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Abstract 

 

Photosensitization of Inorganic Semiconducting Nanostructures for Solar Energy Conversion  

Francisco Yarur Villanueva 

 

The engineering of efficient solar energy conversion devices with Earth-abundant elements 

is of paramount importance to meet the energy demands of a carbon-neutral society and to mitigate 

environmental damage. Converting solar energy into clean solar fuels and to drive industrially 

relevant processes is an attractive alternative to address the global energy problem. Typical 

molecular methods for the production of solar fuels make use of photosensitizers containing 

precious metals in order to harvest visible light. Carbon dots and kesterite nanocrystals have both 

recently and separately been considered as suitable candidates to photosensitize metal oxide 

structures due to their low cost and absorption across the visible portion of the solar spectrum. The 

physical and electronic architecture of these nanohybrids is a crucial factor that will dictate their 

optical and catalytic properties. 

In this work, the photosensitization of zinc oxide nanowires with carbon dots to produce 

solar fuels is explored. In addition, due to the unknown formation pathway of carbon dots, the 

formation mechanism for the synthesis of kesterite Cu2ZnSnS4 nanocrystals is evaluated to achieve 

better control at tuning the optical and photocatalytic properties of nanomaterials. The carbon dot 

system is employed as a heterogeneous photocatalytic electrode surface for the α-heteroarylation 

of 1-phenylpyrrolidine and the generation of a high value-added benzyl amine pharmacophore. 

Furthermore, insight into possible mechanisms of electron transfer between the photoelectrode and 



 

 iv 

organic substrate is presented. Regarding the kesterite nanocrystals, the optimization of their 

synthesis to tailor the size dispersity is investigated given the strong correlation between the size 

and function of nanomaterials. A non-classical formation mechanism is suggested with the 

formation of a copper-sulfide intermediate followed by the incorporation of Sn4+ and Zn2+ through 

cation exchange.  
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Chapter 1 Introduction 

1.1 Solar-to-Chemical Energy Conversion 

 

The detrimental effects of the use of fossil fuels have brought about the need to develop 

sustainable and renewable energy technologies to supply the energetic demands of a carbon-

neutral society. Solar energy is widely regarded as one of the most promising sources of 

renewable energy due to its great abundance and the fast-emerging technologies that benefit 

from it. This energy can be converted into electricity with efficiencies of 43.5% with 

photovoltaic devices.1 However, harvesting solar energy and storing it in chemical bonds (i.e. 

artificial photosynthesis) has garnered significant attention as a strategy to work in conjunction 

with photovoltaic systems to meet global energy demands.  

There exists a plethora of opportunities when it comes to the production of solar fuels 

including the generation of hydrogen from water splitting and the formation of hydrocarbons 

from the reduction of carbon dioxide.2-3 Artificial photosynthetic systems require, amongst 

other things, a high stability under continuous light irradiation and the use of Earth-abundant 

elements to make these technologies economically feasible. Current strategies for the 

generation of solar fuels employ electrolyzers and thermochemical methods.4-5 While these 

systems are efficient at producing significant amounts of solar fuels, they are not economically 

sustainable because they require large inputs of energy to drive the conversion process. 

Therefore, research has focused on the creation of photoelectrochemical (PEC) cells for solar-

to-chemical energy conversion where a photoactive material, usually a semiconductor (SC), 

performs the conversion upon light irradiation.6 One of the most efficient PEC systems to-date 
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are tandem cells for water splitting.7 These devices have two or more SCs connected in series 

that produce enough potential to electrolyze water. For instance, Varadhan et al. achieved 9% 

efficiency for ⁓150 hrs for the production of hydrogen using a double junction cell from InGaP 

and GaAs.8 Nonetheless, these devices suffer from photocorrosion under operating conditions 

diminishing the performance over time. To decrease photocorrosion, the surface of the active 

material can be coated with a thin layer of a polymer or co-catalyst as has been previously 

explored. This protective technique has achieved remarkable efficiencies in tandem cells.9-10 

The use of metal oxide (MOx) nanomaterials (NMs) as SCs has attracted significant attention 

within the past few decades as another strategy to prevent photocorrosion. These SCs have a 

high stability, low cost, high surface area, and ability to absorb light from different parts of the 

solar spectrum.  

1.2 Solar-to-Chemical Using Metal Oxide Semiconductors  

 

The production of solar fuels via MOx SCs offers several advantages compared to the 

generation of electricity through photovoltaics, mainly because of the simplicity of the device 

design. Devices made up of MOx SCs may be engineered from Earth-abundant elements and 

typically involve the use of a few layers of different materials coming together to achieve the 

conversion of solar energy into solar fuels. The absorption of a photon by the SC is 

characterized by an intrinsic threshold photon energy (the bandgap energy, Ebg). The 

absorption probability is proportional to the oscillator strength and density of occupied states 

in the valence band and unoccupied states in the conduction band. An absorbed photon will 

always produce an electronic transition, creating an exciton (associated electron-hole pair) with 

a specific binding energy (Step 1, Figure 1.1). The binding energy must be overcome to 

separate the charges (Step 2, Figure 1.1) that can then be used for follow-on redox reactions 
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(Step 3, Figure 1.1). Many known conventional semiconducting materials are wide bandgap 

materials and their use for solar fuels production is partially hindered by the resulting limited 

absorption range in the solar spectrum, as well as the difficulty to find a single SC with low 

h+/e− recombination rates while having enough driving force for the targeted conversion. This 

problem can be bypassed by designing p-n SC junctions or by the attachment of 

photosensitizers onto the surface of the SC.11-12  

 

 

 

 

 

 

 

 

Figure 1.1 Photocatalytic process in semiconductors. The absorption of a photon with hν ≥ Ebg by the 

semiconductor creates an exciton (Step 1) with a specific binding energy. Close-up shows how the 

electron and the hole bind through Coulombic interactions across the conduction and valence bands. 

Once the binding energy is overcome (through thermal absorption, electric field, etc.) the exciton 

dissociates into free charges (Step 2). These charges can recombine where the energy is lost as heat or 

photon emission (bulk recombination), or they can reach the surface and drive useful redox processes 

(Step 3).  

 

A feature of this type of solar energy conversion scheme is the direct contact between 

the device and the reaction solution. The transfer of charges happens at this interface through 

an equilibration between the redox potential of the electrolyte solution and the Fermi level (EF) 
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of the SC (or chemical potential). In an optimal configuration, there will be creation of a 

Schottky-like junction between the SC surface and the electrolyte due to the formation of a 

depletion layer generated from the consumption of charge carriers at the interface,13 leading to 

a bending of the conduction and valence bands of the SC (Figure 1.2). The formation of this 

junction is key to the rectification of charge transfer and the decrease of carrier recombination.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2 Solid-liquid interface between the photoanode and the electrolyte solution. The band 

bending is a product of the generation of a charge depletion layer. A Schottky junction behavior is 

observed as a consequence of the depletion of charges.  

 

Binary MOx SCs including ZnO (Ebg ≈ 3.2) and TiO2 (Ebg ≈ 3.3 eV) have simple and 

economical synthesis procedures, and have been shown to maintain their chemical and 

structural composition during PEC processes.1 However, the bandgap energies for these SCs 

are not fully suitable for solar energy harvesting (Figure 1.3) with respect to capturing photons 

from the visible portion of the solar spectrum. Thus, additional strategies to maximize visible-
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light absorption must be considered, and these may include nanostructuring and 

photosensitization of the surface.  

 

Figure 1.3 Bandgap energies for different metal oxide semiconductors (reprinted with permission from 

ref. 14) 

 

1.3 Nanostructuring  

 

Photoelectrochemical catalysis with nanoscale systems has increased in popularity in 

the last decade with work focusing on NixO and RuO2 nanostructures.15-16 These materials were 

found to operate with low efficiency and require high energy UV light for activation. However, 

the efficiency of NMs can be increased considerably by exploiting the properties intrinsic to 

materials at the nanoscale including large surface areas and shorter carrier collection pathways. 

The favorable influence of these properties on the performance of PEC devices was first shown 

by Vante et al. in 1983 with copper(I) complexes.17 Nevertheless, O’Regan and Grätzel 

demonstrated the practical applicability of such devices in 1991 with the dye-sensitized solar 

cell, also popularizing the possibility to photosensitize SCs to visible light.18  
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The solar PEC process relies on favorable electrical and optical properties of the 

material for visible light absorption, charge separation, and charge transport. These properties 

can be tailored for optimal performance by the variation of the size and morphology of the 

structure. Nonetheless, in some cases, the variation of these parameters can bring about some 

drawbacks as well. Hence, there ought to be a methodical optimization of the nanostructure 

taking both advantages and disadvantages into account. The pros and cons of nanoscaling with 

regards to solar PEC processes will be discussed before examining the use of photosensitizers 

(Sections 1.3.1 and 1.3.2).  

1.3.1 Advantages of Nanoscaling in PEC Devices 

 
1.3.1.1- Enhanced Surface Area 

The surface area-to-volume ratio is significantly larger for NMs than their bulk 

counterparts, meaning that most of the material lies on the surface. Large surface areas grant 

NMs optimal properties for photocatalysis by having more active site-substrate interactions. 

This translates to lower overpotentials due to faster kinetics for the photocatalytic process.19 

For example, Amano et al. observed a faster photocatalytic decomposition of acetaldehyde on 

Bi2WO6 as the surface area of the nanostructures increased.20 

 
1.3.1.2- Quantum Confinement 

The size and morphology of NMs play a crucial role in the bandgap energy of the 

material. This phenomenon happens due to the size of the material being of the same 

dimensions as the exciton Bohr radius. When that dimension is reached, the energy levels’ 

continuum is collapsed due to the quantization of momentum. Therefore, the solution for the 

energy of the confined electron becomes (from the Schrödinger equation):   



 

7 

 

𝐸𝑛 =
ℎ2𝑛2

2𝑚𝑒𝐿
2
          Eq. 1.1 

 

where the energy is quantized and inversely proportional to the square of the size (L) of the 

NM. This effect can be advantageous in many applications including light emitting diodes, 

single electron transistors, lasers, and others.21 Yet, this confinement effect is particularly 

useful in photocatalysis where the bandgap can be tuned to reach a certain oxidation or 

reduction potential (Figure 1.4).22 A better match between the redox potential of the SC and 

the substrate will unfold in the increase of the thermodynamic driving force and the rate for 

interfacial charge transfer as predicted by Marcus theory.23 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4 Exploiting quantum confinement in photocatalysis. An increase in the bandgap energy is 

observed as the size of the NM decreases due to the quantization of momentum. This quantum 

confinement effect can be exploited to tailor the redox potential of the NM for a specific conversion. 

For instance, the smaller NM (blue) can oxidize H2O2 and O2, and reduce CO2, while the medium-sized 

NM (green) can only oxidize O2.22 
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1.3.1.3- Charge Carrier Collection Pathways 

The absorption of a photon by the SC creates an exciton (electron-hole pair). Once 

separated, these charges have a predetermined mobility and lifetime within the material and 

their values will depend on the nature of both the material and the charge. Inside the material, 

there are two main driving forces acting upon the movement of these charges: the electrostatic 

potential that acts on the charge, and the electrochemical potential that acts on their quantity.24 

The distance that a charge will travel within the material, taking these forces into consideration, 

is defined by the mean free diffusion length L:  

 

𝐿2 = 𝑞𝐷𝜏          Eq. 1.2 

 

where q is the dimensionality constant (q = 2, 4, 6 for one-, two-, or three-dimensional 

diffusion), D is the carrier diffusion constant, and τ is the charge carrier lifetime. The 

concentration of carriers can be manipulated by doping which will directly affect the lifetime 

and diffusion length of the carrier. Therefore, one must be aware of all these factors that come 

into play when computing L for engineering devices because the optimal thickness for charge 

carrier extraction will be dictated by L. The ideal thickness to maximize the performance of 

SCs for solar energy conversion should be of the same magnitude as the L for electrons and 

holes.25 

 
1.3.1.4- Absorption of Photons/Light Distribution 

The Beer-Lambert law determines the probability of absorbing a photon by a material. 

This probability is defined by the absorption coefficient α, which is proportional to the density 

of unoccupied states in the conduction band for electron generation.24 Additionally, a factor 



 

9 

that will also limit the photon absorption is the light penetration depth of a material. This 

penetration depth is a measure of the intensity of the light within the material and is given by 

x = 1/α. Thus, at a distance “x” from the surface the light intensity will be attenuated by a factor 

of 1/α. In this regard, the optimal thickness to maximize photon absorption should be > 2.3 

times the value of 1/α.1 In addition, the light is scattered to a higher extent in NMs and therefore 

distributed more efficiently throughout the material avoiding reflection losses.  

 

1.3.2 Disadvantages of Nanoscaling in PEC Devices  

 

1.3.2.1- Surface Recombination 

The surface of NMs is usually where most defects are found due to crystal discontinuity 

(i.e. dangling bonds).24 These defects create energy levels within the bandgap that act as 

recombination centers for the charge carriers. Additional recombination pathways include the 

tunneling of electrons through the depletion layer barrier and undesired reactions at the solid-

liquid interface. Though, passivating the surface to reduce the surface defects of NMs is a 

viable option to decrease charge recombination.26 
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1.3.2.2- Smaller Depletion Layer 

Due to the size of NMs, it is challenging to achieve an effective depletion layer. This 

becomes almost unfeasible at the lower nanosized-regime (~10 nm) because the depletion layer 

would need to be of the same dimensions or even larger than the size of the material. As 

previously mentioned (Figure 1.2), one of the main benefits of generating a depletion layer is 

the creation of a Schottky-like junction that rectifies the charge transfer from or into the SC. If 

there is no depletion layer, the conduction and valence bands will be flat, increasing the back 

recombination at the surface, and lowering the efficiency of charge transfer.27 

1.4 Photosensitizers 

 

Photosensitizers can be used to ensure visible light harvesting in wide-bandgap SC 

systems. Devices with a semiconductor|photosensitizer interface are inspired by the processes 

of photosynthesis in nature. The efficiency of this process is based on an energetic alignment 

that is thermodynamically favored for downhill electron transfer reactions. Furthermore, it 

avoids electron back recombination due to the separation of charges in space. This favorable 

electron transfer is mimicked in artificial systems where the photosensitizer creates an excited 

state followed by the injection of either an electron or a hole into the SC to separate the 

charges.5 For the context of this thesis, and in the generation of solar fuels, a photosensitizer 

must absorb light in the visible-near-IR regions where the highest photon flux is found in the 

solar spectrum (Figure 1.5). The absorption cross-section of the target photosensitizer should 

also have some degree of tunability to make these materials versatile for different 

transformations. Parameters including the number of excited states possible, their lifetimes and 

quantum yields must be investigated in detail and optimized for maximum performance. 
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Lastly, the photosensitizer must have an appropriate excited state redox potential and should 

be photo- and chemically stable.  

 

Figure 1.5 Photon flux in the solar spectrum as a function of wavelength. Reprinted with permission 

from ref. 28. 

 

Extensive research has been done towards the discovery of new and efficient 

photosensitizers. For instance, there are examples of transition metal complexes, organic dyes, 

and plasmonic materials employed as photosensitizers on SCs.29-31  However, some of these 

materials are toxic and their preparation suffers from poor cost-effectiveness. Therefore, the 

use of facilely prepared photosensitizers engineered from Earth-abundant elements is 

paramount to achieve sustainability.  

 

1.4.1 Carbon-Based Nanomaterial Photosensitizers  

 

Carbon-based NMs have emerged as a new class of photosensitizers for solar-to-

chemical energy conversion. These materials can be synthesized through two approaches: top-
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down and bottom-up. The former synthetic route makes use of techniques including 

electrochemical etching,32 laser ablation,33 and arc-discharge34 in order to exfoliate a bulk 

carbon source (i.e. coal35 or candle soot36). This approach generates nanometer-sized carbon 

particles with varying degrees of crystallinity. Conversely, the bottom-up route employs small 

building blocks such as amino acids37 or polymers38 to form carbon NMs through microwave-

assisted reactions,37 hydrothermal synthesis,39 and thermal decomposition.40  

Although there are many multidimensional carbon NMs, carbon dots (CDs) have 

comparatively easier synthetic procedures and a higher degree of flexibility when it comes to 

the tailoring of their optical properties. Thus, the use of carbon-based NMs for photocatalytic 

purposes has been focused on CDs. These CDs are usually ⁓10 nm in size, and they are mainly 

composed of carbon, oxygen, and hydrogen, with the possibility of doping nitrogen, sulfur, 

and phosphorous into the structure. The elemental composition of the CDs can be varied 

according to the starting materials used for the synthesis and subsequent surface treatment 

steps. These materials are capable of absorbing light throughout the visible and NIR regions 

of the spectrum, making them promising candidates for solar energy conversion (Figure 1.6).41 

The absorption can also be tuned through doping and surface passivation.  
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Figure 1.6 A dual absorbing/emitting CD with absorptions in the blue and red regions of the visible 

spectrum. The optical properties, redox potential, and surface functional groups can be modified by 

varying the starting materials, doping, or passivation procedures.  

 

While CDs have many advantages over common precious metal-containing 

photosensitizers including their Earth-abundant element composition and simple syntheses, 

there are still some unresolved issues. These issues concern their compositional 

monodispersity, and the understanding of energy and electron transfer mechanisms that are 

strongly related to the tunability of their optical properties. Understanding their formation 

mechanism would provide insights on how to direct and access the reaction towards the 

production of highly tuned CDs. However, CDs are amorphous materials and their formation 

most likely requires a high number of cyclization and coupling reactions, complicating 

interpretation. Unlike CDs, chalcogenide SC nanocrystals (NCs, i.e. kesterite Cu2ZnSnS4) 

have a higher formation pathway accessibility owed to their known crystalline composition 

and nucleation theories in place.  
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1.4.2 Kesterite Cu2ZnSn(S,Se)4 (CZTS) NCs as Photosensitizers  

 

Optimization of the preparation of colloidal inorganic NCs is of great interest because 

these materials can be employed as the active component in various technologies including 

light emitting diodes,42 infrared sensors,43 and in photocatalysis.44 Following the discovery and 

use of Cu(In,Ga)Se2 (CIGS) materials for solar energy conversion, the investigation of more 

sustainable NMs with similar properties became desirable. Hence, kesterite CZTS materials 

have garnered significant attention due to their elemental composition and optical properties. 

This material has a direct bandgap energy of 1.0-1.5 eV (827-1240 nm) with a high absorption 

coefficient (⁓104 cm−1).45 The synthesis of bulk kesterite CZTS is straightforward and can be 

done with high reproducibility. However, the production of NCs is non-trivial due to the 

possible formation of undesired binary (Cu2S, SnS, and ZnS), ternary (Cu2SnS3), and 

quaternary (stannite and wurtzite, figure 1.7) CZTS phases. In seminal work, Nistche et al. 

demonstrated the production of stannite CZTS NCs through an iodine vapour transfer 

method.46 After this report,  a number of synthetic methodologies have been used to produce 

kesterite CZTS NCs including thermal evaporation,47 sulfurization of precursors,48 

electrochemical deposition,49 and solution-based methods.50 The biggest challenge in the 

synthesis of this material is the generation of pure kesterite CZTS phase samples with narrow 

size distributions.  

Figure 1.7 CZTS unit cell structures for a) kesterite, b) stannite, and c) wurtzite.  

a b c 
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Control over the synthetic pathway of these NCs is one key to tailor their properties 

and catalytic efficiency given the strong correlation between structure and function.51 In order 

to obtain synthetic control, however; there must be a fundamental understanding of the 

underlying mechanisms of nucleation and growth. Even though classical theories for the 

nucleation and growth of colloids do a fair job at explaining one-step growth mechanisms, they 

are often incapable of accounting for more complicated multi-step pathways. These pathways 

usually occur through the formation of metastable intermediate species. For instance, Gary et 

al. demonstrated that the formation of InP quantum dots happens through the generation of a 

kinetically stable “magic-sized” cluster.52 Therefore, understanding how these metastable 

intermediates form and evolve is as important as the reactivity of the precursors in order to 

control and direct the synthesis of NCs.  

1.4.3 Kinetics and Mechanisms of Nanocrystal Nucleation and Growth 

 

The current state of NC synthesis has room for improvement in order to meet the 

control required to tailor their elemental composition and size dispersity. The use of empirical 

methods to achieve more synthetic control was the rule for many years until the LaMer 

nucleation and growth mechanism (classical nucleation theory or CNT), and Ostwald ripening 

(OR) were articulated.53-54 To date, mechanistic studies on the nucleation and growth of NCs 

are scarce even though these mechanisms started garnering attention during the mid 1990s.55 

These studies have relied on both LaMer and OR pathways to make sense of the formation 

process. In the former, the nucleation is separated from the growth period by a burst-nucleation 

event while the latter explains how bigger crystals grow at the expense of smaller ones that 

dissolve due to surface energy considerations. More recent studies have observed other types 

of growth through NC aggregation and coalescence (non-classical behavior).56-58 Therefore, 
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the understanding of all the underlying formation mechanisms at play is paramount to achieve 

better synthetic control towards the colloidal synthesis of inorganic NCs. This section will 

provide a brief overview of the most typical formation mechanisms (classical vs. non-classical) 

identified in such syntheses (Figure 1.8).  

 

 

 

 

 

Figure 1.8 Free energy diagrams for CNT (a) and non-classical nucleation (b). These plots show how 

the free energy of the NCs changes as a function of increasing size. There is a large thermodynamic 

energy barrier in (a), while (b) provides an alternative route with lower energy barriers and local minima 

as the NC grows. 

 

1.4.3.1- Classical Nucleation Theory (CNT) 

 

The LaMer mechanism predicts the minimum size for thermodynamic stability and 

provides information about the kinetics of the process (Eq. 1.3) where the nucleation rate (jn, 

number of nuclei formed per unit time and volume) relates to the temperature (T), the monomer 

diffusion constant (D), the monomer concentration  ([M]), the monomer solubility limit ([M]0), 

and the supersaturation level (S, Eq. 1.4).51 The other constants include the molar (VM) and 

molecular (ν0) volume of the NC, the surface tension (γ), and the gas constant (R).  

𝑗𝑛 =
2D

𝑣𝑜

5
3

exp[−
16πγ3𝑉𝑚

2

3(RT)3(lnS)2
]          Eq. 1.3 
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S =
[M]

[M]0
          Eq. 1.4 

 

This mechanism is dived into four phases (Figure 1.9). The first one includes the 

generation of solute building blocks from a chemical reaction between the precursors. The 

solute rapidly increases in concentration reaching supersaturation and passing through a 

threshold. This threshold has a high thermodynamic energy barrier because of the high surface-

to-volume ratio, where nuclei start to form. This phase is referred to as a “burst nucleation” 

stage in which the thermodynamical energy barrier width is essential to achieve a narrow size 

distribution of NCs since it prevents the random formation of NC at any given radius below 

the critical size. The formation of nuclei denotes the start of phase (II) where the nuclei increase 

in concentration. Once a significant number of nuclei form and the concentration of solute 

decreases below the threshold, phase (III) starts and the nuclei begin to grow. Thus, this 

mechanism effectively separates nucleation (phase II) from growth (phase III). During phase 

(IV) OR is the main growth mechanism at play.  
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Figure 1.9 This scheme represents the growth process in CNT. The growth is governed by the 

concentration of solute (growth monomers/dimers/trimers etc.) in solution. In phase I, there is a rapid 

increase in the solute concentration until a critical concentration for the onset of nucleation or nucleation 

threshold is reached. At this point, the solute starts nucleating producing a “burst-nucleation” event 

(phase II). Then, the system enters phase III where the nuclei generated in the previous phase start to 

grow by attachment of the leftover solute. Finally, the NCs grow through OR governed by surface 

energy instability of smaller nuclei (phase IV).   

 

In an effort to simplify CNT and its definition, the theory is founded on several 

assumptions that reduce its ability to address a variety of cases starting by the assumption that 

size is the only factor that will determine if the solute will nucleate or not.59 The theory also 

assumes that nuclei are strictly spherical and uniform throughout their structure. Thus, the final 

NC must be identical in composition as the nuclei seeds. Surface tension effects are neglected, 

therefore, the impact of the solvent on the curvature of the NC is disregarded. In addition, the 

total number of nuclei is assumed to be settled instantaneously upon supersaturation. In such a 

case, the system would be presumed to follow steady-state kinetics where the rate of nucleation 

is time independent and the size distribution of the NCs would be extremely narrow, a 

phenomenon that is not observed in reality. Finally, nuclei growth is thought to happen through 
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the addition of one solute building block at a time where nuclei are assumed to be at rest, thus, 

all collisions between nuclei and NCs are ignored. 

There are several experiments that corroborate the separation of nucleation and growth 

in time as predicted by CNT.54, 60-61 Nonetheless, the limitations in the theory obscure the 

quantitative analysis of the number, size, and polydispersity of the final size distribution. Many 

factors interrupt and regulate the nucleation phase. For instance, the presence of additives that 

disrupt the concentration of solute can induce nucleation below the threshold.51, 60, 62 Thus, 

understanding how additives (i.e. complexing agents, ionic strength, pH, etc.) affect the 

behavior of the solute prior to the nucleation phase can render the theory robust for the 

theoretical evaluation of homogeneous nucleation. In this respect, Sugimoto extended CNT 

with a powerful simplification that allows for better interpretation of experimental data.63 From 

two differential equations concerning the concentration of solute and the nuclei population, 

Sugimoto concluded that the total number of nuclei formed during the burst is:  

𝑝𝑇
∞ =

𝑄

𝐺
          Eq. 1.5 

 

where Q is the solute supply rate and G is the growth rate in solutes attached per nucleus. This 

equation predicts that the nucleation kinetics have no relationship with the total number of 

nuclei generated. It also predicts that there is an increasing linear correlation between Q and 

𝑝𝑇
∞. This extension to CNT does a reasonable job explaining the nucleation behavior during 

the formation of AgCl clusters.64 However, deviations from linearity have been observed when 

this equation has been implemented in other systems.65-66 Chu, Owen and Peters further 

extended the work of Sugimoto to account for the solute concentration dependency (solute 

kinetics) on the size of nuclei.67 Their analysis verified that the Q/G ratio almost completely 
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governs the number of nuclei generated as stated by Sugimoto, but also predicted that large 

critical nuclei coupled with slow growth kinetics can provoke a non-linear relationship in the 

relationship proposed by Sugimoto. Therefore, they proved the partial role of the nucleation 

kinetics over the time and supersaturation level at the nucleation burst, and that the growth rate 

G is in fact size dependent.  

 

1.4.3.2- Non-Classical Nucleation and Growth 

 

In CNT, the surface energy per area and the ΔG per volume are constant with respect 

to particle size, however, this is not the case for non-classical mechanisms. These non-classical 

nucleation routes are comprised of metastable intermediates (i.e. magic-sized and pre-

nucleation clusters)51, 62 that offer an alternate pathway to the high thermodynamic energy 

barrier from CNT as these intermediates possess lower surface energy. Hence, these 

intermediates create local energy minima towards solute supersaturation and subsequent 

nucleation that lowers the effective energy barrier for nucleation allowing the solute building 

blocks to form nuclei at a lower concentration to that predicted by CNT (Figure 1.8). The 

formation of these metastable clusters has been observed in numerous syntheses. For instance, 

the formation of magic-sized CdSe clusters as a metastable intermediate in the synthesis of 

CdSe nanorods was clearly demonstrated by Jiang et al.62 Recently, Green et al. showed the 

formation of a pre-nucleation cluster in the synthesis of PbS NCs.51 The formation of these 

clusters was controlled by the addition of different amines in order to tailor the size dispersity 

of the NCs. This highlights the shortcomings of CNT when it comes to the prediction of multi-

step nucleation processes. CNT allows the estimation of the critical size for the onset of 

nucleation, but it fails in evaluating the routes leading to the formation of nuclei. Moreover, 
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the only precedent that dictates if the solute building blocks will become nuclei or not is size, 

which is a substantial weakness in the theory.  

There are multiple ways for nuclei to grow after achieving thermodynamic equilibrium. 

In a seminal study, Zheng et al. demonstrated that platinum NCs have two growth mechanisms: 

simple monomer attachment and particle coalescence (Figure 1.10).56 The smaller NCs have 

larger surface area to volume ratios as well as higher surface energies, mobility, and collision 

frequency, thus they were more likely to coalesce compared to larger NCs. Following this 

study, many groups delved into the investigation of growth mechanisms in the colloidal 

synthesis of inorganic NCs.68-70 The different growth mechanisms include aggregative growth, 

oriented attachment, and OR.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.10 A) Captures from a TEM video displaying the growth of Pt NCs by monomer addition (a) 

and coalescence (b); B) Enlarged (colored) images from A. The yellow arrows in (b) point out the 

coalescence process where a NC dissolves and recrystallizes on the adjacent NC reprinted with 

permission from ref. 56. 
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Aggregative Growth: The early stages of this mechanism can be properly described by CNT 

followed by aggregative considerations (Figure 1.11). The second induction period shown on 

this figure corresponds to the growth of NCs by aggregative nucleation, while the third period 

illustrates the possibility for OR. Aggregative growth is governed by kinetic factors instead of 

thermodynamic ones. For instance, we know from CNT that nuclei with smaller size than the 

critical value for surface stability tend to dissolve. Nevertheless, if the collision frequency of 

the nuclei is higher than their dissolution rate, then, there is the chance for two or more nuclei 

to collide and form a larger and more stable NC. This type of growth would abruptly deviate 

from a classical behavior. In fact, this growth mechanism can be thought of as a tunneling-like 

process where the NCs ‘tunnel’ through a free energy barrier even in a low saturation regime.71 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.11 This scheme depicts the three different growth mechanisms discussed in this section. All 

mechanism could overlap in time to a certain extent (not shown here). Both CNT and aggregative 

growth have a kinetic profile that fluctuates in time. Conversely, OR shows a steady growth (adapted 

from ref. 53).  
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Oriented Attachment: Although this mechanism falls within aggregative growth, its kinetics 

have been widely studied. This type of growth occurs when two nuclei collide with their 

crystallographic phases aligning or rearranging in such a way causing an attachment and 

merging of the nuclei into a single-phased NC (Figure 1.12). Huang et al. found that the 

oriented attachment growth kinetics of ZnS NCs could be modeled taking into consideration 

the mean diameter (D) as a function of time (t) and the rate constant for oriented attachment 

(k1) (Eq. 1.6).72  

 

D =
D0((2)

1
3k1𝑡+1)

k1𝑡+1
          Eq. 1.6 

 

This model was refined by Zhang et al. in a follow up publication73 and further 

developed by Penn et al.74 In addition, Burrows et al. investigated the effects of ionic strength 

in the kinetics for oriented attachment of NCs.75 It was found that increasing the ionic strength 

of the solution provoked a linear increase in the rate constant for oriented attachment. This 

study demonstrates the pivotal effect of additives to obtain better synthetic control over the 

growth of NCs.  
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Figure 1.12 TEM images depicting the alignment of Pt3Fe NCs over time. At first, the NCs are 

completely misaligned after the collision, however; the redistribution of atoms within the NCs brings 

the aggregate from a multi-phased amorphous shape to a single-phased nanorod (adapted and reprinted 

with permission from ref. 76). 

 

Ostwald Ripening: This growth mechanism describes how bigger NCs grow at the expense of 

smaller ones that dissolve and “feed” bigger crystals. In the standard model for OR, the mean 

NC volume increases linearly in time. Also, this is not a process that involves nucleation and 

as a result, it requires an induction period for the generation of NCs that can further grow 

through OR. Therefore, the growth function for conventional OR must yield a unimodal size 

distribution that will constantly shift to larger size values while broadening throughout the 

growth. Special cases can produce a bimodal distribution,77 however; they will not be discussed 

here.  

All three growth mechanisms CNT, non-classical growth–aggregative, and OR (Figure 

1.11) can overlap in time and are not restricted to occur in a sequential fashion. This is another 

factor to consider when trying to unravel the mechanisms of nucleation and growth in the 

colloidal synthesis of inorganic NCs. As detailed herein, many advances have been made to 

further understand each of the classical and non-classical formation mechanisms through 
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kinetic studies. These theory developments will allow the methodical control of the final NC 

size distribution.  

 

1.5  Goals and Scope 

 

Throughout the next chapters, the use of nanostructured ZnO MOx SC and carbon-

based photosensitizers for solar-to-chemical energy conversion will be discussed. In addition, 

the formation mechanism of kesterite NCs is evaluated, and the composition and size 

distribution are discussed in detail.  

Specifically, Chapter 2 presents the growth of ZnO NWs on a conductive substrate 

which are further functionalized with blue-absorbing CDs. This heterogenous photocatalyst is 

used to drive organic transformations under visible light irradiation. The energetics of the 

device are studied in detail to provide insight about the electron transfer steps throughout the 

reaction. Consecutively, Chapter 3 explores the possible nucleation and growth mechanism in 

the hot-injection and microwave syntheses of kesterite NCs. A combination of CNT and non-

classical growth is proposed as the formation mechanism for this quaternary structure.  
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Chapter 2 Carbon Dot-Sensitized Photoanodes for Visible Light-
Driven Organic Transformations 

 

Coupling reactions that involve heteroaromatic compounds and amines are a key 

component in the synthesis of organic SCs,78-79 anion exchange membrane fuel cells,80 and 

pharmaceuticals.81 Photocatalytic devices engineered from Earth-abundant elements that can 

drive such reactions are an inexpensive alternative to traditional methods in synthetic organic 

chemistry and, therefore, highly desired. Heterogeneous photocatalytic surfaces such as 

nanostructured semiconducting MOx, although more difficult to study with respect to 

mechanism elucidation are typically stable and readily recyclable.82 Furthermore, 

heterogeneous photoredox systems are comparable in performance with molecular ones; 

however, they have the advantage of being easily extractable from solution.83 For these 

catalysts to be industrially viable, they must be simple and economical to prepare/operate 

relative to well-established synthetic methodologies (e.g. palladium mediated cross-coupling 

reactions).84-86 Many photocatalytic mechanisms in organic synthesis leverage the inherent 

reactivity of oxygen species and other radicals.87-88 For instance, Stache et al. have activated 

C-O bonds through a photocatalytic mechanism using [Ir(dFMeppy)2(dtbbpy)][PF6] 

[dFMeppy = 2-(2,4-difluorophenyl)-5-methylpyridine, dtbbpy =  4,4′-di-tert-butyl-2,2′-

bipyridine] via the generation of phosphoranyl radicals.89 In another illustrative example, Cai 

et al. have made use of a graphitic-C3N4 photocatalyst to generate α-tertiary and α-secondary 

aminoalkyl radicals, in high yield, as precursors for different organic transformations.90 

Nonetheless, these radical driven reactions have some drawbacks, including long reaction 

times, sensitizer photobleaching, unwanted by-products, and mass transfer limitations between 

the radical and the substrate.91-92 Camussi et al., showed how a g-C3N4 photocatalyst can 
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sensitize 1O2 to drive cycloaddition reactions albeit with low chemoselectivity due to two 

proposed mechanisms with which 1O2 could react with the substrates.93 Acknowledging these 

limitations, and by employing lessons learned from the design of materials for solar fuels 

generation, we envisioned that it should be possible to drive clean and chemoselective coupling 

reactions with a photoelectrode (acting as a heterogeneous photocatalyst) in an air-free 

environment to generate valuable products in high yield.  

Many semiconducting materials have been explored to drive solar energy conversion 

including metal oxides,94 sulfides,95 and organic polymers.96 Few, if any, of these materials 

fully meet the requirements to maximize the absorption of sunlight (e.g. narrow bandgap, low 

cost, long-term stability, and minimal pathways for charge recombination).97 Zinc oxide 

nanowires (NWs) have emerged as promising materials for these photoelectrochemical 

applications because of their shortened charge carrier collection pathways, large surface area, 

and charge-steering capabilities.1, 98 However, ZnO has a wide bandgap (3.37 eV) limiting the 

absorption of visible light and subsequently, the quantum efficiency.99 To increase the incident 

photon to converted electron ratio, developing new ways of sensitizing ZnO NMs to absorb 

wavelengths in the visible portion of the solar spectrum is of particular interest. 

Efforts have been devoted to the sensitization of ZnO NWs through doping, attachment 

of plasmonic structures, and dye and quantum dot sensitization.100-102 Kadi et al. have 

previously doped ZnO NWs with fluorine in order to decrease the bandgap energy of the 

material and to further employ the resulting device as a heterogeneous catalyst for the 

photodegradation of malachite green dye using visible light.103 Guo et al. have sensitized ZnO 

NWs with graphene quantum dots to perform water splitting,104 and Lee et al. have coupled a 

ruthenium-based dye to ZnO in order to increase the absorption of light throughout the visible 
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spectrum (in a strategy analogous to those employed in dye sensitized solar cells).105 Although 

these sensitization methods vary in their degree of efficiency, some of the aforementioned 

sensitizers are costly while others make use of heavy metals which are significantly harder to 

recycle.106  

Recently, CDs have emerged as candidates for various applications due to their low 

cost and chemical toxicity, optical properties, and stability.107-109 The implementation of CDs 

for light-conversion applications as a new generation of photosensitizers has also increased as 

a result of their high photostability and tunable light absorption.110-111 Moreover, these NMs 

have shown photocatalytic activity for the degradation of organic contaminants, water 

splitting/hydrogen production, and the redox catalysis of different organic reactions to produce 

high value-added chemicals by visible light.112-114 The latter has been relatively underexplored 

with greater focus on the degradation of organic dyes likely owing to the logistical simplicity 

regarding reaction monitoring and product isolation/characterization.115-116 In a marriage of the 

two materials discussed (vida supra), we anticipate that the surface functionalization of ZnO 

NWs with CDs will open new avenues for the engineering and development of “green” 

nanohybrid devices.104, 117-118 To date, the design of such devices is partially hindered by fast 

electron-hole recombination kinetics,119 device stability,120 low quantum yields,121 and a 

general lack of understanding about the molecular processes occurring at the interface of such 

heterogeneous photoelectrodes.116  

Here, we report the fabrication of a metal oxide-carbon dot nanohybrid photoelectrode 

for the photocatalytic α-heteroarylation of tertiary amine 1-phenylpyrrolidine (1) and the 

production of a high value-added benzylic amine pharmacophore (Figure 2.1) as well as offer 

insight into possible mechanisms of electron transfer between the photoelectrode and organic 
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substrate. The photoelectrode is formed via the growth of ZnO NWs on a fluorine-doped tin 

oxide (FTO) on glass substrate through a hydrothermal reaction and subsequent 

functionalization with previously unreported visible light absorbing carbon dots prepared from 

citric acid and propylenediamine (PD2-CDs) through attachment of anchoring surface groups 

on the PD2-CDs. The photoelectrodes prepared in this fashion exhibit an enhanced 

photocurrent under visible light irradiation and a further increase upon exposure to tertiary 

amines. 

Figure 2.1 Fabrication protocol for the photoelectrodes described in this work along with the proposed 

reaction scheme for the -heteroarylation of 1-phenylpyrrolidine (1) with 2-chlorobenzothiazole (2) 

via irradiation of a carbon dot functionalized ZnO NW photoelectrode. 

2.1 Experimental 

2.1.1 Materials 

Zinc chloride (ZnCl2), zinc nitrate hexahydrate [Zn(NO3)2·6H2O], hexamethylenetetramine 

(HMTA), linoleic acid, sodium hydroxide (NaOH), citric acid, propylenediamine (PD2), 

glutathione, formamide, and fluorine doped tin oxide (FTO) on glass were purchased from 

Sigma-Aldrich and used as received. Tetrabutylammonium hexafluorophosphate (TBAPF6) 

was purchased from Tokyo Chemical Industry Co. (TCI) and recrystallized three times from 

ethanol (99%) before use. 1-Phenylpyrrolidine (1) and 2-chlorobenzothiazole (2) were 

purchased from Alfa Aesar and used without further purification. N,N-Dimethylacetamide 

(DMA) was purchased from Fisher Scientific and used as received. 
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2.1.2 General Procedures 

Transmission electron microscopy (TEM) images were collected using a benchtop LVEM5 

microscope from Delong Instruments (Brno, Czech Republic) operating at 5 kV for the ZnO 

NPs and a JEM-2100F (Jeol Ltd) analytical electron microscope operating under 200 kV for 

the PD2-CDs. Three 2 µL aliquots of a 500 µg mL−1 ZnO NP dispersion in 95% ethanol were 

pipetted onto a Cu-300HD grid (Pacific Grid-Tech). PD2-CDs were also casted onto Cu-

300HD grids by immersing the grid in a 1 mg mL−1 dispersion in 18 M water. Images were 

processed using Fiji imaging software where the ZnO NP size was determined (average of ca. 

200 particles). The morphology of the ZnO NWs was characterized through scanning electron 

microscopy (SEM) using a FEI Quanta 3D FEG Dual Beam instrument working at 5 kV. The 

films were sputter-coated with Pt before all measurements.  

A K-Alpha X-ray photoelectron spectrometer (Thermo Scientific) in standard lens mode was 

used to obtain the XPS spectra of the PD2-CDs. A 400 mm spot size was analyzed using a 

CAE analyser with a 50.0 eV pass energy and a 0.100 eV energy step. The measurements were 

performed in triplicate with 10 runs for each scan. The average of the triplicates was used to 

plot both the survey and the HR spectra. 

Powder X-ray diffraction (PXRD) measurements were performed using a 2nd Gen D2 Phaser 

X-ray diffractometer with monochromatized Cu Kα radiation with a nickel filter (Bruker 

AXS). The X-ray source was set to a power of 30 kV and 10 mA in a continuous PSD fast scan 

mode. Diffraction patterns were recorded in 2θ ranging from 20 to 70° with a step increment 

of 0.05° and scan speed of 1 s step−1 with a PSD opening of 4.7970°. The data analysis was 

performed with XPert Highscore software.   
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Attenuated Total Reflectance (FTIR-ATR) analysis was performed using a Thermo Scientific 

Nicolet iS5 equipped with an iD5 ATR accessory. The spectra were acquired in 64 scans, with 

a resolution of 0.4 cm−1, a gain of 1, an optical velocity of 0.4747 cm s−1, and an aperture 

setting of 100. The Omic 9 software package was used to process the raw data. UV-Visible 

absorption spectra were obtained from 200-800 nm using a Cary 5000 Series UV-Vis-NIR 

Spectrophotometer (Agilent Technologies) and a 1 cm quartz cuvette or a film sample holder. 

A 5.0 nm bandwidth with a wavelength changeover at 350 nm and a scan speed of 600 nm s−1 

with a resolution of 1 nm were used for analysis. Diffuse reflectance spectroscopy (DRS) 

spectra were collected from 350-800 nm using a Cary 6000 Series UV-Vis-NIR 

spectrophotometer (Agilent Technologies) coupled with an integrating sphere. A 5.0 nm 

bandwidth with a wavelength changeover at 350 nm and a scan speed of 600 nm s−1 with a 

resolution of 1 nm were used for analysis. Photoelectrode thickness was analyzed using a 

Dektak XT contact profilometer with a stylus force of 10 mg. 

Electrochemical measurements were performed on a WaveDriver 20 Integrated 

Bipotentiostat/Galvanostat workstation (Pine Research Instrumentation, Inc.). A three-

electrode system was employed to measure the photoelectrochemical response of ZnO NW 

films as a working electrode (WE) with a platinum wire as a counter electrode (CE) and a 

Ag/AgCl (3 M KCl) reference electrode (RE) in 0.1 M KOH solution. All potentials were 

measured against the reference electrode. ZnO films without functionalization were irradiated 

with a 4 W UV lamp (ex = 365 nm) at a distance of ca. 10 cm. The electrochemical properties 

of the PD2-CDs were determined using a three-electrode system by drop-casting PD2-CDs 

from 95% ethanol onto a platinum button WE (2 mm diameter) with a platinum wire as a CE 
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and a Ag wire pseudo-reference electrode in 0.1 M TBAPF6 in acetonitrile. All potentials were 

referenced against ferrocene as an internal standard.  

2.1.3 Photocatalysis 

All photocatalysis measurements were performed in a homemade photoreactor setup. In a 

representative procedure, a glass vessel loaded with 1-phenylpyrrolidine (1, 276 L, 1.875 

mmol), 2-chlorobenzothiazole (2, 163 µL, 1.25 mmol), sodium acetate (205 mg, 1 mmol), H2O 

(18 M, 225 µL, 2.5 mmol) and a stir bar was sparged with argon for 10 min. DMA (5 mL) 

was transferred into a vial under argon and sonicated for 45 min while bubbling argon. 

Subsequently, the solvent was transferred to the reaction vessel with a three-electrode setup 

(the film acting as the WE), to monitor the photocurrent produced over the course of the 

reaction. This vessel was placed on a stir plate and inside a homebuilt photoreactor with four 

white light LEDs (Cree XP-G3 Cool White) for 4–24 hrs. A fan was placed on top of the 

reactor to maintain the reaction temperature at ca. 23 °C (see Appendix, Figure A1). The 

product of the reaction was isolated and purified as described in the Supporting Information.  

2.1.4 Synthesis of Zinc Oxide Nanowires (ZnO NWs) 

NWs were synthesized from zinc nitrate hexahydrate and HMTA in a hydrothermal reaction 

by a procedure optimized in our lab (see Appendix). Five fluorine-doped tin oxide (FTO) on 

glass substrates (ca. 2 cm  1 cm) were first cleaned by immersing them separately in soapy 

water (10 min), distilled water (10 min), and 95% ethanol (10 min) under sonication. The 

cleaned substrates were dried in an oven at 80 °C for at least 4 hours prior to deposition and 

then were spin-coated (3, 1500 rpm, 2 s) with two drops of a dispersion of ZnO NPs (see 

Appendix) in 95% ethanol (1 mg mL−1). After the casting process, the slides were placed 
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upside down inside a centrifuge tube for the addition of the growing solution. An aliquot of 

aqueous Zn(NO3)2·6H2O solution (17 mL, 0.13 M) was combined with aqueous HMTA (13 

mL, 0.2 M) and transferred to the centrifuge tube containing the ZnO NP substrates. The tube 

was left in an oven at 90 °C for 3 hrs for the NWs to grow on the slides. Then, the sides were 

rinsed thoroughly with distilled water and 95% ethanol and left to air dry for further 

experiments.  

2.1.5 Carbon Dot Synthesis (PD2-CDs) 

The PD2-CDs were synthesized through the hydrothermal reaction of citric acid and 

propylenediamine (PD2). Citric acid (0.960 g, 500 mmol) and PD2 (0.320 mL, 375 mmol) 

were added to 10 mL of water in a hydrothermal reactor. The solution was heated to 210 °C 

for a period of 4 hrs with stirring at 300 rpm. The product was a dark brown solution that was 

subjected to dialysis for 5 days in Milli-Q water, using a 1 kDa MWCO dialysis bag 

(Spectra/Por®6 RC – Spectrum Laboratories), and changing the water every 24 hrs to remove 

the unreacted material. Then, the sample was placed in an oven at 70 °C overnight to 

concentrate it to ⁓5 mL, followed by three organic washes with 40 mL of acetone (99%) to 

further purify the PD2-CDs. Once the PD2-CD solution was concentrated, 40 mL of acetone 

was added, the sample was vortexed for 30 s and centrifuged at room temperature at 10 kG for 

10 min. The supernatant was discarded, and two more acetone washes were performed on the 

sample. It is important to note that the fluorescence of the supernatant was evaluated after 

every wash to make sure the sample was free from any impurities and unreacted fluorophores. 

By the third wash the fluorescence of the supernatant was insignificant, meaning that the 

product is pure. The purified product was dried in an oven at 80 °C overnight, crushed into a 

fine powder and dispersed in water or 95% ethanol for further experiments.  
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2.1.6 ZnO NW|PD2-CD Film Preparation 

The ZnO NW|PD2-CD heterostructures were prepared by a simple reaction in ethanolic 

solution. In a typical procedure, two films of ZnO NWs were placed in a 50 mL beaker, 

immersed in a dispersion of PD2-CDs (7 mL, 150 L mL−1), and covered by aluminum foil. 

The dispersion of PD2-CDs was prepared by adding 525 µL of a 2 mg mL−1 dispersion of 

PD2-CDs in Milli-Q water (18 M) to 6.5 mL of 95% ethanol. The films were left in this 

dispersion under constant stirring for a period of 48 hrs for the PD2-CDs to attach and cover 

the whole surface. Additionally, after the reaction period the films were rinsed thoroughly with 

95% ethanol to remove any unattached PD2-CDs and left to air dry. Finally, one edge of the 

film was immersed in a 1 M HCl solution to etch and normalize the active surface of the film 

to ca. 1.5 cm2. The films were rinsed with 95% ethanol and left to air dry in the dark prior to 

further analysis.  
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2.2 Results and Discussion 

 

The ZnO NWs were prepared by spin-coating a ZnO NP dispersion onto an FTO on 

glass slide, followed by hydrothermal reaction of Zn(NO3)2·6H2O and HMTA at 90 °C. From 

transmission electron microscopy (TEM) investigations (Figure 2.2a), the ZnO NPs used as 

seeds for nanowire growth are spherical and monodisperse with an average size of 32 ± 4.7 

nm. The crystallinity of the NPs was evaluated through powder X-ray diffraction (PXRD) 

which shows crystalline reflections for the (100), (002), (101), (102), (110), (103), and (112) 

planes (Figure A2) in agreement with previously reported values.122 Scanning electron 

microscopy (SEM) of the as-grown ZnO NWs shows highly oriented and tightly packed 

hexagonal wires with a calculated average diameter of 130 ± 28.2 nm (Figure 2.2b). These 

wires produce films of an average thickness of 1.3 µm as measured by profilometry. The PXRD 

pattern for the NWs (Figure 2.2c) displays characteristic peaks for wurtzite ZnO: (100), (101), 

and a prominent (002) signal corresponding to the preferred orientation of the nanowires on 

the surface.123 The bandgap of this SC film was calculated to be 3.22 eV from the band edge 

of the diffuse reflectance spectrum (DRS; inset Figure 2.2c). 

Figure 2.2 a) TEM micrograph of the ZnO NPs. b) SEM micrograph of the ZnO NWs grown on an 

FTO substrate. The image depicts highly oriented wires with hexagonal heads and a low degree of 

aggregation. c) PXRD spectrum for the ZnO NW films on FTO. The preferred orientation for the 

growth is observed through the (002) plane as this peak is significantly greater than the ones for the 

other phases. (c, inset) Diffuse reflectance spectrum plotted using the Kubelka-Munk function. 
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The PD2-CD photosensitizers were synthesized from citric acid and propylenediamine 

in a hydrothermal reaction effectively highlighting the low cost and simplicity of the synthesis 

of this class of NMs.124-125 We expect these starting materials to yield CDs that are N-doped, 

where heteroatom doping in CDs is considered to be a form of passivation to enhance the 

optical properties of the material.110, 126 The presence of amide groups in CDs has previously 

been shown to increase the quantum yield of emission in this family of nanoparticles.127 TEM 

analysis (Figure 2.3a) of the prepared and purified PD2-CDs shows an average size of 10.7  ± 

1.5 nm. PXRD analysis (Figure 2.3b) confirms the amorphous nature of the PD2-CDs and the 

X-ray photoelectron spectroscopy (XPS) survey scan (Figure 2.3c) shows three different 

binding energies: 285, 400, and 531 eV that correspond to C1s, N1s, and O1s, respectively. 

These data correlate with the expected CD elemental composition from citric acid and 

propylenediamine. The data extracted from high resolution XPS (HR-XPS) spectra were 

assigned to the respective bonds in the PD2-CDs,  where the deconvolution for C1s (Figure 

A3a) shows the presence of C-C/C=C (284.3 eV), C-O (286.3 eV), and C-N/C=O (287.6 eV) 

bonds; for N1s (Figure A3b), the deconvolution shows two peaks corresponding to N-C/N-C 

(399.8 eV), and N-O (402.3 eV) bonds; and for O1s (Figure A3c) the spectra can be 

deconvoluted into two binding energies representing C=O (530.7 eV), and C-OH/C-O-C 

(531.8 eV) bonds. The elemental composition of the PD2-CDs was extracted from the HR-

XPS by comparing the integrated peak areas for C, N and O and was found to be 71.95%, 

11.61%, and 16.45%, respectively. The ability to optimize the optical properties of CDs based 

on the materials they are synthesized from to maximize the absorption of light in the visible 

part of the spectrum is of particular interest, and the absorption spectrum of the PD2-CDs 

(Figure 2.3d) in an aqueous dispersion shows a maximum absorption peak centered at 352 nm 
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and a wide shoulder that extends deep into the visible region (from ca. 380 to 550 nm). The 

maximum at abs = 352 nm is attributed to a π → π* transition, while the shoulder is assigned 

to the n → π* transition from the aromatic sp2 domains of the C=O and C=N bonds, 

respectively.128  The Fourier transform infrared  (FTIR) spectrum of the PD2-CDs (Figure 

2.3e) shows bands between 3500-3000 cm−1 corresponding to -OH  surface groups, as well as 

stretching modes at 2977 cm−1 for alkyl C-H groups, 1632 and 1532 cm−1 for amide and 

carboxyl C=O groups, 1556 cm−1 for amide C=N, 1364 cm−1 for the C-N, and 1213 cm−1 for 

acyl C-O (Table A1). 

Figure 2.3 a) TEM spectrograph of the PD2-CDs with two representative carbon dots highlighted (red 

circles). b) PXRD diffractogram for the PD2-CDs in powder form, which confirms the amorphous 

nature of the material. c) XPS survey scan indicating the presence of carbon, nitrogen and oxygen. d) 

UV-vis (black trace) spectrum and Kubelka-Munk plot (blue trace) for PD2-CDs dispersed in water 

and the functionalized films, respectively. The Kubelka-Munk plot corroborates the presence of PD2-

CDs on the films with a broad peak that extends from 2.0 to 2.75 eV. d, inset) Ethanolic solution of 

PD2-CDs used for film functionalization and a ZnO NW film after exposure to the PD2-CD solution. 

e) FTIR spectra for the ZnO NWs (top), PD2-CDs (middle), and ZnO NW|PD2-CD scraped from the 

substrate (bottom). The functionalized film displays bands for the alkyl -CH and amide bond stretches 

over the ZnO bands that further confirms the attachment of the PD2-CDs onto the films. 
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Attachment between the ZnO NWs and the PD2-CDs was achieved by immersing the 

NW films in an ethanolic dispersion of PD2-CDs for 48 hrs. After the attachment process the 

color of the films changed from white to pale orange (Figure 2.3d, inset). Optical 

characterization of the sensitized films by diffuse reflectance spectroscopy shows that the 

electronic properties of the pristine ZnO NWs are unaffected by the addition of the PD2-CDs 

as the bandgap absorption edge at 3.22 eV can still be observed (Figure 2.3d) while a 

significant increase in visible light absorption is observed, stemming from a broad band that 

extends from 2.0 to 2.75 eV. These values correlate to the optical bandgap values for the PD2-

CDs in water (Figure 2.3d). In addition, diffuse reflectance FTIR spectroscopy (DRIFTS) 

confirms the presence of the PD2-CDs on the ZnO NWs where the stretch for the amide group 

can be distinguished at 1700 cm−1 (Figure A4). To determine the nature of the interaction 

between the PD2-CDs and ZnO NWs, FTIR spectroscopy on material scraped from the 

functionalized films (Figure 2.3e) was carried out. The broad band between 3600 to 3100 cm−1 

is attributed to terminal -OH bond stretching, which becomes broader once the PD2-CDs are 

adsorbed onto the film. FTIR spectra for both the PD2-CDs alone and the PD2-CDs with the 

NWs show a band for the alkyl C-H stretch at 2971 and 2933 cm−1 confirming the presence of 

the PD2-CDs on the film. The band centered at 1562 cm−1, assigned to the C=O stretch of the 

amide shifts from 1532 cm−1 in the free CDs. The band centered at 1378 cm−1 for the C-N bond 

also exhibits a shift from 1364 cm−1. These fluctuations in the stretching vibrations can be 

correlated to the change in the dielectric environment between the aggregated PD2-CDs in the 

solid state and rigidified on ZnO.129 The attachment of different functional groups to the 

surface of ZnO NMs has been well documented in the literature through experimental and 

computational methods.130 Carboxyl groups usually have a tight binding mode to ZnO 
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according to computational studies where this functional group coordinates via two 

asymmetric bonds between the -COOH oxygens.131-132 Likewise, -SH and -NH2 groups are 

also known to bind to ZnO.130 

Cyclic voltammetry was used to estimate the HOMO/LUMO energies of the PD2-CDs 

(Figure 2.4a). When the potential was scanned through the oxidative side, two oxidative waves 

were observed; a non-reversible wave with an onset value of Eox = +1.1 V (all potentials 

reported versus NHE) and one with an onset potential of Eox = +1.6 V. Conversely, once the 

reductive side of the cyclic voltammogram was analyzed, a wave with a reductive onset of Ered 

= −2.4 V was observed. These values suggest a HOMO-LUMO gap of 3.5 eV (352 nm) that 

correlates to the absorption peak from the UV-Vis of the PD2-CDs dispersed in water (max = 

342 nm).  

Figure 2.4 a) Cyclic voltammograms for the calculation of the HOMO and LUMO positions from both 

the non-reversible peak and the oxidative onset potential and from the reductive onset potential, 

respectively. b) Chronoamperograms of the chopped-light experiment with white LEDs on the films 

with (orange trace) and without (black trace) 1. c) Linear sweep voltammograms comparing the 

electrochemical behavior of different types of CDs (GCD and RCD) with the PD2-CDs used in this 

study (orange trace) upon 1-phenylpyrrolidine addition. RE: Ag wire; CE: Pt wire; WE: ZnO NW|PD2-

CD film, 0.1 M TBAPF6 in dimethylformamide (Scan rate: 100 mV s−1). 

 

The photocurrent of the nanostructured ZnO NW photoelectrode was first characterized 

using chronoamperometry (CA) in a three-electrode system before taking measurements on 
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the sensitized films to confirm the semiconducting properties of the composite material. These 

photocurrent measurements were performed under chopped UV light illumination (ex = 365 

nm) in a 0.1 M solution of KCl without any sacrificial agents (Figure A5). A current increase 

and a capacitive effect due to the build-up of charges at the solid-liquid interface was observed 

on irradiation. Chopped-light CA with no applied bias was also used to investigate the 

production of photocurrent over time upon white light irradiation of the ZnO NW|PD2-CD 

films (Figure 2.4b). There is a clear current increase on irradiation that suggests the injection 

of electrons from the excited state of the PD2-CDs into the conduction band of the ZnO NWs 

according to the proposed band alignment of the LUMO (−2.44 V) of the PD2-CDs and the 

literature value for the conduction band of ZnO (−0.3 V).133 In this regard, the ZnO NWs are 

acting as a support and stabilizer of the reduced PD2-CDs and as a sink for reducing 

equivalents, harvesting electrons that could then be used in follow-on single electron transfer 

(SET) processes. The stability of the connection between the PD2-CDs and the NWs was 

evaluated by performing five chopped-light chronoamperometric experiments on a 

ZnONW|PD2CD film. Each experiment was performed in a fresh electrolyte solution and the 

photocurrent was recorded upon white light illumination (Figure A6). It was observed that the 

current density diminishes to 70% of its original value in the fifth solution and after being 

exposed to 25 on-off illumination cycles (Table A2). Thus, we conclude that the interaction 

between the NWs and the PD2-CDs must be of a reasonable strength for the PD2-CDs to inject 

electrons into ZnO, surviving multiple solvent exchange and light irradiation cycles. 

The oxidation of 1-phenylpyrrolidine (1) by the ground state of the PD2-CDs is feasible 

based on the predicted electron injection mechanism established from the calculated position 

of the HOMO level for the PD2-CDs (Step 1, Figure 2.5) and the oxidation potential of the 1 
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(Figure A7). From our data, we estimate that SET from 1-phenylpyrrolidine (1) to the HOMO 

of the PD2-CD (Step 1, Figure 2.5) is energetically feasible (∆G° = −0.14 kcal mol−1, Eq. 

A1.1). Such an electron transfer would create a radical centered on the nitrogen of the tertiary 

amine while replenishing the ground state of the PD2-CD that can be leveraged as an oxidant 

(Eox = +1.1 V).  

Considering that the energetics of the photoelectrode are well understood, we 

proceeded to evaluate the photocatalytic behavior of ZnO NW|PD2-CDs towards the 

photooxidation of 1. The photocurrent observed upon white light irradiation of the films 

increases after the addition of one drop of 1 into the electrolyte solution in comparison to the 

photocurrent observed without the amine in solution (Figure 2.4b). This rise in current can be 

explained by the single electron photooxidation of 1 by the oxidized PD2-CDs on the ZnO 

surface, (Step 1, Figure 2.5). We anticipate that the charge carrier density of the ZnO NWs 

would not only be increased by injection of electrons originating on the PD2-CDs themselves, 

but also from the subsequent replenishment of the PD2-CD ground state by 1, thus producing 

an increase in current passing through the film. The need for an applied bias was evaluated via 

the photooxidative performance of the CDs upon the addition of 1 with respect to a linear 

sweep voltammetry (Figure 2.4c) experiment. For contrast, the PD2-CDs reported here were 

compared to two other types of visible-light absorbing CDs (GCDs and RCDs, Figs. A8, A9 

and Table A3) to see which CD system would be competent to drive the photooxidation of 1. 

GCDs were synthesized from glutathione and formamide, thus, functional groups including 

carboxylic acids, amines, amides, and thiols are expected to be found on the surface,37 while 

the RCDs (previously unreported), were prepared by reacting citric acid and formamide to 

yield mainly carboxylic acid and amine groups on the carbon dot surface (Figure A9). 
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Therefore, these somewhat different surface environments are expected to create variations in 

the excited state redox potentials of the CDs, along with imparting them with different optical 

properties. Surprisingly, the PD2-CDs significantly outperformed the other two types of CDs, 

despite the other CDs having clear absorption maxima in the visible region (Figure A8), 

allowing them to harvest more visible light, while the PD2-CDs only have a shoulder that 

extends into the visible region. There was no photooxidation observed for the RCDs even at 

high potentials and we observed minimal photooxidation by the GCDs starting at a potential 

of +0.35 V. Conversely, the PD2-CDs used in our device showed significant photooxidation 

of 1 at virtually no applied bias. Therefore, an organic transformation using the oxidized form 

of 1 should be plausible by employing this film as a heterogeneous photocatalyst. From our 

analysis, all the CDs reported here are capable of oxidizing 1 from their respective excited 

states, somewhat at odds with what we observed in the LSV (Figure 2.4c). One possible 

explanation for the increased catalytic performance of the PD2-CDs is related to matching the 

emission of the LEDs used in our photocatalytic experiments and the absorbance maxima of 

the different CDs (Figure A10). We note that the blue emission component of the LEDs aligns 

well with the absorption shoulder of the PD2CDs, increasing the number of available excited 

states to drive the formation of the radical of 1. Somewhat significantly, this comparison 

demonstrates the flexibility and tunability of CDs for solar energy conversion purposes. By 

simply varying the starting materials of CD synthesis or by surface treatment one can achieve 

different optical and electronic properties that can be tailored to catalyze specific 

transformations.109, 134  
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Figure 2.5 Proposed reaction scheme and suggested mechanism for the photocatalytically driven 

reaction of 1-phenylpyrrolidine (1) and 2-chlorobenzothiazole (2) with the respective redox potentials 

for the active species. 

 

Coupling heteroaromatic molecules to the α-carbon position of tertiary amines is an 

interesting catalytic conversion due to the generation of high value-added products, 

particularly in the pharmaceutical industry.135-137 Considering the importance of these 

transformations in the production of relevant medicinal drugs,138-140 they have been rather 

underexplored. With this in mind, we decided to catalyze a direct α-heteroarylation of 1 and 2 

using the ZnO NW|PD2-CD photoelectrodes. To our knowledge, this photocatalytic 

transformation has only been reported twice by the same group employing a molecular iridium 

photocatalyst and obtaining yields of 75-87% depending on the reaction conditions.141-142 Prier 

and MacMillan performed the direct α-heteroarylation of different amines using 

[Ir(ppy)2(dtbbpy)][PF6] (ppy = 2-phenylpyridine), where they promoted a mechanism that 

avoids the use of cyanoarenes and the associated radical anion pathway. Our photocatalytic 
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system is expected to follow the same mechanistic steps while replacing the molecular catalysts 

with a heterogeneous photocatalyst created from Earth-abundant elements as the key 

components of the system. Since the reaction conditions have previously been optimized by 

Prier et al. we decided to employ the highest yield conditions and optimize them for our 

catalytic system.141  

The reaction of 1 and 2 was performed in an inert atmosphere by mixing the starting 

materials with sodium acetate and water in dimethylacetamide (DMA) and exposing this 

solution to the film and white light irradiation at room temperature. As reported in Table 1 

(Entry 5), the highest yield was obtained after 24 hrs (97% yield). However, film degradation 

was observed beginning at approximately 10 hrs into the reaction period, likely due to an 

increasing HCl concentration over the course of the reaction and/or photocorrosion of the ZnO 

NWs.143 Therefore, 10 hrs was established as an optimal reaction time to yield significant 

product while preserving the integrity of the films (Table 1 Entry 2) as confirmed by DRIFTS 

and SEM of the films pre- and post-reaction (Figures A4 and A11). The recyclability of the 

films was evaluated by performing the reaction for 10 hrs, rinsing the used film thoroughly, 

and using it for another 10 hr reaction period. On the second reaction we observed a yield of 

55%. As expected, our device does not provide satisfactory results for a reaction that produces 

higher concentrations of acid as a by-product, highlighting one key area for optimization in 

future devices. The reaction was monitored through a bulk electrolysis (BE) experiment with 

no applied bias and UV-Vis spectroscopy in order to monitor the kinetics of the transformation. 

The current versus time plot (Figure A12) shows that there is a notable increase in charge 

density over the course of the first 30 min of the reaction, followed by stabilization after 1 hr. 

We postulate that this rapid initial current increase is due to the efficient oxidation of 1 through 
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a SET process involving the PD2-CDs on the surface of the NWs (Step 1, Figure 2.5) and a 

subsequent buildup of the radical product. Analysis of the UV-Vis spectra (Figure A13) over 

the course of the reaction reveals that product 3 is generated at a steady rate following zero-

order kinetics, which is expected for heterogeneous catalysts where the reactants saturate the 

active surface.144 Additionally, the initial generation and successive buildup of the 1-

phenylpyrrolidine radical was also investigated through UV-Vis (Figure A14). In this case, the 

reaction was conducted without the addition of 2 and showed a rapid decrease in the 

concentration of 1 in the first fifteen minutes of reaction followed by a slow and stable 

consumption that correlates with the current observed in the BE experiment. The oxidation of 

the amine is accompanied by the deprotonation of the α-C-H bond that shifts the radical to the 

α-C (Step 3, Figure 2.5). As previously reported, this neutral radical can react with highly 

electrophilic 2 through a homolytic aromatic substitution (Step 3, Figure 2.5).141 Then, a 

second SET from the excited state of a proximal PD2-CD (−2.44 V) to the activated complex 

(Step 4, Figure 2.5) may reduce the resulting radical σ-complex by eliminating the chlorine (as 

Cl−) and yielding the desired α-heteroarylation product (Step 5, Figure 2.5). Therefore, the only 

anticipated by-product of this reaction is HCl.  
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Table 1. Assessment of multiple -heteroarylation conditions. 

Entry Catalyst NaOAc (equiv.) Reaction time (hrs)a Yield (%)b 

1 ZnO NW|PD2-CD 1.0 4 32 

2 ZnO NW|PD2-CD 2.0 10 82 

3 ZnO NW|PD2-CD 1.0 12 60 

4 ZnO NW|PD2-CD 1.0 24 82 

5 ZnO NW|PD2-CD 2.0 24 97 

6 PD2-CD dispersion 1.0 4 8 

7 PD2-CD dispersion 1.0 24 56 

8 ZnO NWs 1.0 24 50 

9 ZnO NW|PD2-CDc 1.0 24 0 

a All reactions were performed with 10 equiv. of water in 0.25 M dimethylacetamide at room 

temperature under white light irradiation. b The yield was calculated from an average of three 

reactions with 1,3,5-trimethoxybenzene as an internal standard for 1H NMR. c Reaction 

performed in the dark. 

 

The crude product of the reaction was extracted with ethyl acetate, purified, and isolated for 

characterization by column chromatography following the procedures detailed in the 

Supplementary Information. The isolated product was characterized, and determined to be the 

desired 2-(1-phenylpyrrolidin-2-yl)benzo[d]thiazole (Figure 2.1; 3), through 1H NMR (Figure 

A15), 13C NMR (Figure A16) and high-resolution mass spectrometry (HRMS, Figure A17). 

The crude reaction yield was calculated through 1H NMR using 1,3,5-trimethoxybenzene as 

an internal standard. It is worth noting the yield of the control experiments where the PD2-CD 

dispersions are expected to generate the product owing to their excited state redox potentials 

which suffice to catalyze the reaction. When compared to the ZnO NW|PD2-CD films, we 

still observed a lower yield for the unsupported PD2-CDs (8% after 4 hrs) due to a lack of an 

electron sink and stabilizer. In contrast, the bare ZnO NWs somewhat unexpectedly produced 
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a yield of 50% (24 hrs) that may be attributed to formation of a radical ion pair via reductive 

quenching of the excited state of 2 by 1 (we note 2 absorbs light at the blue edge of the visible 

spectrum, λex = 390–400 nm, Figure A18, enabling excitation by the white light LEDs). From 

our work, it is unclear whether electron injection into the ZnO NWs occurs from this radical 

pair or prior to its formation, however we anticipate that either process will enable entrance 

into the proposed catalytic cycle. Overall, our observed yields approach or surpass those 

previously reported for this transformation with the molecular photocatalyst 

[Ir(ppy)2(dtbbpy)][PF6].
141  

2.3 Conclusion 

 

We have successfully engineered a heterogeneous catalytic photoelectrode from Earth-

abundant elements for the α-heteroarylation of 1-phenylpyrrolidine (1) with 2-

chlorobenzothiazole (2) at room temperature to produce 2-(1-phenylpyrrolidin-2-

yl)benzo[d]thiazole (3). The photoelectrode makes use of ZnO NWs grown on an FTO 

substrate as a support and electron sink and is further sensitized to visible light by the 

attachment of PD2-CDs onto the surface. The energetics of the system at the heterojunctions 

were investigated and compared, and it was determined that the energy levels were aligned in 

a way that maximizes the efficiency of photocatalysis by promoting forward electron transfer. 

From optical spectroscopy and electrochemistry investigations, the mechanism for the electron 

transfer at the ZnO/CD interface was also explored to get insight on the role of PD2-CDs in 

photocatalytic processes, a subject that is usually obviated in the field. It was concluded that 

these specific CDs participate in both the oxidation and reduction reactions and thus, are a 

crucial component of the photocatalysis. Also, the presence of the ZnO NWs was determined 
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to be necessary to promote the flow of electrons from and into the PD2-CDs and to achieve 

higher reaction yields.  

The system described in this work can surpass the performance of precious metal-

containing photocatalysts and is built from inexpensive elements having the characteristics of 

a heterogeneous photocatalyst. Therefore, it may render itself more practical and advantageous 

than classical molecular systems. This work establishes a proof-of-concept to elucidate the 

underlying charge transfer mechanisms on the interaction between CDs and SC nanostructures.  

We foresee the engineering of similar CD-based photocatalysts to produce value-added 

chemicals through solar-to-chemical energy conversion based on the study of the energetics of 

the components coming together. In fact, preliminary data shows that this device could be a 

viable photocatalyst for water splitting purposes where we see evidence for the generation of 

O2 at pH < 12 (Figure A22). In addition, we have tested the possibility for such a system to 

sensitize singlet oxygen for radical-driven catalysis upon white light illumination. The 

degradation of dihydronaphtalene (DHN) by CDs demonstrates the production of singlet 

oxygen in solution (Figure A23) expanding the applications of this heterogeneous system in 

the photocatalysis field. Work to optimize the photocatalyst described in this Chapter and the 

other two systems is underway. 
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Chapter 3 Investigation of Nucleation and Growth in the Formation 

Mechanism of Kesterite Nanocrystals 

 

The development of semiconductor nanocrystals (NCs) for various applications has 

attracted significant attention due to their tunable optical and electronic properties.145 Hence, 

different materials including CuInSe2 and CdTe have been suggested for applications in 

photovoltaics and photocatalysis.146-147 To be sustainable, however, future technologies should 

make use of Earth-abundant elements with low degrees of environmental toxicity.148 In this 

regard, kesterite Cu2ZnSn(S,Se)4 (CZTS) has emerged as a promising p-type semiconductor to 

address these needs owing to its favourable optoelectronic properties. CZTS materials have a 

direct band gap energy of 1.0-1.5 eV with a high absorption coefficient (104 cm˗1, Figure 3.1b), 

that renders the material optimal for solar energy conversion.149 For instance, the application 

of CZTS materials as thin films in photovoltaics has resulted in remarkable power conversion 

efficiencies of up to 11.0%.150 

Figure 3.1 (a) Crystal lattice for two kesterite unit cells (Cu4Zn2Sn2S8), Cu: red, Zn: blue, Sn: grey, and 

S: yellow. (b) Density functional theory calculation of the density of states of kesterite. This plot shows 

a direct band gap with an energy of 1.42 eV.  
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The preparation of CZTS NCs has been explored through various synthetic methods 

including hot-injection,151 microwave-assisted,152 ball-milling,153 and solvothermal 

reactions154 with an emphasis on exploiting the quantum confinement effect to tailor the light 

absorption properties of the resulting material.155 One major challenge that has emerged in the 

synthesis of these NCs is the formation of undesired binary (CuxS, SnS, and ZnS), ternary 

(Cu2SnS3), and wurtzite CZTS phases.156-157 The formation of these phases ultimately affects 

the performance of the final material creating shorts in solar cells and defects that act as exciton 

recombination centers.151, 158 Considering that the performance of the material is closely related 

to the structure and size of the NC, recent investigations have tried to unravel the formation 

mechanism of CZTS NCs through spectroscopic and computational methods to obtain a better 

understanding of their growth, phase evolution, and size distributions.159-160 It is well known 

that increasing the temperature and the time of the reaction promotes the formation of larger 

NCs,152, 161 therefore, mechanistic studies have focused on the effects of solvent, capping 

groups, sulfur sources, salt precursors, and the reaction stoichiometry on the formation 

pathway, phase purity, and size dispersity of kesterite CZTS NCs.  

The roles of solvent and capping agents in the formation mechanism and morphology 

of CZTS NCs have previously been established by different groups.162-164 However, it still 

requires a more profound understanding given that the solvent and other additives perform the 

crucial role of activation and stabilization of the metal precursors (often either an acid/base or 

redox process).165-166 These processes are key to the formation of the desired kesterite phase as 

the metal ions have a specific stoichiometry in the final crystal according to their oxidation 

states and ionic radii.167 As an example, Hou et al. demonstrated that oleylamine reduces Cu2+ 

ions and forms the corresponding imine at temperatures above 130 °C, rendering this “solvent” 
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vital for the creation of intermediates before CZTS nucleation in this particular reaction.168 

Other studies have shown the crucial effect of solvent pH in such transformations. Suryawanshi 

et al. observed the formation of mixed CZTS phase with Cu2SnS3 and copper sulfide crystals 

at low pH, phase pure CZTS NCs at neutral pH, and mixed CZTS phase with tin sulfide crystals 

at higher pHs.154  

The identity of the sulfur source has likewise been shown to perturb the formation of 

pure kesterite to wurtzite phase in some cases. In fact, it is understood that the use of elemental 

sulfur in long hydrocarbon solvents favors the formation of kesterite,162, 169 while the use of 

alkylthiols promotes the formation of wurtzite in CZTS NCs.170-171 Zou et al. reported the 

phase-controlled synthesis of either kesterite or wurtzite by tuning the reactivity of the sulfur 

precursor towards the Zn2+ ions.172 In this regard, Li et al. also tested sulfur reactivity towards 

the formation of specific CZTS crystalline phases and found that highly reactive sulfur 

compounds easily form H2S that triggers the direct formation of the kesterite phase, while less 

reactive species would yield wurtzite through a copper sulfide intermediate, contrary to Zou et 

al.173 In brief, the sulfur source of choice can strongly influence the outcome of the reaction by 

creating different metal-sulfur interactions and crystalline intermediates or by simply 

generating highly reactive H2S. Taken together, this illustrates how challenging and non-trivial 

it is to direct the crystalline structure of a quaternary lattice.   

While progress has been made in directing the formation of pure kesterite phases by 

varying the reaction parameters, there is still a knowledge gap regarding the formation 

mechanism of these NCs and how to control their final size. Work should focus on the metal-

sulfur activation steps, the nucleation of binary and ternary structures to control the size 

dispersity, and the stability of the kesterite structure considering that Cu+ and Zn2+ have a 
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similar ionic radius and can interchange positions in the lattice. Some groups have observed 

the immediate precipitation of kesterite CZTS NCs using elemental S activated by oleylamine, 

and the formation of Cu sulfide binary structures with alkylthiols.173-174 However, most 

mechanistic studies report a multistep reaction going from Cu sulfide crystals to Cu2SnS3 and 

finally forming CZTS NCs after the incorporation of Zn2+ through cation exchange.151, 156, 161, 

169, 172, 175 The generation of these intermediate crystals is governed by thermodynamic and 

reactivity factors. For instance, the formation of SnS is disfavored due to its borderline hard 

Lewis acid nature compared to its copper counterpart, while the formation of CuS takes place 

over ZnS since it is more thermodynamically stable and prone to react with S2˗ through a soft 

Lewis acid/base reaction.160, 176 Wang et al. performed in-situ Raman spectroscopy on aliquots 

taken throughout the course of the formation of the NCs.177 They showed that the nucleation 

of CuxS starts at room temperature until 170 °C when the kesterite phase starts forming. A 

three-step mechanism was suggested by Tan et al. where the generation of Cu sulfide species 

early in the reaction was observed, followed by the diffusion of Sn4+ into the crystals to form 

Cu2SnS3 as high temperatures make Cu atoms highly mobile, facilitating a cation exchange.151 

In the last step, Zn2+ diffuses into the ternary crystal to form CZTS. In other procedures, 

wurtzite CZTS NCs have been annealed in a post-reaction treatment to induce the phase 

transformation to the more thermodynamically stable kesterite structure giving insights about 

the stability between quaternary phases and the effects of surface ligands on phase 

transformations.178 Furthermore, computational studies have been conducted to get 

information about the thermodynamic stability of the possible binary, ternary, and quaternary 

(wurtzite and stannite) phases that could occur towards the formation of kesterite CZTS 
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NCs.160 It was shown that all three phases have comparable enthalpies of formation with the 

kesterite phase being the lowest in energy and most thermodynamically stable. 

Much of what has been learned from these systems can be employed towards the 

understanding of a nucleation and growth mechanism.159, 176 Although there are currently no 

growth models for quaternary NCs, some approximations can be made from LaMer theory for 

the formation of monodispersed colloids.54 The generation of a homogeneous nucleation can 

be understood in terms of the energetic instability of a supersaturated solution that draws the 

nucleation towards a thermodynamic minimum.179 This theory follows three steps. As a first 

step, there is an increase in the ion concentration due to the precursor decomposition (usually 

reduction) and free atom supersaturation. This increase in concentration triggers a fast self-

nucleating process where the solute building blocks create nuclei from which the final NCs 

will grow. In the second step, there is equilibration between the formation of new nuclei and 

the decrease in the solute concentration. Lastly, the NC seeds growth becomes diffusion-

controlled and happens at the expense of the remaining solute building blocks or from smaller 

nuclei (Ostwald ripening) until the surface energy is minimized. Therefore, to obtain a narrow 

NC size distribution, the first nucleation must be considerably fast. If the CZTS NC formation 

happens after the diffusion of Zn2+ into Cu2SnS3 NCs or the diffusion of both Zn2+ and Sn4+ 

into CuxS NCs,180 then, the final concentration and dispersity should follow the classical 

interpretation of nucleation and growth. Thus, understanding the formation of either CuxS 

Cu2SnS3 towards the generation of kesterite CZTS NCs can provide better tools to control their 

synthesis.  

Hot-injection-type (HI) reactions are an optimal method to study nucleation and growth 

mechanisms as the solution can be sampled in-situ and the promotion of a stepwise NC 
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formation mechanism can be controlled manually. In this chapter hot-injection synthesis is 

employed to demonstrate the stepwise nucleation and growth mechanism of kesterite CZTS 

NCs. Furthermore, considering that this synthetic method becomes impractical for mass scale 

production, a simple microwave-assisted reaction is provided for the high-throughput synthesis 

of kesterite CZTS NCs.  

 

3.1 Experimental  

3.1.1 Materials 

Copper (II) acetylacetonate [Cu(acac)2], oleylamine (OA 50%), and 1-dodecanethiol (DDT) 

were purchased from TCI. Zinc acetate dihydrate [Zn(OAc)2·H2O], tin chloride (SnCl2), 

elemental sulfur (purum ≥ 99%), hexane (≥ 99%), ethanol (99%) were purchased from Sigma 

Aldrich. All chemicals were used as received without further purification.  

3.1.2 General Procedures 

TEM images were collected using a benchtop LVEM5 microscope from Delong Instruments 

(Brno, Czech Republic) operating at 5 kV and a JEM-2100F (Jeol Ltd) analytical electron 

microscope operating under 200 kV. The Cu-300HD grids (Pacific Grid-Tech) were cast by 

immersing them in a 1 mg mL˗1 dispersion of CZTS NCs in hexanes and dried under air. The 

NC size distribution was determined over an average of 200 particles using a Fiji imaging 

software to process the images.  

Powder X-ray diffraction data was collected using a 2nd Gen D2 Phaser X-ray diffractometer 

with monochromatized Cu Kα radiation with a nickel filter (Bruker AXS). The power of the 

X-ray source was set to 30 kV and 10 mA in a continuous PSD fast scan mode. The spectra 
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were collected in 2θ ranging from 20 to 70° with a step increment of 0.05° and scan speed of 

1 s step−1 with a PSD opening of 4.7970°. The data analysis was performed with XPert 

Highscore software.   

Raman Spectroscopy measurements were performed using a Renishaw Invia spectrometer. A 

514 nm diode laser with ~5 mW power was utilized. A software algorithm was used to remove 

cosmic ray interference. The spectra were collected over a period of 1-2 minutes.  

3.1.3 General CZTS Synthesis (HI) 

CZTS NCs were synthesized from salts of copper, zinc, and tin using elemental sulfur as a 

sulfur source. Briefly, Cu(acac)2 (1 mmol), Zn(OAc)2·2H2O (0.5 mmol), SnCl2 (0.5 mmol), 

and 5 mL of OA were placed in a three-neck round bottom flask. The flask was connected to 

a Schlenk line where the reaction was degassed three times at room temperature and left under 

N2 atmosphere. The sulfur source was prepared from elemental sulfur (4 mmol) in OA (2 mL) 

by sonicating the solution for 25 minutes. Then, the flask was heated to 240 °C in a sand bath 

where the sulfur solution was injected, the solution is left to react for 10 minutes and then it is 

rapidly quenched and cooled using an ice bath. The solution is then transferred to a 50 mL 

centrifuge tube and washed three times using 5 mL of hexanes and 35 mL of ethanol (99%) 

while centrifuging and discarding the supernatant between washes. The product is left to air 

dry under air overnight for further experiments.  

3.1.4 General CZTS Synthesis (Microwave-Assisted) 

CZTS NCs were synthesized from the same precursors used in for hot-injection method. The 

elemental sulfur (4 mmol) was placed in a 10 mL microwave reaction vessel along with OA 

(4 mL) and the solution was sonicated for 20 min to dissolve the sulfur. Subsequently, the 
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Cu(acac)2 (1 mmol), Zn(OAc)2·2H2O (0.5 mmol), and SnCl2 (0.5 mmol) were added into the 

vessel containing the sulfur precursor. This solution was sonicated while shaking for 5 minutes 

to disperse the salts evenly throughout the solution. The mixture was pre-stirred for 5 more 

minutes before placing it in the microwave reactor (Discover SP microwave from CEM 

Corporation) to avoid the formation of clumps. Once in the reactor, the solution was rapidly 

heated to 240 °C and held at that temperature for 10 minutes. The product was washed using 

hexanes and ethanol following the HI purification procedure and dried overnight for further 

testing.   
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3.2 Results and Discussion 

 

Kesterite CZTS NCs were synthesized via HI and microwave reactions in a 160–260 

°C temperature range for 1–40 minutes. The solvent of choice for the reactions was OA 

because it is not only a high boiling point hydrocarbon, but it also stabilizes the metal salt 

precursors and prevents them from decomposing at lower temperatures, a detrimental process 

that would generate undesired phases.181  

It is anticipated that the size evolution as a function of time of the synthesis of CuxS 

NCs could provide evidence for the proposed mechanism. If the size evolution function follows 

the same growth rate as the one observed in the growth of kesterite CZTS NCs, then this would 

suggest that the final size dispersity of NCs will be governed by the nucleation and growth of 

the intermediate species (CuxS) before the incorporation of the other two cations into the 

lattice. Furthermore, the formation of kesterite CZTS NCs reveals a color change from a pale-

yellow to brownish after the injection of the sulfur (Figure 3.2), that provides qualitative 

evidence for the formation of CuxS NCs as reported previously.159 This pale-brown color 

rapidly changes to dark-brown denoting the formation of kesterite CZTS NCs.  

 

Figure 3.2 Photographs illustrating the color change of the reaction solution from the moment the sulfur 

precursor is injected (a) until the end of the reaction at 10 min (d). The pale-yellow and brownish colors 

seen in (b) and (c) hint the formation of a CuxS intermediate.  
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The critical radius for the nucleation onset of this intermediate and the duration of this 

phase will vary according to thermodynamic and kinetic parameters that will ultimately 

regulate the size dispersity of the NCs. These factors can be controlled by choosing the right 

reaction conditions including solvent, capping agents, and saturation. The faster the nucleation 

burst, the narrower the final size dispersity will be because this will avoid the nucleation of 

early and late comer nuclei. Increasing the saturation of solute will allow it to start nucleating 

once it reaches a smaller critical radius. Likewise, changing the solvent will modify the 

dielectric constant of the environment and will produce a direct effect on the surface energy 

on the nuclei. Hence, these synthetic handles could help tailor the size distribution of the CuxS 

intermediate and thus, the final kesterite CZTS NC size distribution as well. 

To gain information about the morphology and size evolution, aliquots should be taken 

at different times (5 s, 30 s, 1 min, 2 min, 5 min, 10 min) after the injection of the sulfur 

precursor. Based on the expected growth mechanisms, the size distribution of the NCs should 

show small nuclei at short reaction times (5-30 s) followed by an increase in size as these nuclei 

grow. There may exist a plateau in the size as the solute is consumed by the formation of NCs 

above the critical radius for nucleation. If the size dispersity shows a unimodal size 

distribution, then growth through OR may be occurring. However, growth by OR requires 

nuclei to dissolve, followed by the precipitation of the dissolved material onto larger crystals. 

This behavior does not agree with the expected mechanism for CZTS NC formation that is 

speculated to happen through the generation of a CuxS intermediate followed by the diffusion 

of Sn4+ and Zn2+ into the lattice. In the proposed mechanism, the formation of the intermediate 

will dictate the final size of the NCs where further growth if any, will be governed by 

aggregative mechanisms. Nonetheless, OR could be at play in the formation of the CuxS 
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intermediate if this process is slow enough. Conversely, if a multimodal size distribution is 

observed, it may be due to the formation of undesired binary and ternary phases as well as an 

irregular aggregative growth. The preliminary TEM images show a spherical morphology and 

an increase in the size when comparing NCs synthesized at 180 and 260 °C (Figure 3.3). 

 

Figure 3.3 TEM images for kesterite NCs synthesized through a microwave-assisted reaction at 180 

(a) and 260 °C (b). The NCs appear to have a spherical morphology with average sizes of 8.5 ± 2.8 and 

22.7 ± 8.1 nm, respectively.  

 

The PXRD diffractogram for the final NCs synthesized at 240 °C is displayed in Figure 

3.4a. This pattern shows three main reflections at 2Ɵ = 28.8°, 47.6°, and 56.4° corresponding 

to the (112), (220), and (312) planes respectively. Other reflections can be observed at 2Ɵ = 

33.3° (200), 69.5° (008), and 76.6° (332) correlating to literature values.178 The size of the 

crystals in the powder are related to the full width at half maximum (FWHM) from the 

diffraction peaks through the Scherrer equation176: 

𝜏 =
𝑘𝜆

𝛽 cos(𝜃)
          Eq. 3.1 
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This equation allows the estimation of the size of the NCs from the PXRD patterns. The 

calculated sizes for the NCs synthesized at different temperatures are shown on Figure 3.4b 

and range from 2.5–23 nm based on the first major peak at 28.8°. There is a significant increase 

in the size of the NCs as the synthesis temperature goes from 180 to 260 °C due to the 

increment in the reaction rate and collisions between NCs. Additionally, the PXRD spectra for 

the aliquots taken at 5 and 30s should show a pattern corresponding to a CuxS structure. The 

spectra for the subsequent aliquots might exhibit patterns for some sort of ternary structure (i.e. 

Cu2SnS3) depending on the rate of the cation exchange reaction. 

In the absence of corroborating data, much of the following represents a presumptive 

discussion regarding the mechanism of NC formation. The NC size estimates for this reaction 

should show a rapid increase in the size for the speculative formation of CuxS intermediate at 

early reaction times. Then, the growth rate should decrease due to the consumption of available 

solute. Thus, there should be no significant NC growth at that point. This trend should also be 

noticeable when the salt precursors are injected in a stepwise fashion assuming that the 

formation of the intermediate and the cation exchange reactions are separated in time. 

Furthermore, the Cu2S and Cu2SnS3 NCs synthesized under the same conditions should follow 

a similar growth trend and final size upon the completion of the reaction. This could also 

suggest that the nucleation and growth of the kesterite CZTS NCs is governed solely by the 

former generation of either Cu2S or Cu2SnS3 with the Sn4+ and/or Zn2+ ions only diffusing into 

the crystal without affecting the size.  
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Figure 3.4 (a) PXRD spectra for the synthesis of kesterite CZTS NCs through a microwave-assisted 

reaction at 240 °C for 10 min. The experimental pattern matches the reference spectrum for the kesterite 

crystalline structure. (b) PXRD spectra showing the narrowing and increase in peak intensity for the 

kesterite CZTS NCs synthesized through a microwave-assisted reaction at different temperatures. 

 

Energy-dispersive X-ray spectroscopy (EDS) can be conducted on the CZTS aliquots 

taken at different reaction intervals to demonstrate that the NCs are mainly composed of Cu 

and S at the beginning of the reaction (5 s and 30 s). The ratio of the Cu to S would give insight 

about the nature of the intermediate species. For instance, intermediates including CuS, Cu2S, 

Cu7S4 have been observed in the literature.156, 182-183 These species vary in chemical 

composition and reactivity towards a cation exchange mechanism for the formation of CZTS 

NCs. It has been reported that a cation exchange is favorable in Cu2S crystals since the S-S 

bonds in the anionic network would remain intact.169 As the reaction proceeds, signals for the 

Sn4+ and Zn2+ cations should be seen as they get incorporated into the lattice (1–2 min) to form 

the kesterite CZTS NCs. These results could hint at an onset for the incorporation of the two 

cations into the CuxS lattice, which could be correlated to the copper precursor concentration 

or the stoichiometry of the intermediate species. In addition, the diffusion mechanism could be 

investigated by EDS to see if there are any preferred phases for the cation exchange as it has 
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been done before for copper sulfide-based nanostructures.184 The formation of other transient 

intermediate species (i.e. SnS and ZnS) could be evaluated upon cation exchange as well. 

Therefore, elemental ratios of the aliquots could not only offer further evidence for the two-

step formation mechanism proposed in this work, but it could also help unravel the diffusion 

mechanism of the cations during the exchange.   

Raman spectroscopy was performed (λex = 514 nm) on the samples synthesized via the 

microwave method to gain an understanding of the compositions present. The most typical 

Raman active mode observed for kesterite CZTS is the A mode at 338 cm−1 due to the 

symmetric vibrations of the S atoms in the crystal.185 Peaks are also expected at 258, 288, and 

358 cm−1.186 The Raman peaks for possible contaminating binary phases can be found at 472 

(Cu2S), 314 (SnSx), and 351 cm−1 (ZnS), while ternary phase modes may appear at 303, 318, 

and 355 cm−1 (Cu2SnS3) for tetragonal, orthorhombic, and cubic phases respectively.186-187 The 

Raman spectra for the time-interval aliquots should show a peak at 472 cm−1 for short reaction 

times (5 and 30s) that corresponds to Cu2S NCs. It is speculated that the peak at 472 cm−1 will 

be observed for short reaction times at low temperatures (180 °C) but not at temperatures above 

200 °C. This hypothesis comes from temperature-dependent Raman experiments where these 

results show a peak at 472 cm−1 assigned to the Cu2S nuclei when the reaction temperature is 

kept below 200 °C (Figure 3.5a). However, this peak is no longer observed once the 

temperature rises above 200 °C. This observation corroborates the experiments performed by 

Wang et al. where they also observe the disappearance of the 472 cm−1 peak above 200 °C.177 

The peak for these nuclei completely disappears once the reaction is performed at 200 °C which 

was regarded as the onset for “direct” CZTS formation through a microwave reaction. Other 

peaks arise at 289 (Cu2SnS3), 330 (wurtzite CZTS), and 338 and 361 cm−1 (kesterite CZTS) at 
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160 °C and start to decrease as the temperature rises suggesting the formation of multiple 

phases at temperatures below 200 °C. When the reaction is performed at temperatures between 

200–220 °C, the most prominent mode observed is centered at 338 cm−1 with a small shoulder 

at 328 cm−1. The peaks that correspond to ternary and wurtzite phases are almost completely 

absent at 240 °C and disappear entirely at 260 °C, leaving the 338 cm−1 peak corresponding to 

the predominant phase in the material.  

 

Figure 3.5 (a) Raman spectra for the microwave-synthesized kesterite CZTS NCs at different 

temperatures. The signal for the Cu2S NC intermediates is observed at 474 cm−1 at temperatures below 

200 °C. This peak disappears as the temperature increases above 200 °C. (b) Raman spectra for the 

time-evolution experiment at 240 °C. The signal for the Cu2S intermediate is not observed even at short 

reaction times (1 min). These results suggest that the formation of intermediate species could be 

temperature dependent and might be bypassed at higher temperatures (>200 °C).  

 

The A mode can be clearly distinguished in the time-dependent Raman measurements 

at longer reaction times through peaks at 338 cm−1 with a shoulder at 358 cm−1 as well as at 

288 cm−1, coinciding with literature values for CZTS. These signals appear broader for smaller 

NCs due to phonon confinement.186 There are no distinguishable signals for binary and ternary 

phases at this point (10 min). While the absence of these signals suggests a high degree of 

purity in the material, this does not confirm the formation of pure kesterite CZTS NCs since 
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the broad Raman peaks for this structure could be overlapping with those of binary and ternary 

phases.  

The formation of CuxS nuclei is strongly dictated by the temperature of the reaction 

given that the formation rate (jn) is related to the monomer diffusion constant (D) and molecular 

volume (ν0) of the NCs through Eq. 3.2.64, 188 The other variables include the temperature (T), 

the gas constant (R), the molar (VM) volume of the NC, and the surface tension (γ). 

 

𝑗𝑛 =
2𝐷

𝜈0

5
3

exp(−
16𝜋𝛾3𝑉𝑚

2

3(𝑅𝑇)3(𝑙𝑛𝑆)2
)          Eq. 3.2 

 

Thus, higher temperatures will increase the diffusion rate of the monomers and will 

result in faster nucleation and growth kinetics. It is important to note that the temperature-

dependent measurements show the data for the final products at each of the featured 

temperatures. In this regard, the only experiment that allow us to partly confirm this hypothesis 

is time-dependent Raman spectra collected at 240 °C (Figure 3.5b). Conversely, if we are still 

able to observe a CuxS signal at short reaction times and high temperatures, a kesterite peak at 

338 cm−1 could be simultaneously observed as the final CZTS NC formation by cation 

exchange is accelerated by the increase in temperature. Of value would be to investigate if the 

formation of the CuxS intermediate could be bypassed by increasing the temperature further. 

Temperatures of 280 °C and above could destabilize the formation of binary metal 

chalcogenide intermediates and kesterite CZTS NCs could be directly precipitated as 

previously shown in the literature.173-174 Another alternative would be to couple a microwave 

reactor or HI reaction setup with a Raman microscope to do in-situ measurements and resolve 

the formation of binary structures in time.  



 

65 

Surprisingly, time variation experiments at 240 °C showed similar results between 

experiments with no substantial changes in the Raman spectra (Figure 3.5b). The peaks for 

Cu2SnS3 and wurtzite-CZTS at 302 and 328 cm−1, respectively, are noticeable throughout the 

entire time range (1–10 min) though they decrease in intensity. Furthermore, there was no 

detectable peak at 474 cm−1 to confirm the formation of CuxS possibly suggesting that either 

the nucleation of this binary phase is too fast to be resolved or the formation mechanism of 

kesterite CZTS proceeds through the direct nucleation of Cu2SnS3 bypassing the generation of 

CuxS at 240 °C. On the other hand, when the same reaction was performed at 180 °C, the phase 

transformation could be tracked in time (Figure 3.6). The formation of CuxS and Cu2SnS3 is 

observed at the beginning of the reaction (5 min) with identifiable peaks at 278, 328, and 477 

cm−1 as well as the formation of wurtzite CZTS with a major peak at 328 cm−1. The shoulder 

at 338 cm−1 is assigned to the pre-formation of the kesterite phase. As the reaction progresses, 

the peaks for the binary and ternary phases decrease as the signal for the kesterite CZTS mode 

A rises. However, after 40 minutes, the peaks for the binary and ternary structures can still be 

seen illustrating that temperatures below 200 °C are inadequate for the full conversion of 

precursors into kesterite CZTS NCs. 
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Figure 3.6 Raman spectra for the time evolution experiments at 180°C in a microwave-assisted 

reaction. There are binary, ternary and wurtzite phases that can be distinguished at short reaction times 

(5 min). Some of these phases decrease in intensity, while others vanish as the reaction proceeds for 

longer times. However, the Cu2S signal at 472 cm˗1 can still be seen even after 40 min of reaction. This 

data suggests that 180°C is an inappropriate temperature for the synthesis of pure kesterite phase.  

 

 

During hot injection synthesis, varying the sequence of precursor injection into the 

reaction vessel can give more insight into the formation of binary and ternary phases. It is 

possible that modes for the formation of CuxS and Cu2SnS3 (472 and 355 cm−1, respectively) 

will be seen in the reaction where the Zn precursor is injected after the sulfur injection. These 

modes will most likely decrease slowly in intensity following the Zn injection, while the 

kesterite CZTS mode at 338 cm−1 will rise due to the incorporation of Zn2+ into the ternary 

structure. The three-step reaction going from all phases towards the formation of kesterite 

CZTS NCs can be evaluated when the Sn and Zn are injected in a stepwise fashion after the 

addition of the sulfur precursor. The mode for Cu2S at 472 cm−1 should be identified when the 

other metal ions are not present. Upon the addition of Sn, the modes at 318 and 355 cm−1 would 
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start to rise suggesting the formation of Cu2SnS3. Lastly, the injection of Zn into the solution 

would yield the desired kesterite CZTS phase showing the expected peak at 338 cm−1. 

The effects of temperature and time on the size of the NCs was evaluated in the 

microwave-assisted reactions. An increase in temperature from 200 to 240 °C provoked a 

significant increase in the NC size from 5 to 20 nm, respectively (Figure 3.4b). There should 

be less of a temperature influence in the size of the NCs at more dilute concentrations since 

there will be a lower concentration of NCs and thus, less collisions to promote growth. It is 

expected that two-fold dilution experiments will show that there is a slower increase in the size 

as well as a narrower size distribution when the temperature of the reaction is increased. 

Though, the increment in size should not be as prominent when the time of the reaction is 

varied as it is observed in the reactions performed at 180 °C (Figure 3.7a). This behavior should 

correlate with what is expected from CNT where the reaction and diffusion-controlled 

mechanisms can be separated in time at dilute concentrations.188 In a concentrated regime, 

there is no way of separating these processes in time as the amount of collisions are increased, 

leading to a broader size distribution due to a stronger temperature dependence.  

Experiments using DDT and thiourea as sulfur sources can be conducted to confirm 

the effect of the reactivity of the sulfur source in the final phase of the CZTS NCs.165 Reactions 

employing alkylthiols as sulfur sources should yield wurtzite CZTS NCs as reported by several 

groups before.151, 165, 178 In fact, the use of DDT always yields wurtzite in both HI and 

microwave-assisted reactions showing a sharp peak at 328 cm−1 corresponding to the wurtzite 

CZTS phase (Figure 3.7b). This is explained by the slower release of sulfur in alkylthiols 

compared to the use of elemental sulfur in OA. In alkylthiols S is covalently bonded to a C and 

an H atom, making it more stable in comparison to H2S. Also, alkylthiols can disrupt the 
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interaction and reactivity between Cu+ and S, creating Zn rich monomers that favor the 

formation of wurtzite.165, 172 In terms of reactivity, the affinity strength of the anion ligand for 

the cation in the salt precursors has been demonstrated to play a non-negligible effect in 

regulating the kinetics of wurtzite CZTS NC formation.151 While this reactivity consideration 

could be playing a role in the formation of metal chalcogenide NCs, it is believed that it will 

have a minimal effect on the kinetics of the reaction when compared to concentration, 

temperature, and additive effects.  

Figure 3.7 (a) Time-dependent PXRD spectra for the kesterite NCs synthesized at 180C through a 

microwave-assisted reaction. The increment in the NC size is slow when the reaction time is increased 

from 5 to 40 min. (b) Raman spectrum for the HI synthesis of CZTS NCs using elemental sulfur (red 

trace) and DDT (blue trace) as sulfur sources. The use of alkylthiols yields wurtzite CZTS NCs with a 

predominant peak at 328 cm−1 instead of the kesterite phase (338 cm−1).  

 

3.2.1 Formation mechanism 

 

The preferential formation of CuxS nuclei over SnS and ZnS species can be partially 

explained by the principles of hard and soft Lewis acids and bases.189 Lewis acids will be 

electron pair acceptors while bases will behave as electron pair donors. The hard or soft 

character will be defined from their donating or accepting strength that is strictly related to the 

a b 
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charge density of the ion and electronic polarizability. At the beginning of the reaction and 

prior to the sulfur injection, Cu+, Sn4+, and Zn2+ cations will be present in solution forming 

complexes with OA. This coordinating solvent being a hard base will form a chemically stable 

and less reactive complex with Sn4+, which is a hard acid. The other two cations will form 

more labile complexes with OA with the Cu-OA complex being more reactive than the Zn-

OA. In this regard, the Cu-OA complex would be the first one to decompose and react at high 

temperature. Likewise, upon the decomposition of the cation-OA complexes and injection of 

the sulfur precursor, the Cu+ ions will be the first ones to react with the S2˗ through a soft acid-

soft base interaction, respectively.  

The formation of the CuxS nuclei appears to act as a template that dictates the number 

and size dispersity of the final kesterite CZTS NCs. However, the nature of these nuclei (i.e. 

CuS vs. Cu2S or Cu4S7) should be considered when proposing a viable cation exchange 

mechanism. For instance, it is known that Cu+ has a higher lattice mobility in Cu2S through 

the anionic framework provided by S2−.169 Thus, a cation exchange mechanism is more likely 

in Cu2S than in CuS since the crystal of the latter contains S-S bonds in its framework. This 

bond is of substantial strength (430 kJ/mol)190 and its cleavage would provoke a significant re-

arrangement of the anionic structure. It is unknown if the ternary phase Cu2SnS3 forms in 

parallel with the CuxS nuclei, after their generation as a second metastable intermediate, or if 

it forms at all at higher temperatures. In any case, it seems unlikely that such a ternary phase 

is playing a crucial role in the formation mechanism for kesterite NCs other than indicating the 

cation exchange event.  
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3.3 Conclusion 

 

The mechanism of nucleation and growth for the formation of kesterite CZTS NCs was 

investigated from experimental results and literature information. This reaction is speculated 

to happened through the formation of a copper sulfide-based metastable intermediate that 

provides a local minimum in the growth-dependent free energy landscape. This intermediate 

is hypothesized to act as a template for the incorporation of Sn4+ and Zn2+ by cation exchange 

to generate the quaternary kesterite structure. Furthermore, the nucleation step of the 

intermediate could govern the quantity and final size dispersity of the CZTS NCs. Therefore, 

the size distribution could be narrowed by accessing and controlling the formation of these 

structures through variations in the temperature, additives, and concentration. Time-dependent 

studies on the size of the intermediate species will help uncover if their formation follows a 

classical picture or not. These results highlight the complexity in the formation of phase pure 

quaternary NCs with narrow size distributions and give insight into possible ways of achieving 

better synthetic control in such processes.  

The incorporation of additives (i.e. amines) into the reaction mixture can disrupt the 

formation of intermediate species promoting the direct formation of the quaternary structure. 

These studies will allow the comparison of two formation pathways (two-step through 

intermediate generation vs. direct precipitation) in order to optimize the synthesis of quaternary 

NCs, favoring phase purity to decrease exciton recombination. The optimization and control 

of such syntheses will enhance the performance of these materials in photocatalytic 

applications and other optoelectronic devices.  
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Chapter 4 Conclusion and Future Directions 

 

Solar-to-chemical energy conversion is a viable option in conjunction with the field of 

photovoltaics towards meeting the increasing human needs for clean and renewable energy. In 

this regard, the area of photocatalysis using devices engineered from Earth-abundant materials 

has made great progress in the last two decades optimizing the production of so-called solar 

fuels including H2 from water splitting, short hydrocarbons from the reduction of CO2, and 

valuable pharmacophores through the catalysis of organic reactions. The nanostructuring of 

their constituent materials has been proven as an effective strategy to increase the performance 

and efficiency of such devices, in particular MOx SCs and inorganic NCs. This scaling regime 

grants materials high surface areas and short carrier collection pathways to maximize the 

catalytic activity and reduce exciton recombination. Additionally, quantum confinement can 

be exploited in metal chalcogenide NCs and other nanoscale systems to tailor the redox 

potential to the desired chemical transformation, highlighting the superior photocatalytic 

performance of NMs in comparison to their bulk counterparts.  

Although being suitable platforms for photocatalysis, some SCs still suffer 

shortcomings that stem from their intrinsic properties. Their composition makes them prone to 

undesired decomposition pathways and their limited light absorption in the visible part of the 

solar spectrum is impractical for the generation of solar fuels. These drawbacks cannot be 

resolved through nanoscaling alone. Thus, photosensitizers can improve the stability and 

performance of these devices by preventing photocorrosion and extending the light absorption 

range into the visible and infrared regions of the solar spectrum. In this work, carbon-based 

NM photosensitizers are shown to be excellent candidates to functionalize SC because they are 
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not only made from Earth-abundant elements, but their absorption and redox potentials can be 

tuned by doping or surface treatments to target specific photocatalytic transformations. Here, 

the engineering of a ZnO NW-CD heterogenous photocatalyst to drive an α-arylation reaction 

was demonstrated. The energetics of the system were studied to align the redox potential of 

the interfaces coming together in order to conceive a favorable driving force for the electron 

transfer processes, an approach often overlooked in the application of CD materials.   

Due to their cost effectiveness and tunable optical properties, carbon-based 

photosensitizers render themselves advantageous over the use of bare SCs in devices. 

However, there are some complications when it comes to the tuning of their optical properties 

since these materials have unknown formation pathways. Gaining an understanding of their 

formation mechanism is a key factor that will play a major role in their final structure and thus, 

their optical properties. The use of inorganic metal chalcogenide NCs for photocatalytic 

purposes has been explored recently as a new approach to work in conjunction with carbon-

based devices. Such materials can have additional advantages over carbon-based sensitizers 

due to their known crystalline composition and accessible formation mechanisms. The 

understanding of their formation mechanisms can help inform the design of better synthetic 

tools to tune their properties and catalytic efficiencies given the strict relationship between 

structure and function.  

The LaMer burst nucleation or CNT provides the foundation to understanding 

homogeneous nucleation and growth of a narrow size distribution of colloids.54 Sugimoto 

extended this theory and predicted that the number of nuclei generated during phase II of CNT 

depends solely on the solute supply rate and growth rate.63 Nonetheless, nucleation kinetics 

were not taken into account in this model. Chu, Owen and Peters revealed that the number of 
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nuclei generated does not depend on size considerations only, as suggested by CNT, but it is 

strictly related to the concentration of solute.67 Also, they demonstrated how the nucleation 

kinetics determine the final size distribution of NCs. On the other hand, heterogenous 

nucleation usually follows non-classical formation mechanisms through the formation of 

metastable intermediates. These pathways include the formation of magic-sized clusters and 

pre-nucleation clusters, growth through aggregation or oriented attachment, Ostwald ripening, 

or a combination between CNT and a non-classical mechanism. At the same time, these 

intermediates generate free energy minima in the energetic landscape towards the formation of 

the final NCs.  

The work in this thesis has contributed to the general understanding of the formation 

mechanisms in colloidal synthesis of inorganic NCs based on the synthesis of quaternary 

kesterite CZTS NCs. The reaction mechanism is speculated to happen through the generation 

of a copper sulfide-based intermediate. Subsequent cation exchange reactions form the final 

kesterite CZTS phase where Sn4+ and Zn2+ replace Cu+ ions in the lattice. Hence, the copper 

sulfide intermediate is acting as a template for the final NCs. In this regard, the intermediate 

could follow a classical nucleation picture while the cation exchange and NC growth step 

would involve the non-classical mechanism. This work demonstrates the significance and 

difficulty of synthesizing NMs with narrow size distributions. Furthermore, it highlights viable 

strategies to attain better control in such syntheses. Finally, the understanding of the formation 

mechanisms of NMs will open new avenues in the design and modification of photocatalyst 

for the production of solar fuels.  
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Appendix 

 

Synthesis of Zinc Oxide Nanoparticles: 

ZnO NPs were synthesized from zinc chloride, linoleic acid and sodium hydroxide in ethanol 

following a previously reported procedure.191 ZnCl2 (0.50 g, 3.7 mmol) was dissolved in 

deionized H2O (7 mL) through sonication for 5 min. Then, NaOH (0.50 g, 12.5 mmol) and 

linoleic acid (4 mL, 12.8 mmol) were combined in ethanol (16 mL) and sonicated until the 

solution was clear. Both solutions were then mixed and held under constant stirring for 30 min. 

The final product was separated by centrifugation at 7000 rpm and then dispersed (2) in 

ethanol to remove any unreacted material, followed by centrifugation. The final product was 

air dried overnight to yield a white powder. 

 

Optimization of ZnO NW Growth: 

The growing time of the ZnO NWs was optimized to minimize the electron-hole recombination 

and to facilitate the carrier collection pathways. It was observed that NWs achieve their optimal 

length after 3 hrs of growth (1.3 µm) where the NWs are tightly packed and highly oriented, 

while less than 3 hrs of growth results in arrays of disordered wires (Figure A19). More than 

3 hrs of growth results in taller wires that may diminish the semiconducting properties of the 

device. In addition, the number of drops of ZnO NPs dispersion used for spin-coating the FTO 

films was also optimized. It was determined that three cycles of two drops per spin-coating 

cycle was the optimal number of drops in order to obtain uniform films of wires while keeping 

the aggregation of particles at minimum (Figures A19 and A20).  

 

Synthesis of other CDs for the comparative study: 

The green CDs were synthesized from a previously reported procedure.37 Briefly, 20 mL of a 

0.1 M solution of glutathione in formamide was prepared and sonicated until the solution 

became clear. A 10 mL sample was then placed in a microwave reaction vessel (35 mL 

capacity). The solution was heated in a microwave reactor at 180 °C for 5 min. The dark green 

product was then subjected to dialysis for 5 days in Millipore water to remove impurities. After 

dialysis, the product was concentrated in vacuo at 50 °C until the volume was reduced to 3 mL. 

Then three organic washes with acetone (99%) were performed to further purify the CDs. The 

product was left to air dry and then was resuspended in water or ethanol for further 

experiments. The red CDs are synthesized from citric acid and formamide. Briefly, citric acid 

(5 g, 26 mmol) was dissolved in methanol (75 mL) and formamide (25 mL) was added. The 

solution was homogenized by stirring for 5 min, then, the solution was transferred to a 

hydrothermal reactor and the reaction was carried out at 180 °C for 4 hrs with stirring at 300 

rpm. The product is a black liquid that was dialyzed for 5 days in Millipore water. Then, the 

solution was concentrated to 5 mL and three organic washes with acetone (99%) were 

performed to remove impurities. The product was then left in an oven to dry at 70 °C and 

resuspended in water or ethanol for further experiments. 

1H NMR and 13C NMR: 
1H and 13C Nuclear Magnetic Resonance (NMR) were collected on a Bruker 500 (500 MHz) 

instrument. The spectra were referenced to the residual solvent signal (CDCl3) at δ 7.26 ppm 

and δ 77.16 ppm respectively.  
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Mass Spectrometry: 

High resolution mass spectroscopy was acquired with a Waters Model QTOF Ultima 

instrument in a positive mode at an energy of 5 V with an electrospray as the ionization source 

(3.5 kV) using acetonitrile as a solvent. 

 

Work-up procedure for -heteroarylation:  

After the reaction period, the reaction mixture was transferred to a separatory funnel. The 

reaction vessel was rinsed with 20 mL of ethyl acetate and the organic layer was washed with 

25 mL of brine (3). The brine extractions were in turn washed with 20 mL of ethyl acetate 

and the combined organic phases were dried over sodium sulfate. The product was then 

concentrated in vacuo and 1,3,5-trimethoxybenzene (TMB) was added as an internal standard 

to calculate the yield through 1H NMR. Briefly, TMB (12 mg) was added to the product and 

the mixture was dissolved with CDCl3. The 1H NMR spectrum was acquired with a 5 s 

relaxation delay between scans. 

The product was isolated from the starting materials through column chromatography using 

silica (43-60 µm) with toluene as the mobile phase.  

 

Gibbs Free Energy for Photoinduced Electron Transfer: 

The Gibbs free energy for photoinduced electron transfer can be computed using the 

following equation:192 

 

∆𝐺𝑃𝐸𝑇
𝑜 =𝐸𝐷/𝐷+ −𝐸𝐴/𝐴− − 𝐸0,0 −

𝑒2

𝜀𝑟
 Eq. A1.1 

 

where F is the Faraday constant (23.061 kcal V-1 mol-1), Ered
 and Eox are the redox potentials 

for the species undergoing the redox reaction, E0,0 is the excited state energy, and e2/ɛr accounts 

for the solvent-dependent energy difference due to the Coulombic effect on the charge 

separation.  

∆𝐺𝑃𝐸𝑇
𝑜 =+0.42𝑉 − (−2.44𝑉) − 3.00𝑉 −

(1.602 ∗ 10−19𝐶)2

37.8𝐹𝑚−1 ∗ (462 ∗10−12𝑚)
 

∆𝐺𝑃𝐸𝑇
𝑜 =−0.14𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 
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Figure A1. Picture of the reaction setup. The reaction vessel is clamped inside a home build 

photoreactor and above a stirring plate. A three-electrode system is set up to monitor the reaction 

through a bulk electrolysis experiment. Argon is bubbled into the solution throughout the whole 

reaction and a fan is placed in front of the setup to cool the photoreactor and to maintain the temperature 

of the reaction at 23 °C.  

 

Figure A2. PXRD diffractogram for the ZnO NPs. The diffractogram shows crystalline reflections for 

the (100), (002), (101), (102), (110), (103), and (112) planes. This pattern agrees with the literature 

values for wurtzite ZnO.122  
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Figure A3. HR-XPS for: a) C1s; b) N1s; and c) O1s 

 

 

Table A1. Wavenumber assignments for the PD2-CDs FTIR 
Wavenumber (cm-1) Assignment 

1213 ν Acyl C-O 

1364 ν Amide C-N 

1532 ν Carboxyl C=O 

1556 ν Amide C=N 

1632 ν Amide C=O 

2977 ν Alkyl C-H 

3500-3000 ν Surface O-H 

 

Figure A4.  Diffuse reflectance infrared Fourier transform spectra for the ZnO NWs (blue trace) and 

functionalized films before (red trace) and after a 10 (green trace) and 24 (orange trace) hr reaction.  
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Figure A5. Chronoamperogram for the ZnO NWs upon (a) UV-light (ex = 365 nm) and (b) white light 

illumination. RE: Ag/AgCl, CE: Pt wire, WE: film of ZnO NWs in 0.1 M KCl.  

 

 

 

 

Figure A6. Chronoamperometry experiments in five fresh electrolyte solutions for five light on-off 

cycles each. There is no significant decrease in current which confirms a strong attachment between 

the PD2-CDs and the ZnO.  

 

 

 

 

 

 

a b 
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Table A2. Current density data for Figure A6. 

Solution Cycle 1 (%) Cycle 2 (%) Cycle 3 (%) Cycle 4 (%) Cycle 5 (%) 

1 100 100 100 100 100 

2 68.22 79.97 84.73 88.77 91.84 

3 72.12 84.60 88.67 91.76 94.95 

4 53.01 66.07 72.40 77.10 80.84 

5 46.59 58.05 62.80 66.87 70.32 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A7. Electrochemical characterization of the starting materials through cyclic voltammetry; a) 

reduction scan of 2-chlorobenzothiazole; b) oxidation scan of 1-phenylpyrrolidine. RE: Ag wire, CE: 

Pt wire, WE: glassy carbon, 0.1 M TBAPF6 in acetonitrile (scan rate: 100 mV/s).  

 

a b 
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Figure A8. Absorption spectra for the GCDs (green trace) and RCDs (red trace) dispersed in water.   

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

Figure A9. FTIR spectrum for the RCDs. 

 

 

Amide C=N 
Amine C-N 

Alkyl C-H 
Carboxyl O-H 
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Table A3. Wavenumber assignments for the FTIR of RCDs 

Wavenumber (cm-1) Assignment 

1374 ν Amine C-N 

1562 ν Amide C=N 

2923 ν Alkyl C-H 

3500-3000 ν Surface O-H 

 

 

 
 

Figure A10. A) The emission profile for the white LEDs is matched to the B) absorbance spectra of 

the three different types of CDs used in this work. The blue component of the LEDs matches the 

shoulder of the PD2-CDs. C) Chopped-light chronoamperometry experiment with ZnO NWs|PD2-

CDs films under varying LED illumination (white light LEDs, purple trace; red LEDs, red trace; blue 

LEDs, blue trace). Irradiation with red LEDs yields low photocurrent compared to white and blue 

LEDs. 
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Figure A11. SEM images of the film (a) before and (b) after a 10 hrs reaction. The NWs remain in 

good condition.  

 

 

Figure A12. Bulk electrolysis experiment without applied bias. This experiment was performed to 

monitor the course of the reaction. There is a large increase in current in the first 30 min of the reaction 

due to a high charge buildup caused by the oxidation of the 1-phenylpyrrolidine at the film/solution 

interface. The current throughout the film stabilizes after ca. 2.5 hrs and at 10 hrs there is no significant 

oxidation observed and the reaction is nearing completion. 
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Figure A13. Time-course UV-Vis experiment for the evaluation of the kinetics of the reaction. The 

reaction proceeds in a steady fashion throughout 10 hr of reaction following zero-order kinetics 
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Figure A14. Time-course UV-Vis experiment for the oxidation of 1-phenylpyrrolidine without the 

presence of 2-chlorobenzothiazole. There is a rapid decrease in the concentration of the amine in the 

first 15 min correlating to the bulk electrolysis experiment (Figure A12). There is a steady decrease in 

the absorbance following this rapid decrease in the concentration 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure A15. 1H NMR 3 (500 MHz, CDCl3): δ 8.00 (d, 1Ha), 7.78 (d, 1Hb), 7.48 (dd, 1Hc), 7.34 (dd, 

1Hd), 7.20 (dd, 2He), 6.75 (t 1Hf), 6.66 (d, 2Hg), 5.12 (d, 1Hh), 3.81 (dd, 1Hi), 3.37 (m, 1Hj), 2.56 – 

2.46 (m, 1Hk), 2.32 (m, 1Hl), 2.27 – 2.16 (m, 1Hm), and 2.11 (m, 1Hn). 
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Figure A16. 13C NMR 3 (500 MHz, CDCl3): δ179.8, 154.3, 147.1, 135.2, 129.3, 126.0, 124.8, 122.8, 

122.0, 117.7, 113.0, 62.4, 49.4, 34.7, 23.9 

 

 

Figure A17. Mass spectrum for the isolated product 3 in acetonitrile. We observe that the predicted 

pattern in red (top) matches the pattern from 3 in blue (bottom) at [M+H]+=281.11 m/z. 
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Figure A18. UV-vis spectrum for the starting materials 1-phenylpyrrolidine (1) and 2-

chlorobenzothiazole (2), and 2-(1-phenylpyrrolidin-2-yl)benzo[d]thiazole (3). The spectrum for 2 

shows an absorption maximum at 360 nm with a shoulder that extends to 400 nm 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A19. SEM images for ZnO NW films grown from a) 2; b) 4; c) 6; drops of seeding solution. As 

the number of drops increase, the roughness decreases and wire density/uniformity increase.  
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Figure A20. SEM images for ZnO NW films grown from a) 10; b) 20; c) 40 drops of seeding solution. 

Here the roughness and aggregation increase as the number of seeding solution drops increases.  

 

 

 

Figure A21. Picture of the solution before and after the reaction of 1 and 2 to form 3. 
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Figure A22. This figure shows the dual-electrode bulk electrolysis experiments for the oxidation of a 

water splitting catalyst with GCDs (a, green trace) and RCDs (b, red trace) at the generator electrodes. 

These plots also show the reductive current due to the oxygen evolution from water splitting (a and b, 

blue traces).  

 

 

 

 

 

 

 

 

Figure A22. This figure shows the dual-electrode bulk electrolysis experiments for the oxidation of a 

water splitting catalyst with GCDs (a, green trace) and RCDs (b, red trace) at the generator electrodes. 

These plots also show the reductive current due to the oxygen evolution from water splitting (a and b, 

blue traces). 
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Figure A23. These UV-Vis plots show the sensitization of singlet oxygen by the three different types 

of CDs. Plots (a-c) depict the photodegradation of DHN through singlet oxygen generated with a 

dispersion of RCDs (a), GCDs (b), and PD2-CDs (c) in water saturated with O2. The same experiments 

were performed under an argon atmosphere (d-f) where no significant DHN photodegradation was 

observed. Control experiments were obtained under light irradiation (g) and in the dark (h) for an O2 

saturated solution of DHN in water. No photodegradation is observed in the absence of CDs.  

 


