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1. INTRODUCTION 

 

1.1  Introduction to Nanomaterials 

As humanity seeks to address global challenges, such as the availability of clean water, 

the prevention and treatment of disease, and the demand for sustainable energy, the development 

of new technology has become imperative.
1, 2

 One of the primary limitations to the growth of 

many future technologies is the availability of materials with appropriate properties and 

performance.
3
 The need for superior performance has driven researchers to push the boundaries 

of existing materials, resulting in the development of new systems that tackle countless global 

concerns. One of the most promising areas of research is in nanoscale materials. Efforts to 

synthesize structures with smaller and smaller dimensions are motivated by two principal factors. 

Firstly, when a material reaches nanometer (nm) length scales, it exhibits unique physical 

properties with respect to the bulk. In these structures, which can consist of only hundreds to 

thousands of atoms, quantum mechanical effects start to dominate the bulk properties of a 

material.
4-8

 These new electronic and optical properties are of fundamental interest to the 

scientific community and can be harnessed in applications. Secondly, the small size of these 

materials can enhance existing applications. For example, in the microelectronics industry, the 

reduction in size of transistors, following Moore‘s law, has allowed computers to significantly 

increase in processing power, while shrinking in size.
9
 In another example, the large surface area 

of nanomaterials can be used to enhance catalytic activity.
10

 

Nanomaterials are typically defined as structures which possess at least one dimension 

sized from 1 to 100 nm.
11

 Both carbon and metal nanostructures have demonstrated exceptional 

physical properties, and are used extensively in commercial products.
12

 0D, 1D, and 2D carbon 
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nanomaterials (fullerenes, carbon nanotubes, and graphene, Figure 1.1a) exhibit unique 

properties, which arise from their small size, dimensionality, and sp
2
 hybridized carbon 

binding.
13

 The most common fullerene is Buckminsterfullerene, C60, which consists of twelve 

pentagonal and twenty hexagonal sp
2
 hybridized carbon rings, forming a spheroid shape. The 

covalent bonds in C60 impart high stability to these molecules, thus they can withstand incredibly 

high pressure and temperature and have been used to strengthen composite materials.
14

 

Fullerenes are also good electron acceptors, have been used extensively in biomedicine and as n-

type semiconductors in organic photovoltaics.
15, 16

 Carbon nanotubes have very high electrical 

conductivity, tensile strength and flexibility; thus they are utilized in consumer products 

including rechargeable batteries, water filters, automotive parts, and sporting goods.
17

 Graphene 

also possesses unusually high strength and conductivity. It is less available commercially; 

however, remains an immensely popular field of research with a Nobel Prize awarded in 2010 

and €1 billion in research funding pledged by the European Commission in 2013 for the 

development of graphene.
18, 19

 Potential applications for graphene include display screens, 

electric circuits, solar cells and drug delivery.
20

 

 
Figure 1.1. Carbon, gold and semiconductor nanomaterials; a. Schematic diagrams and TEM images of 0D,

21
 1D,

22
 

and 2D carbon nanomaterials;
23

 b. Images showing colloidal gold nanostructures with different structures, and the 

variety of colors that arise from their surface plasmon resonance modes;
24

 and c. ZnCdSeS alloyed semiconductor 

quantum dots with size-tunable light emission and their fluorescence spectra.
25

 Reproduced with permission from 

references 21, 22, 23, 24, and 25 respectively. Copyright 2011 Royal Society of Chemistry, 2006 American 

Chemical Society, 2011 Nature Publishing Group, 2012 Royal Society of Chemistry, and 2010 Royal Society of 

Chemistry respectively. 
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Metallic materials show a number of interesting properties at the nanoscale.
26

 Perhaps the 

most well-known phenomena are the bright colors of metallic nano-colloids, which have been 

utilized throughout history in the coloring of glass. Copper, silver, and gold nanoparticles have 

been identified in glass dating from as early as the Bronze Age (1000 BCE).
27

 The bright colors 

observed from these nanoparticles are the result of a surface plasmon resonance: an oscillation of 

free electrons that is a consequence of the formation of a dipole in the particle due to 

electromagnetic waves.
28

 This leads to strong electromagnetic fields at the particle surfaces and 

consequently enhances all radiative properties such as absorption and scattering. As such, while 

bulk gold is a yellow, non-magnetic, inert metal, gold nanoparticles are red/ pink in color, 

catalytic, insulating, and magnetic.
29

 The wavelengths of light scattered and absorbed and thus 

the color of the particles can be tuned by changing their size and morphology (Figure 1.1b). 

Additionally, the strongly absorbed light is converted to heat quickly via a series of nonradiative 

processes. This heat can be harnessed for use in photothermal applications.
30

 Amongst other 

applications, engineered gold nanoparticles are used in nanoelectromechanical systems, 

bioengineering, electronic textiles, and nonlinear optics.
31

 Nanoscale silver also exhibits 

plasmonic properties, but is primarily used for its antimicrobial properties. Silver nanoparticles 

have been incorporated into wound dressings, clothing, food packaging, and surgical tools, as a 

biocide.
32

 Both gold and silver nanoparticles are also widely used as catalysts in organic 

transformations, due to their high activity under mild conditions, and large surface area to 

volume ratio with respect to the bulk noble metals.
33, 34

 Another useful catalytic metal is 

platinum, which is regularly utilized in the automobile and petroleum industries.
35

 Due to its high 

cost, platinum metal is often finely divided to increase the catalytic surface area. This has 
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resulted in the well-known material platinum black (particle size   20 μm) and platinum 

nanopowders (particle size   200 nm), which are widely used in catalysis.  

The focus of this dissertation will be semiconductor nanomaterials. They are made from a 

variety of different compounds and referred to as IV, II-VI, III-V or IV-VI, based on the periodic 

table groups into which these elements are formed. For example, Si is group IV; GaN is III-V; 

while CdS, CdSe and CdTe are II-VI semiconductors. Semiconductor nanomaterials are perhaps 

most well-known for their use in the microelectronics industry, in which devices are frequently 

manufactured with feature sizes at the nanoscale.
36

 Interestingly, in this case, manufacturers are 

only leveraging the size of these devices; a microscale transistor does not behave in a manner 

significantly different to a nanoscale one. However, in other applications, semiconductor 

nanomaterials are synthesized for their unique physical properties. At the nanoscale, 

semiconductors can be isolated in structures and morphologies not found in the bulk.
37

 

Furthermore, once the semiconductor is smaller than a critical size, known as the Bohr exciton 

radius, it begins to exhibit quantum mechanical effects. Briefly, if charge carriers (electrons and 

holes) are confined to a length shorter than their characteristic bound length (the Bohr exciton 

radius, typically 2 - 10 nm), the valence and conduction band shift away from their bulk values, 

and the characteristic band gap of the material increases. As such, nanocrystals of the same 

material with different sizes absorb and emit light of different energies (Figure 1.1c). 

Furthermore, spatial confinement of the exciton (electron-hole pair) results in strong overlap 

between the electron and hole wave functions. This increases the probability of radiative 

recombination, resulting in exceptionally high quantum yield of emission.
4-8

 A more detailed 

explanation of this phenomenon can be found in Section 2.2.1. Due to these properties, 
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semiconductor nanomaterials have attracted significant attention in research areas including 

energy conversion, sensing, electronics, photonics, and biomedicine.
38

 

Traditionally, the fabrication of semiconductor materials utilizes growth substrates and 

ultra-high vacuum (UHV) conditions. These techniques can be used for the growth of 

nanocrystals, through the Stranski-Krastanov method, but the resulting particles are trapped in, 

or on, a solid state matrix.
39-41

 In contrast, colloidal semiconductor nanocrystals (NCs) are grown 

in solution, resulting in free particles. They also have relatively low-cost, high-yield syntheses 

with exquisite control over the composition, size, shape, and crystal structure of the product.
42

 

Thus they are an excellent medium in which to study the fundamental properties of nanoscale 

semiconductors. This dissertation focuses on the syntheses and properties of a specific class of 

NCs with composition I-III-VI2. 

1.2 Research Motivation 

NCs have quickly become one of the most versatile systems for studying the fundamental 

properties of nanoscale materials and for use in applications. They have been synthesized with 

control over size, composition, and morphology, allowing the elucidation of remarkable 

properties. For example, the unique surface chemistry of small colloidal CdSe nanocrystals 

causes the emission of white-light. Two fluorescence bands, one from the band edge and another 

at lower energy that originates from recombination at surface defects, combine to result in this 

broad emission, which can be exploited in solid-state lighting.
43

  

Furthermore, NCs can act as artificial atoms, becoming the building blocks for new 

materials. The bottom-up self-assembly of NCs is a facile and flexible approach to superlattice 

formation.
44

 While the mechanisms of self-assembly have yet to be completely understood, this 

technique has been leveraged to create NC superlattices with an array of unique, tunable 
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properties. Superlattices with enhanced optical,
45

 electronic,
46

 and magnetic
47

 properties have 

already been demonstrated, suggesting that NC assembly could be an important tool in the 

development of next generation materials.  

 
Figure 1.2. Applications of colloidal semiconductor nanocrystals; a. Schematic diagram of a prototypical QD-LED 

structure, comprising a monolayer of QDs sandwiched between an organic hole-transport layer and an organic 

electron-transport layer.
48

 Reproduced with permission from reference 48. Copyright 2013 Nature Publishing 

Group; b. Pseudocolored image of five color quantum dot staining of human epithelial cells.
49

 Quantum dots with 

emission at 705 nm, 655 nm, 605 nm, 565 nm, and 525 nm were used. Reproduced with permission from 

reference 49. Copyright 2005 Nature Publishing Group; c. Image of a 4-inch full-color QD display.
50

 Reproduced 

with permission from reference 50. Copyright 2011 Nature Publishing Group; d. Schematic diagram of PbS 

quantum dot solar cell with record efficiency.
51

 Reproduced with permission from reference 51. Copyright 2016 

American Chemical Society; e. Schematic of a CdSe nanocrystal laser cavity.
52

 Reproduced with permission from 

reference 52. Copyright 2014 Nature Publishing Group; f.TEM image and g. photocurrent response of thin films of 

HgTe quantum dots.
53

 Reproduced with permission from reference 53. Copyright 2014 American Chemical Society. 

 

NC self-assembly broadens the scope of a field already rich in applications. The high 

quantum yield and color purity of NC emission has led to their use in light-emitting diodes 



 

 7 

(Figure 1.2a),
48

 and as fluorescent labels in bio imaging (Figure 1.2b).
49

 This property has also 

been exploited commercially with NCs used to produce displays with enhanced color (Figure 

1.2c).
50

  

The Macdonald lab at Vanderbilt University is primarily focused on the use of NCs for 

capturing solar energy. This application exploits the high molar absorptivity and tunable band 

gap of NCs, which can be utilized in both photovoltaic and photocatalytic devices. In 

photovoltaics, NCs can be used as the light absorbing medium and are combined with a p-n 

junction and electrodes to produce a device. Record efficiencies of 10.6% have been achieved 

using PbS NCs in a solid-state device (Figure 1.2d.).
51

 In photocatalysis, NCs are used to convert 

light energy to chemical energy. One of the most widely investigated catalytic applications for 

NCs is photochemical water splitting. Here, light absorbed by the NC results in the generation of 

electron-hole pairs. The photogenerated charges are then used to oxidize and reduce the 

constituent ions of water to oxygen and hydrogen respectively. 100% photon-to-hydrogen 

production efficiency has been achieved for Pt-tipped CdSe/CdS nanorods,
54

 however, efficient 

removal of holes from the catalyst is currently a limiting factor. This barrier must be overcome to 

realize the complete splitting of water by NC photocatalysts.  

More recently, NCs have found application in optics with NC lasers and photodetectors 

demonstrated. NCs are an attractive lasing medium due to their near-unity emission efficiencies, 

and narrow emission lines. Continuous-wave stimulated emission and lasing has been achieved 

in CdSe NC solids (Figure 1.2e).
52, 55

 NCs can also be used to detect light. In fact, the use of NCs 

in infrared photodetectors represents a promising alternative to existing high-cost semiconductor 

technologies.
56

 HgTe NC films have been produced with efficient photoconductivity in the mid-
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wave and long-wave infrared spectral regions (Figure 1.2f-g).
53, 57

 Currently work is focused on 

improving the infrared detectivity of devices.  

Research has also been focused on extending the use of NCs in biomedicine. While more 

commonly used in cell-labeling and fluorescent imaging, NCs have recently been utilized in 

theranostics. Here, NCs are used as a platform that combines medical analysis with therapy. For 

example, with appropriate functionality, super-paramagnetic iron oxide NCs can be used as 

contrast agents for MRI (e.g. to indicate the presence of tumors). Additionally, upon irradiation, 

these NCs can be used to produce heat locally, destroying tumor tissue by hyperthermia.
58

 

Scientists have barely scratched the surface of NC potential. Since the discovery of NCs 

in the 1980s, huge advances have been made in their synthesis and understanding, but at this 

stage fundamental research has primarily been focused on II-VI systems, in particular the heavy 

metal Cd-, Hg- and Pb-based chalcogenides. The commercial use of these well understood and 

promising NC materials could well be restricted due to the toxicity of the constituent elements. 

Furthermore, while the II-VI systems are well suited to certain applications (e.g. CdSe in display 

technology, and PbS in quantum dot sensitized solar cells), in others their properties are far from 

ideal. For example, in solar concentrators, higher efficiency is achieved when utilizing NCs with 

a large Stokes shift of emission to minimize reabsorption losses. Likewise, in deep tissue 

imaging, low toxicity NCs with tunable emission in the infrared spectral region are preferred. 

Therefore, researchers seek to expand the database of NCs across a broad range of 

semiconductor materials. Without the development of synthetic processes that produce uniform 

product NCs composed of these materials, a good understanding of their properties cannot be 

developed. Furthermore, without a complete understanding of the properties of each system at 

the nanoscale, their full potential in application cannot be realized.  
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The work in this dissertation serves not only to expand our library of NC materials to 

include new ternary I-III-VI2 systems, but also develops our understanding of existing I-III-VI2 

NCs, which can inform refinements in their synthesis and cultivate their use in application. 

1.3 Dissertation Outline 

This thesis focuses on the synthesis and fundamental properties of ternary I-III-VI2 

semiconductor nanocrystals with metastable, anisotropic crystal structures. In Chapter 2, a brief 

overview of nanocrystal syntheses, properties and structures will be given.  In Chapter 3, existing 

knowledge of the I-III-VI2 materials of interest is summarized. In particular, the nanoscale 

syntheses and properties of these materials are discussed. In Chapters 4 and 5, a direct synthesis 

to luminescent, wurtzite CuInS2 NCs is described. The mechanism behind the formation of the 

NCs is elucidated (Chapter 4) and the origin of their near-infrared luminescence is considered 

(Chapter 5). In Chapter 6, hybrid NCs of wurtzite CuInS2 with Pt and Pd are synthesized, 

characterized, and their photoelectrical properties are studied. The study of the wurtzite structure 

is extended in Chapter 7 to include CuFeS2 NCs. Finally, in Chapter 8 progress towards the 

synthesis of pseudo-wurtzite, orthorhombic AgFeS2 NCs is detailed. This is the first time this 

metastable structure of AgFeS2 has been observed. Additionally, the optical properties of the 

CuFeS2 (Chapter 7) and AgFeS2 (Chapter 8) systems are investigated and their dependence on 

NC composition noted.   
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2. COLLOIDAL SEMICONDUCTOR NANOCRYSTALS 

 

Whilst thermodynamically stable colloidal nanoparticles, most notably colloidal gold, 

have been known since ancient times, modern scientific evaluation of nanoparticle solutions did 

not begin until the 19
th

 century when Faraday investigated the optical properties of colloidal 

gold.
59

 The study of colloidal semiconductor nanocrystals (NCs) began in earnest in the early 

1980s, when size dependent behavior was observed in CdS NCs by Brus and the term ‘quantum 

dots’ was coined to describe confined NCs.
4-8

 Since then, NCs have become one of the most 

versatile nanomaterials, due to the superb synthetic control that has been demonstrated over their 

composition and morphology
42

 and their unsupported colloidal state. NCs are composed of a 

small inorganic semiconductor core (1-100 nm) surrounded by a layer of organic passivating 

ligands (Figure 2.1a). This corona of ligand molecules can be tuned to give the NCs solubility in 

a wide range of solvents, allowing them to be integrated into matrices or deposited on surfaces 

with ease.
60

  

2.1 Nanocrystal Synthesis 

Several synthetic strategies have been developed to produce high quality NCs, including 

hot-injection,
61

 heat-up,
62

 cation exchange,
63

 and seeded growth methods.
64, 65

 Amongst these, 

the hot-injection technique has been the most widely explored due to its simplicity and 

versatility. In this method, a cold solution of one ionic precursor is injected into a hot mixture of 

the coordinating solvent and the other ionic precursor(s). After injection, a burst of nucleation 

occurs due to the sudden availability of monomers at temperatures high enough to allow the 

formation of nuclei. As the precursors are consumed, the monomer concentration quickly falls 

below the nucleation threshold (Section 2.1.1), preventing the formation of additional nuclei. As 

a result, the remaining monomers only contribute to further growth of the existing nuclei. 
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Temporal separation between the nucleation and growth stages of particle formation allows the 

synthesis of NCs with high monodispersity and as a consequence highly uniform optical 

properties (Section 2.2.1). Heat-up methods have also been used extensively due to the large 

scale and low batch-to-batch variation attainable in these syntheses.
62

 In this technique, all 

reactants are added to a single vessel and heated to the desired reaction temperature for 

nucleation and growth. This circumvents the pitfalls of mixing time and poor heat management 

inherent to hot-injection syntheses. However, in heat-up reactions, the nucleation and growth 

stages of particle formation can be hard to separate, often resulting in the observation of Ostwald 

ripening (Section 2.1.2). Therefore, the precursors, stabilizers and heating rates must be carefully 

selected to ensure that the product NCs are monodisperse. 

 
Figure 2.1. Nucleation and growth of semiconductor nanocrystals; a. Schematic diagram of a colloidal 

semiconductor nanocrystal; b. Classical nucleation theory shown using a plot of Gibbs free energy against radius of 

nucleus; c. Plot of concentration against time  showing the La Mer model for burst nucleation; and d. Schematic 

diagram showing the process of Ostwald ripening. 
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Careful selection of stabilizers can also allow the synthesis of NCs with unusual 

morphology. A good example of this lies in the synthesis of anisotropic CdSe nanostructures. 

Different facets of wurtzite CdSe have different chemistry and, as a result, ligands often bind 

preferentially to different crystal facets. Phosphonic acid ligands bind preferentially to the non-

polar facets, promoting growth in the       direction.
66, 67

 In contrast, use of oleic acid as the 

ligand results in the formation of 2D CdSe sheets.
68

  

2.1.1 Nucleation Theory 

Classical nucleation theory suggests that the total free energy change during crystal 

formation (     ) is the sum of two opposing components: the volume free energy of the nuclei 

(   ) and the surface free energy between the nuclei and solution (   ): 

     ( )                (2.1) 

with   the radius of the nuclei,     
 

 
       with     the volume energy of the nuclei 

(negative), and           with   the surface energy between the particle and the solution 

(positive).
69

 The combination of favorable (   ) and unfavorable (   ) processes yields an 

energy barrier (   ), which must be overcome for nucleation to occur (Figure 2.1b). This occurs 

at a critical nuclei radius (  ), after which growth occurs. When nuclei are smaller than   , 

growth does not occur and the nuclei tend to dissolve. The implication for NC synthesis is that 

lowering the particle surface energy ( ) allows the stabilization of smaller particles. A common 

method for achieving this is the use of surfactants that bind tightly to the nanoparticle surface. 

The nucleation of crystals can also be related to the concentration of the precursor 

materials using the La Mer model.
70

 In this case, the monomer concentration is increased to 

supersaturation (CS); however, a nucleation event does not occur until the minimum 



 

 13 

concentration for nucleation (C0) is reached (Figure 2.1c). At this stage nucleation persists, as the 

monomer concentration increases until the maximum precursor concentration (CN) is attained, 

followed by a decrease in precursor concentration as monomers are consumed. When the 

concentration falls below (C0), nucleation stops and further concentration decreases correspond 

to the growth of existing nuclei. This behavior is frequently observed for hot-injection syntheses 

and tends to yield homogeneous NC samples, as nucleation occurs quickly allowing more 

uniform growth to follow.  

2.1.2 Ostwald Ripening 

Ostwald ripening is a thermodynamically-driven spontaneous process, in which small 

crystals or particles dissolve and reprecipitate onto the surfaces of larger crystals (Figure 2.1d).
71

 

The driving force here is the minimization of surface energy. Atoms or ions at the surface of 

particles are more energetically unstable than those within as they possess unsatisfied bonds. As 

a result, the system tries to lower its overall energy by minimizing the number of atoms at the 

particle-solvent interface. The resultant shrinking and growing of particles in solution results in 

an increase in the particle size distribution, often undesirable in NC synthesis due to the 

dependence of NC properties on particle size (Section 2.2.1). Ostwald ripening depends on the 

reversible solubility of the material, thus can only occur under conditions in which small 

particles are able to dissolve.  

2.2 Nanocrystal Properties 

At small sizes (1-10 nm), the properties of a semiconductor material change significantly. 

There are two major factors that influence these unique properties: quantum confinement, and 

surface effects.  



 

 14 

2.2.1 Quantum Confinement 

There are two ways to consider the problem of semiconductor confinement. The first 

approach, known as ‗top-down‘, is to correct the bulk electronic properties of a semiconductor 

for a finite crystal size. The second, known as ‗bottom-up‘, builds up the optoelectronic 

properties of the nanocrystal from the atomic orbitals. In this case, the nanocrystal is considered 

to be a large molecule or cluster. 

In the top-down approach, the properties of a bulk semiconductor are first considered. In 

an unconfined semiconductor, an electron-hole pair is typically bound within a characteristic 

length called the Bohr exciton diameter. The Bohr exciton radius (  ) can be calculated using the 

equation:  

   
   

  
(

 

  
 
 

 

  
 ) 

where   
  and   

  are the effective masses of electron and hole, respectively. Further,   is the 

electron charge and   is the dielectric constant of the semiconductor. When the size of the 

semiconductor is smaller than twice this radius (approximately 2 - 20 nm), the charge carriers 

must exist at a distance closer than their lowest energy state. Increasing the spatial confinement 

of the exciton increases the energy of the excited state, resulting in a decrease in the wavelength 

of light absorbed and emitted by the NCs. Furthermore, the resulting system can be described by 

the particle-in-a-box model and, as a result, its energy levels become discretized. In a complete 

quantum mechanical treatment of confinement, the Bloch wavefunctions describing the bulk 

properties of the semiconductor are multiplied by an envelope function to correct for the 

confinement of electrons and holes (Appendix A). For a NC, the best model for the envelope 

function is the particle in a sphere. When an additional term is included to account for the 
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Coulomb interaction between electrons and holes, solution of the Schrodinger equation results in 

the Brus equation (2.2), which can be used to calculate the emission energy of a confined NC: 

   ( )     
  

    

   
(

 

  
  

 

  
 )  

       

       
     (2.2) 

where   
  is the band gap energy of the semiconductor,   is Planck‘s constant,   is the radius of 

the nanocrystal,   
  and   

  are the effective masses of the electron and hole respectively,    is 

the permittivity of space, and    is the relative permittivity of the semiconductor.
5, 6

 

 

Figure 2.2. Quantum confinement effects; a. Energy levels of a molecule, quantum dot, and bulk semiconductor; 

b. Schematic illustration of the quantum confinement effect on the density of states of 3D bulk, 2D quantum well, 

1D quantum wire, and 0D quantum dot species.
72

 Reproduced with permission form reference 72. Copyright 2012 

Royal Society of Chemistry.  

The ‗bottom-up‘ approach is based on the linear combination of atomic orbitals 

(LCAO).
73, 74

 This theory suggests that the electron orbitals of a molecule (regions in which a 

charge carrier is likely to be found) can be determined using a combination of the orbitals of its 

constituent atoms. These atomic orbitals combine forming bonding and antibonding states at 

different energies. As more and more atoms are added, more and more energy levels are formed 

until a bulk system is reached. In the bulk, the separation of energy states is much smaller than 

the thermal energy so the collection of states is better described as a band (Figure 2.2a). In a 

semiconductor, the region between the highest occupied band and the lowest unoccupied band 
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are known as the band gap. A quantum dot contains a number of atoms between those of a 

molecule and the bulk. From LCAO theory it follows that when fewer atoms are present, fewer 

atomic orbitals combine and fewer energy states exist. This band-thinning leads to discrete 

energy levels near the band edges and an increase in the band gap (Figure 2.2a), also known as 

quantum confinement. 

The quantum confinement effect has a strong dependence on the dimensionality of the 

NCs. The difference between bulk, 2D, 1D and 0D nanomaterials can be understood by 

considering the density of states (Figure 2.2b). With decreasing dimensionality, the carrier 

energy distribution changes from a square root dependence, to a step-like dependence, to sharp 

peaks, and finally to discrete energy levels.
75

 This change corresponds to the number of 

dimensions in which an electron can move freely and the distribution of energies a charge carrier 

may occupy.  

2.2.2 Surface Effects 

The small size of colloidal NCs is inherently associated with a large surface area to 

volume ratio. The characteristics of the surface therefore play a dominant role in the properties of 

the system. Atoms at the surface of a NC have fewer direct neighbors than atoms in the bulk, 

resulting in the incomplete satisfaction of their binding orbitals by the crystal. Unbound orbitals 

are typically satisfied by ligand molecules or the formation of crystalline defects; however, the 

anisotropy of these features can result in the formation of localized surface states within the band 

gap. While these additional states can result in interesting properties such as white-light emission 

or surface magnetization,
76, 77

 they can also act as trap states for generated charge carriers. 

Carrier trapping is detrimental to applications requiring luminescence or charge extraction, due 

to the reduction in quantum yield (QY) and number of mobile carriers respectively. Considerable 
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work has been focused on passivating these surface states by both tuning the organic ligand 

corona,
78

 and coating the NC surface with inorganic materials (Section 2.3.2),
79

 resulting in 

improved QY and colloidal stability. However, in order for NCs to meet their full potential in 

application, a more complete understanding of NC surfaces and their manipulation must be 

developed.
60

  

2.3 Nanocrystal Structures 

2.3.1 Crystal Structure 

The physical properties of semiconductors originate from their atomic structure 

(Appendix A). This is of particular importance in nanomaterials, which due to their size can exist 

as polymorphs not seen in the bulk.
37

 The II-VI semiconductors typically exhibit two stable 

structures, zinc blende (ZB) and wurtzite (WZ) (Figure 2.3). Zinc blende is based on a face-

centered cubic lattice of S anions with cations filling half the tetrahedral interstitial sites. 

Wurtzite is similar, but based on a hexagonal close packed array of anions. An additional cubic 

structure, chalcopyrite (CP), is observed for the I-III-VI2 materials, which contains ordered 

cations.  

 

Figure 2.3. Characteristic crystal structures of II-VI semiconductors; a. Zinc blende; and b. Wurtzite. 

The symmetry of a nanomaterial crystal structure can play a significant role in its 

properties. Firstly, anisotropic phases often promote the formation of NCs with anisotropic 

morphologies (e.g. rods or plates).
80

 These 1D and 2D nanostructures are of great interest, as 
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they still exhibit behavior characteristic of quantum confinement, while maintaining at least one 

extended dimension in which charge carriers can propagate (Section 2.2.1). Furthermore, 

structural anisotropy can lead to a difference in the mobility of charge carriers along the lattice 

axes, promoting orthogonal charge separation.
81

 This property is sought after in both 

photovoltaic and photocatalytic applications for which the recombination of charge carriers is 

undesirable. 

 

Figure 2.4. Crystallographic defects; a. Grain boundaries; b. A stacking fault; c. A dislocation; and d. Point defects. 

Crystalline materials typically contain imperfections, known as defects. At the nanoscale, 

crystals consist of only hundreds or thousands of atoms, thus the defect concentration in a single 

nanoparticle is often significantly higher than that of the bulk. As such, these defects can have a 

large impact on the properties of the system. Lattice defects change the local electronic 

properties of a material. This can result in the formation of energy states within the band gap of 

the semiconductor. Planar defects (e.g. grain boundaries and stacking faults) and line defects 

(e.g. dislocations) are frequently observed in NCs and can be characterized using transmission 

electron microscopy (TEM) (Figure 2.4a-c).
82-84

 These defects can act as carrier traps that 

introduce non-radiative paths to the system and, therefore, are usually undesirable in NCs. In 

contrast, point defects often introduce additional radiative decay paths into systems.
85-87

 A well-

known example of this is ZnO, which possesses a number of intrinsic and extrinsic radiative 
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defect levels. These levels emit light in a characteristically broad range within the visible 

region.
87

 Point defects occur only at or around a single lattice point. A number of species exist 

including vacancies, interstitial atoms, substitutional atoms and antisite defects (Figure 2.4d). 

Vacancies (denoted VX) are empty lattice sites. Interstitial defects (denoted Xi) are atoms at a 

position in the crystal lattice that is usually unoccupied. Substitutional atoms (denoted XY, atom 

X at a Y site) occur when an impurity atom sits at a regular site in the lattice. Similarly, antisite 

defects occur in ordered multinary materials when cations (or anions) of different types exchange 

positions. For example, in the ternary CP material CuInS2, the antisite defects CuIn and InCu exist. 

Crystal structure can be characterized using X-ray diffraction (XRD). The wavelength of 

X-rays is of similar magnitude to the interatomic spacing in crystal structures. Therefore, Miller 

planes of ions in a crystal can act like a diffraction grating. Constructive interference between 

diffracted X-rays occurs at angles characteristic of a crystal with a certain interplanar spacing 

according to Bragg‘s law:  

                   (2.3) 

where   is an integer;   is the wavelength of the incident radiation;   is the distance between 

atomic planes; and   is the angle of incidence. Powder XRD, which is used throughout this 

thesis, relies on there being a sufficiently large number of crystallites in random orientations 

such that a portion will always be positioned at appropriate Bragg angles for reflection. The 

angle at which reflections are observed gives information about the unit cell and therefore the 

structure of the material. Diffractograms are visually compared to literature data and the 

International Centre for Diffraction Data (ICDD) database to determine the structure. 
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The diffractograms of NCs often show significant broadening due to the small crystallite 

size of the material. Thus it can be difficult to distinguish crystal structure for NCs using only 

XRD. Consequently, XRD is often used in tandem with other techniques such as high resolution 

transmission electron microscopy (HRTEM) and selected area electron diffraction (SAED) to 

determine phase.  

When describing the crystal structure of a semiconductor, it is useful to consider the 

constituents atoms as an arrangement of cations and anions with ionic bonds between them; 

however, this description fails to define bonding within the system completely. Semiconductors 

contain mixed covalent-ionic bonding, known also as polar covalent bonding. The percentage of 

ionic character (      ) in a bond between atoms A and B is given by the equation: 

       (     
 

 
(     ) 

)            (2.4) 

where    and    are the electronegativities of atoms A and B respectively.  

The        for the bonding in the materials studied in this dissertation are shown in Table 

2.1. Values were calculated using equation 2.4 and Pauling electronegativity values reported by 

Allred et al.
88

 All have large covalent character. To simplify the explanations of the mechanisms 

of formation studied here, materials are described throughout as consisting of cations and anions; 

however, the reader should be aware that binding in these systems is directional and involves the 

sharing of electrons. The covalent character of binding contributes to the stabilization of crystal 

structures in the materials studied here that are not seen in the bulk. 

 
Table 2.1. Ionic and covalent character of bonds in CuInS2, CuFeS2 and AgFeS2. 
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2.3.2 Core-Shell Structures 

The nano-size of colloidal NCs results in a very high surface area to volume ratio. While 

this property can be advantageous for catalytic applications, it also results in an unusually large 

proportion of surface atoms. These atoms are typically passivated via complex formation with 

organic stabilizing ligands; however, complete satisfaction of the surface atoms is often not 

possible. Both organically passivated and unpassivated surface atoms can generate trap states 

within the band gap of the material, yielding fast non-radiative decay paths for photogenerated 

charge carriers.
60

 In order to isolate the exciton from non-radiative relaxation via surface states 

and improve surface passivation, a layer, or ‗shell‘, of a wider band gap semiconductor material 

is often grown over the core material (Figure 2.5a). This shell typically serves to increase the 

stability and QY of NCs. Furthermore appropriate choice of shell material can result in enhanced 

charge separation and spectral tunability for NC systems.
89

 

Core-shell systems are labeled by their architecture and classified by their band 

alignments.
79

 Typically, core-shell systems are reported with the core material first and the shell 

second, separated by the symbol @ for spherical particles, / for rod-shaped particles, or – for 

other morphologies (e.g. CdSe@CdS, CdSe/CdS, or CdSe-CdS representing a CdSe core with a 

CdS shell). Three distinct band conditions can be obtained, known as Type I, Reverse Type I, 

and Type II (Figure 2.5b). Type I systems have a shell material with a larger band gap than that 

of the core, leading to both electron and hole confinement in the core. These systems are 

typically used to improve the QY of NCs with the shell physically separating an optically active 

core from its surrounding medium. The inverse is true for Reverse Type I structures; the band 

gap of the shell material is smaller than that of the core and, depending on the thickness of the 

shell, the holes and electrons are partially or completely confined in the shell. This means 
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emission wavelength can be tuned by varying the shell thickness. However, Reverse Type I 

systems often suffer from low QY and rapid photobleaching.
90-92

 Finally, in Type II systems 

either the valence band edge or the conduction band edge of the shell material is located within 

the band gap of the core. These systems are often used to enhance charge separation with one 

charge carrier localized in the core and the other localized in the shell.
93

 Type II systems can also 

be leveraged to red-shift the emission wavelength of NCs.
89

  

 

Figure 2.5. Core-shell nanoparticles; a. A schematic illustration of a core (blue) – shell (red) nanoparticle; b. Three 

types of core–shell NCs. The upper and lower edges represent the upper and lower energy levels of the core (blue) 

and the shell (red). 

The choice of shell material cannot be based solely on optical properties. Shells often 

grow epitaxially and thus core and shell materials should crystallize in the same structure and 

have similar lattice parameters. Selection of a material with a poor lattice match can result in 

strain and the formation of defects within the shell or at the core-shell interface.
94

 As a result of 

this, the wide band gap semiconductors ZnS (3.61 eV) and CdS (2.49 eV) are typically used as 

Type I shell materials for metal sulfide systems. These materials can crystallize in both WZ and 

ZB phases and possess a S-based anionic lattice, similar in dimensions to those of both the II-VI 

and I-III-VI2 systems.  

2.3.3 Hybrid Structures 

Hybrid nanostructures combine distinct material components, often with dissimilar 

properties, into a single system. The resultant systems can display not only the properties of the 
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components, but also synergistic features such as enhancement and up-conversion of 

luminescence or improved catalytic function.
95

 Examples of hybrid materials include multilayer 

core-shell nanoparticles for targeted drug delivery
96, 97

 and plasmonic metal-silicon dioxide 

nanostructures for surface-enhanced Raman scattering.
98-100

 However, in this thesis, work is 

focused on semiconductor-metal NC hybrids for photoinduced charge separation. 

Given the complexity of hybrid systems, there are a variety of material parameters that 

must be considered in their synthesis, including lattice constant, crystal structure, facet polarity, 

interfacial energy, miscibility, surface defects, and surface reactivity.
101, 102

 

When the lattice constants and crystal structure of the component materials do not differ 

significantly or when the interfacial energy is kept low, the formation of a large interface 

between the two materials is often observed, leading to core-shell type hybrids (Figure 2.6a). 

Typically, core-shell hybrid preparation techniques involve selective heterogeneous nucleation of 

the shell onto preformed NC cores.
102

 Numerous methods to promote shell growth exist, 

including the alternating deposition of monolayers of each ionic species for semiconductor-

semiconductor core-shells,
103

 and transmetalation processes for metal-metal core-shell 

formation.
104, 105

 However, for semiconductor-metal systems, shell formation is typically 

achieved by tuning the reactivity of the metal precursor in a classically dimeric synthesis.
106, 107

 

For example, Klimov et al. synthesized fluorescent, magnetic, Co@CdSe NCs by slow 

deposition of CdSe onto preformed Co NCs, followed by annealing.
107

 The encapsulation of 

metallic NCs with a semiconductor has also been explored for the noble metal NCs. Shelling Ag 

or Au with SiO2 or TiO2 has been shown to tune the plasmonic features of the metallic core in a 

controlled manner, and to confer additional stability on the core (Figure 2.6b).
108-111

 In the 

inverse case, metallic deposits on oxide and sulfide NCs have been shown to greatly enhance the 
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photocatalytic and photoelectrochemical properties of the semiconductor cores, due to the 

promotion of charge carrier separation via electron migration to the metal domain.
112-114

 In this 

case, a complete shell of the metallic component can hinder light absorption, thus other more 

elaborate hybrid morphologies have been studied. 

 
Figure 2.6. Hybrid nanoparticles; a. Co@CdSe core-shell hybrid nanoparticles;

107
 b. Au@SiO2 core–shell 

nanorods;
108

 c. Cu−In sulfide heterostructured nanocrystals;
115

 d. Pt-CuInS2 dimeric hybrid nanocrystals;
106

 e. CdSe-

CdS nanorods with Au tips with ‗dumbbell‘ morphology;
116

 and f. Au tips on CdSe tetrapods.
117

 Reproduced with 

permission from reference 107, 108, 115, 106, 116, and 117 respectively. Copyright 2005 American Chemical 

Society, 2006 American Chemical Society, 2006 American Chemical Society, 2015 American Chemical Society, 

2009 American Chemical Society, 2004 American Association for the Advancement of Science respectively. 

For hybrid components with limited miscibility, large interfacial energy, or differing 

surface reactivity, an anisotropic, oligomeric hybrid architecture is more likely to form. Systems 

with limited miscibility can be exploited to form heterodimers via phase segregation of a 

homogeneous mixture of the two materials. This method has been used extensively in metal 

sulfide syntheses with heterodimers of Co-Pd, Cu-In, and Ag-Fe sulfides synthesized under 

suitable conditions (Figure 2.6c).
115, 118, 119

 However, colloidal dimeric systems are most 



 

 25 

frequently synthesized via the nucleation of a precursor on an existing seed particle.
106, 120

 For 

such reactions, seed particles are heated to a temperature just below the nucleation point of the 

second component. The seeds then act as nucleation points for the precursor, as the nucleation 

barrier,       (Section 2.1.1), is much lower at a surface. To minimize the interfacial energy 

between the two components, growth then proceeds via addition of precursor to the new 

material, forming two distinct domains (Figure 2.6d). This technique can be extended to a 

multitude of geometries (with different domain numbers, shapes and spatial arrangements) and 

component materials (including ternary and quaternary systems) by tuning the solvent polarity, 

concentration of reactants and reaction temperature,
120

 and is further explored in Chapter 6 to 

produce CuInS2-Pt hybrid NCs with different morphologies.
106

  

Further geometric complexity can be achieved when the seed material possesses facets or 

edges with distinct reactivity or accessibility. Perhaps the most studied nanoscale examples of 

this are the WZ Cd chalcogenide systems. These anisotropic materials can be grown in rod or 

tetrapod morphologies with a high degree of control over their size and aspect ratio.
121, 122

 The 

tips of both morphologies are polar facets with weakly bound ligands,
123 

and thus are more 

reactive than the edge sites. This leads to the possibility of nucleating a second material 

exclusively at these facets (Figure 2.6e-f). Additionally, due to anisotropy in the crystalline c-

direction, the two tips of a given rod are not chemically equivalent. Therefore, metallic domains 

can be selectively grown at one end of each rod.
116, 117, 124

 ‗Dumbbell‘ morphologies with a 

metallic tip at both ends represent a metastable intermediate, which can evolve into a single-

tipped rod via a intraparticle Ostwald ripening mechanism (Section 2.1.2).
124

 Similar selective 

growth on CdTe tetrapods can only be achieved by depositing the nanostructures on a substrate 

and partially masking them with a polymer layer.
125

 Selective growth can also occur at high 
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energy surface defect sites.
116, 124

 However, these defects can be efficiently suppressed by the 

binding of organic ligands. 

  



 

  
a
 Portions of this chapter have been previously published in Leach, A.D.P. et al., J. Phys. Chem. Lett., 2016, 7 

(3), pp 572–583. Copyright 2016 American Chemical Society.  
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a 
3. TERNARY I-III-VI SEMICONDUCTOR NANOCRYSTALS 

 

Since its inception, the study of colloidal nanocrystals (NCs) has largely been focused on 

the II-VI systems (CdS, CdSe, CdTe, PbS, etc.). Exquisite control has been demonstrated over 

their synthesis and properties, however, concern has arisen regarding the toxicity and disposal of 

these heavy metal containing systems.
126

 Recently both the III-V and ternary I-III-VI2 systems 

have become the subject of further study. Expanding our library of NC materials, not only yields 

low toxicity alternatives to the II-VI NCs, but also facilitates additional tailoring of material 

properties to meet specific needs in application.
127

 This dissertation is focused on the I-III-VI2 

materials: CuInS2, CuFeS2, and AgFeS2. 

3.1 Optoelectronic Properties of CuInS2 NCs and Their Origin 

3.1.1 Introduction 

Copper indium sulfide, CuInS2, represents a promising alternative to the II-VI systems. It 

has a direct band gap near the visible spectral region (Eg = 1.5 eV),
128

 a large optical absorption 

coefficient (α > 10
5
 cm

-1
),

129
 and high photostability.

130
 Furthermore, CuInS2 NCs have been 

reported with tunable fluorescence covering the near-infrared (NIR) and visible spectral 

region,
131

 high quantum yield (QY),
132

 long luminescence decay time,
133

 and large Stokes 

shift.
134

 This has resulted in significant interest from the scientific community, who hope to 

exploit these properties.  

CuInS2 is often touted as a ‗green‘ or ‗safer‘ alternative to II-VI NCs. It is considered to 

be of low toxicity,
135

 and Cu toxicity in humans requires much higher concentrations than Pb or 

Cd.
136

 It should be noted, however, that in some aquatic ecosystems, Cu ions can be more toxic 
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than Pb,
137

 and as such the ecological fate of any commercial product containing CuInS2 should 

be considered carefully.  

The chemistry of I-III-VI2 NCs can be particularly complex due to the different 

properties of the two cations. In the case of CuInS2, the ionic radii of Cu
+
 (77 pm) and In

3+
 

(80 pm) are similar,
138

 yet, as soft and hard Lewis acids, respectively, their bond lengths to S and 

reactivity are distinct. Additionally, the composition of individual nanoparticles within the 

synthesized ensemble can differ, causing variability in the optoelectronic properties observed.
139

 

In order to harness the potential of CuInS2 NCs, a complete understanding of the relationships 

between structure and properties must be developed. 

Section 3.1 reports the optoelectronic properties of CuInS2 NCs and summarizes current 

knowledge regarding their origin. A brief overview of synthetic strategy is presented, followed 

by a complete discussion of the crystallographic structures accessible to CuInS2 and the 

mechanism of their formation. Progress towards understanding the optical properties of CuInS2 

NCs is then reviewed and the approaches used to tune these properties are reported. The 

applications of CuInS2 NCs in photocatalysis, optoelectronic devices and biotechnology are also 

described. Finally the current challenges faced in this field are considered and possible areas for 

future work suggested. Discussion regarding the effect of shelling on CuInS2 NCs (Section 3.1.7) 

was contributed by Dr. Janet Macdonald. 

3.1.2 Synthesis of CuInS2 NCs 

A wide variety of synthetic techniques have been used to produce CuInS2 NCs and have 

been reviewed thoroughly elsewhere.
140

 The syntheses of ternary NCs can be particularly 

challenging due to the distinct reactivity of the two cations. In the case of CuInS2, In
3+

 is a hard 

Lewis acid, whereas both Cu
+
 and S

2-
 are soft in character. Therefore, if the reactivity of Cu

+
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towards S is not attenuated, the formation of copper sulfide impurities can be observed.
140

 

Balance can be achieved by selecting two cationic stabilizers to control the reactivity of each 

cation (e.g. a thiol and a carboxylic acid control Cu
+
 and In

3+
 respectively),

131, 141
 or performing 

the reaction in an excess of Cu
+
 stabilizer (e.g. using a thiol as both solvent and ligand).

133, 142
 

Alternatively, a single source precursor can be used, causing the simultaneous release of 

equimolar amounts of Cu and In ions,
143-145

 thus promoting the formation of CuInS2 over any 

competing binary compounds.  

3.1.3 Structure of CuInS2 NCs 

 

Figure 3.1. Structures of CuInS2 NCs; a. Chalcopyrite; b. Zinc Blende; and c. Wurtzite CuInS2; d. Their calculated 

XRD patterns. 

Bulk CuInS2 has the chalcopyrite structure, but CuInS2 NCs have been reported to 

crystallize in three distinct crystal structures: chalcopyrite (CP), zinc blende (ZB), and wurtzite 

(WZ) (Figure 3.1).
145, 146

 The microstructure of CP has been well studied and has a significant 

impact on the optoelectronic properties of CuInS2 NCs with this structure.
128, 147

 CP I-III-VI2 

materials exhibit cation-ordering (Figure 3.1a) with each S atom surrounded by two In and two 

Cu atoms. The different bond lengths (RCu-S ≠ RIn-S) cause anion displacement from a close 

packed arrangement, leading to a tetragonal distortion of the crystal lattice. The structural 
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complexity of I-III-VI2 CP semiconductors results in a low band gap energy
147

 and an abundance 

of intrinsic defects,
128

 causing their characteristic broad emission, in comparison to the II-VI ZB 

analogues.
134

 In addition, deviations from 1:1:2 I:III:VI stoichiometry allow the growth of both 

n-type and p-type NCs, which have been used to increase the efficiency of CuInS2-based 

photovoltaics,
148-150

 and can influence the conductivity,
151

 band gap,
134, 152

 and luminescence 

properties
139, 149, 153

 of the material.  

The ZB structure is analogous to CP with related lattice parameters,          , but is 

cation disordered (Figure 3.1b). Thus, in ZB NCs, cations can be easily exchanged for one 

another leading to compositions ranging far beyond those seen for CP with stoichiometries from 

Cu3InS3.1 to CuIn2.2S3.8 reported.
146

 The flexible cationic ratio of ZB CuInS2 can be advantageous 

for photovoltaic applications as the stoichiometry can be used to tune the optical band gap, and 

form n-type and p-type NCs. However, the ZB polymorph is difficult to isolate, with typical 

syntheses resulting in the formation of both ZB and WZ,
130, 154-157

 and can be difficult to 

distinguish from CP. ZB and CP show similar lattice fringe spacing (0.32 nm) in high resolution 

transmission electron microscopy (HRTEM) and can only be distinguished by additional low 

intensity reflections in the CP diffraction pattern (Figure 3.1d). In the case of small NCs, 

broadening of reflections can prevent clear assignment.  

In contrast, the WZ structure (Figure 3.1c) can be easily identified by both XRD (Figure 

3.1d) and lattice fringe spacing in HRTEM (0.34 nm). This structure is the hexagonal analogue of 

ZB with both consisting of a close packed anionic lattice with half the tetrahedral interstitial sites 

filled by cations. Remarkably, the CuInS2 WZ structure is cation-ordered. This was reported by 

Shen et al., who discovered a new form of crystalline order in NCs of CuInS2.
158

 These 

‗interlaced crystals‘ contain an uninterrupted, anionic lattice; however, within the cation 
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sublattice, several types of Cu and In ordering were observed, forming distinct phases in 

interlaced domains. This ordering has important implications for phonon and electron transport 

in NCs of WZ CuInS2, as electronic motion is unaffected by interlaced phase boundaries, but 

phonons are likely to be scattered at these features.  

Various mechanistic approaches have been used to form CP or ZB NCs,
142, 159, 160

 

however, high quality, monodisperse samples are typically prepared in organic solvents, using 

hot-injection or heat-up methods.
140

 In contrast, the mechanism of WZ formation appears to be 

more defined. In particular, a Cu2S intermediate has been identified as key in its synthesis. This 

was hypothesized by Pan et al. in 2008
146

 and identified by Connor et al. in 2009,
161

 who noted 

that WZ CuInS2 nanorods were formed by the nucleation of Cu2S nanodisks followed by 

epitaxial growth of CuInS2 in the       direction. This finding was supported by Kruszynska et 

al.
156

 who used a thiolate precursor to synthesize CuInS2 NCs with a bullet-like morphology and 

reported that the formation of Cu2S−CuInS2 hybrid nanostructures was an essential intermediate 

step in the growth of CuInS2 nanoparticles. These examples both identified a biphasic growth 

system, in which CuInS2 domains grew onto a Cu2S nanostructure. However, Kuzuya et al.
162

 

predicted an additional growth mechanism, in which plate-like WZ CuInS2 NCs are formed by 

intercalation of In
3+

 into previously formed Cu2S plates. The intermediates in this mechanism are 

identified for the first time in this dissertation (Chapter 4).  

Phase selection for CuInS2 NCs can be achieved through heat-up, hot-injection or 

template synthesis methods (Section 2.1). In hot-injection and heat-up techniques, ligand and 

metal/ sulfur precursor choice can be used to tune the crystal structure of the resultant NCs.
146, 

155, 157, 162-167
 Typically selection of ligands and precursors that promote the formation of a Cu2S 

intermediate result in a WZ NC product. Similarly, template syntheses utilize an intermediate 
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with similar structure to produce a specific phase: exchange of the appropriate cation into the 

either β-In2S3 (tetragonal, defective spinel)
152, 164

 or Cu2S (hexagonal, wurtzite)
164, 168, 169

 results 

in the formation of CP or WZ CuInS2 respectively. 

3.1.4 Optical Properties of CuInS2 NCs 

The bond length mismatch in CuInS2 (RCu-S ≠ RIn-S) leads to a high proportion of intrinsic 

point defects within the material.
128

 Furthermore, the small size of the NCs necessitates a large 

surface area to volume ratio and a correspondingly high occurrence of surface defects. The 

defects in CuInS2 NCs are the dominant sources of radiative and non-radiative decay routes as 

well as plasmonic behavior. 

 
Figure 3.2. Characterization of CuInS2 NCs; The absorbance (blue) and photoluminescence (red) spectra of a. 

Chalcopyrite
133

 and b. Wurtzite CuInS2 NCs with the Stokes shift for each indicated. Reprinted with permission 

from reference 133. Copyright 2011 American Chemical Society. TEM images of c. Chalcopyrite
131

 and b. 

Wurtzite
164

 CuInS2 NCs. Inset are HRTEM images showing lattice fringes. Figure 3.2c. is reprinted with permission 

from reference 131. Copyright 2009 American Chemical Society. Figure 3.2d. is reprinted with permission from 

reference 164. Copyright 2015 Royal Society of Chemistry. 
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Plasmonic CuInS2 NCs, with no luminescence, can be synthesized.
170-172

 NIR plasmons 

in Cu chalcogenide NCs typically arise due to Cu deficiency
173

 and have been exploited to 

improve photovoltaic activity.
174

 A complete discussion of plasmonic NCs is beyond the scope 

of this thesis, but is reviewed elsewhere.
172

 

As in other luminescent ternary I-III-VI2 materials,
134, 175

 CuInS2 NCs have a lower QY 

than their II-VI analogues, due to the high proportion of defect-based non-radiative decay paths 

available. Emission also has a large FWHM (80 – 120 nm), a large Stokes shift from the band 

gap (200 - 500 meV) (Figure 3.2),
134

 and a long decay lifetime of up to approximately 500 ns.
133

  

All three features are significantly larger than the corresponding values for II-VI NCs, which 

exhibit band gap emission. It has been shown that these properties are not due to size 

inhomogeneity, but mainly to the distribution of vibrational states.
144

 Photoluminescence (PL) 

from CuInS2 is thus attributed to defect states.  

3.1.5 Origin of Emission from CuInS2 NCs 

The exact mechanism behind the radiative decay observed from CP CuInS2 NCs has been 

the subject of much debate in the literature (Figure 3.3). It is widely accepted that luminescence 

originates from an intrinsic defect within the NC structure. This was initially suggested by Castro 

et al.,
144

 who observed that the nature of the surface ligands did not affect the shape or position 

of the PL peak for CuInS2 NCs, and confirmed by the work of Li et al.,
133

 who noted an increase 

in both QY and fluorescence lifetime on coating CuInS2 NCs with a ZnS layer. The involvement 

of a two-fold degenerate band edge state, identified by transient absorption spectroscopy, was 

also reported by Li et al.,
133

 which was assigned to the electron. Li et al. concluded that the 

luminescent transition was from the conduction band (CB) to a localized intra-gap state. This 

conclusion was, however, inconsistent with the work of Castro et al.
144

 and others
149, 176-178

 who 
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identified a donor-acceptor pair (DAP) as the origin of the emissive transition. Further 

incongruous observations were reported by Omata et al.
179

 and others,
180

 who observed 

experimental data consistent with a transition between a localized state and the valence band 

(VB). The observation of size-tunable emission from CuInS2 NCs (Figure 3.4) provides strong 

support for the argument that luminescence comprises of an optical transition between a 

quantized level and a defect state. Supporters of DAP theory argue that if a trap state is 

positioned close to the VB or CB edge, a perturbation in the band energy (e.g. confinement) 

could cause a change in defect energy.
176

 Yet a number of ultrafast spectroscopy studies have 

been undertaken on CuInS2 NCs and results supported assignment of a radiative transition from, 

or to, a level within the energy bands.
180-182

 In particular, Kraatz et al.
180

 observed that the 

absorbing excited state was not depopulated by a dump laser and appeared instantly with the 

excitation laser, implying that it originates in the CB of CuInS2. These data suggest some excited 

electrons undergo an ultrafast, nonradiative relaxation from the CB into a long-lived, high-lying 

donor state. Thus the radiative transition was assigned as a donor to VB transition. At this point 

no consensus has been reached as to the radiative decay mechanism in CP CuInS2 NCs. 

Additionally, luminescence decay measurements by Li et al.
133

 identified two different PL 

signals from CP CuInS2 NCs, associated with two different energy bands at 670 nm and 700 nm. 

This is supported by numerous steady state fluorescence experiments, which appear to show 

multiple emission bands from CuInS2 NCs.
144, 177, 183

 It was found that coating NCs with CdS 

eliminated the component with lower energy, suggesting the presence of a second radiative 

decay path associated with the NC surface.
133

 To the author’s knowledge the presence of 

multiple decay paths has not yet been discussed completely in the literature. 
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Figure 3.3. Overview of proposed radiative decay mechanisms and their observed energies for CP CuInS2 NCs from 

references 
133

, 
144

, 
176

, 
149

, 
180

, and 
184

 respectively. Transitions labeled (confined) are for particles at sizes small 

enough to show the effects of quantum confinement.  

In 2012, a first-principles study by Chen et al.
185

 used density functional theory to 

calculate the transition energies of various point defects in CP CuInS2. Their work has since been 

used to identify the possible states responsible for luminescence. The most commonly implicated 

defect states are InCu, VCu or VS, whose transition energies are in good agreement with 

experimental observations. However, recently Rice et al.
184

 used magnetic circular dichroism to 

identify the presence of Cu
2+

 within CuInS2 NCs, attributing emission to these impurity atoms. 

The earlier work of Chen et al.
185

 had omitted this possibility as well as Ini and Cui which have 

been identified as possible sources of luminescent decay in bulk CuInS2.
186, 187

 To the author’s 

knowledge the energies of these defects have yet to be calculated. It should also be noted here 

that cation-disordered ZB CuInS2 NCs have been reported with similar luminescence properties 

to CP NCs.
132

 If assignment of InCu as the radiative defect state in this system is correct, 

fluorescence should not be observed from ZB samples, as this defect cannot exist in a cation-

disordered system. This assignment cannot be completely discounted, as it is possible that the 

structure of these samples has been incorrectly identified or ZB samples contain a small 
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proportion of ordered CP NCs. However, it is the author’s opinion that further work is needed 

here to establish the source of emission from CP and ZB CuInS2 NCs.  

The mechanism of fluorescence in WZ CuInS2 NCs has yet to undergo the same level of 

study. Emission from this structure bears a number of similarities to that of the cubic structure; 

both materials have a broad PL peak (FWHM = 200 nm) with a large Stokes shift 

(approximately 200 meV) from the band gap (Figure 3.2a-b) and long lifetime 

(approximately 270 ns).
164

 However, the WZ emission is lower in energy (1.3 eV)
164

 than that of 

CP (1.4 eV).
128

 The radiative decay mechanism for WZ CuInS2 NCs is explored in Chapter 5 of 

this dissertation. 

3.1.6 Band Gap Tunability of CuInS2 NCs 

The ability to tune the optical band gap of CuInS2 NCs is particularly appealing for 

photoabsorbing applications. This has been achieved for CP CuInS2 NCs and was reviewed by 

Zhong et al.
134

 The author noted that the band gap and correspondingly the luminescence 

properties could be tuned by adjusting the size, composition and surface chemistry of CP NCs.  

The effect of quantum confinement on semiconductor NCs, with size less than the Bohr 

exciton radius, is well known. Confined NCs, also known as quantum dots, show an increase in 

the optical band gap with decreasing size. The reported Bohr exciton radius of CuInS2 is 

4.1 nm,
140

 thus NCs might be expected to show confinement effects up to a diameter of 

approximately 8 nm. Xie et al.
131

 reported CP NCs with sizes less than 2 – 20 nm and tunable 

absorption band edge from 450 – 900 nm (Figure 3.4a). These results were in remarkably good 

agreement with the calculations of Omata et al.,
188

 who used the finite-depth-well effective mass 

approximation to predict the band gap of CP CuInS2 NCs from 2 – 6 nm in size (Figure 3.4b). 

The molar extinction coefficients for both this material and Zn-Cu-In-S NCs have also been 
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determined across this size range.
189, 190

 Furthermore CP CuInS2 NCs have been prepared with 

size-tunable emission wavelength ranging from 600 to 900 nm (Figure 3.4c) and luminescence 

QY up to 18%.
132

 Increases in both QY and range of PL peak wavelength can be achieved by 

alloying or shelling samples with Zn. Confined WZ CuInS2 NCs were reported by van der Stam 

et al., and extend the tunability of CuInS2 emission deeper into the NIR.
168

 

 
Figure 3.4. Tunable CuInS2 NC optical properties; a. The absorbance of CuInS2 NCs with size less than 2 – 20 

nm.
131

 Reprinted with permission from reference 131. Copyright 2009 American Chemical Society. b. Comparison 

between experimental (open circles) and theoretical size-dependent optical band gap for CuInS2 NCs.
188

 Reprinted 

with permission from reference 188. Copyright 2009 American Institute of Physics. c. The size dependent 

luminescence of CuInS2 NCs.
132

 Inset is a digital photograph of the samples taken under a UV lamp. Reprinted with 

permission from reference 132. Copyright 2012 American Chemical Society. 

The ternary nature of CuInS2 allows further control over its band gap via adjustment of 

the cationic ratio (Figure 3.5a). Control was first demonstrated by Uehara et al.,
139

 who tuned CP 

CuInS2 NC composition from CuInS2 to CuIn3S5 by adjusting the concentration of Cu precursor 

present in the synthesis. While there was no change in NC size, a decrease in the wavelength of 

both NC absorption edge and fluorescence peak, corresponding to an increase in the band gap, 
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was observed with decreasing Cu/In ratio. For bulk CuInS2 the VB results from the hybridization 

of Cu d-orbitals and S p-orbitals and has binding energy approximately 2.5 eV.
191, 192

 It has been 

shown for CuInSe2 that a decrease in Cu concentration, with corresponding decrease in Cu d-

orbital character, results in the reduction of Cu d-/Se p-interband repulsion, lowering the VB 

maximum of the material.
193

 CuInS2 has analogous band structure, thus the increase in band gap 

on decreasing Cu/In ratio is attributed to a similar mechanism. However, a comparable study has 

not been carried out for CuInS2. Uehara et al.
139

 also observed that the fluorescence intensity 

increased with Cu deficiency. They attributed the increase to the introduction of a radiative 

defect related to Cu deficiency. Similar results were reported by Chen et al.,
149

 who prepared 

samples with Cu/In = 0.3 – 2.9 and determined that the highest QY was obtained for samples 

with Cu/In = 0.7. Changes in QY were attributed to changes in defect concentration within the 

NC. Specifically, they suggested a DAP recombination mechanism, with the transition from VCu 

to InCu responsible for emission, and noted that maximum QY occurred at a defect concentration 

of one defect pair per three units of CuInS2. It is yet unclear why Cu deficiencies lead to 

luminescent NCs in some syntheses, still in others, Cu deficiencies lead to plasmonic behavior 

and no luminescence. 

3.1.7 Core-Shell CuInS2 NCs 

The shelling of CuInS2 NCs by ZnS and CdS has been very effective at increasing the 

QY in CP CuInS2 (typically 5 - 10% to 80%, 86%)
132, 133

 (Figure 3.5b-c). For WZ CuInS2, 

improvements in luminescence have been reported when exposure to Zn
2+

 alloys the outermost 

layers of the NCs.
169

 It appears that an alloyed shell is key, as when Zn
2+

 is incorporated 

throughout the crystal, there is no PL.
169

 Shelling WZ NCs with CdS and further study of the 

results of shelling on their emission are carried out in Chapter 5. 
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For CP CuInS2, the story is much more complicated. Universally, researchers report that 

exposure to Zn
2+

 causes a blue shift in fluorescence, with magnitude from approximately 10 –

 25 nm
133, 194

 up to 130 nm,
195

 depending on the extent of Zn incorporation.
177

 The blue shift has 

been attributed to either Zn-alloying increasing the band gap of the material
183, 196

 or cation 

exchange at the surface of the NC yielding a gradient alloy, resulting in a smaller CuInS2 core, 

thus increasing the band gap through quantum confinement effects.
195

 Whilst a blue shift is also 

observed in the absorbance spectra, its relative magnitude can vary. In some cases, the blue shift 

in absorbance is of comparable size to that of the luminescence,
177, 183, 194

 but in other cases a 

much less significant change is observed.
177, 197

 If the shift in luminescence were merely a feature 

of the change in band gap energy, similar shifts for both absorbance and luminescence would be 

expected, therefore the above explanations are too simplistic to explain the electronic changes 

completely.  

 
Figure 3.5. Composition dependent optical properties of CuInS2 NCs; a. Absorbance and luminescence of CuInS2 

NCs with different Cu/In ratios.
149

 Reprinted with permission from reference 149. Copyright 2012 Wiley-VCH. The 

effect of alloying/shelling with b. ZnS or c. CdS on the fluorescence QY of CP CuInS2.
133

 Reprinted with 

permission from reference 133. Copyright 2011 American Chemical Society. 

Beyond the observed blue shift in luminescence, there is little consistency in the 

literature. The results are highly dependent on the synthetic route taken. For example, in cation 

exchange procedures De Trizio et al.
183

 found the Cu
+
 was preferentially exchanged for Zn

2+
, but 

Park and Kim
195

 as well as Wang et al.
177

 found that it was In
3+

 that was preferentially 
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exchanged. One would expect Cu
+
 and In

3+
 to be exchanged in equal proportion with Zn

2+
 to 

maintain S
2-

 valence. Therefore these results speak to a deep complexity in exchange mechanism 

and likely inhomogeneity of composition and structure of the parent CuInS2 NCs between 

research groups and preparations. The exact location of Zn in the NCs also appears to be very 

dependent on the synthetic procedure. Some techniques that include a sulfur precursor provide a 

formal ZnS shell, indicated by an increase in particle size.
133, 177, 195

 Others describe cation 

exchange behaviors that give alloyed shells,
195

 or complete alloying to Zn-Cu-In-S.
177, 183, 198

 A 

combination of these behaviors may also be present,
177

 thus distinguishing between shelled or 

alloyed NCs is difficult. Analysis by XRD is challenging as the reflections of CP CuInS2 and 

ZnS are very similar and, while shifts towards ZnS are often observed, the broad nature of 

reflections from NCs prevents resolution of a single alloyed set of reflections from pairs of 

reflections. Additionally, the resolution of energy dispersive X-ray spectroscopy (EDS) mapping 

is too poor to show concentration gradients for the 2.5 - 3.5 nm NCs often studied.
183

 However, 

elemental analysis by surface-sensitive X-ray photoelectron spectroscopy (XPS) combined with 

inductively coupled plasma mass spectrometry (ICP-MS) has confirmed
196

 or excluded
183

 the 

existence of shells. High resolution XPS has also been used to identify the incorporation of Zn 

into the crystal structure through perturbation of the Cu 2p binding energy.
183

  

It is important to note that the proportion of Zn incorporated can be large. For example, 

De Trizio et al.
183

 prepared particles with composition Cu0.13In0.74Zn0.59S2 and in the extreme 

case Zhang et al.
199

 described the NCs, resulting from a one-pot synthesis, as a Cu dopant in a 

ZnInS2 host. Elemental ratios in literature examples should be considered with scrutiny; the 

presence of unreacted cation precursors, sulfur reagents and thiol ligands can result in 

compositional analysis errors. Additionally, the analysis techniques themselves can be 
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problematic. For EDS, many TEM sample holders give large Cu background signals even when 

using low background support grids or sample holders. XPS is highly surface sensitive and the 

presence of a shell can attenuate the signal of the core. Indeed even 1-1.5 monolayers of a ZnS 

shell can decrease the apparent core 2p Cu signal by 50%.
196

 For ICP –MS, interference by NO
+
 

and O
2+

 can be problematic for the sulfur signal.
200

 Furthermore, elemental analysis techniques 

that require acid digestion and oxidation must be performed carefully to avoid the formation of 

insoluble elemental sulfur.
201

 

Exposure to Cd
2+

 is even more effective than Zn
2+

 at increasing the luminescence 

intensity of CP CuInS2, with a QY of 86% reported.
133

 The number of studies including CdS 

shelling is limited, as it negates the objective of low toxicity NCs, but the few provide an 

interesting contrast. Unlike ZnS, shelling procedures with Cd
2+

 cause a much smaller blue 

shift
197

 or even a red shift
133

 of the luminescence combined with a red shift of the absorption 

onset.
197

 Choi et al.
197

 suggested that the incorporation of small Zn
2+

 results in the contraction of 

the lattice, whereas the incorporation of Cd
2+

, which has an ionic radius approximately one third 

larger than In
3+

 or Cu
+
,
138

 causes tensile stress. These stresses cause shifts in the band gap 

leading to a blue- or red-shifted luminescence, respectively. Again, this explanation alone cannot 

explain the array of results seen by other groups for Zn shelling, where the magnitude of the blue 

shift of the absorption does not always match that of the fluorescence. 

3.1.8 Applications of CuInS2 NCs 

CuInS2 NCs have potential application in a variety of fields including photocatalysis, 

photovoltaics, biomedicine and light-emitting diodes (LEDs).
56

 In applications requiring good 

charge transport (e.g. photovoltaics or photocatalysis), the presence of defects within the NC 

structure can disrupt the propagation of charge carriers; high quality, defect-free NC samples are 
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sought, which consequently lack strong defect luminescence.
131

 In contrast, for applications 

requiring a high fluorescence intensity (e.g. bioimaging or light emitting devices), the proportion 

of radiative defects within a sample should be maximized, while non-radiative decay paths 

should be passivated.
133

 For this reason, applications requiring high fluorescence QY frequently 

use samples alloyed or shelled with Zn. In order to meet the potential of CuInS2 in applications, 

synthetic efforts are needed to improve these contrasting defect concentration and charge 

transport properties. 

CuInS2 is a particularly promising photocatalyst, due to its high molar absorption 

coefficient and band gap in the visible region of the solar spectrum. CuInS2 and Zn-Cu-In-S NCs 

have been shown to catalyze the photo-reduction of H2 from water.
202, 203

 CuInS2 and Zn-Cu-In-S 

NCs have also been used as a visible photosensitizer for TiO2 NCs (Figure 3.6a) to drive the 

degradation of organic pollutants. The band alignment facilitates charge separation with excited 

electrons transferred from CuInS2 to TiO2, while holes remain in the CuInS2 domain.
204, 205

 

Photocatalytic activity can be further enhanced by fabricating hybrid NCs, which 

incorporate a metal and semiconductor domain into a single nanostructure (Figure 3.6b). 

Typically, the Fermi level of the metal component is situated within the band gap of the 

semiconductor, promoting the transfer of excited electrons from the semiconductor CB into the 

metal domain. In contrast, holes remain localized in the semiconductor domain, causing 

separation of the two charges. This results in superior catalytic properties, as the probability of 

undesirable electron-hole recombination processes occurring is considerably reduced.
101, 106, 206

 

Hybrid nanostructures have been successfully prepared, using CuInS2, Zn-Cu-In-S, and Cu-In-S-

Se NCs with Au, Pt, and Pd4S domains. These systems show improved catalytic performance 

with respect to the bare semiconductor NCs.
207, 208

 The photostability of CuInS2 hybrid NCs has 
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not been studied with adequate depth, as it is expected to be one of the great advantages of 

CuInS2 over CdS. 

 
Figure 3.6. Applications of CuInS2 NCs; Schematic diagram of a. the photodegradation of methyl orange using 

CuInS2 and TiO2 NCs,
205

 and b. the photocatalytic evolution of H2 from water.
207

 Adapted with permission from 

references 205 and 207. Copyright 2011 American Chemical Society and 2015 Wiley-VCH. c. J−V curves of 

CuInS2-Zn and CuInS2-based champion quantum dot sensitized solar cells.
194

 Reprinted with permission from 

reference 194. Copyright 2014 American Chemical Society. d. Electroluminescence spectra of a blue LED (dotted 

black line) and a CuInS2/ZnS/ZnS-converted white LED (solid red line).
209

 Inset are photographs of the device. 

Reprinted with permission from reference 209. Copyright 2015 American Chemical Society. e. In vivo multiplex 

image of CuInS2/ZnS NCs emitting at 640 nm (red) and 710 nm (blue).
210

 Reprinted with permission from 

reference 210. Copyright 2010 The Royal Society of Chemistry. f. The fluorescence spectra of bioconjugated 

CuInS2 NCs in the presence of different concentrations of acid phosphatase, demonstrating their biosensing 

capability.
211

 Reprinted with permission from reference 211. Copyright 2015 Elsevier. 

Quantum dots (QDs) have garnered significant scientific and industrial interest for use in 

third-generation solar cells, due to their high absorption, low-cost, tunable band gap, and solution 
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processability.
212, 213

 Advances in synthesis and design have enabled the fabrication of 

photovoltaic devices with efficiencies greater than 10%,
213

 however, these ‘champion’ devices 

contain toxic Pb or Cd chalcogenide NCs, limiting future commercial application. CuInS2 

provides a viable alternative to these materials, however, devices with CuInS2-based 

photoanodes often suffer from poor power conversion efficiencies of  approximately 2.5%,
214

 

due to the abundance of defects present in the NCs.
 
Defects cause both internal charge carrier 

recombination inside NCs, and photoexcited electron recombination from the solar cell matrix to 

the QD sensitizer, lowering efficiency of the resulting device. However, promising results have 

recently been achieved by Pan et al. using Zn-Cu-In-S sensitized devices with a reported power 

conversion efficiency of 7.04% (Figure 3.6c).
194

 In this system, mercaptopropionic acid capped 

Zn-Cu-In-S NCs were dropcast onto mesoporous TiO2 film electrode and coated with ZnS. Cells 

were then constructed using a polysulfide electrolyte and a brass-based Cu2S counter electrode. 

The author suggests that this large increase in efficiency is due to the use of CuInS2 QDs with 

broad light absorption range, the Type I CuInS2-ZnS core-shell structure (Section 2.3.2) of the 

prepared NCs, and high NC loading in the cell achieved by linker molecule exchange. This work 

is the first report of a Cd- or Pb-free QD sensitized solar cell with similar efficiency to its heavy 

metal containing analogues.
213

 Alternatively, CuInS2 has been used as a cathode material in dye 

sensitized solar cells with an I
-
/I

3- 
electrolyte.

215
 In a polysulfide electrolyte, it is likely that 

CuInS2 will give high efficiencies but poor chemical stability, similar to Cu2S.
216, 217

 

CuInS2 NCs are very promising as solar concentrators, an application that takes 

advantage of the large Stokes shift of the luminescence. CuInS2 absorbs sunlight and then emits 

light, directed into a wave guide ending at a photovoltaic.
218

 CuInS2-CdS is predicted to be 

excellent for this application as it has a large absorption coefficient, a high QY and a large 



 

 45 

Stokes shift that prevents reabsorption. For a 2D design, the calculated flux gain was predicted to 

be three times that of the previously most promising material: defect emissive CdSe, which 

suffers from low QY.
219

 

The use of CuInS2 in LEDs has been carefully considered in the reviews of both Kolny-

Olesiak and Zhong.
134, 140

 Briefly, electroluminescence from green to deep-red has been observed 

for devices that sandwich Zn-Cu-In-S/ZnS NCs between ITO and aluminum electrodes with 

organic electron and hole transport layers.
149, 209, 220-222

 The broad emission spectra of CuInS2-

based NCs gives inferior color purity with respect to Cd-based devices yet is well suited to the 

generation of white light. Several examples have been reported of devices incorporating CuInS2 

with color rendering indices above 90.
221, 223-225

 Further, the large Stokes shift of emission 

prevents reabsorption in CuInS2-based LEDs, improving efficiency. While early examples of Zn-

Cu-In-S-based white LEDs suffered from low stability and brightness,
220

 these properties have 

considerably improved with a recent example showing high luminous efficacy (greater than 80 

lm W
-1

) and high stability (Figure 3.6d).
209

 

The use of Zn-Cu-In-S NCs for in vivo imaging has been widely demonstrated (Figure 

3.6e).
132, 197, 226-236

 Zn-Cu-In-S NCs have some distinct advantages in bioimaging systems, as they 

possess low toxicity and emission in the tissue transparency window. The long fluorescence 

decay of CuInS2 allows the use of an increased delay time between photoexcitation and 

detection, resulting in a decrease of background autofluorescence.
227

 Additionally, two-photon 

absorption has been observed for Zn-Cu-In-S NCs.
237

 These NCs can thus be excited by 

wavelengths in the near-infrared spectral range, which corresponds to the region in which water 

and biological tissue do not strongly absorb.  
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For application in biological systems, water soluble NCs must be prepared either via 

direct synthesis
238-242

 or ligand exchange.
226, 227, 229, 234, 243

 The rich chemistry of ligand exchange 

procedures has led not only to water solubility, but also to the design of targeted nanoprobes for 

the imaging of specific cells.
228, 229, 231, 244

 Recently, the use of Zn-Cu-In-S NCs has been 

expanded to other biomedical areas with applicability demonstrated in both biosensing
211, 245-252

 

(Figure 3.6f) and the formation of magnetofluorescent nanocomposites.
253

 The latter can serve as 

a multimodal platform for either drug delivery or bioconjugation to targeting biomolecular 

probes. The wide variety of biological applications currently being reported and the 

advantageous properties of Zn-Cu-In-S NCs suggest that work in this field will show great 

progress in the near future. 

3.1.9 Conclusion 

In summary, a comprehensive discussion of the chemical, optical and structural 

properties of CuInS2 NCs was presented. The complex chemistry associated with ternary and 

quaternary systems can lead to challenges in their synthesis, and many compositions and 

structures are accessible. A high level of synthetic control has now been achieved for CuInS2 

NCs, allowing the selection of shape, size, and structure. Furthermore, the ability to tune the 

optical band gap and luminescence characteristics of CuInS2 NCs has been demonstrated. The 

relationships between synthesis, structure and optical properties are not always well 

characterized, and the fluorescence properties of these NCs have yet to be completely 

understood. Recent reports of CuInS2 NC applications, in particular the observation of high 

power conversion efficiency from a CuInS2-based photovoltaic device, will renew and increase 

interest in this ‘green’ material. With this in mind, the author believes that the following 
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challenges should be addressed, and represent interesting questions to be considered in the field 

of colloidal semiconductor NCs. 

Despite extensive reports on the subject, the mechanism behind radiative decay in CuInS2 

NCs has still not been confirmed. Understanding this mechanism will allow synthetic efforts to 

accurately target the luminescence properties and defect concentrations in CuInS2 NCs, which 

are indispensable for application. The author suggests that a study of the synthetic mechanism of 

formation of both WZ and CP NCs in combination with spectroscopic techniques could help to 

confirm the identity of the fluorescent defect.  

The abundance of intrinsic defects in ternary I-III-VI2 systems leads to a number of 

advantageous properties, including tunable luminescence with composition, and a high tolerance 

to doping or alloying. However, it also promotes compositional inhomogeneity within NC 

samples leading to a variation in optical band gap and broadening of the luminescence peak.
139, 

149
 Whilst monodispersity is often indicative of uniform composition, characterization of single 

particle composition is rarely carried out for CuInS2 NC syntheses. This should be carefully 

considered when reporting novel syntheses, particularly when quaternary systems are presented, 

such as Zn-Cu-In-S or Cu-In-Ga-S. The distinction between an alloyed quaternary system, a 

doped ternary system and a shelled system must also be defined. Literature examples, of Zn-Cu-

In-S synthesized from CuInS2 NCs, frequently use these terms interchangeably and rarely 

characterize the resultant NCs completely. In order to apply these systems, the proportion and 

location of Zn atoms must be well described and their influence on the materials’ optical 

properties must be understood. 

Given that CuInS2 is promoted as a low toxicity replacement for heavy metal containing 

systems, a comprehensive understanding of the toxicity of these NCs must be developed in order 
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for their potential to be fully realized. The stability of CuInS2 NCs has also been identified as a 

challenge, and shelling with ZnS,
131, 132

 Al2O3,
254

 ZnGa2O4
255

 or SiO2
256

 can impart greater 

stability. Whilst work towards determining toxicity and stability for both CuInS2 and Zn-Cu-In-S 

NCs has begun,
183, 257

 there is still considerable work to be done here. 

The report of a high efficiency Zn-Cu-In-S solar cell has renewed interest in this material 

for photovoltaic applications.
194

 With further refinement of device design, additional 

improvements to power conversion efficiency are expected. Therefore, the potential exists for 

Zn-Cu-In-S NCs to become the preferred sensitizer for quantum dot solar cells. Recent advances 

in the tuning of NC surface chemistry, have led to numerous possible applications for 

semiconductor NCs in biomedicine.
56, 258

 Implementation of these techniques on CuInS2 NCs 

could result in significant progress in this field. 

3.2 Synthesis & Characterization of CuFeS2 NCs  

CuFeS2 is widely known as the naturally occurring mineral chalcopyrite (CP). Despite its 

terrestrial abundance, laboratory syntheses of this material have proved challenging with early 

examples requiring solvothermal conditions.
259, 260

 More recently, nanostructures of CuFeS2 have 

come under renewed scrutiny, due to their unique properties. CuFeS2 is an n-type semiconductor 

with an unusually low band gap (approximately 0.5 eV),
261

 as compared to other ternary Cu 

containing materials (e.g. CuAlS2 = 3.5 eV, CuGaS2 = 2.5 eV, CuInS2 = 1.5 eV), resulting in 

interesting physical phenomena such as thermo- and ferro-electricity.  Furthermore, unlike other 

I-III-VI2 materials, the flexible valence of Fe means the material can tolerate the partial +2 

oxidation state of Cu centers with unusual magneto-optical properties observed as a result.
262, 263

  

CuFeS2 also possesses a unique composition amongst infrared chromophores as it is composed 

entirely of earth abundant, low toxicity elements with atomic number less than 30.  
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Section 3.2 reviews existing knowledge regarding the synthesis and properties of CuFeS2 

nanostructures. First, current synthetic strategies for CuFeS2 NCs are described and their crystal 

structure and mechanism of formation are considered. Then the optoelectronic properties of 

CuFeS2 NCs and methods to tune these properties are reported. Finally, potential applications of 

CuFeS2 NCs are discussed. 

 
Figure 3.7. TEM images of CuFeS2 NCs; NCs with a.-b. spherical and pyramidal morphology synthesized 

by Bhattacharyya at al. and Ghosh et al. respectively.
264, 265

 Reproduced with permission from reference 264 and 

265 respectively. Copyright 2016 American Chemical Society. c. CuFeS2 nanorods synthesized by Hu et al.
260

 

Reproduced with permission from reference 260. Copyright 1999 Elsevier Science S.A. 

A range of synthetic processes have been used to synthesize colloidal CuFeS2. Early 

reports of nanostructured CuFeS2 relied on hydrothermal syntheses, resulting in agglomerates of 

spherical and rod-shaped NCs.
259, 260

 Recently, high quality CuFeS2 NCs have been produced 

with a variety of sizes and morphologies (Figure 3.7) using thermal decomposition,
266-268

 hot-

injection,
264, 265, 269

 and heat-up methods.
270

 In all cases, as for the synthesis of CuInS2 NCs, 

precursors, surfactants, and their concentrations were carefully selected to account for the 

difference in reactivity between the hard (Fe
3+

) and soft (Cu
+
) cations. A good example of this is 

the synthesis of  Bhattacharyya et al., in which CP CuFeS2 NCs with size below the Bohr exciton 

radius were produced using a hot-injection technique at 180°C.
264

 The authors injected both 

elemental sulfur and dodecanethiol into a solution containing Cu and Fe precursors. Without 

both S precursors the formation of unwanted Cu and Fe sulfides was observed. Furthermore, 
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complete dissolution of the cationic precursors was required to avoid the formation of impurity 

phases. 

CuFeS2 commonly exists in the CP structure; in fact, the mineral chalcopyrite (CuFeS2) 

gave the structure its name. The CP structure has already been described in Section 3.1.3, 

however, briefly for CuFeS2 the structure is tetragonal belonging to the space group   ̅   with 

lattice constants           , and          .
271

 In contrast to CuInS2, the wurtzite (WZ) 

polymorph of CuFeS2 has been reported only once by Kumar et al., who synthesized micron-size 

structures of WZ CuFeS2 with a flower like morphology.
268

 Refinement of the synthesis of this 

hexagonal system and complete characterization of its optical properties are of significant 

interest to the scientific community, due to the strong relationship between crystal structure and 

properties of the system. Recent work has shown that the WZ structure of CuInS2 NCs contains 

ordered cations in interlaced crystals.
272

 Should WZ CuFeS2 NCs exhibit similar ordering, they 

hold great potential as a thermoelectric material, due to both the small band gap of the 

semiconductor in the infrared spectral region (0.5 – 0.6 eV)
261

 and its interlaced crystal structure 

that disrupts thermal conductivity without affecting electron transport. 

Few reports exist describing the mechanism of formation for CuFeS2 NCs. Kumar et al. 

theorized that, similar to WZ CuInS2, the formation of WZ CuFeS2 occurred via a hexagonal 

Cu2S intermediate, however, that intermediate was not isolated.
268

 In the synthesis of CP 

CuFeS2, both copper and iron sulfide phases are frequently formed as impurity phases. 

Therefore, it is possible that NCs are produced via cation exchange into nuclei of the binary 

sulfides. However, given the importance of balancing the reactivity of the cationic precursors in 

producing CuFeS2, it is likely that CP NCs nucleate as a ternary material. Some controversy 

exists regarding the chemical valence of Cu and Fe in CuFeS2. Certain reports show monovalent 
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Cu and trivalent Fe ions,
273

 still in others a mixture of Cu
+
Fe

3+
S2 and Cu

2+
Fe

2+
S2 is observed.

262
 

Such studies have yet to be conducted on nanostructured CuFeS2, however, the oxidation state of 

the constituent atoms must be carefully considered when designing a synthesis for CuFeS2 NCs. 

 

Figure 3.8. Optical properties of CuFeS2 NCs; a. The absorbance spectrum of CuFeS2 the characteristic peak at 

480 nm is highlighted.
265

 Reproduced with permission form reference 265. Copyright 2016 American Chemical 

Society. b. The absorbance spectra of confined CuFeS2 NCs and c. the fluorescence spectra of confined CuFeS2-CdS 

NCs with size 3 – 15 nm.
264

 Reproduced with permission form reference 264. Copyright 2016 American Chemical 

Society. 

The unique optical properties of CuFeS2 NCs stem from the electronic structure of the 

material. Fe is known to introduce deep trap states in the fundamental band gap of numerous 

semiconductors.
274, 275

 Correspondingly, in CuFeS2, Fe introduces an intermediate band (IB) 

within the fundamental gap of the material composed predominantly of empty Fe 3d orbitals. 

Thus, despite a valence band (VB) to conduction band (CB) transition energy of 3.2 eV, the 

onset of absorbance is observed from 0.5 – 0.6 eV.
260, 265, 267

 The absorbance spectra consists of a 

peak at around 480 nm accompanied by a broad shoulder centered at around 950 nm (Figure 

3.8a). These features correspond to electronic transitions from the VB to the IB and result in the 

distinctive purple color of the NCs. Tunable onset of absorption has been reported for CuFeS2 

NCs with size less than 15 nm. The observed band gap values spanned the range 0.5 − 2 eV for 



 

 52 

quantum dots of diameter 15 – 3 nm (Figure 3.8b). The empirical size-band gap relationship was 

described as: 

  
     

                (3.1)
264

 

Fluorescence has not been observed from bare CuFeS2 NCs. However, on shelling with 

CdS, bright luminescence centered at approximately 1.1 eV, with QY as high as 87%, was 

observed. Emission was broad and a significant Stokes shift was reported, suggesting that, as in 

CuInS2, emission originates from a defect state. Luminescence was tunable across the 0.7 − 2.5 

eV spectral window by tuning the size of the CuFeS2-CdS NCs (Figure 3.8c). The observation of 

a linear increase in the Stokes shift with increasing quantum dot band gap energy and evidence 

obtained from transient absorption measurements suggest that the emissive transition involves a 

delocalized CB electron and a VB hole localized at an internal defect.
264 

The coating of CuFeS2 with CdS has been utilized to passivate non-radiative excitonic 

decay pathways at NC surfaces, resulting in the observation of fluorescence, as described in the 

previous paragraph. The composition of these CuFeS2-CdS NCs was characterized using 

inductively coupled plasma optical emission spectroscopy (ICP-OES). Layer-by-layer digestion 

of the NCs was performed, yielding a composition profile. This showed that the mole fraction of 

Fe remained approximately equal throughout the NC, while larger amounts of Cd and smaller 

amounts of Cu were found at the NC surface. This indicates alloying of the outer layer of the NC 

in which Cd is substituted for Cu.
264

 Changes in the band gap energy of NCs corresponding to 

changes in their composition were not characterized completely. Another common NC shell 

material is ZnS. The shelling of CuFeS2 with ZnS has yet to be studied for NCs, however, a 

recent report indicated that doping CuFeS2 with Zn increased the carrier concentration of the 



 

 53 

material resulting in improved thermoelectric properties.
276

 A study of the properties of CuFeS2 

NCs alloyed or shelled with ZnS could therefore prove valuable. 

Due to its band gap in the infrared spectral region (0.5 - 0.6 eV), CuFeS2 has attracted 

significant interest as a thermoelectric material.
263, 277, 278 

NCs have also recently risen to 

prominence as promising thermoelectric systems, due to the importance of grain boundaries in 

achieving low thermal conductivity.
56

 As such, the thermoelectric properties of CuFeS2 NCs 

have been the subject of considerable interest.
 
The electrical conductivity, Seebeck coefficient 

and thermal conductivity of CuFeS2 NCs were measured by Liang et al.
269

 While the resultant 

figure of merit          at 500K was by no means record breaking, the authors observed that 

   was enhanced by 77 times for CuFeS2 NCs with respect to the bulk material, demonstrating 

significant potential for the nanostructured system.  

The properties of CuFeS2 also lend themselves well to use in photothermal tumor 

therapy. Ghosh et al.
265

 demonstrated that CuFeS2 NCs coated with an amphiphilic polymer were 

easily dispersed in aqueous solution and upon laser excitation (808 nm) exhibited a high molar 

absorption coefficient (ε = 5.2 x 10
6 M-1

cm
-1

) and significant heating in water with photothermal 

transduction efficiency of 49%. Furthermore, viability tests carried out on two different cell lines 

indicated that the CuFeS2 NCs were not cytotoxic at a therapeutic dose. 

Nanostructures of CuFeS2 have also been exploited in both energy storage and energy 

generation. Ding et al. successfully used hexagonal CuFeS2 nanoplates as a cathode material in a 

lithium ion battery.
279

 Moreover, CuFeS2 NCs were utilized as the counter electrode in dye 

sensitized solar cells fabricated by Wu et al.
280

 When compared to devices with a Pt counter 

electrode, those with CuFeS2 as the counter electrode exhibited improved power conversion 
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efficiency (8.10% vs. 7.74%), showing excellent electrocatalytic performance in the reduction of 

the I
-
/I

3-
 redox couple.

 
 

In summary, CuFeS2 and its nanostructures are unique among the I-III-VI2 materials, 

possessing a remarkably small band gap (approximately 0.5 eV) and low toxicity, earth abundant 

constituent elements. These properties lend themselves well to thermoelectric and photothermal 

applications. Promising results have been reported in these areas; however, exquisite synthetic 

control has yet to be extended to the composition, morphology, or crystal structure of CuFeS2 

NCs and a complete understanding of their mechanism of formation has yet to be developed. 

While the electronic structure of the system is well established and confined NCs have been well 

characterized, the effect of non-stoichiometric compositions and shelling on the optoelectronic 

properties of CuFeS2 NCs are not yet understood and would be interesting areas for future study. 

3.3 Synthesis & Characterization of AgFeS2 NCs 

The silver analogue to CuFeS2, AgFeS2, is unusual in that there is a scarcity of facile 

synthetic routes to the NC product. One such synthesis exists, reported by Han et al. in 2013.
119

 

The authors used the thermal decomposition of iron(III) diethyldithiocarbamate (Fe(DDTC)3) in 

the presence of AgNO3 and oleylamine to produce spherical NCs with diameter 

approximately 15 nm. These NCs exhibited interesting physical properties including 

superparamagnetism above 8 K and a band gap in the near-infrared (1.21 eV). Continued heating 

of the particles led to the formation of Ag2S-Fe7S8 heterodimers with thermogravimetric analysis 

and differential scanning calorimetry measurements indicating that a reversible phase 

transformation occurred at 176°C. The synthesis did not yield particles with controllable size or 

morphology; thus confinement effects were not observed. Prior to this, bulk crystals of AgFeS2 

had been prepared by Boon from KFeS2 using a cation exchange technique.
271

 However, the 
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physical properties of the material were not explored in depth. More recently, Sciacca et al. 

prepared large nanowires of AgFeS2 (greater than 250 nm in diameter; greater than 10 µm in 

length) from Ag nanowires using a cation exchange procedure.
281

 The authors observed that 

AgFeS2 formed via a Ag2S intermediate and measured a direct optical transition from the product 

nanowires at 0.88 eV. Luminescence has yet to be reported from AgFeS2. Given the measured 

band gap values for AgFeS2 (1.21 eV and 0.88 eV), its nanostructures hold great promise as 

light-absorbing materials and could also be used for multiple exciton generation.
119, 281

 

AgFeS2, also known by the mineral name lenaite, has a tetragonal CP unit cell similar to 

that of CuFeS2. It was characterized by Boon in 1944, who assigned the structure to space group 

  ̅   with lattice parameters a = b = 5.66 Å and c = 10.30 Å (Figure 3.9a). Both Ag and Fe atoms 

are tetrahedrally surrounded by S atoms, with distances Ag–S of 2.47 Å, and Fe–S of 2.25 Å.
282

 

Natural deposits of lenaite are rare and thus chemical composition has only been analyzed twice 

with empirical formulae Ag0.96Fe1.01S2.02, and Ag0.98Fe0.98S2.04 reported.
282

 Composition has not 

been explicitly reported for any man-made AgFeS2. However, EDS mapping has been used to 

demonstrate the presence of all constituent atoms.
119

 

 

Figure 3.9. Structures of AgInS2; a. Tetragonal CP phase; b. Orthorhombic pseudo-WZ phase; and c. Cubic phase 

with composition AgIn5S8.
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 NCs of the related material AgInS2 are known to crystallize in three distinct structures: 

tetragonal, orthorhombic, and cubic (Figure 3.9). As in the CuInS2 system described in 

Section 3.1.3, the thermodynamic crystal structure is the cation-ordered, tetragonal CP phase 

with a cubic close packed arrangement of S
2-

 anions. However, unlike CuInS2, for AgInS2 a 

hexagonal close packed arrangement of S
2-

 anions contains formally ordered cations. This results 

in a doubling of the WZ unit cell, causing the formation of a pseudo-WZ, orthorhombic 

structure.
283

 The reported optical properties of orthorhombic and tetragonal AgInS2 NCs are 

typically similar,
284

 however, calculations indicate that the orthorhombic phase possesses a larger 

band gap (1.98 eV) than the tetragonal phase (1.87 eV).
283, 285

 Defect emission is observed from 

both phases and bears some resemblance to the luminescence profile of CuInS2 NCs (broad 

FWHM   85-150 nm; large Stokes shift   0.66 eV). Study of the origin of this emission 

continues, however, initial evidence suggests a DAP recombination mechanism is responsible for 

luminescent decay.
286, 287

 The cubic material AgIn5S8 and its copper analogue possess the spinel 

structure, derived from CdIn2S4, in which divalent Cd is replaced by monovalent Ag and 

trivalent In. This structure results in the presence of vacancies in the cation sublattice, thus 

AgIn5S8 is a defect semiconductor which exhibits DAP luminescence.
288 

The system is also 

known to possess a smaller band gap in the bulk than the orthorhombic or tetragonal systems 

(1.80 eV).
284

 Nanocrystals of AgIn5S8 have been synthesized with tunable luminescence across 

the visible region and QY approximately 25%. They have also been used as fluorescent labels 

and in photocatalytic systems.
289-291

 Ag-Fe-S analogues of the Ag-In-S systems could 

demonstrate similar desirable structural and optoelectronic properties. 

There remains a lot to be learnt about AgFeS2, in particular its structural, optical and 

electronic properties at the nanoscale. Ternary chalcogenide materials with similar band gaps 
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have demonstrated great potential in a wide range of applications.
292

 It is hoped that AgFeS2 will 

hold similar promise. 

 



 

  b
 Portions of this chapter have been previously published in Leach, A.D.P. et al., J. Mat. Chem. C, 2015, 3, pp. 

3258-3265. Copyright 2015 Royal Society of Chemistry.  
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4. PHASE DEPENDENT VISIBLE TO NEAR-INFRARED PHOTOLUMINESCENCE 

OF CuInS2 NANOCRYSTALS 

 

4.1 Introduction 

Semiconductor nanocrystals (NCs) have garnered significant attention from the scientific 

community due to their tunable, size-dependent optoelectronic properties and large surface 

area.
293, 294

 These properties give rise to many potential applications, including use in 

photovoltaic devices,
295

 biological sensing,
296

 as catalysts,
297

 and photocatalysts.
298

 Amongst the 

most commonly studied semiconductor NC systems are the II-VI Cd chalcogenides.
299, 300

 

However, currently these systems are not optimal as the toxicity of Cd leads to concerns about 

disposal of NC containing devices and limits in vivo use.
301

 Further they suffer from 

photoinstability under the conditions used for water splitting, restricting their use as 

photocatalysts.
302, 303

 Therefore NC systems with different constituent elements, but similar 

optoelectronic properties are sought. 

CuInS2 is a particularly promising alternative to the Cd chalcogenide systems, due to the 

lower toxicity of its constituent elements and its high photostability.
227

 Further, the material has a 

direct band gap approximately 1.5 eV in magnitude,
140

 ideally energetically situated for water 

reduction, and a large optical absorption coefficient (α > 10
5
 cm

-1
).

129
 NCs of CuInS2 have also 

shown unexpected phases not observed in the bulk, with nanocrystals reported in three distinct 

structures: chalcopyrite (CP), zinc blende (ZB), and wurtzite (WZ).
190, 304

 CP, the 

thermodynamic product seen in the bulk phase, is a tetragonal distortion of the cubic ZB phase. It 

is also the most commonly produced phase and thus has been extensively studied.
141, 170, 198, 305
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The hexagonal WZ structure of CuInS2, only isolable thus far in nanostructures, is 

particularly interesting as it is anisotropic in the crystallographic c-direction.
306

 The exploitation 

of this anisotropy will improve and control electronic, structural and chemical properties in light-

absorbing technologies: the anisotropic electronic structure can be used for orthogonal charge 

propagation in solar cell or photocatalyst design;
81

 the hexagonal crystal structure is being used 

to grow asymmetric nanocrystals,
307, 308

 which can act as light absorbing antennae;
309

 the 

anisotropic surface chemistry can be used to enhance epitaxial interactions to an appropriate 

substrate and has been used to increase charge transfer rates in solar cell design, improving 

efficiencies.
166

 

The WZ phase of CuInS2 NCs was first identified in 2008 by Pan et al.
146

 Since then, WZ 

CuInS2 NCs have been synthesized using a variety of methods with a range of accessible 

morphologies including plates, rods and spheres.
146, 155, 310

 Fundamental studies on both cation-

ordering within the structure
272

 and the electronic band structure of the material
311

 have been 

undertaken. However, the luminescence properties of this material have not yet been completely 

elucidated, as few examples of luminescent WZ NCs have been reported and none synthesized 

via direct methods.
168

 

The mechanism by which the WZ structure is preferentially formed in colloidal syntheses 

is not yet fully understood. Several groups have shown evidence of a hexagonal Cu2S 

intermediate, possibly achieved through the decomposition of a Cu thiolate complex.
146, 161, 307

 

Others have evoked the role of stronger metal coordinating agents controlling nucleation 

kinetics.
130, 157

 Without complete understanding of the mechanism, the production of single 

crystalline, monodisperse, quantum confined WZ CuInS2 remains a considerable challenge. 
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Colloidal syntheses often instead yield polytypic NCs or hybrid particles composed of Cu2S—

In2S3 or Cu2S—CuInS2.
157, 161, 167, 312-315

 

In this chapter, single crystalline NCs of CuInS2 are prepared by a colloidal synthesis 

through the reaction of In2S3 NCs, formed in situ, with a Cu thiolate complex (Figure 4.1). By 

changing the reaction temperature, the crystalline phase, optical properties, and mechanism of 

formation of the product can be controlled. We propose that at low reaction temperature, cubic 

CuInS2 is formed by the intercalation of Cu
+
 ions into the tetragonal In2S3 intermediate. At 

higher reaction temperatures, the In2S3 acts only as an In
3+

 reservoir and WZ CuInS2 NCs are 

formed by the intercalation of In
3+

 into a hexagonal Cu2S intermediate. Two distinct regions of 

emission are observed in the photoluminescence (PL) spectra of these NCs. Emission in the 

visible region is assigned to ZB CuInS2.
155, 198, 241, 316

 A broad peak in the near-infrared (NIR) is 

also observed and correlates to the presence of WZ CuInS2 NCs in the product. 

 

Figure 4.1. Schematic illustration of the synthesis of CuInS2 NCs. 

This is the first report of WZ CuInS2, produced using a direct synthesis, with emission in 

the NIR.
168

 This emission will facilitate the study of these NCs through luminescence 

spectroscopies (Chapter 5).
133, 317, 318

 The complete understanding of this material‘s optical 

properties is key to the realization of its potential in photovoltaic and photocatalytic applications. 

Furthermore, the observation of NIR PL within the tissue transparency window, from NCs with 

non-toxic constituent elements, shows the promise of WZ CuInS2 for use in biological 

applications. 



 

 

 61 

4.2 Experimental Techniques 

4.2.1 Materials 

Indium chloride (InCl3, Alfa Aesar, 99.99%), thiourea (Sigma-Aldrich, ≥ 99.0%), 

oleylamine (OlAm, Aldrich, 70%), copper(I) acetate (CuOAc, Strem Chemicals, 99%), 1-

dodecanethiol (DDT, Aldrich, ≥ 98.0%), octadecene (ODE, Aldrich, 90%), diphenyl ether 

(Sigma-Aldrich, 99%) and tert-dodecylmercaptan (t-DDT, Aldrich, 98.5%) were purchased and 

used as received. Standard air-free Schlenk techniques were used throughout with N2 as the inert 

gas. 

4.2.2 Synthesis of CuInS2 NCs 

CuInS2 NCs were prepared via the reaction scheme shown in Figure 4.1. Briefly, InCl3 

(0.5 mmol) and thiourea (1.0 mmol) were added to oleylamine (10 mL) in a reaction vessel, 

degased for 1 hr, and heated to the required temperature (115 – 235°C) under a N2 atmosphere. 

Separately CuOAc (0.5 mmol) was suspended in ODE (500 μL), diphenyl ether (500 μL) and 

DDT (1.0 mmol). At the required reaction temperature, 1 mL of the Cu solution was injected 

quickly (less than 1 s) into the reaction vessel. After 30 min, the heat was removed and the 

reaction mixture was cooled to room temperature. The obtained CuInS2 NCs were precipitated 

by addition of methanol/ acetone (v/v, 2:1) and then purified by repeated centrifugation and 

decantation with addition of methanol/ acetone and hexanes. 

4.2.3 Transmission Electron Microscopy 

Transmission electron microscopy (TEM) images were collected and energy 

dispersive X-ray spectroscopy (EDS) was carried out using a FEI Tecnai Osiris™ digital 200 kV 

S/TEM system. TEM samples were prepared by drop casting a dilute NC solution in hexanes 

onto a nickel grid with a carbon support and drying in air at room temperature. NCs were sized 
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manually using ImageJ with number of particles measured, n = 120. Lattice fringes were 

measured by generating a profile plot of an area of the image using ImageJ, manually counting 

the cycles, and dividing the length of the profile plot by the number of cycles. The minimum 

number of cycles used was ten. EDS spectra were collected for 2 min and quantified using the 

Espirit software. Cu and S were quantified using the K series of peaks, while In was quantified 

using the L series. All spectra were background subtracted and overlapping Cu sample and Ni 

grid peaks were deconvoluted before quantification. Drift-corrected EDS maps were collected 

for 90 s with beam current 1.5 nA. 

4.2.4 X-ray Diffraction and Rietveld Refinement 

X-ray diffraction (XRD) measurements were performed using a Scintag XGEN-4000 

X-ray diffractometer with a CuKα (λ = 0.154 nm) radiation source. The resulting diffraction 

patterns were then visually compared to literature data to determine the structure.
167, 319

 Rietveld 

Refinement was performed using the General Structure Analysis System (GSAS) suite of 

programs and the EXPGUI.
320-322

 The GSAS suite of programs allows the refinement of 

parameters including site occupancy, atomic parameters, lattice parameters, background 

coefficients, peak profiles, atomic displacements and preferred orientation. The quality of the 

refinement is monitored by visual comparison of calculated and observed patterns, facilitated by 

plotting a difference curve below the x-axis, and calculating the goodness-of-fit parameter, χ
2
. 

4.2.5 Optical Spectroscopy 

The absorption spectra of NC samples were collected from 300 – 1400 nm on a 

ultraviolet-visible spectrophotometer (Jasco V-670). Visible PL spectra were measured from 

550 – 900 nm on a spectrofluorometer (Jasco FP-8300). NIR PL spectra were measured from 

800 – 1400 nm on a different spectrofluorometer (Jobin Yvon/Horiba Fluorolog-3 FL3-111). 
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Samples were measured in solution with hexanes as the solvent. Both visible and NIR PL were 

measured with excitation wavelength 348 nm. Data were then matched at 800 nm and 

normalized to the quantum yield (QY). The QY was determined for each sample by comparison 

to a Rh-101 standard.
323

 Finally data were analysed by using the Fityk application to fit Gaussian 

functions to emissive peaks.
324

 The goodness of fit parameter, χ
2
, was minimized via the 

Levenberg-Marquardt algorithm. 

4.3 Results & Discussion 

4.3.1 Morphology of CuInS2 NCs 

TEM of the product NCs indicated that a variety of morphologies and NC sizes were 

accessible via this synthetic route (Figure 4.2). At low temperature (115 – 135°C) small, 

monodisperse, spherical particles (approximately 1.5 nm in diameter) were observed that showed 

an increase in size at the higher temperature. When the reaction temperature was above 135°C, 

rod- and plate-like products were seen in addition to the small spheres. Both these new 

morphologies showed increased size with increased reaction temperature, though the rods had a 

consistent width (1.8 nm). Further, the proportion of plates observed increased with reaction 

temperature.  
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Figure 4.2. TEM images of CuInS2 NCs prepared at reaction temperatures from 115 - 215°C (a.-f.).  

4.3.2 Structure & Composition of CuInS2 NCs 

In order to determine the structure of the prepared NCs XRD data were collected for 

each sample (Figure 4.3a). For samples prepared at 115°C, reflections characteristic of the ZB 

phase were observed. As the reaction temperature was increased, however, reflections 

characteristic of the WZ phase increased in intensity, appearing dominant for samples prepared 
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at 215°C and 235°C. This structural trend was confirmed by Rietveld Refinement of the resultant 

XRD patterns for each reaction temperature (Figure 4.3b).  

 

Figure 4.3. Structural characterization of CuInS2 NCs; a. XRD of CuInS2 NCs prepared at various temperatures. 

Pure ZB and WZ spectra are digitized from the work of Chang et al.;
167

 b. Proportion of WZ (blue), ZB (red) and 

hiCC Cu2S (green) phases present in each sample plotted as a function of temperature, as determined by Rietveld 

Refinement of XRD; c. EDS map of CuInS2 NCs prepared at 155°C showing the presence of Cu2S NCs; d.-e. High 

resolution TEM (HRTEM) images of CuInS2 NCs prepared at 215°C (plates) and 115°C (spheres) respectively 

showing lattice fringes. 

An EDS map collected from the sample prepared at 155°C (Figure 4.3c) indicated that 

some plate-shaped particles seen at intermediate temperatures consisted of only Cu and S. As a 

result the Rietveld Refinement used to fit a structural model to the experimental data included 

three phases: the ZB and WZ CuInS2 phases reported by Chang et al. and the high chalcocite 

(hiCC) Cu2S phase reported by Wuensch et al., (Appendices B.1 and B.2).
167, 319, 322

 For samples 

prepared at 115°C and 135°C, data were fit to within a statistically acceptable tolerance without 
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the addition of the Cu2S impurity phase (Appendix B.2).
325

 Small amounts of WZ and hiCC 

Cu2S may be present at these low reaction temperatures; however, crystallite size broadening of 

the more intense ZB peaks obscures the reflections from these phases. 

Application of the Scherrer equation to the broadened peaks yielded NC domain sizes 

in good agreement to those of nanoplates (at high temperatures) and spheres (at low 

temperatures) measured by TEM for samples prepared below 235°C (Appendix B.3). This 

suggests that the NCs are single crystalline, in contrast to many literature examples, which 

exhibit polytypism.
314, 315

 In order to ensure the prepared NCs were both single phase and single 

domain HRTEM images of individual NCs were collected. Lattice fringes in HRTEM showed 

that the nanoplates (Figure 4.3d) were single crystalline with a d-spacing of 0.34 nm indexed to 

the (   ) plane of WZ CuInS2.
155

 In contrast, while the smaller spherical NCs (Figure 4.3e) are 

also single crystalline, they have a d-spacing of 0.32 nm indexed to the (   ) plane of ZB 

CuInS2.
167

 

4.3.3 Optical Characterization of CuInS2 NCs 

The absorbance spectra for NC samples are shown in Figure 4.4a. At lower reaction 

temperatures, the absorbance onset increases with increasing temperature, suggesting that the 

small NCs obtained at low reaction temperature are quantum confined. Above 175°C, there is no 

significant change in absorbance onset, indicating that NCs have grown larger than the Bohr 

exciton radius of CuInS2 (approximately 4 nm).
140

 This is in good agreement with the average 

size of NCs, 7 ± 3 nm at 175°C. A Tauc plot (Figure 4.4b) was used to determine the band gap of 

the sample prepared at 215°C, which consisted of greater than 80% WZ phase NCs.
326, 327

 The 

calculated band gap of 1.56 eV was consistent with the literature value for the WZ phase, 

1.55 eV.
272
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Figure 4.4. Optical characterization of CuInS2 NCs; a. Absorbance spectra of CuInS2 NC dispersions in hexanes 

prepared at different temperatures; b. Tauc plot of the predominantly WZ CuInS2 NCs prepared at 215°C; c. PL 

spectra normalized to the QY of CuInS2 NC dispersions in hexanes prepared at different temperatures. 

PL spectra were collected for all samples from 550 – 1400 nm and are shown in Figure 

4.4c normalized to the QY. Multiple emissive peaks can be observed in both the visible and NIR 

spectral regions. At low reaction temperatures, visible emission at approximately 640 nm is 

dominant, which has been previously reported for ZB CuInS2, and is consistent with both TEM 

and XRD analysis.
198, 316

 At high reaction temperature only NIR emission is observed. It is 

attributed to WZ CuInS2, the predominant structure formed at these temperatures.
168

 The QY was 

less than 0.8% for all samples (Appendix B.5). 

The visible peak, attributed to ZB CuInS2, was fit to a single Gaussian (Appendix 

B.6), which showed a red shift as reaction temperature increased. This is most likely due to an 

increase in the size of the NCs and the relaxation of quantum confinement conditions consistent 

with trends observed in absorbance spectra and reported in literature examples.
131, 132, 226

 

The broad, multimodal shape of the NIR PL peak, centered at approximately 950 nm, 

and the large Stokes shift (0.25 eV) indicate that emission is from several trap states. To identify 

the energetic location of specific emissive defects, spectra were fit using Fityk, a curve fitting 

and data analysis application.
324

 The data were fit for all samples by four Gaussians centered at 
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810, 898, 969 and 1069 nm (Appendix B.6). A more detailed study of the origin and properties 

of this PL is undertaken in Chapter 5. 

4.3.4 Mechanism of Formation of CuInS2 NCs   

In order to determine the mechanism of formation of the prepared CuInS2 NCs, the In-

S precursor solution, into which the Cu complex was injected, was examined. At 115°C, TEM 

images collected (Figure 4.5c) indicate that small, spherical NCs of In2S3 are formed with 

diameter 1.1 ± 0.4 nm. XRD measurements (Figure 4.5a) indicated a tetragonal β-In2S3 phase 

(JCPDS card no. 25-0390) with considerable line broadening observed due to the small 

crystallite size.
328

 EDS analysis showed that the NCs were S deficient with composition In2S2.5. 

The ZB CuInS2 product of the complete reaction (Figure 4.2) at 115°C is of comparable size (1.4 

± 0.3 nm) to the β-In2S3 precursor and the crystal structures of the two materials are closely 

related (tetragonal to cubic). It is therefore likely that the ZB CuInS2 product is formed by the 

intercalation of Cu
+
 ions into the previously formed β-In2S3 NC host (Figure 4.5c).

329
 

At a reaction temperature of 215°C, In2S3 NCs with rod-like morphology are observed 

with length 9.2 ± 5.9 nm and diameter 1.2 ± 0.4 nm (Figure 4.5b). The resulting XRD pattern 

(Figure 4.5a) was also indexed to the tetragonal phase, β-In2S3. The sharp (     ) and (      ) 

reflections suggest that rods are elongated in the c-direction.
330, 331

 Since the In2S3 is in the same 

phase at both reaction temperature extremes, it is unlikely that intercalation of Cu
+
 into 

tetragonal β-In2S3 is also the mechanism by which the hexagonal WZ CuInS2 is formed. 

Moreover, the morphology of the In2S3 precursor rods is very different than the CuInS2 

nanoplates. An alternative mechanism is needed to explain the formation of the distinct product 

crystal structure (WZ) at higher reaction temperature. Literature examples have shown that at 

reaction temperatures greater than 200°C decomposition of a Cu thiolate complex can occur 
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yielding a Cu2S intermediate.
332-336

 It was hypothesized that the formation of WZ CuInS2 

proceeds via this mechanism. To confirm the hypothesis, the chemistry of the injected Cu—DDT 

complex was altered. 

 
Figure 4.5. Characterization of In2S3 NCs; a. XRD patterns collected for In2S3 NCs prepared at 115°C and 215°C. 

Data for tetragonal β-In2S3 is from JCPDS card no. 25-0390; b.-c. TEM images for precursor In2S3 NCs prepared at 

215°C and 115°C respectively. 

At reaction temperature 115°C, the DDT in the Cu solution was replaced by tert-

dodecyl mercaptan (t-DDT). The tertiary carbon adjacent to the thiol in t-DDT facilitates the 

facile decomposition of the Cu thiolate complex.
337

 Therefore the injection of a Cu—t-DDT 

complex was expected to promote the nucleation of Cu2S, leading to an increase in the 

proportion of WZ CuInS2 formed at lower temperatures. XRD data of the NCs produced (Figure 

4.6a) indicated that indeed the dominant phase was WZ even at the low reaction temperature of 

115°C. TEM images (Figure 4.6b) showed that the sample was polydisperse with plate-like 

morphology. 
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Figure 4.6. Characterization of CuInS2 NCs prepared with different Cu complexes; a. XRD patterns collected for 

CuInS2 NCs prepared with OlAm as the injection solvent at 215°C and t-DDT as the injection solvent at 115°C. 

Pure ZB and WZ spectra are digitized from the work of Chang et al.;
167

 b.-c. TEM images collected for samples 

prepared with t-DDT injection at 115°C and with OlAm injection at 215°C respectively. 

In an additional study, the DDT in the Cu solution was replaced by an equimolar 

amount of oleylamine (OlAm) at reaction temperature 215°C. If the decomposition of the Cu—

DDT complex causes the nucleation of hexagonal Cu2S, allowing the growth of hexagonal WZ 

CuInS2, the use of a Cu amine complex should give only the ZB phase. The XRD pattern of the 

resulting NCs (Figure 4.6a) was, as expected, indexed to the ZB phase of CuInS2. TEM images 

(Figure 4.6c) showed that these NCs had a mixture of morphologies with hexagonal and 

triangular shapes observed. Lattice fringe spacing indicated that these morphologies were not 

characteristic of a hexagonal phase, but of twinning of the cubic ZB phase. It is therefore clear 

that the mechanism of WZ formation proceeds via the decomposition of the Cu thiolate complex. 
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Figure 4.7. Aliquot study of CuInS2 NC synthesis; a. Absorbance and b. PL spectra of aliquots taken from the 

synthesis of CuInS2 NCs at 215°C; c.-d. EDS maps of the 15s and 75s aliquots taken from the synthesis of CuInS2 

NCs at 215°C; e. EDS map of the resultant CuInS2 NCs produced by the synthesis for 30 min at 215°C. 

To add further support to our mechanistic hypothesis, a detailed aliquot study of the 

reaction at 215°C was undertaken. Six aliquots of the reaction mixture were taken every 15s 

from injection of the Cu—DDT complex. The absorbance spectra of the aliquots (Figure 4.7a) 

showed a steady increase in both onset and intensity with temperature at larger wavelength. This 

is indicative of both the size and proportion of WZ CuInS2 increasing with time. PL 

measurements were also performed on each aliquot (Figure 4.7b). Little fluorescence was 

observed at 15s, suggesting that NCs are not yet completely crystalline, highly defective, or are 

in the non-fluorescent intermediate phases Cu2S and In2S3.
313, 338

 As the reaction progressed a 

peak in the visible region was observed to grow over the first 30s and then decayed completely 

by 30 min (Figure 4.4). We have assigned PL in this region to ZB CuInS2 and it is thought that 

this emission is due to some intercalation of Cu into previously formed β-In2S3. This observation 
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suggests that the ZB CuInS2 NCs are a reversible, kinetic product and WZ NCs are more stable 

at high reaction temperature. Continued heating caused the ZB NCs to dissolve in order for the 

growth of WZ particles to progress. This hypothesis is supported by the steady increase in 

intensity of PL in the NIR, which was assigned to WZ CuInS2. 

Figure 4.7c-e show EDS mapping data from aliquots taken at 15s, 75s, and 30 min. 

Bright field, dark field and elemental analysis images can be found in Appendices B.8 and B.9. 

After 15 s two distinct types of NC were present: nanoplates (diameter 7.4 ± 2.6 nm, depth 

3.4 ± 0.5 nm), and nanorods (length 10.0 ± 4.7 nm, diameter 1.5 ± 0.4 nm). EDS mapping 

showed that the nanoplates were largely composed of Cu and S with some showing small 

amounts of In present. Lattice fringe spacing in HRTEM indicated that the nanoplates were 

single crystalline and had the hiCC Cu2S structure (Appendix B.8).
312

 Literature precedent 

suggests that the formation of these Cu2S NCs was due to the decomposition of the Cu thiolate 

complex into a Cu2S intermediate.
332-336

 The smaller rods were composed of In and S and were 

similar in size to the β-In2S3 rods (length 9.3 ± 1.2 nm, diameter 1.2 ± 0.4 nm) observed before 

injection. 

As the reaction progressed, the nanoplates showed a small increase in size (diameter 

7.4 ± 2.6 nm, depth 3.4 ± 0.5 nm at 15s; and diameter 8.6 ± 2.7 nm, depth 3.6 ± 1.1 nm at 75s). 

Further, EDS mapping indicated that the proportion of In in the plates also increased with time 

(Figure 4.7c-e). This suggests that the hiCC Cu2S nanoplates are the most stable structure and 

early stage growth proceeds primarily through the intercalation of In into these NCs. The small 

β-In2S3 rods decreased in size with time and acted as a reservoir of In
3+

 ions. The large increase 

in WZ CuInS2 nanoplate size between 75s (Appendix B.8) and 30 min (Figure 4.2) indicates that 
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beyond the initial intercalation step, there is further growth through the addition of more reactant 

ions and/or Ostwald ripening processes. 

In summary, the proposed mechanism of WZ CuInS2 formation (Figure 4.1) is as 

follows: on injection of the Cu—DDT complex, decomposition of the thiol causes the nucleation 

of hiCC Cu2S. Then, as the reaction progresses, the dissolution of the precursor β-In2S3 rods 

occurs. Excess In in the reaction mixture exchanges into the hiCC Cu2S nanoplates forming WZ 

CuInS2. Growth then proceeds until the reaction is quenched. This mechanism is in agreement 

with a number of literature examples, which report that the formation of WZ CuInS2 occurs via a 

Cu2S intermediate.
146, 161, 307

 While not always explicitly implicated, in all of these examples a 

thiol is present in the reaction mixture and the reaction temperature is high enough (≥ 200°C) for 

the decomposition of the Cu thiolate precursor to occur. Other studies suggest that WZ formation 

is dependent on the additional presence of a chelating amine ligand that coordinates strongly to 

the metallic precursors, manipulating the nucleation kinetics.
130, 157

 Reinterpretation with our 

experiments in mind, suggests that the amine chelates the In
3+

 and allows the formation of the 

Cu2S intermediate necessary for WZ CuInS2 formation. 

4.4 Conclusions 

A new synthetic method has been developed that produces WZ CuInS2 nanoplates with 

broad emission in the NIR. Samples were multiphase (WZ and ZB) and the presence of both β-

In2S3 and hiCC Cu2S impurities was observed, however, by tuning the reaction temperature the 

relative proportion of these phases can be controlled. It was further found that the mechanism of 

WZ CuInS2 NC formation proceeded via exchange of In
3+

 into a hexagonal Cu2S intermediate, 

while ZB CuInS2 NCs were formed via exchange of Cu
+
 into a tetragonal β-In2S3 precursor. 

Finally, it was determined that, in order to form the WZ structure, the decomposition of a Cu 
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thiolate precursor complex was necessary. The mechanistic insight into the formation of this 

structure will inform future syntheses, advancing progress towards the production of WZ CuInS2 

for use in applications.  

This chapter describes the first example of WZ CuInS2 NCs, produced using a direct 

synthesis, with emission in the NIR that the author is aware of. The observation of PL within the 

tissue transparency window, from NCs with non-toxic constituent elements, shows the exciting 

potential of WZ CuInS2 for use in biological applications. Additionally, the observation of PL 

provides a strong foundation for further study of the optical properties of WZ CuInS2 via 

luminescence spectroscopies (Chapter 5). An understanding of these properties is indispensable 

in advancing work towards the use of WZ CuInS2 in both photocatalytic and photovoltaic 

applications. 



 

  c
 Portions of this chapter have been previously published in Leach, A.D.P. et al., J. Phys. Chem. C, 2016, 120 (9), 

pp 5207–5212. Copyright 2016 American Chemical Society. 
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5. DEFECT LUMINESCENCE FROM WURTZITE CuInS2 NANOCRYSTALS: 

COMBINED EXPERIMENTAL AND THEORETICAL ANALYSIS 

 

5.1 Introduction 

Semiconductor nanocrystals (NCs) of ternary and quaternary Cu chalcogenides have 

recently garnered considerable interest in a wide range of applications.
339

 CuInS2 shows 

particular promise due to its high molar absorption coefficient and wide band gap (1.5 eV), well 

situated for utilization in both photovoltaics and photocatalysis.
129, 140

 CuInS2 is also appealing 

for use in biological systems due to its low toxicity with respect to Cd- and Pb-based systems.
169

 

CuInS2 NCs typically have the zinc blende (ZB) or chalcopyrite (CP) structure.
198, 332

 The 

CP structure is analogous to ZB, but the cation sublattice is shared by two species, which are 

ordered, resulting in a tetragonal distortion. NCs with both of these structures have been 

extensively studied and a variety of synthetic methodologies have been reported.
142, 170, 198, 305

 

Relevant to lighting and display applications, the emission of CP NCs can be tuned across the 

visible spectrum.
198

 The emission results from a defect inside the NC. A number of different 

species have been implicated, including sulfur vacancies (VS),
179, 340

 indium at a copper site 

(InCu), 
179, 340

 and Cu
2+

 impurity atoms;
184, 341

 yet at this time there is no consensus as to the 

identity of the defect that is responsible for the observed emission. 

In 2008 Pan et al.
146

 identified a different crystal structure, isolable in CuInS2 NCs. The 

hexagonal analogue to the ZB structure, wurtzite (WZ), is distinct from both CP and ZB due to 

its ABAB layered anionic lattice, and is of particular interest as it is anisotropic in the 

crystallographic c-direction. By exploiting this anisotropy it is possible to control the 

electronic,
81

 structural,
307, 309

 and chemical
166

 properties of the system in light absorbing 
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technologies. Since 2008, considerable synthetic progress has been made with the isolation of 

single crystalline WZ NCs of CuInS2 being achieved
157

 and the mechanism of their formation 

being elucidated.
164

 Fundamental studies on both cation-ordering within the NC
272

 and the 

electronic band structure of the material
311

 have also been undertaken; however, the optical 

properties of WZ CuInS2 have yet to be completely explained. In particular, the recent 

observation of photoluminescence (PL) in the near-infrared (NIR) from this material is not fully 

understood.
164, 168, 169

 The NIR PL generated significant interest due to its position within the 

tissue transparency window. In order to harness the potential of WZ CuInS2, a more 

comprehensive understanding of the optoelectronic properties is necessary. 

Emission from the WZ structure does bear some similarity to that of CP: both peaks are 

broad and show a large Stokes shift from the band gap of the material. However, the few 

examples of fluorescent WZ CuInS2 NCs
164, 168

 exhibit much lower PL than ZB CuInS2 NCs.
142

 

Furthermore, a key difference leads the author to question if these two luminescence mechanisms 

are analogous; while the band gaps are similar (approximately 1.5 eV), the WZ fluorescence 

(1.3 eV) is lower in energy than that of CP (1.4 eV).
128

  

In this chapter, the preparation of luminescent WZ CuInS2 NCs is reported. The 

dependence of PL intensity on both reaction time and different surface passivation layers are 

observed. Additionally, time-resolved PL (TRPL) data are collected for these samples and their 

Zn and Cd alloys, which allow the radiative defect to be identified as an internal point defect. 

The characteristics of the PL are then compared to defect energy levels calculated using density 

functional theory (DFT) with the hybrid exchange-correlation functional. This comparison 

enables the identification of possible candidates for the luminescent defect state. 
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5.2 Results & Discussion 

5.2.1 Synthesis & Characterization of WZ CuInS2 NCs 

Luminescent WZ CuInS2 NCs were prepared using a previously reported hot-injection 

method at 215°C. In this synthesis, Cu2S forms in situ, followed by In exchange.
164

 The resulting 

WZ CuInS2 NCs had plate-like morphology and were approximately 8 nm in diameter. The 

hexagonal crystal structure was confirmed by both XRD and lattice fringe spacing from high 

resolution TEM images (Figure 5.1a-b).
164

 

 

Figure 5.1. Characterization of WZ CuInS2 NCs; a. TEM image of WZ CuInS2 NCs (inset: HRTEM image showing 

lattice fringe spacing characteristic of the WZ (100) plane); b. XRD of WZ CuInS2 NCs, the calculated WZ pattern 

is digitized from the work of Chang et al.;
167

 c. Absorbance (blue) and PL (red) spectra normalized to the QY of 

CuInS2 NCs in hexanes. Dashed lines indicate wavelengths at which luminescence decay curves were collected 

(840 nm – red, 950 nm – blue); d. Luminescence decay curves of WZ CuInS2 NCs (λex = 532 nm, measured at 840 

nm (red) and 950 nm (blue)). Curves are best fit with three exponentials (shown in black) where τx represents the 

decay time of the PL emission and Wx represents the relative weights of the decay components. 
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The NCs exhibited a broad PL peak in the NIR centered at approximately 950 nm, 1.31 

eV (Figure 5.1c.),
164, 168, 169

 with a quantum yield of emission (QY) approximately 0.5%. The 

large peak width (0.25 eV) and Stokes shift (0.20 eV), indicate the emission likely originates 

from a luminescent defect state.
133, 144, 149, 198, 342

 While NCs are polydisperse and emission could 

originate from a particular size fraction within each sample, it has been reported that QY 

increases with increasing WZ proportion and thus emission is attributed to this phase.
164

 

5.2.2 Time-Resolved Photoluminescence Measurements 

TRPL measurements were collected for the fluorescent NCs (Figure 5.1d.) and the decay 

profiles were best fit with three exponentials with time constants of approximately 4, 30 and 

270 ns. The 4 ns decay was assigned to the intrinsic recombination of initially populated core 

states, as typically assigned to lifetimes of the order of 1 - 5 ns.
318

 The 30 ns lifetime was 

assigned to surface traps as surface-related trap states are usually shallow and therefore show 

faster decay lifetime compared to the intrinsic defect-related trap states.
316

 Lifetimes 

approximately 15 ns in length have been observed for CP CuInS2 NCs and ascribed to surface 

trap states.
142, 316

 Finally, the longest lifetime (τ3 ~ 270 ns) was attributed to an internal defect-

related state. Longer decay times (greater than 100 ns) have also been reported for CP NCs and 

assigned to similar states.
142, 179, 316, 318

 greater than 80% of the radiative transitions occur with 

this long decay time, suggesting that this is the most efficient radiative recombination channel. 

5.2.3 Luminescence Stability of WZ CuInS2 NCs 

To determine the stability of the luminescence, a study of PL intensity with reaction time 

was performed (Figure 5.2a.). Aliquots of the reaction, collected at 215°C, show that the QY of 

the NCs increases until the 15 min time point and then decreases significantly over the following 

15 min (Figure 5.2b.). This trend was consistent across all samples studied (n = 6). This indicates 
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that, initially, there is an increase in the proportion of excitons decaying radiatively or, 

correspondingly, a decrease in non-radiative decay. After 15 min, however, either annealing of 

the material decreases the proportion of radiative defects within the structure or the efficiency of 

non-radiative decay paths increases. Typically, no luminescence is reported for CuInS2 samples 

prepared with the WZ structure. However, reported reaction times are often in excess of 

30 min.
157, 166, 307

 Thus, it is possible that these samples exhibit PL at earlier stages during their 

synthesis. 

 
Figure 5.2. Time-dependent luminescence properties of aliquots of WZ CuInS2 NCs; a. PL spectra normalized to 

the QY of CuInS2 NCs in hexanes at different time points during the reaction; b. Calculated QY for each time point. 

5.2.4 Surface Passivation of WZ CuInS2 NCs  

To improve PL efficiency, inorganic surface passivation was undertaken with CdS and 

ZnS. Literature procedures were used, which were reported to result in alloying of the outer layer 

of the NCs.
133, 183

 Reflections in the powder XRD pattern of the resultant NCs (Appendix C.9) 

show small shifts to larger (Zn-Cu-In-S) and smaller (Cd-Cu-In-S) angle. This is indicative of 

alloying rather than the formation of distinct domains of ZnS or CdS, which would result in the 

formation of additional peaks.
343

 No significant increase in particle size was observed on 

alloying. However, EDS analyses confirmed the presence of Cd/Zn within the NCs 

(Appendices C.10, C.11, and C.12).  
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Both alloying procedures resulted in a large increase in the QY: approximately a two-fold 

increase for Zn-Cu-In-S, and 16-fold increase for Cd-Cu-In-S (Figure 5.3a.). No substantial 

change in the spectral position or shape of the emission was observed.
144

 To try and understand 

these changes in QY, the PL dynamics of NCs were explored before and after alloying (Figure 

5.3b.). The effective lifetime of the alloyed samples increased with the same order as the QY: 

τeff(CuInS2) < τeff(Zn-Cu-In-S) < τeff(Cd-Cu-In-S). Decay profiles were again best fit with three 

exponentials (Appendix C.8). For both Cd-Cu-In-S and Zn-Cu-In-S, there was a significant 

increase in the proportion (W3) of the crystalline defect decay (τ3) and a corresponding decrease 

in proportion (W2) of the surface trap decay time (τ2). It is likely, therefore, that recombination 

through surface defects is a major path for non-radiative decay.
133, 180

  

 

Figure 5.3. Luminescence properties of WZ CuInS2 NCs with different surface passivation; a. PL spectra 

normalized to the QY of CuInS2 NCs prepared with different inorganic passivation layers; b. Luminescence decay 

curves collected at 950 nm, shown with calculated effective lifetimes τeff, of WZ CuInS2 NCs prepared with different 

inorganic passivation layers (λex = 532 nm). Curves of best fit are shown for each sample in black. Fit parameters 

can be found in Appendix C.3; c. PL spectra normalized to the QY of CuInS2 NCs prepared with different organic 

passivation layers. 

The effect of organic surface passivation on the PL of WZ CuInS2 NCs was also 

examined. NCs were subjected to ligand exchange with dodecanethiol (DDT), hexylphosphonic 

acid (HPA), trioctylphosphine (TOP), and trioctylphosphine oxide (TOPO) (Figure 5.3c.). NMR 

was used to determine that ligand exchange had occurred (Appendix C.13) and identified that 
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30% or less of the original ligand oleylamine (OlAm) remained in each sample.
344

 No substantial 

change in shape or wavelength of PL was observed, supporting our hypothesis that emission 

originates from an internal defect. In contrast, significant changes in QY were noted. The soft 

ligands TOP and DDT, which bind preferentially to soft species (Cu
+
 and S

2-
), resulted in higher 

QYs than the hard ligands OlAm and TOPO, which bind to hard species (In
3+

). Samples treated 

with HPA showed a considerable decrease in QY, and a NIR plasmon concomitantly appeared in 

the absorbance spectrum (Appendix C.6). It can be concluded that HPA is oxidizing and caused 

the formation of VCu within the NCs.
170

 These observations suggest that non-radiative decay 

paths on the NC surface are passivated by soft ligands and are therefore likely Cu- or S-based. 

This conclusion is in good agreement with previous work on CP CuInS2 NCs, in which coupling 

between VCu and VS at the NC surface was implicated as the major non-radiative decay path.
180

 

5.2.5 Density Functional Theory Calculations  

Given strong experimental support for the presence of a radiative internal defect within 

these samples, DFT calculations were carried out for a number of possible species 

(Appendix C.15). Structures, optical levels (energy eigenvalues), and wavefunctions 

(eigenstates) of vacancies (VCu, VIn, VS), interstitial atoms (Cui, Ini) and substitutional impurities 

(InCu, CuIn, OS, Cu
2+

Cu+) in WZ CuInS2 were investigated using a 128-atom supercell. Other 

probable charge states were also considered for each defect. The calculations were based on 

hybrid density functional theory with the Heyd–Scuseria–Ernzerhof 06 (HSE06) version of the 

exchange-correlation functional.
345, 346

 This method has been shown to accurately describe the 

properties of CP CuInS2.
347

 The proportion of Hartree-Fock exchange used (15.4%) allowed 

replication of the experimental band gap of the NCs (Appendix C.17). Projector augmented wave 

(PAW) potentials
348

 and a plane-wave basis were used as implemented in the VASP code.
349

 A 
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plane-wave energy cutoff of 295 eV was used. The ionic relaxations are converged to 10
-3

 eV for 

the total energy difference between two steps. A single k-point at (  ⁄    ⁄    ⁄ ) was used for 

Brillouin zone sampling during ionic relaxation.
350

 

5.2.6 Mechanism of Defect Luminescence for WZ CuInS2 NCs  

Among the candidate defects that were studied, the transition energies associated with the 

optical levels of In (Ini, CuIn, and VIn) agree best with experimental data, Eexp = 1.31 eV 

(950 nm).
351

 None of the other candidate defects have transition energies within 0.3 eV of the 

experimental value (Appendix C.15). The calculated optical levels and squared wave functions 

of the defect states Ini
3+

, CuIn
0
 and VIn

3-
 are shown in Figure 5.4. In the case of Ini, the transition 

corresponds to one electron dropping from an occupied Ini defect level to the valence band 

maximum of CuInS2. In the case of both CuIn and VIn, the transitions correspond to one electron 

dropping from the conduction band minimum of CuInS2 to an unoccupied CuIn/VIn defect level. 

The corresponding calculated photon energies are 1.16, 1.12 and 1.07 eV, respectively. As WZ 

CuInS2 does not have inversion symmetry, the transitions are not prohibited by parity. In 

addition, for all cases the initial and final state electron wave functions have spatial overlap 

(Appendix C.16). CP CuInS2 NCs have been reported to show two different PL signals that 

overlap in energy,
133, 144, 183

 the emission observed here is similarly broad and multimodal 

(Figure 5.2a). While the measured luminescence decay times were similar at 840 nm and 950 nm 

(Figure 5.1d) indicating a single radiative pathway at these two wavelengths, the limitations of 

the detectors prevented TRPL measurements on the red side of the emission. It is therefore 

possible that more than one of the transitions identified here are radiative. It should be noted that 

the calculated transition energy for Ini
2+

 (1.32 eV) is in extremely good agreement with the peak 

experimental transition energy (1.31 eV). This charge state represents an intermediate species of 



 

 

 83 

the Ini
3+

 defect, which accepts an electron under optical excitation, before decaying by emitting a 

photon. The author therefore suggests that Ini is most likely the dominant source of PL. 

 
Figure 5.4. Calculated energy levels for In-based point defects. The wave functions (squared) and the optical levels 

of defect species Ini
3+

, CuIn
0
 and VIn

3-
 shown within the band gap of WZ CuInS2. 

The identification of Ini, CuIn and VIn as best candidates for the radiative defect is 

supported by the mechanism of formation for fluorescent WZ NCs. In all reported cases, slow 

exchange of In
3+

 into Cu2S has resulted in the production of fluorescent WZ CuInS2.
164, 168, 169 

 

Given that In
3+

 is the peripatetic cation, it is likely that some In will sit in interstitial positions on 

the crystalline lattice as exchange occurs. At the same time, a fraction of would-be In sites could 

remain unfilled as VIn, or occupied by Cu as CuIn, because of the low diffusivity of Ini at the 

moderate synthesis temperature of 215°C. As the NCs are heated further we would expect Ini to 

move to a cation site in the structure, Cu at CuIn to be replaced by In, or any VIn present to be 

filled resulting in the decrease in QY observed in Figure 5.2.  

Notably, in all cases the luminescent transition involves either the valence (Ini) or 

conduction (CuIn, VIn) band. If NCs are quantum confined, the band energies should change. 
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Consequently, the radiative decay mechanism reported here is in good agreement with the size-

dependent emission observed for WZ CuInS2 NCs reported by van der Stam et al.
168

 

The optical properties of WZ CuInS2 do bear some resemblance to those of CP CuInS2, 

but there are some key differences. Both have PL which originates from an intrinsic defect 

within the NC, have radiative decay lifetimes of the order of 100 ns, and exhibit Cu-/S-based 

non-radiative decay paths at the NC surface.
133, 142, 180, 316

 However, the assignment of the 

radiative defect as CuIn, VIn or Ini differs from assignments made for the tetragonal structure 

(InCu, VS, etc.).
179, 340

 The calculations described here showed that none of the analogous defects 

have suitable optical levels in WZ CuInS2 (Appendix C.15). While no consensus exists as to the 

origin of the radiative transition for CP CuInS2, it is often attributed to a donor-acceptor pair 

recombination mechanism.
142, 316, 318

 In this study, no donor-acceptor transitions between 

calculated optical levels have energies in good agreement with the experimentally observed 

emission. 

PL in the NIR has also been observed recently for CuInSe2 and CuInS2/CuInSe2 dot-

core/rod-shell NCs with the WZ structure.
352

 The origin of this PL has not yet been investigated 

completely. However, emission is similarly broad, has a large Stokes shift and a long lifetime. 

Thus, the radiative decay mechanism proposed here may also be applicable to CuInSe2. 

Furthermore, similarities exist between this system and NCs of AgInS2, which also have a broad 

PL band with long lifetime and large Stokes shift.
286, 353

 Analogous improvements in QY were 

observed on coating AgInS2 NCs with ZnS, indicating the presence of non-radiative 

recombination sites at the NC surface.
354

 Emission has been attributed to both donor-acceptor 

pair and VB/CB to a localized defect state recombination mechanisms.
355

 NIR PL has also been 

observed from Ag2S NCs.
356

 Ag2S NCs are prone to form lattice defects, resulting in mid-gap 
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optical levels, which broaden and quench excitonic emission.
357

 Thus a similar study of both 

AgInS2 and Ag2S NCs may lead to advances in the understanding of their optical properties. 

5.3 Conclusion 

In summary, there is strong experimental evidence that PL recently observed from WZ 

CuInS2 originates from an intrinsic point defect. TRPL measurements indicate that the decay 

profile is dominated by a long lifetime (τ3 ~ 300 ns) with a high weight (W3 > 80%), suggesting a 

large number of point defects are present in the structure. Using inorganic surface passivation 

with either CdS or ZnS, non-radiative transitions associated with surface states were obstructed. 

The QY of the samples was increased and an increase in the fluorescence lifetime of the NCs 

was observed. This allowed definitive assignment of the PL to a radiative point defect within the 

NC. Of the possible intrinsic defects within WZ CuInS2, DFT calculations suggest that Ini has 

energy levels that are closest to the observed emission. This designation was supported by both 

the previously reported mechanism of formation
164 

and an aliquot study, in which a decrease in 

QY with extended reaction time indicates the defect species can be annealed from the structure. 

Finally, by carrying out ligand exchange on the NCs, non-radiative decay paths at the NC surface 

were identified as Cu- or S-based. 

This work is of particular significance as not only has the defect most likely responsible 

for the NIR PL from WZ CuInS2 been identified, but also a template has been provided for study 

of NCs that exhibit defect luminescence. As PL is assigned to a transition between the Ini defect 

state and the valence band, further work on these NCs could focus on producing quantum 

confined samples with tunable emission across the visible and NIR spectral region. Additionally, 

by adjusting a synthetic procedure to tune the proportion of Ini within the structure, control over 

the QY of WZ CuInS2 NCs could now be achieved. This will allow the optimization of the NIR 
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PL for biological imaging applications. Furthermore, the elucidation of the electronic defect 

structure within WZ CuInS2 is of potential importance with respect to charge extraction for 

photovoltaic applications. 

 



 

  
d
 Portions of this chapter have been previously published in Hernández-Pagán, E.A. et al., Chem. 

Mater., 2015, 27 (23), pp 7969–7976. Copyright 2015 American Chemical Society. 
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6. A SYNTHETIC EXPLORATION OF METAL–SEMICONDUCTOR HYBRID 

PARTICLES OF CuInS2 

 

6.1 Introduction 

Over the past two decades research efforts in the field of nanocrystal (NC) synthesis have 

led to the development of synthetic pathways that allow precise control of NC size, shape, and 

composition. Recently, considerable effort has been focused on the synthesis of hybrid 

nanostructures which requires an even greater level of control. Hybrid nanostructures combine 

distinct and often disparate material components into a single particle, which can lead to 

bifunctionality and synergistic properties. In particular, semiconductor-based hybrids have 

garnered much interest as promising architectures for applications such as sensing, bioimaging, 

photovoltaics, and photocatalysis.
101, 102, 154, 358

 Building on knowledge from single component 

NCs, most of the semiconductor hybrid systems synthesized and studied have been based on II-

VI semiconductors. While these semiconductors have been the cornerstones for the development 

of hybrid structures, the high toxicity of Cd and Pb is a major drawback for many applications. 

Cu-based semiconductors have attracted considerable attention as alternatives to the II-VI 

materials in hybrid structures due to their optical properties, low toxicity, and high elemental 

abundance.
359

 A key feature is the localized surface plasmon resonance exhibited by these 

semiconductors due to the oscillations of holes in Cu-deficient off-stoichiometries, which has 

been shown to enhance the photovoltaic
174

 and electrocatalytic
360

 properties.  The synthesis of 

Cu-based semiconductor hybrids has been achieved following diverse strategies.
101, 207, 229, 361-364

 

For example, Au-Cu2S dimers have been synthesized by phase segregation of AuCu alloy 

nanoparticles upon addition of sulfur.
361

 The synthesis of core-shell Au-Cu2S and Au-Cu2-xSe 



 

 

 88 

dimers was achieved by nucleation of the semiconductor phase on Au nanoparticles;
229

 while 

Ru-caged Cu2S hybrids were obtained through selective growth of Ru on the edges of the facets 

of the Cu2S seeds.
362

 Recently, both Yu et al.
101

 and Dilsaver et al.
363

 reported the syntheses of 

hybrids of the quaternary semiconductor Cu2ZnSnS4 with Pt and Au. The hybrids were formed 

using Cu2ZnSnS4 as seeds for the growth of the metal phase. As with other systems,
229, 309, 365-368

 

the hybrids showed enhanced photocatalytic properties with respect to hydrogen evolution and 

dye degradation relative to the pristine nanoparticles.  

One of the most studied semiconductors of the Cu family is CuInS2. CuInS2 has a direct 

band gap of 1.5 eV, high photostability, high tolerance to off-stoichiometries, and can also 

exhibit the localized surface plasmon resonances observed in other members of the family.
140

 

These properties make CuInS2 an ideal component for a semiconductor-metal hybrid 

photocatalyst system. To date, only CuInS2-Au hybrid nanostructures have been synthesized.
208

 

Au possesses a strong surface plasmon resonance and high photothermal conversion efficiency 

that make these hybrids ideal candidates for biological applications.
369, 370

 However, they are not 

as suitable for photocatalysis as Au is not as catalytically active as Pt.  

In addition to catalytic activity, control of the metal catalyst loading on the 

semiconductor is of critical importance. Excess loading can prevent efficient light absorption
366

 

and hinder effective separation of the photogenerated charge carriers. The large amount of metal 

present can also impact the ability to modify the semiconductor surface with ligands that can 

render the hybrids water-soluble.  

In Chapter 6, work towards synthetic control of the placement and loading of Pt domains 

on wurtzite (WZ) CuInS2 with the ultimate goal of photocatalytic application is reported. The 

WZ structure was selected over both the chalcopyrite and zinc blende structures due to its 
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anisotropic nature, which allows for the possibility of orthogonal charge propagation within the 

material.
81, 306

 Single or multiple metal domains could be obtained based on the seeding material 

and by controlling the reactivity of the Pt precursor through choice of organic reducing agent and 

coordinating ligands. This strategy was further extended to synthesize CuInS2-PdxS hybrid 

nanostructures. Synthetic development, initial characterization, and solvent studies were carried 

out by Dr. Emil Hernández-Pagán. Synthetic refinement, additional particle characterization, and 

synthetic development for Pd hybrids were performed by Alice Leach. Dr. Suresh Sarkar assisted 

with photoelectrical measurements. Chapter 6 was written in collaboration with Dr. Emil 

Hernández-Pagán. 

6.2 Experimental Techniques 

6.2.1 Synthesis of Pt NCs 

A synthesis was developed based on the work of Sun et al.
47

 Standard Schlenk line 

techniques were used throughout with N2 as the inert gas. Oleylamine (OlAm, 0.2 mL), oleic 

acid (OlAc, 0.2 mL), 1,2-hexadecanediol (0.16 mmol), and diphenyl ether (10.0 mL) were added 

to a 3-neck flask and degassed under vacuum at 80°C for 30 min. The temperature was then 

increased to 210°C under N2. Pt(acac)2 (0.04 mmol) dissolved in diphenyl ether (1.0 mL) was 

swiftly injected and the color changed from yellow to black within 30 s. The reaction was heated 

for 10 min, then cooled to room temperature. The product NCs were precipitated with methanol 

followed by removal of the supernatant and resuspension in hexanes. This process was repeated 

three times. The product NCs were stored as a stable black solution in hexanes. 

6.2.2 Synthesis of CuInS2 NCs 

CuInS2 NCs were synthesized following a procedure reported by Korgel et al.
314

 CuCl 

(0.5 mmol), InCl3 (0.5 mmol), thiourea (1.0 mmol), and oleylamine (10.0 mL) were loaded into a 
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25 mL 3-neck flask. The mixture was placed under vacuum at 60°C for 30 min, then heated to 

245°C under N2 and held at this temperature for 1 hr. After cooling to room temperature, NCs 

were precipitated with ethanol followed by removal of the supernatant. Three cycles were 

performed of suspension in hexanes: OlAm (20:1, by volume) followed by precipitation with 

excess ethanol and removal of the supernatant. Finally, the NCs were stored in hexanes: OlAm. 

6.2.3 Synthesis of Pt-CuInS2 Hybrids 

Pt NCs in hexanes were transferred to a 25 mL 3-neck flask containing CuCl (0.5 mmol), 

InCl3 (0.5 mmol), and OlAm (10.0 mL). The mixture was placed under vacuum at room 

temperature to remove the hexanes. Then the mixture was degassed at 60°C for 30 min. In a 

single neck flask, thiourea (1.0 mmol) was dissolved in OlAm (1.2 mL) by heating to 175°C 

under N2. Once the thiourea was dissolved the temperature was decreased to 50°C. The flask 

containing the metal precursors was heated to 200°C under N2.  At this temperature, thiourea was 

injected and the growth of hybrid nanoparticles proceeded for 1 hr. The flask was cooled to room 

temperature and the NCs were precipitated with ethanol. Three cycles were performed of 

suspension in hexanes: oleylamine (20:1, by volume) followed by precipitation with excess 

ethanol and removal of the supernatant. Finally, NCs were stored in hexanes: OlAm. 

6.2.4 Synthesis of CuInS2-Pt Hybrids with 1,2-Hexadecanediol 

OlAm (0.2 mL), OlAc (0.2 mL), 1,2-hexadecanediol (0.16 mmol), and diphenyl ether 

(10.0 mL) were loaded into a 25 mL 3-neck flask. The mixture was placed under vacuum at 

80°C for 30 min. In a vial, Pt(acac)2 (0.04 mmol) was dissolved in diphenyl ether (1.0 mL) with 

addition of 1.0 mL of the CuInS2 NC stock solution. The flask containing 1,2-hexadecanediol 

was heated to 210°C under N2 and the Pt(acac)2-NC mixture was swiftly injected. After 10 min, 

the heating mantle was removed and the flask was allowed to cool to room temperature. The 
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product NCs were precipitated with ethanol. Three cycles were performed of suspension in 

hexanes: OlAm (20:1, by volume) followed by precipitation with excess ethanol and removal of 

the supernatant. Finally, the product NCs were stored in hexanes: OlAm. 

6.2.5 Synthesis of CuInS2-Pt Hybrids with Trioctylphosphine 

CuInS2 NC stock solution (2.0 mL), OlAc (0.2 mL), and OlAm (10.0 mL) were loaded 

into a 25 mL 3-neck flask. The mixture was placed under vacuum at 80°C for 30 min. In a vial, 

Pt(acac)2 (0.04 mmol) was dissolved in a mixture of trioctylphosphine (TOP, 17.0 µL) and 

diphenyl ether (1.0 mL). Under N2, the temperature of the flask containing the CuInS2 NCs was 

increased to 210°C. At this temperature, the Pt solution was swiftly injected. After 5 min, the 

heating mantle was removed and the flask was cooled to room temperature. The particles were 

precipitated with ethanol followed by removal of the supernatant. Three cycles were performed 

of suspension in hexanes: OlAm (20:1, by volume) followed by precipitation with excess ethanol 

and removal of the supernatant. Finally, the nanocrystals were stored in hexanes: OlAm.  

6.2.6 Characterization 

Transmission electron microscopy (TEM) and energy dispersive X-ray spectroscopy 

(EDS) were performed on a Phillips CM20 microscope operating at 200kV. High resolution 

TEM (HRTEM) and EDS mapping data were collected using a FEI Tecnai Osiris™ digital 

200 kV S/TEM system equipped with ChemiSTEM EDS. TEM samples were prepared by drop 

casting a dilute NC solution in hexanes onto a nickel grid with a carbon support and drying in air 

at room temperature. Lattice fringes were measured by generating a profile plot of an area of the 

image using ImageJ, manually counting the cycles, and dividing the length of the profile plot by 

the number of cycles. The minimum number of cycles used was ten. EDS spectra were collected 

for 2 min and quantified using the Espirit software. Cu and S were quantified using the K series 
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of peaks, while In, Pd and Pt were quantified using the L series. All spectra were background 

subtracted and overlapping Cu sample and Ni grid peaks were deconvoluted before 

quantification. Drift-corrected EDS maps were collected for 90 s with beam current 1.5 nA. 

XRD measurements were performed using a Scintag XGEN-4000 X-ray diffractometer with a 

CuKα (λ = 0.154 nm) radiation source. The resulting diffraction patterns were then visually 

compared to data from the ICDD database and literature examples to determine the structure.
167

 

The absorption spectra of NC samples were collected from 300 – 1200 nm on a UV-visible (UV-

Vis) spectrophotometer (Jasco V-670). Samples were measured in solution with hexanes as the 

solvent. 

6.2.7 Photoelectrical Measurements.  

Measurements were carried out using a Gamry Series G-300 potentiostat with the 

PHE200 software package in the linear sweep voltammetry and chronoamperometry modes. A 

simple device was fabricated, based on the work of Wang et al.,
371

 by drop-casting a 

concentrated solution of the NCs on a glass substrate with ITO film on either edge as conductive 

electrodes. The current was then measured using linear sweep voltammetry from -0.5 - 0.5 V 

with a scan rate of 0.01 Vs
-1

 and a 1 mV voltage step. This measurement was performed both in 

the dark and under illumination by a 500 W Xe lamp with the solar spectrum. 

Chronoamperometry measurements were then taken using a fixed voltage of 0.5 V and a light 

on-off cycle with 20 s intervals. 

6.3 Results & Discussion 

6.3.1 Pt-CuInS2 Hybrids  

The first route taken to synthesize hybrid nanostructures was based on Pt seeds serving as 

nucleation sites for the semiconductor, denoted as Pt-CuInS2 (Figure 6.1a). The Pt seeds were 
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prepared by the reduction of Pt(acac)2 with 1,2-hexadecanediol in a mixture of OlAm and OlAc 

(Appendix D.2).
47

 The Pt seeds were transferred to a flask containing the CuCl and InCl3 

precursors in OlAm. To initiate the hybrid growth, thiourea dissolved in OlAm was swiftly 

injected at 210°C.  

 

Figure 6.1. Characterization of Pt-CuInS2 hybrids; a. Schematic showing the synthesis of Pt-CuInS2 from Pt 

nanoparticles; b., c. TEM images of the Pt-CuInS2 hybrids. Scale bars are 20 nm and 5 nm, respectively; d. High 

angle annular dark field STEM image and e. EDS mapping of the hybrids. Scale bars are 10 nm. 

TEM images of the Pt-CuInS2 hybrid nanostructures (Figure 6.1b-c) indicated that this 

synthetic path yielded hybrid dimers with CuInS2 domains of 5-20 nm in size and plate-like 

morphology. The formation of more complex structures, such as trimers, was not observed. For 

approximately 2 % of the Pt particles, growth of a CuInS2 domain was not observed. An aliquot 

of the reaction taken 30 s after the injection of thiourea suggested that the hybrid growth 

proceeded via heterogeneous nucleation (Appendix D.2). The UV-Vis spectrum of the 

heterostructured nanoparticles showed an optical transition analogous to that of bare CuInS2 NCs 
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(Appendix D.2). A high angle annular dark field (HAADF) STEM image showed distinct metal 

and semiconductor domains (Figure 6.1d). EDS mapping indicated the presence of Cu, In, S, and 

Pt at the expected locations (Figure 6.1e). Furthermore, XRD of the hybrids revealed the crystal 

structure of the CuInS2 domains to be WZ (Appendix D.2). The WZ structure is of particular 

interest for photocatalysis as its anisotropy allows for orthogonal charge propagation.
81

  

This scheme was extended to synthesize Pt-CuInS2 hybrids with bullet-like CuInS2 

morphologies by replacing the metal chlorides with metal acetates and thiourea with a mixture of 

dodecanethiol and tert-dodecylmercaptan (Appendix D.3).
140

 While the study described above 

yielded Pt-CuInS2 hybrids, the polydispersity of the resultant nanostructures motivated us to 

investigate a different approach. 

6.3.2 CuInS2-Pt Hybrids with 1,2-Hexadecanediol 

In an alternate and complementary route to Pt-CuInS2 (Figure 6.2a), hybrid 

nanostructures were synthesized by nucleation of Pt domains onto CuInS2 seeds, denoted as 

CuInS2-Pt. CuInS2 seeds were synthesized in a single pot reaction using CuCl, InCl3, and 

thiourea in OlAm (Figure 6.2b).
314

 These seeds had the WZ structure (Appendix D.4) and were 

again plate-like in morphology, but more uniform in size (approximately 18 nm). The growth of 

the Pt domains was carried out by injecting a mixture of Pt(acac)2 and CuInS2 NCs into a flask 

that contained OlAm, OlAc, and 1,2-hexadecanediol, in diphenyl ether at 210°C. Here, 1,2-

hexadecanediol acted as a reducing agent, while OlAm and OlAc were stabilizing ligands. 

A TEM image of the product hybrids (Figure 6.2c) showed that the plate-shaped CuInS2 

seeds were decorated with multiple Pt domains on the edges. EDS was employed to confirm the 

presence of Pt (Appendix D.5). A similar result was obtained when bullet-shaped CuInS2 NCs 

were used as seeds (Appendix D.6). It should be noted that under these reaction conditions 



 

 

 95 

homogenous nucleation of Pt NCs was also observed, but these could be removed using size-

selective precipitation. The hybrids also formed at shorter reaction times, as well as at injection 

temperatures up to 20°C lower (Appendix D.7).  Upon further examination of the CuInS2-Pt 

hybrids it was noticed that in addition to the Pt domains there appeared to be a Pt shell 

surrounding the CuInS2 seeds. 

 
Figure 6.2. Characterization of CuInS2-Pt hybrids with 1,2-hexadecanediol; a. Schematic of the synthesis of 

CuInS2-Pt from CuInS2 NCs/1,2-hexadecanediol; TEM images of b. the CuInS2 seeds and c. the CuInS2-Pt hybrids. 

Scale bars are 20 nm for both images. 

To elucidate if the CuInS2 seeds were covered with a Pt shell, aliquots taken during the 

reaction at 1, 5, and 10 minutes were analyzed by HAADF-STEM and EDS mapping. HAADF 

allows us to exploit the high imaging contrast of Pt relative to CuInS2 since the technique is 

sensitive to Z
2
. After 1 min, HAADF and EDS mapping (Figure 6.3a, d) indicated the presence 

of a patchy Pt shell covering the CuInS2 seeds. After 5 min, the shell coverage increased, 

however, Pt domains were not observed protruding from the particle (Figure 6.3b, e). The shell 

had a ring-like appearance in EDS, as the shelling plane was parallel to the plane of observation 

at the NC edges. At 10 min, the CuInS2 NCs were decorated with a Pt shell and between three 

and five discrete, protruding domains (Figure 6.3c, f) reminiscent of the Stranski-Krastinov 

+ Pt(acac)
2

CuInS
2
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growth mode.
154

 The UV-Vis spectra (Figure 6.3g) of the aliquots were in agreement with these 

observations. The spectrum obtained for the 1 min aliquot showed a defined optical transition 

resembling that of the CuInS2 seeds, consistent with low Pt coverage. The 5 and 10 min aliquots 

showed a washed out band gap absorption onset due to higher Pt coverage. 

 
Figure 6.3. Aliquots of of CuInS2-Pt hybrids with 1,2-hexadecanediol; a.-c. HAADF images and d.-f. 

Corresponding EDS mapping for aliquots taken after 1, 5, and 10 minutes. Scale bars are 20 nm; g. UV-Vis spectra 

of the hybrids at the different time points. 

6.3.3 Morphology of the Hybrid NCs 

While some applications may require the chemical robustness imparted to the CuInS2 

NCs by a complete Pt shell, a photocatalyst would require exposure of both the Pt and CuInS2 

domains to solution for electron and hole charge transfer respectively. To determine if the Pt 

shell was complete or patchy, an aliquot of the final hybrid nanostructures was suspended in 

chloroform and stirred with an excess of neocuproine. It has been shown that neocuproine can 
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preferentially bind to and leach Cu
+ 

from copper sulfides.
362

 TEM images of the hybrid 

nanostructures after reaction with neocuproine (Figure 6.4) indicated that leaching of Cu
+
 left 

behind a Pt shell forming a rattle-like structure. Analysis of the core lattice fringes gave lattice 

spacing in the range of 0.33 - 0.34 nm, close to that of the (   ) plane for WZ CuInS2 and the 

(   ) plane for tetragonal β-In2S3. Given that the neocuproine treatment was carried out at room 

temperature, it is unlikely that a transformation from the original hexagonal CuInS2 crystal 

structure to a tetragonal In2S3 crystal structure would occur with retention of crystallinity. From 

the standpoint of a photocatalyst, the observed rattle-like structures indicated that the Pt coverage 

was patchy and that CuInS2 was exposed to the solution. Although the Pt shell was patchy, its 

presence could still decrease light absorption due to scattering of photons limiting the efficiency 

of a photocatalytic system.
366

 Thus additional routes were sought that would limit the Pt growth 

on the surface of the CuInS2 to create discrete domains of Pt rather than a shell. 

 

Figure 6.4. Treatment of hybrids with neocuproine; a. Schematic diagram showing treatment of hybrids with 

neocuproine; b.-c. TEM images showing Pt shell left behind after the hybrids were reacted with neocuproine. Scale 

bars are 5 nm; d.-h. EDS mapping of the Pt shell. Scale bars are 10 nm. 

The morphology of hybrid structures can be tuned by the ligands present in their 

synthesis, as well as the ratio thereof. For instance, in the synthesis of FePt-PbS hybrids reported 
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by Lee et al. the product nanostructures exhibited a core-shell morphology in the presence of 

OlAc/ OlAm.
372

 In contrast, a dumbbell morphology was obtained when only OlAc was present 

in the reaction. Another example is the work reported by Baaziz et al. for Co-Fe based 

nanoparticles.
373

 Here, the reaction of a combination of Fe- and Co-stearate in the presence of 

OlAm led to CoxFe1-xO@CoyFe3-yO4 core-shell nanoparticles. When the authors replaced OlAm 

with OlAc, CoFe2O4 NCs were produced.  

With this in mind, a systematic study was carried out to determine the influence of the 

ligands on the synthesis of CuInS2-Pt hybrids. In this study, hybrids were synthesized in the 

presence of only one or two of the three surfactants (1,2-hexadecanediol, OlAm, and OlAc) 

under otherwise identical conditions to those described in Section 6.2.4. 

In the three cases for which OlAm was present: OlAm/ OlAc, OlAm/ 1,2-

hexadecanediol, and OlAm (Figure 6.5a, b, f respectively); Pt growth was indiscriminate and 

agglomeration of the NCs was observed. In contrast, in the presence of OlAc/ 1,2-

hexadecanediol or OlAc only (Figure 6.5c, e), the Pt growth was attenuated and aggregates were 

not observed. When the reaction was done with only 1,2-hexadecanediol present, single Pt 

domain growth was predominately observed with significant particle aggregation (Figure 6.5d). 

These results suggested that OlAm served as a co-reducing agent to 1,2-hexadecanediol in 

addition to being a ligand.
374

 Furthermore, OlAc seemed to bind more strongly to the NCs than 

OlAm providing colloidal stability.  Therefore, it was established that under the experimental 

conditions reported here the presence of all three components was essential for the synthesis of 

high quality hybrids with colloidal stability. A similar result was reported by Shevchenko et al. 

for the synthesis of CoPt3 nanocrystals with 1,2-hexadecanediol, where the combination of 1-



 

 

 99 

adamantenecarboxilic acid and hexadecylamine yielded narrow size distribution and stability 

against aggregates.
375

 

 
Figure 6.5. CuInS2-Pt hybrids synthesized with different ligand combinations; a. OlAm/OlAc; b. OlAm/1,2-

hexadecanediol; c. OlAc/1,2-hexadecanediol; d. 1,2-Hexadecanediol; e. OlAc; and f. OlAm. All scale bars are 

20 nm. 

In seeded hybrid growth under ideal conditions, only heterogeneous nucleation of the 

second material should occur. To explore this in the system described here, a reaction containing 

the three components was executed in the absence of CuInS2 seeds. Nucleation of Pt NCs was 

observed 30 s after injection of the Pt(acac)2. Consequently, it was clear that attenuation of the Pt 
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precursor reactivity was required to obtain dimeric hybrids with discrete Pt domains rather than a 

shell. To slow down the nucleation of Pt, the Pt species formed in situ was altered. Pt
2+

 is a soft 

Lewis acid, therefore it can bind more tightly to a soft Lewis base than the OlAm or OlAc (hard 

Lewis bases) present in the original synthesis. With this in mind, a soft species trioctylphosphine 

(TOP) was utilized as the coordinating ligand for the Pt precursor solution. In an additional 

measure to limit the Pt reactivity, 1,2-hexadecanediol was eliminated from the synthesis leaving 

only the weaker reducing agent OlAm. As a control, the reaction was carried out without CuInS2 

NCs. The TOP: Pt
2+

 precursor solution was injected into a flask containing OlAc and OlAm at 

210°C. After 10 minutes, the reaction mixture remained colorless. The temperature was slowly 

increased and at 225°C the mixture turned black indicating nucleation of Pt NCs.  The higher 

temperature required for nucleation, relative to the original reaction, confirmed that the reactivity 

of the Pt had been suppressed. This was in good agreement with reports from Yang et al.
376

 and 

Ortiz et al.,
377

 in which TOP-based precursors were employed to control the nucleation of Pd and 

Pt nanoparticles.  

6.3.4 CuInS2-Pt Hybrids with Trioctylphosphine 

A hybrid synthesis carried out with TOP: Pt
2+

 as the precursor (Figure 6.6a). When the 

TOP: Pt
2+ 

molar ratio was 1:6, Pt growth did not occur. However, when the molar ratio was 1:1, 

the reaction yielded CuInS2-Pt hybrids. Given the results of the control experiment described 

above, it was evident that the CuInS2 NCs served as nucleation sites lowering the temperature 

required for nucleation from 225°C to 210°C. 

TEM images indicated that the CuInS2 NCs were decorated with a single Pt domain 

(Figure 6.6b-c), resembling an island or Volmer-Weber like growth mode.
154

 The presence of Pt 

was confirmed by EDS (Appendix D.5). The UV-Vis spectrum of these hybrids (Appendix D.8) 
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was comparable to that of the bare CuInS2 NCs. In the surfactant study described above, a 

reaction containing Pt(acac)2 and OlAm/OlAc without 1,2-hexadecanediol yielded agglomerated 

hybrids with multiple Pt domains (Figure 6.5a). Therefore, although 1,2-hexadecanediol was 

excluded from this synthesis as well, it is apparent that the presence of TOP was the key to 

obtaining colloidally stable dimers.  

 
Figure 6.6. Synthesis of CuInS2-Pt hybrids with trioctylphosphine; a. Schematic showing the synthesis of CuInS2-Pt 

from CuInS2 NCs with the complex TOP:Pt
2+

 as the precursor; TEM images of the resulting CuInS2-Pt. Scale bars 

are b. 20nm and c. 5 nm. 

 
Figure 6.7. Characterization of CuInS2-Pt hybrids with trioctylphosphine; a. HAADF image and b. corresponding 

EDS mapping of the hybrids synthesized with the complex TOP: Pt
2+

 as the precursor. Scale bars are 20 nm; c.-d. 

TEM images of the hybrid nanostructures after being stirred with neocuproine. Scale bars are 5 nm. 

c) d)

a) b)
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To determine if the controlled Pt nucleation had prevented the formation of a Pt shell, the 

CuInS2-Pt hybrids were analyzed with HAADF and EDS mapping. The images (Figure 6.7a-b) 

clearly showed discrete Pt domains and no shell formation. Additionally, TEM images (Figure 

6.7c-d) of the hybrids stirred with neocuproine indicated that leaching of Cu
+
 led to a dimer 

morphology, instead of the rattles observed for more reactive Pt conditions. This supported the 

evidence obtained from EDS mapping that the hybrids were shell-free. 

6.3.5 CuInS2-PdS Hybrids 

CuInS2-Pd hybrid nanostructures were also synthesized by replacing the Pt precursor 

with TOP: Pd
2+

 (1:1) under otherwise similar conditions. Contrary to the Pt hybrids, TEM 

images showed the formation of between three and five Pd domains (Figure 6.8a-b). Further 

when the Pd hybrids were examined using EDS mapping, it was apparent that some smaller 

nanoparticles had undergone cation exchange (Appendices D.9 and D.10), as S regions 

overlapped with the Pd regions. The distinct behavior of these two CuInS2-metal hybrids is 

attributed to the lower reduction potential of Pd
2+

 complexes (E
θ
 = 0.07 V), when compared to 

those of Pt
2+

 (E
θ
 = 0.14 V). Similar reactivity and cation exchange has been observed for Pd in 

the CdS-PdX family of hybrid nanoparticles and by Ye et al. for ZnS-CuInS2.
207, 309

 In these 

cases, the Pd-S species was identified as Pd4S. It is possible that this species also exists in the 

CuInS2-Pd samples prepared here, however, Pd-S reflections were not of high enough intensity 

to confirm this via XRD (Appendix D.11). A low angle reflection at 2θ ~ 22° was observed in 

good agreement with a reflection seen for the Pd2.8S phase. However, higher angle peaks 

matching this pattern were not observed so definitive phase identification is not possible. 
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Figure 6.8. TEM images of CuInS2-PdS. Scale bars are a. 20nm and b. 5 nm. 

6.3.6 Ligand Exchange for Hybrids 

For applications such as bioimaging and photocatalysis, it is important that the 

nanostructures are able to undergo ligand exchange processes to modify the surface with a 

particular functional group or to impart water solubility. In order to make the hybrid 

nanostructures water soluble, ligand exchange using 11-mercaptoundecanoic acid (MUA) was 

attempted. Briefly, an aliquot of the hybrids was precipitated with ethanol followed by removal 

of the supernatant. The hybrids were redispersed in chloroform with excess MUA followed by 

the addition of water with pH 11. After vigorous agitation, the phases were allowed to separate 

(Appendix D.12).  When this process was carried out with the shell-free CuInS2-Pt hybrids 

synthesized with a TOP:Pt
2+

 precursor, the hybrids transferred from the organic to the aqueous 

layer. Phase transfer to the aqueous layer indicated that the hybrids underwent a successful 

ligand exchange. The same result was observed for bare CuInS2 NCs and Pt-CuInS2 hybrids. In 

contrast, the CuInS2-Pt hybrids synthesized with Pt(acac)2/ 1,2-hexadecandiol remained in the 

chloroform layer (Appendix D.12). This result suggests that the Pt shell present on these hybrids 

alters the surface chemistry sufficiently to prevent ligand exchange, perhaps requiring a more 

aggressive ligand exchange methodology based on Pt surface chemistry. 

a) b)
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6.3.7 Photoelectrical Properties 

 

Figure 6.9. Photoelectrical measurements for CuInS2-Pt hybrids; a., b. Current versus voltage plots of CuInS2 and 

CuInS2 nanostructures. Inset: Schematic diagrams of the corresponding NCs; c., d. Current against time for On-Off 

cycles for CuInS2 and CuInS2-Pt nanostructures, respectively. Inset c.: Schematic diagram of the device. 

To determine the efficacy of using these nanostructures in photocatalytic and 

photovoltaic application, a photoelectrical study was carried out on CuInS2-Pt hybrids prepared 

with HDD and bare CuInS2 NCs (Figure 6.9).
378

 A simple device was fabricated, based on the 

work of Wang et al.,
371

 by drop-casting a concentrated solution of the NCs on a glass substrate 

with ITO films on either edge as the conductive electrodes (Figure 6.9c inset). 

Chronoamperometry measurements (Figure 6.9c-d) indicated that the hybrid nanoparticles had 

higher stability with no decrease in observed current over 260 s, while bare nanoparticles showed 

a significant decrease. Hybrid NCs also displayed higher photocurrent than the corresponding 
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bare nanoparticles. While this difference was not large, it is believed that the hybrid device had a 

smaller number of NCs deposited on it, as the concentration of the dropcast solutions were set to 

be of equal absorbance at 400 nm and additional scattering from the Pt is anticipated. This 

suggests that hybrid NCs exhibit superior carrier transport and stability with respect to bare 

CuInS2 NCs, demonstrating their potential for use in both photovoltaic and photocatalytic 

applications. 

6.4 Conclusion 

Several schemes for the synthesis of CuInS2-Pt hybrid NCs were presented. When Pt NCs 

were employed as seeds for the growth of CuInS2, the hybrids obtained had a dimer 

configuration. Alternatively, hybrids were synthesized from CuInS2 NCs with 1,2-

hexadecanediol as the reducing agent, and OlAm/ OlAc as stabilizing ligands. A systematic 

study revealed that the presence of all three components was important to obtain stable hybrids.  

Furthermore, this reaction pathway yielded hybrids consisting of a Pt shell with additional 

growth of distinct Pt domains. The presence of the Pt shell altered the surface chemistry of the 

hybrids, preventing them from undergoing ligand exchange. The behavior of the Pt was 

controlled by rational selection of the Pt precursor. Utilization of TOP: Pt
2+

 as the precursor, 

attenuated the Pt reactivity and allowed for single domain growth, resulting in dimeric hybrid 

nanostructures that could be rendered water soluble through ligand exchange. Additionally, the 

same synthetic routes were employed to produce hybrids with bullet-shaped CuInS2 domains and 

extended to the synthesis of CuInS2-Pd hybrids. Hybrids were synthesized with Pt domains on 

both the basal and perpendicular edge planes. It has been determined that the mass of the hole 

and electron are different for WZ CuInS2 in the a-/b- and c-directions,
379

 thus the position of 

these domains should facilitate the advanced design of nanostructures for photocatalytic 
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function. A complete investigation of this phenomenon and detailed characterization of the 

optical and photocatalytic properties of the reported hybrid nanostructures is currently in 

progress. 
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7. PROGRESS TOWARDS THE SYNTHESIS OF WURTZITE CuFeS2 

NANOCRYSTALS 

 

7.1 Introduction 

Over the last thirty years, colloidal semiconductor nanocrystals (NCs) have become one 

of the most useful systems for the study of nanoscale semiconductor properties and their 

applications.
56, 293, 294

 The nature of colloidal synthesis allows the formation of NCs with 

exquisite control over size, shape, composition, and crystal structure unencumbered by a 

substrate.
42

 As such, the dependence of NC properties on such parameters can be studied and 

NCs can easily be integrated into matrices or deposited onto surfaces for application.
10, 212, 296, 380

 

In order to realize the full potential of these systems, a library of well-understood NC materials 

with controlled syntheses and properties tailored to specific uses must be developed. Currently 

only a few of the II-VI metal chalcogenides (PbS, PbSe, CdS, CdSe, CdTe) have been the subject 

of intense study.
121, 300, 381-383

 While these systems are well suited for a range of applications 

including solar energy capture, light emission, and biomedicine, they contain toxic constituent 

elements and thus concerns remain regarding their commercial use and disposal.
126, 301

 

Correspondingly, significant effort is focused on the development of alternative semiconductor 

NC systems with promising properties. 

Amongst the semiconductor materials, nanostructures of CuFeS2 have recently attracted 

considerable interest due to their unusually low band gap (approximately 0.5 eV) and highly 

abundant, low-cost, low toxicity constituent elements. The small band gap of CuFeS2, caused by 

the presence of an intermediate band made up primarily of Fe 3d orbitals within the band gap,
265, 

274
 lends itself well to application of the material as a thermoelectric

263, 269, 277, 278
 or photothermal 

therapeutic agent.
265

 Furthermore its abundant constituent elements will allow for the low-cost 



 

 

 108 

synthesis of this system at the commercial scale.
384

 Synthetic efforts thus far have focused on 

tuning the size and shape of CuFeS2 NCs,
264, 267

 however, as of yet a complete understanding of 

CuFeS2 NC crystal structure has not been developed. 

Ternary I-III-VI2 NCs are known to crystallize in three distinct structures: chalcopyrite 

(CP), zinc blende (ZB), and wurtzite (WZ).
292

 CP is the thermodynamic product, while the WZ 

and ZB phases are only isolable in nanostructures. The CP and ZB structures are closely related: 

a CP unit cell consists of two stacked ZB unit cells with ordered cations. WZ is the hexagonal 

analogue of ZB, which possesses a unit cell that is anisotropic in the crystalline c-direction. This 

anisotropy can be exploited to produce asymmetric NC morphologies and promote orthogonal 

charge propagation, both of which are useful in applications requiring charge extraction.
81

 

Furthermore, Shen et al. recently observed cation-ordering in WZ CuInS2 resulting in interlaced 

crystals.
272

 The interlaced crystal structure disrupts thermal conductivity without affecting 

electron transport. Therefore, if WZ CuFeS2 exhibits similar ordering, it will be an exceptional 

thermoelectric material.  

The synthesis of other I-III-VI2 WZ nanomaterials (e.g. CuInS2) has been explored 

extensively and a great deal regarding their optical properties is now known;
134, 292

 however, WZ 

CuFeS2 has only been prepared once. Kumar et al. used the thermal decomposition of a Cu-

thiourea complex in the presence of an Fe precursor to produce microstructures of CuFeS2.
268

 By 

tuning the Fe precursor, the authors were able to isolate WZ CuFeS2 ‗microflowers‘. However, 

these structures were microns in size and complete characterization of their optical properties 

was not undertaken.  

In this chapter, three potential synthetic routes to nanostructures of WZ CuFeS2 are 

described. The morphology, structure and composition of the resulting NCs are discussed. The 
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mechanism behind their formation is suggested and comparisons to the WZ CuInS2 system are 

drawn. Finally the optical properties of the resultant NCs are detailed and density functional 

theory (DFT) calculations are used to explore their origin. 

7.2 Results & Discussion 

7.2.1 Synthesis of WZ CuFeS2 via Cation Exchange 

Cation exchange has emerged as a versatile route for the synthesis of NCs with diverse 

structures. In particular, the metal chalcogenide systems are known to possess a high cationic 

mobility which, coupled with their high surface area to volume ratio at the nanoscale, means they 

are a good template for cation exchange. NCs of Cu2S are known to crystallize in the hexagonal 

chalcocite structure and thus present a useful intermediate to NCs with the WZ phase. Cation 

exchange of Cu2S NCs has been used successfully to produce NCs of both CdS and CuInS2 with 

the WZ structure.
63, 168, 352

 Therefore, initial efforts to synthesize WZ CuFeS2 utilized this 

synthetic method. 

The procedure used was based on the work of van der Stam et al. and is described in 

detail in Appendix E.1.
168

 Briefly, dodecanethiol-capped Cu2S NCs approximately 13 nm in 

diameter were prepared by Evan Robinson of the Macdonald group using a method modified 

from the literature,
385

 and suspended in toluene. A solution of FeCl3.6H2O in methanol was 

added as the Fe
3+

 precursor and neocuproine was added as a Cu-extracting agent. The mixture 

was then sonicated for 90 min, as Cu2S NCs are susceptible to superlattice formation, then stirred 

for a week at room temperature in a N2 filled glove box.  

The resultant particles were similar in morphology to the parent NCs, however, a slight 

decrease in size was measured (11.1 ± 1.3 nm, n = 100; Cu2S = 13.0 ± 0.7 nm, n = 150, 

Figure 7.1a). Decreases in size of this magnitude are frequently reported in cation exchange 
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reactions and have been attributed to both lattice contraction of the host due to the incorporation 

of guest cations (in agreement with Vegard‘s law) or a contraction effect due to the surface strain 

field.
386

 A second population of nanostructures significantly smaller in size 

(approximately 1 nm) was also observed. EDS mapping (Figure 7.1b) indicated that these 

species consisted largely of Fe thus it is likely that this is unreacted Fe
3+

 precursor. 

 
Figure 7.1. Characterization of WZ CuFeS2 NCs synthesized via cation exchange; a. TEM image (inset: HRTEM 

with lattice fringes denoted); b. EDS mapping data; c. XRD pattern with the calculated pattern for WZ CuFeS2 

shown; d. UV-Vis absorbance spectrum (inset: Tauc plot used to estimate the experimental band gap (0.85 eV)). 
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The diffraction pattern of the resultant NCs (Figure 7.1c) showed reflections 

characteristic of the WZ structure; however, reflections were broad and had low intensity 

indicating that the product had poor crystallinity. This observation was supported by high 

resolution transmission electron microscopy (HRTEM) images, in which few lattice fringes were 

observed. For some particles, lattice fringes were observed with d-spacing 0.319 nm (Figure 7.1a 

inset), in good agreement with the most intense (   ) reflection in the diffraction pattern 

(2θ = 28.0°; d = 0.319 nm). EDS indicated that NCs had the stoichiometry CuFe1.0S1.4.  

The absorbance of the product NCs is shown in Figure 7.1d. A peak is observed at 

530 nm, reminiscent of that measured for CP NCs (480 nm, Section 3.2), but longer in 

wavelength. A Tauc plot (Figure 7.1d inset) was used to estimate the band gap at 0.85 eV, 

considerably larger than the band gap reported for the CP structure (approximately 0.5 eV). 

7.2.2 Synthesis of WZ CuFeS2 via Hot-Injection Method 

While synthesis of WZ CuFeS2 NCs via cation exchange was successful, limitations to 

this procedure exist including inconsistent product and issues regarding scalability. Thus a direct 

synthesis to the WZ product was sought. The reaction described in Chapter 4 was known to 

proceed via a hexagonal Cu2S intermediate,
164

 therefore it was theorized that a similar procedure 

might produce WZ CuFeS2. Briefly, FeCl3.6H2O, thiourea and OlAm were added to a flask and 

degased for 1 hour. The flask was placed under N2, heated to 120°C, and a Cu-thiol complex was 

injected into the mixture. After heating for 30 min, the product NCs has no specific morphology 

and had diameter 2.7 ± 0.6 nm (Figure 7.2a). The diffraction pattern of the resultant NCs 

(Figure 7.2c) contained the three reflections characteristic of the WZ structure, however, they 

were shifted to higher angle ((   ) reflection, 2θ = 28.4°, d = 0.314 nm). In reasonable 
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agreement with this, lattice fringes were observed in HRTEM with d-spacing 0.316 nm (Figure 

7.2a inset). EDS and EDS mapping (Figure 7.2b) indicated that the NCs were S poor with 

stoichiometry CuFe0.6S1.2. Therefore, the decrease in d-spacing, the distance between lattice 

planes, is likely due to the low proportion of S
2-

 anions within the material, causing a slight 

lattice contraction. In this case, the low intensity and broad nature of the powder diffraction 

reflections are likely due to the poor crystallinity and small size of the NCs.  

 
Figure 7.2. Characterization of WZ CuFeS2 NCs synthesized via a hot-injection method; a. TEM image (inset: 

HRTEM with lattice fringes denoted); b. EDS mapping data; c. XRD pattern with the calculated pattern for WZ 

CuFeS2 shown; d. UV-Vis absorbance spectrum (inset: Tauc plot used to estimate the experimental band gap (0.83 

eV)). 
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A peak in the absorbance of the product NCs (Figure 7.2d) is observed at 500 nm, 

significantly lower in wavelength than the peak observed for WZ CuFeS2 synthesized using 

cation exchange, but similar to the peak observed for CP CuFeS2 NCs (Figure 3.8). A Tauc plot 

(Figure 7.2d inset) was used to estimate the band gap at 0.83 eV, which was in good agreement 

with WZ CuFeS2 synthesized using cation exchange. This is surprising as NCs of size 

(approximately 3 nm) are typically confined and in the case of CP have band gap, approximately 

1.6 eV.
264

 Three possible explanations exist for this; either the Bohr exciton radius of WZ 

CuFeS2 NCs is less than 1.5 nm; the NC agglomerates observed via TEM are actually attached 

and the crystallite size is larger than the measured NC size; or the crystallite size of cation 

exchanged NCs is smaller than the measured NC size. Scherrer line broadening analyses of the 

(   ) reflection were used to estimate the crystallite size for each sample. NCs synthesized 

using cation exchange had calculated crystallite size 12.8 nm (TEM size 11.1 nm), while NCs 

produced using a hot-injection method had calculated crystallite size 4.0 nm (TEM size 2.7 nm), 

in reasonable agreement with the NC size measured using TEM. Therefore, it is most likely that 

WZ CuFeS2 has a small Bohr exciton radius (less than 1.5 nm). 

7.2.3 Synthesis of WZ CuFeS2 via Heat-Up Method 

In the synthesis of I-III-VI2 materials, the distinct reactivity of the constituent ions must 

be considered.
140, 304

 In the case of CuFeS2, Cu
+
 and S

2-
 are ‗soft‘ ions, while Fe

3+
 is ‗hard‘. 

Therefore, the formation of Cu-S bonds is more favorable than Fe-S. By utilizing a single source 

precursor containing Cu and S, this reactivity can be exploited and a Cu2S intermediate can be 

formed in the synthesis. In this case, a Cu-S complex, copper(II) diethyldithiocarbamate 

(Cu(DDTC)2) was prepared and added to a flask with Fe(acac)3 and OlAm. The mixture was 

degased, placed under N2, and then heated at 120°C for 30 min. The resultant nanostructures 
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consisted of thin nanosheets, which were observed lying flat on the TEM grid and clustered into 

hexagonal plates approximately 500 nm in diameter (Figure 7.3a). These large shapes were 

reminiscent of the ‗microflowers‘ reported by Kumar et al.
268

 Small clusters of amorphous dark 

nanoparticles were also observed within the nanostructures (Figure 7.3b). EDS mapping 

(Appendix E.2) indicated that Cu, Fe, and S were distributed throughout all structures. Lattice 

fringes were observed with d-spacing consistent with the (   ) plane of WZ CuFeS2 and the 

(   ) plane of CP CuFeS2 from different areas of the structure (Figure 7.3a-b inset). These 

observations were in good agreement with the powder diffraction pattern, which showed strong 

CP (   ) and WZ (   ) reflections (Figure 7.3c). Interestingly, all reflections characteristic of 

CP CuFeS2 were present, however, only the WZ (   ) reflection was observed. A possible 

explanation of this phenomenon is that the product nanosheets are truncated in the crystalline c-

direction. If this is the case, the intensity of reflections from planes with c-indices will be low. 

Hence, only the (   ) and (   ) reflections should be observed. In this case, the (   ) 

reflection is observed, while the (   ) reflection overlaps with the observed (   ) (   ) 

reflections from the CP phase. No strong indicators for preferred orientation were observed for 

reflections from the CP structure. 

When the Cu(DDTC)2 precursor was heated alone in OlAm, the primary product was the 

cubic phase digenite (Cu1.8S), however, reflections characteristic of the hexagonal covellite 

structure were also observed (Figure 7.3c). It is possible that the CP and WZ product 

nanomaterials result from exchange of Fe
3+

 into the cubic and hexagonal Cu-S structures 

respectively, however, attempts to isolate digenite and covellite intermediates during the reaction 

were unsuccessful. 
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The composition of the product nanostructures, measured using EDS, was CuFe0.9S1.8. 

The characteristic broad CuFeS2 peak in the absorbance was centered at approximately 660 nm 

for this product (Figure 7.3d). The band gap of the product NCs was estimated to be 0.60 eV 

(Figure 7.3d inset) lower than the estimated values for WZ synthesized via cation exchange or 

hot-injection methods; however, this value is consistent with literature values for the band gap of 

CP, a constituent product.
264, 265

 

 

Figure 7.3. Characterization of CuFeS2 nanostructures synthesized via a heat-up method; a.- b. TEM images (inset: 

HRTEM with lattice fringes denoted for CP (a.) and WZ (b.) phases); c. XRD patterns for CuFeS2 nanostructures 

and the product of the Cu-S control reaction with the calculated patterns for WZ CuFeS2, Cu1.8S, CuS and the ICDD 

card for CP CuFeS2 shown; d. UV-Vis absorbance spectrum (inset: Tauc plot used to estimate the experimental 

band gap (0.60 eV)). 
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7.2.4 Optical Properties of CuFeS2 

Across all three synthetic techniques the shape and position of the absorbance peak 

changed (Figure 7.4a). For CP NCs, this peak is known to correspond to a transition from the 

valence band edge, consisting of S 3p and Cu 3d orbitals, to empty Fe 3d orbitals 

(Section 3.2).
264, 274

 In fact, molecular orbital calculations by Kambara indicated that the 

intermediate band Fe 3d orbitals were also hybridized with S 3p orbitals.
387

 Thus the authors 

expect that differences in the concentration of both Fe and S atoms within the NCs will lead to 

differences in the shape and position of the absorbance peak. Compositional analysis indicates 

that NCs synthesized via hot-injection have a stoichiometric 1:2 Fe:S ratio, while NCs 

synthesized via cation exchange had a 1:1.4 Fe:S ratio. In contrast for nanostructures synthesized 

via heat-up methods, compositional analysis indicated that the system was close to 

stoichiometric in composition (CuFe0.9S1.8); however, given a variety of nanostructure phases 

(CP and WZ) and morphologies (sheets, clusters, and particles) were observed, it is likely that a 

range of compositions also exist, leading to the broad multimodal shape of the absorbance.  

 

Figure 7.4. Experimental and calculated optical properties for CuFeS2 NCs; a. Experimental UV-Vis absorbance 

spectra for CuFeS2 nanostructures synthesized using three distinct synthetic methods; b. Calculated UV-Vis 

absorbance spectra for CP, WZ and S-deficient WZ CuFeS2. 
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To further understand the role of structure and S-deficiency on the optical properties of 

CuFeS2, DFT calculations were performed by Dr. Andrew O‘Hara using the Vienna Ab initio 

Simulation Package (VASP)
349

 with exchange correlation described by the Perdew-Burke-

Ernzerhof form of the Generalized Gradient Approximation.
388

 A plane-wave basis was used 

with a cutoff of 450 eV and projector augment wave (PAW) pseudopotentials
348, 389

 to describe 

the interaction between valence and core elections. Reciprocal space was sampled using Γ-

centered Monkhorst-Pack grids
390

 of       and       for the CP and cation-ordered, 

pseudo-WZ, orthorhombic phase respectively. The orthorhombic phase with G-type 

antiferromagnetic Fe
3+

 ordering was used in all relevant calculations. The localized nature of the 

Fe d-orbitals were described using an on-site Hubbard-like U correction
391

 of 4.3 eV. All atomic 

coordinates and lattice vectors were optimized so that the residual forces were less 

than 1 meV/Å. 

The calculated UV-Vis absorbance spectra (Figure 7.4b) indicated that there were no 

significant changes in the absorbance of the system for the two different structures. However, 

when the composition of the system was altered to CuFeS1.5, a significant change in the 

calculated density of states was noted (Appendix E.3), which resulted in a significant depression 

of the broad absorbance peak centered at approximately 600 nm calculated for stoichiometric 

CuFeS2. This was similar in character to the depression in absorbance peak measured 

experimentally for S-deficient NCs synthesized via cation exchange (Figure 7.4a), supporting 

our hypotheses that changes in NC composition resulted in changes in the NC optical properties. 

Calculations are currently underway to explore the effect of other non-stoichiometric 

compositions on NC optical properties. 
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7.2.5 Comparisons between WZ CuInS2 and CuFeS2 Formation. 

Given the similarities between WZ CuFeS2 and WZ CuInS2, a number of comparisons 

can be drawn in their synthesis. In all of the methods described above, a synthesis for WZ 

CuInS2 was altered to form the Fe analogue.
164, 168, 304

 As such, it is likely that the mechanism of 

formation for the two materials is similar and proceeds via a hexagonal copper sulfide 

intermediate. However, significantly lower temperatures were required for WZ CuFeS2 

formation. Reactions carried out at higher temperature resulted in the formation of the CP 

structure. For example, the hot-injection procedure carried out at 140°C resulted in the formation 

of the CP product (Appendix E.4), whereas for analogous reactions to CuInS2, the WZ product 

was observed even at far higher reaction temperatures (215°C).
164

 A similar trend was noted by 

Gusain et al. who observed a change in phase from WZ to CP on doping CuInS2 NCs with Fe.
392

 

The observed differences indicate that WZ CuFeS2 is significantly less stable than its In-

analogue. This may well be due to the cation-disorder or interlaced crystal ordering, which 

contains low symmetry cation-ordering, reported for the WZ system. High spin Fe
3+

 cations have 

a large magnetic moment and therefore exhibit a strong energetic preference for highly cation-

ordered systems. Furthermore, cation-disordered systems tend to be more stable when the 

constituent cations are similar in size. There is a greater size difference between Cu
+
 (r = 77pm) 

and Fe
3+

 (r = 60 pm), than Cu
+
 and In

3+
 (r = 80 pm), which likely contributes to the poor relative 

stability of WZ CuFeS2. In the related phase, AgInS2 a pseudo-wurtzite, cation-ordered 

orthorhombic structure is observed. Further synthetic efforts will be focused on obtaining this 

anisotropic phase for CuFeS2.  
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7.3 Conclusion 

In this report, CuFeS2 nanostructures with the WZ structure were synthesized using three 

distinct methods. The methods were carefully selected to ensure that each reaction proceeded via 

a hexagonal copper sulfide intermediate to reach the hexagonal CuFeS2 product. While products 

were not highly crystalline, in the case of cation exchange and hot-injection techniques WZ was 

identified as the primary product by XRD and lattice fringes observed using HRTEM. The 

estimated band gaps of these two systems were in good agreement (approximately 0.85 eV), 

higher in energy than the reported band gap value for CP (0.5 – 0.6 eV). Crystallite size 

measured via TEM and Scherrer line broadening analysis were distinct (13 nm and 3 nm), 

therefore, there is evidence that the system is not confined. The third synthetic method, a heat-up 

synthesis resulted in a mixed CP/ WZ product. Nanostructures were sheet-like in morphology 

and a corresponding reduction in intensity was observed via XRD for WZ reflections with non-

zero indices along the c-axis. A control reaction indicated that the Cu(DDTC)2 precursor 

decomposed into cubic and hexagonal copper sulfide intermediates under these synthetic 

conditions. This was likely the origin of the mixed CP/ WZ phase in the product nanostructures. 

UV-Vis absorbance spectra collected for the product nanostructures of all three syntheses 

showed variation in the shape and peak position of a broad absorption feature at 

approximately 500 nm. In CP CuFeS2, this transition is known to correspond to a transition from 

the valence band to an intermediate band made up of Fe 3d and S 3p orbitals. The composition of 

the product NCs, measured via EDS, varied from CuFe0.6S1.2 to CuFe0.9S1.8. Thus it is likely that 

changes in this absorption feature were caused by changes in the concentration of Fe and S atoms 

within the NCs. This hypothesis was supported by DFT calculations carried out by Dr. Andrew 

O‘Hara, which showed that S-deficient NCs have a markedly different electronic structure, 
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resulting in a suppression of the broad UV-Vis absorbance peak typically observed for CuFeS2 

NCs. 

Currently, work is focused on ensuring syntheses to WZ CuFeS2 are robust and 

repeatable. Further refinement of reaction parameters including surfactant type, precursor type, 

and temperature will be used to improve the monodispersity, crystallinity and colloidal stability 

of product nanostructures and, in the case of the heat-up method promote the formation of the 

WZ structure. 

After robust synthetic procedures to monodisperse NCs have been isolated, further 

investigation of the structural and optical properties of WZ CuFeS2 can be undertaken. Z-contrast 

STEM images of product NCs can be collected to detect the presence of cation-ordering within 

NCs. Additionally, monodisperse WZ CuFeS2 NCs in a range of sizes can be synthesized with a 

view to exploring confinement effects within this system. Moreover, it has been shown that CP 

CuFeS2 NCs are fluorescent when alloyed and shelled with CdS.
264

 Therefore, shelled WZ NCs 

will be prepared and their luminescence properties studied. Ultimately, the thermoelectric 

properties of WZ CuFeS2 will be tested to determine the efficacy of this material in application. 
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8. AN INVESTIGATION OF THE FLEXIBLE STRUCTURE AND COMPOSITION OF 

AgFeS2 NANOCRYSTALS 

 

8.1 Introduction 

Colloidal semiconductor nanocrystals (NCs) have become an important class of 

nanomaterials with a variety of established applications from biomedicine to optoelectronic 

devices.
212, 296, 380

 As the field has grown, the library of studied NC materials has expanded from 

the model II-VI metal chalcogenide systems to numerous semiconductors with properties 

tailored to specific applications. Ternary I-III-VI2 semiconductors represent a particularly 

promising material system with a wide range of accessible band gaps from 0.5 eV (CuFeS2) – 

3.5 eV (CuAlS2), low toxicity components, and favorable optoelectronic properties.
134, 339, 393

 

Over the last ten years, significant progress has been made in the understanding of these 

materials and their efficacy in application has been demonstrated. In particular, CuFeS2 has been 

identified as a strong candidate for use as a thermoelectric or photothermal therapeutic agent due 

to its unusually low band gap energy (0.5 eV) and low toxicity constituent elements.
263-265, 269, 278

 

Additionally, AgInS2 has been investigated for use in solar energy capture and display 

technology due its band gap at the edge of the visible spectral region (1.8 eV).
134, 286, 287, 353, 394

 

Interestingly, NCs of the related material AgFeS2 have yet to be characterized completely. Given 

the potential demonstrated by its analogues, it is likely that NCs of AgFeS2 will also possess 

valuable properties. 

To the author‘s knowledge, two reports exist describing syntheses to AgFeS2 

nanostructures. In the first, Han et al. prepared spherical NCs with diameter approximately 

15 nm.
119

 The estimated band gap of the material was 1.21 eV, well suited for solar energy 

capture. The authors also noted a reversible phase transition at 176°C in which Ag2S-Fe7S8 
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hetero-nanostructures were formed. In the second report, Sciacca et al. used cation exchange to 

convert Ag nanowires to Ag2S, then AgFeS2.
281

 The authors estimated the band gap of the 

AgFeS2 nanowires to be 0.88 eV, suggesting that the discrepancy between the band gap value for 

AgFeS2 wires and NCs was due to confinement of the spherical particles. In both cases a 

tetragonal phase (lenaite) was observed. 

Ag-based I-III-VI2 NCs have been reported to crystallize in three distinct structures: 

tetragonal, cubic, and orthorhombic.
284, 395

 The tetragonal phase is similar to the chalcopyrite 

phase of CuFeS2 and is the thermodynamic product. The cubic spinel phase has composition 

AgIn5S8, is metastable, and has proven difficult to isolate in nanostructures.
284

 NCs with the 

orthorhombic phase are also metastable, but are more frequently reported.
284, 353, 395, 396

 The 

orthorhombic structure, which has been observed for AgInS2 and AgGaSe2, is pseudo-wurtzite 

with cation-ordering resulting in a doubling of the wurtzite unit cell.
283, 396, 397

 As such, the phase 

is also anisotropic which can lead to advantageous material properties such as asymmetric 

morphology and orthogonal charge transport.
80, 398

 To the author‘s knowledge, no reports of an 

orthorhombic structure for AgFeS2 exist. 

Fe-containing and Fe-doped I-III-VI2 semiconductor materials are known to possess an 

unusually low band gap, due to the presence of Fe 3d orbitals within the expected band gap.
264, 

265, 274, 392, 399
 In a recent review, it was noted that amongst the most promising applications of 

colloidal NCs are thermoelectrics, and infrared photodetectors.
56

 Here, it is key that NCs possess 

a band gap in the infrared spectral region; thus ternary systems containing Fe are generating 

significant interest in the NC community. 

In this chapter, AgFeS2 NCs are prepared with spherical and bullet-like morphology. 

With elemental S in octadecene (ODE) as the S precursor, NCs with the metastable 
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orthorhombic phase of AgFeS2 (o-AgFeS2) are produced. With elemental S in oleylamine 

(OlAm) as the S precursor, the product NCs have the stable tetragonal structure (t-AgFeS2). By 

altering the concentration of elemental S used in the synthesis with a S-ODE precursor, the 

composition of the NCs can be tuned with a greater amount of S correlating to an Fe-rich 

product. As the proportion of Fe in the NCs increases, an additional broad absorbance feature at 

approximately 1050 nm and a corresponding decrease in the estimated band gap of the NCs is 

observed. To the author‘s knowledge, this is the first time that an orthorhombic phase and 

composition-dependent optical properties have been reported for AgFeS2 NCs. The observation 

of these unique properties demonstrates that AgFeS2 is a fascinating material for further study at 

the nanoscale. Moreover, NCs with similar optoelectronic properties have proven invaluable in 

application,
265, 269, 394

 thus AgFeS2 nanostructures can now be considered for utilization in a 

variety of research areas. 

8.2 Results & Discussion 

8.2.1 Synthesis of AgFeS2 NCs 

A procedure based on the synthesis of AgInS2 quantum dots reported by Xie et al. was 

used to produce AgFeS2 NCs.
131

 Complete experimental methods can be found in Appendix F.1. 

Briefly, AgNO3 (0.03 mmol), Fe(acac)3 (0.04 mmol), dioctyl ether (DiOE, 10 mL), oleylamine 

(OlAm, 0.4 mmol) and oleic acid (OlAc, 0.4 mmol) were degased at 90°C for 1 hr. At this stage, 

the mixture was placed under N2 and heated to 180°C. When the reaction mixture reached 

180°C, elemental S (0.08 mmol) dissolved in octadecene (ODE, 0.16 M solution) or OlAm 

(0.16 M solution) was injected and the mixture was heated for 30 min. The resultant NCs were 

imaged using transmission electron microscopy (TEM, Figure 8.1a-b). NCs prepared with S-

OlAm were spherical in morphology with diameter 7.7 ± 2.1 nm (n = 150). In contrast, NCs 
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prepared with S-ODE had bullet-like morphology with length 24.1 ± 5.5 nm and width 

12.9 ± 2.6 nm, n = 150.  

 
Figure 8.1. Characterization of AgFeS2 NCs; a. TEM image of AgFeS2 NCs synthesized using S-ODE (inset: 

HRTEM with lattice fringes denoted); b. TEM image of AgFeS2 NCs synthesized with S-OlAm (inset: HRTEM 

with lattice fringes denoted); c. XRD for AgFeS2 synthesized with S-ODE (red) and S-OlAm (blue) precursors. 

Calculated reflections for o-AgFeS2 and a literature pattern for t-AgFeS2 JCPDS No. 65-2736 are also shown. 

In syntheses to I-III-VI2 NCs, reaction conditions must be carefully selected to prevent 

the formation of unwanted binary sulfides. In this case, the introduction of a ‗soft‘ ligand species 

(dodecanethiol, DDT) resulted in the formation of Ag2S as a secondary product (Appendix F.2). 

This phase was also observed as the primary product when the reaction temperature was lowered 

to 150°C without DDT (Appendix F.3). In contrast, at higher reaction temperature (210°C and 

240°C) the AgFeS2 product was observed, but the agglomeration of product NCs occurred 

(Appendices F.4 and F.5). When a more reactive Fe
3+

 precursor (iron(III) stearate) was used at 

210°C, the formation of greigite Fe3S4 was observed (Appendix F.6). 

8.2.2 Structure & Composition of AgFeS2 NCs 

The powder X-ray diffraction (XRD) pattern of NCs prepared with S-OlAm (Figure 8.1c, 

blue) was a good match to reported reflections for t-AgFeS2. Lattice fringes with d = 0.320 nm 

(Figure 8.1b, inset) were observed using high resolution transmission electron microscopy 

(HRTEM) and were consistent with the (   ) plane of t-AgFeS2 (2θ = 28.2°, d = 0.317 nm). 
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The observed tetragonal structure was in good agreement with the work of Han et al. in which 

spherical, t-AgFeS2 NCs were synthesized using a heat-up method.
119

  

In contrast, the XRD pattern of NCs prepared with S-ODE (Figure 8.1c, red) showed 

three sharp peaks at centered at  2θ = 26.4°, 28.2°, and 29.8°. The central reflection (28.2°) was 

indexed to the (   ) plane of t-AgFeS2, however, adjacent reflections at 2θ = 26.4°, and 29.8° 

were not a good match to this pattern and do not correspond to the reflections of binary silver or 

iron sulfide structures.
119, 400, 401

 A two phase Rietveld refinement (Figure 8.2a, χ
2
 = 2.598)

325
 of 

the experimental diffraction pattern with the unit cell of orthorhombic AgInS2,
402

 and t-

AgFeS2
282

 (Figure 8.2c) was carried out using the General Structure Analysis System (GSAS) 

with EXPGUI, a graphical user interface (GUI) editor for GSAS experiment files (.EXP).
321, 322

 

This showed that an o-AgFeS2 structure with space group        
 and lattice parameters 

a = 6.56 Å, b = 7.87 Å, and c = 6.43 Å (Figure 8.2b) was a good match to the reflections at 

2θ = 26.4°, and 29.8°, the pronounced shoulder on the low angle side of the tetragonal (   ) 

reflection, and additional high angle reflections at 2θ = 50°, and 56°. The calculated unit cell of 

o-AgFeS2 was smaller in size than that reported for o-AgInS2 (a = 6.95 Å, b = 8.26 Å, and 

c = 6.68 Å).
283

 This reduction in size is expected given the smaller size of Fe
3+

 (r = 60 pm) with 

respect to In
3+

 (r = 80 pm). Lattice fringes observed from the bullet-shaped NCs (Figure 8.1a, 

inset) were also consistent with o-AgFeS2, with measured d-spacing of 0.337 nm in good 

agreement with the (   ) (   ) planes of o-AgFeS2 (2θ = 26.4°, d = 0.338 nm). Furthermore, 

similar bullet-like NC morphologies have been observed for orthorhombic AgInS2 and wurtzite 

CuInS2, providing additional support for the assignment of these reflections to o-AgFeS2.
156, 396

  

The two phase Rietveld refinement indicated that the product consisted of approximately 

40% t-AgFeS2 and 60% o-AgFeS2. Rietveld refinement that included only the orthorhombic 
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structure did not fit data to within a statistically acceptable tolerance (χ
2
 = 8.413). Closer 

inspection of the product NCs showed small spherical particles with lattice fringe spacing, 

d = 0.320 nm (Appendix F.7), consistent with the (   ) plane of t-AgFeS2 (2θ = 28.2°, 

d = 0.317 nm). Fine-tuning of the reported synthesis will be required to isolate phase pure o-

AgFeS2. 

 

Figure 8.2. Structural analysis for AgFeS2 NCs; a. Rietveld refinement of the observed XRD pattern for o-AgFeS2 

NCs; b. Diagram of the unit cell for o-AgFeS2; c. Diagram of the unit cell for t-AgFeS2. 

Literature precedent suggests that the orthorhombic phase of Ag-III-Se2 materials can be 

stabilized by increasing the concentration of amine ligand, which reduces the surface energy of 

NCs with the orthorhombic structure;
397, 403

 however, here additional OlAm in the synthesis 
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resulted in the formation of t-AgFeS2 (Figure 8.1c). These contradictory synthetic trends can be 

attributed the use of the S-OlAm precursor. Elemental S produces alkylammonium polysulfide 

species when dissolved in OlAm.
404

 Thus, in this synthesis, OlAm not only acts as a stabilizing 

ligand, but also forms a reactive S precursor. The presence of this S complex results in the 

formation of the thermodynamic product t-AgFeS2. Polysulfide ions have shown greater 

reactivity than S8 rings, which are the S species present in S-ODE.
405

 Therefore, it was thought 

that by attenuating the S reactivity the orthorhombic phase was stabilized. To test this 

hypothesis, a less reactive S precursor, thiourea, was used in ODE under otherwise similar 

synthetic conditions; however, this resulted in the formation of the binary impurity phase Ag2S. 

Increasing or decreasing the concentration of OlAm within the reaction vessel before the 

addition of S resulted in no significant change in NC structure or morphology. 

 

Figure 8.3. EDS mapping for AgFeS2 NCs; a. o-AgFeS2 and b. t-AgFeS2. 

Energy dispersive X-ray spectroscopy (EDS) mapping of nanostructures prepared with S-

OlAm and S-ODE showed that all particles were composed of Ag, Fe, and S (Figure 8.3a-b) 
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indicating that binary sulfide impurity phases were not formed. Measured stoichiometry was 

AgFe0.97S1.85 for o-AgFeS2 and AgFe1.20S1.78 for t-AgFeS2 (n = 5).While there was some 

variability in the measured Ag:Fe ratio, samples were consistently S deficient.  

8.2.3 Optical Properties of AgFeS2 NCs 

The ultraviolet-visible (UV-Vis) absorbance spectrum of both o-AgFeS2 and t-AgFeS2 

NCs (Figure 8.4a) had similar absorbance features to previously published results. Band gap 

values were estimated to be 1.06 eV for t-AgFeS2 and 1.20 eV for o-AgFeS2 (Appendix F.8) 

between the values reported by Han et al.
119

 (1.21 eV) and Sciacca et al.
281

 (0.88 eV).  

The band gap of NCs can be size-, structure-, and composition-dependent. If NCs are 

small enough in size to be confined, as proposed by Sciacca et al.,
281

 a decrease in band gap 

energy with increasing NC size is expected. o-AgFeS2 NCs were significantly larger in size than 

t-AgFeS2 NCs, yet had a larger band gap energy so confinement is unlikely the origin of the 

changes in the band gap energy observed here.  

If the band gap is structure-dependent, in a mixed phase product the lower energy band 

gap is consistently observed, but changes in absorbance intensity can occur. Here, the mixed 

phase o-AgFeS2 product had a higher energy band gap so structural origin of the changes in the 

band gap energy can also be discounted.  

If the band gap is composition dependent, when atomic states which contribute to the 

valence and conduction band of the material are removed or added the band gap will change. In 

order to obtain AgFeS2 NCs with a range of composition, syntheses were carried out with 

different concentrations of elemental S. When the concentration of the S-OlAm precursor was 

increased, no change in the measured absorbance of the product NCs was observed, but the 
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presence of low intensity reflections characteristic of o-AgFeS2 was detected (Appendix F.9). In 

contrast, when the concentration of the S-ODE precursor was increased, an additional 

absorbance feature at approximately 1050 nm was observed (Figure 8.4b). This correlated to a 

decrease in the estimated band gap for the product NCs from 1.20 eV (1:2 Fe:S precursor ratio) 

to 0.59 eV (1:3 Fe:S precursor ratio) (Appendix F.8). XRD of the product NCs (Appendix F.9) 

showed that all three products were mixed phase with no binary impurity phases observed. The 

size of the product NCs was measured via TEM (Appendix F.10). No significant change in 

product size was observed when the S precursor concentration was altered, thus size-dependent 

absorbance features due to quantum confinement were ruled out. 

 
Figure 8.4. Optical properties of AgFeS2 NCs; a. UV-Vis absorbance spectra for AgFeS2 NCs synthesized with S-

OlAm (t-AgFeS2, blue) and S-ODE (o-AgFeS2, red) precursors; b. UV-Vis absorbance of AgFeS2 NCs synthesized 

with S-ODE with concentration 0.16 M, 0.24 M and 0.72 M, resulting in Fe:S precursor ratio 1:2, 1:3, and 1:9 

respectively. 

EDS was used to measure the composition of the product NCs and an increase in the 

proportion of Fe within the NCs was observed corresponding to an increase in the intensity of the 

absorbance feature at approximately 1050 nm (Table 8.1). Given the correlation between Fe-rich 

NC composition and the absorbance feature at approximately 1050 nm, it is suggested that this 

feature is caused by the presence of additional Fe 3d orbitals within the band gap of the 

stoichiometric material. This is in good agreement with existing knowledge of the Cu-based, Fe-
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containing, I-III-VI2 materials which show broad absorbance features in the near-infrared and 

visible spectral regions.
264, 265, 274, 392, 399

 Literature calculations have demonstrated that these 

features correspond to the energetic transition between a valence band made up of Cu 3d and S 

3p orbitals and an intermediate band consisting of Fe 3d orbitals.
265, 274, 387

 DFT calculations 

performed by Dr. Andrew O‘Hara for CuFeS2 (Chapter 7) suggest that the electronic structure is 

in fact more complex than initial calculations suggest, with S 3p orbitals making a significant 

contribution to the valence and conduction bands. Therefore, while it is clear that the absorbance 

features observed here are dependent on NC composition, the true origin of these properties must 

be investigated further. Additional DFT calculations for AgFeS2 are currently underway. 

 

Table 8.1. Composition of AgFeS2 NCs synthesized under different synthetic conditions. 

Interestingly, when a reaction was carried out with excess Fe
3+

 there was no increase in 

the proportion of Fe in the product NCs measured using EDS (Table 8.1), rather a large amount 

of unreacted Fe
3+

 was observed in the background of an EDS map (Appendix F.11). 

Correspondingly no absorbance feature was observed at approximately 1050 nm, as the product 

AgFeS2 NCs were not Fe-rich. In contrast, when a more reactive Fe
3+

 precursor was used 

(iron(III) stearate), a strong absorbance feature at approximately 1050 nm was observed 

(Appendix F.12) along with an increase in measured Fe proportion within the NCs (Table 8.1). 
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However, the formation of unwanted binary impurity phases (Ag2S and Fe3S4) was also 

observed.  

8.3 Conclusion 

A colloidal hot-injection synthesis was developed to obtain AgFeS2 NCs. When S-OlAm 

was used as a precursor, spherical t-AgFeS2 NCs were produced as the primary product. When 

S-ODE was used as a precursor, bullet-shaped o-AgFeS2 NCs were produced as the primary 

product. The difference in phase of the product NCs was attributed to the formation of a reactive 

alkylammonium polysulfide intermediate in the S-OlAm mixture, which promoted the formation 

of t-AgFeS2. The less reactive S precursor, S8 suspended in ODE, promoted the formation of o-

AgFeS2. This is the first report of the metastable orthorhombic phase, therefore Rietveld 

refinement was used to determine lattice parameters for the unit cell (a = 6.56 Å, b = 7.87 Å, and 

c = 6.43 Å). A broad absorbance feature centered at approximately 1050 nm was also observed 

for AgFeS2 NCs for the first time. The intensity of this feature correlated to the proportion of Fe 

within the product NCs. The low energy absorbance was therefore attributed to the introduction 

of Fe 3d orbitals within the band gap of stoichiometric AgFeS2, a phenomenon observed in Cu-

based I-III-VI2 materials. NCs with lower Fe concentration exhibited a single absorbance feature 

with a shoulder at approximately 900 nm in good agreement with literature data. As a result, the 

band gap of the system was tuned from 0.59 – 1.20 eV. 

Currently, efforts are focused on refining the NC synthesis to isolate o-AgFeS2. The work 

presented here and literature syntheses for other orthorhombic I-III-VI2 NCs suggest that the 

selection of surfactants and their concentrations are key in promoting the growth of 

orthorhombic NCs. For example, Bai et al. reported that increasing OlAm concentration in the 

synthesis of AgGaSe2 NCs resulted in an increase in the proportion of o-AgGaSe2 and a 
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corresponding decrease in the proportion of t-AgGaSe2 formed.
397

 Similarly, Ng et al. reported 

that both DDT and OlAm were required for the formation of o-AgInSe2 NCs, with t-AgInSe2 or 

binary impurity phases observed when using only one of the two surfactants.
403

 As such, work 

towards the isolation of phase pure AgFeS2 NCs will begin by tuning the surfactant type and 

surfactant concentration in their synthesis. 

When NCs of each phase have been isolated, syntheses to monodisperse o- and t-AgFeS2 

NCs with controlled compositions and a range of sizes will be developed. Given the strong 

dependence of NC phase on surfactant type and concentration, these parameters will be fixed. 

Therefore, efforts to tune the size of NCs will initially be focused on altering the reaction time 

and temperature, while efforts to tune NC composition will be focused on altering the type and 

concentration of precursor materials. The synthesis of NCs with a variety of size and 

composition will facilitate additional study of the optical properties of the material, allowing 

their dependence on size, structure, and composition to be understood more completely. In 

support of this study, density functional theory calculations will be performed to investigate the 

origin of changes in the optical properties. While the NCs reported here are not luminescent, it is 

hoped that by shelling or alloying with ZnS fluorescent NCs will be obtained. This will enable 

additional spectroscopic techniques, such as time-resolved photoluminescence spectroscopy, to 

be utilized to further understand this material and allow the integration of these NCs into 

applications requiring luminescence.  

AgFeS2 is uniquely positioned for a low toxicity material as the biological effects of the 

constituent atoms are already well understood.
136

 NCs of this material with a small band gap 

energy (Fe-rich) can thus be utilized as a photothermal therapeutic agent. Furthermore, NCs with 

an anisotropic crystal structure (o-AgFeS2) and a low band gap energy (Fe-rich) hold great 
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promise for use in applications requiring infrared absorbance and charge transport, such as 

thermoelectricity or infrared photodetection. Ultimately, the synthesis of AgFeS2 will be tuned to 

produce NCs well suited for each application and their performance tested.  
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9. SUMMARY & FUTURE DIRECTIONS 

 

It is well known that the crystal structure of a material dictates several of its properties. In 

a semiconductor, this is particularly important as the electronic structure and correspondingly the 

band gap of a material are dictated by the arrangement of ions in the crystal lattice. At the 

nanoscale, metastable crystal structures can be isolated which cannot be accessed in the bulk. 

Such systems can possess unique optoelectronic properties and demonstrate superior 

performance in application. Despite this potential, the correlation between the structure and 

optical properties of nanoscale materials is not well understood, which makes prediction of 

properties from structure difficult. The overarching theme of this dissertation is to develop a 

more complete understanding of the properties of metastable, anisotropic I-III-VI2 nanostructures 

so that improved predictions can be made for similar materials. In the following chapter, a brief 

summary of the conclusions drawn from the conducted research is presented. Recommended 

future work applicable to all projects is then described. Finally, the impact of this research on the 

wider field of colloidal semiconductor nanocrystals (NCs) is reviewed, and the author‘s opinions 

on the outlook of this research area are detailed. 

9.1 Summary 

Over the last 25 years, the study of colloidal NCs has resulted in the elucidation of 

countless fundamental properties for nanoscale materials. Amongst these, the properties of 

semiconductor NCs, such as their large catalytic surface area, high fluorescence quantum yield, 

and size-tunable band gap, hold great potential for a huge range of applications. Commercially, 

quantum dots are being utilized in displays and solid state lighting. Their use has also been 

explored in a range of other fields, including biomedicine, solar energy capture, and catalysis. 
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Exquisite control has been demonstrated over the synthesis of NCs, allowing the selection of 

particle size, morphology, phase, and functionality. The nano-size of these semiconductors can 

allow the isolation of structures not seen in the bulk. The dependence of a material‘s 

optoelectronic properties on structure means such nanostructures exhibit unique characteristics, 

which can be exploited in application. The ternary I-III-VI2 semiconductors, CuInS2 and CuFeS2, 

are a good example of this. Both materials possess the chalcopyrite structure in the bulk, but the 

hexagonal structure, wurtzite, can be formed under certain synthetic conditions. Similarly, for 

AgInS2 and AgFeS2 a pseudo-wurtzite, orthorhombic structure can be accessed at the nanoscale. 

In this dissertation, syntheses were developed to form wurtzite CuInS2, wurtzite CuFeS2, and 

orthorhombic AgFeS2 NCs and their properties were investigated. 

In the Cu-containing materials, wurtzite NCs are formed via a Cu2S intermediate. The 

high and low chalcocite phases of Cu2S have a hexagonal anionic lattice, thus cation exchange 

processes yield a hexagonal product. As chalcopyrite is the thermodynamic product, the reaction 

conditions must be carefully selected to ensure the hexagonal product is retained. In the case of 

CuFeS2 (Chapter 7), the wurtzite structure was difficult to isolate with reaction conditions that 

yield the wurtzite structure for CuInS2 found to yield chalcopyrite CuFeS2. This is likely due to 

both the large magnetic moment of Fe
3+

 and the large difference in ionic radius between Fe
3+

 and 

Cu
+
, resulting in a large energetic preference for cation-ordering. In contrast, In

3+
 and Cu

+
 are 

similar in size, thus cation-disordered wurtzite CuInS2 is more stable. In Chapter 4, a direct 

synthesis to wurtzite CuInS2 NCs was developed. The product NCs exhibited photoluminescence 

in the near-infrared (1.3 eV) with low quantum yield (approximately 0.5%). In Chapter 5, the 

quantum yield was increased to 1.0% or 6.6% by coating the NCs with ZnS or CdS respectively. 

Given the large Stokes shift and long radiative lifetime of the luminescence, it was assigned to a 



 

 

 136 

radiative point defect within the NC. Density functional theory was used to calculate the optical 

levels of candidate point defects. Of the calculated levels, the transition energies associated with 

In-defects (Ini, CuIn, and VIn) agreed best with experimental data. Therefore photoluminescence 

was assigned to an In-based defect within the NC, in good agreement with the cation exchange 

mechanism of NC formation. 

The anisotropy of the wurtzite crystal structure can allow for orthogonal charge 

propagation within the material.  This is particularly desirable for photocatalytic applications, in 

which charge extraction is required. Metal-semiconductor hybrid particles also enhance charge 

separation, as the metallic domain can act as an electron sink. Therefore, in Chapter 6, the 

synthesis of a range of wurtzite CuInS2-metal hybrid NCs was developed. Pt-CuInS2 hybrids 

could be synthesized with dimeric or core-shell morphologies. The presence of a Pt shell 

prevented the hybrids from undergoing ligand exchange, however, these hybrids showed 

improved photocurrent and photostability with respect to the bare CuInS2 NCs, demonstrating the 

efficacy of these NCs in solar energy capture applications. Replacing Pt
2+

 with Pd
2+

 in a 

synthetic scheme resulted in the formation of CuInS2-PdxS NCs.  

The optical properties of CuFeS2 and other Fe-containing semiconductors have proven 

unique with the introduction of Fe atoms into a system resulting in unusually low band gap 

materials such as chalcopyrite CuFeS2 (Eg = 0.5 eV). In Chapter 7, the band gap of wurtzite 

CuFeS2 was estimated to be slightly larger than this (Eg = 0.8 eV); however, broad absorbance 

features consistent with those of chalcopyrite CuFeS2 were observed for the wurtzite structure 

across the visible spectral region. Therefore a similar band structure to the chalcopyrite was 

proposed for the hexagonal material with energetic transitions to a band composed of Fe 3d 

orbitals and S 3p orbitals suggested. Density functional theory calculations of the density of 
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states for WZ CuFeS2 were in good agreement with this. Interestingly, an analogous broad 

absorbance feature at approximately 1050 nm was also observed for Fe-rich AgFeS2 NCs 

(Chapter 8). This is the first time broad, multimodal absorbance has been observed for AgFeS2. It 

was determined to be size and structure independent, and correlated to changes in the 

composition of the NCs measured using EDS. Specifically, NCs which contained more Fe had a 

more intense absorbance peak at approximately 1050 nm. Therefore, it is likely that this 

absorbance is caused by the introduction of Fe 3d states within the band gap of the stoichiometric 

material. The presence of this feature allowed the tuning of the AgFeS2 band gap energy from 

0.6 – 1.1 eV.  

Furthermore, NCs of AgFeS2 with an orthorhombic structure were synthesized in 

Chapter 8. This is the first report of orthorhombic AgFeS2 NCs. While phase pure samples could 

not be isolated, the identification of this anisotropic structure represents a significant leap 

forward in our understanding of this material. 

9.2 Future Directions 

While a road map for each project has been outlined in the conclusion of each chapter, 

here the author considers valuable future studies that are applicable to all three of the materials 

explored in this dissertation. 

Anisotropic crystal structures have been identified as materials that can exhibit superior 

charge transport. More specifically, differences in the mass of the hole and electron along lattice 

axes can cause them to move preferentially in a certain direction. If the preferred direction for 

the hole and electron are orthogonal, recombination is prevented. Calculations carried out by 

Dr. Xiao Shen have indicated that for WZ CuInS2 the mass of the hole and electron differ by an 

order of magnitude (μe- = 0.15; μh+ = 1.5) in the lattice c-direction.
379

 Similar discrepancy is 
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expected in the mass of charge carriers for CuFeS2 and AgFeS2. With careful design, it should be 

possible to create a NC system that exhibits measurable orthogonal charge transport. Direct 

measurements of anisotropic charge transport have been carried out for thin film and single 

crystal materials,
406, 407

 however, for NCs the inherently small size of the component material 

presents an added level of experimental complexity. To perform a direct measurement, a film of 

NCs can be deposited and tested in the same manner as a thin film.
406

 Preferred orientation of 

NCs within the films can be achieved using electrophoretic deposition,
408

 which exploits the 

polarity intrinsic to the wurtzite crystal structure. It is likely that annealing of the NC films to 

remove insulating organic surfactant molecules or a ligand exchange procedure to replace long 

chain molecules with molecules conducive to charge transfer will also need to be performed to 

enhance conductivity of the NC film. If direct measurements are successful, this study can be 

used to inform the design of efficient NC photocatalysts and NC-based electronics. 

The unusual optical properties of Fe-containing, Cu-based semiconductors are well 

known, and it is clear from this work that Ag-based nanoscale systems can exhibit similar 

properties. Further examination of the literature reveals that while these properties are well 

known, a fundamental understanding of their origin has not been developed. Initial calculations 

performed in support of this dissertation show that the position and intensity of NC absorbance 

are not only reliant on the presence of Fe within the material, but also highly dependent on the 

NC composition with changes in S concentration resulting in significant changes in the 

electronic structure of the material. A combined experimental and theoretical study of the effect 

of composition on the optical properties of Fe-containing, I-III-VI2 NCs is proposed, in which 

CuFeS2 and AgFeS2 NCs with a range of compositions are prepared and characterized, then the 

results compared to the calculated electronic structure for materials of similar composition. This 
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will allow the elucidation of the origin of the unusual optical characteristics observed for Fe-

containing semiconductor NCs. This knowledge will inform future synthetic efforts towards the 

production of these promising infrared absorbers. 

Due to their low band gap energies, potential for superior charge transport, and in some 

cases interlaced crystal structure, the wurtzite NCs synthesized here are well-suited to 

application as a NC thermoelectric. Therefore, an important area for future study will be the 

testing of their thermoelectric properties. A widely applicable method for testing NC 

thermoelectrics has been developed by the Cabot group,
409

 NC powders are annealed to remove 

the organic ligands then pressed into a pellet. Thermoelectric characterization is carried out using 

a standard four-probe method to determine the electrical properties of the system and a 

combination of xenon flash apparatus and differential scanning calorimetry to determine its 

thermal properties. It is hoped that similar measurements can be carried out on the NC materials 

described in this dissertation to determine their efficacy as a thermoelectric material. 

9.3 Outlook 

The elucidation of the structural properties for a family of ternary NCs may seem to be an 

incremental step; however, when considered in the broader context of NC research, I believe a 

number of lessons can be learnt. Firstly, amongst the surfeit of tunable parameters for colloidal 

NCs, crystal structure can be easily overlooked. While anisotropic structures have frequently 

been exploited to grow NCs with asymmetric morphology, their effect on the optoelectronic 

properties of a system are often not considered. In this work, I have highlighted the importance 

of structure in NC systems and significantly improved the understanding of the wurtzite 

structure, a common phase in nanoscale II-VI and I-III-VI2 materials. This knowledge and the 
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methods used to obtain it can now be utilized either to improve material performance in 

application or inform the synthesis and study of related NC systems.  

Over the course of my research, my experiences at the interface of experiment and 

calculation have been incredibly impactful. The most significant lesson that I have learnt is the 

exceptional value of combining experimental and theoretical study in the elucidation of the 

fundamental properties of nanoscale materials. Without calculations, hypotheses regarding the 

origin of trends observed experimentally are difficult to support. The inverse is also true. I 

believe here strong evidence for the origin of NC optical properties is provided using a balance 

of experiment and theory. This work could act as a template for the elucidation of the 

fundamental properties of other semiconductor systems at the nanoscale and beyond. 

I believe the final key lesson to be learnt from this work is that, as the library of NC 

materials is expanded, there remains a need for fundamental research. Over the last fifteen years, 

the selection of materials for exploration in NC form has been predominantly driven by 

application. Early applications for colloidal NCs included photovoltaics, bioimaging, light-

emitting diodes, and display technology. Thus, semiconductors with band gaps in the visible or 

near-infrared spectral regions dominated the field. At this stage, materials such as CuFeS2 were 

discounted as useless or uninteresting. As the scope of NC application has widened it has 

become apparent that such materials are well suited for promising technologies. In work driven 

by curiosity, previously unobserved material properties for AgFeS2 have been discovered, which 

identify the system as a good candidate material for a number of applications. Therefore, as 

researchers expand and develop our library of NC materials, it is important that no proverbial 

stone is left unturned. 
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This final lesson can perhaps be extended to the colloidal semiconductor NC field as a 

whole. Current political climate aside, application driven research is often the result of a well-

understood system, which is certainly the case for the model II-VI NC materials. Given the 

versatility and promise of colloidal semiconductor NCs, I have no doubt that they will find use 

commercially in a range of applications. However, at present I believe the relentless drive 

towards devices is to the detriment of developing a complete understanding of NC systems for a 

wider scope of materials. Without this understanding, NCs cannot meet their full potential in 

application. As more mature NC technologies such as quantum dot sensitized solar cells and 

quantum dot displays reach their apex, they have faced significant competition from other 

materials (e.g. perovskite photovoltaics and organic light emitting diodes). These challenges 

have thus far limited their commercial use, but perhaps will encourage a greater proportion of 

fundamental studies as researchers work to improve the performance of NCs in application. 

The array of reported uses for NCs continues to expand rapidly. Ultimately, the most 

lucrative and/ or most practical application for colloidal NCs may well not yet exist. In the short 

term, I believe commercial applications for NCs will continue to be limited to their integration 

into well-established technologies (e.g. quantum dot displays). In particular, NCs have recently 

been integrated into infrared cameras, which can be operated at wavelengths not accessible to 

silicon devices,
56

 and into security inks, which  are invisible under ambient lighting conditions, 

but are readable using a near-infrared laser.
410

  

In the longer term, I believe that research will focus on three key areas. The first is driven 

by market opportunity. Commercially available infrared photodetectors are based on bulk 

semiconductors or epitaxially grown materials. The high material and processing cost per unit 

area of this technology, in excess of $50,000 for an infrared camera,
56

 prevents large scale 
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deployment. Therefore, opportunity exists for novel disruptive technologies to enter the market. 

Colloidal NCs of low band gap materials can sustain infrared electronic transitions and afford 

low-cost liquid processing at moderate temperature; thus, they may well turn out to be a 

disruptive technology in this market. The development of colloidal NCs with infrared transitions 

is ongoing and this work has been extended to focus on NCs as a thermoelectric material. The 

second application in which I believe NCs will play a significant role is biomedicine. While NCs 

are already widely used as fluorescent markers, recent research progress has indicated that the 

focus of NC bio-research will expand to include theranostics and photothermal therapy. The 

biggest challenge remains their translation from lab to industry with regulatory approval a major 

obstacle here. In the immediate future, it is more likely that NCs will find biomedical application 

outside the body. A good example of this is the work of the Giorgio group at Vanderbilt 

University who have developed an extracorporeal microfluidic device that utilizes gold 

nanoparticles to capture and separate bacteria from blood. Arguably the most significant property 

of NCs is their high surface area to volume ratio. Eventually, I suspect that NCs will find 

application in a field that utilizes this unique attribute, catalysis. Recently, a great deal of 

research in the Macdonald group and beyond has focused on developing a fundamental 

understanding of NC surfaces and charge transfer at NC interfaces. This work is now being 

utilized to develop efficient NC catalysts for a diverse range of reactions including water-

splitting, the degradation of organic pollutants, and the synthesis of organic molecules. While 

challenges remain in this field, I believe that the low-cost and high surface area of colloidal NCs 

will ultimately allow for their commercial application in this area. 

As researchers strive to develop a more complete understanding of NC systems, they are 

often limited by the characterization tools available to them. Therefore, within the area of 
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fundamental NC research I predict that the development of new characterization tools will be an 

area of significant growth. In particular, the advent of in situ characterization techniques will 

allow the study of formation mechanisms for the complete library of NC materials. The 

elucidation of the role of surfactants in NC nucleation, the role of clusters in NC formation, and 

the dynamics of NC growth will enhance researchers‘ control over NC parameters and lead to 

the synthesis of even more unique nanostructures with unimaginable properties. 

As a scientist, I am primarily driven by my own curiosity and a need to answer the 

question, why. This is the premise of fundamental research, which seeks to broaden our 

knowledge of the world around us. While its value has been the subject of some debate, there is 

no doubt that such work provides the foundation upon which applied research is built. The 

research presented in this dissertation is by nature fundamental, but represents a significant step 

forward in the understanding of structure within the field of colloidal semiconductor NCs. Over 

the last 10 years, NCs have emerged as an important class of materials with great potential in a 

wide range of applications. It is my hope that the work described here will act as a stepping stone 

in the realization of some of this potential. 
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APPENDICES 

A. Quantum mechanical description of bulk semiconductors 

A free electron in a vacuum can be described by only a plane wave ( ( )       ) and 

has a continuum of energy levels (Figure A.1a). Solution of the Schrödinger equation results in 

the dispersion relation: 

 ( )  
    

   
         (A1) 

In contrast, electrons in a semiconductor experience a potential caused by the Coulombic 

attraction of positively charged atomic cores. Given the repeating nature of bulk crystal 

structures, this can be modeled by a periodic potential originating from the crystal lattice. The 

Hamiltonian to describe the system (in one dimension) is: 

      ( )   
 

  

  

     ( )      (A2) 

where  ( ) describes the potential set by the crystal lattice and is periodic over the lattice 

constant,  , such that  ( )   (   ). The corresponding wavefunctions should have similar 

periodicity, so they possess the same eigenvalue,  , after translation over the distance  . A 

solution of the Schrödinger equation that displays these properties is known as a Bloch 

wavefunction and has the form: 

  ( )         ( )        (A3) 

where   is the wavevector (  
  

 
) and   ( ) is a function that is periodic with the lattice 

constant (  ( )     (   )). Physically, the plane wave (    ) represents the phase of the 

wavefunction, and   ( ) describes the response of the valence electrons to the crystal lattice. 
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Electrons with     or     feel little or no effect from the periodic potential and thus 

their energy is similar to that of free electrons. However, when        (or   
 

 
) electrons are 

reflected by the periodic potential. The reflection of electrons results in the formation of standing 

waves, consisting of a linear combination of the plane waves with   
 

 
 and    

 

 
. The two 

standing waves       
  and       

  are displaced by 
 

 
. Therefore, the first concentrates the 

probability of finding an electron at the ions (lowering the potential energy), while the second 

concentrates the probability between the ions (increasing the potential energy). The difference in 

energy between the two waves creates a gap in the dispersion relation for free electrons 

(equation A1) at   
  

 
, where   is an integer (Figure A.1). This gap known as the band gap, 

  
 . 

 
Figure A.1. Dispersion relation for electrons in a periodic potential. a. Dispersion relation of free 

electrons in vacuum (gray line), and of electrons in the periodic potential of an infinite crystal 

with lattice constant, a (black line); b. Reduced zone representation of the dispersion relation for 

electrons in a periodic potential in a. 
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When the effects of quantum confinement are considered, the Bloch wavefunctions 

describing the bulk properties of the semiconductor are multiplied by an envelope function to 

correct for the size of the structure: 

      ( )        ( )            (A4) 

The envelope function (    ) is the product of spherical harmonics (  
 (   )) and a radial 

Bessel function ( ( )). It is also a solution of the Schrödinger equation for the particle-in-a-

sphere problem, the best representation for a quantum dot. Inserting      into the Schrödinger 

equation gives the discrete energy-levels of a confined electron in a spherical box: 

    
    ( )  

      
 

             (A5) 

where    is the effective mass of electrons (or holes), and      are the roots of the Bessel 

function. These roots are absolute values dependent on the principal (        ) and azimuthal 

(         ) quantum numbers. 

The band gap of a quantum dot is therefore the sum of the fundamental band gap (  
 ) 

and the confinement energy,      , of both electrons and holes (Equation A5): 

  
   ( )    

      
    ( )    

  
      

 

   
   

 
      

 

   
   

    (A6) 

Addition of a term describing the Coulomb interaction between electrons and holes and 

appropriate substitution of the Bessel function
411

 results in the Brus equation: 

  ( )     
  

    

   (
 

  
  

 

  
 )  

       

       
     (A7)
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B. Supplementary material for Chapter 4 

B.1. Rietveld refinement for CuInS2 prepared at 215°C 

 

Figure B.1. Rietveld refinement for CuInS2 sample prepared at 215°C using a model of the 

CuInS2 ZB & WZ structures only. The reflections for hiCC Cu2S (JCPDS card no. 46-1195) are 

shown below (blue) and are in good agreement with large peaks in the difference curve (pink). 
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B.2. Rietveld refinement for CuInS2 samples 

 

Figure B.2. Rietveld refinements for samples prepared from 115 - 235°C. Reflections for each 

phase in the model are shown between the experimental and difference curves. Note: at 115°C 

the model only contains the ZB CuInS2 phase; at 135°C the model contains only the ZB & WZ 

CuInS2 phases. Phase content values (%) are shown at the bottom right. 
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B.3. Nanocrystal diameter 

 

Figure B.3. Variation in spherical/plate-like NC diameter calculated from TEM images (blue) 

and the Scherrer line broadening equation via XRD (red) plotted as a function of temperature. 

Error bars show the standard deviation. The diameter of rod shaped NCs measured from TEM 

images is not plotted. 

B.4. EDS data for CuInS2 samples 

 

Table B.1. EDS data collected from CuInS2 samples prepared from 115 - 235°C.  

This indicates the ensemble elemental composition of each sample. This data is of limited 

significance given the multitude of phases identified in the final product as well as the potential 

for unreacted reagents in the product at lower temperatures. However, in general, as the reaction 

temperature increases, samples become closer in stoichiometry to CuInS2. 
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B.5. Quantum yield measurements 

 

Table B.2. The quantum yield (QY) as a percentage value for CuInS2 samples. 

QY was calculated using the photoluminescence spectra shown in Figure 4.4b. The QY was 

determined for each sample by comparison to a Rh-101 standard. All samples have QY less than 

1%. 
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B.6. Photoluminescence peak fitting 

 

Figure B.4. Photoluminescence data fit with Gaussian peaks. Photoluminescence data (black) for 

samples prepared at reaction temperature (115-235°C) were fit with Gaussian peaks (red) using 

Fityk, a curve fitting and data analysis application. Data were fit to within a statistically 

acceptable tolerance (χ2 ≤ 2.4) with four peaks in the NIR region and one peak in the visible 

region. The sum of the fitted peaks is shown (green). Fit was initially performed on data obtained 

for reaction at 215°C, as no peak in the visible was observed here allowing only WZ emission to 

be considered. The spectral position of the NIR peaks (in eV and nm) is shown at the bottom 

right (left hand side). FWHM (0.12 eV) and peak positions of the Gaussians were then fixed and 

these curves were fit to PL data at each reaction temperature. At reaction temperatures ≤ 195°C a 

further Gaussian peak in the visible region was added to account for the emission of the ZB 

phase. The position of this peak increased in wavelength with temperature and is shown in the 

table at the bottom right (right hand side). 
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B.7. Absorbance spectra of hexanes 

 

Figure B.5. Absorbance spectra of hexanes. The intense peak at 1200 nm causes the re-

absorbance of emitted light from CuInS2 samples that fluoresce in this region. It should be 

therefore be noted that the decrease in PL intensity observed at approximately 1200 nm in all 

samples is due to the re-absorbance of emitted light by the solvent hexanes.
412

 Given the nature 

of this absorbance, PL data is fit excluding the region from 1130 – 1290 nm. 
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B.8. TEM images of CuInS2 aliquots 

 

Figure B.6. TEM images of CuInS2 aliquots taken 15s, 30s, 45s, 60s, 75s and 90s after injection 

of the Cu—thiolate complex at reaction temperature 215°C. Inset in the 15s image is an HRTEM 

image showing lattice fringes characteristic of hiCC Cu2S.
312

 Images were sized every 30s. 
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B.9. EDS mapping of CuInS2 aliquots 
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Figure B.7. Complete EDS mapping data for CuInS2 NCs. HAADF (high-angle annular dark 

field) images and single elemental analyses of the EDS maps shown in Figure 4.7. 

  



 

156 

 

 

C. Supplementary material for Chapter 5 

C.1. Experimental techniques 

Materials. Indium chloride (InCl3, Alfa Aesar, 99.99%), thiourea (Sigma-Aldrich, ≥ 99.0%), 

oleylamine (OlAm, Aldrich, 70%), copper (I) acetate (CuOAc, Strem Chemicals, 99%), 1-

dodecanethiol (DDT, Aldrich, ≥ 98.0%), octadecene (ODE, Aldrich, 90%), diphenyl ether 

(Sigma-Aldrich, 99%), cadmium oxide (CdO, Strem Chemicals, 99.999%), oleic acid (Aldrich, 

90%), zinc stearate (ACROS Organics), sulfur (Sigma-Aldrich), n-hexylphosphonic acid (HPA, 

PCI synthesis, > 99%), trioctylphosphine (TOP, Aldrich, 90%), and trioctylphosphine oxide 

(TOPO, Aldrich, 99%) were purchased and used as received. Standard air-free Schlenk 

techniques were used throughout with N2 as the inert gas. 

Synthesis of WZ CuInS2. InCl3 (111.5 mg, 0.5 mmol) and thiourea (77.5 mg, 1.0 mmol) were 

added to OlAm (10 mL) in the reaction vessel, degassed for 1 h, and heated to 215°C under an 

N2 atmosphere. Separately CuOAc (65.0 mg, 0.5 mmol) was suspended in ODE (500 μL), 

diphenyl ether (500 μL) and DDT (240 μL, 1.0 mmol). At 215°C, 1 mL of the Cu solution was 

injected quickly (less than 1 s) into the reaction vessel. After 15 min, the heat was removed and 

the reaction mixture was cooled to room temperature. The obtained CuInS2 NCs were 

precipitated by addition of ethanol and then purified by repeated centrifugation and decantation 

with addition of ethanol and hexanes. 

Alloying procedure. Inorganic surface passivation was carried out using syntheses based on 

literature procedures.
133, 183

 For growth of a CdS (ZnS) outer layer, 0.4 mmol of cadmium oleate 

(zinc stearate) and 0.4 mmol of sulfur dissolved in 0.5 mL TOP was added to 8.5 mL of ODE. 

CuInS2 NCs were prepared as described above, however, after 15 min the temperature was 

lowered to 210°C and the Cd (Zn) solution was added dropwise to the reaction mixture over 12 

min. The reaction vessel was then heated for a further 75 min. The obtained Cd (Zn)-Cu-In-S 

NCs were again precipitated by addition of ethanol and then purified by repeated centrifugation 

and decantation with addition of ethanol and hexanes. Cadmium oleate was prepared by adding 

CdO (65 mg, 0.5 mmol) and oleic acid (0.4 mL, 1.26 mmol) to ODE (10 mL). This mixture was 

degassed for 45 min, then heated for 30 min at 250°C under N2. 

Ligand exchange. CuInS2 NCs were cleaned and suspended in 10 mL hexanes. 1 mL of the 

resulting solution was added to a 2 dram vial containing a further 1 mL of hexanes and 

0.25 mmol of OlAm (as a control), DDT, HPA, TOP or TOPO. The vials were then shaken for 30 

min. The resultant particles were precipitated with the addition of methanol/ ethanol (v/v, 1:1) 

and then purified by repeated centrifugation and decantation with addition of methanol/ ethanol 

and hexanes. 

Optical characterization. The absorption spectra of NC samples were collected from 300 –

 1400 nm on a UV-visible spectrophotometer (Jasco V-670). Visible PL spectra were measured 

from 600 – 900 nm on a spectrofluorometer (Jasco FP-8300). NIR PL spectra were measured 

from 800 - 1400 nm on a different spectrofluorometer (Jobin Yvon/Horiba Fluorolog-3 FL3-111). 

A 610 nm longpass filter was used for PL measurements. Samples were measured in solution 

with hexanes as the solvent. Both visible and NIR PL were measured with excitation wavelength 
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348 nm. Data were then matched at 800 nm and normalized to the QY. The QY was determined 

for each sample by comparison to a Rh-101 standard.
323

 The time resolved fluorescence 

measurements were carried out in a time-correlated single-photon counting (TCSPC) approach 

using an Edinburgh Instruments FLS920 fluorescence spectrometer with a TCC900 TCSPC card. 

Samples were excited using a Fianium WL-SC400-4-PP super continuum pulsed laser 

monochromatized at 532 nm. The emission from the samples was collected at a right angle, 

through a double-monochromator to suppress the scattering from excitation source, and collected 

using a Hamamatsu H10330A-75 NIR-PMT or a Hamamatsu R2658P Extended-red-PMT 

detector. 

Further characterization. Transmission electron microscopy (TEM) and energy dispersive X-ray 

spectroscopy (EDS) were carried out using a FEI Tecnai Osiris™ digital 200 kV S/TEM system 

equipped with ChemiSTEM EDS. TEM samples were prepared by drop casting a dilute NC 

solution in hexanes onto a nickel grid with a carbon support and drying in air at room 

temperature. NCs were sized manually using ImageJ with number of particles measured, 

n = 300. Lattice fringes were measured by generating a profile plot of an area of the image using 

ImageJ, manually counting the cycles, and dividing the length of the profile plot by the number 

of cycles. The minimum number of cycles used was ten. EDS spectra were collected for 2 min 

and quantified using the Espirit software. Cu and S were quantified using the K series of peaks, 

while In was quantified using the L series. All spectra were background subtracted and 

overlapping Cu sample and Ni grid peaks were deconvoluted before quantification. Drift-

corrected EDS maps were collected for 90 s with beam current 1.5 nA. XRD measurements were 

performed using a Scintag XGEN-4000 X-ray diffractometer with a CuKα (λ = 0.154 nm) 

radiation source. The resulting diffraction patterns were then visually compared to literature data 

to determine the structure.
167

 
1
H NMR spectra of the NC solutions were acquired using a 11.7 T 

magnet equipped with a Bruker DRX console operating at 400 MHz. Chemical shifts were 

referenced internally to CDCl3 (7.26 ppm), which also served as the 
2
H lock solvent. The extent 

of ligand exchange was determined by comparing the integrations of the methylene hydrogen 

peak of OlAm at 5.5 ppm to those of the terminal —CH3 group of the ligands at 0.88 ppm. 
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C.2. Photoluminescence excitation spectra 

 

Figure C.1. Photoluminescence excitation spectra for CuInS2 NCs. Normalized absorbance (red) 

and photoluminescence excitation (PLE) spectra for as prepared WZ CuInS2 NCs; b) PLE 

spectra for WZ CuInS2 NCs collected at 850, 950 and 1050 nm. 
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C.3. Tri-exponential fit parameters 

 

Table C.1. Tri-exponential fit parameters for luminescent decay curves of CuInS2 NCs. 

τx represents the decay time of the PL emission and Ax represents the relative weights of the 

decay components. 

 

C.4. Absorbance spectra of CuInS2 aliquots 

 

Figure C.2. Absorbance spectra of CuInS2 aliquots in hexanes at different time points during the 

reaction. 
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C.5. Absorbance spectra of CuInS2 with different inorganic passivation 

 

Figure C.3. Absorbance spectra of alloyed CuInS2 NCs prepared with different inorganic 

passivation layers. 

C.6. Absorbance spectra of CuInS2 with different organic passivation 

 

Figure C.4. Absorbance spectra of CuInS2 NCs with different organic passivation layers. A 

small plasmon can be observed in the HPA spectra with a peak at approximately 1700 nm. The 

feature in the spectra between 1650 – 1750 nm is due to the absorption of the solvent.  
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C.7. TEM images & EDS compositional analyses for CuInS2 aliquots 

 
Figure C.5. TEM images, EDS compositional analyses and sizes for CuInS2 aliquots prepared at 

215°C removed from the reaction at a) 0 min, b) 5 min, c) 10 min, d) 15 min, e) 20 min, f) 25 

min, and g) 30 min. Scale bars: 100 nm. 
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C.8. Luminescence decay curves of alloyed WZ CuInS2 NCs 

 
Figure C.6. Luminescence decay curves of alloyed WZ CuInS2 NCs, shown with calculated 

effective lifetimes, τeff, prepared with different inorganic passivation layers (λex = 532 nm). 

Natural log of counts is plotted against time. Curves are best fit with three exponentials (black 

line) where τx represents the decay time of the PL emission and Wx represents the relative 

weights of the decay components. 

C.9. Powder XRD patterns for alloyed WZ CuInS2 NCs 

 
Figure C.7. Powder XRD patterns of alloyed WZ CuInS2 NCs, Cd-Cu-In-S (red), Zn-Cu-In-S 

(green), and WZ CuInS2 (blue). The calculated reflections for WZ CdS (red), WZ ZnS (green), 

and WZ CuInS2 (blue) are shown along the top (CdS and ZnS) and bottom (CuInS2) horizontal 

axes. 
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C.10. TEM images & EDS compositional analyses for alloyed CuInS2 NCs 

 
Figure C.8. TEM images, EDS compositional analyses and sizes for alloyed CuInS2 NCs, a) 

CuInS2, b) Cd-Cu-In-S, and c) Zn-Cu-In-S NCs. Scale bars: 100 nm. 

C.11. EDS mapping for alloyed Zn-Cu-In-S NCs 

 

Figure C.9. EDS mapping for alloyed Zn-Cu-In-S NCs; a) High angle annular dark field STEM 

image; EDS mapping showing b) Zn, Cu, In; c) S; d) Zn; e) Cu; and f) In. Scale bars: 10 nm. The 

integrated pixel spectrum from this image indicates composition: Zn = 4.4%; Cu = 32.4%; 

In = 28.5%; S = 34.7%. 
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C.12. EDS mapping for alloyed Cd-Cu-In-S NCs 

 

Figure C.10. EDS mapping for alloyed Cd-Cu-In-S NCs; a) High angle annular dark field 

STEM image; EDS mapping showing b) Cd, Cu, In; c) S; d) Cd; e) Cu; and f) In. Scale bars: 20 

nm. The integrated pixel spectrum from this image indicates composition: Cd = 15.1%; 

Cu = 22.3%; In = 19.7%; S = 42.9%.  
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C.13. NMR spectra for WZ CuInS2 NCs with different organic passivation layers 

 

Figure C.11. NMR spectra for WZ CuInS2 NCs; a) Table showing the ratio of integrations 

between the methylene hydrogen peak of oleylamine (OlAm) at 5.5 ppm and the terminal —CH3 

group of the ligands at 0.88 ppm, and the calculated proportion of OlAm remaining after ligand 

exchange. The low ratio (0.86:3) for the methylene peak of OlAm in the control is due to an 

ODE impurity that remains from the reaction; Raw NMR data for NCs that have undergone the 

ligand exchange procedure with b) OlAm, c) DDT, d) HPA, e) TOP, and f) TOPO. 
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C.14. TEM images and EDS compositional analyses for ligand exchanged NCs 

 

Figure C.12. TEM images, EDS compositional analyses and sizes for ligand exchanged NCs 

with a) OlAm, b) DDT, c) HPA, d) TOP, and e) TOPO. Scale bars: 50 nm. 
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C.15. Calculated optical transition energies 

 

 

 
Figure C.13. Calculated optical transition energies for VIn, Ini, CuIn, VCu, Cui, Cu

2+
Cu+, InCu, VS, 

and OS. Dashed lines indicate transitions that are not in agreement with experimental evidence. 

For Cui, InCu and VS the calculated defect levels exist above/ below the conduction band 

maximum/ valence band minimum. For VCu and Cu
2+

Cu+ no defect levels were found within 10 

eigenstates of the band gap. For VIn
1-

 and Ini
1+

 the transition energies are greater than 0.5 eV 

smaller than the transition energy observed experimentally. 
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C.16. 2D cross section plots of the defect state squared wavefunction 

 

 

 

Figure C.14. 2D cross-section plots showing the squared wave functions of the defect state and 

corresponding energy band maximum/minimum for a. Ini
2+

 – valence band (left) and defect state 

(right); b. CuIn – defect state (left) and conduction band (right); c. VIn
2-

 – defect state (left) and 

conduction band (right). All plots show the (001) plane with slices taken through the center of 

the defect. White circles show areas of overlap.  
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C.17. Tauc plot for WZ CuInS2 NCs 

 

Figure C.15. Tauc plot used to calculate the experimental band gap of the NCs. The equation of 

the best fit line (black) for the fitted data (orange) is shown and used to calculate the band gap, 

Eg = 1.51 eV. The absorption coefficient of wurtzite CuInS2 is not known definitively, so an 

approximation of the Tauc relationship
326

 was used: 

        *
(     ) 

 (   )
   +
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D. Supplementary material for Chapter 6 

D.1. Additional experimental techniques 

Synthesis of Pt-CuInS2 with “bullet” morphology. The synthesis of CuInS2 with bullet 

morphology was adapted from a literature procedure.
140

 Pt nanoparticles in hexanes were 

transferred to a 25 mL 3-neck flask containing CuOAc (1.0 mmol), InOAc3 (1.0 mmol), TOPO 

(3.5 mmol), oleylamine (9.0 mL), and a stir bar. The mixture was placed under vacuum at room 

temperature to remove the hexanes. The flask containing the metal precursors was heated to 

150
°
C under nitrogen.  At this temperature, a 0.313 mL/2.20 mL mixture of dodecanethiol/tert-

dodecanethiol, respectively, was injected and the temperature was further increased to 280
°
C. 

The growth of hybrid nanoparticles proceeded for 1 hr. The flask was cooled to room 

temperature by removing the heating mantle and the particles were precipitated with ethanol 

followed by centrifugation and removal of the supernatant. Three cycles were performed of 

suspension in hexanes: oleylamine (20:1, by volume) followed by precipitation by excess 

ethanol, centrifugation and removal of the supernatant. Finally, the nanocrystals were stored in 

hexanes: oleylamine. 

Synthesis of CuInS2-Pt with “bullet” morphology. First, the CuInS2 seeds with bullet morphology 

were synthesized as described above. A 25 mL 3-neck flask containing CuOAc (1.0 mmol), 

InOAc3 (1.0 mmol), TOPO (3.5 mmol), oleylamine (10.0 mL), and a stir bar was placed under 

vacuum.  The temperature was increased to 60
°
C and held there for 30 minutes. Under nitrogen, 

the temperature was increased to 150
°
C and at this point a mixture of dodecanethiol /tert-

dodecanethiol (0.313 mL/2.20 mL, respectively) was injected. The temperature was rapidly 

increased to 280
°
C and held there for 30 min. The flask was cooled to room temperature by 

removing the heating mantle and the particles were precipitated with ethanol followed by 

centrifugation and removal of the supernatant. Three cycles were performed of suspension in 

hexanes: oleylamine (20:1, by volume) followed by precipitation by excess ethanol, 

centrifugation and removal of the supernatant. The nanocrystals were stored in 10.0 mL of 

hexanes: oleylamine.  

For the hybrid synthesis oleylamine (0.2 mL), oleic acid (0.2 mL), 1,2-hexadecanediol (0.16 

mmol), and diphenyl ether (10.0 mL) were loaded into a 25 mL 3-neck flask containing a stir 

bar. The mixture was placed under vacuum at 80
°
C for 30 min. In a vial, Pt(acac)2 (0.043 mmol) 

was dissolved in diphenyl ether (1.0 mL) with addition of 1.0 mL of the CuInS2  nanoparticles 

stock solution. The flask containing 1,2-hexadecanediol was heated to 210
°
C under nitrogen and 

the Pt(acac)2-nanoparticle mixture was swiftly injected. After 10 min the heating mantle was 

removed and the flask was allowed to cool down to room temperature. The particles were 

precipitated with ethanol followed by centrifugation and removal of the supernatant. Three 

cycles were performed of suspension in hexanes: oleylamine (20:1, by volume) followed by 

precipitation by excess ethanol, centrifugation and removal of the supernatant. Finally, the 

nanocrystals were stored in hexanes: oleylamine. 
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D.2. Additional characterization of Pt-CuInS2 hybrids  

 

Figure D.1. Additional characterization of Pt-CuInS2 hybrids; TEM images of: a) the Pt seeds 

used in the growth of Pt-CuInS2 hybrids, b) an aliquot taken 30 s after injection of thiourea in the 

synthesis of Pt-CuInS2 hybrids with the chloride metal precursors (Scale bars in a, b: 20 nm), c) 

Comparison of the XRD patterns shows the CuInS2 domains in the hybrid structures have the 

wurtzite crystal structure. Pure wurtzite CuInS2 spectra are digitized from the work of Chang et 

al.
167

 Data for Pt is from JCPDS card no. 04-0802. d) UV-Vis spectra of the hybrids and CuInS2 

particles. 
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D.3. Additional characterization of bullet Pt-CuInS2 hybrids  

 

Figure D.2. Additional characterization of bullet Pt-CuInS2 hybrids; a) TEM image of bullet Pt-

CuInS2 hybrids synthesized with metal acetate precursors and dodecanethiol/tert-

dodecylmercaptan (Scale bar: 20 nm), b) UV-Vis spectrum of bullet Pt-CuInS2 hybrids, c) high 

angle annular dark field STEM image and d) EDS mapping of the hybrids (Scale bars in c,d; 

20 nm), e) Comparison of the XRD patterns. Pure wurtzite CuInS2 spectra are digitized from the 

work of Chang et al.
167

 Data for Pt is from JCPDS card no. 04-0802. 
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D.4. XRD of CuInS2 seeds 

 

Figure D.3. XRD of CuInS2 seeds. Pure wurtzite CuInS2 spectra are digitized from the work of 

Chang et al.
167 

 

D.5. Compositional analyses of CuInS2-Pt hybrids  

 

Figure D.4. Compositional analyses of CuInS2-Pt hybrids; a) Example EDS spectrum of the 

CuInS2-Pt hybrids synthesized with Pt(acac)2 and 1,2-hexadecanediol as reducing agent at 

210
°
C. b) - d) Quantized EDS spectrum for CuInS2-Pt hybrids showing nanoparticle 

composition. 
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D.6. Additional characterization of bullet CuInS2-Pt hybrids  

 

Figure D.5. Additional characterization of bullet CuInS2-Pt hybrids; TEM images of a) CuInS2 

seeds with bullet morphology and b) CuInS2-Pt synthesized with Pt(acac)2, 1,2-hexadecanediol 

as reducing agent, and bullet CuInS2 seeds (Scale bars in a,b: 20 nm), c) High angle annular dark 

field STEM image and d) EDS mapping of the hybrids (Scale bars in c,d; 10 nm), e) Comparison 

of the XRD patterns. Pure wurtzite CuInS2 spectra are digitized from the work of Chang et al.
167

 

Data for Pt is from JCPDS card no. 04-0802; f) UV-Vis spectrum. 
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D.7. TEM images of additional hybrid syntheses 

 

Figure D.6. TEM images of additional hybrid syntheses; TEM images of CuInS2-Pt synthesized 

with Pt(acac)2 and 1,2-hexadecanediol as reducing agent a,b) using different amounts of 

Pt(acac)2  at the normal reaction temperature, and c,d) at lower temperatures with the normal 

amount of Pt(acac)2. Scale bars in a-d: 20 nm. 

  

a) b)

c) d)

  

Pt = 6.6x10-6 mol Pt = 2.0x10-5 mol
T = 210oC T = 210oC

T = 190oC T = 210oC
Pt = 4.3x10-5 molPt = 4.3x10-5 mol
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D.8. Absorbance spectrum of CuInS2-Pt:TOP hybrids 

 

Figure D.7. Absorbance spectrum of CuInS2-Pt:TOP hybrids. 

D.9. Compositional analyses of CuInS2-Pd hybrids 

 

Figure D.8. Compositional analyses of CuInS2-Pd hybrids; a) EDS spectrum of the CuInS2-Pd 

hybrids synthesized with TOP:Pd
2+

 and oleylamine as reducing agent at 210
°
C. b) Quantized 

EDS data showing hybrid composition. 
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D.10. EDS mapping for CuInS2-Pd hybrids 

 

Figure D.9. EDS mapping for CuInS2-Pd hybrids. a) High angle annular dark field STEM 

image, b) EDS mapping showing In, c) EDS mapping showing Pd, d) EDS mapping showing S, 

e) EDS mapping showing Cu, and f) Cu, In, S, Pd. Scale bars: 10 nm. Data indicate Pd ions have 

replaced In ions via cation exchange. 

D.11. XRD of CuInS2-Pd hybrids 

 

Figure D.10. XRD of CuInS2-Pd hybrids. Pure wurtzite CuInS2 spectra are digitized from the 

work of Chang et al.
167

 Data for Pd4S is from JCPDS card no. 10-0335. Data for Pd2.8S is from 

JCPDS card no. 10-0334. 
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D.12. Results after ligand exchange 

 

Figure D.11. Results after ligand exchange with 11-mercaptoundecanoic acid; a) pristine CuInS2 

seeds b) CuInS2-Pt hybrids synthesized from with TOP:Pt
2+

 c) Pt-CuInS2 synthesized using Pt 

seeds, and d) CuInS2-Pt hybrids synthesized from CuInS2 with Pt(acac)2 and 1,2-hexadecanediol. 
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E. Supplementary material for Chapter 7 

E.1. Experimental techniques 

Materials. Copper(II) acetylacetonate (Cu(acac)2, Strem Chemicals, 98%), copper(II) chloride 

(CuCl2, Alfa Aesar, 98%), copper(I) acetate (CuOAc, Strem Chemicals, 99%), iron(III) 

acetylacetonate (Fe(acac)3, Aldrich, 97%), iron(III) chloride hexahydrate (FeCl3.6H2O, Sigma-

Aldrich, 97%), thiourea (Sigma-Aldrich, ≥ 99.0%), 1-dodecanethiol (DDT, Aldrich, ≥ 98.0%), 

tert-dodecylmercaptan (t-DDT, Aldrich, 98.5%), dioctyl ether (DiOE, Sigma-Aldrich, 99%), 

oleylamine (OlAm, Aldrich, 70%), octadecene (ODE, Aldrich, 90%), diphenyl ether (Sigma-

Aldrich, 99%), octadecylamine (ODA, Aldrich, 90%), methanol (MeOH, Fisher Scientific), 

toluene (Fisher Scientific, HPLC grade), sodium diethyldithiocarbamate trihydrate 

(Na(DDTC).3H2O, Alfa Aesar, 98%) and neocuproine (Aldrich, ≥ 98%) were purchased and 

used as received. Standard air-free Schlenk techniques were used throughout with N2 as the inert 

gas. 

Synthesis of Cu2S NCs. Cu2S NCs were prepared by Evan Robinson using a modified literature 

synthesis.
413

 Briefly, Cu(acac)2 (2.0 mmol), DDT (8.0 mL) and DiOE (2.0 mL), a non-

coordinating solvent, were degased at 60°C, then heated under inert atmosphere at 215°C for 

1 hr. The 12-14 nm seeds were transferred into a glovebox and precipitated in polar and non-

polar solvents to remove unreacted precursors and side products. 

Cation exchange method. A cation exchange procedure modified from the report of van der Stam 

et al. was used.
168

 All steps were carried out in a N2 filled glove box. A solution of Cu2S NCs in 

toluene (20 mM, 0.8 mL) was added to a vial with ODA (10 mg), neocuproine in toluene 

(20 mM, 0.8 mL), and FeCl3.6H2O in MeOH (10 mM, 1.2 mL). The mixture was sonicated for 

90 min to remove any Cu2S superlattices, and then stirred at room temperature for one week. 

Samples were then dried under vacuum to remove the solvent, re-suspended in anhydrous 

isopropanol and centrifuged to remove unreacted precursor. The product was then cleaned by 

repeated centrifugation and decantation with chloroform and isopropanol before characterization. 

Hot-injection method. A hot-injection method modified from the synthesis of CuInS2 NCs 

detailed in Chapter 4 was used.
164

 FeCl3.6H2O (0.5 mmol), thiourea (1.0 mmol), and OlAm 

(10 mL) were added to a reaction vessel and degased at 85°C for 1 hr. Concomitantly, CuOAc 

(0.5 mmol) was suspended in ODE (500 μL), diphenyl ether (500 μL) and t-DDT (1.0 mmol). At 

120°C, 1 mL of the Cu solution was injected quickly (less than 1 s) into the reaction vessel. After 

30 min, the heat was removed and the reaction mixture was cooled to room temperature. The 

obtained CuFeS2 product was precipitated by addition of methanol/ isopropanol (v/v, 2:1) and 

then purified by repeated centrifugation and decantation with addition of methanol/ isopropanol 

and chloroform. 

Preparation of copper(II) diethyldithiocarbamate precursor. The preparation method used was 

based on work by Han et al.
119

 Briefly, Na(DDTC).3H2O (1.0 mmol) was dissolved in 10 mL 

deionized water (DI H2O) via sonication and shaking over a 1 hr period. Concomitantly, CuCl2 

(0.5 mmol) was dissolved in 5 mL DI H2O. The two solutions were then mixed in a 50 mL 

beaker, 10 mL additional DI H2O was added and the mixture was stirred for 1 hr. The mixture 

was filtered and the resultant brown precipitate was washed five times with DI H2O. The solid 

Cu(DDTC)2 was then dried overnight under vacuum. 
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Heat-up method. CuFeS2 nanostructures were prepared using a modified literature procedure.
119

 

Cu(DDTC)2 (0.10 mmol) and Fe(acac)3 (0.10 mmol) were added to a reaction vessel containing 

OlAm (5 mL). The reaction mixture was degased at 65°C for 1 hr, then placed under N2 and 

heated to 120°C. The reaction mixture was kept at 120°C for 30 min, then cooled to room 

temperature. The obtained CuFeS2 nanostructures were precipitated by addition of methanol/ 

isopropanol (v/v, 2:1) and then purified by repeated centrifugation and decantation with addition 

of methanol/ isopropanol and chloroform.  

Optical characterization. The absorption spectra of NC samples were collected from 300 – 

2300 nm on a UV-visible spectrophotometer (Jasco V-670). Samples were measured in solution 

with chloroform as the solvent. 

Further characterization. Transmission electron microscopy (TEM) and energy dispersive X-ray 

spectroscopy (EDS) were carried out using a FEI Tecnai Osiris™ digital 200 kV S/TEM system 

equipped with ChemiSTEM EDS. TEM samples were prepared by drop casting a dilute NC 

solution in chloroform onto a nickel grid with a carbon support and drying in air at room 

temperature. NCs were sized manually using ImageJ with number of particles measured, 

n ≥ 100. Lattice fringes were measured by generating a profile plot of an area of the image using 

ImageJ, manually counting the cycles, and dividing the length of the profile plot by the number 

of cycles. The minimum number of cycles used was ten. EDS spectra were collected for 2 min 

and quantified using the Espirit software. Cu, Fe and S were quantified using the K series of 

peaks. All spectra were background subtracted and overlapping Cu sample and Ni grid peaks 

were deconvoluted before quantification. Drift-corrected EDS maps were collected for 90 s with 

beam current 1.5 nA. XRD measurements were performed using a Scintag XGEN-4000 X-ray 

diffractometer with a CuKα (λ = 0.154 nm) radiation source. The resulting diffraction patterns 

were then visually compared to literature data to determine the structure. 
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E.2. EDS mapping for CuFeS2 nanostructures synthesized via heat-up method 

 

Figure E.1. EDS mapping for CuFeS2 nanostructures synthesized via heat-up method; a. 

Hexagonal clusters of CuFeS2, b. CuFeS2 nanosheets with associated nanoparticle clusters.  

 

E.3. Calculated density of states for CP, WZ and S- deficient WZ CuFeS2 

 

Figure E.2. Calculated density of states for CP CuFeS2. 
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Figure E.3. Calculated density of states for WZ CuFeS2. 

 

Figure E.4. Calculated density of states for S-deficient WZ CuFeS2. 
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E.4. Characterization of CuFeS2 NCs synthesized at 140°C 

 

Figure E.5. Characterization of CuFeS2 NCs synthesized via hot-injection method at 140°C; a.-

b. TEM images, c. Experimental XRD pattern (black) with calculated WZ (red) and ICDD CP 

(blue) CuFeS2 reflections shown, and d. UV-Vis absorbance spectrum. 
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F. Supplementary material for Chapter 8 

F.1. Experimental techniques. 

Materials. Silver nitrate (AgNO3, Sigma-Aldrich, ≥ 99.0%), iron(III) acetylacetonate (Fe(acac)3, 

Aldrich, 97%), elemental sulfur (S, Sigma-Aldrich, 99.98%), oleylamine (OlAm, Aldrich, 70%), 

oleic acid (OlAc, Aldrich, 90%) dioctyl ether (DiOE, Sigma-Aldrich, 99%), methanol (MeOH, 

Fisher Scientific) toluene (Fisher Scientific, HPLC grade), octadecene (ODE, Aldrich, 90%), 1-

dodecanethiol (DDT, Aldrich, ≥ 98.0%), iron(III) chloride hexahydrate (FeCl3.6H2O, Sigma-

Aldrich, 97%), and sodium stearate (Na(stear), Sigma, > 88%) were purchased and used as 

received. Standard air-free Schlenk techniques were used throughout with N2 as the inert gas. 

Synthesis of AgFeS2 NCs. The synthesis of AgFeS2was based on the synthesis of Xie at al. for 

AgInS2.
131

 AgNO3 (0.40 mmol), Fe(acac)3 (0.40 mmol), and S (0.80 mmol) were dissolved in 

MeOH (5 mL), toluene (5 mL), and ODE (5 mL) or OlAm (5 mL) respectively. DiOE (10 mL), 

OlAm (0.40 mmol), OlAc (0.40 mmol), AgNO3 solution (375 μL), and Fe(acac)3  solution 

(500 μL) were added to a reaction vessel, and degased for 1 hr at 90°C. The mixture was then 

placed under N2 and heated to 180°C. At 180°C, S solution (0.5 mL) was injected. The reaction 

mixture was heated for 30 min, and then cooled to room temperature. The obtained AgFeS2 NCs 

were precipitated by addition of methanol/ isopropanol (v/v, 2:1) and then purified by repeated 

centrifugation and decantation with addition of methanol/ isopropanol and chloroform.  

For reactions carried out with different S precursor concentration, S solutions were prepared with 

concentration 0.16 M, 0.24 M, and 0.72 M in both ODE and OlAm. 0.5 mL of each was injected. 

In additional studies, DDT (0.08 mmol) was added to the original reaction mixture, excess 

Fe(acac)3 (0.1 mmol in 500 μL toluene) was used, and iron(III) stearate (Fe(stear)3) was used as 

a substitute for Fe(acac)3 in the same molar amounts as described above. 

Synthesis of iron(III) stearate. The synthesis of iron(III) stearate was based on the work of Bai et 

al.
414 

Na(stear) was dissolved in 200 mL deionized water (DI H2O) at 50°C. Concomitantly, 

FeCl3.6H2O was dissolved in 10 mL DI H2O. The Fe
3+

 solution was added dropwise to the Na 

solution at 50°C with stirring. Then the mixture was held at 50°C and stirred for 1 hr. The 

mixture was filtered and the resultant pink precipitate was washed five times with hot DI H2O. 

The solid Fe(stear)3 was then dried overnight under vacuum. 

Optical characterization. The absorption spectra of NC samples were collected from 300 – 

2300 nm on a UV-visible spectrophotometer (Jasco V-670). Samples were measured in solution 

with chloroform as the solvent. 

Further characterization. Transmission electron microscopy (TEM) and energy dispersive X-ray 

spectroscopy (EDS) were carried out using a FEI Tecnai Osiris™ digital 200 kV S/TEM system 

equipped with ChemiSTEM EDS. TEM samples were prepared by drop casting a dilute NC 

solution in chloroform onto a copper grid with a carbon support and drying in air at room 

temperature. NCs were sized manually using ImageJ with number of particles measured, 

n = 150. Lattice fringes were measured by generating a profile plot of an area of the image using 

ImageJ, manually counting the cycles, and dividing the length of the profile plot by the number 

of cycles. The minimum number of cycles used was ten. EDS spectra were collected for 2 min 

and quantified using the Espirit software. Fe and S were quantified using the K series of peaks, 
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while Ag was quantified using the L series. All spectra were background subtracted and 

overlapping peaks were deconvoluted before quantification. Drift-corrected EDS maps were 

collected for 90 s with beam current 1.5 nA. XRD measurements were performed using a Scintag 

XGEN-4000 X-ray diffractometer with a CuKα (λ = 0.154 nm) radiation source. The resulting 

diffraction patterns were then visually compared to literature data to determine the structure. 

Rietveld refinement. Rietveld refinement was performed using the General Structure and 

Analysis System (GSAS) suite of programs and the EXPGUI.
320-322

 The GSAS suite of programs 

allows the refinement of parameters including site occupancy, atomic parameters, lattice 

parameters, background coefficients, peak profiles, atomic displacements and preferred 

orientation. The quality of the refinement is monitored by visual comparison of calculated and 

observed patterns, facilitated by plotting a difference curve below the x-axis, and calculating the 

goodness-of-fit parameter, χ
2
. 

 

F.2. Characterization of AgFeS2 NCs synthesized with dodecanethiol 

 

Figure F.1. Characterization of AgFeS2 NCs synthesized with dodecanethiol; a. XRD and b. 

UV-Vis absorbance. 
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F.3. Characterization of AgFeS2 NCs synthesized at 150°C 

 

Figure F.2. Characterization of AgFeS2 NCs synthesized at 150°C; a.-b. TEM images, c. XRD 

and d. UV-Vis absorbance. 
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F.4. Characterization of AgFeS2 NCs synthesized at 210°C 

 

Figure F.3. Characterization of AgFeS2 NCs synthesized at 210°C; a.-b. TEM images, c. XRD 

and d. UV-Vis absorbance. 
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F.5. Characterization of AgFeS2 NCs synthesized at 240°C 

 

Figure F.4. Characterization of AgFeS2 NCs synthesized at 240°C; a.-b. TEM images, c. XRD 

and d. UV-Vis absorbance. 
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F.6. Characterization of AgFeS2 NCs synthesized with iron(III) stearate at 210°C 

 
Figure F.5. Characterization of AgFeS2 NCs synthesized with Fe(stear)3 at 210°C; a.-b. TEM 

images, c. XRD and d. UV-Vis absorbance. 

F.7. Characterization of t-AgFeS2 NCs within mixed phase sample 

 
Figure F.6. Characterization of t-AgFeS2 NCs in mixed phase sample; TEM image of o-AgFeS2 

sample with spherical and bullet-like morphologies (inset: HRTEM of spherical parting with 

lattice fringes characteristic of t-AgFeS2, d = 0.320 nm, denoted). 
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F.8. Tauc plots for AgFeS2 samples 

 

Figure F.7. Tauc plots used to estimate the band gap of AgFeS2 NCs. 

 

F.9. Characterization of AgFeS2 NCs with increased S precursor concentration 

 

Figure F.8. Characterization of AgFeS2 NCs with increased S precursor concentration; a. UV-

Vis absorbance of AgFeS2 NCs synthesized with S-OlAm with concentration 0.16 M, 0.24 M 

and 0.72 M resulting in Fe:S precursor ratio 1:2, 1:3, and 1:9 respectively, b. XRD patterns for 

the product NCs, and c. XRD patterns for AgFeS2 NCs synthesized with S-ODE with 

concentration 0.16 M, 0.24 M and 0.72 M resulting in Fe:S precursor ratio 1:2, 1:3, and 1:9 

respectively. 
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F.10. TEM images of AgFeS2 NCs with different S precursor concentration  

 

Figure F.9. TEM images of AgFeS2 NCs with different S precursor concentration; a.-c. TEM 

images for 1:2, 1:3, and 1:9 Fe:S precursor ratio respectively, d.-f. HRTEM images for 1:2, 1:3, 

and 1:9 Fe:S precursor ratio respectively. 
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F.11.  Characterization of AgFeS2 NCs synthesized with excess Fe(acac)3 

 

Figure F.10. Characterization of AgFeS2 NCs synthesized with excess Fe(acac)3; a.-b. TEM 

images, c. XRD and d. UV-Vis absorbance. 

 

 

Figure F.11. EDS mapping images for AgFeS2 NCs synthesized with excess Fe(acac)3. 
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F.12. Characterization of AgFeS2 NCs synthesized with iron(III) stearate at 180°C 

 

Figure F.12. Characterization of AgFeS2 NCs synthesized with Fe(stear)3 at 180°C; a.- b. TEM 

images, c. XRD and d. UV-Vis absorbance. 
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G. Adapted publications 

Parts of this dissertation have appeared in previously published manuscripts. Copyright 

approval has been obtained for any reproduced figures or text as indicated below. 

Chapter III 

 Adapted with permission from Leach, A.D.P. et al., J. Phys. Chem. Lett., 2016, 7 (3), 

pp 572–583. Copyright 2016 American Chemical Society. 

Chapter IV 

 Reproduced from Ref. 163 with permission from the Royal Society of Chemistry. 

Chapter V 

 Adapted with permission from Leach, A.D.P. et al., J. Phys. Chem. C, 2016, 120 (9), 

pp 5207–5212. Copyright 2016 American Chemical Society. 

Chapter VI 

 Adapted with permission from Hernández-Pagán, E.A. et al., Chem. 

Mater., 2015, 27 (23), pp 7969–7976. Copyright 2015 American Chemical Society. 

Chapter VIII 

 Paper entitled ‗An Investigation of the Flexible Structure and Composition of AgFeS2 

Nanostructures‘ is currently in preparation.  
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