precursor availability are projected

throughout the reaction. Looking at the ratio of cadmium to its native ligand, TDPA, and selenium to

trioctylphosphine, also assists in deconvoluting the availability of monomer. Figure 2.11 shows the

simulated molarities of cadmium and selenium as well as the ratios of cadmium and selenium to their

native ligand based on our calculated precursor consumption rates. These simulations quantify precursor
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availability throughout the experiment and project what the expected precursor molarities would be
assuming constant nanorod growth rate over the first 30 min of the reaction. The simulation uses the
measured growth rates by volume observed over the 1-D growth regime. The constant monomer
consumption measured during 1-D growth are not maintained throughout the 3-D growth regime.
However, in all aforementioned unseeded, seeded, and precursor replenishment conditions, the constant
growth rates by volume extend through the entire 1-D growth regime and into the early part of 3-D

growth.
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Figure 2.11. Evaluation of precursor concentrations and Cd/Se to ligand ratios to determine

thresholds for extending the duration of the 1-D growth regime. Concentration of cadmium (A)

and selenium (B) are shown with ligand to Cd/Se ratios for TDPA to Cadmium (C) and TOP to

Selenium (D) are simulated over the first 30 min of the reaction assuming constant growth rates

for the

nanorods.
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When the ratio of cadmium or selenium to ligand, TDPA or TOP respectively, is high, the
equilibrium between bound and free precursor that can form monomers is also high. As this ratio
decreases (as is the case when cadmium and selenium is consumed by the growing nanorods) the excess
ligand binds available monomer precursors and reduces the relative concentration of monomer in
solution available for the growing nanorods. Thus, in order to facilitate a 1-D growth environment for
sustainable elongation of CdSe nanorods, a minimum ratio of cadmium to TDPA and selenium to TOP
must be retained. For this system, the minimum ratio for cadmium to TDPA is approximately 0.475 (or
2.1 TDPA per cadmium) and 0.195 selenium to TOP (or 5.1 TOP per selenium). As long as these
thresholds are not exceeded, conditions that support rod growth can be maintained. The known chemical
equilibrium constants between trialkyl phosphine selenides lies towards the bound phaosphine
selenide.®*%° As selenium is consumed by the growing nanorods, the shift in equilibrium back towards
free selenide (the reactive species in monomer formation) is insufficient to resupply selenium at a rate
required for nanorod growth. To maintain conditions for length elongation, the resupplied precursor
must be provided at a concentration capable of shifting the equilibrium back to a concentration of

available selenium high enough to continue rod growth (equation 1).

Precursor (i.e. TOP-Se) S monomer + free ligand — rods (N

Cadmium and TDPA maintain a similar equilibrium relationship, however, the equilibrium
between free cadmium and Cd-TDPA lies strongly towards the product. As cadmium is consumed, two
TDPA ligands bind more strongly to each cadmium, thereby reducing the available cadmium that can

readily form monomers and effectively reducing the concentration of monomers in the system.
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From these quantitative observations, it is hypothesized that rod growth can be sustained as long

as the minimum ligand to cadmium and selenium ratios are not exceeded. To test this theory, fresh
precursor was resupplied at a rate sufficient to stay below the Cd/Se to ligand threshold to enable these
thresholds to be un-exceeded for an extended period of time without contributing large volumes of
excess waste. As can be seen in Figure 2.4, Figure 2.12, and TEM images presented in Appendix A,
Figure A.11, replenishing the cadmium and selenium precursor at a rate of 0.083 mmol cadmium and
selenium per min results in favorable rod growth conditions that can be maintained beyond 45 min to
give longer, higher aspect ratio nanorods. While the rod growth rate proceeds at 3.5 monomers rod
s7!, the necessary resupply rate for extended 1-D growth is 14.4x greater and requires precursor to be

resupplied at a rate of 50 Cd or Se rod's™.
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Figure 2.12. Replenishment of additional precursor by steady rate. Length (A), width (B), volume

(C), and aspect (D) profiles over time when precursor is added by syringe pump.

To demonstrate that precursor replenishment is not simply a function of replacing the amount

of consumed precursor, cadmium and selenium are replaced by syringe pump at the exact consumption

rate. Figure 2.4, Figure 2.12, and TEM presented in Appendix A, Figure A.12, show this instead leads

to exiting the 1-D growth regime prematurely and gives nanorods of reduced aspect ratio. While this is

greatly inhibitory to growing longer, high aspect ratio nanorods, it is a feature that provides greater

customizability to the shape of the rod. If rods with reduced aspect ratios or larger diameters than the

starting seed are desired, the synthesis can be easily modified by adding additional TOP or TDPA (an

amount to exceed the Cd/Se to ligand threshold) to the system. Adding TOP or TDPA led to a premature
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exit from the 1-D growth regime and early aspect ratio curtailment within minutes of supplying new

ligand (Figure 2.13 and TEM presented in Appendix A, Figures A.13 —A.14).
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Figure 2.13. Role of ligand addition (TDPA or TOP) during CdSe nanorod growth. Additional

TDPA, 0.14 g to push the TDPA:Cd ratio over 2.1:1, is added at 7.5 min to force premature exit

from the 1-D growth regime. Likewise, additional TOP, 0.3 mL to push the TOP:Se ratio just over

5.1:1, is added at 7.5 min under otherwise identical growth conditions to typical CdSe nanorod

growth. Length (A), width (B), volume (C), and aspect ratio (D) illustrate an early departure from

the 1-D growth regime when TDPA or TOP is added to the growing nanorods.
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Providing additional TOP shifts the equilibrium between bound Cd-TDPA and TOP=Se and
monomer back towards the bound precursor, thereby reducing the monomer concentration. This leads
to earlier 3-D growth and a slower rate of monomer addition to the nanorod, as shown in Figure 2.13.
While additional TDPA also leads to an early exit from the 1-D growth regime, the extra acid facilitates
an environment in which the growth rate increases but the rate of length growth is unperturbed. The
addition of phosphonic acid likely leads to a systematic change in the equilibrium between ligand-bound
precursor, monomer, and free ligand as well as perturbing the off-path equilibrium between monomer
and magic size clusters. As shown previously, additional phosphonic acid perturbs CdSe magic size
clusters and leads to more rapid nanocrystal growth, as observed by a more rapid red shift of the
excitonic peak.? 4
This pair of added ligand studies illustrate two distinct methods to obtain lower aspect ratio
nanorods. While both TOP and TDPA addition led to a premature exit from the 1-D growth regime,
additional TOP dramatically slowed nanorod growth by reducing the concentration of available
monomer. TDPA addition, however, accelerated the nanorod growth rate and promoted more rapid
growth about the circumference of the nanorods while axial growth continued. From a practical
perspective, addition of TOP can be used for synthetic approaches where shorter and wider rods are
desired. If the target rod product is wider but of a length accessible along a typical rod growth profile
(Figure 2.1), addition of TOP minutes before the target length is achieved will enable length to be set
while circumferential growth proceeds towards the favored structure. To access wider rods with lengths
only obtainable beyond the first 15 min of rod growth, addition of TDPA will help to enhance
circumferential growth without significantly inhibiting length extension.
The exact replenishment rates reported here will vary from system to system depending on the

monomer to rod conversion rate and the concentrations of the starting and resupplied precursors.
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However, this quantitative control over nanorod growth offers a 3-step rubric that goes beyond
customizability of shape and structure of CdSe, CdS, and CdS/CdSe heterostructures. First, determine
the growth rate of the nanocrystal. In these model systems CdSe nanorods assemble at a rate of 3.5
monomers rod! s! (at 250 °C) while CdS grows at 36 monomers rod ' s™! (at 340 °C). This growth
rate is determined by evaluating changes in total volume of the growing nanorods. As can be seen
throughout this set of studies, changes in rates of monomer addition to the volume of the nanorod do
not directly correlate with 1-D to 3-D growth regime transitions. Some conditions, such as seeded
growth with a large quantity of seeds, lead to plateauing volume growth rates after exiting the 1-D
growth regime, while unseeded nanorod growth showed very little change in volume increases across
this transition point. The second step is to determine the 1-D to 3-D transition time point by evaluating
length growth rates or aspect ratio changes. When sufficient precursor is provided to create rod growth
conditions, length growth initially proceeds at a linear rate. Departure from 1-D growth conditions are
indicated by a plateau or taper away from the initial linear length growth rate. Both of these steps can
be accomplished with the same sample. Unseeded growth, for example, transitions into the 3-D growth
regime after 20 min. This transition is unobservable by exclusively tracking rod volume but is readily
apparent from length and aspect ratio evaluations. The final step to obtain longer rods or increase aspect
ratio, is to resupply precursors at high concentrations to retain high Cd/Se to ligand ratios and push the
equilibrium between precursor and available monomer towards monomer formation. For radial
increases and reduced aspect ratios, evaluate length growth rates to determine when rods have nearly
attained the targeted length, rapidly add free ligand (i.e. TOP) and solvent to force premature departure
from the 1-D growth regime. Note that length growth, while curtailed, does not completely stop and

growth along the long axis still needs to be considered.
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Using this rubric, this work demonstrates three methods of aspect ratio enhancement. The
growth—purify—restart method (illustrated in Figure 2.) offers excellent control to reliably target a
particular size and can be used repeatedly to give rods of significantly increased length with minimized
radial growth. Abundant precursor replenishment in a single step can also prolong 1-D growth
conditions by supplying concentrations of precursor that are sufficient to continue to force the
equilibrium between ligand bound precursor and available monomer back towards the monomer. The
third method, which arises from our improved mechanistic understanding of nanorod growth, is to
directly replenish consumed monomer at the rate of its consumption. This method yields less precursor
waste and offers the greatest control over the exact dimensions of the nanomaterial. For retention of
length growth in this CdSe system, precursor must be provided at a rate of 50 Cd or Se rod ™! s™'. While
the physical technique for resupplying precursor is similar to dropwise addition and successive ionic
layer adsorption and reaction synthetic methods, these methods are typically employed to limit the
amount of precursor available in the system to prevent new, independent, nanomaterial nucleation.
Quantitative resupply is more calculated and is employed to stay above a minimum threshold rather
than stay below a critical concentration limit. This work provides further insights into how to construct

desirable anisotropic heterostructures.*?#

2.6 CONCLUSIONS

In summary, this report quantifies the growth rates and establishes the conditions needed to
support the anisotropic extension of CdSe, CdS, and CdS/CdSe nanorods. These measured parameters
are derived from widely used synthetic methods for cadmium chalcogenide nanorods and serve as a
model system for controlling the dimensions and aspect ratios of other materials and systems that follow

similar assembly mechanisms. The methods used for extending 1-D growth conditions serve as a rubric
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for customizability of nanorod dimensions. In particular, this work outlines the steps for customizability
of anisotropic colloidal nanocrystals. Despite extensive investigations of CdS and CdSe nucleation and
growth over the past 20 years, this is one of the first reports to bridge the gap between scientific
knowledge and practical implementation of this knowledge to obtain nanostructures of specific
dimensions. This report shows how to approach studying and subsequently modulating reaction
conditions to obtain kinetic nanocrystal products.

While there exist many methods for aspect ratio enhancement, this report highlights three ways
to achieve nanostructures of a set of exact dimensions: growth—purify—restart, abundant precursor
replenishment, and direct replenishment/addition of precursors or additives. This report highlights the
ability to grow nanorods of exact dimensions with spherical and anisotropic nanocrystals as seeds for
enhanced control over the parameters of the final product. The rubric outlined here for CdS and CdSe
shows that much of the information required to determine how to develop a nanostructure for any
colloidal system can be learned by first quantitatively mapping the progress of the developing
nanocrystals. Once this baseline has been established, a determination of the most appropriate way was
(i.e. based on workability of precursors, cost, and available materials, etc.) to retain or disrupt kinetic
growth conditions can be made. This rubric also extends to heterostructures and provides an outline for

how to generate rod-rod heterostructures with exact control of the length of each component.

2.7 EXPERIMENTAL METHODS

271 General methods

All manipulations were carried out using standard Schlenk or glovebox techniques under dry

nitrogen. Cadmium oxide (CdO, >99.99%), trioctylphosphine (TOP, 97%), tributylphosphine (TBP,
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95%), propylphosphonic acid (95%), selenium (99.99%), and sulfur (99.5%) were all purchased from
Sigma Aldrich and used as received without further purification. Tetradecylphosphonic acid (TDPA,
99%) and octadecylphosphonic acid (ODPA, 99%) were purchased from PCI Synthesis and used as
received. Anhydrous methanol, toluene, and pentane were purchased from various sources.
Trioctylphosphine oxide (TOPO, 90%) was purchased from Sigma Aldrich and purified by repeated
recrystallization until impurities were no longer present by evaluation using *H and 3P NMR
spectroscopy.“® Solutions of trioctylphosphine-selenide (TOP-Se) and trioctylphosphine-sulfide (TOP—
S) were pre-prepared by dissolving metallic selenium or sulfur powder into TOP in a glovebox.
Concentrations and exact solution preparation procedures are reported individually for the synthesis of

each nanomaterial.

2.7.2  Synthesis of CdSe and CdS seeds

The syntheses of wurtzite CdSe and CdS seeds were adopted from the procedures reported by
Manna, et al.*” For CdSe, CdO (0.060 g, 0.47 mmol), ODPA (0.280 g, 0.837 mmol) and TOPO (3.00
g, 7.76 mmol) were loaded into a 50 mL three neck flask. This mixture was flushed with nitrogen and
degassed at room temperature for 30 min before heating to 150 °C. The mixture was held under vacuum
for 1 h. Then, the solution was heated to 300 °C under flowing nitrogen. Upon reaching 300 °C, TOP
(1.50 g, 4.05 mmol) was injected by syringe and the temperature was increased to 370 °C. The
temperature of the cadmium precursor was allowed to stabilize at 370 °C before addition of the selenium
precursor. Once the cadmium precursor turned clear (this typically happens by the time the temperature
stabilizes), TOP—Se was rapidly injected by syringe addition. The TOP—Se precursor was prepared by
dissolving 0.058 g of selenium powder (0.74 mmol) in 0.360 g of TOP (0.971 mmol). The reaction was

allowed to proceed for 10 s before the heat was removed. When the reaction mixture cooled to about
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100 °C, 10 mL of toluene was added to the sample to better facilitate purification. The quantum dots
were purified under a nitrogen atmosphere by repeated dissolution in toluene and centrifuge assisted
precipitation with methanol. Purified CdSe seeds were suspended in anhydrous toluene or pentane and
centrifuged after 8-24 h to remove excess ligand before filtration with a 0.45-micron PDFE syringe
filter. The quantum dot size and concentration were quantified by UV-Vis spectroscopy.*®4° The size
of the wurtzite seed can be adjusted by adjusting the reaction time prior to quenching. Immediate
removal of the heating mantle yields ~2.5 nm seeds, 10 s reaction time yields ~3.6 nm particles, and
30 s reaction time yields ~5.2 nm nanocrystals although exact reaction conditions will vary slightly

across set-ups.

2.7.3  Synthesis of CdS nanorods

The synthesis of CdS nanorods from wurtzite CdSe seeds is based on the procedure reported by
Alivisatos, et al.® In a 50 mL three-neck flask, CdO (0.230 g, 1.79 mmol), ODPA (1.08 g, 3.22 mmol),
propylphosphonicacid (0.075 g, 0.604 mmol) and TOPO (3.35 g, 8.66 mmol) were loaded and degassed
for 30 min at room temperature. The sample was then heated to 120 °C and held under vacuum for 1 h.
After degassing, the solution was heated to 320 °C under nitrogen until the solution was clear, indicating
the formation of cadmium octadecylphosphonate. After the cadmium precursor was formed, the
solution was cooled to 120 °C and exposed to a vacuum for 2 h to remove water that is generated during
precursor formation. After 2 h, the solution was placed back under nitrogen and heated to 340 °C and
TOP (1.00 g, 2.70 mmol) was added by syringe addition. When the temperature re-stabilized at 340 °C,
TOP-S was added by rapid syringe injection. The TOP-S precursor was made by dissolving sulfur
(0.0518 g, 1.62 mmol) in TOP (0.598 g, 1.62 mmol) and was stirred overnight. Gentle heating (60 °C)

and sonication may be necessary to fully dissolve the sulfur. 20 s after the injection of TOP-S, the
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wurtzite CdSe seeds dissolved in 1.00 g TOP (2.70 mmol) were rapidly injected into the reaction
mixture. Approximately 5.5 x 10~” mol of CdSe quantum dots were added in this reaction. This reaction
was quenched by removing heat after 10 min of growth to obtain nanorods with dimensions of 16.9 +
1.0 nm by 4.5 £ 0.3 nm. Reaction times can be varied to obtain structures of desired length/width. When
the CdS nanorods cooled to about 100 °C, 10 mL of toluene was added to solubilize the nanocrystals.
Several repeated purification steps of suspension in toluene, precipitation with methanol, and
centrifugation were carried out in a nitrogen atmosphere to remove unreacted reactants, solvent, and
excess ligand. Purified nanorods were suspended in anhydrous toluene or pentane and centrifuged after
8-24 h to remove excess ligand before filtration with a 0.45-micron PDFE syringe filter.

Seed concentration, reaction time, and TOP-S volume all impact the resulting structure.
Increasing seed concentration yields shorter rods (less CdS per rod) but longer reaction times yields
longer rods (longer growth time). Increasing the volume of TOP-S added to the reaction also facilitates

longer, thinner rods over 10 min while the rod length is dictated by absolute precursor concentration.

2.7.4  Synthesis of CdSe nanorods

CdSe nanorod growth experiments were modified off of procedures reported by Koo and
Korgel.® CdO (0.241 g, 1.87 mmol), TDPA (1.04 g, 3.74 mmol), and TOPO (0.75 g, 1.94 mmol) were
mixed together in a 50 mL three-neck flask and degassed under vacuum for 1 h. Then, the mixture was
heated to 300 °C under nitrogen to form cadmium tetradecylphosphonate. Note: due to the small volume
of TOPO, CdO will sometimes cake to the side of the flask. Ensure all of the reagents are well mixed
to evolve the clear cadmium precursor. This solution was then cooled to room temperature and was
aged for 24 h under nitrogen. The aging step is important for reproducible rod growth.° After 24 h of

aging, and additional 2.325 g TOPO (6.01 mmol) was added to the flask and the mixture of white solids
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was degassed at room temperature for 1 h. Next the reaction mixture was heated to 320 °C under
nitrogen for rod growth. Once the temperature stabilized at 320 °C, the selenium precursor was added
rapidly by syringe injection. The temperature was immediately dropped to about 250 °C for the duration
of the rod growth experiment. The selenium precursor was prepared by dissolving selenium powder
(0.126 g, 1.61 mmol) in TOP (3.482 mL, 7.81 mmol), TBP (0.468 mL, 1.90 mmol), and toluene (0.694
mL, 6.53 mmol) in a glovebox. After about 30 min of CdSe rod growth, increases to aspect ratio cease
and the reaction can be stopped unless low aspect ratio nanorods (less than 5:1) are desired. The reaction
is terminated by removal of the heat source and 10 mL of toluene is added to solubilize the reaction
mixture for purification. Methanol or ethanol are used as the anti-solvent. Repeated resuspension in
toluene followed by methanol addition and centrifugation purifies the nanorods. Purified nanorods are
suspended in anhydrous toluene and centrifuged after 8-24 h to remove excess ligand before filtration
with a 0.45-micron PDFE syringe filter.

For seeded CdSe rod growth, the desired quantity of seeds in pentane or toluene is added to the
reaction flask 1 h after adding the additional 2.325 g TOPO. The solvent is evaporated at 50 °C for
pentane and 100 °C for toluene. Additionally, instead of heating to 320 °C for the selenium injection,
heat to the rod growth temperature of 250 °C to avoid independent nucleation of CdSe and to facilitate

CdSe growth directly on the seeds.

2.7.5  Sample characterization

For evaluation of structures presented in this report, UV-Vis spectra were recorded using an
Agilent Cary 5000 spectrophotometer. TEM images were obtained on an FEI Technai G2 F20

microscope. Analysis of TEM images was performed via manual counting using the ImageJ software
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package. Elemental quantification was carried out using a Perkin Elmer Optima 8300 Inductively
Coupled Plasma-Optical Emission Spectrophotometer.

ICP-OES was used to quantify the amount of cadmium in a sample. Calculating the rod volume
by TEM approximates the per rod cadmium content. Concentrations of rods/sample can be calculated
by dividing the cadmium/sample measured using ICP-OES by cadmium/rod calculated from TEM. The
purification procedure used to remove excess ligand, solvent, and unreacted precursor and monomer
from the nanorod sample is rigorous and leads to loss of an unquantifiable number of rods. Thus, this
concentration estimation for the number of growing rods in an unseeded CdSe nanorod synthesis is

likely an overestimation of the number of nanorods that seed and grow during the reaction.
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Chapter 3. QUANTIFYING CATION EXCHANGE OF CADMIUM IN

ZINC TELLURIDE NANORODS

Components of this chapter were adapted with permission from Chemistry of Materials. Copyright

2017 American Chemical Society

Development of dot-in-rod and rod-rod heterostructures of cadmium chalcogenide holds
great fundamental value for understanding the basic design principles of heterostructures
synthesis. However, in any CdE1/CdE> heterostructure (E = S, Se, Te), there are limitations with
respect to tuning the band edge and opto-electronic properties. Thus, utilization of material
combinations beyond cadmium chalcogenide is valuable for tuning heterostructure properties.
Thus, utilization of material combinations beyond cadmium chalcogenide is valuable for tuning
heterostructure properties. The staggered conduction and valence bands of ZnTe and CdSe provide
a clearly defined type Il band alignment which is expected to provide improved charge separation
compared to quasi type Il CdE1/CdE> structures. During the process of using ZnTe nanorods as a
scaffold for CdSe growth in a similar manner to the seeded growth systems of Chapter 2, the
competitive cation exchange process between cadmium and zinc in the telluride lattice is favored
over new CdSe nanorod growth. Chapter 3 describes the mechanism and reaction rates that govern
cation exchange within the tellurium lattice. This competitive cation exchange process in
anisotropic lattices can be used to derive customizable alloys but also highlights the challenges

with heterostructure assembly upon ZnTe nanostructures.
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3.1 INTRODUCTION

The use of nanoscale semiconductors in light absorbing applications is attractive due to
their size-dependent optoelectronic properties and compatibility with solution-based
manufacturing methods.® This versatile class of nanomaterials holds great promise for applications
in next generation solar energy conversion technologies.>® However, one problem with nanoscale
materials for this application is efficient electron-hole recombination that results from confining
charge carriers physically in space. This issue can be overcome through the fabrication of
advanced heterojunction nanostructures, such as core-shell quantum dots,* branched tetrapods,>’
and linear heterojunction nanorods,®° which enable electron and hole accumulation and depletion
in different segments of the nanostructure.**-*3

In particular, type Il heterojunction semiconductor nanomaterials have great potential in
photovoltaic and photocatalytic applications since the conduction band minimum and valence band
maximum are composed of orbitals physically separated in two distinct materials. This physical
separation of the orbitals and the energy difference between them promotes photoinduced electron-
hole pair separation across the interface of the semiconductor junction thereby increasing carrier
lifetimes.** On the other hand, a type I structure confines both charge carriers in a single material.
A quasi-type Il heterostructure is a hybrid between type | and type Il structures; wherein one charge
carrier is localized to one side of the heterostructure interface while the other carrier is delocalized
across the whole nanostructure. While quasi-type Il heterostructures, such as CdTe/CdSe core-
shell particles, lead to improvements in charge separation over single material structures,'® the
ability to separate charges can be further improved by increasing the energy difference between
the offset bands at the heterojunction; in the normal Marcus region, the energy difference between

the bands is proportional to the driving force for charge transfer.!%®  Anisotropic type I
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heterostructures, such as nanorods, are of particular interest for applications that depend on charge
separation because of the ability to separate charge carriers over the length of the heterostructure.’”
10

When considering semiconductors for the design of type Il heterostructures, ZnTe emerges
as a useful material to serve as the electron donor due to its bulk band gap of 2.25 eV and its high
relative conduction band edge energy, which allows for efficient electron hole separation even
with thin layers of an acceptor material such as CdSe.*> %2 ZnTe and CdSe are also well-suited
to form heterostructures because they have a lattice mismatch of only 0.8%.2° Prior studies of
ZnTe/CdSe nanostructures have so far been limited primarily to isotropic quantum dots.'® 20-21
These studies have shown that the lifetime of excitons can be prolonged by increasing the thickness
of the outer shell.?! One challenge inherent to type Il core-shell quantum dots is the inability to
replenish charge carriers in the core material. In ZnTe/CdSe shelled systems, electrons must tunnel
through the CdSe shell to refill holes left behind in the ZnTe core; thus, structures are limited to
thin CdSe shells for photocatalytic applications. The thin shells both decrease the lifetime of the
separated electron-hole pair as well as restrict the ability to tune the CdSe band edge energy and
thus limit the driving force for exciton dissociation.

The utilization of a heterojunction rod structure in which CdSe rod ends are grown on either
end of the ZnTe nanorod core both enables tailoring of the material size and offers an exposed
ZnTe surface for rapid refilling of holes. In the pursuit of a ZnTe/CdSe heterojunction nanorod
structure using conventional controlled growth techniques for heterostructure synthesis, such as
SILAR and slow injection of precursors to limit new nucleation events, instead it was found these
techniques facilitate cation exchange over heterostructure growth. Elemental analysis revealed a

decrease in the Zn:Te ratio accompanied by incorporation of significant amounts of cadmium with
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no selenium uptake. The simultaneous incorporation of cadmium with zinc loss is indicative of
cation exchange and suggests cation exchange will occur preferentially to CdSe growth. Cation
exchange and heterostructure growth have both been used to customize nanomaterial properties,
and both procedures share similar synthetic conditions: precursor concentrations, temperatures
between 150 and 250 °C, short (<1 h) synthesis time, and the use of separate anion and cation
precursors. In this report, the reaction rates governing cation exchange between molecular Cd?*
precursors and ZnTe nanostructures is determined. The concentration, temperature, and time
dependence of cation exchange have been experimentally mapped to provide an all-inclusive
rubric for tuning the rate and extent of cation exchange in these nanomaterials. To date, this is the
most extensive evaluation of cation exchange in a metal telluride lattice and demonstrates that
cation exchange poses a significant challenge to cadmium chalcogenide heterostructure growth on

ZnTe nanostructures.

3.2 CATION EXCHANGE IN ZNTE NANORODS

With the goal of developing a bottom-up synthesis of colloidal anisotropic type Il
heterostructure nanorods based on ZnTe as the electron donor, first, ZnTe nanorods are synthesized
and characterized. As can be seen in Figure 3.1, using a synthetic procedure developed by Zhang
et al., nanorods with 10 £ 2.5 nm lengths and 3.1 + 0.6 nm widths were obtained from hot injection
of a polytelluride solution (the product of a 1:1 mixture of trioctylphosphine telluride and
superhydride in excess oleylamine) into in-situ synthesized zinc oleate (Zn(OA)2) at 160 °C
followed by a 60 minute growth period at 190 °C.??> Hundred-milligram scale syntheses of ZnTe
nanorods consistently yielded the same size and polydispersity batch to batch; however, increasing
the scale of the synthesis led to an increase in the prevalence of quantum dots, possibly due to

differences in the heating profile during the reaction. Characterization of the nanorods by



109
inductively coupled plasma-optical emission spectroscopy (ICP-OES) indicates that the ZnTe
nanorods are tellurium-rich with a tellurium to zinc ratio of 0.9:10. Synthesis of ZnTe nanorods

by the same synthetic conditions have yielded nanomaterials with similar compositions.?®

A o5,
— 0 min
0.4 1
= — 10 min
S 0.3 .
> s —— 30 min
‘B
§ 0.2 — 60 min
=
0.1
0 . . . . :
350 400 450 500 550 600
Wavelength (nm)
B

Figure 3.1. Characterization of ZnTe nanorods. UV-Vis absorbance (A) and TEM (B) data for 10
+ 2.5 nm ZnTe nanorods. UV-Vis data show rod growth over time as well as reproducibility of the

data for two unique batches (solid vs. dashed lines).
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ZnTe nanorods were exposed to solutions of cadmium oleate (Cd(OA)>) at a variety of
temperatures as an initial control experiment toward growing anisotropic type Il heterostructures
of ZnTe and CdSe. The products of these control experiments were extensively analyzed,
supporting the transformation of the starting ZnTe rods via cation exchange. The spectral shifts
obtained from the lowest energy electronic transition of the absorption profiles upon treatment of
ZnTe with Cd?* as a function of time and temperature are shown in Figure 3.2. It can be seen that
the parent ZnTe nanorod sample (Amax = 463 nm) is immediately modified within the first 10 s of
the reaction as cadmium oleate coordinates the surface of the ZnTe nanorods. Since the starting
ZnTe nanorod sample is tellurium-rich, there is an abundance of available coordination sites for
cadmium to adsorb to the surface of the nanomaterial. Over time, it is hypothesized that this
surface coordination is followed by cation exchange into the telluride lattice to form a (Zn,Cd)Te
alloy, consistent with powder X-ray diffraction analysis of the resulting nanorods (Figure 3.2B,
Figure 3.3, and Table 3.1). It is of note that the band gap of the resulting (Zn,Cd) Te nanorods can

be varied over a range of 1 eV by simply controlling the solution temperature and reaction time.
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Figure 3.2. Spectral shifts of absorbance maxima and XRD pattern of cation exchange. (A)
Spectral shifts of absorbance maxima relative to the starting ZnTe nanorods during cation
exchange reactions, demonstrating a progressive bathochromic shift as Cd?* is incorporated. Akmax
is the energy change of the lowest energy electronic transition from the starting ZnTe nanorods.
(B) Powder X-ray diffraction data showing the structural evolution of ZnTe nanorods during cation
exchange as a function of time at 195 °C. CdTe (9008840) and ZnTe (9008858) reference patterns

were obtained from the Crystallography Open Database.?*
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Figure 3.3. XRD evaluation of ZnTe nanorods treated with cadmium oleate at 195 °C over time.
Bulk zinc blende ZnTe and zinc blende CdTe are shown for reference. The Crystallography Open
Database numbers are 9008840 for CdTe Zinc blende and 9008858 for ZnTe Zinc blende bulk

spectra.?*
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Table 3.1. Compositional evaluation of (Zn,Cd)Te alloys. Vegard’s Law is used to determine the

composition of each alloy.

Sample C;)rl);s;]tsl Angle (20) Lattice constant (nm) % CdTe*  Average % CdTe

(Zn,Cd)Te 10s (1,1,2) 24.82 0.621 33.3 25.7
(2,2,0) 41.38 0.617 21.1
(3,1,1) 48.80 0.619 26.3

(Zn,Cd)Te1min30s  (1,1,1) 24.60 0.627 47.1 39.4
(2,2,0) 41.14 0.621 30.2
(3,1,1) 48.20 0.626 45.1

(Zn,Cd)Te 5 min (1,1,2) 24.48 0.630 54.7 50.6
(2,2,0) 40.64 0.628 49.1
(3,1,1) 47.96 0.629 52.7

(Zn,Cd)Te 10 min (1,11 24.30 0.634 66.0 61.5
(2,2,0) 40.40 0.631 58.2
(3,1,1) 47.58 0.634 64.6

* The percentage of CdTe determined for the nanocrystal is based on the lattice constant 0.609
nm for ZnTe and 0.648 nm for CdTe

Data obtained from evaluation of the elemental composition of the Cd?*-exposed nanorods
by ICP-OES is displayed in Figure 3.4. This figure shows that zinc composition decreases while
cadmium incorporation increases over time. Furthermore, it can be seen that the rates of these
processes increase with temperature. These data also show that it would be inaccurate to assign
these alloys as (Zn1-xCdx)Te since the cation to anion ratio is neither constant nor 1:1 before or
after the cation exchange reaction. Other systems, such as ZnSe, report an unchanging cation to
anion ratio during cation exchange where all Cd?* incorporation proceeds via exchange with
cations in the original nanostructure.?>?’ In this telluride lattice, there are likely two distinct
sources of cadmium: cadmium that has exchanged with zinc and excess cadmium adsorbed to the

rod surface in the form of Z-type cadmium carboxylate.?8-2°
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Figure 3.4. Elemental composition of Cd?*-exposed ZnTe nanorods as a function of time and
temperature. 2-D plots across a single temperature are shown in Figure 3.5. Elemental composition
is reported as a relative amount normalized against the tellurium content in the nanorod structure.
The relative [Zn?*] (green) decreases at an increasing rate as temperature is increased. Cadmium

uptake, both through exchange with zinc (blue) and via surface adsorption (red), also occurs at a

faster rate as temperature increases.
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Figure 3.5. 2-D plots of elemental composition of Cd?* exposed ZnTe nanorods as a function of
time and temperature. 2-D plots of independent temperatures shown together in Figure 3.4. The
relative specie amounts over time at 240 °C (A), 195 °C (B), 150 °C (C), 75 °C (D), and room
temperature (E). The final plot (F) is a cross section of relative specie composition of the cation
exchange product after 10 minutes across temperature. The relative molar specie composition is

determined relative to the amount of tellurium measured in the nanomaterial.
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Since accurate elemental composition measurement techniques are unable to distinguish
between cadmium incorporated through the two mechanisms (adsorption vs. cation exchange),
parsing out the fraction of cadmium added due to exchange with zinc is a prerequisite for
evaluating the rate of cation exchange. At room temperature all cadmium uptake through both
mechanisms is completed within the first 10 s as the rod composition remains constant after that
time, yielding a final composition of Zn:Cd:Te = 0.71:0.57:1.0. Based on the relative change in
the Zn:Te ratio in the nanorods, 40% of the measured Cd?* is incorporated through exchange with
Zn?* jons in the rod while the other 60% is adsorbed to the nanorod surface. At higher temperatures
it is believed that cation exchange is still preceded by Cd?* adsorption, but the cation exchange
process persists for a longer time as more cadmium is incorporated into the nanorod. This suggests
that there is a measurable barrier to cation exchange at room temperature and that barrier may be
a function of cation depth in the rod (i.e. Zn?* near the rod surface are more easily exchanged than
Zn?* near the rod center). The cation to tellurium ratio exceeds 1:1 at temperatures above 150 °C,
marking the crossover from anion to cation-rich rods as the relative cadmium concentration

increases.
3.3 MECHANISM AND RATE OF CATION EXCHANGE

Scheme 3.1 illustrates the proposed mechanism by which cadmium is incorporated into the
ZnTe nanorods. Step 1 is the initial fast step that occurs immediately upon mixing ZnTe nanorods
and molecular Cd?* precursors. Cadmium adsorption to the surface dominates this step, but a small
amount of cation exchange does occur. This is the extent of exchange at low temperature. At
elevated temperatures, cation exchange occurs throughout the structure and the rate limiting step
(step 2) goes from a cadmium-saturated surface to cadmium exchanging in the core. It should be

noted that while a sufficient number of cadmium ions have adsorbed to the surface to enable cation
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exchange at an unimpeded rate, it is postulated that there are still available surface sites that

become progressively passivated by additional cadmium throughout the reaction. Cation

migration within the nanorod (step 3) is governed by both temperature and Cd?* concentration.
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Scheme 3.1. Proposed Mechanism for Cation Exchange in ZnTe Nanorods

Molecular Cd?* rapidly saturates the ZnTe exterior with modest exchange with surface zinc

(step 1). Adsorption is followed by the rate determining step of incorporation of cadmium into the

core of the nanorod (step 2). The extent of cadmium incorporation into the nanorod can be

increased by both increasing the temperature and cadmium oleate concentration (diffusion, step

3).

Tracking the loss of zinc over time allows us to differentiate between cadmium adsorption

and cation exchange since the amount of cadmium incorporated via exchange should correlate

directly with zinc loss. The proposed mechanism suggests cadmium adsorption onto the tellurium-

rich nanorod surface is fast and is followed by cation exchange into the rod interior—the rate-
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determining step in the reaction. Assuming cation exchange is facilitated by rods with a cadmium-
saturated surface, this process can be modeled using pseudo-first order Kinetics, as shown in Figure
3.6. In this model it is assumed that the supply of Cd?* at the rod surface is in large excess over the
exchanging Zn?*. Once a single zinc has left the nanostructure, the vacant site in the nanorod is
replaced by cadmium migrating to the core. Zinc cations at the surface readily depart the surface
to form zinc oleate and are replenished by excess cadmium in solution. The integrated rate law for

this process is shown in eq 3.1 as:

(In([A:]) = =K't + In([4oD), 3.1)

Where A is the concentration of the Cd?* exchanging into the rod core, which is readily equated to
the Zn?* loss in the nanorods. From this analysis, the observed rate constant, k’, varies from
approximately 0.03 x 1073 s at 20 °C to 2.8 x 107 st at 240 °C. Using the Eyring equation (eq
3.2, Figure 3.7), an approximation of the enthalpy ofactivation, AH#*, is determined to be 15 kJ/mol

(error associated with AS# is too large to allow meaningful interpretation).

()= () () 10 () + () 62
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Figure 3.6. Pseudo-first order rates for the loss of Zn?* from ZnTe nanorods during cation exchange

as a function of temperature. The y-axis measures the loss of Zn?* from the nanorods where -

In[Zn?*] = In[(Zn,Cd)Te].
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Figure 3.7. Eyring plot of cation exchange rates across temperature. From the Eyring relationship,
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An Arrhenius relationship for reactions of the first order (Equation 3, Figure 3.8) can also
be used to extract an activation energy for comparison to the enthalpy of activation calculated

using the Eyring Relationship (eq 3.3, Figure 3.8).
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Figure 3.8. Arrhenius plot of cation exchange rates across temperature. From the Arrhenius

_Ea
relationship, k = Ae’rr, the activation energy is 24 kJ/mol.

The activation energy for the cation exchange process is thus determined to be 24 kJ/mol.
The similarity of the experimentally determined enthalpy of activation, 15 kJ/mol, and the
activation energy, 24 kJ/mol, confirms that the energy barrier for cation exchange for replacement
of zinc with cadmium is small, barely exceeding the strength of a strong hydrogen bond. Due to
such a small energy barrier for cation exchange, it is expected that cation exchange between
cadmium molecular precursors and zinc in telluride lattices is unavoidable under temperatures

typically used for synthesis of crystalline nanomaterials. For comparison it should be noted that
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the activation barrier determine for the telluride system is smaller than, yet of the same order of
magnitude as, those in other similar systems, such as ZnSe, where the activation barrier is between

30 and 40 kJ/mol for Cd?*.26

3.4 ROLE OF CADMIUM CONCENTRATION IN CATION EXCHANGE RATE

Over the course of the cation exchange reaction, the rate of Zn?" loss from the nanorods
decreases. Adjustments to cadmium concentration, however, have no influence on the initial rate
of cation exchange so long as there is sufficient Cd?* to completely coat the surface of the ZnTe
nanorods. As can be seen in Figure 3.9, the rate of Zn?* loss in the nanorods as a function of Cd?*
concentration ranging from 0.125:1 to 2:1 (Cd:Zn) is nearly identical over the first 120 s of
exchange at 195 °C. At concentrations below 0.0625:1 (Cd:Zn), it is hypothesized that there is
insufficient cadmium available to saturate the rod surface and the rate of exchange becomes
concentration dependent with the rate slowing as the Cd:Zn ratio decreases. These observations
are consistent with typical saturation kinetics, where the rate of exchange saturates as the reaction

is depleted of substrate.
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Figure 3.9. Effect of Cd?* concentration on the rates of cation exchange. (A) Percentage of zinc
remaining in the nanorod as a function of time and concentration. (B) Percentage of surface sites
passivated by Cd?* as a function of time and concentration. Percent surface saturation is based on
the calculated number of available surface sites, where 0.4:1 (Cd:Zn) is set at 100%. These

experiments were carried out at 195 °C.
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By measuring the amount of excess cadmium in the nanorod, it can also be shown that so

long as the cadmium concentration is above 0.5:1 (Cd:Zn), there is no difference in excess
cadmium adsorption at the surface. Based on surface area calculations, it is estimated that the
available surface sites can readily accommodate 0.4 cadmium atoms per zinc in the nanorod

(Figure 3.10).

0.648 nm

~

Rotate 45 degrees

0.648 nm

Figure 3.10. Location of cadmium atoms on a single face of a face centered cubic lattice.

The starting ZnTe nanorods are 10 nm long by 3.1 nm wide. Assuming the shape to be
approximately a cylinder, the nanorod has a surface area of 112 nm? and a volume of 75 nm®. To
approximate the number of available sites on the surface for cadmium coordination, the distance
between two nearest cadmium neighbors must first be determined. Both the surface and cation
exchange product are zinc blende lattices with a face centered cubic unit cell. The lattice parameter
for CdTe zinc blende is 0.648 nm.?* Thus, the distance between two nearest cadmium atoms is
half the length of the diagonal of a CdTe zinc blende unit cell. This distance between two cadmium
atoms is 0.452 nm. Furthermore, this distance between cadmium atoms is also a measurement of
the diameter occupied by each cadmium atom. Since nearest cadmium atoms are located at right

angles to one another, each adsorbed cadmium effectively occupies a square of area on the rod’s



124
surface. This area of occupation by each cadmium atom is 0.204 nm? with a length and width of
0.452 nm. With each cadmium atom occupying 0.204 nm? on a rod surface area of 112 nm?, it is
estimated that there are 551 cadmium atoms adsorbed to the surface of the nanorod. The density
of a ZnTe nanocrystal is 5.65 g/cm?® and the formula mass of ZnTe is 193.01 g/mol.?* From a
volume of 75 nm3, the number of zinc atoms is estimated to be 1330 per nanorod.

The surface cadmium to zinc contentment ratio is 0.41 surface cadmium adsorption spots
per zinc in the nanorod. This number is used to approximate the amount of cadmium expected to
saturate the nanorod surface. This approximation is in line with prior surface atom estimations
used to evaluate CdSe nanorods.®® It is important to note that the cation exchange rate is not
necessarily slowed when there is insufficient Cd?* to completely saturate the surface. As shown
in the 0.25:1, 0.125:1, and 0.0625:1 (Cd:Zn) cases, the surface is not fully saturated, however,
there is no obvious decrease in cation exchange rate compared to the systems with higher
concentrations. Hence, this system may reach its saturation limit with respect to cation exchange
rate without having to fully saturate the nanorod surface. Our studies show that when the ratio of
cadmium to zinc in the system is 0.03125:1, there is notable cadmium uptake with almost no zinc
loss over the first 120 s, implying only surface adsorption being relevant under these conditions.

3.5 LONG-TERM RIPENING OF NANORODS

During prolonged reaction times (24 h and more, Figure 3.11), a third process of cadmium
incorporation emerges. The first two regimes, described in detail through the aforementioned
studies, are an initial rapid cadmium adsorption to the surface of the nanorods in the first 10 s and
cadmium exchange within the core over the subsequent 30 min. The third regime is Ostwald
ripening and loss of anisotropy, which continues to add more cadmium to the nanorods without

loss of zinc as the nanostructures evolve toward a more isotropic shape (Figure 3.12 and 3.13).
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The amount of excess cadmium triples at 240 °C and increases by a factor of 2.6 at 150 °C between

1 and 72 h due to uptake of available cation during ripening.
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Figure 3.11. Elemental composition evaluation of relative molar specie amounts with respect to
Tellurium over 3 days. Cation exchange occurs at 150 °C (a) and 240 °C (b). After 1 hour, changes
of zinc content are unchanged within error, but excess cadmium amount increases due to nanorod

reconfiguration.
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Figure 3.12. Cation exchange products over time at 150 °C.
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Figure 3.13. Cation exchange products over time at 240 °C.
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Our data would suggest that cation exchange of Cd?* into ZnTe lattices is facile even under mild
conditions. Even in the presence of selenide in the form of TOP-Se, cation exchange products are
exclusively observed (Figures 3.14 and 3.15). No selenium incorporation is observed across a

range of temperatures and precursor addition methods.

3.6 SYNTHETIC EFFECTS TO ACCESS ZNTE/CDSE HETEROSTRUCTURES

CdSe growth attempts were unsuccessful using successive ionic layer adsorption and
reaction (SILAR) type growth procedures. For example, treating purified ZnTe nanorods with
alternate injections of cadmium oleate and trioctylphosphine selenide every five minutes yielded
nanorods with a Zn:Te:Cd ratio of 1.0:1.0:0.8 with no observed selenium. The molar ratios of
zinc, tellurium, cadmium, and selenium were equivalent in the starting reagents. The final product
has a smaller band gap than the starting ZnTe nanorods and has a length and width of 11.5+2.4
nm by 3.3 + 0.5 nm. Figure 3.13 shows one example of the UV-Vis and TEM observed after
SILAR growth treatment at 170 °C.  Similar results were observed when cadmium
tetradecylphosphonate was used as the cadmium precursor. It was observed that greater

bathochromic shifts were observed at higher temperatures between 150 °C and 240 °C.
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Figure 3.14. CdSe SILAR treatment of ZnTe nanorods. UV-Vis absorbance (left) and TEM (right)
evaluations of 11.5 £ 2.4 nm ZnTe nanorods exposed to SILAR technique to grow CdSe rod ends.
Cd?* and Se? precursor injections were made every 5 minutes. The nanorods have undergone a

68 nm bathochromic shift.
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In an alternative effort to target CdSe growth on ZnTe nanorods, purified ZnTe was added

to a bath of preheated cadmium oleate precursor. Trioctylphosphine selenide was added by syringe
pump over the course of the reaction to limit CdSe nucleation independent of growth on ZnTe.
Figure 3.14 shows the UV-Vis and TEM of an example in which ZnTe nanorods were injected
into a solution of cadmium oleate at 75 °C followed by immediate heating to 215 °C, at which
point trioctylphosphine selenide addition began by syringe pump over 20 minutes. The resulting
nanorods have a Zn:Te:Cd ratio of 1.0:1.7:1.5 with no measured selenium and have a length and
width of to 15.5+ 4.6 nm with 3.8 £ 0.6 nm. Similar results were observed when cadmium
tetradecylphosphonate was used as the cadmium precursor. It was observed that greater

bathochromic shifts were observed at higher temperatures between 150 °C and 240 °C.
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Figure 3.15. CdSe growth attempted in presence of excess cadmium tetradecylphosphonate. UV-
Vis absorbance (left) and TEM (right) evaluations of 15.5 £ 4.6 nm ZnTe nanorods in a Cd-TDPA
bath with drop-wise addition of TOP-Se at 215°C for 20 min. A 126 nm bathochromic shift is

observed by UV-Vis.
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3.7 RECTIFICATION WITH EXISTING CLAIMS OF CORE-SHELL ZNTE/CDSE

However, there is significant literature precedent for the existence of ZnTe/CdSe core/shell
quantum dots, which demonstrate altered carrier dynamics in the final heterostructures.*> 20-21
Many of the core/shell synthetic procedures share similar reaction conditions (such as temperature
and growth time) to the above-reported cation exchange experiments with ZnTe nanorods. Thus,
either there is some unique characteristic of the ZnTe nanorods that more readily facilitates cation
exchange compared to the spherical nanocrystals or the shelling reports have failed to address
cation exchange in the resultant nanostructures. In existing ZnTe/CdSe quantum dot studies, the
observation of a bathochromic shift in the UV—vis spectrum upon addition of Cd?* and Se?
precursors is considered indicative of CdSe shell growth.?® Although the reports validate claims of
CdSe shell growth with studies that measure increased lifetimes of separated electron—hole pairs
and more rapid charge transfer rates between the core and shell, the reports do not assess the
elemental composition of the final nanostructures. To evaluate previously studied core/shell
structures for their elemental composition, core—shell particles were prepared using methods
described in prior reports in which ZnTe quantum dots are treated with alternating injections of
cadmium oleate and TOP-Se via a SILAR growth method. Single monolayer amounts of Cd?* and
Se?" precursors are added and reacted with the ZnTe cores for a period of 10 min before subsequent
additions are made to increase shell thickness. TEM and UV-vis analyses (Figure 3.16) suggest
the synthesized quantum dots are highly similar to the quantum dots previously reported in the
literature.?°

Figure 3.16 shows the characterization of previously reported core-shell ZnTe/CdSe
quantum dots.* 202! Figure 3.17 illustrates the structure hypothesized to have been observed in

prior reports.
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Figure 3.16. Characterization of ZnTe/CdSe core-shell quantum dots. UV-Vis absorbance (top)
and TEM (bottom) evaluations of 3.9 + 0.6 nm ZnTe quantum dots (left) and 5.3 £ 0.8 nm

ZnTe/CdSe quantum dots (right) synthesized following procedures described in work by Basché

etal.®
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Figure 3.17. Hypothesized ZnTe/CdTe/CdSe gradient alloy observed in prior reports.

ICP-OES evaluation of the samples prepared here indicates a Zn:Cd:Te:Se ratio of
1.0:14.7:14.4:2.0 starting from a Zn:Te ratio of 1.0:0.9 in the starting quantum dot cores. This
suggests that prior reports that use these conventional synthetic methods yield a ZnCdTeSe alloy
instead of a core/shell quantum dot. The zinc to tellurium ratio decreases dramatically to 1.0:14.4
after exposure to the cadmium and selenium precursors. Since additional tellurium is never added
after purification of the cores, the increase in the tellurium to zinc ratio must be attributed to the
loss of zinc from the nanocrystal. It is worth noting that, in the core/shell particles, there is selenium
present in the nanostructures. The ratio of elements present in these reported nanostructures
suggests that the structure is predominately CdTe with a small amount of Zn?* and Se?~ present in
the alloy and an overall cation to anion ratio of roughly 1:1. At similar temperatures in ZnSe
systems, gradient alloys were observed after Cd?* cation exchange.?® Furthermore, there is
minimal evidence of anion exchange occurring between selenium and tellurium due to the small
relative amount of selenium present in the quantum dot experiments. Thus, it is hypothesized that
the particles synthesized by prior literature methods are actually a gradient alloy whose character

would evolve from the core outward as ZnTe/CdTe/CdSe (Figure 3.16). These are not discrete
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segments but rather an alloy where the material’s band gap is dictated most significantly by the
predominant species in the quantum dot, CdTe.

This type of gradient alloy structure offers a reasonable explanation for the previously
observed increased charge separation and charge mobility characteristics.> 22! The small ZnTe
core and thin CdSe shell separated by a CdTe segment would promote localization of the electron
toward the outer layers of the particle while confining the holes toward the core. ZnTe/CdTe and
CdTe/CdSe would be expected to demonstrate pseudo-type-Il behavior due to similar energy
levels of the valence and conduction bands, respectively.

These prior studies have made important contributions toward developing type I
nanomaterials. While the absence of elemental quantification mistakenly suggested the
nanostructures are type Il heterostructures, the majority of the experimental setup, observations,
and conclusions are the results of a significant effort and analysis. Moving forward, the ease of
Cd?* cation exchange into telluride lattices poses significant challenges for heterostructure growth
using ZnTe as the electron donor. While the SILAR method may serve as a useful method for
designing some heterostructures, any presence of molecular cadmium precursors with zinc
telluride will readily facilitate cation exchange. Among the alternative options for obtaining
ZnTe/CdSe heterostructures are starting with a CdSe nanorod scaffold and growing ZnTe nanorod
ends or treating a ZnTe nanorod with a single source precursor, such as CdSe magic size clusters
or molecular precursors with preformed CdSe bonds. Preliminary investigations confirm the
potential viability of these approaches (Figure 3.18).

Preliminary studies with ZnTe and CdSe quantum dots demonstrate that cation exchange
does not occur to a noticeable extent when CdSe bonds are preformed. Furthermore, cation

exchange between cadmium and zinc only proceed through cadmium exchanging into the lattice
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and pushing zinc out. The reverse exchange is not readily facilitated. As can be seen in Figure
3.18 shows that heating ZnTe and CdSe quantum dots together only leads to a change in the UV-
Vis spectrum at temperatures at 270 °C or higher, at which point the ZnTe quantum dots
decompose to molecular species. Also, zinc oleate and CdSe quantum dots shows no evidence of

cation exchange between cadmium and zinc when the cadmium-selenide bonds are preformed.

A) 0.5 B) 0.6
Zn-oleate 85C (0 min)
ZnTe and CdSe Room Temperature 0.5 Zn-oleate and CdSe QDs 75C (0 min)
0.4 ZnTe and CdSe at 150C (30min) : Zn-oleate and CdSe QDs 240C (22 min)
ZnTe and CdSe at 270C (59min) Zn-oleate and CdSe QDs 310C (28 min)
] 03 ZnTe and CdSe at 300C (62min) g 0.4 Zn-oleate and CdSe QDs 310C (40 min)
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Figure 3.18. Treatment of CdSe QDs with zinc sources. Heating up CdSe quantum dots in the

presence of ZnTe quantum dots (A) and zinc oleate molecular precursors (B).

3.8 CONCLUSION
This investigation provides a comprehensive evaluation of the cation exchange mechanism
between Cd?* and Zn?* in ZnTe. An initial rapid cadmium adsorption step onto the tellurium-rich
surface of ZnTe occurs immediately upon injection. This adsorption step is followed by a rate
determining exchange step, with a measured activation energy of 24 kJ/mol. As long as there is
sufficient cadmium to occupy the available surface sites, the solution concentration of cadmium

has little influence on the rate of cation exchange, consistent with our modeling of the exchange
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process using pseudo-first order kinetics. When cadmium concentrations are decreased below
0.4:1 (Cd:Zn), Cd?* will not fully saturate the ZnTe nanorod surface. However, only when the
cadmium concentration falls below 0.125:1 (Cd:Zn) does the rate of cation exchange into the
tellurium lattice become impacted over the first few minutes of the reaction.

This study demonstrates that cation exchange in ZnTe is a controllable and tunable process
in which the elemental composition of specific alloys can be obtained through controlling the
temperature, time, and concentration of the reaction. While these findings demonstrate how to
obtain (Zn,Cd)Te alloys of desired composition, they also reveal that cation exchange in colloidal
ZnTe nanostructures imposes significant challenges for synthesizing type Il heterostructures.
Future investigations will explore alternative approaches in order to obtain a true, unalloyed

ZnTe/CdSe type Il heterostructure.

3.9 EXPERIMENTAL METHODS

391 General Considerations

All manipulations were carried out using standard Schlenk or glovebox techniques under
dry nitrogen. Zinc acetate (99.99%), oleic acid (OA, 90%), 1-octadecene (1-ODE, 90%), metallic
tellurium (Te, 99.997%), trioctylphosphine (TOP, 97%), and superhydride (LiBH(CH2CHj3)3)
solution in THF (1 M) were all purchased from Sigma Aldrich and used as received without further
purification. Anhydrous ethanol and pentane were purchased from various sources.
Trioctylphosphine-telluride (TOP-Te, 1 M Te) solution was prepared by dissolving metallic Te
into TOP in a glovebox.

Abbreviations:

Cd(OA)2 cadmium oleate
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ICP-OES inductively coupled plasma—optical emission spectroscopy
TOP trioctylphosphine
TOP-Se trioctylphosphine selenide
TOP-Te trioctylphosphine telluride
Zn(OA)2 zinc oleate

3.9.2  Synthesis of ZnTe Nanorods

In a 50 mL three-neck flask, 0.26 g (1.4 mmol) of zinc acetate was mixed with 4 mL (12.7
mmol) of oleic acid and 20 mL of 1-ODE. The mixture was degassed under vacuum for at least 30 min
before being heated to 200 °C under nitrogen. After 1 h, a clear solution was formed and the temperature
was dropped to 160 °C. The tellurium precursor was prepared by adding 1.6 mL of superhydride
solution (0.7 M in THF) and 2 mL of oleylamine to 1.0 mL of TOP-Te (1.0 M Te in TOP). This
tellurium precursor mixture was stirred for 20 min at room temperature until the solution became
homogeneous before being injected rapidly into the zinc solution at 160 °C. The reaction temperature
was increased to 190 °C over the course of 5 min and was maintained at 190 °C for 60 min before
quenching the reaction by removing the heating mantel to cool the reaction mixture to room
temperature. Excess solvent and volatile organics were removed by vacuum distillation at 150 °C. The
ZnTe nanorods were separated and purified by adding ethanol to the resulting oily residue followed by
centrifugation and re-dispersion into pentane. This process was repeated a minimum of five times.
Purity was checked by *H NMR spectroscopy, and the purified nanorods were used as a solution in

pentane.



138

3.9.3  Cation Exchange Procedure

By UV-vis spectroscopy, the molar absorptivity of the ZnTe nanorods was determined to be
420 L mol* cm™ at 375 nm with respect to the amount of zinc in the nanorod (Figure 3.19). To reliably
control the amount of zinc used in each cation exchange reaction, a molar absorptivity constant was
determined for the amount of zinc in ZnTe nanorods. For a 30 mL ZnTe stock solution in pentane, the
amount of zinc was determined to be 0.5 mmol by ICP-OES. At 375 nm, the molar absorptivity constant

was determined to be € =420 L/mol*cm with respect to the amount of zinc.

1.2

—— 0.5 mmol Zn in 180 mL pentane
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Figure 3.19. Determination of the molar absorptivity constant for the amount of zinc in ZnTe nanorod
stock solution. At 375 nm, € = 420 L/mol*cm for the amount of zinc. The dashed line highlights

absorbencies at 375 nm.

In a typical cation exchange reaction, the pentane solvent was removed from a stock solution of
the ZnTe nanorods containing 0.5 mmol of zinc and the nanorods were then suspended in 1.8 mL of 1-

ODE. The cadmium precursor was prepared by adding cadmium oxide (0.5 mmol), oleic acid (4 mmol),
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and 1-ODE (3.6 mL) in a 25 mL three-neck flask. This solution was degassed for 1 h before being
heated to 240 °C for 60 min or until the solution became clear. The cadmium solution temperature was
adjusted to the desired cation exchange temperature, and the ZnTe nanorods were injected rapidly at
this temperature. Aliquots of 0.3 mL were taken at each time point and transferred to a vial purged with
nitrogen at room temperature before purification. Each aliquot was purified by suspending the nanorods
in pentane, adding ethanol as a precipitant, and centrifugation at 7830 rpm for 10 min. Five consecutive
purification repetitions were carried out until all excess ligand was removed. Selected samples were
evaluated by *H NMR spectroscopy on a Bruker Avance 500 MHz NMR spectrometer to verify sample

purity (Figure 3.20).
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Figure 3.20. 'H NMR spectra of the results of the purification process of ZnTe nanorods. A typical
purification process includes five crash-outs. After two crash-outs, molecular metal oleate species
remain in the sample, as can be seen by the sharp features from 5.8 — 6.0 ppm and 5.0 — 5.3 ppm.
However, the residual metal oleate is removed after the fifth crash-outs. Five crash-outs were carried

out on each sample before evaluation by ICP-OES.

3.9.4  Sample Characterization

All cation exchange samples were evaluated for zinc, tellurium, cadmium, and selenium
composition using a PerkinElmer Optima 8300 inductively coupled plasma—optical emission

spectrophotometer. UV-vis spectra were recorded using an Agilent Cary 5000 spectrophotometer.
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TEM images were obtained on an FEI Technai G2 F20 microscope. Analysis of TEM images was
performed via manual counting using the ImageJ software package. Powder X-ray diffraction data were

recorded on a Bruker D8 Discover instrument with a GADDS 2-D XRD system.
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Chapter 4. GENERALIZED SYNTHESIS OF TETRAPOD

HETEROSTRUCTURES

The range of anisotropic heterostructures extends beyond linear architectures. However,
anisotropic structures are typically found in the hexagonal crystal phase, with the structures of
Chapter 3 standing out as an exception to this general rule. Furthermore, many of the most well
studied hexagonal nanostructures in combination give type-l heterostructures while many
desirable material combinations or are prone to cation exchange, thus posing a challenge to
obtaining a true type-I1I structure. Using a seeded growth approach, tetrapod heterostructures can
be obtained via anisotropic tetrapod assembly upon a cubic phase core. The profusion of cubic
structures makes the more symmetrical seeds a more versatile core and starting point for

heterostructure development.
4.1 INTRODUCTION

The synthesis of nanomaterials of various shapes and sizes is well established.* However,
methodologies for assembling multicomponent heterostructures with independently tunable
constituents are less ubiquitous. Despite it being well known that heterostructure formation is an
ideal strategy to tune charge localization and enhance the function of semiconductor
nanomaterials, synthetic techniques to access a broad spectrum of material combinations with
independently customizable dimensions are currently underdeveloped.*>-16

The simplest and most well-studied heterostructure is the core-shell motif.1”?* Typically,
core-shell heterostructures are composed of a spherical, guantum-confined semiconductor

nanocrystal core encompassed by a second semiconductor material, evenly coating each face of
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the core. This outer shell can serve as a protective layer capable of passivating surface traps and
defects to enhance luminescence, or it can serve to promote charge separation by creating a
thermodynamic gradient for electrons and holes.?2?® Core-shell structures have become important
luminescent materials across a spectrum of advanced technologies due to their demonstrated
performance in displays, high color purity, stability, high emission efficiency, solution
processability, and broad excitation range.® 2% 3031 Unfortunately, the customizability of each
component is limited since the core size and shell thickness are the only tunable parameters.?% 3-
33 Furthermore, while the core-shell motif is a leading architecture for enhancing light emission,3%
3435 this structure is a poor choice for other applications such as photocatalysis, since as the shell
thickness increases, the ability to replenish charge carriers from chemical or electrochemical
sources is reduced.6-8

Dot-in-rod heterostructures begin to address some of these challenges.®#° In these
heterostructures, both the seed and rod components have an exposed or only thinly shelled face
that is both kinetically and thermodynamically accessible. This enables more efficient quenching
of charge carriers within the heterostructure after charge separation. This motif also enables tuning
of the rod length as well as the location of the dot within the rod.** 42 The width of the rod,
however, is set by the width of the seed with a limited number of exceptions.** Furthermore, the
seed requires a wurtzite crystal structure to serve as a scaffold for rod elongation and many
nanomaterials do not have easily accessible wurtzite crystal phases.***’

Tetrapod assemblies represent a potentially versatile and tunable heterostructure
configuration. One advantage of the tetrapod configuration is the customizability of the cubic-
phase seed. A wide variety of nanomaterials can be synthesized in the zinc blende phase with

tunable sizes to serve as cores.*3%° In addition to controlling the size of the core, both the arm
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length and width can also be modified, even independently of the core size.!® 552 Furthermore,
the exposed or nominally shelled core should readily enable replenishment of charge carriers. In
type-11l heterostructure assemblies, the arm component may also be readily accessed.

This work demonstrates a generalized synthesis of tunable tetrapod heterostructures
starting from a broad range of cubic and tetragonal semiconductor core materials that serve as
scaffolds for wurtzite-phase CdS arm growth. Figure 4.1 highlights the idealized band edge
energies of materials used within this investigation relative to the CdS arms. Both the core size
and CdS arm width and length can be tuned in this system to access a range of colloidal tetrapod

heterostructures that were previously unknown.
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Figure 4.1. The bulk semiconductor band edge energies for each core material relative to vacuum
are displayed relative to cadmium sulfide. Data for this figure was compiled from multiple

sources.>3%

4.2  SYNTHESIS OF CADMIUM SELENIDE/CADMIUM SULFIDE

Starting with the most well studied and straightforward tetrapod heterostructure, CdSe
cores with CdS arms, tetrapod heterostructures with long, highly anisotropic arms and short,
relatively isotropic arms were synthesized to establish a tunable arm-growth procedure. These
CdSe/CdS tetrapods were synthesized by injecting 4.0 nm zinc blende CdSe nanocrystals and
trioctylphosphine sulfide (TOP-S) into a reaction mixture containing the cadmium precursor and

trioctylphosphine oxide, similar to prior syntheses.® % The cadmium precursor used for CdS arm
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growth is an in situ mixture of cadmium octadecylphosphonate and cadmium oleate. The aspect
ratio of the arms is tuned by adjusting the ratio of octydecylphosphonic acid (ODPA) and oleic
acid (OA) used to form the cadmium precursor — higher amounts of ODPA give thinner arms.
Prior work has shown that CdS arm growth occurs along the wurtzite arm (0001) axis and growth
in this direction is seeded at four of the CdSe core (111) faces. As can be seen in Figure 4.2, there
is no band-edge emission from the CdS arms, and the CdSe cores seem to dominate the
heterostructure’s emissive properties, consistent with the assignment as a type-1 heterostructure.
A slight blue shift of the emission maximum is observed in the case of the long arms where more
phosphonic acid is used, which may be indicative of minor etching of the CdSe seed. Conversely,
a slight red shift is observed in the case of the short arms consistent with minor shelling of the

CdSe seed. Figure 4.2 also highlights TEM images of the tetrapods with both long and short arms.
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Figure 4.2. Characterization of CdSe/CdS. Absorbance and emission for CdSe/CdS (top) along

with TEM of CdSe/CdS in the fat arm (left) and thin arm (right) motifs.
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The starting CdSe cores are cadmium rich (~1.3:1, Cd:Se) and the resultant tetrapods, as
expected, retain this cation rich property. Selenium accounts for only 0.1% of the heterostructure
and due to the minority presence of the CdSe cores compared to CdS in the heterostructure, the
signal from CdSe in the heterostructure is too small to be observed by XRD. Evaluation by EDS
upon a single tetrapod indicates the presence of increased Se at the core, consistent with the CdSe

cores serving as scaffolds for tetrapod growth.

4.3 SEEDLESS SYNTHESIS OF CADMIUM SULFIDE ARMS

Cadmium sulfide is known to exhibit wurtzite-zinc blende polytypism.>? Given this, it was
essential to evaluate tetrapod growth in the absence of seeds to confirm that the tetrapod growth is
the result of the postulated seeded growth mechanism, rather than via independent nucleation of
CdS seeds. The conditions for arm growth give CdS nanostructures that highly resemble their
respective arm motifs, but the number of CdS tetrapods formed is minimal, <1% of the structures
observed in the ensemble by TEM analysis. By elemental analysis using ICP-OES, the CdS
nanostructures are roughly 2:1 Cd:S for both the long and fat materials respectively. As observed
in Figure 4.3, the majority of the steady-state luminescence arises from trap emission with a small

component from the CdS band edge.
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spectra (top) along with TEM of CdS in the fat arm (left) and thin arm (right) motifs.
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4.4  SYNTHESIS OF INDIUM PHOSPHIDE/CADMIUM SULFIDE

Indium phosphide has been promoted as a lower-toxicity alternative to CdSe due to its
similar optical properties. However, anisotropic InP has been challenging to obtain. Reports of
incorporating InP into heterostructures is also uncommon due to its strong thermodynamic
preference for the zinc blende crystal phase, with the hexagonal phase being only metastable.*?
This ends up being advantageous for our purposes and InP/CdS tetrapods are synthesized with
moderate success (Figure 4.4). However, the small size of the 3.0 nm zinc blende cores likely
provides less clearly defined and more strained planes at the surface to serve as a platform for CdS
growth compared to the larger, 4.0 nm CdSe cores. Starting from 2:1, In:P cores, the final tetrapod
heterostructures show a majority of cadmium and sulfur compared to only a small percentage of
phosphorous (~3%) in the final tetrapod structure. Cadmium octadecylphosphonate is used as the
precursor for CdS arm growth. The phosphorous content measured by ICP in other tetrapod
heterostructures without phosphorous in the core and seedless CdS arms all have detectable
phosphorous amounts (between 1-3%). Thus, it is challenging to distinguish between phosphorous
in the core and on the arm. Indium was not observed in an elemental analysis by ICP, which may
point to cation exchange whereby indium is removed and replaced by cadmium as seen
previously.®” Single particle EDS evaluation of tetrapods shows a broadened signal in the spectral
region associated with cadmium and indium, especially at the core. This, coupled with a relatively
stronger signal from phosphorus, suggests that there may be some remaining indium phosphide
character in the core component of the heterostructure. The signal from the CdS arms by XRD
overwhelms any signal from indium phosphide or cadmium phosphide, so the exact structure of
the core is yet to be definitively determined. The absorption and luminescence are similar to CdS

in character, as shown in Figure 4.4.
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Figure 4.4. Characterization of InP/CdS. Absorbance and emission for InP/CdS (top) along with

TEM of InP/CdS in the fat arm (left) and thin arm (right) motifs.
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4.5  SYNTHESIS OF ZINC TELLURIDE/CADMIUM SULFIDE

We postulate that a tetrapod heterostructure may offer advantages for applications that
benefit from the separation of charge carriers, such as photocatalysis, when a type-Il electronic
structure is achieved. Zinc telluride and copper indium sulfide (CIS) are two seed candidates with
an offset band edge alignment relative to CdS. While it is known that cation exchange readily
occurs in telluride lattices with a low activation energy barrier (24 kJ/mol), we hypothesized that
the short arm growth duration may enable tetrapod assembly without full conversion of the ZnTe
core to CdTe.*® Indeed we observe that large ZnTe quantum dots serve as excellent scaffolds for
tetrapod assembly, as can be seen Figure 4.5. The ZnTe cores are elongated dots with aspect ratios
of 2 and 8 nm in length. By ICP, we can observe partial cation exchange in the final tetrapod
products. Starting from 1.1:1 Zn:Te cores, this ratio of Zn:Te diminishes to 1:5 and 1:3 in the fat
and long arm motifs, respectively, in the final cation-rich tetrapods. Overall, the tetrapods display
a cation-rich composition with a 2:1 cation to anion ratio. Thus, over only 10 min of heterostructure
growth, complete cation exchange is not observed, likely giving core/shell/arm structures of
ZnTe/CdTe/CdS or more alloyed core ZnixCdxTe/CdS heterostructures. However, no new
absorbance or emission features emerge after tetrapod assembly (Figure 4.5). By EDX on a single
tetrapod, weak signals from tellurium are observed as well as a small signal from zinc at the core

suggesting that some ZnTe character is retained in the core of the tetrapod.
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Figure 4.5. Characterization of ZnTe/CdS. Absorbance and emission for ZnTe/CdS (top) along

with TEM of ZnTe/CdS in the fat arm (left) and thin arm (right) motifs.
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4.6  SYNTHESIS OF COPPER INDIUM SULFIDE/CADMIUM SULFIDE

Copper indium sulfide nanoparticles have emerged as an alternative to cadmium and lead
based materials due to their tunable photoluminescence across the visible and near-infrared
spectrum, low toxicity, and large absorption cross section.>®-% These attractive properties have led
to the development of size tunable CIS nanocrystals. Despite sharing similar optical properties to
CdSe and InP, the conduction and valence band edges of CIS are higher in energy with respect to
vacuum. Thus, CIS/CdS tetrapod heterostructures exhibit a type Il band configuration but unlike
ZnTe, they are not known to undergo cation exchange in traditional core-shell motifs. Furthermore,
CIS has a tetragonal crystal structure, not a cubic, zinc blende lattice as was possessed by the
previously examined seeds. This elongated lattice enables testing the versatility of CdS arm growth
by providing a distorted (111) plane as the surface for seeding wurtzite CdS arm growth. CIS/CdS
tetrapod heterostructures are readily obtained when using 3 nm and 6 nm CIS cores.

The larger 6 nm cores result in more uniform and greater yields of CIS/CdS tetrapods prior
to size selective precipitation. This is likely due to more well defined and less strained (111) planes
in the larger CIS nanocrystal seeds. However, despite a lack of literature precedent for cation
exchange in CIS, the CIS/CdS tetrapods show no presence of indium by elemental analysis with ICP.
The copper content in both the long, anisotropic and shorter, more isotropic arm motifs assembled from

both 3 nm and 6 nm CIS is 0.1% in a system that is 2:1 Cd:S. The starting 3 nm and 6 nm CIS cores are

both slightly copper and cation rich with compositional ratios of 1.2:1.0:1.7 for Cu:In:S, similar to prior
reports.%6-5” EDX of a single tetrapod shows weak signal from copper and no indium starting from the 6
nm CIS cores. Absorbance, photoluminescence, and TEM characterization of CIS cores and
heterostructures with CdS arms are shown in Figures 4.6 and 4.7. The photoluminescence spectra

show emission from the tetrapods is dominated by trap emission, but complete suppression of any
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CdS band edge emission is also notable. This may suggest that the broadened, highly red-shifted

emission may be copper rather than CdS based.%%"?
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Figure 4.6. CIS (3 nm)/CdS characterization. The absorbance and fluorescence spectra (top), with
TEM images of 3 nm CIS cores (left), fat CIS/CdS arm (middle), and long CIS/CdS (right) arm

motifs.
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Figure 4.7. CIS (6 nm)/CdS characterization. The absorbance and fluorescence spectra (top), with

TEM images of 6 nm CIS cores (left), fat CIS/CdS arm (middle), and long CIS/CdS (right) arm

motifs.
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4.7 CONCLUSIONS

The summation of this work demonstrates that tetrapod heterostructures with CdS arms
can be assembled from a wide spectrum of shapes and sizes of zinc blende and tetragonal cores.
Furthermore, both long-thin and short-fat arm motifs can be obtained in all cases. While there is
substantial evidence of cation exchange at the core, the cation exchange process did not impede
the growth of CdS arms to give tetrapod heterostructures. Unfortunately, definitive
characterization of the exact nature and composition of the core in samples that are now likely the
products of cation exchange remains a challenge. Developing strategies to impede cation exchange
during arm growth will be a focus of the Cossairt lab moving forward, since this objective is central

to achieving true type-11 tetrapod heterostructures.

4.8 EXPERIMENTAL METHODS

4.8.1 General Considerations

All manipulations were carried out using standard Schlenk or glovebox techniques under
dry nitrogen. Zinc acetate (99.99%), cadmium oxide (99.9%), indium acetate (99.99%), copper
iodide (>99.5%), oleic acid (OA, 90%), myristic acid (>99%), dodecane thiol (98%), 1-octadecene
(1-ODE, 90%), metallic tellurium (Te, 99.997%), selenium (99.999%), sulfur (99.5%),
trioctylphosphine (TOP, 97%), and superhydride (LiBH(CH2CHz)3) solution in THF (1 M) were
all purchased from Sigma-Aldrich and used as received without further purification.
Octadecylphosphonic acid (ODPA, 99%) was purchased from PCI Synthesis and used as received.
Anhydrous ethanol and pentane were purchased from various sources. Trioctylphosphine oxide

(TOPO, 90%) was purchased from Sigma-Aldrich and twice recrystallized from acetonitrile until
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no impurities remain in 3PNMR and *HNMR. Trioctylphosphine-chalcogenide solutions were

prepared by dissolving sulfur, selenium, or tellurium into TOP in a glovebox.

4.8.2  Synthesis of CdSe quantum dots

This synthesis uses a previously reported method.”®> The selenium precursor,
trioctylphosphine selenide, was prepared by dissolving 0.060 g of 100 mesh Se powder (99.999%)
in 0.84 g of TOP (1.01 mL) and 4.16 mL of ODE until the solution turned completely clear. Next,
the cadmium precursor was prepared by loading 0.134 g of CdO, 1.20 mL of OA, and 8.00 mL of
ODE into a 50 mL three-neck flask. The flask was degassed for 30 min at room temperature before
heating to 240 °C under nitrogen. After a short time, between 5-10 min, the cadmium precursor
turned clear, indicating formation of cadmium oleate. Once the cadmium solution was completely
clear, 5 mL of selenium precursor was added rapidly. The reaction was monitored by UV-Vis and
photoluminescence spectroscopy as the solution color advances from yellow to orange to red.”
The size of the particles was controlled by quenching the reaction (by removing the heating mantle)
when the target size of the nanoparticles was achieved. Particles with a diameter of 4.0 nm were
obtained after ~5 min. The nanocrystals were purified by repeat dissolution/precipitation using
toluene as the solvent and precipitation with methanol. The first two precipitation steps required

ethyl acetate as a cosolvent to remove ODE.

4.8.3  Synthesis of ZnTe quantum dots

This synthesis is modified from prior reports.®® In a 50 mL three-neck flask, 0.26 g (1.4
mmol) of zinc acetate was mixed with 4 mL (12.7 mmol) of oleic acid and 20 mL of 1-ODE. The
mixture was degassed under vacuum for at least 30 min before being heated to 200 °C under

nitrogen. After 1 h, a clear solution was formed and the temperature was dropped to 160 °C. The
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tellurium precursor was prepared by adding 1.6 mL of superhydride solution (0.7 M in THF) and
2 mL of oleylamine to 1.0 mL of TOP-Te (1.0 M Te in TOP). This tellurium precursor mixture
was stirred for 1 h at room temperature until the solution became homogeneous before being
injected rapidly into the zinc solution at 160 °C. The reaction temperature was increased to 190 °C
over the course of 5 min and was maintained at 190 °C for 60 min before quenching the reaction
by removing the heating mantel to cool the reaction mixture to room temperature. Excess solvent
and volatile organics were removed by vacuum distillation at 180 °C. The ZnTe nanorods were
separated and purified by adding ethanol to the resulting oily residue followed by centrifugation
and re-dispersion into pentane. This process was repeated a minimum of five times. The resulting
ZnTe oblong quantum dots have an aspect ratio of 2. Note of comparison to other procedures:
other similar procedures have been used to give ZnTe nanorods with aspect ratios of 3 and higher.
The present synthesis stirred the tellurium precursor for longer (at least 1 h as opposed to 20 min)
and vacuum distillation was carried out at a higher temperature (180 °C as opposed to previously
used 150 °C). These two procedural modifications lead to the formation of a more isotropic

product.

4.8.4  Synthesis of InP quantum dots

Indium phosphide quantum dots were synthesized via a two-step synthetic procedure
reported previously.” Briefly, 0.93 g (3.20 mmol) of indium acetate and 2.65 g (11.6 mmol) of
myristic acid were heated under vacuum at 100 °C in a 100 mL three-neck flask for 12 h to generate
indium myristate. After indium myristate was formed under vacuum, the apparatus was placed
under nitrogen and 20 mL of toluene was added. This solution is was heated to 110 °C and a

mixture of 465 pL of tris(trimethylsilyl)phosphine and 10 mL of toluene was quickly injected to
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form indium phosphide magic size clusters (MSCs). InP MSC formation was monitored by UV-
Vis until no changes were observed between extractions obtained every 10 minutes. Purification
of MSCs was achieved by repeated precipitation with acetonitrile and resuspension in toluene. For
storage, solvent was removed and MSCs were stored dry in an oxygen and water-free environment.

To obtain 3.0 nm InP quantum dots, 200 mg of MSCs were dissolved in 2 mL of octadecene
and injected into a nitrogen purged 100 mL 3-neck round bottom flask with 38 mL of additional
octadecene at 270 °C. The growth of quantum dots was tracked by UV-Vis and growth for 20 min
yielded 3.0 nm InP nanoparticles. Excess octadecene was removed by vacuum distillation at 150
°C and quantum dots were purified by multiple resuspension in toluene and precipitation with

ethanol.

4.8.5  Synthesis of Copper Indium Sulfide nanoparticles

CIS-QDs were synthesized based on recently reported methods.®’ First, 73 mg (0.25 mmol)
of indium acetate, 47.5 mg (0.25 mmol) of copper iodide, and 4 mL DDT were added to a three-
necked round-bottom flask fitted with a condenser column. The flask was purged with argon for
30 min and subsequently heated while stirring to 120 °C over 20 min. The solution was heated at
120 °C for an additional 10 min, until a clear yellow solution was formed. The solution was then
heated to 230 °C and the solution gradually changed color from yellow to dark red. After refluxing

for a set time (1-30 min), the reaction was quenched by removing the flask from heat.

4.8.6  Synthesis of tetrapods with CdS arms

Core/CdS tetrapod heterostructures were synthesized with modification upon prior seeded growth
approaches.*® °° Briefly, 2.65 g of TOPO (99%), 0.05175 g of CdO, 0.5 mL oleic acid, and either 0.135 mg

of ODPA (for long-thin arms) or 0.54 mg of ODPA (for short-fat arms) was degassed at 150 °C for 1.5 h
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in a 50 mL three-neck round-bottom flask. The reaction mixture was heated to 350 °C under nitrogen, and
the reddish-brown solution turned colorless. Separately, a stock solution of trioctylphosphine sulfide (TOP-
S) was made from 70 mg of sulfur with 6 mL of TOP. 0.6 mL of TOP-S was mixed with 25 uL of the
quantum dot stock solution (2.5 x 10° mol of dots) as determined by the optical absorbance of the quantum
dot solution. Size and concentration quantification of quantum dot cores has been reported previously for
CdSe,™ ZnTe,*® InP,” and CIS.5” Upon reaching the desired injection temperature of 350 °C, 1.8 mL of
TOP was added, and the temperature was allowed to recover to 350 °C before the mixture of TOP-S and
guantum dots were swiftly injected. The temperature was again allowed to recover to 350 °C and the
anisotropic CdS arm was grown at this temperature for 10 min. The heating mantle was removed, and the
solution was cooled to room temperature. The core/CdS tetrapods were purified by repeated precipitation

in ethanol and redispersion in toluene.
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Chapter 5. PHOTOCATALYTIC C-O BOND CLEAVAGE

Components of this chapter were adapted with permission from Chemistry of Materials. Copyright

2019 American Chemical Society

The majority of recent nanomaterial driven photocatalysis work has focused on the
hydrogen and oxygen evolution reactions with hydrogen generation as an inexpensive method of
generating a clean, renewable, and energy dense fuel serving as a primary goal for the scientific
community. However, nanomaterials are capable of much more than hydrogen evolution. While
hydrogen evolution is a valuable process for replacing non-renewable fuel sources, there remain a
wealth of untapped photocatalytic reactions that can benefit from using nanomaterials as catalysis.
Utilization of biomass as an inexpensive, renewable, and abundant chemical feedstock holds the
potential to replace other chemical processes that require petroleum-based precursors. In Chapter
5, quantum dots are used for the first time to catalyze carbon-oxygen bond cleavage in substrates
that resemble components of lignin in biomass to simulate selective breaking of C-O linkers that
occur regularly within the greater biopolymer framework. Aromatic chemical feedstocks are often
obtained from crude oil but the success of quantum dots mediated C-O bond cleavage in lignin
model substrates opens the door to harvesting these high value aromatic species directly from

biomass.
51 INTRODUCTION

Photocatalysis has re-emerged at the forefront of synthetic methodology development as a

powerful means of activating a wide range of bond-making and bond-breaking transformations in
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organic chemistry. In particular, photoredox catalysis has experienced a recent expansion beyond
the traditional area of solar fuels into the realm of organic synthesis.* Although metal polypyridyl
complexes and organic dyes have dominated photoredox platform development, quantum dots
have recently emerged as excellent candidates for coupling light and organic synthesis.'* Quantum
dots are excellent candidate photocatalysts because of their high photostability, large extinction
coefficients (10°-10° L/mol-cm), tunable optoelectrical properties, and customizable surface
chemistry. For these reasons, quantum dots have been used extensively as photocatalysts in
hydrogen evolution and related solar fuel applications.5** However, they remain relatively limited
with respect to exploration across the vast landscape of light-catalyzed reactions.* 519

One such untapped application is biomass conversion. Biomass is a globally abundant,
renewable carbon source and is widely considered the most sustainable carbon alternative to
petroleum.?%-2Y A primary component of dry plant matter (lignocellulosic biomass) is lignin, an
amorphous polymer that lends structural integrity to plants. Lignin accounts for 15-35% of the
mass of plant matter but 40% of the energy content. Furthermore, lignin accounts for 30% of non-
fossil organic carbon and is the only major biopolymer heavily composed of aromatic groups that
could serve as an ideal renewable source of high-value aromatic commodity chemicals (such as
coumaryl, coniferyl, and sinapyl alcohols) if these high-value units could be apportioned from the
parent structure.??-2

A variety of approaches have been explored to isolate these high-value components by
targeting cleavage of the abundant -O-4 linkages, which account for 45-60% of all linkages in
the complex lignin polymer backbone.?*% Cleavage of C,—O bonds has been successfully
accomplished via reductive, oxidative, and redox-neutral pathways for both model substrates and

in larger lignin bioframeworks.?6-% However, these processes often require an over pressure of
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hydrogen, temperatures of 80 °C, or expensive transition-metal catalysts. One series of studies of
notable interest uses a visible light absorbing iridium catalyst, [Ir(ppy)2(dtbbpy)]PFs, to selectively
drive the C—O bond cleavage at ambient temperature and pressure.?® %37 |t is important to note
that the B-O-4 linkages are composed of benzylic alcohols in native lignin, as can be seen in Figure
5.1. Lignin depolymerization often first requires oxidation of benzylic alcohols prior to
photochemical reduction, thereby requiring a multistep route to depolymerization products that

involves purification, filtration, and solvent transfer between each step. 26 38-3°



178

0
aY, r
O OH o O
~o i o
HO HO }_ OH

OH O/ (@) O/
0 oxidation . 0
~o ~o
BA BK

photochemical
reduction

o) st
J- HO
~o

Figure 5.1. Lignin molecular structure and general scheme for p-O-4 bond cleavage. (Top)

Molecular structure of lignin from a spruce tree*® with highlighted examples of model benzylic
alcohol substrates explored in this study (red) embedded in the biopolymer backbone and other 3-
0O-4 linkages (pink) indicated. Soft woods, such as spruce, typically have a lower content of B-O-
4 linkages than other plant matter. (Bottom) General scheme of oxidation and photochemical
reduction of a lignin model substrate from benzylic alcohol (BA) to guaiacol and 4'-

methoxyacetophenone via a benzylic ketone (BK) intermediate.
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As reaction conditions are developed for improved biomass degradation, it is important to
consider quantum dots as viable photoredox catalysts for these processes. In comparison to
molecular light harvesters and traditional transition-metal-based photocatalysts, quantum dots
have demonstrated longer-lived excited states, greater photostability, increased photon absorbance
per molecule, and broader absorption spectra.**? Furthermore, both the electronic properties and
redox potentials of quantum dots can be finely tuned by modifying the size and surface chemistry
of the nanocrystal.** Moreover, the increased surface area of a quantum dot when compared to a
molecular catalyst would translate to an increased probability of catalyst-substrate encounters,
thereby enhancing charge transfer and turnover rate. Quantum dots have been used previously in
combination with lignocellulose, which served as an electron reservoir for hydrogen evolution in
acidic media.**

In this work, the versatility of guantum dots as photocatalysts in C,—O bond cleavage using
lignin model substrates is demonstrated. Compared to the best transition-metal-based molecular
catalysts for these applications, quantum dots demonstrated improved turnover frequency with
lower catalyst loading across several common organic solvents. Furthermore, when using quantum
dots as photocatalysts, lignin model substrates, such as 2-(2-methoxyphenoxy)-1-(4-
methoxyphenyl)ethanol (BA), could be taken from benzylic alcohols to cleavage products, 4'-
methoxyacetophenone and guaiacol, in a single vessel without any purification, isolation,
filtration, or solvent exchange required. This improved performance is observed for both cadmium
selenide quantum dots (CdSe QDs) with native, long-chain oleate or phosphonate ligands in

dichloromethane (DCM), or following ligand exchange in acetonitrile.
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5.2 PHoToLYTIC C-O BOND CLEAVAGE WITH QUANTUM DOTS

Stephenson and co-workers report an iridium catalyst capable of C,—O bond cleavage
across a set of lignin model substrates at room temperature within a single day.?® Most notably,
they report nearly 90% conversion of 2-(2-methoxyphenoxy)-1-(4-methoxyphenyl)ethenone
(BK), to 4’-methoxyacetophenone and guaiacol within 12 h with 1 mol % catalyst using formic
acid as a proton donor and diisopropylethylamine as a hole quencher. This catalytic process was
successfully reproduced and then exceeded using quantum dot photocatalysts after system

optimization (Table 5.1 and Figures 5.2-5.4).
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Table 5.2. Relevant conditions used to optimize photoredox mediated C-O bond cleavage

Cat. loading

Time

Yield

Comparison Catalyst (mol %) Proton source Solvent (hn) (%) Notes
Ir 1.00 Formic Acid MeCN 16 hr 100 Original Stephenson
CdSe 0.03 Formic Acid MeCN 16 hr 0 Not suspended
L Ir 1.00 TEAH BPh4 MeCN 16 hr 100
Acetonitrile .
CdSe 0.03 TEAH BPh4 MeCN 16 hr 100 Ligand exchange
CdSe 0.003 TEAH BPh4 MeCN 16 hr 89 98% yield by 24 hr
Ir 1.00 Ascorbic Acid MeCN 16 hr 54
Ir 1.00 Formic Acid 10:1 16 hr 0 Not suspended
THF:MeCN
Cdse 0.003 Formic Acid THF 16 hr 0
Solvent Ir 1.00 Formic Acid DCM 16hr 100
Ir 1.00 Formic Acid DMF 16 hr 100
Ir 1.00 Formic Acid DMSO 16 hr No CH2 or CH3 peaks
Cdse 0.003 Formic Acid DCM 16 hr 0 Not suspended
Proton Source Cdse 0.003 Ascorbic Acid DCM 16 hr 0 Briefly suspended
CdSe 0.003 TEAH PF6 DCM 16 hr 60 1x
CdSe 0.03 TEAH PF6 DCM 16 hr 65 10x more QD Conc.
. CdSe 0.003 TEAH PF6 DCM 16 hr 60 1x QD Concentration
Concentration
CdSe 0.0003 TEAH PF6 DCM 16 hr 12 1/10x less QD Conc.
Cdse 0.00003 TEAH PF6 DCM 16 hr 2 1/100x less QD Conc.
CdSe 0.003 TEAH PF6 DCM 24 hr 63 1x QD Conc.
CdSe 0.003 TEAH PF6 DCM 24 hr 0 No amine
Control Rxns Cdse 0.003 -- DCM 24 hr 0 No TEAH PF6
- - TEAH PF6 DCM 24 hr 10" No QDs
Cdse 0.003 TEAH PF6 DCM 24 hr 0 No light
Ir 1.00 Formic Acid MeCN 16 hr 100 Original Stephenson
Ir 1.00 TEAH BPh4 MeCN 16 hr 100
Ir Cat. Ir 1.00 TEAH PF6 DCM 16 hr 100
Concentration Ir 0.003 Formic Acid MeCN 16 hr 12*
Ir 0.003 TEAH BPh4 MeCN 16 hr 17*
Ir 0.003 TEAH PF6 DCM 16 hr 28*

*Estimated values based on a linear trend between measured percentage yields at 12 and 18 hrs.

AThere is an uncatalyzed background reaction that occurs in DCM with light, TEAH PFg, and N,N-
diisopropylamine. The exact uncatalyzed percentage yield was challenging to reproduce across
trials. However, never more than 1% C-O cleavage was obsrved after 5 hrs and no more than 5%
after 7 hrs in DCM. After about 24 hrs, upwards of 10% percent yield could be observed and up
to 23% after 100 hrs, though 23% vyield after 100 hrs was only achieved once. Comparitively, up
to 5% C-O cleavage was observed with light, TEAH PFs, and N,N-diisopropylamine in acetonitrile
without a catalyst.
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Figure 5.2. Evaluation of mole percentage of quantum dots on conversion of BK to products after

16 hrs. Mole percentages of CdSe: 0.03% (1-Bottom), 0.003% (2), 0.0003% (3), 0.00003% (4-
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Figure 5.3. Control reactions after 16 hrs. From bottom to top: No amine (bottom, 1), No

TEAH'PF6™ (2), No QDs (3), No light (top, 4).
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Figure 5.4. Absorption spectra of the iridium catalyst and post-reaction solutions. Absorption
spectra of iridium catalyst and no catalyst control reactions after photoreduction. Comparison to

the neat iridium catalyst in acetonitrile.

It is hypothesized the background reaction is due to the formation of a red species whose
formation is dependent on the presence of amine. This red species could not be isolated by phase
separation, dissapearsin the presence of H>O and EtOAc, and was unobservable by GC-MS.Similar
species have been observed as intermediates in other photoredox reactions and this potentially
colored intermediate could serve to absorb light and facilitate some photoredox catalysis.*>® It is
likely that in our case that this red species is a polymerized/oligomerized aromatic compound like
polyguaicol,*” which has been previously identified as an organic soluble red precipitate.

It is not expected that simply replacing quantum dots in a system designed for an iridium
photocatalyst would lead to the optimal catalytic conversion. It is a prerequisite to ensure
compatibility between all components (i.e., catalyst, proton source, hole quencher, and solvent) in

the photodriven reaction system for C,—O bond cleavage. Although formic acid and ascorbic acid
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are common proton donors in many photocatalytic systems, stability challenges are often
encountered in many solvents because of the strong coordination of the conjugate bases of these
acids to the surface of the quantum dots. For example, rapid precipitation of CdSe quantum dots
capped with carboxylate and phosphonate ligands was observed upon addition of formic acid. It
was found that triethylammonium salts (TEAH™) conveniently serve as proton sources with no
detectable perturbation of quantum dot stability across a wide range of organic solvents. Suitable
TEAH" salts are easily prepared, purified, and isolated in high vyields from mixing
triethylammonium chloride with the sodium salt of a desired counteranion. For example,
[TEAH][BPh4] is highly soluble in acetonitrile while [TEAH][PF¢] is readily solubilized by DCM.
The hole quencher, diisopropylethylamine, was found to work without need for modification,
likely because of the large steric bulk around the Lewis basic nitrogen, which prevents strong
interactions with the quantum dot surface.

A control experiment evaluating the use of triethylammonium as a proton source shows
that iridium-catalyzed reactions have improved turnover rates when compared to the previously
reported formic acid system. In acetonitrile, direct replacement of formic acid for [TEAH][BPhs]
led to a 2.2x increase in turnover frequency, while a 4.7x increase in turnover frequency was
observed with [TEAH][PFs] in DCM. It should be noted that DCM had not been previously
reported as a solvent in the iridium system.

In addition to substitution of the proton source, the iridium catalyst was replaced by CdSe
quantum dots to facilitate conversion of the lignin model substrate (BK) to products. CdSe
quantum dots were readily suspended in acetonitrile following ligand exchange withtrans-4-
cyanocinnamic acid.*® Conversion of BK to 4'-methoxyacetophenone and guaiacol is achieved

over the same 16 h time frame as the iridium catalysts. In fact, the quantum dots required



185
significantly less catalyst to obtain the same product conversion rates. Only 0.003 mol % (333
times less) quantum dot catalyst was required to observe near-complete C,—O bond cleavage, as
shown in Table 5.1. However, when 0.003 mol % of iridium catalyst was used, no more than 30%
conversion was ever observed regardless of proton source over the course of 16 h. After the first
6 h, the rate of catalysis with 0.003 mol % CdSe slows but the reaction still progresses. Figure 5.5
shows the rates of catalysis over the initial 9 h for the iridium catalyst and CdSe quantum dots at
the same loading. This observed slowdown after 6 h is primarily attributed to the consumption of
substrate and not to catalyst degradation (vide infra). The trans-4-cyanocinamate-functionalized
CdSe quantum dots demonstrate a 15-fold increase in conversion rate over the first 9 h of the
reaction when compared to the optimized conditions for iridium. Despite the improvements to
turnover frequency in the iridium-catalyzed system with triethylammonium as the proton source,
the quantum dots still outperform the iridium catalyst by nearly a factor of 7. Figure 5.6 displays
the performance of each catalyst over 50 h. It can be seen that the reaction is not yet complete after
the initial 9 h but continues at a slower rate than the initial rate over the first 5 h. Characterization

associated with the reaction progress is included in Figures 5.7-5.12.



186

254° CdSe, TEAH*, MeCN
CdSe, TEAH*, CH,CI,
s 2O Ir, TEAH®, CH,CI, 3 ® ° L
‘é ° Ir, TEAH*, MeCN o
a3 a Ir, formic acid, MeCN
5 154 (lit. conditions) e
Q0
g
pd " )
5 101
>
o
= 15
5 2
F 5] .
.. ] o o o
obtifzag 8 % ¢ ¢ 0
0 1 2 3 4 5 6 7 5 5
Time (hr)

Figure 5.5. Comparison of turnover rate over the first 9 h of the reaction. The quantum dots

markedly outperform their iridium catalyst counterparts at 0.003 mol % catalyst loading.2®
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Figure 5.7. *H NMR evaluation of CdSe mediated reductive C-O bond cleavage of BK to guaiacol

and 4’-methoxyacetophenone in acetonitrile. NMR obtained in chloroform-d at room temperature.
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Figure 5.9. Example full *H NMR spectrum of CdSe mediated reductive C-O bond cleavage of

BK to guaiacol and 4’-methoxyacetophenone in acetonitrile after 11 hrs. NMR obtained in

chloroform-d at room temperature.
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—— DIPEA, Elution from 5.571 to 5.603 min

—— Pheno], Elution from 5.623 to 5.768 min

——4'-Methoxy acetophenone, Elution from 9.329 to 9.525 min
Guaiacol, Elution from 6.679 to 7.393 min

Abundance

|||,| .

30

70 90 110 130 150 170

m/z

Figure 5.12. Evaluation by GC-MS highlighting the MS spectrum of each eluted species. Phenol

is identified as a by-product in these reactions.
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The improved performance of the quantum dots over the iridium molecular catalyst is
attributed to a combination of the greater molar extinction coefficient, increased surface area, and
higher energy LUMO of the QDs. The molar extinction coefficient of the 3.3 nm CdSe quantum
dots is 1.96 x 108 L/mol-cm at 554 nm and increases toward the blue.*® The absorption onset of
[Ir(ppy)2(dtbbpy)]PFe is higher energy when compared with CdSe, with molar extinction
coefficients ranging from 10° to 10* L/mol-cm between 466 and 377 nm. The excited state redox
potential of the 3.3 nm QDs is —1.53 V versus SCE,! roughly 20 meV higher than the reduction
potential for the reduced Ir?* catalyst with a reported Ir(IIT)/Ir(IT) couple at —1.51 V versus SCE.*
Furthermore, the quantum dots show robust catalysis after more than 200 h of continuous

irradiance, boasting turnover numbers as high as 128,000, as shown in Figure 5.13.
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Figure 5.13. Evaluation of total turnover number. Total turnover evaluation of 0.003 mol% CdSe
in acetonitrile and dichloromethane as more BK is added to the reaction vessel. The QD
photocatalysts remain suspended after 200 hrs. Nearly 1 gram of BK was added over the initial
150 hrs of the reaction. Additional solvent (up to 3 mL) was added to retain a homogeneous

reaction medium.

5.3 SINGLE VESSEL C-O BOND CLEAVAGE FROM REDUCED MODEL SUBSTRATE

An added advantage of using quantum dots over traditional molecular photocatalysts is the
versatility to change the surface ligands for examination across a wide range of solvents. Iridium
molecular catalysts are nearly exclusively used in acetonitrile in prior investigations,26 35-37. 46
CdSe QDs are typically synthesized in nonpolar organic solvents with long-chain aliphatic ligands.
CdSe QDs with their native, oleate ligand set are readily solubilized by DCM, as is the proton

source [TEAH][PFs]. A comparison of oleate-capped CdSe and iridium catalyst in DCM with



195
[TEAH][PFs] showed the quantum dots outperform their molecular counterparts by a factor of
nearly 2x, ultimately leading to 63% conversion using quantum dots versus only 28% conversion
with the iridium catalyst after 24 h. The previous observation of higher turnover frequency by the
iridium catalyst in DCM versus acetonitrile is reversed for the quantum dot system. This is
attributed to the increased conversion rate of the trans-4-cyanocinamate-capped quantum dots over
the same-sized nanocrystals bearing oleate ligands to the shorter, more rigid, and
conjugated ligands. It has been reported previously that reducing ligand chain length improves
catalysis by facilitating substrate-quantum dot encounters.5%-5
Both native lignin and processed lignin are usually found in their reduced form. Thus,
oxidation of benzylic alcohol groups is often required prior to breaking the C,—O bonds. Reports
by Stahl and Stephenson have demonstrated catalytic aerobic benzylic alcohol oxidation of lignin
model systems using 4-AcNH-TEMPO and its derivatives.?® 8 Prior reports have used [4-AcNH-
TEMPO][BF4] in DCM as the first of two steps along the lignin model substrate degradation
pathway. After oxidation, C,—O bond cleavage can be executed with molecular catalysts, but only
after filtration, purification, evaporation, and transfer to a new solvent (acetonitrile).2® The solvent
versatility and robustness of the quantum dot platform enables a one-pot conversion of BA directly
to 4’-methoxyacetophenone and guaiacol in DCM by an initial oxidation of the benzylic alcohol
with [4-AcNH-TEMPO][BF4]. After oxidation, photocatalytic C.—O cleavage is conducted by
addition of CdSe, TEAH?", and diisopropylethylamine directly into the same vessel and proceeds
via the same reduction pathway observed previously for BK to products, despite the presence of
silica and residual [4-AcNH-TEMPO][BF4]. This method obviates the need for purification or

even filtration before addition of the quantum dots. Using the iridium catalyst under the same
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experimental conditions yielded no conversion of BK to products, presumably because of

incompatibility between the iridium catalyst and [4-AcNH-TEMPO][BF4].2
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Figure 5.14. Single vessel oxidation followed by photoreduction. Complete oxidation of BA in
the presence of Bobbitt’s salt and silica in DCM occurs over 3.5 h. 85% conversion of BK to
guaiacol and 4’-methoxyacetophenone occurs over the subsequent 40 h following addition of

quantum dots, [TEAH][PFs], and amine. The inset focuses on the initial 6 h of conversion.
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As can be seen in Figure 5.14, only BA is present initially. After 3.5 h of oxidation by [4-
AcNH-TEMPO][BF4] in the presence of silica gel, the benzylic alcohol is completely oxidized to
BK as determined by proton NMR spectroscopy. At this point, CdSe quantum dots, [TEAH][PFe],
and amine are added to facilitate conversion to guaiacol and 4’-methoxyacetophenone. Near-
complete conversion (85%) of benzylic alcohol to guaiacol and 4’-methoxyacetophenone occurs
after 40 h. This conversion is similar to the yields obtained when starting directly with BK.
However, the rate of reductive bond cleavage is slower when starting from the benzylic alcohol.
This is attributed to the presence of silica in the reaction system, which increases light scattering
and likely some interaction between [4-AcNH-TEMPO][BF:] and the quantum dots. Scheme 5.1
outlines the reaction conditions for each step in this single-vessel conversion of BA through BK
to products and Scheme 5.2 depicts a proposed mechanism for C,—O bond cleavage of BK to 4'-

methoxyacetophenone and guaiacol.

Scheme 5.1. Overview of oxidation of BA to BK followed by QD catalyzed photoreductive C-O

bond cleavage of BK to products.
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Scheme 5.2. Proposed mechanism of photoreduction using a quantum dot for C-O bond cleavage of BK

to products.
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5.4 CONCLUSIONS

In conclusion, we have demonstrated the versatility of CdSe quantum dots in C-O bond cleavage
using a lignin model substrate to emulate biomass depolymerization. Quantum dots outperform
state-of-the-art molecular iridium catalysts with up to a factor of 15 times greater turnover
frequency at equivalent catalyst loading. Additionally, the CdSe quantum dot system required 333
times less catalyst to achieve the same extent of product conversion previously reported for the

optimized iridium-catalyzed systems over the same time period. The solvent versatility for the
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quantum dot system permits single-vessel oxidation of the benzylic alcohol groups in lignin model
substrates, followed directly by C,—O reductive bond cleavage without any purification, filtration,
or solvent changes. The robust nature of the CdSe quantum dots promotes high turnover numbers
up to 128,000. This work has expanded the scope of reactions facilitated by quantum dots while

also progressing the field of biomass depolymerization.

5.5 EXPERIMENTAL METHODS

55.1 General Considerations

All quantum dots were synthesized using a standard Schlenk technique, and ligand exchange
was carried out in a glovebox under dry nitrogen. Cadmium oxide (CdO, >99.99%), selenium (99.99%),
1-octadecene (ODE, 90%), oleic acid (OA, 90%), trioctylphosphine (TOP, 97%), 2-bromo-1-(4-
methoxyphenyl)ethanone, potassium carbonate (>99%), guaiacol (>99%), sodium borohydride (98%),
[Ir(2-phenylpyridine).(4,4'-ditertbutylbipyridine)]PF6 ([1r(ppy)2(dtbbpy)]PFe), N,N-
diisopropylethylamine  (99.5%), [4-AcNH-TEMPO]BFs; (Bobbitt’s salt, 97%), sodium
hexafluorophosphate  (NaPFs, 98%), sodium tetraphenylborate (NaPFs, >99.5%), and
triethylammonium chloride were purchased from Sigma-Aldrich and used as received without further
purification. Acetone, diethyl ether, tetrahydrofuran (THF), deionized water, DCM, and acetonitrile

were purchased from various sources.

5.5.2  Synthesis of Benzylic Ketone Model Lignin Substrate

The synthesis of 2-(2-methoxyphenoxy)-1-(4-methoxyphenyl)ethanone (BK) was
accomplished similarly to prior reports.?®-52 A 500 mL round-bottom flask equipped with a large reflux

condenser with flowing water was charged with 2-bromo-1-(4-methoxyphenyl)ethanone (13.7 g, 60
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mmol), potassium carbonate (12.3 g, 89 mmol), guaiacol (8.2 mL, 74 mmol), and acetone (250 mL).
The resulting suspension was stirred and heated to reflux (73 °C) for 3 h in an oil bath. The solution
evolves from faint yellow to orange. Then, it was filtered through Celite and concentrated using the
rotary evaporator in a bath of room-temperature water. The crude product is a yellow/white solid. Prior
results have isolated BK by chromatography on SiO2 (70:30, hexanes/EtOAC). Purified BK was isolated
by suspending the crude product in 70:30, hexanes/EtOAcC, vigorous stirring, and centrifugation to
separate purified product from the colored supernatant with yields of up to 85%. BK could also be
recrystallized in hexanes or 70:30 hexane/EtOAc. Characterization by *HNMR of reagents and BK is

shown in Figure 5.15.
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Guaiacol (top), 2-bromo-1-(4-methoxyphenyl)ethanone (middle), 2-(2-methoxyphenoxy)-1-(4-methoxyphenyl)ethanone (BK, bottom)
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Figure 5.15. *H NMR characterization of starting materials. Commercial standards of guaiacol
(top) and 2-bromo-1-(4-methoxyphenyl)ethanone (middle). Also included is synthesized BK, 2-

(2-methoxyphenoxy)-1-(4-methoxyphenyl)ethanone (bottom).

5.5.3  Synthesis of Benzylic Alcohol Model Lignin Substrate

The synthesis of 2-(2-methoxyphenoxy)-1-(4-methoxyphenyl)ethanol (BA) was accomplished
similarly to prior reports.?®°2 A 100 mL round-bottom flask was charged with BK (1.7 g, 6.2 mmol),
THF (28 mL), and water (7 mL). Sodium borohydride (0.47 g, 12.4 mmol) was slowly added portion
wise over 3-5 min to maintain a gentle evolution of gas in the reaction vessel. After bubbling is ceased,

the reaction mixture was stirred for 3 h at room temperature. The reaction was ultimately quenched with
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saturated aqueous NH4Cl solution (50 mL) before dilution into water. The aqueous portion was
subsequently extracted with Et2O (3 x 50 mL). All of the combined organic extracts were washed twice
with brine, dried over MgSOg, filtered, concentrated in vacuo, and purified by chromatography on SiO2
(75:25, hexanes/EtOAC). Purified BA was also obtained via recrystallization in a minimum amount of

75:25, hexanes/EtOAC in yields of up to 90%.

55.4  Reductive C-O Bond Cleavage of BK

This procedure was modified to suit quantum dots as the photoredox catalysts from prior
reports.?® % A 1-dram vial with a small magnetic stir bar was loaded with 2-(2-methoxyphenoxy)-1-(4-
methoxyphenyl)ethanone (BK) (0.33 mmol, 1.00 equiv), solvent (DCM or MeCN, 1.67 mL), N,N-
diisopropylethylamine (1.0 mmol, 3.0 equiv), proton source (triethylammonium salt or formic acid, 1.0
mmol, 3.0 equiv), and catalyst (CdSe QDs or [Ir(ppy)z(dtbbpy)]PFs). The vial was capped, and the
reaction mixture was stirred under illumination with white light-emitting diodes (LEDs) to give a
constant flux of 200 m\W/cm2 across the entire face of the reaction vessel. Extractions between 50 and
100 pL were made over the course of the reaction to track the reaction rate. The solvent was removed
under vacuum and suspended in CDCI3 for evaluation by NMR spectroscopy. See Table 5.2 for more

information.
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Table 5.3. Typical reaction conditions used for reductive C-O bond cleavage reactions of BK.

Chemical species Amount MW (g/mol) mmol Molar Equivalents
2-(2-methoxyphenoxy)-1-
(4-methoxyphenyl)ethanone 0.0908 ¢ 272.3 0.33 1.00
(BK)
N,N-Diisopropylethylamine 0.1733 mL 129.24 1.00 3.00
Proton Sources
Formic acid 0.0377 mL 46.03 1.00 3.00
Triethylammonium BF4 0421 ¢ 421.427 1.00 3.00
Triethylammonium PFe 0.247 ¢ 247.16 1.00 3.00
Solvents
Acetonitrile (MeCN) 167 mL 41.05 31.98 95.89
Dichloromethane (DCM) 167 mL 84.93 26.15 78.43
Catalysts*
[Ir(ppy)2(dtbbpy)]PF6 0.0033 g 913.95 3.61*108 0.01
CdSe QDs 1.00*10° 3.00*10%

* Amount of catalyst described in this table represents the amount of iridium catalyst used to
replicate prior reports?® %€ while the CdSe QD amount is representative of the amount of catalyst
used to track reaction rates described throughout the paper. For comaprison studies, the iridium

catalyst amount was reduced to 1.00 x 10> mmol (3.00 x 10 molar equivilants).

5.5.5  Single-Vessel C-O Bond Cleavage from BA

(Oxidation of BA to BK) A 1-dram vial with a magnetic stir bar was charged with 2-(2-
methoxyphenoxy)-1-(4-methoxy-phenyl)ethanol (BA) (0.20 mmol, 1.00 equiv), DCM (2.0 mL), silica
gel (100 wt % of benzylic alcohol), and [4-AcNH-TEMPO]BF4 (Bobbitt’s salt, 1.05 mmol, 1.05 equiv).
The vial was capped and the heterogeneous mixture was stirred at room temperature under white LED
illumination until all BA had been converted into BK (~ 3.5 h). Light is not necessary to facilitate this
reaction, but illumination was maintained for consistency of the reaction setup. (Reduction of BK) After
3.5 h, N,N-diisopropylethylamine (0.6 mmol, 3.0 equiv), triethylammonium PF6 (0.6 mmol, 3.0 equiv),

and CdSe QDs (6.00 x 10-6 mmol, 3.00 x 10~ equiv) dissolved in a minimum amount of DCM (0.1
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mL) were quickly added to the reaction vessel and the reaction continued under white LED illumination.
No filtration or purification steps were made between oxidation and reduction steps. See Table 5.3 for

more information.

Table 5.4. Typical reaction conditions used for single vessel C-O bond cleavage reactions from BA.

Chemical species Amount MW (g/mol) mmol Molar Equivalent

2 éie';‘;f;‘:t’%ﬂgf?g%) 1-(4-methoxy 0.055 g 274.216 0.20 1.00
Dichloromethane (DCM) 20 mL 84.93 31.32 156.2
Silica gel 0.055 ¢ 60.08 0.92 4.56
[4-AcNH-TEMPO]BF,, Bobbitt’s salt 0.063 g 300.1 0.21 1.05
Triethylammonium PFg 0.148 ¢ 247.16 0.60 3.00
N,N-Diisopropylethylamine 0.104 mL 129.24 0.60 3.00

CdSe QDs 6.00*106 3.00*10°%

5.5.6  Synthesis of Triethylammonium Precursors

(TEAH PF6) Sodium PF6 and triethylammonium chloride were each dissolved in water in their
own beakers at approximately 5 mL per 5 g of solid. The two solutions were combined, stirred
thoroughly, and crystalized in a refrigerator. The resulting white crystals were collected in a Buchner
funnel and redissolved in a minimum amount of water. TEAH PFe was recrystallized once again in a
refrigerator and collected again with a Buchner funnel. TEAH PFe was placed in a round-bottom flask,
heated to 75 °C, and dried under vacuum for several hours to remove residual water. It should be noted
that TEAH PFs melts around 100 °C under vacuum. (TEAH BPhs) The BPhs analogue of the

triethylammonium salt was prepared in a similar manner using NaBPha.
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5.5.7  Synthesis of CdSe QDs

The selenium precursor, trioctylphosphine selenide, was prepared by dissolving 0.060 g of 100
mesh Se powder (99.999%) in 0.84 g of TOP (1.01 mL) and 4.16 mL of ODE until the solution turned
completely clear. Next, the cadmium precursor was prepared by loading 0.134 g of CdO, 1.20 mL of
OA, and 8.00 mL of ODE into a 50 mL three-neck flask. The flask was degassed for 30 min at room
temperature before heating to 240 °C under nitrogen. The cadmium precursor turned clear, indicating
formation of cadmium oleate. Once the cadmium solution was completely clear, 5 mL of selenium
precursor was added rapidly. The reaction was monitored by UV-vis and photoluminescence
spectroscopy as the solution color advances from yellow to orange to red.> The size of the particles was
controlled by quenching the reaction (by removing the heating mantle) when the target size of the
nanoparticles was achieved. Particles with a diameter of 3.3 nm were obtained after 4 min. The
nanocrystals were purified by repeat dissolution/precipitation using toluene as the solvent and
precipitation with methanol. The first two precipitation steps required ethyl acetate as a cosolvent to

remove ODE. See Table 5.4 for more information.

Table 5.5. Reagents used to synthesize CdSe QDs with oleate ligands

Chemical species Amount MW (g/mol) mmol
Cadmium oxide 0.134 ¢ 128.41 1.04
Oleic Acid (OA) 1.20 mL 282.47 3.80

1-Octadecene 8.00 mL 252.49 25.0
Selenium (powder) 0.060 ¢ 78.09 0.768
Trioctylphosphine (TOP) 084 ¢ 370.635498 2.27
1-Octadecene 416 mL 252.49 13.0
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5.5.8  Ligand Exchange to Trans-4-cyanocinnamate-Capped CdSe

This ligand exchange procedure was adopted from Kroupa et al.*® A solution of oleate-capped
CdSe QDs was prepared in DCM in a nitrogen-filled glovebox and its concentration was determined
using absorbance spectroscopy.> The conjugate acid equivalent amount of trans-4-cyanocinnamate
ligand necessary to completely exchange the standardized QD solution (900 ligands per QD) was
suspend in 5:1 acetonitrile/isopropyl alcohol with gentle sonication. The ligand solution was added
dropwise to the QD solution with vigorous stirring, and the exchange was allowed to proceed for 15
min. Ultimately, the QD solution volume to ligand solution volume was 10:1. Acetonitrile was added
upon visual precipitation of the particles to ensure the particles remained suspended in the solvent
mixture. The exchanged QDs were isolated from byproduct OA and excess trans-4-cyanocinnamic acid
by first removing solvent in vacuo followed by multiple precipitation, centrifugation, and redissolution
cycles using acetonitrile as the solvent and hexanes as the antisolvent. Figure 5.16 shows the absorbance

and fluorescence spectra of CdSe compared to the iridium catalyst in acetonitrile and dichloromethane.



>
=
!—\
= 51 N

it
&

Absorbance/Emission (arb)

) &
bt =
® o =)

Absorbance/Emission (arb
(=}
N

CdSe in acetonitrile

—— CdSe in acetonitrile

300 400 500 600 700
Wavelength (nm)

Iridium catalyst in acetonitrile

Iridium catalyst in acetonitrile

N

300

400 500 600 700

Wavelength (nm)

800

800

Absorbance/Emission (arb) ~—

Absorbance/Emission (arb) ~—

=
o

207

0.8 CdSe in DCM
CdSe in DCM
0.4
0
300 400 500 600 700 800
Wavelength (nm)
1.2
0.8 Iridium catallyst in DCM
Iridium catallyst in DCM
0.4
0 /\
300 400 500 600 700 800
Wavelength (nm)

Figure 5.16. Absorbance and fluorescence characterization of catalysts in acetonitrile and

dichloromethane. CdSe in acetonitrile, B) CdSe in dichloromethane, C) iridium catalyst in

acetonitrile, D) iridium catalyst in dichloromethane. The quantum dots absorb at 554 nm. Using

this absorption energy, the particles are 3.3 nm in diameter with a molar extinction coefficient of

196,000 L/mol-cm.>®

5.5.9

Additional Apparatus Details

All photocatalytic reactions were carried out in 1-dram vials and stirred at 1500 rpm. Two

illuminated white light LEDs (Hyperikon MR16 GU10, LED 6.5 W (50 W equiv), 500 Lumen, 4000 k

(Daylight Glow), CRI 84+, 120 V, 40° Beam Angle), were focused on each side of the vial at a distance
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of 3 cm apart with the 1-dram vial positioned. This illumination provided a measured energy flux of

200 mW/cmz2 across the visible spectrum between 400 and 600 nm.

5.5.10 Sample Characterization

UV-visible absorption spectra were obtained with an Agilent Cary 5000 spectrophotometer,
and fluorescence spectra were recorded using a Horiba Jobin Yvon FluoroMax-4 fluorescence
spectrophotometer. Characterization by NMR spectroscopy and gas chromatography—mass
spectrometry was carried out using a 300 MHz Bruker AVANCE spectrometer and Agilent 5973 gas

chromatograph—mass spectrometer, respectively.
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APPENDIX A

Collection of TEM images from Chapter 2: Kinetically controlled assembly of cadmium chalcogenide
nanorods and nanorod heterostructures
14 min

6 min 20 min

(Continues on next page)
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28 min

Figure A.17. TEM images of unseeded CdSe nanorod growth. These images correspond to data

reported in Figure 2.1 of the main text.
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A) & B)

C) 2% D) i
Figure A.18. Progressive elongation of CdSe starting from CdSe nanorods. The starting

27.6 £ 2.9 nm by 2.9 + 0.4 nm nanorods (A). The increased dimensions are 44.4 £ 6.5 nm by 4.4
+ 0.6 nm after 30 min (B), 69.8 £ 9.1 nm by 5.2 £ 0.8 nm after 30 min (C), and 99.3 £15.1 nm 5.9

+ 1.0 nm after 65 min (D).
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Figure A.19. TEM images of growing CdSe nanorods upon 2.73*10°" mol seeds.
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Figure A.20. TEM images
of growing CdSe nanorods
upon 2.73*10® mol seeds.
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(Continues on next page)
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1 hr 30 min 2 hr 30 min |

Figure A.21. TEM images of growing CdSe nanorods upon 1.0*10°® mol seeds.
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28 min

Figure A.22. TEM images of CdSe nanorod growth on 2.73*10"" mol CdS seeds.
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26 min 28 min 30 min

Figure A.23. TEM images of CdSe nanorod growth on 8.19*10"" mol CdS seeds.
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Figure A.24. TEM images of the growing CdS nanorods on CdSe seeds.
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6 min 18 min 30 min

10min20s

Figure A.25. TEM of
growing CdSe nanorods
when precursor is doubled
in a single addition event
after 7.5 min of reaction
time.
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9 min 24 min 50 min

Figure A.26. TEM of growing CdSe nanorods when 50% more precursor is added in a single
event after 7.5 min of reaction time.
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6 min 18 min 30 min

15 min 27 min
: Figure A.27. TEM of
growing CdSe nanorods
when precursor is
resupplied at a steady rate
of 50 monomers rod s,
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9 min 30 min 90 min

Figure A.28. TEM of growing CdSe nanorods when precursor is resupplied at a steady rate of 3.5
monomers rod * s2,
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6 min 15 min

Figure A.29. TEM of growing CdSe nanorods when extra TDPA is added at 7.5 min.
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6 min 15 min 30 min

Figure A.30. TEM of growing CdSe nanorods when extra TOP is added at 7.5 min.
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