


 

 

ABSTRACT 

Advanced Synthesis Techniques and Characterization of Functional 

Semiconductor Nanomaterials 

by 

Sravani Gullapalli 

Semiconductor materials are used in several modern day applications ranging from 

photovoltaic devices to environmental remediation. The electronic, optical, catalytic and 

physical properties of semiconductor nanomaterials can be precisely tuned by altering 

their size, shape and composition. It is thus imperative to develop simplified cost-

effective techniques to synthesize functional semiconductor nanomaterials with structural 

and morphological control. The overall goal of this thesis is to design new synthetic 

schemes for well-characterized semiconductor nanomaterials and subsequently 

demonstrate their potential in photovoltaic and photocatalytic applications.  

Shape control of semiconductor nanomaterials is crucial for photovoltaic 

applications. Longer armed cadmium selenide (CdSe) tetrapods have demonstrated 

enhanced performance in hybrid solar cells. Conventional long arm tetrapod syntheses 

necessitate multiple injections of flammable phosphorous based chemicals. A new non-

phosphorous route to long CdSe tetrapods with arm lengths > 70 nm is demonstrated by 

manipulating the "greener" selenium precursor temperature in the presence of a 

quaternary ammonium salt as the shape directing agent.  

Another interesting shape is the hollow morphology that provides the advantage 

of higher surface-to-volume ratio. However this shape for CdSe is much less investigated 



 

 

in photovoltaic applications. A novel molten-droplet synthesis strategy is developed to 

synthesize quantum confined CdSe hollow nanoparticles (HNPs) based on the slow 

heating of a low melting point cadmium salt, elemental selenium and an alkylammonium 

surfactant in octadecene solvent with no external ligand. This generic technique is shown 

to be applicable for a variety of metal chalcogenide compositions. Further, photovoltaic 

device characterization in a hybrid solar cell indicate that HNPs have improved electron 

transport characteristics compared to standard CdSe quantum dots. 

Hybrid photovoltaic device fabrication is based on low cost colloidal solution-

based techniques. A new insight to understanding nanoparticle solvent interactions is 

provided using coarse-grained computational models and experimental characterization 

of oleate-capped NPs in various solvents. Solvent polarity was shown to strongly affect 

NP hydrodynamic diameter, colloidal stability and aggregation behavior.  

Photocatalytic removal of organic contaminants using semiconductor 

nanomaterials provides a low-cost, environmentally clean alternative for the utilization of 

renewable energy sources. Most photocatalytic environmental remediation techniques are 

oxidative and result in either partial or complete mineralization of the contaminant. A less 

explored reductive photocatalytic approach to organohalide removal has been 

demonstrated without necessitating an external co-feed of hydrogen (H2) using 

hydrodechlorination (HDC) of trichloroethene (TCE) as the test reaction. Bifunctional 

palladium-based titanium dioxide (TiO2) reduction photocatalysts were synthesized for 

TCE HDC with simultaneous in-situ H2 generation by photocatalytic water splitting. 

Extension of this reductive photocatalytic approach to other groundwater contaminants 

could simplify future remediation efforts. 
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Chapter 1 

Background and Research Motivation 

 

1.1. Introduction  

Semiconductors are materials with electrical conductivities that are intermediate to metals 

and insulators
1
. Semiconductors and devices based on them are often considered as the 

heart of modern day electronics
2-5

. Due to their ability to interact with light, 

semiconductor materials have also gained immense interest in applications such as 

photovoltaic devices (solar cells)
6, 7

, environmental remediation
8
, hydrogen production

9
 

and bio-imaging
10

. For all of the above applications, semiconductor based research has 

evolved from conventional bulk-sized materials to "nano-"sized materials. From the 

Greek word nanos meaning dwarf, the prefix nano- is used in the metric system to mean 

10
–9

, or one-billionth
11

. The physical
12, 13

, optical
14

, electronic
15

, catalytic
16

 properties of 

crystalline semiconductor materials change drastically at length scales of 100 nanometers 

(nm) and below.  

1.2. Bulk versus Nano-sized Semiconductors 

The size dependent variations in the physico-chemical properties of bulk and nano-sized 

semiconductor materials are attributed to differences in their electronic structure and 

surface properties. 

1.2.1. Electronic Structure 

Macro-crystalline semiconductors consist of three dimensional networks of ordered 

atoms. The electronic structure of any material is given by the combination of the 

individual atoms following quantum mechanical principles. While the energy levels in 



2 

 

atoms are discrete and well separated, those in bulk crystalline semiconductors are 

characterized by broad bands of energy states separated by a forbidden energy region 

(bandgap; Eg) 
4
. At 0 K, the energy band below the gap that is filled with electrons is 

known as the valence band, while the upper unfilled energy band is the conduction band.  

 

Figure 1.1 (a) Electronic band structure of a bulk semiconductor (b) Exciton formation 

on light irradiation 

When light (photon) of energy greater than the band gap of the semiconductor is 

incident on it, electrons from the valence band can get excited to the conduction band, 

leaving behind positively charged vacancies or "holes" (Fig. 1.1). These electrons and 

holes are electrostatically bound to form electron-hole pairs or excitons whose binding 

energies differ based on the semiconductor. The electron-hole pair can be modeled like a 

hydrogen atom that is described by a material dependent Bohr radius and has a fast decay 

rate. 
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When the size of the semiconductor is decreased in all three dimensions such that 

the radius of the nanocrystal (NC) is below the bohr exciton radius of the material, the 

wavefunctions of the electron and holes become "quantum-confined" similar to the 

"particle in a box" quantum mechanical problem. As a result, discretization of the 

conduction and valence bands is observed in the spherical nanocrystal or "quantum dot" 

(QD). Thus, the electronic structure of semiconductor nanocrystals can be considered 

intermediate to the discrete levels of an atom and the continuous band structure of a bulk 

solid (Fig 1.2).  

 

Figure 1.2 Electronic energy levels of a semiconductor transitioning from atoms to 

nanocrystals to bulk materials. Adapted from Schmid, G., Nanoparticles: From Theory to 

Application. Wiley-VCH: Weinheim, 2010. 

The most important consequence of the quantum confinement effect in 

semiconductor nanomaterials is the ability to tune the band gap by varying its size 

without any necessity for chemical composition alteration. 
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Jasieniak et al.
17

 developed empirical models relating the conduction and valence 

band edges energies to the QD diameter for various semiconductor compositions. As the 

size of QD decreases the band gap of the semiconductor increases (Fig 1.3). Changing the 

shape and thus the degree of confinement from 3D (quantum dots) to 2D (quantum rods 

or branched particles) to 1D (quantum wells or disks) also affects the bandgap. As the 

degree of confinement decreases electrons are delocalized in the dimension that is not 

confined, making the electronic confinement weaker. Hence the quantization of density 

states varies from continuous in the bulk to discrete in the quantum dot (Fig 1.4 a). Thus, 

the tunability of the bandgap of a semiconductor decreases with a decrease in the degree 

of confinement (Fig 1.4b) 

 

Figure 1.3 The valence and conduction band energies of PbSe QDs as a function of 

diameter (nm) and first absorption energy (eV). Adapted with permission from Jasieniak 

et al.; ACS Nano 2011, 5, 5888-5902. Copyright (2011) American Chemical Society 
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Figure 1.4 (a) Idealized density of states for semiconductor with different degrees of 

confinement. Adapted with permission from Alivisatos, A. P., J. Phys. Chem. 1996, 100, 

13226-13239. Copyright (1996) American Chemical Society; (b) Bandgap (eV) of CdSe 

quantum wells, wires, and dots plotted as function of confined dimension length (nm). 

Adapted with permission from Smith, A. M. et al.; Acc. Chem. Res. 2010, 43, 190-200. 

Copyright (2009) American Chemical Society. 

1.2.1.1. Optical Properties  

As a consequence of their size tunable band-gaps semiconductor nanocrystals 

demonstrate very interesting optical properties. For e.g. bandgaps for cadmium selenide 

(CdSe) NPs can be varied from 1.76 eV to 2.75 eV which spans the visible spectrum 

(47% of solar spectrum) as opposed to a fixed bandgap for bulk CdSe (1.76 eV). The 

Bohr radius for CdSe is 9.6 nm. Thus by changing CdSe NP size from 6 nm to 2 nm, its 

emission color can be changed from red to blue (Fig. 1.5a). The discretization of the 

electronic structure results in the presence of sharp excitonic peaks in the absorption 

spectra as opposed to the continuous bulk spectra (Fig. 1.5b). By controlling the size 

distribution of the NPs, very narrow emission spectra can be achieved with high color 

purity
12

. In general nanorods and branched nanoparticles show narrower emission spectra 
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than spherical NPs. Due to their interesting optical properties and air-stability, NCs are 

used in bio-imaging
10

 and display applications
18

. 

 

Figure 1.5 (a) Size dependent band gap and optical properties of CdSe NPs. Reproduced 

from Donega, C. M.; Chem. Soc. Rev. 2011, 40, 1512-1546 with permission of The Royal 

Society of Chemistry. (b) Absorption and fluorescence spectra of CdSe NPs showing 

quantum confinement and size tunability. Adapted with permission from Smith, A. M. et 

al.; Acc. Chem. Res. 2010, 43, 190-200. Copyright (2009) American Chemical Society. 

1.2.2. Surface Properties 

Surface properties and thus observed surface phenomena of nanomaterials are vastly 

different from their bulk counterparts. As the size decreases, the fraction of atoms on the 

surface of the material increases
12

. As an example, for a 2 nm sized QD ~70-80% of all 

the atoms in the nanoparticles (NPs) are on the surface. Most nanocrystals are faceted as 

opposed to being spherical in nature
12

 and assume extended crystal like regular shapes. 

The atoms on the surface of crystal facets are incompletely bonded within the crystal 

lattice
19

 (dangling atoms) making the surfaces of nanocrystals very reactive and thus 
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drastically changing their physical, catalytic and optical properties. In high-index facetted 

crystals the catalytic activity is enhanced due to the presence of dangling atoms
20

. On the 

other hand, increasing degree of unpassivation leads to rapid deterioration of NC optical 

properties due to the formation of surface traps
19

. Similarly, melting temperature 

depression is observed in nanocrystals as compared to their bulk counterparts due to their 

incompletely passivated surfaces
21

. Nanocrystal surfaces can be passivated by organic 

ligand capping, inorganic shell coating or growing alloyed shells
19

. 

In addition to the size, the shape of the nanocrystal also determines the fraction of 

surface atoms and the types of facets
19

. Spherical quantum dots have the least surface to 

volume ratio and are thermodynamically most stable. Elongated structures such as rods or 

branched particles have high surface-to-volume ratio with a large fraction of their atoms 

on the surface (Fig. 1.6). 

 

Figure 1.6 Fractions of atoms on the nanocrystal surface versus total number of atoms. 

Wires (purple) 1 μm long, disks (green) 20 nm long and rods (red) 4 nm in diameter. 

Adapted with permission from Smith, A. M. et al.; Acc. Chem. Res. 2010, 43, 190-200. 

Copyright (2009) American Chemical Society. 
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When the excited electron relaxes back to the valence band, recombination of the 

electron – hole occurs and is accompanied by the emission of energy. If the exciton 

annihilation is accompanied by the emission of a photon the process is known as radiative 

recombination. The recombination can occur through non-radiative processes (heat) also. 

For applications wherein the separation of the electron and hole is important 

(photovoltaics or catalysis) these recombination events are undesired. Typical exciton 

diffusion lengths before recombination occurs is 10-20 nm
22

. Since most applications 

require surface charge carriers
23

, the distance the photogenerated carriers have to travel to 

reach the surface in nanocrystals is significantly reduced. Different shapes of NCs show 

different recombination rates. For e.g. changing the shape of the NC to elongated 

structures such as nanorods or branched lowers the recombination losses as compared to 

spherical QDs
24, 25

. Another approach is the deposition of metal nanoparticles on the 

semiconductor NC surface
26

,wherein the metal provides a sink for the electrons. 

1.3. Applications of Semiconductor Nanocrystals Based on Light Irradiation 

Photogenerated excitons on the absorption of light by a semiconductor can be dissociated 

into separate electrons and holes and used to run chemical reactions (photochemistry
27

, 

photocatalysis
28

), to generate electricity under a potential (photovoltaics
29, 30

) or stored
31

.  

1.3.1. Photovoltaic Applications 

A photovoltaic cell is a device that converts directly absorbed light energy in the 

form of photons into electrical charge carriers, i.e. electrons and holes that in the presence 

of an accelerating voltage result in electrical energy. Currently single crystal based 

photovoltaic devices dominate the field and are commercially available with ~15% 
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efficiency
32

. However currently silicon based technologies suffer from high cost of 

manufacturing and production. 

Semiconductor nanocrystals (NCs) are viable alternatives as efficient and 

inexpensive photovoltaic materials due to their size and shape tunable optical & 

electronic properties and colloidal solution based fabrication techniques. NC based PV 

cells contain materials that absorb light and separate the photogenerated excitons. The 

types of QD solar cells are based on the strategy used to dissociate excitons within the PV 

device such as donor–acceptor pairs with staggered band alignment (hybrid polymer-NC 

solar cells cells), p-n junctions & Schottky barriers (all inorganic solar cells) or 

semiconductor-liquid interfaces
33

 (dye-sensitized solar cells) (Fig. 1.7). 

 

Figure 1.7 (a) Hybrid polymer – NC solar cell (b) Inorganic solar cell (c) Quantum dot 

sensitized solar cell. Adapted with permission from Kamat, P. V.; J. Phys. Chem. C. 

2008, 112, 18737-19753. Copyright (2008) American Chemical Society. 

1.3.1.1. Hybrid Solar Cells 

Organic solar cells consist of a photoactive layer based on blends of donor (typically 

conducting polymers) and acceptor materials (typically fullerene derivatives), wherein 

charge separation occurs at the interface of the two materials and charge transport occurs 
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through percolation pathways. All organic solar cells however are air unstable and have 

low electron mobilities
22, 33

. For efficient charge separation and transport, bandgap tuning 

of the donor and acceptor is very important. In order to control the bandgap often the 

chemical composition of the polymers need to be changed. With size tunable bandgaps, 

high electron mobilities, easy solution processability and strong light absorption over a 

wide wavelength range NCs are excellent candidates to be used as donor or acceptor 

materials. Hybrid solar cells (Fig. 1.7a) are based on organic solar cell principles but use 

NCs as either p- or n- type components. CdSe NCs as electron acceptors in hybrid solar 

cells have been extensively investigated
22

. Dayal et al. 
24

 demonstrated the effect of 

nanoparticle shape on PV performance of CdSe based solar cells with poly-3-

hexylthiophene (P3HT) as the conducting polymer donor material. The branched four-

armed NP (tetrapod, 4pod) shape was found to give the highest device efficiency. 

Spherical quantum dot performed poorly in comparison to the nanorod (NR) and 4pod 

due to loss of charge carriers through recombination. The aspect ratio of the NR and 4pod 

allowed for the electrons to move away from the dissociation site. Additional 

enhancement for the 4pod was achieved due to its morphology that facilitated better 

electron percolation and extraction. 

1.3.1.2. All-Inorganic Solar Cells 

Polymer-based solar cells suffer from poor air stability. Using colloidal NCs for both the 

donor and acceptor avoids unstable organic components while still maintaining 

inexpensive solution-based device fabrication. For e.g., CdTe/CdSe blends have similar 

donor-acceptor characteristics to P3HT/CdSe blends and were used by Gur et al. 
34

 in all 

inorganic solar cells. Another strategy for electron-hole separation is by utilizing metal-
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semiconductor Schottky barriers. A built-in field is created at the metal-semiconductor 

interface that dissociates the exciton. Schottky solar cells (Fig. 1.7b) with narrow 

bandgap materials such as lead sulfide (PbS) and lead selenide (PbSe) in contact with a 

top metal contact (magnesium, aluminum etc.) have been recently demonstrated 
35-37

. 

Narrow bandgap materials have the additional possibility of forming more than one 

electron-hole pair from a single absorbed photon (multiple exciton generation)
37

. 

1.3.1.3.  Quantum Dot Sensitized Solar Cells 

Dye-sensitized solar cells consist of a ruthenium based dye, nanostructured titanium 

dioxide (TiO2), liquid electrolyte redox couple (I
-
/I3

-
), and metal electrode (Fig. 1.7c). 

The dye acts as the donor of photogenerated electrons, whereas the wide band gap 

semiconductor, TiO2 acts as the acceptor. I
-
 ions get oxidized to I3

-
 by reducing the 

positively charged dye to its ground state. I3
-
 eventually gets reduced back to I

-
 at the 

metal electrode. Quantum dot sensitized solar cells replace the expensive and precious 

metal based ruthenium dye with semiconductor NCs as the donor material. Size tunable 

band gap, sharp absorption features, large absorption coefficients, air stability and low 

cost of semiconductor NCs such as CdSe
6, 33

 make them attractive alternatives over dyes. 

1.3.2. Photocatalytic Applications 

Semiconductors are used for photocatalytic reactions due to their ability to generate 

electrons and holes on light irradiation that can initiate or accelerate reduction and 

oxidation reactions on the surface. The three main steps of heterogeneous photocatalysis 

26, 38
 are excitation, bulk diffusion and surface reaction (Fig. 1.8). In the excitation stage, 

the semiconductor absorbs light of suitable energy to form charge carriers. In the bulk 
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diffusion stage, the formed electrons and holes migrate to the surface. Recombination 

losses either in the bulk (mainly) or at the surface dominate in this step. In the surface 

reaction step, the electrons (reduction) and holes (oxidation) react with adsorbed reactant 

molecules. The surface atomic arrangement and coordination of the semiconductor 

affects the adsorption of reactant molecules, the surface reaction with charge carriers and 

reactants and finally desorption of products. 

 

Figure 1.8 Mechanism of photocatalytic process. Adapted with permission from 

Linsebigler, A. L. et al.; Chem. Rev. 1995, 95, 735-758. Copyright (1995) American 

Chemical Society and Chen X. et al.; Chem. Rev. 2010, 110, 6503-6570. Copyright 

(2010) American Chemical Society. 

In addition, the electronic band gap structure and the relative position of band 

edge positions of the semiconductor have to be compatible with the electrochemical 

potential necessary to trigger certain redox reactions. For e.g. in the case of photocatalytic 

water splitting reaction, the conduction band level of the catalyst should be more negative 

than the hydrogen production level ( OHH EE
22

/ ) and the valence band level should be 
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more positive than water oxidation level ( OHO EE
22

/ )
39

. Figure 1.9 shows the band edge 

positions of common semiconductor photocatalysts relative to the energy levels of 

various redox couples in water. 

 

Figure 1.9 Band edge positions of semiconductor photocatalysts relative to the energy 

levels of redox couples in water. Reprinted with permission from Tong et al.; Adv. Mat. 

2012, 24, 229-251. Copyright (2012) Wiley-VCH. 

Semiconductor nanocrystals with very high surface areas, active facet surfaces, 

large number of surface charge carriers, size tunable-band gap engineering and strong 

absorption onsets are thus widely used for photocatalytic applications
23, 40

. Air-stable and 

non-toxic TiO2 is widely used as a photocatalyst for environmental remediation
41-44

 and 

hydrogen production
39

. TiO2 is a wide band gap semiconductor (3.2 eV) with Bohr radius 

around 2 nm
45

 , sharp absorption onset and energetic holes. Decreasing the particle size 

from the bulk to ~20 – 30 nm increases the TiO2 surface-to-volume ratio by ~ 10%
23

. The 
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distance the photogenerated charge carriers have to travel to reach the surface is also 

decreased in TiO2 NPs, reducing bulk recombination events.  

To further decrease recombination events, co-catalysts such as platinum (Pt) or 

palladium (Pd) can be deposited onto the semiconductor surface. In cases where exciton 

separation is necessary, the heterojunction provides an internal field to split the electron 

hole pair and facilitates faster carrier migration. The co-catalysts also behave a s electron 

sinks and provide sites for the reduction half reaction because of their lower overpotential 

and better conductivity
26

. Another strategy to decrease recombination is through 

increasing the anisotropy in the shape, while retaining high specific surface area. For e.g. 

Wu et al.
46

 demonstrated one dimensional single crystalline TiO2 nanobelts to have lower 

charge carrier combinations as compared to nanospheres.  

Activity of photocatalysts can also be controlled by controlling the surface atomic 

arrangement and coordination structure. Highly unpassivated nanocrystal surfaces are 

demonstrate superior reactivity compared to a passivated nanocrystal surface
38

. Shaped 

particles with facetted crystal structures can result in facet-dependent adsorption of 

reactants
47

, reaction selectivity
48

 and reduction-oxidation sites
49

. For instance, anatase 

TiO2 crystals with greater fraction of {101} facets demonstrate enhanced activity
50

. 

Tuning the band gap positions of nanocrystalline semiconductor materials allows 

for redox reactions to occur that are not possible with their corresponding bulk band gaps. 

Reducing the size of molybdenum sulfide (MoS2) shifts the redox potentials of the 

conduction and valence bands so as to be able to oxidize water to create hydroxyl radicals 

(Fig. 1.10). 
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Figure 1.10 Position of conduction and valence band edges vs. normal hydrogen 

electrode for MoS2 of various sizes. Adapted with permission from Thurston, T.R. et al.; 

J. Phys. Chem. B 1999, 103, 11-17. Copyright (1999) American Chemical Society. 

1.4. Research Motivation and Thesis Outline 

Semiconductor nanomaterials demonstrate fascinating electronic, catalytic, optical and 

physical properties as compared to their bulk counterparts, making them beneficial for 

photovoltaic and photocatalytic applications. Precise control over the size, shape and 

composition of semiconductor nanomaterials is desired. Thus developing simplified cost-

effective techniques to reproducibly synthesize composite nanomaterials with well-

defined morphologies becomes important.  

The overall motivation of this thesis was to design new synthetic schemes for 

well-characterized semiconductor nanomaterials and subsequently demonstrate their 

potential in photovoltaic and photocatalytic applications. The first part of this thesis 

describes shape control techniques for cadmium chalcogenide nanoparticles, primarily 

cadmium selenide (CdSe). A "greener" synthetic approach to the popular CdSe four-

armed tetrapod morphology and a novel molten-droplet synthesis technique to 

photovoltaicly active CdSe hollow nanoparticles (HNPs) are described. Subsequently, a 

new insight to understanding interactions of nanoparticles with their environment 
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(solvents) is provided using computational and experimental studies. Finally, photoactive 

composite semiconductor nanomaterials are used to remediate a common organohalide 

ground water pollutant through a less explored reductive photocatalytic approach. 

Bifunctional photocatalysts are developed that simultaneously reduce the test 

contaminant and generate hydrogen from water splitting reaction. The chapters in this 

thesis are introduced below.  

Shaped semiconductor nanoparticles have shown enhanced performance over 

their spherical counterparts in photovoltaic applications
24

. There is a great interest in 

developing improved nanoparticle synthesis techniques that use environmentally benign 

solvents, reduce processing steps, optimize energy use, decrease waste and minimize the 

use of hazardous chemical precursors
51

. CdSe tetrapods are promising materials for 

polymer-nanocrystal solar cells
22

, stress sensors
52

 and as photocatalysts
53

 wherein long 

tetrapod arms are desired. Conventional CdSe long-arm tetrapod syntheses require 

multiple injections of corrosive and expensive phosphorous based chemicals. Chapter 2 

describes a new one-pot phosphorous-free synthesis technique for CdSe tetrapods of arm 

lengths >70 nm. Precursor temperature was identified as an important parameter to 

control arm growth. This synthesis technique opens up possibilities for mass production 

of CdSe tetrapod nanocrystal through a greener, cheaper and cleaner route.  

Traditionally investigated semiconductor shapes for nanoparticle based 

photovoltaic (PV) devices are typically spherical, rod and branched morphologies
33

. The 

hollow nanoparticle shape (HNP) is much less investigated for PV applications. The 

hollow morphology provides the advantage of higher surface-to-volume ratio than 

spherical QDs. Chapter 3 describes a novel strategy to synthesize HNPs out of metal 
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chalcogenides, based on the slow heating of a low-melting-point metal salt, an elemental 

chalcogen, and an alkylammonium surfactant in octadecene solvent. No external 

carboxylate, phosphine, and amine ligands were added to the reactor. Photovoltaic device 

characterization of HNPs in a hybrid solar cell indicate that HNPs have improved 

electron transport characteristics compared to standard CdSe quantum dots. The scalable 

synthesis method presented here provides opportunities to generate hollow nanoparticles 

with increased structural and compositional variety. This work is published in the journal 

Nanotechnology
54

. 

Understanding the molecular interactions between suspended nanoparticles (NPs) 

and the suspending solvent fluid may provide a new avenue to create or study exotic NP 

ensembles and develop efficient colloidal solution based fabrication techniques for 

photovoltaic devices. Chapter 4 focuses on utilizing a coarse-grained computational 

model to investigate the molecular interactions between oleate-capped NPs in various 

solvents, and to relate the results to experimental features of oleate-capped CdSe 

quantum dots (QDs) correspondingly. This study represents the first attempt to delineate 

the solvent effect on surfactant-coated NP hydrodynamic size, colloidal stability, & 

aggregation behavior and is published in The Journal of Physical Chemistry B
55

. 

Photocatalytic removal of gas and aqueous phase organic pollutants has been 

widely investigated
56

 as an alternative to conventional techniques since it utilizes 

renewable energy sources. Most commonly the photo-oxidation processes are used for 

environmental remediation. This process mineralizes the contaminant either partially or 

completely. Drawbacks of this method include toxic by-product formation and potentially 

low reaction rates. Chapter 5 demonstrates a novel reductive photocatalytic approach for 
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the removal of organohalide pollutants without necessitating an external co-feed of 

hydrogen. A common groundwater contaminant, trichloroethene (TCE) is used as a test 

chemical to demonstrate the photoreductive capability of Pd-based TiO2 catalysts through 

the hydrodechlorination (HDC) reaction. The synthesized bi-functional catalysts 

demonstrated the ability to perform photocatalytic TCE HDC with simultaneous in-situ 

hydrogen generation by photocatalytic water splitting. The effect of light, headspace 

environment and sacrificial agent presence is investigated. Extension of this study to 

other bifunctional semiconductor-metal systems and groundwater contaminants could 

significantly simplify future remediation efforts. 

Chapter 6 concludes the thesis by summarizing the results presented in Chapters 

2-5 and provides recommendations of future work. Appendix A describes novel 

strategies to synthesize red- and green-emitting high quantum yield nanoshapes using 

quaternary ammonium surfactants. Appendix B is an extension of Chapter 5 wherein the 

generic ability of Pd based TiO2 catalysts to perform photocatalytic TCE HDC even in 

the presence of air is demonstrated. Primary author article published in the Chemical 

Engineering Progress journal titled "Nanotechnology: A Guide to Nano-objects"
11

 and 

other middle author collaborative work
57, 58

 has not been included in this thesis but are 

available for reference. 
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Chapter 2 

Phosphorous-Free Synthesis of Long-Armed CdSe Tetrapod Nanoparticles 

 

2.1. Introduction 

The well-adopted, laboratory-scale preparation methods for high-quality nanoparticles 

(NPs) all involve high-temperature decomposition of oil-soluble metal precursors 

dissolved in a thermally stable solvent
1, 2

. Efforts to develop cleaner NP synthesis 

techniques, through the adoption of the 12 fundamental principles of green chemistry
3
, 

have motivated materials research to focus on incorporating environmentally benign 

solvents, reducing toxicity of precursors, using lesser processing steps, and lowering the 

reaction temperature. 

Representative of a class of optically active semiconductor NPs, cadmium 

selenide (CdSe) is one of the most popular compositions studied. CdSe NPs are well-

known for their size and shape dependent optical properties
4
. CdSe and other quantum 

dot materials are used in commercial applications such as multicolor cell & tissue 

imaging
5
 and television displays

6
. They are currently being studied for photovoltaics

7
, 

chem-/bio-sensing
8
 and photocatalysis

9
. However, the synthesis of quantum dots 

commonly involves several phosphorus based compounds as phosphonic acids, 

phosphines, phosphine oxides, phosphates and phosphonates
10

. 

The hot-injection synthesis method of spherical CdSe NPs was first introduced by 

Murray et al.
11

, wherein an alkylphosphine selenide precursor (prepared from 

trioctylphosphine and selenium shot) was injected into a mixture of dimethylcadmium 

and trioctylphosphine oxide (TOPO) at temperatures above 300 °C. Subsequently, 

several advancements in the CdSe NP synthesis have been made. For example, Peng and 
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coworkers replaced the pyrophoric dimethylcadmium with easier-to-handle cadmium 

oxide and cadmium salts
12, 13

 and substituted TOPO with a non-phosphorus containing 

solvent, 1-octadecene (ODE) and surface ligand, oleic acid (OA)
14

. Wong and co-workers 

demonstrated that TOPO and ODE can be replaced by thermally and chemically stable 

heat transfer fluids as less expensive solvents
15

. More recently alternatives to the 

flammable and expensive alkylphosphine based Se precursors such as trioctylphosphine 

selenide (TOPSe) have been reported in literature. Examples include precursors prepared 

from prolonged heating of elemental selenium (Se) in ODE
16, 17

 and paraffin liquid
18

; 

from using SeO2 instead of Se with ODE as the solvent
19, 20

 and from reducing elemental 

Se using sodium borohydride
21

 or aliphatic thiols
22

 in oleylamine. It was even shown 

recently that Se powder suspended in ODE at room temperature could be used directly as 

a selenium precursor in generating high-quality CdSe NPs
23-25

. 

Four-armed CdSe tetrapod NPs or "4pods" are a newer nanomaterial and its 

synthesis has seen less attention thus far in terms of green chemistry. These shapes are 

especially useful in photovoltaic devices (solar conversion efficiency ~3.2%)
26

 compared 

to spherical and rod-shaped CdSe NPs
27

, due to decreased recombination of charge 

carriers and improved charge transport characteristics. In addition, longer arms give 

higher photovoltaic efficiencies
28

. Shaped CdSe NPs (4pods, rods etc.) are also being 

studied as stress sensors
29

 and photocatalysts
30

.  

Manna et al.
31

 first reported the synthesis of CdSe 4pods where they added 

hexylphosphonic acid to dimethylcadmium, tributylphosphine selenide, and TOPO. The 

organophosphonic acid surfactant promoted anistropic growth by binding strongly to 

certain crystal facets of CdSe
32

. Wong and co-workers
33

 found that the corrosive 
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organophosphonic acids could be replaced by quaternary ammonium surfactants, 

specifically cetyltrimethylammonium bromide (CTAB). They also demonstrated the use 

of heat transfer fluids as an inexpensive alternative to ODE
34

 for 4pod synthesis. Other 

groups showed that the precursor concentration also played an important role in shape 

evolution of 4pods
35, 36

. The selenium precursor however remains to be an 

alkylphosphine-selenide compound currently. 

In this study, we report a CdSe 4pod synthesis technique that eliminates the use of 

all phosphorus-containing compounds. In using CdO as the cadmium source, oleic acid as 

the surface ligand, and CTAB as the shape-directing agent, we studied the effect of Se 

and ODE as the selenium source. 

2.2. Experimental Methods 

2.2.1. Chemicals 

Cadmium oxide (CdO, 99.99%), selenium powder (Se, 99.99%), octadecene (ODE, 

90%), oleic acid (OA, 90%), hexadecyltrimethylammonium bromide (CTAB, >99%), 

trioctylphosphine (TOP, 90%) toluene (technical grade), acetone (technical grade), 

methanol (technical grade) were obtained from Sigma-Aldrich and used as received 

without further purification. 

2.2.2. Cadmium Precursor Preparation 

0.128 gm of CdO (1mmol) and 2 mL of oleic acid were added to a 50 mL four-necked 

flask and heated under magnetic stirring to 250 °C until the solution turned colorless. 

This solution was then allowed to cool to 80 °C at which point 1 mL of toluene was 
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added. Once cooled to room temperature (RT), 0.0364 gm of CTAB (0.1 mmol) was 

added and ultrasonicated till clear, resulting in the final cadmium precursor. 

2.2.3. CdSe Tetrapod Synthesis Using ODE-Se as Precursor 

In a 250 mL 4-necked flask 0.079 g of elemental Se (1 mmol) and 20 mL of octadecene 

were heated to 200 °C (at a rate of 11 °C/min) under constant magnetic stirring and a 

controlled flow of argon gas. The mixture was then heated to the desired precursor 

temperature (T) and held for 5 minutes. Finally, the reactor was heated to the desired 

reaction temperature (Tr), at which point the cadmium precursor was rapidly injected. 

The reaction temperature dropped down by ~ 20 °C and it was maintained for 15 min. 

Aliquots of samples were obtained at regular intervals (1 min, 5 min, 10 min and 15 min). 

2 mL of a 1:1 mixture of chloroform and methanol in an excess of acetone solvent was 

added to the aliquots to crash out the 4pods. The 4pod powder was then cleaned twice 

more with acetone. Finally the dried 4pod powder was redispersed in chloroform. 

2.2.4. Control with TOPSe 

0.079 g of Se was dissolved in 1 mL TOP using an ultrasonicator. The TOPSe precursor 

was added to 19 mL of ODE in a four necked flask. Subsequent steps were similar to the 

ODE-Se precursor case. 

2.2.5. Characterization Techniques 

2.2.5.1. Transmission Electron Microscopy (TEM) and Size Analysis 

TEM measurements were performed on the JEOL 1230 high-contrast TEM (80 kV 

accelerating voltage). A drop of the dilute CdSe tetrapod chloroform suspension was 
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dispensed onto an ultrathin carbon film on holey carbon support 400 mesh Cu grid and 

dried under ambient conditions. Number-weighted size of the tetrapods was determined 

by measuring >100 particles using the ImageJ software. 

2.2.5.2. Optical Measurements 

Dilute chloroform suspensions of the CdSe tetrapods were analyzed through ultraviolet-

visible (UV-vis) absorption spectroscopy (Shimadzu UV-2450 PC spectrophotometer). 

Quartz cuvettes with a path length of 1 cm were used. UVProbe version 2.34 software 

was used for the analysis of the spectra. 

2.2.5.3. X-ray Diffraction (XRD) Characterization 

XRD characterization was done using a Rigaku D/Max Ultima II powder diffractometer 

(Cu Kα source, λ = 1.54 Å). The 4pod suspension was solvent dried using a rotary 

evaporator. The dry powder was then crushed and used for XRD analysis. A zero 

background silicon sample holder was used to prevent background noise. MDI Jade 10.0 

software was used for the analysis of the XRD. 

2.3. Results and Discussions 

The phosphorous free synthesis procedure for long CdSe 4pods is illustrated in figure 2.1. 

In our protocol, the alkylphosphine-selenide precursor is replaced with elemental Se 

dissolution in ODE. Since dissolution of Se in ODE is temperature dependent
37

, we 

introduced precursor temperature as an additional parameter in our synthesis. A 

continuously stirred suspension of elemental Se in ODE is heated to a desired precursor 

temperature (T) and held at this temperature for 5 minutes. The reactor is then further 

heated to the desired reaction temperature (Tr) wherein the mixture of Cd precursor and 
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CTAB is injected rapidly. The final colored solution is then subsequently analyzed. 

Several precursor temperatures and reaction temperatures were studied. 

 

Figure 2.1 Schematic for the synthesis of CdSe tetrapods using a phosphorous free 

process 

For example, at a precursor temperature of 250 °C, the Se-ODE suspension 

changed from black (Se powder dispersed in clear ODE) to yellow to wine red and then 

back to light yellow (Fig. S2.1), when held for 5 minutes. The Cd precursor was injected 

rapidly (<30 sec) at reaction temperature (Tr = 250 °C).  

The color of the suspension changed from the previous light yellow to orange to 

red with time (Fig. S2.1). Aliquots as a function of time were withdrawn, cleaned and 

analyzed. In a typical reaction, we obtained ~200 mg of final product after 15 minutes. 

TEM analysis (Fig. 2.2a) showed the presence of 4pods even in the earliest time point 

collected (1 min). Long arm 4pods (~90 nm) with the highest selectivity to the tetrapod 

morphology (~91%) were observed at 10 minutes. With time, first, the arm length 
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increased, reaching a maximum at 10 min and then decreased. This is in agreement with 

the 1D/2D ripening phenomenon reported previously
38

. Absorption spectra of the 

samples, showed a red shift of the first exciton peak indicating an arm thickening with 

time. Powder XRD spectra of the 10 minute aliquot sample, confirmed the wurtzite phase 

of CdSe. 

 

Figure 2.2 (a) TEM images of CdSe tetrapods synthesized at 250 °C at different reaction 

times (b) Arm length as a function of time (c) UV-vis. Absorbance spectra of the CdSe 

tetrapods at different reaction times. (d) XRD pattern of CdSe tetrapods at the 10 min 

reaction time point. Diffraction peaks for wurtzite CdSe ( ) were identified. 

In the conventional TOPSe synthesis, arms of CdSe 4pods are relatively more 

difficult to grow longer than a few nanometers, compared to those of CdS and CdTe 

4pods
39

, unless multiple
40

 or continuous
35

 precursor injections are used. Using the same 

reaction conditions, we did a control using TOPSe as the selenium precursor (Fig. S2.2). 

We observed that while the arm lengths of the 4pods synthesized using ODE-Se were 
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longer, the overall yield of NPs was lower when compared to the control with TOPSe. 

This indicates that the ODE-Se precursor is more active during the growth phase than the 

nucleation phase, resulting in fewer but longer CdSe tetrapods. A similar observation was 

made for spherical CdSe NPs wherein the active ODE-Se precursor was demonstrated to 

be superior to TOPSe in Se deposition yield during the growth phase
37

, while more 

nucleation was observed using TOPSe
17

. Thus with ODE-Se precursor we are able to 

grow long CdSe tetrapod arms (>70 nm), without multiple/continuous precursor 

injections like in the TOPSe case. 

We also performed a matrix of experiments wherein we systematically changed 

the initial precursor temperature (T), kept the reaction temperature same as the precursor 

temperature (Tr = T) and investigated the reaction as a function of time (Fig. 2.3). 

For any given reaction time, the maximum arm length and highest selectivity 

towards 4pods is observed at T = 250 °C. In order to separate the effect of arm growth 

due to changing reaction temperature, we performed another set of experiments wherein 

keeping the reaction temperature constant at 220 °C, the precursor temperature was 

changed from 220 °C to 300 °C (Fig. S2.3). It was observed that even for the same 

reaction temperature, the arm lengths obtained depended on the precursor temperature 

chosen. This was an interesting observation because in the conventional tetrapod 

synthesis, the arm length depended on the reaction temperature and reaction time only
34

. 
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Figure 2.3 TEM images of CdSe tetrapods synthesized at injection temperatures (a) 220 

°C, (b) 240 °C, (c) 250 °C, (d) 280 °C at different reaction times. 

In a recent study, Bullen et al.
37

 demonstrated that depending on the dissolution 

temperature chosen for Se in ODE, ODE-Se precursors with varying ratios of active and 

inactive species were prepared They identified the different plausible species of ODE-Se 

and indicated that optimization of the chalcogenide precursor composition was imminent 

for CdSe synthesis. Thus in our CdSe tetrapod reaction system, we identified the 

optimum ODE-Se precursor temperature to be 250 °C. 

2.4. Conclusions 

In conclusion, we developed a completely phosphorous-free synthesis protocol for CdSe 

tetrapods wherein we achieved >70 nm arm lengths of CdSe tetrapod in a single-injection 
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process by controlling the ODE-Se precursor temperature. We hypothesize that the 

presence of different active and inactive Se species based on the precursor temperature is 

responsible for the variation in arm length. This synthesis technique opens up 

possibilities for mass production of CdSe tetrapod nanocrystal through a greener, cheaper 

and cleaner route. 
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Figure S2.1 Color changes in the CdSe tetrapod synthesis 
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Figure S2.2 Control using TOPSe for CdSe tetrapod synthesis 

 

 

Figure S2.3 CdSe tetrapod arm length as a function of reaction time for different 

precursor temperatures of ( ) 220 °C, ( ) 240 °C, ( ) 250 °C, ( ) 280 °C and ( ) 300 

°C, (a) at a reaction temperature of 220 °C 
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Chapter 3 

Molten-Droplet Synthesis of Composite CdSe Hollow Nanoparticles 

 

3.1. Introduction 

Spherical hollow particles have applications in encapsulation
1
, medicine

2-4
, catalysis

5-7
, 

lithium-ion batteries
8-10

, gas sensors
9, 11

 and photovoltaics
12

. Amply demonstrated for 

micron-sized and submicron-sized particles, the hollow sphere shape has generally been 

less studied for nanoparticles ("NPs," dimensions < 100 nm). Current techniques for 

synthesizing hollow particles can be broadly classified as template-based and template-

free methods
13

. The former methods can further be subdivided as hard templating
14, 15

, 

sacrificial templating
16-18

 and soft templating techniques
19, 20

. 

Different particle morphologies of CdSe semiconductor NPs have attracted 

considerable attention
21-25

 due to their interesting shape dependent properties
25, 26

 

especially in the field of photovoltaics
27-32

. Nano-sized shapes such as spheres
22, 33

, 

cubes
22, 33

, tetrahedra
33

, rods
34

, tetrapods
21, 34

, octapods
35

, and hollow spheres
36, 37

 have 

been prepared. The hollow particle shape is of particular interest due to favorable 

properties such as large void space, high specific surface area and low density
8, 9, 38

. CdSe 

hollow spheres were reported to have useful microwave absorption capabilities
39

. 

The nanoscale Kirkendall effect, proposed by Alivisatos and coworkers
18

, is based 

on a sacrificial template strategy that involves the preparation of cadmium metal particles 

(several 100's of nm in diameter) and their subsequent contact with a large excess of 

trioctyphosphine selenide (TOPSe)
36, 40-42

. The Se precursor is thought to react with Cd 

atoms at the particle surface to form an initial CdSe layer. Additional Se atoms reactively 

diffuse inwardly through the growing CdSe layer, with Cd atoms diffusing outwardly 
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from the particle center. Cd diffuses more rapidly than Se atoms, thereby creating the 

void space of the eventual ~400 nm hollow CdSe particles with a shell thickness of ~100 

nm. Submicron-sized CdSe hollow particles with a uniform structure are formed, though 

at the cost of preparing Cd particles as the template. Smaller CdSe hollow particles in the 

size range of 100-200 nm can be prepared by employing soft templates such as vesicles
43

, 

liposomes
44

 and template-free techniques based on Ostwald ripening
39

.  

We report a one-pot synthesis route for <20 nm hollow nanoparticles (HNPs) of 

CdSe. We successfully identify conditions under which CdSe HNPs are formed, with the 

absence of oleic acid being a notable requirement for HNP formation. We formulate a 

formation mechanism for CdSe HNPs that is applicable to a wide variety of 

compositions, based on the probable roles of the low-melting-point cadmium salt, 

elemental selenium, the alkylammonium surfactant, and octadecene solvent. We study 

the photovoltaic responses of CdSe HNP/polymer in comparison with CdSe quantum 

dot/polymer films to characterize their electronic properties. This chapter is reprinted 

(adapted) with permission from the journal Nanotechnology, Vol. 23, Gullapalli S.; et al.; 

"Molten-droplet synthesis of composite CdSe hollow nanoparticles." 2012 Pgs. 495605 

(1-10), Copyright (2012), IOPScience. 

3.2. Experimental Methods 

3.2.1. Chemicals 

Cadmium nitrate tetrahydrate (Cd(NO3)2•4H2O, 99%), selenium powder (Se,  99.999%), 

1-octadecene ("ODE", 90%), hexadecyltrimethylammonium bromide ("CTAB", >99%), 

Pyridine (anhydrous, 99.8%), chloroform ("CF"), octadecane (ODA,  99%), oleic acid 
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("OA", 90%), cadmium oxide (CdO, 99%), trioctylphosphine ("TOP", 90%) were 

obtained from Sigma-Aldrich and used as received without further purification.  

3.2.2. CdSe HNP Synthesis 

In a typical synthesis, 2.47 g of Cd(NO3)2•4H2O (8 mmol), 0.32 g of Se (4 mmol), 20 mL 

of ODE and 0.15 g of CTAB (0.4 mmol) were added to a four-neck flask, which was then 

heated slowly to 190 °C at a rate of 11 °C/min. The Cd: Se: CTAB molar ratio was 

2:1:0.1. The reaction flask was kept at this temperature for 5 min and cooled down to 

room temperature, resulting in a reddish-brown cloudy liquid. The resultant solution was 

centrifuged to remove the solids, resulting in a clear reddish-brown liquid. Ethanol was 

then added to the reddish brown liquid to crash out the HNPs. The HNP powder was 

washed several times with ethanol before being dispersed in chloroform. The synthesis 

method was also performed with no CTAB, and with twice and triple the original amount 

of CTAB (i.e., 0 mmol, 0.8 mmol, and 1.2 mmol). 

3.2.3. Ligand Exchange Process 

CdSe HNPs were dried and the resulting powder was weighed. Pyridine was added to the 

dried powder to form a 10 mg mL
-1

 CdSe HNPs in pyridine solution. This solution was 

stirred continuously under an argon atmosphere for 24 hr without heat. Hexane was then 

added to precipitate out the pyridine exchanged HNPs, which were then dried, weighed 

and redispersed in CF to form a 20 mg mL
-1

 suspension. The ligand exchanged HNPs 

were used for PV measurements. 
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3.2.4. Synthesis Study with Octadecane 

ODE was replaced with ODA to understand the role of ODE in the synthesis. 2.47 g of 

Cd(NO3)2•4H2O (8 mmol), 0.32 g of Se (4 mmol) and 15.54 g of ODA(equivalent to 20 

mL) were heated slowly in a four-neck flask to 190 °C at a rate of 11 °C/min. It resulted 

in brown solids floating around in a yellow clear solution. The formed brown HNP 

product was cleaned as described above. 

3.2.5. Synthesis Study with Oleic Acid 

Different amounts of OA(0.4 mmol, 0.8 mmol, 1.2 mmol, and 23 mmol) was added to the 

standard reaction prior to heating. The formed products were recovered from a dark 

brown liquid as described above. 

3.2.6. Synthesis of HNPs of Other Compositions 

For the synthesis of different compositions (CdTe, CdS, ZnS, and ZnSe), 8 mmol of 

hydrated metal nitrate salt (2.47 gm of Cd(NO3)2•4H2O or 2.38 gm of Zn(NO3)2•6H2O), 4 

mmol of elemental chalcogenide powder (0.51 g of Te or 0.13 g of S or 0.32 g of Se ), 

0.15 g of CTAB (0.4 mmol), and 20 mL of ODE were added to a four-neck flask, and 

heated slowly to 190 °C at a rate of 11 °C/min. After 5 min at 190 °C, the resulting 

colored solution was treated to recover the formed HNP product as described above. 

3.2.7. Synthesis of CdSe quantum Dots (QDs) 

The following synthesis procedure for CdSe QDs was used. 1 mmol of CdO, 2 mL OA 

and 20 mL of ODE were heated in a four-necked flask under argon, until the mixture 
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turned clear and colorless. The Se preucursor was prepared by ultrasonicating 118 mg of 

Se in 1 mL of TOP, resulting in a clear "TOPSe" solution. 0.34 mL of TOPSe was 

injected rapidly into the four-necked flask at 250 °C. The temperature dropped to 220 °C 

and the clear solution turned orange in color indicating the formation of CdSe QDs. The 

QDs were allowed to grow at 220 °C for 2 minutes and subsequently, the solution was 

cooled to room temperature. The QDs were cleaned several times with acetone, before 

being redispersed in CF. The oleate-capped QDs were then ligand exchanged with 

pyridine, by the method described earlier for HNPs. 

3.2.8. Characterization Techniques 

3.2.8.1. UV-visible (UV-vis) spectroscopy 

The as-synthesized HNP suspensions were analyzed through UV-vis absorbance 

spectroscopy (UV-2401PC Shimadzu spectrophotometer) using a 1-cm-wide quartz 

cuvette. 

3.2.8.2. Transmission electron microscopy (TEM) 

A dilute suspension of HNPs was drop-cast onto a TEM grid (PELCO®, Ultrathin 

Carbon film on a holey carbon support film 400 mesh Cu grid) and dried under ambient 

conditions. TEM measurements were performed on either a JEOL 1230 high-contrast 

transmission electron microscope (80 kV accelerating voltage) or a JEOL 2010 

transmission electron microscope (100 kV accelerating voltage). The images were 

collected digitally using a CCD camera and ImageJ software was used for particle size 

and structure analysis. High resolution TEM (HRTEM) imaging was performed on a 
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JEOL 2100 field-emission transmission electron microscope (JEM 2100F) using an 

accelerating voltage of 200 kV. Electron energy loss spectroscopy (EELS) was done 

using the Gatan imaging filter (GIF) and the Gatan microscopy suite (GMS) software. 

The L-shell excitation electrons of Se (57 eV) and Cd (63 eV) were used to generate their 

distributions in the HNPs. 

3.2.8.3. X-Ray diffraction (XRD) 

A HNP solution was dried under ambient conditions, and the resulting dry powder was 

crushed and pressed onto a zero background silicon sample holder for XRD analysis. A 

Rigaku D/Max Ultima II powder diffractometer using a high intensity monochromatic 

CuKα source (λ = 1.5406 Å) was used for collecting the XRD spectra scanned between 

2-theta values of 10° and 70°. The Scherrer equation was used to calculate grain sizes
45

. 

HNPs calcined at 500 °C under in a quartz tube furnace were also analyzed in the same 

manner. MDI Jade 9.4 software was used for analysis of the XRD spectra. 

3.2.8.4. Dynamic light scattering (DLS) 

Number-weighted hydrodynamic diameter (Dh) values were determined using a 

Brookhaven ZetaPALS dynamic light scattering apparatus with BI-9000AT digital 

autocorrelator at a 90° scattering angle and a He-Ne laser (656 nm wavelength). For 

statistical reproducibility, each measurement was run in triplicate for 4 minutes each 

time. The temperature of the sample cuvette holder was set at 70 °C for the analysis of a 

Cd(NO3)2•4H2O/ODE mixture and at 25 °C for the analysis of CdSe HNPs washed and 

dispersed in chloroform. 
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3.2.8.5. Inductively coupled plasma optical emission spectroscopy (ICP-OES) 

Inductively coupled plasma optical emission spectroscopy (ICP-OES) (Perkin-Elmer 

Optima 4300 DV) was used for bulk elemental analysis of the CdSe HNP synthesis. 

Aqua regia was added to the NPs and sonicated for 30 minutes to completely digest the 

particles. The resulting solutions were syringe-filtered (Millex GP 0.25 µm) and diluted 

with 1 wt% HNO3 prior to analysis. CdSe powder (99.999%, Sigma-Aldrich) was 

analyzed as a control sample. 

3.2.8.6. Thermogravimetric analysis (TGA) 

Approximately 40 mg of HNPs were loaded into an alumina crucible and placed into a 

thermogravimetric analyzer (Model TGA-SDT-2960, TA Instruments). The sample was 

analyzed in the temperature range of 25 °C to 800 ºC and heated at a ramp rate of 5 

°C/min under argon flow. 

3.2.8.7. Device fabrication 

Glass substrates were patterned with a 150 nm thick square of indium tin oxide (ITO, 

Thin Film Devices Inc.) and cleaned consecutively by ultrasonication with acetone, 

methanol, and isopropanol, followed by ultraviolet ozone (UVO) treatment for 5 min. A 

hole transport layer of 40 nm thick poly(3,4-

ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS, HC Starck Clevios PVP 

Al 4083) and 60 nm thick photoactive layer of pyridine-exchanged CdSe HNP:poly(3-

hexylthiophene) (P3HT, Rieke Metals, Inc.) were spin-coated and annealed at 150 °C for 

30 min on a hot plate. A blended solution of photoactive layer was comprised of 90 wt% 
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(or 80 wt%) CdSe HNPs and 10 wt% P3HT (or 20 wt%) in a chloroform: pyridine (9:1) 

solvent composition at a total weight concentration of 16 mg mL
-1

. After heating the 

samples under nitrogen atmosphere, lithium fluoride (LiF, 0.5 nm)/aluminum (Al, 80 nm) 

electrodes were evaporated at a base pressure of 1×10
-7

 Torr onto 20 mm
2
 device areas. 

Devices containing QDs were prepared in the same manner. 

3.2.8.8. Photovoltaic device measurements 

Photovoltaic devices were evaluated by current density versus applied voltage (J-V) 

characteristics and quantum efficiency measurement. Air mass 1.5 global (AM 1.5G) 

spectrum was illuminated by a solar simulator (Spectra Physics Oriel, 300W) for one sun 

condition (100 mW cm
-2

) with a source measure unit (SMU, Keithley 237) under 

nitrogen atmosphere. The light intensity was calibrated with Si photodiode (Hamamatsu) 

certified from National Renewable Energy Laboratory (NREL). National Instrument’s 

LabVIEW software was used to acquire and analyze the J-V curves. Short circuit current 

density (Jsc, measured at zero applied voltage) and the open circuit voltage (Voc, measured 

at zero current) are the maximum current density and voltage of a solar cell. The fill 

factor (FF), related to interface and transport/collection properties of the device, is given 

by the ratio of the maximum power density (area of the largest rectangle bounded by the 

experimental J-V curve) to the product of Jsc and Voc. Power conversion efficiency (PCE) 

is the ratio of the output electric power density (product of Jsc, Voc, and FF) to the incident 

power density
46

. The series resistance (Rs) is approximately the inverse slope of the J-V 

curve at zero current density, i.e., at Voc. 
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3.3. Results and Discussions 

3.3.1. Structural and Suspension Properties of CdSe HNPs 

A low-melting-point cadmium salt, elemental selenium, CTAB and octadecene were 

heated slowly in a four-necked flask to 190 °C and held at this temperature for 5 min. 

The resulting reddish brown liquid was cleaned and analyzed. The typical synthesis 

resulted in ~900 mg of product, which dispersed completely into CF to form a clear 

reddish-brown colored suspension (Fig. 3.1a). Colloidally stable for at least 16 months, 

the CdSe HNP sol had an absorbance edge at ~700 nm and a broad peak at ~570 nm in its 

UV-vis spectrum (Fig. 3.1b), suggestive of CdSe QDs with a diameter 5.5 nm
47

.  

 

Figure 3.1 (a) Photograph and (b) absorbance spectrum of CdSe HNPs suspended in 

chloroform. (c) XRD patterns of CdSe HNPs before and after calcination at 500 °C. 

Diffraction peaks for zinc blende CdSe ( ),CdO ( ), and Cd metal ( ) were identified. 

Powder XRD performed on the material collected after drying the suspension at 

room temperature (RT) indicated the presence of the zinc blende phase of CdSe, observed 
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as prominent (111), (220), and (311) reflections at 2θ angles of 25.3°, 42° and 49.7°, 

respectively (Fig. 3.1c). A shoulder at ~24° indicated that a small fraction of CdSe is also 

present in its wurtzite phase. Average crystalline grain size were calculated using the 

(111) reflection to be ~5.9 nm. After calcining at 500 °C under flowing nitrogen, the 

CdSe HNPs retained its zinc blende phase with no change in grain size (Fig. 3.1c). XRD 

peaks for Cd metal and CdO were identified in the calcinated material, suggesting the 

presence of unreacted cadmium salt in the as-synthesized CdSe HNPs (Fig 3.1 c). 

The TEM analysis of the CdSe HNP product indicated the presence of 

unaggregated pseudo-spherical NPs with a well-defined circular inner perimeter (Fig. 

3.2a). The particle shape was generally faceted for HNP's in close proximity to one 

another, suggestive of particles that compressively deformed during TEM sample 

preparation. HRTEM analysis of a single CdSe HNP indicated the presence of crystalline 

domains in the shell (Fig. 3.2b). Elemental mapping via EELS showed that Cd and Se 

atoms were located in the HNP shell but not located within the inner perimeter, giving 

strong indication that the particles were hollow and the inner perimeter marked the empty 

core (Fig. 3.2c). In addition, Cd appears to be concentrated towards the inner part of the 

shell and Se towards the outer part.  

Of the 250 NPs that were analyzed, ~93% were hollow (i.e., showing an empty 

core) and the rest were solid (i.e., QDs which lack the empty core). Excluding the small 

percentage of HNPs (~10%) that contained more than one empty core, the mean average 

outer diameter (OD) of the HNPs was 15.6±3.5 nm and the mean average shell thickness 

(ST) was 5.4±0.9 nm (9%) (Fig. 3.2d,e). The OD of each HNP was determined from the 

smallest circle that contains it (the minimum bounding circle). Comparing the shell 
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thickness-outer diameter measurements of each HNP, we ascertained a linear correlation 

between thickness and outer diameter: ST = 0.30•OD + 0.83. DLS analysis of the sol 

gave Dh = 21.7±2.5 nm, indicating that the HNPs were not aggregated (Fig. 3.3e). The 

difference between the TEM- and DLS-derived diameters are due to the surface ligands 

that impart colloidal stability (vide infra). 

 

Figure 3.2 (a) TEM image of CdSe HNPs (b) HRTEM image of one CdSe HNP with (c) 

elemental maps of Se (left) and Cd (center) and a combined Cd and Se map (right) of one 

particle.. Histograms of (d) shell thickness and (e) outer diameter for CdSe HNPs, and (f) 

their corresponding scatter plot. 
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Bulk elemental analysis through ICP-OES of the CdSe HNPs indicated that ~35.0 

wt% was Cd and ~19.3 wt% was Se (with the balance being organic content), giving a 

Cd:Se atomic ratio of ~1.24. Performing the same analysis on bulk CdSe powder gave a 

Cd:Se atomic ratio of ~1.04, close to the expected value of 1. ICP analysis of the calcined 

CdSe HNPs showed that ~62 wt% corresponded to Cd and ~30 wt% corresponded to Se, 

indicating the Cd:Se ratio increased from ~1.24 to ~1.45 after calcination. This increase 

was attributed to as-synthesized CdSe HNPs containing elemental selenium, which was 

found to volatilize completely at ~480 °C (Fig S3.1). The presence of unreacted cadmium 

salt in the as-synthesized CdSe HNPs was responsible for the Cd:Se ratio in excess of 1. 

3.3.2. Effect of CTAB Concentration on HNP Structure 

Previously, CTAB was shown to be a useful additive in the preparation of tetrapodal 

CdSe NPs
21

. Here, different amounts of CTAB were added to the reaction pot (0, 0.8, or 

1.2 mmol, in addition to the standard amount of 0.4 mmol) to investigate its effect on 

CdSe HNP synthesis (Fig. 3.3). 

In all cases, including the no-CTAB case, a stable suspension of HNPs in 

chloroform resulted. In the absence of CTAB, a significant increase in non-hollow NPs 

and HNPs with multiple cores was observed (Fig. 3.3a). The size distribution of single-

core HNPs was broader (OD = 24.9±6.3 nm, ST = 8.3±1.6 nm). Increasing the amount of 

CTAB from 0.4 mmol to 1.2 mmol resulted in overall more monodisperse and smaller 

HNPs (Fig. 3.3e) with smaller hollow inner diameters, indicating that the presence of 

CTAB did not affect the HNP formation itself, but helped increase the uniformity of 

particle morphology. 
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3.3.3. Effect of Replacing CTAB with Oleic Acid 

As an anionic surfactant commonly used as a stabilizing ligand for NP synthesis
21, 22, 48-52

, 

OA was not employed in HNP synthesis. Thus, it was unusual that a chloroform 

suspension of HNPs was stable when CTAB (a cationic surfactant) was also absent from 

the synthesis (Fig. 3.3a), suggesting that something else was responsible for colloidal 

stability. 

 

Figure 3.3 Effect of different precursor amounts [or Cd:CTAB molar ratios] of CTAB on 

HNP morphology: (a) 0 [2:0], (b) 0.4 [2:0.1], (c) 0.8 [2:0.2], and (d) 1.2 mmol [2:0.3]. (e) 

HNP size as a function of CTAB amount, based on TEM analysis of 200+ particles per 

sample. 

Replacing CTAB with OA led to the appearance of single-core and multiple-core 

HNPs and ill-defined CdSe solids (Fig. S3.2a). Less hollow particles, more ill-defined 

solids, and more QDs formed with increasing OA amount (Fig. S3.2 b-d). At the highest 

Cd:OA ratio studied (1:3, a similar ratio used by others in CdSe QD preparation
21, 22

), 

unaggregated and aggregated QDs were observed. Also, no hollow particles were 
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observed. Low Cd:OA apparently favored hollow particle formation, and high OA 

amount favored solid particle formation. OA apparently interferes with the CdSe HNP 

formation process, perhaps due to the carboxylate headgroup reacting with the molten Cd 

nitrate species to form cadmium oleate, a common intermediate to CdSe QDs. 

3.3.4. Effect of Replacing ODE Solvent with Octadecane 

A phosphine-free selenium precursor obtained by the dissolution of Se powder in 

octadecene solvent can be used successfully in quantum dot synthesis
48, 50, 53-56

. Shen et 

al. reported that heating a Se and ODE mixture above the melting point of bulk Se (180 

°C) results in the formation of a ODE-Se precursor
57

. The alkene group oxidatively adds 

to one Se
0
 atom, such that ODE-Se complex contains a Se

2-
 center. Similarly, Bullen et 

al. showed that amorphous Se fragments are also formed in addition to a ODE-Se 

complex
58

. We speculate that the ODE-Se complex, with a hydrophobic tail group and a 

terminal Se head group, binds to the surface of the CdSe HNPs to provide the observed 

colloidal stability. Ellis and coworkers established over two decades ago that alkenes 

such as butenes can coordinate to CdSe and CdS surfaces via the terminal carbon double 

bond
59

, which would be equivalent to ODE-Se attached to the CdSe HNP surface. 

To confirm the importance of the solvent double bond, we carried out a synthesis 

in which ODE was replaced by octadecane (ODA). Without the double bond, ODA is a 

waxy solid at room temperature (melting point of 30 °C versus ODE melting point of 18 

°C). The recovered product was mostly CdSe HNPs but they were irregularly sized and 

agglomerated (Fig. 3.4a). A chloroform suspension of these HNPs was cloudy, exhibiting 

rapid settling after mechanical agitation (Fig. 3.4b). 
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Figure 3.4 (a) TEM image of CdSe HNPs prepared using ODA instead of ODE. 

Photographs of the HNP suspension in chloroform (b) before and (c) after 5 min of 

resting the vial. 

3.3.5. Evidence of Molten Cadmium Nitrate Droplets 

We speculate that CdSe HNP synthesis involves the Cd(NO3)2•4H2O solid melting in 

ODE during the temperature ramp-up to form liquid droplets. To gather evidence for this, 

we carried out the synthesis procedure without the Se precursor, i.e., we heated the Cd 

nitrate salt, CTAB and ODE in a four-neck flask from room temperature to 190 °C at a 

heating rate of 11 °C/min under continuous magnetic stirring. Aliquots were removed at 

different temperatures (between 90 °C and 190 °C), cooled to 70 °C, and analyzed at 70 

°C through DLS under continuous magnetic stirring. The 70 °C temperature was near the 

DLS operational upper limit, but still above the Cd(NO3)2•4H2O melting point of ~60 °C. 

The reaction medium was cloudy and colorless until it turned clear brown at 160 °C. The 

aliquots gave Dh and polydispersity values that decreased with increasing heating 

temperature, such that Dh = 15.5±3.3 nm at 190 °C (Fig. S3a). The molten Cd nitrate 

droplets were the presumed colloidal species, since the molten salt had a refractive index 

(n ~ 1.5 at 70 °C
60

) that was sufficiently different from that of ODE (n = 1.45 at 70 °C) 
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for light scattering to occur. We do not expect Cd metal or CdO nanoparticles to be 

formed, because the synthesis temperatures are above the Cd(NO3)2•4H2O melting point 

and significantly below the decomposition temperature of Cd(NO3)2•4H2O (~400 °C
61

). 

In a separate experiment, we carried out the synthesis procedure without Se and 

CTAB precursors. DLS analysis indicated the Cd nitrate droplets had larger droplet sizes 

(Dh > 40 nm) and polydispersity (Fig. S3b), indicating CTAB plays an important role in 

controlling the Cd salt droplet size. 

3.3.6. Proposed Formation Mechanism for CdSe HNPs 

The CdSe HNPs are predicated on the Cd salt droplets being a soft template that forms in 

situ, in contrast to the much larger, pre-synthesized Cd metal particles used by Cabot et 

al. as a hard template 
36, 62

. We hypothesize that CdSe HNPs form in four stages (Fig. 

3.5).  

(1, pre-reaction stage) The Cd(NO3)2·4H2O melts into submicron-sized droplets 

(<1000 nm) at ~60 °C during the gradual heating of the reaction flask. The CTAB 

stabilizes the molten salt-in-oil microemulsion droplets and controls their size uniformity. 

Gradual heating occurs without any obvious macroscopic change to the reaction medium 

until ~180 °C is reached, at which point elemental Se melts and seemingly dissolves in 

ODE to form a ODE-Se complex 
57, 58, 63

 and amorphous Se (presumably composed 

chiefly of Se8 clusters 
64

. The initially cloudy black mixture becomes a clear brown 

solution at this point.  

(2, reaction initiation stage) Once 190 °C is reached, the ODE-Se species bind to 

the droplet surface and react with the cadmium nitrate to form an initial CdSe shell.  
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Figure 3.5 Schematic of CdSe HNP formation from CTAB-stabilized droplets of molten 

cadmium nitrate during molten-droplet synthesis: (a) Pre-reaction, (b) reaction initiation, 

(c) reaction stage, and (d) particle recovery. 

(3, reaction stage) The CdSe shell then thickens through a reaction-diffusion 

mechanism during the 5 min of synthesis time at 190 °C. Additional Cd
2+

 ions diffuse 

from the droplet interior through the CdSe shell (due to a concentration gradient across 

the shell) and react with Se
2-

 of the ODE-Se complex. The shell surface becomes Cd-rich 

as the Cd
2+

 cations displace the ODE tail group, onto which additional ODE-Se species 

can then subsequently bind and react. The shell thickens in an outward direction and the 

droplet becomes depleted of the Cd
2+

, similar to the nanoscale Kirkendall model 

originally proposed to explain the formation of CdSe hollow particles from cadmium 

metal particles 
18, 36

.  
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(4, particle recovery stage) The reaction slowly terminates as the reaction 

medium is left to cool to room temperature. Any unreacted Cd salt remains within the 

hollow, and amorphous Se condenses and deposits onto the HNP surface. Thus, we 

envision the recovered HNPs to have a polycrystalline CdSe shell, an outer layer of 

amorphous Se, and an inner layer of amorphous cadmium nitrate, consistent with 

experimental evidence. This is consistent with the elemental map of an HNP particle, 

showing the Cd was concentrated towards the inner part of the shell, and Se was 

concentrated towards the outer part (Figure 3.2c). 

This 3-layer HNP structure can explain the apparent compressive deformation 

(Figs. 3.2a, 3.3b, and 3.6). In all instances of interparticle contact, the pseudo-spherical 

HNP shape becomes faceted with increasing number of proximal particles. The inner 

perimeter of the HNPs retains their spherical shape, lending to the idea that the rigid HNP 

structure is enveloped by a malleable, amorphous Se layer. The HNPs did not touch one 

another, suggestive of ODE-Se surface ligands providing the steric barrier. The 

separation distance between two adjacent HNPs was ~2.1 nm, according to TEM (Figs. 

3.6b-e). This value is equal to the thickness (~2.1 nm) of a monolayer of densely-packed, 

30°-tilted ODE molecules on a flat silicon surface
65, 66

, suggesting the ODE-Se ligands 

are sparsely packed on the HNP surfaces. 

Regions of close-packed CdSe HNPs showed deformed particles in close 

proximity to one another (Fig 3.6e). To the best of our knowledge, these images are the 

first demonstration of compressive deformation of nanoparticles (hollow or not) as a 

result of interparticle contact. Larger, inorganic hollow spheres in the size range of 250-

400 nm (composed of CdS) were shown to deform between a diamond punch and a flat 
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silicon surface via in situ TEM indentation
38

. Similar mechanical testing of the HNPs is 

being investigated as part of future work. 

 

Figure 3.6 TEM images and corresponding cross-section illustrations (without the ODE-

Se surface ligands) of (a) single CdSe HNP and (b) two, (c) three and (d) seven adjacent 

HNPs. (e) TEM image of regions of close-packed CdSe HNPs. 

3.3.7. Photovoltaic Cell Properties 

Yang and coworkers
12

 demonstrated that semiconductor hollow particles of Cu2O with 

sizes <20 nm had interesting photovoltaic properties. ~15 nm sized CdSe HNPs with 

possibly an outer amorphous Se layer (as a light-sensitive electrical conductor
67

), 

synthesized using our one-pot technique, can hypothetically result in improved electron 

transport within a hybrid polymer/nanoparticle solar cell, e.g., higher currents and lower 
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electrical resistivities. In order to test this hypothesis, CdSe HNPs and CdSe QDs were 

used as electron acceptors in a CdSe:P3HT device (Fig. S3.4a). 

The HNPs were found to be active electron acceptors in the photovoltaic device 

with a power conversion efficiency (PCE) of 0.08±0.02% (Table 1). The PCE of a hybrid 

device consisting of 90 wt% CdSe QD and 10 wt% P3HT was ~2 times higher than the 

HNP case. However, Jsc was ~1.6 times higher and Rs was ~2.6 times lower in the HNP 

case (Fig. S3.4b) which may be attributed to the Se layer providing better electrical 

transport and contact between the CdSe and P3HT. 

 

Table 3.1 Device parameters of each device 

The Voc of HNP:P3HT device was lower than that of QD:P3HT device, indicating 

that the energy difference between the HOMO level of P3HT and the LUMO level of 

HNPs was smaller than the energy difference between the HOMO level of the polymer 

and the LUMO level of CdSe QDs
68

. HNPs with greater surface passivation (i.e., less 

defects) and smaller grain sizes should lead to larger Voc and FF values, and therefore a 

higher PCE. The Voc increased ~30% and the FF increased ~7% after reducing the 

relative amount of HNP from 90 to 80 wt%, resulting in a PCE of 0.10%, a 25% increase 

(Table 3.1). Other methods for improving the Voc's could be applied to HNPs, such as 

replacing pyridine with butyl amine during the ligand exchange process
69

 and changing 

the thickness of the CdSe shell.  

Photoactive Layer PCE (%) Jsc (mA/cm
2
) Voc (V) FF (%) Rs (Ωcm

2
) 

QD(90 wt%):P3HT(10 wt%) 0.16±0.09 0.86±0.18 0.48±0.14 38.1±4.5 27.5±11.5 

HNP(90 wt%):P3HT(10 wt%) 0.08±0.02 1.36±0.09 0.18±0.02 31.6±1.0 10.7±3.2 

HNP(80 wt%):P3HT(20 wt%) 0.10±0.02 1.34±0.07 0.23±0.03 33.6±1.3 10.9±3.4 
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QD:P3HT devices with 90 wt% QD composition have been shown to have the 

highest PCEs
28, 29

 due to improved charge separation and better percolation pathways for 

electron transfer 
29, 70

. At higher wt% of CdSe NPs, very large aggregates of nanoparticles 

form in the active layer
29, 70, 71

, consequently shorting the device electrodes. In the case of 

HNPs, increased Voc and FF for the 80 wt% device might be due to better film 

morphology as compared to the 90 wt% device. Since the size of HNPs is ~3 times 

greater than the QDs, the optimum wt% of HNPs to avoid formation of large aggregates 

could be lower. 

3.3.8. HNPs of Other Chalcogenide Compositions 

 

Figure 3.7 TEM images (scale bar = 50 nm) and corresponding photographs of (a) CdTe, 

(b) CdS, (c) ZnSe, (d) ZnS. (e) Absorption spectra of the different compositions. 

Other chalcogenide compositions such as CdTe, CdS, ZnSe and ZnS were explored using 

the molten-droplet synthesis approach. In all the four cases, hollow nanoparticles were 

formed and the HNPs were colloidally stable in chloroform for at least 7 months (Fig. 
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3.7a-d). The HNP sols all exhibited UV-Vis. absorbance onset at wavelengths blue-

shifted to the bandgap energies of the corresponding bulk solids (Fig. 3.7e). The same 

synthesis conditions were used as in the case of CdSe HNPs, and no effort was made to 

optimize size and shape uniformity. 

3.4. Conclusions 

Uniformly sized, composite CdSe HNPs with diameters less than 20 nm were 

successfully synthesized by slowly heating a reaction mixture of cadmium nitrate, 

selenium, and CTAB powders in a stirring ODE liquid. In the most plausible scenario, 

cadmium nitrate melts to form nanometer-sized liquid droplets stabilized by the CTAB 

surfactant, and selenium melts to form solubilized ODE-Se species. The droplets react 

with ODE-Se to form a CdSe shell surrounding the droplet, eventually growing into the 

as-synthesized HNPs. The particles are stable in suspension, most likely due to ODE-Se 

surface ligands. Poor-quality HNPs formed when CTAB was substituted with OA or 

when ODE was substituted with ODA, providing corroborative evidence for the proposed 

formation mechanism. Under the conditions studied here, the composite CdSe HNPs 

most likely have a thin, soft layer of selenium surrounding the polycrystalline CdSe shell 

encapsulating unreacted cadmium nitrate. The selenium layer is most likely responsible 

for the observed compressive deformation and improved electron transport. The HNPs 

had a higher Jsc and lower Rs than standard QDs though the overall PCE was lower. The 

simplicity and scalability of the synthesis method allow for a straightforward manner in 

which to optimize for structural uniformity and compositional purity. 
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Figure S3.1 TGA profile of elemental selenium 
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Figure S3.2 Effect of different precursor amounts [or Cd:OA molar ratios] of oleic acid 

on HNP morphology: (a) 0.4 mmol [2:0.1], (b) 0.8 mmol [2:0.2], (c) 1.2 mmol [2:0.3], 

and (d) 23 mmol [2:6] 

  

Figure S3.3 Dh (measured at 70 °C) of Cd(NO3)2•4H2O solid heated in ODE at different 

temperatures in the (a) presence and (b) absence of CTAB 
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Figure S3.4 (a) Schematic diagram of device structure. J-V characteristics of devices 

consisting of (b) CdSe QD(90 wt%):P3HT (10 wt%) (gray dotted lines with open 

circuits) and CdSe HNP (90 wt%):P3HT (10 wt%) (black straight lines with open 

squares) and (c) CdSe HNP (90 wt%):P3HT (10 wt%) and CdSe HNP (80 wt%):P3HT 

(20 wt%) (dashed lines with open triangles) 
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Chapter 4 

Understanding the Solvent Polarity Effects on Surfactant-capped Nanoparticles 

 

4.1. Introduction 

Surfactant-capped nanoparticles (NPs) can nowadays be prepared through high-

temperature slow-decomposition, hot-injection, and hydrothermal methods with great 

precision in chemical composition, size, and shape
1-11

. Typified by metal chalcogenide 

quantum dots (QDs), such NPs are generally synthesized in high-boiling-point organic 

liquids and processed using a variety of anti-solvents and solvents. During the 

purification stage of NP synthesis, different liquids or liquid mixtures are used alternately 

to "crash out" and re-suspend NPs to remove excess or unreacted species. Little attention 

is paid, though, to the interaction of the suspending fluid (hereafter referred as a solvent) 

with the NPs and their surfactant layers, and how this relates to their colloidal stability. It 

is worthwhile to investigate the subtle differences of solvents on NP aggregation from a 

molecular perspective. 

Information with regard to solvent effects on colloidal behavior of surfactant-

capped NPs is scattered. Mattoussi et al. investigated the interparticle interactions of 

CdSe QDs and their dependency on the capping shell, surface coverage, particle size and 

solvents through small-angle x-ray scattering.
12

 They concluded that the most stable QDs 

were those covered with long-chain capping ligands, in which interactions between the 

ligand and solvent dominate over NP core-core interactions. They also concluded that 

low-to-moderate screening of core-core interactions can be achieved by increasing 

surface coverage of short-chain capping ligands to enhance ligand-solvent interactions. 
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In a different study, Fani et al. investigated the effects of capping ligand and 

solvents on CdS QD phase-transfer from organic solvent to water.
13

 The highest phase-

transfer efficiency was found for the hexane-oleic acid combination, compared to the 

chloroform-octylamine combination. There was evidence of partial NP aggregation with 

the hexane-oleic acid combination, which likely helped increase NP phase transfer 

efficiency. Yu et al. studied the effect of different ligands (oleic acid, elaidic acid, and 

stearic acid) on the chemical stability of CdTe QDs.
14

 They found that oleic acid gave 

more stable NPs, which they attributed to the less crystalline packing of the hydrocarbon 

tail within the ligand surface layer. Furthermore, Saunders et al. utilized solvent-ligand 

interactions to control the growth of uniform NPs size and packed into macroporous 

nanocrystal film.
15

 Here, NPs coated with the appropriate ligands are formed around the 

water droplets, as a temporary template, and packed into very ordered arrays. These 

studies indicate that the driving force for NP aggregation is associated more with solvent-

ligand interactions than with core-core interactions.  

Computational studies have been shown to provide much insight into solvent-

ligand interactions but there have been very few investigating the aggregation of ligand-

capped NPs at a molecular level.
16

 Among these studies, Glotzer and co-workers were 

among the first to investigate the formation of NP assemblies using implicit solvent 

Monte Carlo (MC) and Brownian Dynamics (BD) simulations.
17-19

 For example, they 

studied the nanostructure networks formed by polyhedral oligomeric silsesquioxane 

(POSS), modeled by coarse-grained NP consisted of one large cube as the inorganic core 

and a series of smaller cubes as the organic protective chains attached to the inorganic 

core.
17

 By varying the organic chain length in the modeled molecules, they systematically 
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studied the packing properties of the nanostructure, including porosity, spatial 

distribution of NP building blocks, and the extent of cross-linking, which were 

comparable to laboratory measurements of POSS aggregates. This work was further 

carried out by Chan et al.,
20

 investigating the aggregation of polymer-tethered POSS in 

hexane using a new coarse-grained (CG) model (implicit solvent) in comparison to all-

atoms model (explicit solvent). Their findings suggested comparable results between the 

two models, where POSS molecules exhibit localized packing feature of the 

silsesquioxane cages and tether conformations. By using the new CG model, they 

reduced simulation time by a factor of 100-10000, affording a savings in computing time 

of roughly two orders of magnitude. 

Pileni and coworkers carried out both experimental and theoretical studies to 

predict and investigate the influence of the NP sizes (4-7 nm) in non-polar solvents 

(cumene, hexane, octane and toluene) on the growth of two-dimensional ordered sheets 

of 1-dodecanethiol-capped gold NPs via solvent evaporation.
21

 Their MC and BD 

simulation results correlated well with experiment, indicating that structure formation 

was primary controlled by solvent-mediated interactions and not van der Waals attraction 

between NP cores. This was confirmed by the all-atom simulation study of C60 fullerenes 

by Girifalco
22

 and the coarse-grained simulation studies of In't Veld et al.
23

 and Lee and 

Hua,
24

 in which they found the effective interaction range between NPs to be short 

regardless of the particle size. Thus, the presence of protective layer can substantially 

reduce the van der Waals interactions between two NPs.
24

  

Recently, Kaushik and Clancy reported the modeling of surfactant-coated NPs 

using an all-atom model in vacuum.
25

 Two lead selenide (PbSe) NPs with a core size of 
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3-6 nm, attached by alkyl chain ligands (8-18 Å, 1.5-4 ligands/nm
3
) were selected for 

simulations. They investigated the chain conformations for a single NP and pairs of NPs 

with respect to the core size, ligand length, and grafting density. Comparing the results 

with those from two united-atom models for the alkyl chains, they concluded that the 

choice of model can lead to an unrealistic NP behavior.  

Modeling the solvent environment explicitly instead of implicitly can provide 

additional insights, though not many such computational studies on the structural and 

dynamics properties of ligand-capped NPs have appeared in literature. The challenges 

and difficulties associated with these studies are 1) the simulation setting to mimic the 

experimental conditions, 2) the simulation force-fields that correctly describe the 

properties of solvent, NP, and their interactions, and 3) the size of simulation matrix. As 

demonstrated in a recent study, Dai and co-workers utilized all-atom Molecular 

Dynamics (MD) simulations to study the self-assembly of C60 fullerenes (uncapped) at 

the water-trichloroethene (TCE) interface.
26

 In their simulations, each fullerene started to 

migrate toward the water-TCE interface and self-assembled into a cluster near the 

interface. By incorporating free sodium dodecyl sulfate (SDS) surfactants in the solvent, 

they observed distinctive clustering of C60's at different surfactant concentrations.
27

 MD 

simulations provided a wealth of information regarding the NPs assembly process: 1) 

interfacial properties were influenced by surfactants, 2) the appearance of surfactant 

ordering increased with increasing surfactant concentrations but independent of NP 

concentrations, and 3) the NP assembly occurred at the liquid-liquid interface with or 

without surfactant.  
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In a related study, Kumar and coworkers investigated the self-assembled structure 

of cobalt NPs (40
3
 lattice size = 384 atoms) in toluene (3400 per NP) in the presence of 

free sodium bis(2-ethylhexyl) sulfosuccinate using the combination of density functional 

theory (DFT) calculations and MC simulations.
28

 Their findings showed that the NPs 

quickly form small aggregates and then into larger uniform aggregates of 4.7 nm, 

corresponding well to experimental results. Striolo and Egorov investigated the effect of 

two polymer grafted spherical colloidal particles in an implicit (good) solvent and explicit 

polymeric solvent using DFT calculations and MC simulations.
29

 Their findings showed 

repulsive interactions between particles in the implicit solvent regardless of grafting 

density or grafted chain length, but somewhat attractive in polymer solution with chain 

length greater than the grafted chain. The explicit solvent model provides additional 

information on how the grafted chains interact with the solvent, which is lacking in the 

implicit solvent model. 

In this study, we developed coarse-grained computational models to investigate 

the molecular interactions between oleate-capped NPs in solvents. We coarse-grained 

oleate-capped CdSe QDs as closed-shell fullerenes with an attached ligand layer, and 

evaluated the layer thickness and aggregation propensity in several explicitly modeled 

solvents. Comparing the simulation results with dynamic light scattering analysis of 

oleate-capped CdSe QDs, we found that the ligand layer can swell depending on the 

solvent type, correlating well with the solvents experimentally tested. This study 

represents the first attempt to obtain a comprehensive understanding of the solvent effect 

in surfactant-capped NP colloidal stability. The chapter is reprinted (adapted) with 

permission from The Journal of Physical Chemistry B, Vol. 116, Leekumjorn S.; 
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Gullapalli S.; et al.; "Understanding the Solvent Polarity Effects on Surfactant-Capped 

Nanoparticles. " 2012 Pgs. 13063-13070, Copyright (2012), American Chemical Society. 

4.2. Experimental and Computational Methods 

4.2.1. Simulation Details 

With limited computational power and resource for large scale simulations in explicit 

solvents, molecular modeling of suspended NPs that consist of inorganic core and 

organic capped layer is a challenging task. To address this issue, we adopted a coarse-

grained model using the MARTINI force-field for this study
30, 31

. Since this force-field is 

primary optimized for organic molecules and does not account for inorganic molecular 

topologies, we treated a surfactant-capped NP as a hollow core that is surrounded by an 

organic layer. An imaginary carbon framework of a C180 fullerene was used and oleate 

molecules, coarse-grained of 6-bead chains, were placed around NP as the protective 

layer (180 oleates per one NP), with the terminal end of the oleate molecule pointing 

outward from the NP center (Fig. 4.1a-c).  

After the NP was constructed and selected solvent were inserted into the 

simulation box, MD simulations were carried out to equilibrate the system (Fig. 4.1d). 

The oleate packing density was controlled by the spacing of fullerene framework, which 

was set at 0.35 nm from center-to-center between 2 adjacent carbon atoms, resulting in a 

core diameter of ~3.0 nm. This model approximates oleate-capped CdSe QDs with an 

inorganic diameter of 3.0 nm CdSe NPs carrying ~160 oleate ligands, based on the ~42 

wt% organic content determined through thermogravimetric analysis
32

. Solvent 

molecules cannot penetrate the C180 hollow framework, which mimics the hardness of the 

inorganic core. Since this model of the capped NPs does not have information about the 
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inorganic content, only short-range molecular interactions between the solvent molecules 

and oleate ligands are considered in our simulations. Based on recent findings by Pileni 

and coworkers that NP core-core interactions are less dominant in solution during the 

assembly process,
21

 we believe that our model is applicable for NP studies in different 

solvents. 

 

Figure 4.1 Course-grained model structures used for (a) the NP core, adapted from 

fullerene C180 and (b) one oleate molecule in the MARTINI force-field. Colors 

correspond to oleate headgroup (red) and hydrocarbon tail (gray). (c) Initial structure of 

the oleate-capped NP model and (d) a snapshot of the NP equilibrated in a solvent. 

The seven solvents selected for this study were acetone, benzene, chloroform, 

ethanol, hexane, toluene, and water. Although a large selection of solvents is optimized in 

the MARTINI force-field (version 2.0), hexane and toluene molecules were unavailable. 

As respective substitutes for hexane and toluene, the octane force-field (consisting of two 

coarse-grained beads) and modification of benzene force-field (adjusting the Lennard-

Jones potential parameters on one of the three coarse-grained beads to compensate for the 

additional methyl group) were used. Since the coarse-grained octane was used in place of 
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hexane during the simulations, we expected a slight adjustment in the molecular volume 

of solvent which reflect the number of solvent molecules within a simulation box. 

Furthermore, it has been shown that freezing of coarse-grained water molecules is a 

major issue in MARTINI force-field (version 2.0) at 290±5 K, and the presence of solid 

interface can potentially enhance the freezing feature.
30, 33

 Based on the simulations 

considered in this study at 300 K, we did not find evidence of water freezing, as the NPs 

freely moved in the fluid. 

Two set of simulations were considered in this study, single and multiple NP 

systems. Single NP simulations were carried out for 200 ns to investigate the interactions 

between oleate chains and solvents without the influence of neighboring NPs. For this 

study, changes in the structural properties of the oleate layer were identified from the 

simulation trajectories. The systems were then enlarged by duplicating the simulation box 

three times in the x-, y-, and z-directions amounting to a total of 27 NPs. These larger 

systems were aimed at investigating the dynamic behavior of NPs concentrated in the 

selected solvent, with a total simulation time of 200 ns. System compositions are 

summarized in Table 4.1. 

All simulations were performed in the isothermal-isobaric (NPT) ensemble. 

Temperature and pressure of the simulation box were kept constant using the weak 

coupling technique,
34

 with correlation times τT = 0.1 ps and τP = 0.5 ps for the 

temperature and pressure, respectively. Temperature for all systems was set at 300 K. 

Constant pressure was attained by adjustment of the three Cartesian directions (isotropic 

pressure coupling) to a pressure of P = 1 bar (compressibility k = 1×10
-5

 bar
-1

). Periodic 

boundary conditions were imposed in all three directions. Simulation time-step was set at 
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4 fs using the leap-frog integration method
35

. Nonbonded interactions were cut off 

beyond 1.2 nm. Trajectories were collected every 20 ps. All simulations were performed 

with the GROMACS 4.0.5 software package 
36-39

 (single-precision mode) in parallel 

using Shared University Grid at Rice-SUG@R cluster (2.83 GHz Intel Xeon E5440 quad 

core processors).  

 

Solvent #Surfactant/NP #Solvent/NP 

Acetone 180 6,728 

Benzene 180 4,248 

Chloroform 180 6,728 

Ethanol 180 6,728 

Hexane 180 3,329 

Toluene 180 4,248 

Water 180 6,728 

Table 4.1 Composition for oleate-capped NPs in different solvents, listed alphabetically. 

Two set of simulations consisting of 1 and 27 NPs were considered in this study. Note 

that the number of solvent per NP varies significantly to maintain the same volume of the 

simulation box. 

4.2.2. CdSe QD Synthesis  

Oleate-capped CdSe NPs were synthesized through the hot-injection route as previously 

reported
1, 2, 40

. The cadmium precursor was prepared by heating 0.128 g of CdO (99.99% 

Sigma Aldrich) in 2 mL of oleic acid (99.99% Sigma Aldrich) and 20 mL of octadecene 

(ODE, 90% Sigma Aldrich) under argon atmosphere, until the mixture turned colorless. 

The selenium precursor was prepared by ultrasonicating 119 mg of Se metal (99.99% 

Sigma Aldrich) with 1 mL of trioctylphosphine (TOP, 90% Sigma Aldrich), until a clear 

solution was formed. The Se precursor (0.32 mL) was injected rapidly into a round 
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bottom flask containing octadecene-cadmium oleate mixture at 250 °C under an argon 

blanket. The reaction flask temperature dropped to 220 °C and kept at this temperature; 

three min after injection, the reaction flask was allowed to cool down to room 

temperature. The QDs were then washed several times using acetone and hexane. The 

QD stock suspension was prepared by drying the washed QDs and redispersing them in 

hexane. 

To study the solvent effect on the QDs, hexane stock solution was divided equally 

into 7 vials. The samples were then dried at room temperature under vacuum overnight to 

remove the residual hexane. Dried samples were redispersed into various solvents: 

hexane (99.99% EMD, UN1208), toluene (99.5% EMD, UN1294), benzene (99.0% 

EMD, UN1114), chloroform (99.8% Sigma-Aldrich, 472476), acetone (99.7% Fisher, 

A18), ethanol (200 Proof Decan, 2701), or deionized (DI) water (18.2 MΩ-cm Barnstead 

Nanopure Diamond). The QD concentrations were ~20 mg/mL in all samples, 

approximating the NP concentrations in the large simulation (27 NPs) systems. 

4.2.3. Characterization Techniques 

4.2.3.1. Transmission Electron Microscopy(TEM) and Size Analysis 

A drop of the dilute sample was placed onto a carbon coated TEM grid (PELCO
®
 

ultrathin carbon film supported by a lacey carbon film on a 400 mesh copper grid) and 

dried. TEM measurements were performed on a JEOL 1230 high contrast transmission 

electron microscope (80 KV accelerating voltage). Digital micrograph software was used 

to record the images detected by the CCD camera and Image J software was used for the 

particle size analysis. 



 83 

4.2.3.2. Optical Measurements 

In this work, Shimadzu UV-visible spectrophotometer (UV-2401PC) was used to make 

all the absorbance measurements using a standard quartz cuvette with a light path length 

of 1 cm. The fluorescence measurements were done on the SPEX-Fluoromax-3 

fluorimeter at an excitation wavelength of 480 nm.  

The quantum yield (QY) measurements were carried out using the following 

protocol.
41

 The absorbance and emission spectra of the standard as well as the test 

sample, at different concentrations, were measured. A linear plot of the integrated 

intensity versus absorbance at the excitation wavelength was obtained where the slope is 

proportional to the QY of the different samples. QY was then calculated using equation 

4.1, where the subscripts ST denotes standard sample and X denotes the test sample. RI is 

the solvent refractive index. 
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Equation 4.1 Calculation of quantum yield for different samples 

4.2.3.3. Dynamic Light Scattering (DLS) Measurements 

DLS experiments were performed on the Brookhaven ZetaPALS dynamic light scattering 

equipment with BI-9000AT digital autocorrelator at a 90° scattering angle. All 

experiments were done at room temperature using undiluted QD suspensions and a 656 

nm wavelength source. The number-intensity based hydrodynamic diameters for QDs 

were calculated using the appropriate CONTIN or the NNLS routine. The ~20 mg/mL 

concentrations were close to those in the large simulation box study. 



 84 

4.3. Results and Discussions 

4.3.1. Computational Results for Simulation Box with 1 NP 

Simulations of a single NP were carried out using different solvents to determine the 

feasibility of the model and to identify interactions between surfactant and solvent 

molecules in the absence of neighboring NPs. Based on the simulation trajectories, it was 

observed that the perturbation of oleate molecules in solution were different depending 

on the solvent type. The average distance of oleate molecules stretching from the core 

outward was measured using the radial distribution analysis between the first and last 

beads (O1 and C6 beads, respectively) of the oleate chain. As shown in figure 4.2a, the 

ensemble average oleate length increased from the water case (1.84 nm) to the 

chloroform case (2.12 nm), reaching the extension length of 2.15 nm for the benzene, 

toluene, and hexane cases.  

The solvent properties of dielectric constants (ε) and dipole moments (μ), which 

are commonly used to describe the polarity of solvents, did not correlate well with 

calculated tail length (Fig. 4.2c,d). On the other hand, normalized molar electronic 

transition energies (ET
N
) correlated well with calculated tail length (Fig. 4.2b). These ET

N
 

values are derived from UV-vis absorption spectra of a solvatochromic pyridinium N-

phenolate betaine dye solubilized in a particular solvent at 25°C and 1 bar, referenced to 

the same dye dissolved in water (as the most polar solvent) and in tetramethylsilane (as 

the most non-polar solvent). These values, tabulated for hundreds of solvents, range from 

0 (for the least polar solvent) to 1 (for the most polar).
42
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Figure 4.2 Correlation between solvent properties and oleate tail length in solvents. (a) 

Distance of the tail length estimated from the first RDF maximum peak between O1-C6 

of oleate molecule for an oleate-capped NP in water ("wat"), ethanol ("eth"), acetone 

("act"), chloroform ("chl"), benzene ("ben"), toluene ("tol"), and hexane ("hex"). 

Tabulated values for (b) solvent polarity index at 25 °C,43 (c) dielectric constant at 20 

°C,44 and (d) dipole moment at 20 °C.44  

The radial distribution functions (RDF's) showed a peak at ~0.512 nm for the C4, 

C5, and C6 positions of the coarse-grained oleate chain, indicating they were in contact 

with the solvent molecules (Fig. 4.3a and b). The RDF's did not show this peak below the 

C4 position, indicating that the solvent molecules did not penetrate below C4 to contact 

the lower bead positions. This result is consistent with a compact oleate coating, which 

was quantified with a short tail extension (Fig. 4.2a). In acetone, the RDF's showed that 

the solvent molecules reached the C3 position, consistent with a slightly more swollen 

oleate layer (Fig. 4.3c). With solvents of decreasing polarity (as ranked by ET
N
 values), 

the respective solvent molecules penetrated more deeply through the oleate layer, such 

that the O1 position was reached (Fig. 4.3d-g).  
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Based on the RDF results, the swelling of the oleate was directly related to the 

penetration of the solvent molecules into the layer, and the extent of penetration into the 

oleate layer depended on solvent polarity. For the solvents of water, ethanol, acetone, 

chloroform, benzene, toluene, and hexane, the number of solvent molecules trapped 

within the swollen oleate layer per NP were estimated to be 200-600. These values were 

estimated by counting the number of solvent molecules only within the first correlation 

peak between oleates and solvents, which was set between 0-0.512 nm for the first 

salvation layer. The solvent molecules within the first salvation layer were assumed to be 

the predominant driving force for ligand-solvent interactions.  

 

Figure 4.3 RDF between oleate and solvent molecules for (a) water, (b) ethanol, (c) 

acetone, (d) chloroform, (e) benzene, (f) toluene, and (g) hexane. Cartoon drawing 

corresponds to the correlation between O1 (black), C2, (red), C3 (green), C4 (blue), C5 

(orange), and C6 (gray) of oleate and respective solvents. 
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4.3.2. Computational Results for Simulation Box with 27 NPs 

To consider NP aggregation behavior in different solvents through dynamic simulations, 

we constructed model systems of several NPs by enlarging the single NP simulations 

with the respective solvents. Figure 4.4a (top row) shows the initial snapshot of the 

simulation box with 27 NPs. The system settings were such that there were no 

interactions between NPs initially and the driving force was associated with the 

interactions between oleate and solvents. The NPs were not in equilibrium initially and 

selected snapshots of the simulation trajectory (Fig. 4.4a, 2
nd

 and 3
rd

 rows) were used to 

identify the dynamic movement of NPs. 

In hexane, toluene, and benzene, NP movement was found to be random and NPs 

did not aggregate with one another, mimicking Brownian motion of dispersed particles. 

In water and ethanol, on the other hand, NPs quickly formed aggregates with one another. 

In acetone, NPs aggregated also though the oleate layer was slightly more solvated 

compared to the cases of water and ethanol, as indicated by the 1-NP simulations (Fig. 

4.2a). In chloroform, the NPs aggregated, even though the oleate layer was swelled 

nearly as much as the hexane, toluene, or benzene cases (Fig. 4.2a). Any aggregation of 

NPs was due to hydrophobic interactions between the oleate layers of NPs, as simulated 

by the short-range Lennard-Jones interactions of the MARTINI force-field.  

Oleate-capped CdSe QDs could not be dispersed in water, ethanol, and acetone, 

and could be dispersed in chloroform, benzene, toluene, and hexane (Fig. 4.4b). These 

experimental observations were consistent with simulation results for all solvent cases, 

except for chloroform. The observed lack of QD precipitation using chloroform as the 

solvent suggested that QDs formed small aggregates that remained in suspension. 
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Figure 4.4 (a) Snapshots of simulation trajectory for the multiple NP simulations. 

Comparative ranking of NP in the selected solvent is shown from left to right with 

decreasing solvent polarity. Simulation progress is shown from top to bottom. For clarity, 

solvent molecules are not shown. (b) Corresponding CdSe QDs redisperse in different 

solvents. 

The extent of NP solvation was assessed as a function of simulation time for each 

solvent case. The number of solvent molecules surrounding the oleate layer for each of 

the 27 NPs was estimated within the first correlation peak between oleates and solvents, 

which was set between 0-0.512 nm (Fig. 4.3). The total number of solvent molecules was 

determined, up to a simulation time of 200 ns, for each solvent (Fig. 4.5). The number of 

solvent molecules remained the same for the toluene, benzene, and hexane, correlating to 

the fully solvated, unaggregated state of the oleate-capped NPs.  
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Figure 4.5 Ensemble average number of solvent molecules within the oleate layer for 27 

NPs as a function of simulation time. Averages were estimated within the first hydration 

layer of the oleate molecule.  

There was a significantly larger amount of number of benzene and toluene 

molecules around the NPs than compared to the hexane case, because benzene and 

toluene molecules occupy a smaller volume per molecule than hexane, and therefore 

more can fit within a given volume (cf. molar volumes of benzene, toluene, and hexane at 

25 °C are 89.4,
45

 107.0,
46

 , and 147.5 cm
3
/mol,

47
 respectively). Simulations indicated 

comparable benzene and toluene numbers, even though benzene had a smaller molar 

volume, suggesting that the stronger dipole moment of toluene allowed for greater 

solvation of the polar headgroup of the oleate molecule at the NP surface. 

For water, ethanol, and acetone, the total number of solvent molecules decreased 

with time, which can be associated with deswelling of the oleate layer. The observed 

stepwise decrease was due to aggregation of the NPs, expelling additional solvent 
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molecules from the oleate layer. For chloroform, the total number of solvent molecules 

decreased. Since the 1-NP simulation results indicated the oleate layer remained 

essentially swollen, this decrease could be due to a type of NP aggregation process in 

which expulsion of solvent molecules did not occur stepwise. 

4.3.3. Characterization of CdSe QDs Dispersed in Different Solvents 

QDs suspended in chloroform, benzene, toluene, and hexane were analyzed via TEM 

(Figure 4.6). The average particle core diameters based on ~200 particles for each solvent 

case were 3.72, 3.60, 3.49, and 3.27 nm, respectively, all within one standard deviation of 

each other (Table 4.2). No TEM evidence of small QD aggregates was observed for the 

chloroform case, as suggested earlier by the simulation results.  

 

Figure 4.6 TEM images of the oleate-capped CdSe QDs in (a) hexane, (b) toluene, (c) 

benzene, and (d) chloroform. 
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Table 4.2 Estimated QD core size, hydrodynamic diameter, oleate tail extension, and 

quantum yield.
a
 Calculated as ½ of the difference of hydrodynamic and core diameters; 

b
Refractive indices (RI's) are from ref. 48; 

c
QY values normalized to hexane case 

The hydrodynamic diameters measured via DLS were roughly the same for the 

hexane, toluene, and benzene cases, while the chloroform case yielded a smaller 

hydrodynamic diameter. The average oleate layer thickness was estimated as half the 

difference between hydrodynamic diameter and the core size (Table 4.2). These 

experimental values were qualitatively consistent with the CGMD simulation results for 

the oleate tail thickness (Figure 4.2a).  

To determine whether the QDs were fully dispersed or partially aggregated in 

solutions as observed from the simulations, quantum yield (QY) measurement was used. 

A decrease in the quantum yield may be associated with the quenching effects due to 

partial aggregation of QDs in a given solvent.
49-51

 We note that other phenomena such as 

chemical degradation and interaction of oxygen or water with the QD surface that result 

in localized surface defects (and can lead to a decrease in QY) cannot be ignored.
52-55

 

From Table 4.2, the QYs increased in the order of chloroform, benzene, toluene and 

hexane. We speculate that the highly solvated oleate layer provides access to the QD 

surface, and the more electronically active solvents (e.g., with higher dipole moments and 

 Solvent 

Core diameter 

from TEM 

(nm) 

Hydrodynamic 

diameter from 

DLS (nm) 

Oleate length 

(nm)
a
 

RI's
b
 

Actual 

QY (%)  

Normalized 

QY
c
 

Chloroform 3.72±0.53 7.41±0.69 1.85±0.61 1.446 7.6 0.61 

Benzene 3.60±0.45 8.54±0.80 2.47±0.63 1.501 9.1±0.45 0.73±0.04 

Toluene 3.49±0.46 8.57±0.84 2.54±0.65 1.497 11.8±0.90 0.95±0.07 

Hexane 3.27±0.52 8.89±0.90 2.81±0.71 1.375 12.4±0.60 1.00±0.05  
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higher dielectric constants) interfere with the radiative recombination pathway, thus 

lowering the QY. 

4.3.4. The Chloroform Case 

The computational and experimental data can be summarized in Figure 4.7, in which NPs 

precipitate in the blue region (which includes the polar solvents of water, ethanol, and 

acetone), and do not precipitate in the red region (which includes the non-polar solvents 

of chloroform, benzene, toluene, and hexane). These regions correlate to the 

computationally calculated oleate tail length, with length variations due to swelling by 

solvent molecules. There is a transition point between acetone (ET
N
 = 0.355) and 

chloroform (ET
N
 = 0.259) at which macroscopic precipitation (i.e., suspension cloudiness) 

occurs. We conducted NP precipitation experiments using chloroform/acetone mixtures 

and found that a mixture containing chloroform at a volume percent of 49.9-50.1% 

induces NP aggregation. This mixture has an effective solvent polarity index of 0.307, 

using the Snyder formula
56

.  

Whereas water, ethanol, and acetone were predicted through multi-NP 

simulations to induce NP aggregation (which matched the experimental observations), 

chloroform was also predicted to induce NP aggregation even though it is a "good" 

solvent for QDs (Fig. 4.4). The possibility of the NPs forming small aggregates that 

remained in suspension was not supported by DLS results. Single-NP simulations 

indicated the oleate layer remained nearly fully swollen, and yet multi-NP simulations 

indicated solvent expulsion from the oleate layer. We suggest that oleate-capped QDs 

exhibit rapid and reversible aggregation in which the oleate ligands on one particle 

interdigitate with those of another. 
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Figure 4.7 Computed oleate extension and observed precipitation behavior of oleate-

capped QDs in suspending fluids of varying solvent polarity and computed oleate length. 

4.4. Conclusion 

In this study, experimental work with CdSe QDs and computational work with a model 

NP structure were performed to gain insight into how solvent polarity played a role in 

surfactant-capped NP colloidal stability. Molecular dynamics simulations of single 

oleate-capped NPs showed the oleate layer swell to different extents depending on the 

solvent type. Oleate lengths roughly matched experimental measurements of oleate 

thickness, with the layer being fully swelled and thickest in nonpolar solvents and the 

least swelled in water. Simulations of multiple NPs showed aggregation behavior that 

matched well with experimental observations for all solvents except chloroform, e.g., 

NPs were fully dispersed in hexane, toluene, and benzene. The polarity indices of 

chloroform and acetone are close in value, but the QDs were stable in the former and not 
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the latter. The QD colloidal stability transition point was found with a chloroform-

acetone mixture of ~50 vol%. Highlighting polarity as the key solvent feature for 

colloidal stability of surfactant-capped NPs, this computational approach should be useful 

for analyzing colloidal particles with more complex structures and other solvent types. 

4.5. Acknowledgements 

I thank my co-first author Dr. S. Leekumjorn for developing the nanoparticle model, 

performing the simulation work and co-writing this paper; and my advisor & principal 

investigator on the project Dr. M. S. Wong for overall guidance. The authors are grateful 

for partial financial support from 3M and Advanced Aromatics and the Shell Center for 

Sustainability at Rice University (graduate fellowship to S.G.). Access to the 

computational resources was provided by the Shared University Grid at Rice-SUG@R. 

The authors also thank Dr. H. G. Bagaria and Dr. G. C. Kini for their comments and 

valuable discussion on the synthesis and characterization of CdSe QDs. Special thanks to 

Mr. C. Reuda (Institute of Biosciences and Bioengineering (IBB)-Howard Hughes 

Medical Institute (HHMI) Summer Program) for his efforts in creating the capped NP 

model. 



 95 

References 

 

1.Asokan, S.; Krueger, K. M.; Alkhawaldeh, A.; Carreon, A. R.; Mu, Z. Z.; Colvin, V. L.; 

Mantzaris, N. V.; Wong, M. S., The use of heat transfer fluids in the synthesis of high-

quality CdSe quantum dots, core/shell quantum dots, and quantum rods. Nanotechnology 

2005, 16, (10), 2000-2011. 

2.Asokan, S.; Krueger, K. M.; Colvin, V. L.; Wong, M. S., Shape-controlled synthesis of 

CdSe tetrapods using cationic surfactant ligands. Small 2007, 3, (7), 1164-1169. 

3. Cho, J. W.; Kim, H. S.; Kim, Y. J.; Jang, S. Y.; Park, J.; Kim, J. G.; Kim, Y. J.; Cha, E. 

H., Phase-tuned tetrapod-shaped CdTe nanocrystals by ligand effect. Chemistry of 

Materials 2008, 20, (17), 5600-5609. 

4. Fiore, A.; Mastria, R.; Lupo, M. G.; Lanzani, G.; Giannini, C.; Carlino, E.; Morello, 

G.; De Giorgi, M.; Li, Y.; Cingolani, R.; Manna, L., Tetrapod-Shaped Colloidal 

Nanocrystals of II-VI Semiconductors Prepared by Seeded Growth. Journal of the 

American Chemical Society 2009, 131, (6), 2274-2282. 

5. Jun, Y. W.; Choi, J. S.; Cheon, J., Shape control of semiconductor and metal oxide 

nanocrystals through nonhydrolytic colloidal routes. J. Angew. Chem. Int. Ed. 2006, 45, 

(21), 3414-3439. 

6. Jun, Y. W.; Lee, S. M.; Kang, N. J.; Cheon, J., Controlled synthesis of multi-armed 

CdS nanorod architectures using monosurfactant system. Journal of the American 

Chemical Society 2001, 123, (21), 5150-5151. 

7. Manna, L.; Milliron, D. J.; Meisel, A.; Scher, E. C.; Alivisatos, A. P., Controlled 

growth of tetrapod-branched inorganic nanocrystals. Nature Materials 2003, 2, (6), 382-

385. 

8. Manna, L.; Scher, E. C.; Alivisatos, A. P., Synthesis of soluble and processable rod-, 

arrow-, teardrop-, and tetrapod-shaped CdSe nanocrystals. Journal of the American 

Chemical Society 2000, 122, (51), 12700-12706. 

9. Murray, C. B.; Norris, D. J.; Bawendi, M. G., Synthesis and Characterization of Nearly 

Monodisperse Cde (E = S, Se, Te) Semiconductor Nanocrystallites. Journal of the 

American Chemical Society 1993, 115, (19), 8706-8715. 



 96 

10. Peng, X. G.; Manna, L.; Yang, W. D.; Wickham, J.; Scher, E.; Kadavanich, A.; 

Alivisatos, A. P., Shape control of CdSe nanocrystals. Nature 2000, 404, (6773), 59-61. 

11. Zhang, H.; Wang, L. P.; Xiong, H. M.; Hu, L. H.; Yang, B.; Li, W., Hydrothermal 

synthesis for high-quality CdTe nanocrystals. Advanced Materials 2003, 15, (20), 1712-

1715. 

12. Mattoussi, H.; Cumming, A. W.; Murray, C. B.; Bawendi, M. G.; Ober, R., Properties 

of CdSe nanocrystal dispersions in the dilute regime: Structure and interparticle 

interactions. Physical Review B 1998, 58, (12), 7850-7863. 

13. Fini, P.; Depalo, N.; Comparelli, R.; Curri, M. L.; Striccoli, M.; Castagnolo, M.; 

Agostiano, A., Interactions between surfactant capped CdS nanocrystals and organic 

solvent. Journal of Thermal Analysis and Calorimetry 2008, 92, (1), 271-277. 

14. Yu, W. W.; Wang, Y. A.; Peng, X. G., Formation and stability of size-, shape-, and 

structure-controlled CdTe nanocrystals: Ligand effects on monomers and nanocrystals. 

Chemistry of Materials 2003, 15, (22), 4300-4308. 

15. Saunders, A. E.; Korgel, B. A., Observation of an AB phase in bidisperse nanocrystal 

superlattices. Chemphyschem 2005, 6, (1), 61-65. 

16. Leekumjorn, S.; Wong, M. S., 5.07 - Self-Assembly of Nanoparticle Building Blocks. 

In Comprehensive Nanoscience and Technology, Academic Press: Amsterdam, 2010; 

Vol. 5, pp 203-224. 

17. Lamm, M. H.; Chen, T.; Glotzer, S. C., Simulated assembly of nanostructured 

organic/inorganic networks. Nano Letters 2003, 3, (8), 989-994. 

18. Zhang, Z. L.; Horsch, M. A.; Lamm, M. H.; Glotzer, S. C., Tethered nano building 

blocks: Toward a conceptual framework for nanoparticle self-assembly. Nano Letters 

2003, 3, (10), 1341-1346. 

19. Zhang, Z. L.; Keys, A. S.; Chen, T.; Glotzer, S. C., Self-assembly of patchy particles 

into diamond structures through molecular mimicry. Langmuir 2005, 21, (25), 11547-

11551. 



 97 

20. Chan, E. R.; Striolo, A.; McCabe, C.; Cummings, P. T.; Glotzer, S. C., Coarse-

grained force field for simulating polymer-tethered silsesquioxane self-assembly in 

solution. Journal of Chemical Physics 2007, 127, (11), 1141021 - 11410215. 

21. Goubet, N.; Richardi, J.; Albouy, P. A.; Pileni, M. P., How to Predict the Growth 

Mechanism of Supracrystals from Gold Nanocrystals. J. Phys. Chem. Lett. 2011, 2, (5), 

417-422. 

22. Girifalco, L. A., Molecular properties of fullerene in the gas and solid phases. J. Phys. 

Chem. 1992, 96, (2), 858-861. 

23. Veld, P. J. i. t.; Horsch, M. A.; Lechman, J. B.; Grest, G. S., Liquid-vapor coexistence 

for nanoparticles of various size. J. Chem. Phys. 2008, 129, (16), 164504-164507. 

24. Lee, C. K.; Hua, C. C., Nanoparticle interaction potentials constructed by multiscale 

computation. J. Chem. Phys. 2010, 132, (22), 2249041-2249049. 

25. Kaushik, A. P.; Clancy, P., Explicit all-atom modeling of realistically sized ligand-

capped nanocrystals. Journal of Chemical Physics 2012, 136, (11), 1147021-11470212. 

26. Luo, M. X.; Mazyar, O. A.; Zhu, Q.; Vaughn, M. W.; Hase, W. L.; Dai, L. L., 

Molecular dynamics simulation of nanoparticle self-assembly at a liquid - Liquid 

interface. Langmuir 2006, 22, (14), 6385-6390. 

27. Luo, M.; Dai, L. L., Molecular dynamics simulations of surfactant and nanoparticle 

self-assembly at liquid-liquid interfaces. J. Phys.: Condens. Matter 2007, 19, (37), 

3751091-37510914. 

28. Adhikari, N. P.; Peng, X. H.; Alizadeh, A.; Ganti, S.; Nayak, S. K.; Kumar, S. K., 

Multiscale modeling of the surfactant mediated synthesis and supramolecular assembly of 

cobalt nanodots. Physical Review Letters 2004, 93, (18), 1883011-1883014. 

29. Striolo, A.; Egorov, S. A., Steric stabilization of spherical colloidal particles: Implicit 

and explicit solvent. Journal of Chemical Physics 2007, 126, (1), 0149021-0149025. 

30. Marrink, S. J.; Risselada, H. J.; Yefimov, S.; Tieleman, D. P.; de Vries, A. H., The 

MARTINI force field: Coarse grained model for biomolecular simulations. Journal of 

Physical Chemistry B 2007, 111, (27), 7812-7824. 



 98 

31. Murtola, T.; Bunker, A.; Vattulainen, I.; Deserno, M.; Karttunen, M., Multiscale 

modeling of emergent materials: biological and soft matter. Physical Chemistry Chemical 

Physics 2009, 11, (12), 1869-1892. 

32. Asokan, S. Chemical processing of colloidal cadmium selenide nanoparticles: New 

approaches to dimensional and morphological control. Rice University, Houston, 2008. 

33. Marrink, S. J.; de Vries, A. H.; Mark, A. E., Coarse grained model for 

semiquantitative lipid simulations. Journal of Physical Chemistry B 2004, 108, (2), 750-

760. 

34. Berendsen, H. J. C.; Postma, J. P. M.; Vangunsteren, W. F.; Dinola, A.; Haak, J. R., 

Molecular-Dynamics with Coupling to an External Bath. Journal of Chemical Physics 

1984, 81, (8), 3684-3690. 

35. Allen, M. P.; Tildesley, D. J., Computer simulation of liquids. Clarendon Press ; 

Oxford University Press: Oxford [England] New York, 1987. 

36. Hess, B.; Kutzner, C.; van der Spoel, D.; Lindahl, E., GROMACS 4: Algorithms for 

highly efficient, load-balanced, and scalable molecular simulation. Journal of Chemical 

Theory and Computation 2008, 4, (3), 435-447. 

37. Van der Spoel, D.; Lindahl, E.; Hess, B.; Groenhof, G.; Mark, A. E.; Berendsen, H. J. 

C., GROMACS: Fast, flexible, and free. Journal of Computational Chemistry 2005, 26, 

(16), 1701-1718. 

38. Lindahl, E.; Hess, B.; van der Spoel, D., GROMACS 3.0: a package for molecular 

simulation and trajectory analysis. J. Mol. Model. 2001, 7, (8), 306-317. 

39. Berendsen, H. J. C.; Vanderspoel, D.; Vandrunen, R., Gromacs - a Message-Passing 

Parallel Molecular-Dynamics Implementation. Computer Physics Communications 1995, 

91, (1-3), 43-56. 

40. Ko, W. Y. L.; Bagaria, H. G.; Asokan, S.; Lin, K. J.; Wong, M. S., CdSe tetrapod 

synthesis using cetyltrimethylammonium bromide and heat transfer fluids. Journal of 

Materials Chemistry 2010, 20, (12), 2474-2478. 



 99 

41. Hariba, J. Y., A Guide to Recording Fluorescence Quantum Yield. Jobin Yvon Hariba 

Limited: Stanmore, 2003. 

42. Reichardt, C., Solvatochromic Dyes as Solvent Polarity Indicators. Chemical Reviews 

1994, 94, (8), 2319-2358. 

43. Reichardt, C., Empirical Parameters of Solvent Polarity as Linear Free-Energy 

Relationships. Angew. Chem. Int. Ed. 1979, 18, (2), 98-110. 

44. Smallwood, I. M., Handbook of organic solvent properties. Arnold ;Halsted Press: 

London New York, 1996. 

45. Leger, J. M., Volume of Benzene under Very High-Pressure. Solid State 

Communications 1988, 66, (3), 245-247. 

46. Franck, E. U.; Kerschbaum, S.; Wiegand, G., The density of toluene at high pressures 

to 673 K and 300 MPa. Ber. Bunsenges. Phys. Chem. 1998, 102, (12), 1794-1797. 

47. Funazukuri, T.; Nishimoton; Wakao, N., Binary Diffusion-Coefficients of Organic-

Compounds in Hexane, Dodecane, and Cyclohexane at 303.2-333.2-K and 16.0 Mpa. 

Journal of Chemical and Engineering Data 1994, 39, (4), 911-915. 

48. Šedivec, V.; Flek, J., Handbook of analysis of organic solvents. E. Horwood ;Halsted 

Press: Chichester, Eng.New York, 1976. 

49. Kim, T.; Noh, M.; Lee, H.; Joo, S.-W.; Lee, S. Y.; Lee, K., Fluorescence-Based 

Detection of Point Mutation in DNA Sequences by CdS Quantum Dot Aggregation. J. 

Phys. Chem. B 2009, 113, (43), 14487-14490. 

50. Liu, J.; Yang, X.; Wang, K.; Yang, R.; Ji, H.; Yang, L.; Wu, C., A switchable 

fluorescent quantum dot probe based on aggregation/disaggregation mechanism. 

Chemical Communications 2011, 47, (3), 935-937. 

51. Resch-Genger, U.; Grabolle, M.; Cavaliere-Jaricot, S.; Nitschke, R.; Nann, T., 

Quantum dots versus organic dyes as fluorescent labels. Nature Methods 2008, 5, (9), 

763-775. 



 100 

52. Katari, J. E. B.; Colvin, V. L.; Alivisatos, A. P., X-Ray Photoelectron-Spectroscopy 

of Cdse Nanocrystals with Applications to Studies of the Nanocrystal Surface. Journal of 

Physical Chemistry 1994, 98, (15), 4109-4117. 

53. Mancini, M. C.; Kairdolf, B. A.; Smith, A. M.; Nie, S., Oxidative Quenching and 

Degradation of Polymer-Encapsulated Quantum Dots: New Insights into the Long-Term 

Fate and Toxicity of Nanocrystals in Vivo. Journal of the American Chemical Society 

2008, 130, (33), 10836-10837. 

54. Noh, M.; Kim, T.; Lee, H.; Kim, C.-K.; Joo, S.-W.; Lee, K., Fluorescence quenching 

caused by aggregation of water-soluble CdSe quantum dots. Colloids and Surfaces A: 

Physicochem. Eng. Aspects 2010, 359, (1-3), 39-44. 

55. Yan, Y.; Wang, S.; Liu, Z.; Wang, H.; Huang, D., CdSe-ZnS Quantum Dots for 

Selective and Sensitive Detection and Quantification of Hypochlorite. Analytical 

Chemistry 2010, 82, (23), 9775-9781. 

56. Issaq, H. J., A century of separation science. Marcel Dekker: New York, 2002. 

 



 

101 

 

Chapter 5 

In-situ Generated Hydrogen Driven Reductive Photocatalysis 

 

5.1. Introduction 

Photocatalysis is defined as the catalysis of a photochemical reaction at a solid 

semiconductor surface with simultaneous oxidation (anodic reactions, from 

photogenerated holes) and reduction (cathodic reactions, from photogenerated electrons) 

reactions
1
. Although photocatalysis involves simultaneous anodic and cathodic processes, 

based on the nature of reaction (oxidation or reduction) desired for the target compound, 

the reactions are divided as oxidative photocatalysis or reductive photocatalysis. 

Examples of oxidative photocatalytic reactions include degradation of volatile organic 

compounds
2
 and CO oxidation by O2

3, 4
 . Examples of reductive photocatalytic reactions 

include hydrogen production from water splitting reaction
5
 and selective reduction of 

NOx to N2
6
. 

In the fields of wastewater and groundwater treatments photooxidative removal of 

organic contaminants has gained considerable interest
7, 8

. Trichloroethene (TCE) is one of 

the most common groundwater contaminants in the United States
9, 10

 and is a carcongenic 

toxin
11

. Photocatalytic removal of both gaseous and aqueous phase TCE is primarily 

through photooxidative processes 
2, 12-15

. The main mineralization product for TCE is CO2 

with phosgene, dichloroacetyl chloride (DCAC), dichloroacetaldehyde (DCAAD) and 

dichloroacetic acid (DCAA) as intermediates
13, 16, 17

. For aqueous phase TCE 

degradation, photooxidation proceeds direct or indirect photo hole oxidation
17

, where the 

presence of atmospheric oxygen is essential to achieve mineralization. But accumulation 
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of photoholes could lead to reduced rates since it has been determined to be the rate-

limiting step for organic contaminants in the aqueous phase
18

.  

Removal of aqueous phase TCE can be achieved through non-photocatalytic  

reductive hydrodechlorination (HDC) with H2 gas as the reducing agent
9
. The main 

products of TCE HDC are ethane and HCl (Eqn. 5.1). 

 

CHCl3 + 4H2 → C2H6 + 3HCl 

Equation 5.1 TCE HDC in the presence of co-fed H2 

Monometallic catalysts such as palladium (Pd) and other group VIIIB metals
19

 

and bimetallic catalysts such as palladium-on-gold (Pd-on-Au)
9, 20-22

 have been shown to 

be excellent for hydrodehalogenation processes. Safety concerns with hydrogen during 

production, storage, transport and use
23

 stages however exist. For aqueous phase TCE 

HDC, an alternative to an external feed of hydrogen is the photocatalytic water splitting 

reaction
5
 for in-situ H2 production. However reductive photocatalysis has received less 

attention for the removal of chlorinated hydrocarbons. 

In this chapter, we demonstrate reductive photocatalysis as an alternative for the 

removal of our test chemical (TCE). We synthesized bifunctional semiconductor-metal 

catalysts and demonstrated their capability to both photoreduce TCE and split water. We 

propose a reductive photocatalytic mechanism for TCE HDC via in-situ hydrogen 

formation. Insight from this study can be extended to utilize the reductive photocatalysis 

strategy for other organic contaminants. 
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5.2. Experimental Methods 

5.2.1. Materials 

5.2.1.1. Catalysts 

Titanium(IV) oxide catalyst (TiO2; nanopowder >99.5% trace metal basis) was purchased 

from Sigma-Aldrich. Gold/TiO2 catalyst (Au/TiO2, 1 wt%) was purchased from 

MINTEK, Randburg, South Africa. 

5.2.1.2. Chemicals 

Palladium(II) chloride (PdCl2; >99.99%), trichloroethene (TCE, >99.5%) and methanol 

(>99%) were obtained from Sigma Aldrich. Hydrochloric acid (HCl, 1.0 N) and pentane 

(99.61%) were purchased from EMD Millipore. Methanol D4 (99.8%) was purchased 

from Cambridge Isotope Laboratory Incorporated. All chemicals were used as received 

without further purification. Ultra-high purity (UHP) hydrogen (H2), argon (Ar), helium 

(He) & air gases and the gas calibration standards were obtained from Matheson Tri-gas. 

Barnstead NANOpure Diamond system (resistivity >18 MΩ/cm) deionized (DI) water 

was used for all experiments.  

5.2.2. Catalyst Synthesis and Characterization 

5.2.2.1. Pd Precursor Solution 

0.0425 g PdCl2 and 0.5 mL HCl were added to 99.5 mL DI water and the mixture was 

allowed to react for three hours under constant stirring. Subsequently a yellow H2PdCl4 

solution (2.4mM, pH of 2.4) was obtained.  
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5.2.2.2. Palladium/TiO2 Catalyst (Pd/TiO2) 

The catalyst preparation technique was adapted from Velazquez et al.
21

. TiO2 purchased 

from Sigma-Aldrich was sieved using the US standard 50 mesh to obtain particles sizes 

<300 μm. Constant stirring of 1 g TiO2 in excess DI water (~ 100 mL) resulted in a white 

TiO2-water suspension. For a 1 wt% Pd/TiO2 catalyst, 39.5 mL of Pd precursor (2.4 mM) 

was added to the white suspension and hydrogen gas (H2) was vigorously bubbled 

through for 10 minutes. A color change from white to grey indicated successful Pd metal 

deposition onto TiO2. The grey suspension was allowed to stir for another 1 hr to ensure 

thorough mixing. The grey suspension was then filtered to obtain a grey powder. The 

grey powder was washed several times with water to remove any unreacted reagents and 

dried overnight in a drying oven at 333 K. The dried powder was then crushed, sieved 

and designated as the Pd/TiO2 catalyst. 

5.2.2.3. "Pd-on-Au"/TiO2 Catalyst 

1 wt% Au/TiO2 obtained from MINTEK was sieved using the US standard 50 mesh. 1 g 

Au/TiO2 was dispersed in excess DI water (~100 mL) resulting in a violet Au/TiO2-water 

suspension. For a "0.1 wt% Pd on 1 wt% Au"/TiO2 catalyst, 3.95 mL of Pd precursor was 

added and H2 was bubbled vigorously for 10 minutes. The color change is less obvious in 

this case. The resulting suspension was post-processed as described above and designated 

as "Pd-on-Au"/TiO2 catalyst. Note, we have denoted "Pd-on-Au" in quotes because it is 

unknown if the Pd deposits only on the Au sites. EXAFS analysis
10

 could provide insight 

into the actual structure of the catalyst. 
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5.2.2.4. Transmission Electron Microscopy (TEM) and Size Analysis 

TEM measurements were performed using a JEOL 1230 high-contrast TEM (80 kV 

accelerating voltage). The catalyst powder (TiO2, Au/TiO2, Pd/TiO2, "Pd-on-Au"/TiO2) 

was dispersed in chloroform and a drop of the dilute catalyst-chloroform suspension was 

dispensed onto an ultrathin carbon film on holey carbon support 400 mesh Cu TEM grid 

(PELCO). The grid was then dried under ambient conditions. Number-weighted size 

distributions of each catalyst were determined by measuring >100 particles using the 

ImageJ software. 

5.2.2.5. BET Surface Area Measurements 

Nitrogen physisorption experiments were carried out using the Quantachrome Autosorb-

3b BET surface analyzer at 77 K and a relative pressure (P/P0) range of 0.05 – 0.25. All 

samples were first degassed at 473 K for 4 h. Specific surface areas (SSA) were 

calculated using the Brunauer-Emmett-Teller (BET) equation
24

. 

5.2.3. Apparatus 

The apparatus used for the photcatalytic experiments consisted of three parts: the light 

source, the batch photoreactor and the gas analysis systems. The experimental apparatus 

excluding the gas analysis system was maintained in a dark room environment. 

5.2.3.1. Light Source 

The light source consisted of a 500 W Hg(Xe) arc lamp (Oriel, model 66142) in a single 

element fused silica condenser lens containing lamp housing (Oriel, model 66901) that 

used a xenon power supply (Oriel, model 69911). The Hg(Xe) lamp is characterized by 

intense UV and visible emission in the 200 nm to 600 nm range (irradiation spectrum 

shown in figure S5.1). No filters were used. In all the experiments, the lamp power was 
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kept constant at 400 W and the reactor was kept at a fixed distance from the light source 

(~19 cm) (Fig. S5.2). 

5.2.3.2. Batch Photoreactor 

Batch reactor studies were performed using a screw cap 40 mL Type I borosilicate glass 

scintillation vial (27.5 mm×95 mm; purchased from VWR Scientific) containing a 

magnetic stir bar and sealed with Teflon tape and a PTFE-silicone septum (National 

Scientific, 0.01” PTFE/0.09” silicone). It is noted that depending on the composition, 

borosilicate glass typically absorbs in the <340 nm UV region
25

. A constant stirring rate 

(1200 rpm) was maintained for all experiments  

5.2.3.3. Gas Analysis System 

For the TCE HDC reaction, gas analysis was performed on an Agilent 6890 gas 

chromatograph equipped with a flame ionization detector (GC-FID) and a Supelco 60/80 

carbopack B/ 1% SP-1000 packed column (length = 6 ft; diameter = 1/8 inch). The 

carrier gas was UHP air.  

For H2 detection, gas analysis was performed on an Agilent 6890 gas 

chromatograph equipped with a thermal conductivity detector (GC-TCD) and a Supelco 

1-2382 45/60 carboxen-1000 packed column (length = 5 ft; diameter = 1/8 inch). The 

carrier gas was UHP helium. 

5.2.4. Catalyst Testing 

In a typical experiment, 60 mg of the catalyst (TiO2, Au/TiO2, Pd/TiO2 or "Pd-on-

Au"/TiO2) was added to the reactor. The initial amount of DI water added to the reactor 

varied such that the final liquid volume was ~25 mL and the headspace gas volume was 

~15 mL. Under continuous stirring, the reactor was then vacuum-degassed for 10 min to 
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remove dissolved gases. All reactions were conducted at ambient conditions (296 K and 1 

atm). The headspace environment of the reactor was controlled by sealing the reactor first 

and then purging the reactor with the appropriate gas (Ar, H2) for 20 min. 

5.2.4.1. TCE HDC Reaction 

For the argon headspace experiments, 1 μL TCE and 1 μL pentane (internal standard) 

were added to the sealed reactor. 1 mL of sacrificial agent (e.g. methanol) was also added 

to the reactor in selected experiments. The reactors were then equilibrated for at least 2 h 

under constant stirring, room temperature (~296 K) in a dark environment. After 

equilibrium was reached, the reactor was placed at a constant distance from the light 

source (~19 cm) under constant stirring (1200 rpm). The lamp was switched on at time 

t=0 min and the reaction was monitored for a maximum period of 120 min by sampling 

the reactor headspace (aliquot volume 200 μL) using a Hamilton gas tight syringe. 

Subsequent gas analysis was performed by injecting the aliquots into the GC-FID system. 

Dark experiments were performed in the absence of light and monitored as described 

above. 

For the H2 headspace experiments, 1 μL pentane (internal standard) and 1 mL of 

sacrificial agent (selected experiments) were added and the reactor was equilibrated for 2 

h. 1 μL TCE was added to the reactor and allowed to equilibrate for 20 min. It is noted 

that in the presence of H2 and appropriate catalyst, the TCE HDC reaction can proceed
10, 

21
 Thus an aliquot of the headspace is collected as soon as TCE is added to the reactor 

and analyzed. After the equilibration step, the lamp was switched on at time t=0 min and 

the reaction monitored for a maximum of 120 min as described above. Dark experiments 

were performed in the absence of light.  
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Reaction rate constants were obtained by assuming pseudo first-order rate 

dependence with respect to TCE concentration, as reported previously
20

 

TCEobservedobseved

TCE Ckr
dt

dC
  

catcatobserved Ckk   

where kobserved (min
-1

) is the pseudo first-order reaction rate constant; CTCE is the TCE 

concentration in the reactor and kcat (Lgpd
-1

min
-1

) is the rate constant normalized to the 

active metal concentration in the catalyst (Ccat, gpdL
-1

).  

Equation 5.2 Psuedo-first order reaction rate expression with respect to TCE 

concentration 

5.2.4.2. H2 Generation 

The sealed reactor containing the catalyst and DI water with H2 or Ar headspace was 

placed at a constant distance from the light source (~19 cm) under constant stirring (1200 

rpm). For selected experiments, 1 mL of sacrificial agent (e.g. methanol, methanol–D4) 

was also injected into the reactor. The lamp was switched on at time t=0 min and the 

reaction was monitored for a maximum period of 120 min by sampling the reactor 

headspace (aliquot volume 200 μL) using a Hamilton gas tight syringe. Subsequent gas 

analysis was performed by injecting the aliquots into the GC-FID system. Dark 

experiments were performed in the absence of light and monitored as described above. 

Initial rate of hydrogen generation normalized to the total catalyst weight (μmol H2 gcat
-1

 

h
-1

) was reported from the linear portion of the normalized H2 production (μmol gcat
-1

) 

with respect to (wrt) time plot.  
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5.3. Results 

5.3.1. Catalyst Characterization 

The Au/TiO2, Pd/TiO2 and "Pd-on-Au"/TiO2 catalyst powders were all colored (Fig. 5.1 

insets) which is indicative of their respective metal contents as opposed to TiO2 which is 

colorless. The Au/TiO2 catalyst with a 1 wt% Au loading had a SSA of 48.8 m
2
/g (Table 

S5.1) and showed the presence of nanoparticles (NPs) with a mean diameter of 5.75±0.8 

nm (Fig. 5.1a; TEM analysis). The Pd/TiO2 catalyst with a 1 wt% Pd loading had a SSA 

of 53.0 m
2
/g (Table S5.1) and a mean NP diameter of 6.8±1.5 nm (Fig. 5.1 b). The "Pd-

on-Au"/TiO2 catalyst with a loading of 0.1 wt% Pd and 1 wt% Au had a SSA of 51.9 

m
2
/g and a mean NP diameter of 5.8±1.4 nm. 

 

Figure 5.1 TEM images and particle size distribution of (a) Au/TiO2 (b) Pd/TiO2 and (c) 

"Pd-on-Au"/TiO2. Red dashed curves are Gaussian fits to the histograms. Insets show 

photographs of as prepared/purchased catalysts. 
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5.3.2. TCE HDC Reactions 

A series of experiments with each of the Au/TiO2, Pd/TiO2 and "Pd-on-Au"/TiO2 

catalysts were conducted under different headspace environments (H2 and Ar) to test the 

effect of light and of methanol addition.  

5.3.2.1. Dark experiments 

Rate constants obtained from monitoring the aqueous TCE HDC reaction for the three 

catalysts in the absence of light are tabulated in Table 5.1 for each of the H2 and Ar 

headspace.  

Catalyst 

H2 + no light Ar + no light 

kobs 

(min
-1

) 

kcat 

(Lgpd
-1

min
-1)

 

kobs 

(min
-1

) 

kcat 

(Lgpd
-1

min
-1)

 

Au/TiO2 0 – 0 – 

Pd/TiO2 0.05 2.1 0 0 

"Pd-on-Au"/TiO2 0.07 29.2 0 0 

Table 5.1 First-order rate constants for TCE HDC in the absence of light 

Under a H2 headspace environment and in the absence of light Au/TiO2 was 

inactive and the catalysts containing Pd metal (Pd/TiO2, "Pd-on-Au"/TiO2) were 

catalytically active for TCE HDC. Thus, the rate constant kcat was calculated by 

normalizing the observed reaction rate constant (kobs) with the Pd metal concentration in 

the catalyst. It is well known that Pd based catalysts are excellent hydrodehalogenation 

catalysts
9
. With the Pd based catalysts the TCE is completely consumed by 60 minutes of 

the start of the reaction (Fig. S5.3a) and the reaction followed a pseudo-first order rate 

dependence on the TCE concentration (Fig. S5.3b). C0 is the initial TCE concentration. 
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Comparing the kcat of the Pd based catalysts, the "Pd-on-Au"/TiO2 catalyst is ~14 times 

more active than the Pd/TiO2 catalyst. 99% TCE conversion, the main HDC product was 

ethane with >90% selectivity for the Pd based catalysts (Fig. 5.2). Trace amounts of 

butane and butenes were also observed. 

 

Figure 5.2 Gas chromatograms of TCE HDC products at 99% conversion for Pd/TiO2 & 

"Pd-on-Au"/TiO2 catalysts in the absence of light with H2 headspace gas 

Under the argon headspace and in the absence of light, the concentration of TCE 

did not change over a period of 120 min for any of the catalysts (Au/ TiO2, Pd/ TiO2 and 

"Pd-on-Au"/ TiO2) used and no HDC products were observed via headspace gas analysis.  

5.3.2.2. Effect of light 

With the dark case established, the effect of light on the TCE HDC reaction was 

investigated. Typical results obtained for the three catalysts for each of the H2 and Ar 

headspace environments is shown in Table 5.2. With H2 as the headspace gas, the TCE 

HDC rate constant increased by ~40% for Pd/TiO2 catalyst and by ~9% for the "Pd-on-
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Au"/TiO2 catalyst, suggesting a beneficial effect of light on the removal of TCE. >99% 

conversion of TCE resulted for both the Pd based catalysts with the main product being 

ethane and trace amounts of butane & butenes. 

Catalyst 

H2 + light Ar + light 

kobs 

(min
-1

) 

kcat 

(Lgpd
-1

min
-1)

 

kobs 

(min
-1

) 

kcat 

(Lgpd
-1

min
-1)

 

Au/TiO2 0 – 0 – 

Pd/TiO2 0.07 2.7 0.012 0.5 

"Pd-on-Au"/TiO2 0.076 31.7 0.0064 2.7 

Table 5.2 First-order rate constants for TCE HDC in the presence of light 

For the case with argon as the headspace gas, decrease in the concentration of 

TCE and HDC activity was observed in the both Pd based catalysts after 60 min of light 

irradiation (Fig S5.4). The Au/TiO2 catalyst did not show any activity. Comparing the kcat 

of the Pd based catalysts, the "Pd-on-Au"/TiO2 catalyst is ~5 times more active than the 

Pd/TiO2 catalyst. After 2 h, the Pd/TiO2 and the "Pd-on-Au"/ TiO2 catalysts showed a 

maximum TCE conversion of 64% and 37% respectively. At 30% conversion, the HDC 

products for "Pd-on-Au"/TiO2 catalyst consisted mainly of acetylene and ethene whereas 

for the Pd/TiO2 catalyst the main product was ethene (Fig. 5.3). The presence of TCE 

HDC products for the Pd based catalysts indicates the possible in-situ production of H2 

gas from photocatalytic water-splitting. 
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Figure 5.3 Gas chromatograms of TCE HDC products at 30% conversion for Pd/TiO2 & 

"Pd-on-Au"/TiO2 catalysts in the presence of light with Ar headspace gas 

In the presence of methanol and a H2 headspace gas, the TCE HDC rate constant 

further increased by ~15% for Pd/TiO2 catalyst and by ~25% for the "Pd-on-Au"/TiO2 

catalyst over the no-methanol case (with light). Again, >99% conversion of TCE was 

observed for both the Pd based catalysts with the main product being ethane and trace 

amounts of butane & butenes. 

Catalyst 

H2 + light + methanol Ar + light + methanol 

kobs 

(min
-1

) 

kcat 

(Lgpd
-1

min
-1)

 

kobs 

(min
-1

) 

kcat 

(Lgpd
-1

min
-1)

 

Au/TiO2 0 – 0 – 

Pd/TiO2 0.08 3.3 0.05 2.1 

"Pd-on-Au"/TiO2 0.095 39.6 0.04 16.7 

Table 5.3 First-order rate constants for TCE HDC in the presence of light and methanol 

Under an argon environment, the presence of light and methanol greatly enhanced 

the TCE removal through HDC activity, with >98% conversion of TCE observed in 100 
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min (Fig S5.5). No lag time was observed for the TCE HDC activity like in the "no 

methanol + light" case. The kcat for TCE HDC in the presence of light and methanol for 

the Pd/TiO2 catalyst increased by 4 times and for "Pd-on-Au"/TiO2 increased by 6 times 

(Table 5.3).  

 

Figure 5.4 Gas chromatograms of TCE HDC products at 98% conversion for Pd/TiO2 & 

"Pd-on-Au"/TiO2 catalysts in the presence of light and methanol with Ar headspace gas 

Comparing the kcat of the Pd based catalysts, the "Pd-on-Au"/TiO2 catalyst was ~8 

times more active than the Pd/TiO2 catalyst. At 98% conversion, the main product using 

Pd/TiO2 was ethane with trace amounts of butane/butenes. The "Pd-on-Au"/TiO2 catalyst 

showed the presence of mainly ethane, ethene and trace amounts of butane/butenes at 

98% conversion (Fig 5.4). The drastic increase in TCE HDC activity and the presence of 

reductive hydrodechlorination products of TCE such as ethane was strongly indicative of 

the in-situ formation of H2 gas. 
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5.3.2.3. Light triggering experiment 

We tested the effect of light triggering by periodically turning the light source on and off 

in a TCE HDC experiment run with the "Pd-on-Au"/TiO2 catalyst in the presence 

methanol and Ar headspace gas. The concentration-time profile of TCE demonstrates 

clearly the importance of light for the removal of TCE in our system. (Fig. S5.6). Prior to 

turning on the light source, no decrease in the concentration of TCE was observed. Light 

was turned on after 40 minutes of monitoring the reaction under dark conditions. Once 

the light was turned on, immediate decrease in the concentration of TCE was observed. 

Light was turned off again after 20 minutes of turning the light on. Removal of TCE 

became more gradual, eventually resulting in a constant TCE concentration. Once this 

stage was reached, the light was turned on again following which the rapid decrease of 

TCE concentration was noticed. Thus, the TCE HDC observed in an argon atmosphere 

with methanol using "Pd-on-Au"/TiO2 was light triggered. Control experiments run with 

the three catalysts with methanol in the absence of light gave similar results to dark 

experiments run without methanol (Table S5.2). These results indicated that methanol 

alone was not responsible for the observed TCE HDC. 

5.3.3. Testing for the Presence of In-Situ Hydrogen 

TiO2 catalysts have been shown to be active for H2 production from photocatalytic water 

splitting
5
. We hypothesized that in-situ H2 production was responsible for the TCE HDC 

activity that we observed in the presence of light under an argon environment, with or 

without methanol. To test this hypothesis, we repeated the experiments which 

demonstrated TCE HDC in the absence of TCE and verified for the presence of H2. The 
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two conditions we investigated were "Light + Argon headspace" and "Light + Argon 

headspace + methanol". 

5.3.3.1. Light + Argon headspace 

In the absence of an external feed of H2, we first observed TCE HDC in the presence of a 

light source with the Pd/TiO2 and "Pd-on-Au"/TiO2 catalysts, under an argon gas 

environment. In the absence of TCE, we recreated similar experimental conditions (Ar + 

light) where Au/TiO2, Pd/TiO2 and "Pd-on-Au"/TiO2 were tested for H2 production using 

the GC-TCD.  

Typical GC profiles after 80 min of light irradiation of three catalysts is shown in 

figure 5.5. Since H2 gas has a higher thermal conductivity (0.18 W m
-1

K
-1

) compared to 

the carrier gas helium (0.15 W m
-1

K
-1

), H2 gas appears as a negative peak in the gas 

chromatogram
31

. No H2 was detected using the Au/TiO2 after 80 minutes of light 

irradiation in the absence of methanol. Both the Pd based catalysts showed the presence 

of the negative H2 peak in their.GC profiles after 40 minutes of light irradiation. This 

demonstrated the bifunctional nature of the catalysts to simultaneously hydrodechlorinate 

TCE reductively and photocatalytically split water to generate H2 gas. The concentration 

of H2 generated was calculated by using UHP H2 as the gas standard. The H2 generation 

rate for Pd/TiO2 and "Pd-on-Au"/TiO2 was < 6 μmol gcat
-1

h
-1

. The low rates of H2 

generation explained the low TCE HDC reaction rates we observed. A control of pure 

TiO2 was tested and it did not show any H2 production under our reaction conditions 

(data not shown). 
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Figure 5.5 Gas chromatograms for Au/TiO2, Pd/TiO2 & "Pd-on-Au"/TiO2 catalysts for 

H2 production after 80 min of light irradiation and Ar headspace gas 

5.3.3.2. Light + Argon headspace + methanol 

In the presence of methanol, the rates of H2 production rapidly increased for all 

the catalysts (Fig 5.6). Both Au/TiO2 (156 μmol gcat
-1

h
-1

) and TiO2 (23 μmol gcat
-1

h
-1

) also 

catalyzed H2 production. Hence the rate of H2 generation was normalized to the total 

weight of the catalyst (60 mg). Au/TiO2 and TiO2 are known to promote photocatalytic 

water splitting in the presence of sacrificial agents (e.g. methanol)
5
. It is noted that 

Au/TiO2 did not catalyze TCE HDC, consistent with literature where Au based catalysts 

have not shown activity towards hydrodechlorination
21

.  
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Figure 5.6 Rate of H2 production in the presence of light and methanol 

The overall rate of hydrogen production was superior in the Pd based catalysts as 

compared to the other catalysts. Figure S5.7 shows the generation of gas bubbles as a 

function of time in the presence of light and argon headspace for "Pd-on-Au"/TiO2. Both 

"Pd-on-Au"/TiO2 and Pd/TiO2 catalysts have similar H2 production rates (216 μmol gcat
-

1
h

-1
) which is sufficient to run the TCE HDC reaction

32
. The increase in the TCE HDC 

activity of the Pd based catalysts in the absence of an external feed of H2 is thus 

attributed to in-situ production of H2 through photocatalytic water splitting. 

To determine the minimum amount of methanol needed for the enhancement of 

H2 production, we varied the amount of methanol (1 mL, 0.5 mL, 0.3 mL, 0.1 mL) with 

"Pd-on-Au"/TiO2 as the catalyst. Results are shown in figure S5.8. The H2 generation 

rates using 0.5 mL of methanol was similar to the 1 mL case. The initial rate of H2 

generation of the 0.3 mL case was similar to the 1 mL case. At later time points however, 

there was a rapid decrease in the production of H2. This indicated that 0.3 mL of 
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methanol was not sufficient to sustain continuous production of H2. No H2 was seen in 

the 0.1 mL methanol case. 

The hydrogen generation rates of "Pd-on-Au"/TiO2 and Pd/TiO2 catalyst with 

methanol are an order of magnitude higher than without methanol under light irradiation 

and argon headspace environments. To determine the source of the increase in H2 

production, we repeated the H2 generation experiments for the three catalysts in an argon 

environment and light with completely deuterated methanol (Methanol – D4, CD3OD). 

From figure S5.9, H2 generation was seen for all catalysts in the presence of deuterated 

methanol including Au/TiO2 and TiO2 (19.8 μmol gcat
-1

h
-1

).  

Catalyst 

Light + Ar + methanol Light + Ar + methanol-D4 

Detected H2 production rate 

(μmol gcat
-1

h
-1

) 

Detected H2 production rate 

(μmol gcat
-1

h
-1

) 

Au/TiO2 156 148 

Pd/TiO2 216 198 

"Pd-on-Au"/TiO2 216 174 

Table 5.4 Comparison of the detected H2 rates from using methanol and deuterated 

methanol in the presence of light and argon headspace 

Table 5.4 compares the detected rates of H2 generation from using methanol and 

methanol-d4 with the three catalysts. It is evident that the difference in H2 production 

rates using deuterated methanol in place of methanol is not significant for any catalyst. 

Other possible products in this reaction such as HD or D2 have a lower thermal 

conductivity than helium carrier gas
33-35

 and should appear as a positive peak if present. 

Neither species were detected. We also observed earlier that using half the amount of 

methanol (0.5 mL vs. 1 mL) did not change the rate of H2 generation significantly. This 



 120 

strongly indicated that the main source of in-situ H2 production was the photocatalytic 

splitting of water with methanol consistent with other recent literature
36, 37

. 

5.4. Discussions 

The hydrodechlorination of TCE and other chlorinated compounds over a Pd (and Pd-on-

Au) surface in the presence of an external feed of hydrogen gas has been proposed to 

proceed via a Langmuir-Hinshelwood mechanism by Wong and coworkers
9, 38

. Briefly, 

TCE adsorbs to Pd metal surface active sites and H2 dissociatively adsorbs in the form of 

atomic surface H species. Subsequently a series of dechlorination and hydrogenation 

steps of TCE in the aqueous phase lead to the eventual formation of ethane.  

H2 production from water is thermodynamically uphill reaction
39

. The use of 

semiconductor photocatalysts (e.g. TiO2 based catalysts) for water splitting has been 

extensively studied
5, 40

. On shining light with energy larger than the band gap of the 

catalyst, electrons and holes are generated. For suspended powder catalysts, the 

photocatalytic reaction proceeds through two half reactions (anodic and cathodic) that 

occur on different photocatalyst surfaces
41

. At the cathodic area, water molecules react 

with photoholes through the four-hole chemistry to form oxygen
42

 and intermediates of 

hydroxyl radicals, with the rate limiting step of water splitting being the accumulation of 

photogenerated holes
18

.The accumulated hydroxyl free radicals could also possibly react 

with TCE for its removal through an oxidative pathway
17

.  

At the anodic area, protons react with the photoelectrons to result in H2. However 

the rate of hydrogen production from pure water is low due to electron-hole 

recombination and the more thermodynamically favorable backward reaction of H2 and 

O2 to form H2O
5, 43

. This explains the low rates of H2 production we observed using the 
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Pd-based catalysts in the presence of light and the Argon headspace. Corresponding to 

the low H2 rates and possibly accumulated hydroxyl radicals, we observed low TCE HDC 

rates under an argon headspace environment with light irradiation and no sacrificial 

agent.  

In the presence of methanol, the photogenerated holes and hydroxyl radicals 

irreversibly react either directly or indirectly with methanol resulting in decreased charge 

recombination and promotion of the forward water splitting reaction. Although 

photooxidation of methanol has been extensively studied, there are contradictory 

interpretations of whether the direct oxidation, indirect oxidation or both are the 

dominant reaction mechanisms
18, 41, 43, 44

. The direct and indirect mechanisms of methanol 

oxidation are shown in (Fig S5.10). Xu et al. showed that for aqueous phase 

photooxidation using CD3OD in place of methanol, D2O formation was energetically 

more favorable than D2 formation, suggesting that indirect photooxidation through 

hydroxyl radicals was the favorable pathway for aqueous alcohols
45, 46

. In addition, the 

role of methanol in the photocatalytic water splitting is determined to primarily remove 

the hydroxyl radicals and not as an additional source of H2. This corroborates with our 

observation that the use of deuterated methanol (CD3OD) did not drastically lower the 

amount of detected H2 compared to the methanol case in our experiments with the Pd 

based catalysts in argon. The removal of hydroxyl radicals by reaction with methanol also 

reduces the chances of TCE photooxidation being observed, since hydroxyl attack of 

TCE is considered as the primary oxidation pathway in an aqueous environment
15, 45

 

With the above understanding, we propose a reaction mechanism (Fig. 5.7) for in-

situ generated hydrogen driven reductive photocatalysis of trichloroethene, where the Pd-
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based catalysts simultaneously catalyze photocatalytic water splitting and 

hydrodechlorination of TCE in the presence of methanol and light. The increased rates 

observed with the "Pd-on-Au"/TiO2 catalyst over the Pd/TiO2 catalyst is attributed to the 

beneficial electronic and geometric interaction between the Pd and Au atoms, that 

influences reactant adsoption and reactivity of adsorbed reactants
10

 

 

Figure 5.7 Proposed mechanism for simultaneous photocatalytic TCE HDC and in-situ 

H2 generation for Pd based TiO2 catalysts in an argon environment where "s" denotes the 

catalyst surface. 

5.5. Conclusions 

We established that in the absence of an external feed of hydrogen, reductive 

photocatalysis can be used for TCE removal through in-situ hydrogen production. 

Simultaneous TCE HDC and water splitting reaction was achieved using bifunctional 
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photocatalysts. The catalysts tested were Au/TiO2, Pd/TiO2 and "Pd-on-Au"/TiO2. The 

Pd-based materials catalyzed both reactions whereas the Au/TiO2 catalyzed only the H2 

production reaction and not TCE HDC, indicating the bifuctional photocatalytic nature of 

Pd/TiO2 and "Pd-on-Au"/TiO2. The increase in activity for "Pd-on-Au"/TiO2 over 

Pd/TiO2 was attributed to the beneficial electronic and geometric effect of Pd on Au 

atoms. The role of methanol was determined to primarily be of a sacrificial agent through 

the removal of the formed hydroxyl radicals, thus preventing charge recombination, 

backward water splitting reaction and TCE photooxidation. The main source of in-situ 

hydrogen for TCE HDC was shown to be the photocatalytic water splitting reaction. An 

overall mechanism for simultaneous photocatalytic TCE HDC and H2 production in the 

presence of argon has also been proposed. We further demonstrated that photocatalytic 

reductive TCE HDC was observed even in the presence of air as the headspace gas 

(Appendix C). Extension of this study to other bifunctional semiconductor-metal systems 

and groundwater contaminants could significantly simplify future remediation efforts. 
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5.7. Supporting Information 

 

Figure S5.1 Irradiation spectrum of 500 W Hg(Xe) arc lamp (Oriel, model 66142). 

Image courtesy Oriel Instruments, Newport Corporation.  

 

Figure S5.2 Experimental Setup for photocatalytic experiments 
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Catalyst Au wt% Pd wt% SSA (m
2
/g) 

Au/TiO2 1.0 0 48.8 

Pd/TiO2 0 1.0 53.0 

"Pd-on-Au"/TiO2 1.0 0.1 51.9 

TiO2 0 0 53.4 

Table S5.1 Catalyst metal content and SSA 

 

Figure S5.3 (a) Normalized concentration-time profiles for the catalysts and their (b) 

Pseudo first-order-rate dependence on TCE concetration for TCE HDC run in the absence 

of light under a H2 environment. 

 

Figure S5.4 (a) Normalized concentration-time profiles for the catalysts and their (b) 

Pseudo first-order-rate dependence on TCE concetration for TCE HDC run in the 

presence of light under an Ar environment. 
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Figure S5.5 (a) Normalized concentration-time profiles for the catalysts and their (b) 

Pseudo first-order-rate dependence on TCE concetration for TCE HDC run in the 

presence of light and methanol under an Ar environment. 

 

Figure S5.6 Concentration-time profile for TCE HDC with methanol and "Pd-on-

Au"/TiO2 in argon headspace and periodic switching on and off of the light source.  

Catalyst 

H2 +  methanol Ar + methanol 

kobs 

(min
-1

) 

kcat 

(Lgpd
-1

min
-1)

 

kobs 

(min
-1

) 

kcat 

(Lgpd
-1

min
-1)

 

Au/TiO2 0 – 0 – 

Pd/TiO2 0.06 2.5 0 0 

"Pd-on-Au"/TiO2 0.07 29.2 0 0 

Table S5.2 First-order rate constants for TCE HDC with methanol in the absence of light 
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Figure S5.7 Evolution of gas as a function of time with the "Pd-on-Au"/TiO2 catalyst in 

the presence of light, methanol and argon environment (No TCE is added). 

 

Figure S5.8 Rate of H2 production in the presence of light and varying amounts of 

methanol for the "Pd-on-Au"/TiO2 catalyst 
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Figure S5.9 Rate of detected H2 production in the presence of light and deuterated 

methanol 

 

Figure S5.10 Direct and indirect oxidation pathways for methanol photooxidation. "s" 

refers to a surface active site on the catalyst. Adapted from Ref 23. 
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Chapter 6 

Summary and Recommendations for Future Work 

 

6.1. Research Summary 

This dissertation presents advanced synthesis techniques for well-characterized 

semiconductor nanomaterials with demonstrated potential in photovoltaic and 

photocatalytic applications.  

An important contribution of this work was to develop new protocols to 

synthesize different shaped cadmium chalcogenide nanoparticles for photovoltaic 

applications. A new non-phosphorous synthesis route for the popular cadmium selenide 

(CdSe) tetrapods (4pods) was demonstrated in Chapter 2. 4pods with >70 nm long arms 

were achieved in a single injection process by controlling the selenium (Se) precursor 

temperature using cetyltrimethylammonium bromide (CTAB) as the surfactant. It was 

hypothesized that the precursor temperature dependent active/inactive Se species were 

responsible for the observed arm length variations. These findings open up possibilities 

for greener and cost-effective routes for other metal chalcogenide shaped nanoparticles.  

A novel molten droplet synthesis technique was developed for the hollow 

nanoparticle (HNP) morphology for CdSe and their potential as a new shape for hybrid 

photovoltaic applications was explored in Chapter 3. Uniformly sized, composite CdSe 

HNPs with an outer diameter of 15.6±3.5 nm and a shell thickness of 5.4±0.9 nm 

resulted. This synthesis was proposed to proceed with the formation of alkylammonium-

stabilized nano-sized droplets of molten cadmium salt, which then come into contact with 

dissolved selenium species to form a CdSe shell at the droplet surface. Through a 

reaction-diffusion mechanism similar to the nanoscale Kirkendall effect, cadmium was 
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hypothesized to migrate outwardly through this shell to react with more selenium, which 

caused the CdSe shell to thicken. The proposed CdSe HNP structure comprised of a 

polycrystalline CdSe shell coated with a thin layer of amorphous selenium. HNPs were 

colloidally stable in organic solvents even though carboxylate, phosphine, and amine 

ligands were absent; stability was attributed to octadecene-selenide species bound to the 

particle surface. The generic nature of this synthesis was demonstrated for other metal 

chalcogenide compositions as well. HNP:poly(3-hexylthiophene) photovoltaic device 

characterization demonstrated that that HNPs display higher open circuit current (Jsc) and 

lower series resistance (Rs) than standard QDs , indicating improved electron transport 

characteristics in HNPs. This scalable synthesis method presents opportunities to 

generate hollow nanoparticles with increased structural and compositional variety for 

potential photovoltaic applications. 

Chapter 4 provided insight into the role of solvent polarity in surfactant capped 

nanoparticle colloidal stability. Coarse-grained computational model were used to 

investigate the molecular interactions between oleate-capped NPs in various solvents, and 

these results were related to experimental characterization of oleate-capped CdSe 

quantum dots (QDs). Solvent polarity was identified to provide stronger correlations to 

both the simulation and experimental results (dynamic light scattering) than the solvent 

dielectric constant and dipole moment.  

Another important contribution was to demonstrate the less explored reductive 

photocatalytic approach for organohalide remediation using bifunctional semiconductor 

nanomaterial catalysts. It was established that in the absence of an external co-feed of 

hydrogen, photoreductive trichloroethene (TCE) hydrodechlorination (HDC) was 
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achieved. In-situ hydrogen (H2) production through the photocatalytic water splitting 

reaction was demonstrated. Bi-functional Palladium based titanium dioxide (Pd/TiO2 and 

"Pd-on-Au"/TiO2) catalysts simultaneous performed TCE HDC and H2 generation in the 

presence of light and methanol (sacrificial agent). Both inert and air headspace conditions 

were tested. The increased activity of "Pd-on-Au"/TiO2 over Pd/TiO2 was attributed to 

the beneficial electronic and geometric effect of Pd on Au atoms. The role of methanol 

was determined to primarily be of a sacrificial agent through the removal of the formed 

hydroxyl radicals, thus preventing charge recombination, backward water splitting 

reaction and TCE photooxidation. Overall mechanisms for simultaneous photocatalytic 

TCE HDC and H2 production in the presence of argon and air were proposed. 

6.2. Recommendations for Future Work 

6.2.1. Synthesis of High Quantum Yield Shaped Heterostructures 

Semiconductor quantum dots have fascinating size dependent optical properties such as 

broad absorption spectra with sharp onsets, narrow emission spectra, long fluorescence 

lifetimes, good photo/chemical stabilities and high quantum yields
1
. Quantum yield (QY) 

is defined as the ratio of photons absorbed to those emitted via fluorescence
2
. These 

inherent luminescent properties make QDs. ideal candidates for applications such as 

biological tags
3
, light emitting device displays

4
, lasers

5
, stress sensors

6
 etc. Appendix A 

provides preliminary investigations towards synthesizing high quantum yield cadmium 

chalcogenide nanoshapes using a quaternary ammonium salt as the shape directing agent. 

Two different approaches to prepare high QY red/green emitting nanoshapes are 

explored. The first approach is to overcoat preformed CdSe tetrapods (4pods) with an 

inorganic shell of wider band gap semiconductor (CdS). Red-emitting composite 4pod 
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structures with QY>40% are demonstrated using this approach. The second approach is 

to grow arms of wide band gap semiconductor (CdS) onto a preformed spherical core 

(CdSeS). Green-emitting composite anisotropic structures with QY>80% are 

demonstrated using this approach. Future efforts to optimize these syntheses can be 

achieved by manipulating the initial concentration of the core nanoparticle, relative 

concentrations of the shell growth precursor, reaction temperatures and total reaction 

time. 

Enhancement of the emission properties of long armed tetrapods in Chapter 2 and 

composite hollow nanoparticles in Chapter 3 can be achieved by using the approaches 

presented above. In addition to improving the optical properties, heterostructures have the 

advantage of providing a built-in potential within the composite nanomaterial for better 

electron and hole charge separation
7
. For instance, in CdSe core CdS arm configuration 

of a nanorod, the electrons are delocalized over the entire structure, whereas the holes are 

confined to the core
8
, proving to be useful for future photovoltaic and photocatalytic

9
 

efforts. 

6.2.2. Morphological Control for Hollow Nanoparticles  

In chapter 3, CdSe HNP synthesis was described. The HNPs consisted of a 

polycrystalline shell with some amorphous regions as well. HNP tested in hybrid solar 

cell demonstrated high short circuit currents (Jsc), but low open circuit voltages (Voc) 

which resulted in decreasing the overall cell efficiency. The open-circuit voltage is 

dependent on morphological features
10

 such as shell thickness in HNPs and the presence 

of trap states
10

. Suggestions for HNP morphology control are presented below 
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6.2.2.1. Varying Selenium and Cadmium Precursor Concentrations 

The presence of amorphous species regions in the CdSe shell could also be responsible 

for the reduced Voc observed. These regions can be minimized by optimizing the ratio of 

cadmium and selenium precursors. This approach could also provide a route to vary the 

thickness of the HNP shell, based on the Kirkendall type mechanism proposed in Chapter 

3. 

6.2.2.2. Role of Surfactants 

The monodispersity of HNP size was achieved by using CTAB as the surfactant. 

Investigating the effect of surfactant chain length, polarity of the surfactant (cationic, 

anionic, neutral) would possibly provide insight into the exact role of the surfactant and 

enable further optimization of the HNP process. Preliminary results comparing cationic 

surfactants: CTAB, cetyltrimethylammonium chloride (CTAC) and 

didecyldimethylammonium bromide (DDAB); anionic surfactant: dioctyl sodium 

sulfosuccinate (AOT) and non-ionic surfactant: Neodol
TM

 are shown in figure 6.1. 

From figure 6.1, it appears that different surfactants could play a role in 

controlling both the outer diameter as well as the shell thickness of the HNPs. Changing 

the anion of the cationic surfactant (CTAB, CTAC) does not appear to significantly affect 

the HNP morphology. Using an anionic surfactant on the other hand appears to 

significantly reduce the outer diameter and shell thickness. The non-ionic surfactant 

provided no control over the size distribution of the HNPs. Further systematic 

investigation of the role of surfactants on the HNP morphology could provide ways of 

optimizing the HNP shape for better photovoltaic performance. 
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Figure 6.1 CdSe HNPs using different surfactants (a) CTAB (b) CTAC (c) DDAB (d) 

AOT (e) Neodol
TM

 (f) no surfactant control 

6.2.3. Photocatalytic Reduction using Pd based TiO2 Catalyts 

6.2.3.1. Other Organohalide Reactions 

In the Agency for Toxic Substances and Disease Registry (ATSDR)’s 2011 priority list 

of hazardous substances, 80 of the 275 listed are organohalide contaminants. The 

photocatalytic reduction approach described in Chapter 5 can be used for the remediation 

of other organohalide compounds such as perchloroethene (PCE), chloroform (CF), 

chlorofluorocarbons (CFCs), perfluorooctanoic acid (PFOA) etc. Reductive 

hydrodechlorination of PCE
11

 and CF
12

 with an external hydrogen co-feed have been 

previously demonstrated to be catalyzed by Pd and Pd-on-Au catalysts. 

6.2.3.2. Alternative Sacrificial Agents 

Glutaraldehyde is commonly used in hospitals
2
 and industrial water treatments

13
 as a 

broad-spectrum antimicrobial biocide. Glutaraldehyde can be explored as a potential 

alternative to methanol. Preliminary testing using a 50% solution of glutaraldehyde in 
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water (2mL, Sigma-Aldrich) as a replacement sacrificial agent to methanol demonstrated 

TCE HDC activity and in-situ H2 production in the presence of light and an argon 

environment using the "Pd-on-Au"/TiO2 catalyst (Fig. 6.2). The rates of TCE HDC (kobs= 

0.005 min
-1

; kcat= 2.08 Lgpd
-1

min
-1

) were lesser than that with methanol. The 

corresponding in-situ H2 production rate (~25.2 μmol gcat
-1

h
-1

) was similar to using pure 

TiO2 (See Chapter 5), indicating the possible recombination of charge carriers and thus a 

need for further optimization. Alternatively, other sacrificial agents such as formic acid
14

, 

acetaldehyde and naturally occurring humic /fulvic acids
15

 could also be tested. 

 

Figure 6.2 (a) Normalized concentration-time profiles for the catalysts and their (b) 

Pseudo first-order-rate dependence on TCE concentration for TCE HDC and (c) Rate of 

H2 production in the presence of light and glutaraldehyde under an Ar environment. 
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6.2.3.3. Sensitizing TiO2 to utilize the visible spectrum  

TiO2 being a wide bandgap semiconductor (Eg ~3.2 eV) utilizes <4% of the light 

spectrum. Thus efforts to sensitize TiO2 with CdSe nanoparticles have been reported in 

literature
16

. However cadmium based materials are not desired for environmental 

remediation techniques. Non-heavy metal based narrow bandgap semiconductors such as 

copper indium-gallium selenide (CIGS) nanomaterials (Eg ~1 to 1.7 eV) could 

alternatively be used. 
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Appendix A: Synthesis of High Yield Nanoshapes 

 

A.1 Introduction 

Characteristic properties of semiconductor quantum dots (QDs) such as their size & 

shape dependent band-gap, broad absorption spectra, narrow emission spectra, long 

fluorescent lifetime, excellent photo & chemical stability; and high quantum yields
1
 

distinguish them from their organic counterparts
2
. These inherent luminescent properties 

make QDs. ideal candidates for applications such as biological tags
3
, light emitting 

device displays
4
, lasers

5
 etc.  

The emission properties of QDs are characterized by the emission color and purity 

as well as luminescence efficiency and photostability
6
. Several colloidal synthesis 

schemes have been developed to precisely control the size, shape & size distribution of 

QDs, thus controlling their color and purity
7-10

. In order to increase the luminescence 

efficiency and photostability, passivating surface states such as defect sites or traps
11

 are 

important to prevent non-radiative decay of excitons. The surface states are a result of the 

high surface-to-volume ratio of atoms in nanocrystals
8, 11

. Strategies such as capping the 

QDs with organic ligands
8
, coating the QD core with an inorganic shell

12
 and growing 

alloyed shell QDs
13

 are employed to reduce the surface defects. A direct measure of the 

photoluminescence (PL) efficiency is the quantum yield (QY), defined as the ratio of 

photons absorbed to that of the photons emitted via fluorescence
14

. For QYs>50% 

organic ligand capping of the nanocrystals alone is not sufficient since it is difficult to 

passivate both the anionic and cationic sites on the surface of the nanocrystal
8, 15

 and 

make the QD surface prone to photooxidative degradation
8, 16

. Coating the QDs with an 

inorganic shell, typically of a wide gap materials such as CdS
10, 15, 17-19

, ZnS
20-22

 etc. 
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results in QDs with an electronically insulated core, decreased photodegradation and QYs 

as high as 80%. However, as the thickness of the shell material increases, the increase in 

strain at the interface due to mismatch between the core and shell materials results in 

interfacial dislocations and decreases the QY
23

. The gradual change in the radial 

distribution of compositions in a gradient alloyed core shell nanocrystal allows them to 

have negligible lattice mismatch, smooth confinement potential and thus high QYs.  

Anisotropic and branched QDs have even lower PL efficiencies because of a 

higher surface-to-volume ratio of atoms when compared to spherical counterparts and an 

increased delocalization of charge carriers that results in lesser radiative recombination 

events
24

. In literature, there are two different core-shell approaches to increase the QY of 

anisotropic QDs. Shapes. The first approach employs a preformed anisotropic shaped QD 

(e.g.: CdSe nanorod
24, 25

) as the core onto which by a wide band gap inorganic shell is 

grown (e.g.: CdS/ZnS graded shell
24

, ZnS shell
25

). Difficulty in maintaining the 

anisotropic shape during the shell growth
25

, differences in reactivity of different surface 

sites
12

 and the increased possibility of interfacial strain
24

 make shell growth on 

anisotropic QDs more challenging than spherical QDs. In this context, a second approach 

towards increasing the QY of anisotropic QDs was synthesizing heterostructures with 1D 

anisotropic shells (arms) on a 0D isotropic spherical core called the seeded growth 

approach for rods
17, 18, 26

, tetrapods
18

 and multipods
27, 28

. 

Red-green-blue (RGB) emitting QDs with color purity are of particular interest 

for applications in LEDs and displays
2
. Through the use of quaternary ammonium 

surfactants (quats), Wong and coworkers
29, 30

 reproducibly synthesized 4pods with high 

selectivity, narrow size distributions and <30 nm full width at half maximum (FWHM) 
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emissions. However being anisotropic in nature, the reported PL QYs of the 4pods were 

<5%. In this study, we have explored two different approaches to increase the QY of 

4pods synthesized using quats such that they are red or green emitting with narrow 

emission. 

A.2 Experimental Methods 

A.2.1 Chemicals 

Cadmium oxide (CdO, 99.99%), selenium powder (Se, 99.99%), Sulfur (S, 99.98%), 

octadecene (ODE, 90%), oleic acid (OA, 90%), hexadecyltrimethylammonium bromide 

(CTAB, >99%), trioctylphosphine (TOP, 90%) toluene (technical grade) and acetone 

(technical grade) were obtained from Sigma Aldrich and used as received without further 

purification. 

A.2.2 Synthesis of Red-Emitting 4pods 

The synthesis of red-emitting 4pods follows a two-step approach – (1) Synthesis of CdSe 

4pod core (2) Growth of CdS coating on CdSe 4pod core 

A.2.2.1 Synthesis of CdSe Tetrapod Core 

CdSe 4pod cores were synthesized following Asokan, et al
29

. A four-necked flask 

containing 0.128 g of CdO (1 mmol), 2 mL of OA and 20 mL of ODE under an argon 

environment was heated to 240 °C at a rate of 11 °C/min until the mixture turned 

colorless. A mixture of 0.039 g of Se (0.5 mmol) in 1.5 mL of TOP was sonicated until a 

clear TOPSe solution was formed. In a separate vial, 0.0364 g of CTAB (0.1 mmol) was 

suspended in 2 mL of toluene. The TOPSe solution was added to the CTAB-Toluene 

mixture and sonicated once again to form a uniform suspension of the Se precursor. The 

Se precursor was injected rapidly into the argon-filled four-necked flask containing the 
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octadecene-cadmium oleate mixture at 250 °C. Following a rapid color change from clear 

to deep red, the reaction flask temperature dropped to 220 °C and it was kept at this 

temperature for one min, before cooling the mixture down to room temperature. The 

formed CdSe 4pods were used as the core for the next step without any further 

purification. 

A.2.2.2 Synthesis of CdSe 4pod Core CdS Coated Nanoparticles (NPs) 

0.016 g of S was sonicated with 0.75 mL of TOP until a clear TOPS solution was formed. 

0.064 g of CdO (0.5 mmol), 1 mL of OA and 15 mL of ODE under an argon environment 

were heated to 240 °C at a rate of 11 °C/min until the mixture turned clear. Once clear, 

the reaction flask was heated to 250 °C and 5 mL of uncleaned CdSe 4pod core stock was 

added, and held for 5 min. After 5 min, the prepared TOPS solution was rapidly injected 

into the reaction flask. The temperature of the reaction flask dropped to 220 °C and it was 

held at this temperature for 5 minutes. 

A.2.3 Synthesis of Green-Emitting 4pods 

The synthesis of green-emitting 4pods also follows a two-step approach – (1) Synthesis 

of spherical CdSeS core (2) Growth of short CdS arms on CdSeS core 

A.2.3.1 Synthesis of CdSeS Core 

CdSeS QD cores were synthesized following Jang, et al.
13

. 0.011 g of Se (0.135 mmol), 

0.21 g of S (6.75 mmol) and 5 mL of TOP were sonicated until a clear TOPSe/TOPS 

solution is formed. A four necked flask with 0.0496 g CdO (0.386 mmol), 0.46 g OA 

(1.63 mmol) and 10 mL ODE was heated to 240 °C until the mixture turned colorless. 

The reaction flask was then heated to 300 °C and 1 mL of the TOPSe/TOPS solution was 

injected rapidly. Following a rapid color change from clear to orange, the reaction flask 
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temperature dropped to 280 °C and it was kept at this temperature for one min, before 

cooling the mixture down to room temperature. Excess of acetone was added to the 

cooled solution to precipitate out the QDs. The QD powder was then washed twice with 

acetone; dried and dispersed in TOP to make a 10 mg-QD powder/mL-TOP solution 

(QD/TOP suspension). 

A.2.3.2 Synthesis of CdSeS Core CdS Coated Nanoparticles 

0.0364 g of CTAB (1 mmol) was added to 1 mL of the QD/TOP suspension and 

sonicated to form the QD/TOP/CTAB precursor. 0.064 g of S (2 mmol) and 1 mL of TOP 

were sonicated to form a clear TOPS solution. 0.2 g CdO (1.61 mmol), 1 mL OA and 3 

mL ODE were heated in a four-necked flask to 240 °C until colorless. At 250 °C, 2 mL 

of TOP was added to the mixture. Subsequently, the entire TOPS solution was injected 

into the reactor, while maintaining the temperature at 250 °C. After 15 seconds, the 

QD/TOP/CTAB precursor was rapidly added. Aliquots were collected at regular 

intervals. These aliquots were washed several times using acetone and the dried QD 

powder was redispersed in chloroform for further analysis. 

A.2.4 Characterization Techniques 

A.2.4.1 UV-visible (UV-vis.) Spectroscopy 

Dilute QD-chloroform suspensions were analyzed using a Shimadzu UV-2450 PC 

spectrophotometer. 1 cm path length quartz cuvettes were used. UVProbe version 2.34 

software was used for the analysis of the spectra. 
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A.2.4.2 Fluorescence Spectroscopy  

Dilute QD-chloroform suspensions were analyzed using a SPEX-Fluoromax-3 

fluorimeter with an excitation wavelength of 480 nm. 1 cm path length quartz cuvettes 

were used. The area under the PL peaks were integrated to determine the PL intensity 

A.2.4.3 Quantum Yield Measurements 

QY measurements were carried out using the Jobin Yvon Horiba protocol
14

. Rhodamine 

6G in ethanol (QY = 95%) was used as a standard. A linear plot of integrated PL intensity 

versus absorbance at the excitation at the excitation wavelength (480 nm) for different 

concentrations of both the QD sample and the standard was obtained. From the plots, the 

slope for the QD sample (Slopeqd) and standard (Slopestd) was determined. QY was then 

calculated using equation A.1 wherein RI is the refractive index of the solvents used. 

2

2

std

qd

std

qd

std

qd

RI

RI

Slope

Slope

QY

QY














 

Equation A.1 Calculation of QY for QD samples 

A.2.4.4 Transmission Electron Microscopy (TEM) and Size Analysis 

TEM measurements were performed using a JEOL 1230 high-contrast TEM (80 kV 

accelerating voltage). A drop of the dilute QD-chloroform suspension was dispensed onto 

an ultrathin carbon film on holey carbon support 400 mesh Cu TEM grid (PELCO) and 

dried under ambient conditions. Number-weighted size of the QDs was determined by 

measuring >100 particles using the ImageJ software. 
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A.3 Results and Discussions 

The two different core-shell approaches used towards synthesizing bright red and green 

emitting nanoshapes are detailed below.  

 

Figure A.1 TEM image and optical image inset of a) CdSe core tetrapods (b) CdSe 

tetrapod core coated with CdS shell; (c) Normalized absorption and emission spectra of 

samples (a) & (b) 

A.3.1 Red-Emitting 4pods 

In synthesizing the red-emitting high QY nanoshape, we first preformed CdSe tetrapods 

using the Wong and coworkers
29

 protocol and subsequently coated them with a CdS 

shell. CdS was chosen as the shell material due its low lattice mismatch (<3%) compared 
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to CdSe
12

. The core and the overcoated samples were analyzed using TEM, UV-vis. 

spectroscopy and fluorescence spectroscopy as shown in figure A.1.  

The core sample consisted of 4pods with 91% selectivity towards the tetrapod 

shape. With arm lengths of 24.2±1.8 nm and thickness of 2.9±0.3 nm, the core displayed 

a sharp first exciton peak absorption at 562 nm and a narrow emission peak at 572 nm 

with a FWHM of 24.6 nm (Fig A.1c). The measured QY of the core excited at 480 nm 

was ~1.3%. Under a 365 nm UV lamp source the core had a dull orange fluorescence 

(Inset Fig A.1a) 

The 4pod core overcoated with CdS sample consisted of a mixture of dots, 

bipods, tripods and 4pods with a selectivity of 72% to the tetrapod shape as determined 

by TEM. The non-addition of a shape directing agent in the shell growth step, followed 

by the similar arm lengths of bipods, tripods and tetrapods suggest that during the coating 

step, 4pod arm break off was occurring. While there were no short armed 4pods, 

spherical QDs were observed suggesting the simultaneous nucleation of CdS or alloy dots 

during the reaction. Counting the bipods, tripods and 4pods, the average arm lengths was 

26.2±3.1 nm and average arm thickness was 4.2±0.7 nm. The first exciton peak of the 

overcoated sample red-shifted to 595 nm as compared to the core sample. The emission 

peak also shifted to 608 nm and the FWHM increased to 27.4 nm (Fig. A.1c). Under a 

365 nm UV lamp source, the overcoated sample was bright red (Inset Fig. A.1b). The 

measured QY of the overcoated sample at 480 nm was ~46%. We thus successfully 

achieved the synthesis of red-emitting nanoshapes with a narrow FWHM <30% and high 

QY >40% by coating a CdSe 4pod core sample with a shell of CdS. Optimizing the 
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synthesis by lowering the reaction temperature
24

 can reduce the nucleation of the shell 

material and lowering the reaction time can prevent the 4pod arm break off. 

A.3.2 Green-Emitting Nanoshapes 

For the synthesis of green-emitting nanoshapes, we first prepared the spherical CdSeS 

core following Jang et al.
13

 and then introduced anisotropy in the CdS shell through the 

use of CTAB. The core and the overcoated samples were analyzed using TEM, UV-vis. 

spectroscopy and fluorescence spectroscopy as shown in figure A.2. 

The core sample consisted of spherical QDs with a diameter of 2.9±0.5 nm (Fig. 

A.2a). The first exciton peak absorption occurred at 509 nm and the emission peak was at 

511 nm with a FWHM of 33.1 nm. The broader FWHM is expected of a spherical QD 

when compared to an anisotropic NP. The measured QY of the core excited at 480 nm 

was 64%. Under a 365 nm UV lamp source, the CdSeS core fluoresced in a bright green 

color. 

Aliquots of samples taken at regular intervals of the CdS shell growth were 

analyzed and compared with the core sample. As the CdS shell growth reaction 

proceeded with time, an increase in the faceting of the QDs was observed. Short armed 

tetrapod formation was observed in the 2 min sample (Fig. A.2a, b, c). An increase in the 

size of the overcoated QDs from the core CdSeS is evidenced by the TEM analysis. 

While sizing faceted particles posed considerable difficulty, the average size of the 0.5 

minutes CdS shell growth sample was ~4.1 nm and of the 2 min sample was ~5.4 nm. No 

visible nucleation of smaller QDs was observed. 

The absorption spectra of the overcoated samples displayed two characteristic 

features. One being the first excitonic transition in the 513 nm (0.5 min) - 530 nm (2 min) 
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range as seen from the zoomed in spectra (Fig. A.2e). The second being the sharp 

absorption onset below 500 nm (Fig. A.2d) that has previously been attributed to CdS 

absorption
18

. The red shift over time in the first exciton absorption of the overcoated 

samples is indicative of a growing CdS shell. A similar red shift was noticed in the 

emission spectra as well. The FWHM of the 2 minute sample was ~34 nm within error of 

that of the core, indicating no broadening in the size distribution. 

 

Figure A.2 TEM image and optical image inset of a) CdSeS spherical core; (b) 30 sec & 

(c) 2 min of CdS arm growth on CdSeS core (d) Normalized absorption and emission 

spectra of samples taken at different reaction times (e) Zoomed in section of the 

absorption spectra in the 450 – 600 nm wavelength range and (f) QY as a function of CdS 

shell growth time 



 154 

 

The measured QY of the 0.5 min sample was 87% (higher than the core CdSeS, 

64%) and subsequently the QY dropped down to 46% for the 1 minute sample and 9% 

for the 2 minute sample. Under a 365 nm UV lamp source, the decrease in the QY from 

the 0.5 min sample to the 2 min sample is visible (Insets Fig A.2). The decrease in QY 

for higher reaction times is possibly due to introduction of strain defects at the interface 

of the core and the CdS arm shell. Optimizing the concentration of the initial CdSeS core 

used as the seed as well as the concentration of precursors for the arm growth could 

further improve the synthesis. 

A.4 Conclusions 

Two different approaches to synthesizing bright red and green emitting nanoshapes 

(QY>40%) were explored. The red-emitting nanoshapes, prepared by overcoating a 

preformed CdSe tetrapod core with a shell of CdS, were characterized by narrow 

emission spectra (FWHM- 27 nm) and high QY (46%). Presence of spherical particles 

and other branched particles, indicated the need to optimize the synthesis. The green-

emitting nanoshapes were prepared by using CdSeS QD as the seed (core) and growing 

arms of CdS. The resulting particles showed increase in faceting with reaction time. The 

highest QY obtained was 86% using this technique. Further optimization of the synthesis 

could lead to more color purity (FWHM <30 nm).  
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Appendix B: Influence of air on photocatalytic reduction of trichloroethane 

 

B.1 Introduction 

In chapter 5, we demonstrated the photcatalytic reduction of TCE with in-situ H2 

production using methanol as a sacrificial agent in an argon headspace. In this appendix 

we demonstrate photocatalytic reduction of TCE even in an air-filled atmosphere with 

methanol as a sacrificial agent.  

B.2 Experimental Methods 

Details concerning the catalyst synthesis, characterization and photocatalytic reaction 

apparatus are described in chapter 5. In a typical experiment, 60 mg of the catalyst (TiO2, 

Au/TiO2, Pd/TiO2 or "Pd-on-Au"/TiO2) was added to the reactor. The initial amount of 

deionized (DI) water added to the reactor was varied such that the final liquid volume 

was ~25 mL and the headspace gas volume was ~15 mL. Under continuous stirring, the 

reactor was then vacuum-degassed for 10 min to remove dissolved gases. All reactions 

were conducted at ambient conditions (296 K and 1 atm). For an air headspace, the 

reactor was opened to ambient atmosphere such that air entered the reactor and then it 

was sealed. We refer to this headspace as "air" (in quotes), since no external purge of air 

was performed like in the H2 or argon headspace cases. The TCE HDC and H2 generation 

reactions for the "air" headspace were conducted similar to the argon headspace 

experiments described in Chapter 5. 

B.3 Results  

The structural characteristics of the Au/TiO2, Pd/TiO2 and "Pd-on-Au"/TiO2 catalysts are 

described in Chapter 5.  
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B.3.1 TCE HDC Reactions 

B.3.1.1 Dark Experiments 

In the absence of light and under an "air" headspace, no reduction in the concentration of 

TCE was observed over a 120 minute time period (Table B.1), similar to the argon 

headspace case. 

Catalyst 

"air" + no light 

kobs 

(min
-1

) 

kcat 

(Lgpd
-1

min
-1)

 

Au/TiO2 0 – 

Pd/TiO2 0 0 

"Pd-on-Au"/TiO2 0 0 

Table B.1 First order rate constants for TCE HDC in the absence of light with air 

headspace 

B.3.1.2 Effect of Light 

Results obtained from monitoring the aqueous TCE removal in the presence of light and 

air headspace is shown in Table B.2.  

Catalyst 

"air" +  light 

kobs 

(min
-1

) 

kcat 

(Lgpd
-1

min
-1)

 

Au/TiO2 0 – 

Pd/TiO2 0.0085 0.35 

"Pd-on-Au"/TiO2 0.007 2.92 

Table B.2 First order rate constants for TCE HDC with light and air headspace 
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TiO2 based materials are widely used to degrade aqueous phase TCE through the 

photooxidation process
1-3

 in the presence of air. It is thus expected for us to notice a 

decrease in TCE concentration in the presence of air with no associated 

hydrodechlorination products if photooxidation was the primary process.  

 

Figure B.1 Gas chromatograms of TCE HDC products for Pd/TiO2 & "Pd-on-Au"/TiO2 

catalysts with light irradiation and air headspace gas 

Under our experimental conditions, we did not notice any noticeable decrease in 

the concentration of TCE for the Au/TiO2 catalyst. For the Pd-based catalysts, decrease in 

TCE concentration was observed only after 60 minutes of light irradiation (Fig. SB.1). A 

maximum conversion of ~40% was achieved after 120 minutes for both the catalysts. No 

hydrodechlorination (HDC) products were observed (Fig. B.1), indicating that TCE 

removal was occurring through the photooxidation process on Pd/TiO2 and "Pd-on-

Au"/TiO2 catalysts. It is to be noted that kcat was calculated by normalizing the observed 

reaction rate constant (kobs) with the Pd metal concentration in the catalyst. 
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B.3.1.3 Effect of Methanol Addition 

The addition of methanol in the presence of light with an argon headspace led to rapid 

TCE HDC with ethane as a primary reaction product as shown in chapter 5. We 

investigated the effect of methanol with light in an air headspace. The results are 

tabulated in Table B.3. 

Catalyst 

"air" +  light 

kobs 

(min
-1

) 

kcat 

(Lgpd
-1

min
-1)

 

Au/TiO2 0 – 

Pd/TiO2 0.05 2.1 

"Pd-on-Au"/TiO2 0.04 16.7 

Table B.3 First-order rate constants for TCE HDC in the presence of light and methanol 

Similar to the argon case, the presence of light and methanol greatly enhanced 

TCE removal in the air headspace for the Pd based catalysts. No TCE removal activity 

was observed for the Au/TiO2 catalyst. Even with Pd/TiO2 and "Pd-on-Au"/TiO2 no 

decrease in TCE concentration was observed for the first 20 minutes of light irradiation 

(Fig. SB.2). Subsequently, rapid decrease in the TCE concentration was observed at a 

rate similar to the argon headspace case for both catalysts (Table B.3) with 97% 

conversion being achieved within 120 min of total light irradiation time. Ethane, ethene 

and butane/butenes were observed at 97% conversion through the GC-analysis method 

for the Pd-based catalysts (Fig. SB.2). "Pd-on-Au"/TiO2 catalysts had a higher kcat 

compared to Pd/TiO2. The increase in TCE HDC activity and the presence of reductive 

hydrodechlorination products of TCE such as ethane demonstrated the reductive 

hydrodechlorination potential of the Pd based catalysts even in the presence of air. In-situ 



 163 

 

H2 production through water splitting was thought to be responsible for the observed TCE 

HDC as opposed to TCE photooxidation. 

 

Figure B.2 Gas chromatograms of TCE HDC products for Pd/TiO2 & "Pd-on-Au"/TiO2 

catalysts with light irradiation, methanol and air headspace gas 

B.3.1.4 Testing for the Presence of In-Situ Hydrogen 

In chapter 5, we observed TCE HDC and correspondingly the generation of in-situ 

hydrogen both with and without methanol in an argon environment and a light source. 

With air as the headspace gas, we did not notice any TCE HDC products in the absence 

of methanol. Control experiment without any TCE with similar conditions did not yield 

in any detected H2 production through GC analysis. Only in the presence of methanol and 

light, TCE HDC products were observed under an air headspace for the Pd based 

catalysts. We tested for the presence of H2 gas by repeating the "Light + "air" headspace 

+ methanol" experiments in the absence of TCE (Fig. B.3). 
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Figure B.3 Rate of H2 production in the presence of light and methanol with air 

headspace 

Either negligible or no H2 production was observed in the first 20 minutes of light 

radiation for Au/TiO2, Pd/TiO2 and "Pd-on-Au"/TiO2 catalysts. Subsequently, a rapid 

increase in the H2 production was noticed for all three catalysts. While Au/TiO2 did not 

catalyze TCE HDC, there was direct correlation between observed TCE HDC activity 

and the onset of detected H2 formation for the Pd based catalysts. Negligible H2 

production was observed even with bare TiO2 catalyst. 

The presence of methanol resulted in detected hydrogen generation as opposed to 

the no methanol case. We replaced methanol with completely deuterated methanol 

(CD3OD) to determine the role of methanol in the system. H2 production was noticed 

mainly in the Au/TiO2 and Pd based catalysts (Fig. SB.3). A comparison of detected H2 

rates from using methanol and CD3OD is shown in Table B.4. Similar to the Argon 

headspace, the difference in the rate of production of the detected hydrogen between 

methanol and CD3OD was not significant. No other products such as HD or D2 were 
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detected. This strongly indicated that the main source of in-situ H2 production for TCE 

HDC even in an air headspace was the photocatalytic splitting of water with methanol.  

Catalyst 

Light + "air" + methanol Light + "air" + methanol-D4 

Detected H2 production rate 

(μmol gcat
-1

h
-1

) 

Detected H2 production rate 

(μmol gcat
-1

h
-1

) 

Au/TiO2 80 114 

Pd/TiO2 102 138 

"Pd-on-Au"/TiO2 121 133 

Table B.4 Comparison of the detected H2 rates from using methanol and deuterated 

methanol in the presence of light and air headspace 

B.4 Discussions 

The exact role of atmospheric oxygen in the photooxidation of aqueous TCE is debated in 

literature. Several researchers have provided indirect evidence that O2
 
participated as the 

primary oxidant in the conversion of surface organics
4-6

. Other researchers have shown 

that oxidation occurs through hydroxyl free radical attack for reactions in the aqueous 

phase 
7-9

. A combination of O2 and OH
-
 based free radicals have also been proposed to be 

responsible for TCE photooxidation
2
.  

However in a recent study Panayotov et al.
8
 demonstrated that for aqueous phase 

reactions using TiO2 catalysts under aerobic conditions, O2 acts primarily as an electron 

scavenger, thus decreasing recombination of electons and holes and promoting the 

hydroxyl mediated photooxidation. Direct photooxidation of organic molecules in the 

presence of oxygen was shown to be a very slow process
8, 10

. On the other hand due its 

higher oxidative potential compared to H
+
, O2 reacts more rapidly with the electron 

source. 
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Figure B.4 Proposed mechanism for simultaneous photocatalytic TCE HDC and in-situ 

H2 generation for Pd based TiO2 catalysts in an air environment. 

In our experiments, we noticed no TCE HDC and correspondingly no H2 

formation for the Pd based catalysts in the absence of methanol, under an air atmosphere 

and light irradiation. In the presence of methanol for the air headspace, after 20 minutes 

of no TCE removal, we observed rapid TCE HDC with rates similar to the argon 

headspace. Correspondingly, we observed H2 formation only after 20 minutes of light 

irradiation in the absence of TCE. Based on the above understand, we propose a reaction 

mechanism (Fig. B.4), wherein first the O2 in the air headspace is abstracted by electrons 
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as described earlier
6, 11

, following which the air headspace resembles the argon headspace 

resulting in similar TCE HDC rates for both atmospheres. We assume that atmospheric 

oxygen takes part mainly in the extraction of electrons. The TCE photooxidation 

observed in the absence of methanol is attributed to accumulated hydroxyl free radicals. 

B.5 Conclusions 

We established that reductive photocatalysis of TCE can be performed in the presence of 

an air headspace by using methanol as a sacrificial agent without necessitating an 

external feed of hydrogen. Simultaneous TCE HDC and water splitting reaction was 

achieved using bifunctional Pd based TiO2 photocatalysts. Oxygen in the air headspace 

led to an alternative pathway to removal of electrons, which resulted in decreased H2 

yield. The role of methanol was determined to mainly be of a sacrificial agent through the 

removal of the formed hydroxyl radicals, thus preventing charge recombination, 

backward water splitting reaction and photooxidation of TCE. The primary source of in-

situ hydrogen for TCE HDC was shown to be the photocatalytic water splitting reaction. 

An overall mechanism for simultaneous photocatalytic TCE HDC and H2 production 

with air as the headspace gas has also been proposed.  
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B.7 Supporting Information 

 

Figure SB.1 (a) Normalized concentration-time profiles for the catalysts and their (b) 

Pseudo first-order-rate dependence on TCE concetration for TCE HDC run with light and 

air headspace. 

 

Figure SB.2 Normalized concentration-time profiles for the catalysts and their (b) 

Pseudo first-order-rate dependence on TCE concetration for TCE HDC run with light and 

methanol under an air environment. 
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Figure SB.3 Rate of detected H2 production in the presence of light and deuterated 

methanol in air headspace  
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