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Organic ligands serve several critical roles during the solution-processing of nanomaterials 

(NMs). As a result, much effort has gone into understanding and engineering the ligands’ ability 

to tailor NM synthesis, and later, the suspension of NMs into solution for deposition and post-

processing. While the ligand’s ability to tailor the final NMs properties has been widely studied, 

observations of ligand side-reactivity during synthesis and post-processing (i.e., sintering) are 

emerging. Chapter 1 introduces the known processes of nanomaterials and ligands during synthesis 

and sintering, and the remaining chapters seek to define the internal and external variables which 

influence structural changes to the ligand during synthesis (Chapters 2 and 3), and how ligand 

selection can be leveraged to control the morphology of sintered NM thin films (Chapter 4). As a 

whole, this work aims investigate the lesser-known roles of the ligand during both nanomaterial 

synthesis and sintering, and in doing so, provides strategies on how to leverage ligand selection. 
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1. Chapter 1: Background and Introduction 

 

1.1. Nanomaterials 

In the past several decades, considerable effort and advancements have been made to 

precisely and consistently manipulate matter on the nanoscale. These advancements have 

generated a class of materials known as nanomaterials. Appropriately named, nanomaterials are 

defined by their dimensions: their size spans between 1 to 100 nanometers and they occupy either 

0D (0-dimensions; e.g., quantum dots), 1D (e.g., nanowires, nanorods), 2D (e.g., graphene, 

nanosheets), or 3D (e.g., nanoparticles) space. Nanomaterials are designed to have deliberate 

physical, chemical, and functional properties by controlling size,1–5 shape,2,4,6,7 composition,2,8–10 

defect chemistry,2,8–10 and surface functionality.4,11–13 Due to their unique and engineered 

properties, nanomaterials are used in a wide variety of fields, including electronics, optics, 

magnetics, nanobiotechnology and pharmacology, catalysis, textiles, and more.14–22 

1.1.1. A Brief History of Nanomaterials 

Despite the field of nanoscience emerging only in the last century, nanomaterials have been 

used throughout history. Artifacts dating back thousands of years contain nanomaterials: early 

examples include reinforced cement (nanofibers; 2000 BC), stained and colored glass (which owes 
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its vibrant colors to metallic nanoparticles; 4th – 18th century), pottery glaze with metallic luster 

(nanoparticle-glass composites; 9th – 17th century), and reinforced steel blades (carbon nanotubes; 

13th – 18th century).23–27 Nanomaterials can also naturally form in nature: gold nanoparticles (60 – 

600 nm) lie within metal ores, calcium nanostructures naturally biomineralize in biological 

systems, and fullerenes (C60, C70) and polyaromatic hydrocarbons are found in interstellar 

nanosoot.28–31 

 

 
 

Figure 1.1. (top) Early examples of nanomaterials include stained glass (from the Stained Glass Museum, Britain) are 

comprised of gold and silver nanoparticles of different sizes, which give unique colors (scanning electron micrograph 

images from Markin, C. A., Institute of Nanotechnology, Northwestern University).32 (bottom) Example of natural 

micron-sized particle forming through the biomineralization of calcium oleate extracted from various plants from Ref 

[30].30  
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Scientists have also synthesized nanomaterials well before the term ‘nano’ was introduced 

into the nomenclature. Between the 1850s and 1950s, nanomaterial synthesis was well-theorized 

and studied within the field of colloidal science, which lies at the intersection between chemistry, 

physics, and interfacial science.33 However, early studies were typically more focused on the 

preparation of particles rather than the careful engineering and control over desirable material 

properties. 

It wasn’t until 1960 when physicist Richard Feynman introduced the field of 

nanotechnology by inviting scientists to look closer at the properties of materials and their 

applications.34 As a quantum physicist, Feynman was astute in predicting that quantized materials 

— or materials with reduced dimension (0D, 1D, 2D) — exhibit unique properties that differ from 

their bulk counterparts (i.e, color being dependent on size). Accurately, he also predicted that the 

creation of smaller circuitry and semiconductor devices would be necessary for reducing the size 

of digital electronics and that exerting atomic control could generate novel materials for new 

applications.  

The subsequent influx of interest in the bottom-up synthesis of nano-sized materials have 

enabled scientists to achieve remarkable control over engineering nanomaterials. As new materials 

have been discovered (e.g. graphene, 2004),35 considerable effort has also been made to find 

avenues to synthesize them. Today, there are many thorough review papers that address the 

processing and applications of a large variety of nanomaterials.14,15,17–20,22,23,36–39 

1.1.2. The Bottom-Up Synthesis of Inorganic Nanomaterials 

Synthesized nanomaterials hold many advantages over traditional materials. For example, 

the bottom-up production of nanomaterials is less expensive, energy intensive, hazardous, and time 
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consuming than traditional top-down approaches which utilize bulk (≥ 1000 nm, 3D) materials.40–

47 This is because bottom-up syntheses do not require expensive or energy-intensive processing 

conditions and equipment. Instead, synthesized nanomaterials benefit from lower thermal budgets, 

less material waste, and fewer processing steps, which all allow for economically advantageous 

high throughput production.40–46 Bottom-up synthesized nanomaterials are also excellent building 

blocks for producing bulk materials with controlled microstructure and, by extension their 

electrical, mechanical, magnetic, optical, or thermal properties can be tailored.42,47–53  

The bottom-up synthesis of nanomaterials is traditionally achieved via two processes 

(nucleation and growth) that require (at minimum) two types of material (solvent and precursor). 

Today, the theory behind nanomaterial synthesis is well defined11,14,22,30,54–59 and will be discussed 

in the following subsections. In this dissertation, we primarily focus on a class of nanomaterials 

known as crystalline inorganic nanomaterials. 

1.1.2.1 Nucleation and growth theory 

Nucleation is a process that results in a new stable phase of material (i.e., nuclei) formed 

from a metastable parent phase. These nuclei represent the smallest stable building blocks that act 

as templates for further growth. For example, nucleation can describe the initial stages of ice 

crystal formation, the condensation of water vapor onto dust particles to form droplets, and the 

formation of rock candy from supersaturated solutions of sugar in water. In these examples, 

nucleation occurs when a material’s temperature falls below the phase transformation point (e.g., 

ice formation from water) or when the solubility limit of a solute in solution is exceeded (e.g. 

condensation of water vapor, rock candy from sugar water).57  
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In nanomaterial synthesis, nuclei form due to supersaturation of a solute (from precursor 

materials) in a solvent.22,42,60–62 Supersaturation is achieved once a solute’s concentration surpasses 

a solution’s equilibrium concentration, making the solution metastable. Solutions in a metastable 

state have an exorbitantly high free energy and will favorably undergo a phase transition into a 

phase of material with an overall lower free energy. (Free energy is the thermodynamic driving 

force for chemical reactions or phase transformations). Classical Nucleation Theory has been used 

to describe the nucleation of particles (lower free energy) in a supersaturated vapor (higher free 

energy). These equations (Eqns. 1.1 – 1.2) are listed in Table 1.1.57,63,64 

The nucleation of a new stable phase of material, or nuclei, from a metastable parent phase 

originates from the collision, arrangement, and densification of free ions or atoms in solution into 

clusters. An energy potential must be overcome to form these clusters, which is dependent on the 

solution concentration, volume, surface area, and surface energy of the nuclei being made (see 

Eqn. 1.3). Certain variables (volume, surface area, and surface energy) are highly influenced by 

the radii size of a stable nuclei. Clusters with radii above a critical size (> rc) remain stable in 

solution as nuclei, whereas clusters below a critical size (< rc) readily dissociate back into solution. 

The critical radius of stable clusters is determined by the solute concentration and the surface 

energy of the particle, a relationship connected by Eqn. 1.4. 

The activation energy barrier for nucleation can be modulated depending on whether 

nucleation is homogenous, heterogenous, or nonclassical. Homogenous nucleation occurs as the 

direct crystallization of free-standing particles in solution. Heterogenous nucleation occurs on 

foreign solid surfaces such as the reaction crucible, seed particles, impurities, templates, or 

substrates. Here the energy barrier for heterogenous nucleation is typically lower than homogenous 

nucleation because the interfacial energy between ions (in solution) and a solid surface is lower 
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than the interfacial energy of forming a new surface (i.e., a free-standing particle) in solution. 

Nonclassical nucleation, on the other hand, has the lowest energy barrier for nuclei formation and 

commonly occurs during nanomaterial synthesis. Here, amorphous clusters (with radii > rc) are 

readily nucleated and then undergo a phase transition into a crystalline material.62 The resulting 

two-step process has an overall lower free energy because the phase transformation of amorphous 

clusters into ordered crystallites requires less energy than direct crystallization.62  

 

Figure 1.2. (a) The free energy model of classical (red) and nonclassical (blue) nucleation. Under classical 

nucleation, liberated ions locally arrange to form subcritical nuclei. These small particles readily dissociate 

back into solution due to high surface energy. As the ion concentration increases, larger particles can form, 

generating stable nuclei with radius r > rc (see Eq. 1.4). Under nonclassical nucleation, local aggregation 

into amorphous clusters occurs, requiring less energy to form stable nuclei. This multi-step process includes 

an additional low energy barrier to crystallize the amorphous clusters. (b) Relation between solute 

concentration and particle size. As solute are liberated by the solvent, solute concentration increases beyond 

a critical point, where nucleation can easily occur. Solute is consumed via the formation and growth of 

nanomaterials, resulting in the gradual decline of solute concentration until a stable equilibrium is reached. 

Inspired from Ref [26]. 26 
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Table 1.1: Summary of equations relevant to the nucleation of nanomaterials. 
 Equation Description 

(Eqn. 1.1) Δ𝐺! = 𝐺!,#$%	'()*$ − 𝐺!,')+$#,	'()*$ 

When the Gv of the parent phase becomes higher than 
that of another phase of material, a transformation into 
this later phase results in a favorable net reduction in 
free energy. 

(Eqn. 1.2) Δ𝐺! = −
𝑘-𝑇
Ω ln *

𝐶
𝐶$.

, 

ΔGv is dependent on the C and the Ceq. When C ≤ Ceq, 
the solution is not supersaturated, and the parent phase 
is more stable (ΔGv ≥ 0) so a transformation will not 
occur. When C > Ceq, supersaturation is achieved and 
the solution and becomes metastable (ΔGv < 0), making 
a transformation to a lower energy phase favorable.  

(Eqn. 1.3) 
Δ𝐺/)++0$+ = −𝑉 ∗ Δ𝐺! + 𝑆𝐴 ∗ 𝛾 

 
𝑉*'($+$ =	

1
2
𝜋𝑟32  ;  𝑆𝐴*'($+$ =	

1
2
𝜋𝑟32  

The energy barrier to nucleating particles is dependent 
on the volume, surface area, and surface energy of the 
material being made. Equations for the V and SA, and 
of a spherical particle are also provided and can be 
substituted for other geometries (e.g., rods, wires). 

(Eqn. 1.4) 𝑟3 = − 45
67!

   ;   𝑟3 ∝ 7ln 7
8
8"#
88

9:
 

The rc is directly proportional to γ, however γ also has 
an inverse relation with rc (see Eqn. 1.4). Additionally, 
rc is dependent on supersaturation. Thus, rc is smaller 
under higher supersaturation levels, and conversely, rc 
is larger under lower supersaturation levels. 

ΔGv = Gibb’s free energy per unit volume [J⋅mol⋅m-3]; kB = Boltzmann’s constant [J⋅K-1]; T = temperature 

[K]; Ω = unit volume [m3⋅mol-1]; C = solute concentration [mol⋅L-1]; Ceq = equilibrium concentration 

[mol⋅L-1]; ΔGbarrier = free energy barrier for the formation of the nucleus [J⋅mol⋅m-3]; V = volume of nuclei 

[m3]; SA = surface area of nuclei [m2]; rc = critical nuclei radius [m]; γ = surface free energy [J⋅m-2]. 

   
Regardless of the nucleation mechanism, the size- and concentration-dependent growth of 

large particles is known as ‘ripening’.22,60,61 Similar to Classical Nucleation Theory, ripening 

occurs in particles of smaller sizes that are relatively less stable due (in part) to their increased 

surface energy. A concentration gradient between the surface of the particle and the solute operates 

as a driving force for diffusion. As a result, smaller particles that are more soluble diffuse into 

solution, while larger particles consume ions in solution and grow into large crystalline 

nanomaterials.22,60,61 This process can result in a broader size dispersion as particles shrink and 

grow in size. This contrasts strongly from particles made though homogenous burst nucleation, in 
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which supersaturation is rapidly achieved and causes particles to simultaneously nucleate and grow 

equal in size to form monodisperse nanomaterials.22,60,61  

Importantly, as solute is increasingly consumed during nucleation and growth, the 

concentration of solute will eventually decline below supersaturation levels and inhibit further 

nucleation or growth.22,61 Thus, the final particle size is contingent on diffusion equilibrium 

between a nanomaterial’s surface and the parent solution, which can be controlled by carefully 

modulating the reaction concentration, time, and temperature. Once growth is completed, 

nanomaterials are stabilized (either sterically or electrostatically) to allow these otherwise non-

dispersible inorganic materials to be suspended in solvent for later use.22,56,60 

1.1.2.2 Solutes and solvents 

The solute (i.e., precursor materials) and solvent are the minimum required materials for 

nucleation and growth. Common inorganic nanomaterial precursors include metal salts (e.g., M–

Cl, M–Br) and organometallic frameworks (e.g., acetates, acetylacetonates, nitrates, halides, 

carbonyls, sulfates, alkoxides) that require judicious selection. Precursors that retain strong ionic 

bonds (e.g., salts) or are highly chelated (e.g., acetylacetonates) often have greater dissociation 

energies that heavily influence nucleation mechanisms, such as supersaturation levels, induction 

time for nucleation to occur, and overall reaction kinetics. To assist with the liberation of ions into 

solution, higher reaction temperatures may be required for the thermal decomposition of 

precursors, as well as the use of reducing agents to assist in precursor dissolution.11,22,57,60  
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Figure 1.3. ZnO nanomaterials of different shape and properties, synthesized under the same conditions with 

different precursors and precursor concentrations from Ref [65].65 (Left) Scanning electron microscopy 

(SEM) images of the nanoparticles, and (right) schematic showing the precursors and their growth pattern. 

Other examples from Refs [66] and [67].66,67 

The primary function of the solvent is to dissolve precursor materials to form ionic 

monomers.22,42,60–62 Solvents include both inorganic (e.g., water) and organic (e.g., organic 

molecules, proteins) liquids. Some solvents also serve additional purposes by directly reducing or 

coordinating with precursors, influencing the crystallization or stabilization of nanomaterials, and 

assisting with dispersion. In cases where thermal decomposition of precursor materials is required 

(or when the desired phase is stable/favorable at elevated temperatures), high-boiling point 

solvents may be necessary. In such instances, a class of material called ligands is used as a primary 

solvent. These ligands and their properties are covered in detail in Chapter 1.2. 
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Figure 1.4. CdSe nanomaterials of different shape and structure, synthesized under the same conditions with 

different solvents (ligands, labeled) from Ref 68.68 (Left) Transmission electron microscopy (TEM) images 

of the nanoparticles, and (right) X-ray diffraction (XRD) diffractograms of the particle’s crystal structure. 

Other examples from Refs [69] and [70].69,70 

1.1.3. The Post-Processing (Sintering) of Nanomaterials 

While it is often desirable to retain the initial size and shape of certain nanomaterials, 

nanomaterials can alternatively be used as a precursor for creating bulk materials at reduced 

temperatures. For example, conductive and semiconducting materials utilize thermal treatments 

(known as sintering) to densify nanomaterial thin films to minimize grain boundaries and 

interfaces, which operate as premature electron and hole recombination or trap sites.51,52,71,72 In the 

following subsections, we will discuss the mechanisms involved with transforming nanomaterials 

into micron-sized grains. 

oleic acid (OA) and
tributylphosphine (TBP)

oleic acid (OA) and
trioctylphosphine (TOP)

octadecylphosphonic acid (OA)
and trioctylphosphine (TOP)
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and tributylphosphine (TBP)



 
 

 
 
 
 
 
 
 

11 

1.1.3.1 Sintering and grain growth theory 

Sintering entails the heating of nanomaterial films to form dense polycrystalline grains 

ranging from nanometers to microns in size. The generalized process that occurs during sintering 

includes particle necking, coarsening, densification, and grain growth, as shown in Figure 1.5.60,73–

76 

 

Figure 1.5. The sintering process begins with loose powdered particles (nanomaterials often termed a ‘green 

body’) followed by coarsening (necking followed by diffusion of mass from small to large particles) and 

densification (reduction of pore space). Finally, grain growth occurs (atomic diffusion, forming large grains 

while reducing grain boundary energy). 

The initial stage of sintering begins with necking, or the adjoining of adjacent 

particles.60,74,75 For nanomaterials, necking can occur at low temperatures (‘cold-sintering’) due to 

the alignment of identical crystalline planes (‘facets’).75,77 However, heat is more commonly used 

to initiate necking across populations of particles. Inter-particle mass transport, or ‘coarsening’, 

subsequently increases the size of these particles. Similar to nanomaterial ripening, diffusion is 

driven by the annihilation of small particles and pores of higher surface energy.60,78 As particles 
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shrink, their surface area and internal pressure increases, diffusing atoms into larger, more stable 

particles.  

After densification depletes small particles and pores, further growth occurs via atom 

diffusion at grain boundaries.60,74,75 This is only possible after densification: small particles and 

pores create high local pressure that prevent grain boundary motion. As a result, at least 90% 

densification must occur before growth can begin. Similar to the initial stages of sintering, 

diffusion through grain boundaries is dependent on interfacial energy as atoms diffuse from convex 

surfaces to concave surfaces as pictured in Figure 1.5.60 Diffusion will continue until the interface 

is flat.  

Table 1.2: Summary of equations relevant to the sintering of nanomaterials 
 Equation Description 

(Eqn. 1.5) Δ𝑝 = 𝑝0 − 𝑝; = 𝛾 7
1
𝑟:
+
1
𝑟4
8 

The generalized Young-Laplace60,73 equation. The 
difference of p0 and pi is based on γ and the principal 
radii of curvature. For spherical particles, r1 = r2. 

(Eqn. 1.6) 
d𝜌
d𝑡 	=

𝐶𝛾𝐷𝑁'<+$
𝑑)!=

# = 𝐷 exp 7−
𝐸)
𝑅𝑇8	 The rate of densification. 

(Eqn. 1.7) 𝑑)!=
# = 𝑑;

# + 𝑘𝑡 exp 7−
𝐸)
𝑅𝑇8 

The average grain size is a function of initial particle 
size, sintering duration, and the Arrhenius rate of grain 
boundary motion.79–81 The rate is dependent on the 
activation energy of grain boundary motion, which 
changes with initial particle size and shape, grain 
boundary angle, sintering temperature, and diffusivity 
of atoms cross the grain. 

Δp = change is pressure [kg⋅m-1⋅s-2]; p0 = external pressure [kg⋅m-1⋅s-2]; pi = internal pressure [kg⋅m-1⋅s-2]; 

ρ = grain density [grains⋅μm-2]; t = sintering duration [s]; γ = surface energy [J⋅m-2]; D = diffusion 

coefficient [m2⋅s-1]; Npore = number of pores per grain; davg = average final grain size [μm]; d0 = initial 

particle size [μm]; n = grain growth exponent (n = 2 for interface controlled process); k = rate constant 

of grain boundary motion [μm⋅s-1]; t = sintering duration [s]; Ea = activation energy [kJ⋅mol-1]; R = molar 

gas constant [kJ⋅K-1⋅mol-1]; T = temperature [K]. 
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Figure 1.6. (left) Breakdown of the stages of sintering: from beginning with the loose nanomaterial (green 

body), to initial necking, the coarsening, and densification of grains (intermediate stage). The final stage of 

eliminating pores (densification) allows for the growth of grains. From Ref [82].82 (right) Results from an 

empirical study which highlights the real time densification and growth of grains depending on time and 

temperature, and additional highlights how the final grain size is limited by percentage of densification. From 

Ref [80].80  

1.1.3.2 Engineering densification and grain growth 

The densification and growth of nanomaterials can be modulated by diffusivity, surface 

energy, or the activation energy for grain boundary motion by altering factors such as processing 

conditions, and the inclusion of additives, or the initial nanomaterial size. 

Equation 1.7 reveals that longer sintering times result in larger grains and that the rate of 

particle growth increases at higher temperatures. As a direct result, time and temperature are often 

used to modulate grain size.60,73,74,80 However, other approaches for increasing grain size are 

preferred; for instance, at high temperatures materials can evaporate and films can crack.83–86 

Therefore, adjusting parameters such as activation energy to modulate the rate of grain boundary 

motion can serve as a better alternative to high temperatures. 
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One approach for controlling densification and growth is through ‘liquid-assisted 

sintering’, which includes a material which melts or vaporizes at sintering temperatures.87–89 This 

additional material, called a fluxing agent, wets the particles surface and occupies the pore 

channels between particles, thereby decreasing the activation energy for diffusion.88,90,91 The 

fluxing agent is then incorporated into the final sintered material as an alloy or dopant, residing at 

the grain boundaries and interfaces as a precipitate, or can volatilize.88,91 Since fluxing agents are 

consumed over time, they only assist during early stages of sintering (i.e., necking) unless a 

constant supply of flux provided. 

Alternatively, reducing the melting temperature can also decrease the activation energy of 

diffusion. Although melting temperature is an intrinsic material property, it can be modulated by 

including dopants or reducing the nanomaterial size (e.g., TM = 156 °C for bulk indium, TM = 120 

°C for 4 nm indium particles, TM = 50 °C for 0.4 nm indium particles).92 This occurs because 

smaller nanoparticles have higher surface energy, promoting the out-diffusion of atoms.73–75,92,93 

Table 1.3: Additional equations related to the sintering of nanomaterials 
 Equation Description 

(Eqn. 1.8) 𝑇>(𝑑) = 𝑇>- I1 − *
4𝜎*?
𝐻@𝜌*𝑑

,
4

M 

Melting point derived from the Gibb-Thomson 
equation, determined by to the bulk materials melting 
point and intrinsic properties, only being altered by the 
particle size (d). When d is large, the second term 
approaches 0 and has negligible effect on the melting 
temperature.  

TM = size-dependent melting point [K]; TMB = bulk material’s melting point [K]; σsl = energy of the solid-

liquid interface [kJ⋅m-2]; Hf = bulk heat of fusion [kJ⋅kg-1]; ρs = density of solid [kg⋅m-3]; d = particle 

diameter [m]. 
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1.1.4. Nanomaterials of Interest 

Previously, we introduced synthesis conditions that generally affect the production of 

nanomaterials. In this work, we turn our focus towards a specific solution-processed nanomaterial: 

kesterite Cu2ZnSn(SxSe1-x)4, which is used in photovoltaic applications. 

Kesterite Cu2ZnSn(SxSe1-x)4 (CZTSSe) is a p-type (hole-rich) semiconducting material 

with material properties that can be carefully tuned. CZTSSe’s hole concentration can be adjusted 

by introducing intrinsic defects (e.g., copper vacancies).44,94 CZTSSe also has a direct bandgap in 

the visible range and be modulated based on the ratio between sulfur and selenium (1.5 eV for 

CZTS, and 0.9 eV for CZTSe).44 The optoelectronic properties of CZTSSe makes for an ideal 

absorber (active) material for photovoltaic applications. Additionally, CZTSSe has garnered 

attention as a substitute for other solution-processable active materials (e.g., GaAs, CdTe, PbS, 

and Cu(In,Ga)Se2) that utilize highly toxic (As, Cd, Pb) and/or rare earth elements (Ga, Cd, In, 

Te). 43,95–100 

To make CZTSSe photovoltaic devices, hole-rich (copper-poor) CZTS NPs nanoparticles 

are first produced by simply adjusting the ratio of the precursor materials. These particles are then 

suspended into a nanoparticle ink and deposited onto a back-contact material (i.e., a Mo substrate). 

After deposition, the NP thin film (< 1000 μm) is heated to 500 °C in the presence of Se.44 Se is 

not only incorporated into the material’s lattice (by substituting S atoms), but also expedites grain 

growth as a fluxing material when constantly supplied.101 Such grain growth is ideal for 

photovoltaic devices since grain boundaries and interfaces operate as electron recombination sites 

for charge transport, thereby hindering device performance.40–47 Finally, an n-type buffer layer and 

front contact are deposited, completing the photovoltaic device. 
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CZTSSe also has a variety of other important applications.102 A list of applications 

(including relevant binary chalcogenide derivates of CZTS (CuS, ZnS, and SnS), metal derivatives 

of CZTS (Cu, Zn, Sn), and the metal oxide derivatives of CZTS (CuO, ZnO, SnO)) are available 

in Table 1.4. 

Table 1.4. Materials used in this study 

Material Applications 

CZTS photovoltaics,103 hole transport layer,104 
photocatalysis 102 

Cu catalysis,105 metal electrodes106 

CuxO photocatalysis,107 antibacterial surfaces107 

CuxS catalysis,108 photocatalysis,108 p-type semicondutor44  

Zn metallics, alloying 

ZnO photocatalysis, transparent electrodes109  

ZnS photocatalysis,110 sensors,110 photovoltaics,110 light 
emitting diodes,110 insulators44 

Sn metallics, alloying 

SnOx photocatalysis,111 catalysis112, antibacterial surface,111 
sensors111 

SnSx n-type semiconductor,44 photodetector113 

 

 

1.2. Ligands 

The synthesis temperature of CZTS (225 °C) requires the use of high-boiling point solvents 

such as ligands. Ligands are organic or inorganic solvents which, during nanomaterial synthesis, 

coordinate with metal atoms to control precursor reduction, arrangement, and crystallization.69,114–

117 Thus, ligands have considerable impact on the formation of nanomaterials. The ligand also 

anchors the surface sites of nanomaterials using electrostatic attraction or covalent bonds to create 
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a nanomaterial ‘ink’.42,115–118 These versatile inks can be deposited to form nanomaterial 

assemblies and solution-processable thin films.  

The primary objective of the ligand is to form a stable ink when depositing uniform thin 

layers (10 nm - 1000 nm) of nanomaterial. Beyond this purpose, the ligand is intentionally removed 

to prevent impurities or defects in the bulk material.47 Typically, ligands can be removed through 

ligand exchange or calcination (a heat treatment, e.g., sintering).47,87,106,118,119  

In this section (Chapter 1.2), we introduce the ligand and its known functionalities related 

to the synthesis and sintering (calcination) of nanomaterials. In the following section (Chapter 

1.3), we discuss our research motivation in relation to these ligands and processes. 

1.2.1. Introduction to Ligands 

Ligands are ions or molecules that can form covalent bonds with metal atoms (or ions). 

There are three different types of ligand classifications: (1) neutral L-ligands, which donate 2 

electrons to the metal center (2) X-ligands, which donate and accept 1 electron to and from the 

metal center, and (3) neutral Z-ligands, which accept 2 electrons from the metal center. Figure 1.7 

visualizes this bonding and Table 1.5 contains common ligands relevant for nanomaterials and 

their classifications. Of these three classifications, L-ligands and X-ligands are most relevant to 

our work with chalcogenide (i.e., sulfides and selenides) and metallic nanomaterials. 
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Figure 1.7. Highest occupied and lowest unoccupied molecular orbit levels for bonding between metal centers and the 

three different types of ligands. 

1.2.1.1 L-ligands 

L-ligands are electron-rich (nucleophiles) with a lone pair of electrons, classifying L-

ligands as a Lewis base. Unlike the mutual donation of electrons found in conventual covalent 

bonds, L-ligands donate two free electrons (e.g., lone pair electrons) to an electron-deficient 

(electrophilic) metal center to form a metal-ligand complex. The uneven donation of electrons 

forms a ‘dative’ covalent bond. Often, multiple L-ligands can donate electrons to a single metal 

center to form a coordination complex (see Figure 1.8). In nanomaterial synthesis, L-ligands form 

coordination complexes with cations in solution or cationic sites on the surface of the 

nanomaterial.12 

 

 

Figure 1.8. Example of how an amine, which has one lone pair of electrons from the from amine’s nitrogen atom, forms 

a coordination complex with an electrophilic metal ion center via dative bonding (dashed lines). Example of X-, L-, and 

Z-ligand bonding and coordination to the surface of CdSe nanoparticles, from Ref [116].116 

1.2.1.2 X-ligands 

X-ligands interact with a metal center by each donating one electron to form a conventual 

covalent bond. X-ligands are commonly ionic (either anionic or cationic) and form covalent bonds 

M

2+
R—NH2 R—NH2 

R—NH2 R—NH2 
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with other ions (in solution or on the nanomaterial’s surface sites). Often, these X-ligands are the 

charged analogs (e.g., R-COO-, R-S-, Cl-) of compounds which have been deprotonated or ionized 

in solution (e.g., R-COOH, R-SH, M-Cl). Table 1.5 below includes common X-type ligands used 

in nanomaterial synthesis, along with various L- and Z- type ligands. 

Table 1.5. Examples of ligands and their classification from Ref [115]116 
 Ligand Functional Group 

L-ligands 

Amines (RNH2) 

Phosphines (R3P) 

Water (H2O) 
Carboxylic acids (RCOOH) 

X-ligands 

Carboxylates (RCOO-) 
Hydroxyl (HO-) 
Thiolates (RS-) 
Phosphonates (RPO(OH)O-) 
Inorganic anions (Cl-, I-, Sn-, InCl4-) 
Protons (H+) 

Z-ligands 
Pb(RCOO)2 

CdCl2 

* Atoms/ions highlighted in red are responsible for the donation/acceptance of electrons. 

1.2.2. Ligand’s Role During Nanomaterial Synthesis 

A large library of materials that classify as ligands have been used in nanomaterial synthesis 

(e.g., water, organic molecules, polymers, proteins). The wide versatility and diversity of ligands 

offer the ability to carefully tune several critical functions of nanomaterial synthesis. Ligands, for 

instance, can also serve as a solvent and reducing agent, a facilitator for the nucleation and growth 

of particles, a stabilizing agent, and for screening nanomaterials from their 

environment.12,13,16,68,120–123 
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Figure 1.9. Schematic summary of the ligand’s role during the synthesis of nanomaterials, inspired from Ref 

[124].124 

1.2.2.1 Dissolution and decomposition of precursors: ligand as a solvent and reducing agent 

As discussed in Chapter 1.1.2.2, solvents are required for the dissolution or decomposition 

of precursor materials to form homogeneous solutions. During nanomaterial synthesis, ligands are 

commonly used as the primary solvent and modulate synthesis depending on their polarity, 

functional group(s), and boiling point. 

For example, in the synthesis of metal oxide nanomaterials, polar metal chloride precursors 

dissolve when using polar water or alcohol as a ligand.125 Here, water forms a hydration shell 

similar to a coordination complex, causing solvation. Alternatively, precursor dissolution may 

occur if the ligand’s functional group operates as a reducing agent. Common ligands which operate 

as reducing agents are Lewis bases (L-type ligands) such as phosphines (e.g., trioctylphosphine 

oxide, trioctylphosphine) and amines (e.g., hydrazine, hydroxylamine, tributylamine, alkylamines, 

alkaloids, amino acids, polyvinylpyrrolidone) which donate their lone pair electrons to metal 

centers.126–130 Similarly, deprotonated acids (e.g., ascorbic acid, tannic acid, decanoic acid, sodium 

citrate, carboxylic acids) are X-type ligands that are often used as reducing agents during 

nanomaterial synthesis.126–131 
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It is often advantageous to synthesize nanomaterials at higher temperatures (100 – 300 °C). 

During these reactions, thermally-stable organic monomers and polymers (with high boiling 

points) are used to thermally reduce or decompose metal precursors, to form stable materials at 

elevated temperatures, and can even be used to control nucleation.12,13,16,68,120–123 

1.2.2.2 Controlling nucleation and growth: ligand stabilization and screening 

The specific bonding properties within the ligand-metal complex (i.e., stability of 

individual bonds, coordination number, ligand sterics) can impose another impact on the 

nucleation and growth of nanomaterials.  

  For example, an unstable (labile) bond results from poor affinities (i.e., mis-matched 

hard/soft acid-base pairs) and can easily dissociate for a more favorable acid-base match. A 

particularly stable (non-labile) ligand can dampen growth and stabilize nanomaterials as there is 

an increased energy required for ligand dissociation.116,132 The ligand’s ability to highly coordinate 

or chelate (via single ligands which form multiple coordination bonds) with metal centers is 

similarly important: once encapsulated by a ligand shell, the metal center is screened from its 

environment and inter-diffusion of ions from solution is inhibited.116–118,133 Additionally, bulkier 

ligands have a lower diffusivity, lower coordination numbers, and a higher efficacity for screening 

ions compared to smaller ligands (e.g., short-chained aliphatic).133 Ligands with low diffusivity 

cause slow nucleation and growth rates, and their high stearic hindrance prevents the interdiffusion 

of ions resulting in smaller and more stable particles.133,134  

Ligand lability and coordination can also influence the shape and structure of the 

nanomaterial. For example, chelating ligands with multiple anchors can promote unidirectional 

growth (e.g., nanowires, nanorods), mixtures of different organic ligands can promote the 
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nucleation and growth of different crystal phases (e.g., wurtzite and stannite), and preferential 

coordination of the ligand’s anchoring (functional) group can result in expression of low-energy 

atomic planes (e.g., (111), (100)).42,116,117,132  

1.2.2.3 Forming dispersions: ligand as an encapsulant and surfactant 

The formation of ligand-based ‘encapsulation’ or ‘capping’ layer, which coats the surface 

of the nanomaterial, functions as a barrier between the nanomaterial and its surrounding 

environment. In addition to screening the nanomaterials, the encapsulation layer is critical for 

dispersing the nanomaterial in different solvents, determined by the structure and polarity of the 

ligand backbone. For instance, ligands with a long hydrocarbon backbone (non-polar) allows 

otherwise non-dispersible inorganic nanomaterials to be suspended in other nonpolar solvents. 

These dispersions (suspensions) are known as nanomaterial ‘inks’ and can be used in further 

processing, such as the deposition or printing of inks to form thin films.42,115–118 

1.2.3. Ligand’s Role During Sintering 

Beyond its function for nanomaterial dispersion and deposition, the ligand often serves no 

further purpose. For sintered nanomaterial films, ligands are expected to directly impede the 

sintering process as they must desorb from the nanomaterial surface for necking to occur.135,136 

The desorption of ligands through thermal heating (calcination) is thought to occur via the thermal 

decomposition, melting, or volatilization of ligands from the surface of the nanomaterial.136 

Alternatively, chemically-induced sintering chemically reduces the encapsulation agent via the use 

of reactive gases.137 
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Figure 1.10. (top) Proposed nanoscale formation mechanism for organic ligands during the sintering of 

CZTS nanoparticles from Ref [87].87 (bottom) The chemical sintering of nanoparticles by reactive gases 

from Ref [137].137 

In most instances, the volatilization of the during sintering is ideal, as residual ligands can 

act as impurities or defects within the final material.47,135,138 However, there is lack of consensus 

on how adequate sintering is for total ligand removal.119 For instance, residual carbon from organic 

ligands can pyrolyze (thermally decompose) and become trapped within the final film (see Figure 

1.11).83–85,87,91,103,119,138–144  

Furthermore, it is possible that the ligand also participates in the densification and 

coalescence of nanoparticles during sintering. When stripping a nanomaterial or exchanging the 

ligand with a low-carbon content molecule, for instance, coalescence occurred with poor 

densification and grain growth.142,145 A complementary study increased the weight percentage of 

the ligand that led to the formation of large grains at the expense of more residual carbon remaining 

within the film.142 These studies indicate that the ligand encapsulation layer influences the 

formation of large grains during the sintering process. One proposal suggests that the capping 
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ligand operates similar to fluxing agents that wets the nanoparticle surface and promotes ion 

diffusion.142,145 However, no further investigations have been conducted to identify the underlying 

role of the ligand in the promotion or hinderance of grain growth.  

 

Figure 1.11. With sufficient sintering times and temperatures, organic ligands decompose into a carbon-rich 

fine-grain-layer (FGL) which forms underneath an inorganic large-grain-layer (LGL). Micrographs 

highlighting the impact of carbon content on Cu2ZnSn(S,Se)4 grain growth from two separate studies.142,145 

(a) Stripped NPs compared against (b) NPs capped with oleylamine (C18H37N).142,145 (c) NPs capped with 

C18H37N compared against (d) NPs capped with polystyrene ((C8H8)n).142,145 (e) NPs capped with formamide 

(CH3NO) compared against (f) NPs capped with oleylamine (C18H37N).145 Micrographs to the left (low 

carbon content) are porous and have comparatively inhibited grain growth. Micrographs to the right 

experience greater densification and contain an organic FGL (highlighted in red). From Refs [142] and [145]. 
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1.2.4. Ligands of Interest 

As listed in Table 1.5, a large library of ligands can be used in the synthesis of 

nanomaterials, which includes amines, phosphines, phosphonates, carboxylic acids, carboxylates, 

hydroxyls, thiols, thiolates, and aqueous solvents. In this work, we focus primarily on two classes 

of ligands: organic amines and carboxylic acids. This specifically includes alkylamines 

(dodecylamine, oleylamine, linoleylamine) and alkyl carboxylic acids (stearic acid, oleic acid, and 

linoleic acid). 

 

Figure 1.12. Chemical structures of the ligands used in this study. This includes (a-c) amine ligands 

and (d-e) carboxylic ligands of varying bond saturation; unsaturated (a) DDA and (d) SA, 

monounsaturated (b) OLA and (e) OA, and polyunsaturated (c) LOA and (f) LA. 

1.2.4.1 Alkylamines 

Alkylamines are L-ligands that contain an amine functional group (NH2) connected to a 

linear alkyl hydrocarbon backbone. Common examples used in nanomaterial synthesis include 

(a) Dodecylamine (DDA) - C12H27N 

(b) Oleylamine (OLA) - C18H37N 

(c) Linoleylamine (LOA) - C18H35N 

(d) Stearic Acid (SA) - C18H36O2

(e) Oleic Acid (OA) - C18H34O2 

(f) Linoleic Acid (LA) - C18H32O2 
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octadecylamine (ODA), hexadecylamine (HDA), dodecylamine (DDA), and oleylamine (OLA), 

all of which are primary amines with a straight-chain aliphatic hydrocarbon backbone consisting 

of 12 – 18 carbon atoms.117 These ligands can operate as the primary solvent during synthesis and 

are suitable for high reaction temperatures (260 °C < TBP < 350 °C). As an L-type ligand, the amine 

functional group (𝑅 − 𝑁̈𝐻!) can donate both electrons to a metal ion, contributing to the reduction 

of the metal precursors and forming a metal-ligand coordination complex.116,117,146 Similarly, the 

amine can coordinate with electrophilic dangling bonds on the surface of the nanomaterial via the 

formation of dative bonds. As the amine anchors to the surface of the nanomaterial, the nonpolar 

hydrocarbon backbone suspends the nanomaterial in other nonpolar solvents. Toluene and hexane 

are common solvents selected for the dispersion of alkylamine nanomaterials because they 

preserve the dative bond between amine and surface sites and will only interact with the 

hydrocarbon backbone. These solvents allow for the formation of highly concentrated (200 

mg/mL) nanomaterial inks for deposition and solution-processing. 

1.2.4.2 Alkyl carboxylic acids 

Similar to alkylamines, alkyl carboxylic acids of similar chain length (e.g., stearic acid 

(SA), oleic acid (OA), linoleic acid (LA)) can function as high boiling point solvents (230 °C < 

TBP < 360 °C). The primary differences between alkylamines and alkyl carboxylic acids lies with 

the ligand’s functional groups and the ability of carboxylic acid to operate as both L- and X-

ligands.12 

Specifically, oxygen from the carbonyl group (C=O) and the oxygen from the hydroxyl 

group (OH) both have two sets of lone pair electrons that operate similarly to the amine’s lone 

pair: the unbound electrons can reduce metal precursors, form metal-ligand coordination 
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complexes, and coordinate to metallic surface sites.116,117,146–149 Additionally, carboxylic acids can 

become deprotonated or ionized during synthesis.149 In this instance, the oleate ions (COO-) and 

hydroxide ions (OH-) operate as X-ligands which donate electrons to metallic surface sites. 

1.2.5. Role of the Ligand: From the Synthesis of CZTS to the Sintering of CZTSSe 

As established in Chapter 1.1.4, CZTSSe is an important material of interest for 

photovoltaic applications. Additionally, in Chapter 1.2.4 we introduced various organic ligands: 

alkylamines (dodecylamine, oleylamine, and linoleylamine) and alkyl carboxylic acids (stearic 

acid, oleic acid, and linoleic acid). In this section, we unite these materials and their roles both 

during synthesis and sintering.  

During the synthesis of CZTS nanoparticles (NPs), metal precursors are first mixed and 

heated with an organic ligand (e.g., oleylamine) to form a metal-ligand coordination 

complex.116,117,146 A ligand-sulfur solution (polysulfide) is separately prepared via inverse 

vulcanization to be used as the sulfur source (the synthesis of polysulfides is described in further 

detail in Chapter 1.2.6.2).146,150,151 This polysulfide is then injected into the precursor-ligand 

solution at elevated temperatures, rapidly producing hydrogen sulfide (H2S) which instantly reacts 

with metal precursors to nucleate metal sulfide NPs.146,150,151 Under controlled reaction times, 

temperatures, optoelectronic (kesterite) CZTS (Cu2ZnSnS4) NPs form. Upon cooling, excess 

ligands and polysulfides coordinate to the NP surface via their functional groups.116,117 These 

encapsulation agents stabilize the NPs, preventing aggregation or further growth.116,117,133 Finally, 

the ligand’s hydrocarbon backbone allows the NPs to be suspended into nonpolar solvents to form 

a printable NP ink.116,117,152  
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From here, the CZTS NP ink can be deposited onto a Mo substrate/back contact through 

several methods, including spin coating, spray pyrolysis, or roll-to-roll printing techniques such as 

knife coating or inkjet printing.40 As discussed, a sintering process known as selenization is used 

to promote grain growth and to modify the material’s band gap. This process involves heating the 

printed CZTS NP film in a tube furnace under a flow of selenium vapor to form CZTSSe. Final 

sintered films consist of micron-sized grains which have comparatively improved optical and 

electronic properties for photovoltaic devices. 

Sintering does not convert the entire layer of CZTS NPs into large grains of CZTSSe. 

Rather, a distinct bilayer forms as pictured in Figure 1.11 and Figure 1.13. The bilayer is 

characterized by the presence of a large grains of CZTSSe which forms on top of a fine-grain-layer 

(FGL) embedded with carbon.84 Here, the formation of this carbon-rich FGL layer is currently 

thought to arise from temperature-assisted desorption and pyrolysis of the organic encapsulation 

layer. 

 

CZTSSe large-grain layer (LGL)
Graphitic fine-grain layer (FGL)
Mo substrate
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Figure 1.13. (top) inverse vulcanization of oleylamine in the presence of sulfur, forming a polysulfide153 and 

(bottom) formation of the bilayer during sintering; large grains of active material (CZTSSe) above carbon-

rich fine-grain-layer (FGL) inspired by Ref [84].84 

1.2.6. Ligands in Other Processes 

The same ligands used in the production of CZTS nanoparticles have recently been 

observed to undergo side-reactions during the synthesis of an array of nanomaterials, which can 

influence the kinetics of nanomaterial synthesis or result in carbon defects or impurities. 154,155  As 

these ligands are well known to be used in other scientific applications, including in polymerization 

reactions, the synthesis of rubber, pyrolysis of biofuels, and in carbon dot synthesis, these studied 

mechanisms may be highly relevant for nanoparticle synthesis. 

1.2.6.1 Polymers 

The synthesis of many commercially produced polymers such as polyethylene and 

polypropylene (commodity plastics), polyolefins, and poly(cycloalkenes) are achieved through the 

polymerization of alkenes.156 Catalysts are often used to reduce the energy barrier of 

polymerization, allowing for the creation of polymers under milder reaction conditions (< 200 

°C).156 Ziegler-Natta catalysts are primary used in alkene polymerization, which most commonly 

include titanium or vanadium chlorides with an organoaluminium co-catalyst, or organometallic 

metallocene’s with a transition metal ion center (usually titanium, zirconium, hafnium).156,157 

Similar to precursors used in nanomaterial synthesis, these catalysts can be metal chlorides (M-

Cl) or metal acetylacetonates (M-(acac)x).156 

In relation to ligands, α-olefins such as 1-octodecene can undergo alkene polymerization 

in the presence of organometallic catalysts.156,158–160 Alkene carboxylic acids can also undergo 
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polymerization in the presence of catalysts.161 In addition to ligands, organometallic catalysts used 

in the alkene polymerization have been reported to result in the production of nanomaterial by-

products, illustrating that under the right conditions, nanomaterials can be produced in tandem 

with polymers.162 

 

Figure 1.14. A generalized illustration of alkene polymerization from Ref [159].159 

1.2.6.2 Rubbers and polysulfides 

Rubber is comprised of polysulfides and synthesized via a process known as inverse 

vulcanization. This process requires a linear sulfur chain, where both terminal sulfur atoms are 

either radicalized or ionized. Radical linear sulfur is produced by the homolytic cleavage of cyclic 

elemental sulfur (S8), achieved at temperatures ~ 160 °C. Ionic linear sulfur is produced by the 

reduction of elemental sulfur at lower temperatures (~ 110 °C) through nucleophile reduction by 

a Lewis base. These radical or ionic sulfur atoms reduce the double bond of organic olefins creating 

branched structures. Linear sulfur can link multiple organic olefins together to create cross-linked 

sulfur polymers, or polysulfides. 

This inverse vulcanization method has been well studied with a large variety of organic 

olefins.163–168 Amongst the monomers, both alkylamines and alkyl carboxylic acids have been 

used. This includes unsaturated amines (e.g., oleylamine) and carboxylic acids (e.g., oleic acid, 

linoleic acid).146,150,167,169–171 Alkylamines are especially ideal, as their amine functional group can 

reduce the elemental sulfur at low temperatures, whereas additives are typically needed to catalyze 
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the reaction between alkyl carboxylic acids and elemental sulfur.1 Catalysts can include metal 

precursors such as Zn stearate, ZnCl2, CuCl2, as well as metal oxides (e.g., ZnO, CuO).167,169,172,173  

 

 

 

Figure 1.15. The proposed mechanisms for inverse vulcanization between elemental sulfur (cyclic S8) and 

an alkene from Ref [164].164 (a) The high temperature homolytic cleavage of sulfur results in a sulfur diradical 

which will react with an organic comonomer’s double bonds to form a polysulfide. (b) The ring opening of 

elemental sulfur by a nucleophile (amines) result in ionic sulfur which will react with an organic 

comonomer’s double bonds to form a sulfur polymer. (c) Catalysts trialed for inverse vulcanization from Ref 

[172].172 

 This inverse vulcanization process for forming rubber has become increasingly relevant to 

the synthesis of nanomaterials.146,150,151 Organic alkylamine ligands, namely oleylamine, have 

been used to form polysulfides with elemental sulfur and operate as the source of sulfur during the 

synthesis of metal chalcogenide nanomaterials (including CZTS NPs).146,150,151  

(b)

(a)

(b)

(a)

(c) Catalysts for inverse vulcanization
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1.2.6.3 Fuel pyrolysis 

Pyrolysis is the process in which a material undergoes thermal decomposition without 

interacting with other materials (i.e., catalysts, oxygen). Specifically, the pyrolysis of 

hydrocarbons in inert environments has been well studied.174 This is in part due to hydrocarbons 

being an affordable and abundant fuel source for combustion. For example, carboxylic acids — 

including stearic acid, oleic acid, and linoleic acid — can all be derived from natural sources (e.g., 

palm oil, sunflower oil) and are all researched as biofuel candidates.175–179 

Under elevated temperatures (350 – 1000 °C), cleavage of C—C bonds results in smaller 

chained hydrocarbon fragments with radicals. These radicals can further accelerate decomposition; 

they readily participate in propagation reactions with other molecules which generate additional 

free radicals. This can result in the material being more susceptible to structural change, such as 

further bond cleavage, formation of olefins, double bond migration, hydrogenation of double 

bonds, or branching. The decomposition of hydrocarbons which contain 5 to 20 carbon atoms can 

result in intermolecular cyclization to form cyclic products such as polyaromatic hydrocarbons 

(PAHs) or soot. 

PAHs and soot can also form from the pyrolysis of olefins through an alternative reaction 

pathway, a Diels-Alder reaction, under similar conditions. Here, the mechanism is not dependent 

on the formation of free radicals, rather dienes and dienophiles must both be present during 

pyrolysis.178,180 
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Figure 1.16. (a) Proposed mechanism for Diels-Alder reaction and intermolecular cyclization of dienes and 

radicals during the pyrolysis of organic monomers, from Ref [178].178 This reaction can propagate to form 

polycyclic products, such as soot. (b) The idealized structure of soot from Ref [174].174 

1.2.6.4 Carbon dots 

Carbon dots are 0D carbon-based nanomaterials which were accidentally discovered 

during the washing, or purification, of carbon nanotubes after synthesis.181 Since then, these carbon 

dots have been studied for their ideal optical properties, stability, low toxicity, and other novel 

properties.58,182–186 Many new synthetic methods for forming carbon dots have been developed 

(e.g., hydrothermal, solvothermal, micro-wave assisted) and have resulted in the establishment of 

new subtypes of carbon dots (e.g., graphene quantum dots, carbon quantum dots, carbon nanodots, 

carbonized polymer dots).58,185 

(b)

(a)

(b)
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Amongst low-temperature (150 – 300 °C) bottom-up methods of producing carbon dots, 

ligands and reducing agents (e.g., oleic acid, oleylamine, citric acid)186–188 have been used as a 

carbon source. The specific synthesis mechanisms of carbon dots are still being understood. One 

possible mechanism is through the clustering of cross-linked and polymerized organic monomers 

followed by the carbonization, thermal degradation, or pyrolysis of the cluster.58 Depending on the 

method, conditions, and reactants used for the synthesis, the carbon dot’s properties can widely 

vary (e.g., crystalline v amorphous). Much work is still underway to better understand the synthetic 

mechanisms and engineer the desired products. 

 
Figure 1.17. (a) Proposed mechanism for the synthesis of nanographite from the direct pyrolysis of citric 

acid at 200 °C, from Ref [189].189 This mechanism can be described as the condensation of citric acid, 

followed by carbonization. (b) Synthesis condition for forming carbon nanodots from oleic acid, from Ref 

[187].187 This mechanism can be described as the aggregation and pyrolysis/carbonization of oleic acid. 

 

(a)

(b)
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1.3. Scope of Work 

Thus far, we have introduced both nanomaterials and ligands and their known processes 

during both synthesis and sintering. This background not only introduces the reader to the relevant 

functions of these materials, but also should highlight the robust knowledge established regarding 

nanomaterial synthesis, sintering, and the ligand. In recent years however, there has been emerging 

reports that the ligand is not inert during nanomaterial synthesis or sintering, renewing interest in 

investigating the ligand’s role during these processes.106,119,135,142,145,190  

During the synthesis of nanomaterials, reports have noted that ligands participate in side-

reactions that result in reaction impurities.154 Additionally, while the ligand is widely 

acknowledged as a critical component to nanomaterial systems, less attention has been given to 

the role of these ligands during sintering. However, ligand selection has increasingly been shown 

to influence film morphology and thus, film properties.135,140,145,191 

In the following chapters, we directly explore the lesser-explored roles of the ligand during 

synthesis and sintering. First, we study the structural changes (i.e., decomposition) of the 

oleylamine ligand during the synthesis and sintering of CZTS and CZTSSe (Chapter 2). Then, we 

expand this work to include additional alkylamines and alkyl carboxylic acid ligands, with a focus 

on understanding how ligand’s backbone structure and the precursor selection influence ligand 

decomposition during nanomaterial synthesis (Chapter 3). Finally, we investigate the impact of 

the ligand backbone structure on the final morphology and properties of sintered CZTSSe films 

(Chapter 4). 

This work aims to provide a deep understanding of the lifecycle and role of organic ligands 

during the synthesis and sintering of nanomaterials. 
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2. Chapter 2: Decomposition of the Oleylamine Ligand and the 

origins of the Organic Fine-Grain-Layer 

This chapter is reproduced from published work entitled “Ligand Pyrolysis during Air-Free Inorganic Nanoparticle 

Synthesis” Chem. Mater. 2021, 33, 1, 136–145. doi: 10.1021/acs.chemmater.0c03088).192 

 

2.1. Introduction 

As discussed in Chapter 1, bottom-up syntheses of nanomaterials consist of the dissolution 

or reduction of precursors by a solvent or reducing agent, often a ligand.42,46,115,193 In addition to 

operating as a solvent and reducing agent, the ligand can influence nanoparticle (NP) size and 

shape, and cap and stabilize the suspension of NPs in compatible organic solvents.115–117,144,193–196 

While these capping ligands are critical for the synthesis and deposition of NPs through 

solution-processing, the ligand hinders charge transport between particles, making deposited NP 

films insufficient for practical devices due to their poor charge mobility.51,71,115,116,197 Ligand 

exchange with conductive ligands can be employed,71,115,116 however exchange methods are 

laborious and have limited scalability. Alternatively, thermal treatments promote ligand desorption 

and overall NP densification, universally improving conduction throughout the film.51,71,83–
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85,87,91,103,116,139–143,197 During heating, the ligand desorbs to free the NP surface for sintering, 

however, the organic material is not eliminated from the film as expected.71,119,144,198,199 With 

sufficient annealing times and temperatures, this process results in a residual pyrolyzed graphitic 

carbon fine-grain-layer (FGL) underneath a large-grained inorganic layer (LGL).83–

85,87,91,103,119,139–143 The impact of the carbon-rich layer on film conduction has been debated, with 

claims that it impedes carrier transort200 or is benign.201–203 Nonetheless, attempts have been made 

to reduce the thickness of the carbon-rich layer with limited success.83,119 

A commonality across these observations is the use of the organic capping ligand 

oleylamine (OLA) which operates as a high boiling point solvent, a reducing agent, and surfactant 

that caps and screens NPs from their environment.117,194,196,204,205 While OLA has been widely 

utilized and investigated within NP synthesis,117,145,146,150,153,206 the restructuring of OLA into 

graphitic carbon, to our knowledge, has received no attention.  

In this chapter, we investigate the pyrolysis of OLA and the residual organic constituents 

within OLA-capped Cu2ZnSnS4 (CZTS) NP films and their sintered Cu2ZnSn(SxSe1-x)4 (CZTSSe) 

counterparts. Through the usage of Raman spectroscopy and X-ray photoelectron spectroscopy 

(XPS), the temperature-driven decomposition and restructuring of OLA is assessed. Moreover, 

XPS and glow discharge optical emission spectroscopy (GDOES) provide insight into a 

comprehensive model of the ligand’s fate during the solution processing of CZTS NPs. By 

identifying both the decomposition conditions, resulting pyrolyzed structure, and origin of the 

FGL, a strategy to control the carbon layer in sintered NP films is proposed.  
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2.2. Methods 

2.2.1. Oleylamine Decomposition  

Microscope slides (2.5 cm × 2.5 cm) were sequentially sonicated in distilled water, acetone, 

and isopropyl alcohol (IPA) for 10 min per wash, and then each substrate was air-dried. In air, 

substrates were heated to their set point temperature, and then 0.2 mL of technical-grade 

oleylamine (70%, Sigma-Aldrich) was drop-cast onto the substrate. After 20 min, the substrate 

was removed from the hot plate and allowed to cool. 

2.2.2. Nanomaterial Synthesis 

Copper(II) acetylacetonate (1.5 mmol, 99.99%, Sigma-Aldrich), zinc acetylacetonate (0.75 

mmol, 99.995%, Sigma-Aldrich), tin(IV) bis(acetylacetonate) dibromide (0.75 mmol, 98%, 

Sigma-Aldrich), elemental sulfur (99.98%, SigmaAldrich), and technical-grade oleylamine (70%, 

Sigma-Aldrich) were used in the synthesis of Cu2ZnSnS4 NPs. For the oxygen-free reaction, 

anhydrous CuCl2 (1.5 mmol, 99.995%, Sigma-Aldrich), anhydrous ZnCl2 (0.75 mmol, 99.995, 

Sigma-Aldrich), and anhydrous SnCl2 (1.5 mmol, 99.99%, Sigma-Aldrich) substituted the 

acetylacetonate precursors. The metal precursors were sealed in a 100 mL three-neck round-

bottom flask in an inert (N2) atmosphere in a glovebox. Upon transfer to a Schlenk line, 10 mL of 

OLA was injected into the flask and heated at 130 °C by a heating mantle, forming a blue solution. 

The solution was vigorously mixed and cycled between vacuum and N2 for 1 h, until there was no 

bubbling under vacuum. Under N2, the solution was heated to 225 °C and immediately injected 

with 3 mL of a separately prepared sulfur−oleylamine solution (1 M sulfur in oleylamine, mixing 

at 50 °C for 1 h under air). NP nucleation was initiated by the injection of the sulfur−oleylamine 

solution, as indicated by a rapid change in color from blue to black. After 2 h of mixing at 225 °C, 
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the flask was raised from the heating mantle and allowed to cool to 80 °C. A mixture of 30 mL of 

IPA and 5 mL of toluene was poured into the flask. The solution was centrifuged at 13.5k rpm for 

15 min. Upon decanting the supernatant, sedimented NPs were dispersed in a 2:1 solution of IPA 

to toluene, where the centrifuging and decanting process were repeated. The residual solvent was 

removed with a rotovap, forming a final NP powder, referred to as “powdered” NPs. Samples were 

further dried for 24 h under vacuum. 

2.2.3. Nanoparticle Ink Formation and Thin Film Deposition 

CZTS NPs (200 mg) were suspended in 1 mL of toluene and subjected to 1 h of pulsed 

ultrasonication (10 s ON/5 s OFF) to form an NP ink. Prior to deposition, 2.5 cm × 2.5 cm 

substrates of molybdenum-coated soda lime glass (Mo/SLG) were sequentially sonicated in 

distilled water, acetone, and IPA for 10 min per wash. Each substrate was air-dried and then 

plasma-cleaned for 5 min. 10 μL of ink was pipetted onto the cleaned substrates, followed by 

immediate doctor blading. For uniform coverage, a doctor blading machine was used with a 

sweeping rate of 50 mm/s and a spacer height of 25 μm. After 15 min of controlled drying in air, 

a second layer of ink was deposited (10 μL), with an adjusted spacer height of 50 μm. No heat was 

applied to dry the films. 

2.2.4. Sintering via Selenization  

Sintered CZTSSe films were achieved by incorporating selenium into the system. Se pellets 

(400 mg) were evenly distributed around two samples in a graphitic box. These samples were 

loaded into a tube furnace and purged 3 times, alternating between vacuum and inert Ar (15 min 

per cycle). Under a constant Ar flow (100 cm3/min) and atmospheric pressure, the tube was heated 

to 500 °C. The sample was inserted into the furnace for 20 min followed by rapid cooling. 
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2.2.5. Graphitic Flake Isolation and Dispersion 

CZTS NPs were washed for a third time in IPA and toluene (1:1), and the supernatant was 

collected. Within 2 weeks, all material had sedimented from the collected supernatant. 

Photographs of supernatants collected from each subsequent wash are provided in Figure 2.16. 

Without perturbing the sedimented material, the top solvent was pipetted off and the remaining 

solvent was removed with a rotovap (i.e., decanted), isolating a black powdered material. Isolated 

material (4 mg) was suspended either in 1 mL of IPA or 1 mL of toluene. To form a dispersion, 

the material was mixed for 20 min, followed by 20 min of sonication. The dispersions were left to 

stand for 3 h. 

2.2.6. Spatial and Bulk Composition of CZTS and CZTSSe Thin Films 

To determine the spatial composition of CZTS and CZTSSe films, Glow Discharge Optical 

Emission Spectroscopy (GDOES) spectra were acquired with the Horiba GD-Profiler 2. A 4 mm 

diameter anode ablates CZT(S,Se) films with a plasma (conditions and calibrations modeled after 

Clark et al)85 to obtain a signal of voltage as a function of time. The sample was fully ablated once 

the raw voltage for Mo reached 0.2 V, signifying penetration of the substrate material. 

To extract compositional data [mols] from the voltage signal, calibration factors and the 

bulk material’s composition were used. The bulk composition was collected though energy 

dispersive spectroscopy (EDS), using the FEI Sirion XL30’s FEI EDS detector. Data acquisition 

occurred when samples were at a working distance of 5 mm and acceleration energies of 7 and 20 

kV were used with respective spot sizes of 5 and 4 (30−50% dead time, total counts of 1 000 000). 

A total of fifty-four spots across nine substrates were collected. 
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The relative spatial depth of the sample were extracted from time [s]. For each sample, the 

first 5 s was excluded due to surface contamination and stabilization. The resulting x-axis is 

equated to the spatial penetration [%], but measurements with the Bruker OM-DektakXT 

Profilometer allows for equating the spatial penetration [%] to sample depth [nm]. For film 

thickness measurements of CZTS films, a diamond stylus with a 2 μm radius tip was installed. 

2.2.7. Structural Characterizations: Raman Spectroscopy, XRD, and XPS 

Structural confirmation of CZTS, the organic ligand, and carbon byproducts was performed 

with the Renishaw InVia Raman Confocal Microscope at an excitation wavelength of 514 nm. 

Samples were exposed to 5 to 50 % maximum laser intensity for 10 s (Pmax = 8 mW). No 

background subtraction was used unless otherwise specified. For background subtraction, either a 

4-point linear background subtraction (CZTS) or polynomial spline background subtraction 

(carbon byproducts) were used. Peak intensities and positions were determined via deconvoluted 

Gaussian fits using MagicPlot Software following the strategies for peak fitting outlined for CZTS 

(e.g., Fernandes et al 207 and Cheng et al 208), for the organic ligand (e.g., Larkin),209 and for carbon 

byproducts (Sadezky et al 210 and Merlen et al 211).  

X-ray diffraction (XRD) was used for further confirmation of the CZTS and CZTSSe 

structure. The Bruker D8 Discover Microfocus X-ray Diffractometer was used, with Cu Kα (λ = 

1.54059 Å) radiation was used and step size of 0.02° 2θ. The Mo COD 9008543 (110) peak center 

at 40.501° 2θ was used to calibrate the spectra, and CZTS COD 2105813 was used for the reference 

spectra. Lorentzian fits via MagicPlot Software were additionally used for crystallite size analysis 

of the (112), (200), and (312) planes of CZTS. (X-ray diffractograms and analysis are included in 

Figure 2.11). 
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To determine the structure of carbon throughout CZTS NP films, XPS was used. The 

Surface Science Instruments S-Probe spectrometer was used with a monochromatized Al X-ray 

source and a low-energy electron flood gun for charge neutralization, X-ray spot size of 800 × 800 

μm2, analytical chamber pressure below 5 × 10−9 Torr, pass energy for survey spectra 

(composition) of 150 eV, and sata analysis performed with the Hawk 7 Analysis program (Service 

Physics, Bend OR). High resolution XPS spectra were calibrated to the hydrocarbon C 1s peak at 

285.0 eV. 

2.2.8. Imaging of NPs and Thin Films 

Transmission Electron Microscopy (TEM) and Scanning Electron Microscopy (SEM) 

were used to respectively image the CZTS NPs and CZT(S,Se) thin films. The FEI Technai G2 

F20 was used to collect TEM micrographs. A 200 kV accelerating voltage and a spot size of 3 

were used. The NP ink was diluted dispersion (10 μL) was suspended on a 300-mesh copper TEM 

grid and stored under vacuum overnight. Micrographs are included in Figure 2.11. 

Top down and cross sectional micrographs of CZTS and CZTSSe films were aquired with 

the FEI Sirion XL30 Scanning Electron Microscopy (SEM). Micrographs were obtained at an 

acceleration energy of 5 kV and a spot size of 2. Cross-sectional samples were prepared by 

diamond scribing on the substrate SLG and fracturing the sample. Carbon tape was used to cover 

as much of the exposed SLG as possible to reduce sample drift and charging. Micrographs are 

included in Figure 2.12. 

2.2.9. Thermal Analysis (TGA) 

Dynamic thermal gravitational analysis (TGA) was collected with the TA Instruments 

Q20 ThermoGravimetric Analyzer from room temperature to 500 °C at a heating rate of 10 
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°C/min. A platinum pan was used for all experiments. Sample gas (either air or N2) was purged at 

a continuous flow rate of 40 mL/min. 

 

2.3. Results and Discussion 

2.3.1. Thermal Decomposition of Oleylamine 

Throughout OLA’s lifecycle, the ligand is exposed to several high temperature processes, 

including NP synthesis (225 °C), annealing (100 °C – 300 °C), and sintering (500 °C). To 

understand how OLA thermally decomposes, the ligand was incrementally heated from 100 °C to 

500 °C in the absence of CZTS NPs (Figure 2.1). No change in OLA was observed until 150 °C, 

when partial evaporation was observed despite the temperature being well below the ligand’s 

boiling point of 348 °C. Volatilization at this temperature is likely due to low-boiling point 

impurities within technical grade OLA such as short-chain alkylamine moieties and 

nitroalkanes.212 OLA cooled from 100 °C and 150 °C formed a waxy white surface film, attributed 

to saturated hydrocarbon impurities which solidify at room temperature.212 At 200 °C and 225 °C, 

the film emitted smoke and transformed into an orange-brown liquid. Increased smoking may have 

resulted from bond cleavage at OLA’s allylic bond, leading to lower molecular weight 

hydrocarbons that readily evaporate at these temperatures.213 Furthermore, upon cooling these 

films no additional colorimetric change transpired, signifying that irreversible structural 

decomposition had occurred. Above 250 °C, the films formed a glassy-black-brown solid with 

high opacity. Above the ligand’s boiling point (> 400 °C, not pictured), the material rapidly 
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vaporized and combusted, leaving little residual material in agreement with previous works.214 

 

 

Figure 2.1. From left to right, OLA annealed on microscope slides at 100, 150, 200, 225, 250, and 300 °C. 

0.2 mL of OLA per substrate, each heated for 20 min in air. 

To investigate the structural transformation of OLA during pyrolysis, Raman spectroscopy 

was performed (Figure 2.2). The resulting room-temperature spectrum is consistent with 

literature, with marked bands that identify the ligand’s terminal group (CH3 bending vibrations at 

1439 cm-1), unsaturated bond (cis C=C bending vibrations at 1656 cm-1), and hydrocarbon 

backbone (C–H stretching vibrations from 2800 cm-1 to 3006 cm-1).117,212,215 When the ligand was 

heated to 300 °C, corresponding to the fully darkened structure shown in Figure 2.1, no residual 

OLA was detected, rather, graphene’s in-plane vibrational mode (G at 1588 cm-1) was observed 

and accompanied by a disorder (D at 1366 cm-1) and second-order band (D + D’ at 2944 cm-1).216–

220 The predominant D band, low D + D’ signal, absence of signature second-order bands (2D at 

2717 cm-1), overall peak attenuation, and fluorescent background are all indicative of the formation 

of highly disordered graphene, functionalized graphene, or a graphitic carbon systems with sub-

micron order.216,218–224 The formation of nanoparticle graphitic flakes corresponds well with the 

calculated crystallite size of 6.44 nm, as determined by the Tuinstra and Koenig relation (Equation 

2.1).218,220,225,226 

100 °C 150 °C 200 °C 225 °C 250 °C 300 °C
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 𝐿"	(𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑡𝑒	𝑠𝑖𝑧𝑒) 	= 𝐶(𝜆) 	∗ 	
𝐼#
𝐼$

 (Eqn. 2.1) 

The crystallite size is a function of the relative fit intensities between the G and D peaks 

(IG/ID) and is proportionate to C(λ), an empirical constant found to be 4.4 nm for 514 nm excitation 

wavelengths. This result is in correspondence with the graphitic carbon found within sintered NP 

films,145,214 however, the onset of decomposition as observed within Figure 2.1 is the lowest 

known reported temperature of OLA ligand pyrolysis. 

 

Figure 2.2. Raman spectra of room temperature OLA (black) and OLA annealed at 300 °C (red). 

Corresponding identifiable peaks are labeled. 

While OLA has been used to intercalate for graphitic carbon systems,202,227 the formation 

of graphitic carbon from the pyrolyzed OLA has not been previously reported. Graphite, graphene, 

and graphene oxide have been produced through pyrolysis of short-chain hydrocarbons; however, 

this is achieved through epitaxial growth on crystalline substrates that requires temperatures 

exceeding 900 °C.228–230 More appropriately, low temperature multistep carbonization initiated 

from pyrolytic condensation of OLA may have occured.231–234 While this has not been previously 

been reported for OLA, condensation through the formation of nanostructured (< 2 nm) polycyclic 
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aromatic hydrocarbons (PAHs) is plausible. PAHs can form from allylic cleavage, yielding an 

alkyl radical and a terminal double bond which participate in intermolecular cyclization.178,213 As 

OLA contains an allylic site due to the ligand’s double bond, the ligand likely undergoes similar 

decomposition, enabling OLA-based carbonization to form the observed ~ 6 nm graphitic carbon 

flakes.  

2.3.2. Graphitic Carbon Formation During CZTS Nanoparticle Synthesis 

Graphitic carbon has consistently been first detectable within CZTS NP films sintered at 

500 °C,84,135,142,145,214,235 a significantly higher temperature then what is required to pyrolyze OLA. 

This alludes to the possibility that graphitic carbon formation begins far below the NP sintering 

temperatures used in literature; rather, the ligand may restructure as early as the CZTS NP 

synthesis at 225 °C. As such, a Raman spectrum of post-synthesized powdered CZTS NPs capped 

with OLA is presented in Figure 2.3.  

In additional to CZTS signature peak at 338.5 cm-1 and second order band at 660 cm-1, both 

the D and G bands were detected at 1379 cm-1 and 1575 cm-1, respectively. The presence of the D 

and G bands within powdered CZTS NPs is distinct and verifies that the ligand is restructuring to 

form the graphitic carbon material during NP synthesis. Furthermore, these band were respectively 

red and blue shifted due to an uptake in structural defects.144,218,236 Deconvoluted left-edge band 

tailing associated with disordered graphite (1200 cm-1) and an amorphous carbon network (1400 

cm-1 to 1500 cm-1) were also more pronounced.216,237 This rise in defects and amorphous nature 

can be attributed to metal ions and NPs complicating the formation pathway of graphitic carbon, 

presumably resulting in an overall less conductive carbon material.144 
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Figure 2.3. Raman spectrum of powdered CZTS NPs, with focus on the graphitic carbon region. CZTS peak, 

and graphene D and G peaks are labeled. A four-point linear background subtraction was used to eliminate 

fluorescence. 

Moreover, the synthesized nanometer scaled graphitic carbon flakes are comparable in size 

to the scale of the NPs – with approximate crystallite size of 6.35 nm – making them 

indistinguishable from NPs through electron microcopy (see Figure 2.12). As such, this reaction 

byproduct can easily be overlooked within micrographs of deposited NP films. Thus, by measuring 

Raman spectra at high wavenumbers (1000 – 1800 cm-1), this technique is comparatively effective 

in detecting graphic carbon within NP blends. This is critical as the decomposition of OLA can 

occur for comparable NP syntheses. 

2.3.3. Distribution and Structure of Graphitic Carbon within Deposited Nanoparticle Films 

Traditional models of the ligand behavior during NP sintering involves desorption, 

restructuring, and isolation into a residual carbon-rich FGL,199,214,238 as shown in Scheme 

2(a).199,214,238 From our Raman investigations, we have observed that graphitic carbon is formed 

even during the synthesis of the NPs, rather than forming solely during the sintering step. Unless 

able to isolate the graphitic carbon between synthesis and sintering, it is likely that this residual 
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carbon layer will remain unavoidable as nanostructured graphitic carbon is unable to evaporate 

below the 500 °C sintering temperature.239 As such, in understanding the mechanisms of carbon 

phase segregation within the final sintered film, the evolution of the FGL can be understood or 

potentially mitigated. 

To address this, Scheme 2.1(b–d) includes three alternative models that consider the 

presence of graphitic carbon at the time of deposition. First (Scheme 2.1(b)), in conjunction with 

the stabilizing ligand (OLA), the graphitic material may anchor to the NPs surface as an 

encapsulant.240 During the sintering process, both organic materials desorb and migrate towards 

the substrate, ultimately forming the FGL. Alternatively (Scheme 2.1(c)), the graphitic carbon and 

NPs may exist as a mixture. The graphitic carbon can be functionalized with OLA,202,227 allowing 

the phase to be dispersed homogeneously in the NPs ink, only to segregate during sintering. In 

either instance, the carbon-based material diffuses towards the substrate during the sintering 

process, forming a carbon-rich FGL underneath large grains of the active material. In contrast, if 

the graphitic carbon forms a heterogeneous mixture that aggregates during deposition (Scheme 

1(d)), the FGL will form prior to sintering. In this case, instabilities between NP and graphic 

carbon allows for graphic carbon isolation without simultaneously removing the capping ligand 

required for deposition. This can result in an overall reduction of the FGL in sintered films, as 

much, if not all of the graphitic carbon can be removed prior to sintering. 
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Scheme 2.1. Simplified (a) traditional model of NP and grain growth account for ligand desorption and 

pyrolysis during sintering. Alternative models include the presence of graphitic carbon at the time of 

deposition. This includes (b) CZTS NPs capped with OLA and graphitic carbon, (c) homogeneous mixture 

of OLA-capped NPs and OLA-functionalized graphitic carbon, and (d) heterogeneous mixture of OLA-

capped NPs and graphitic carbon. All models result in a large-grain layer of the active sintered material above 

a fine-grained graphitic carbon layer. 

To evaluate these models, GDOES was used to identify the carbon distribution throughout 

the as-deposited CZTS NP films (Figure 2.4) prior to sintering. While progressing through the 

depth of the film, the concentration of active material (CZTS) remains consistent across the first 

two-thirds of the film. Thereafter, the material’s concentration rapidly drops off. Within the top 

half of the film, the concentration of carbon follows the same trend as the active material. However, 

closer to substrate, the carbon content reaches an apex immediately after CZTS is diminished. This 
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bimodal distribution of carbon signifies that there is a segregation between the NPs and residual 

carbon immediately after deposition (i.e., prior to sintering), in agreement with the theory 

presented in Scheme 2.1(d). It is plausible that carbon content within the top half of the film arises 

from the capping ligand while graphitic carbon settles towards the substrate during the room-

temperature drying process. Remarkably, the carbon peak associated with CZTSSe’s graphitic 

FGL (see Figure 2.13) is spatially consistent with the carbon peak observed in the as-deposited 

material, further indicating the graphitic FGL is established prior to sintering or other thermal 

treatments, such as annealing. However, the chemical nature of carbon throughout the film is 

indeterminate by GDOES, and, as such, other techniques for exploration of the carbon identity are 

needed. 

 

Figure 2.4. GDOES spectra signifying the spatial composition of (a) CZTS (summation of Cu, Zn, Sn, and 

S atomic percentages) and (b) carbon. 0% corresponds to the surface of the sample, and 100% indicates 

substrate penetration (active layer thickness varies from 750 nm – 1500 nm as determined via a profilometer).  

The carbon structure present within the CZTS film was studied to ascertain whether 

Scheme 2.1(d) is an accurate model. Figure 2.5 includes XPS data collected on four separate 

GDOES craters at increasing depths within a CZTS film. Deconvoluted high resolution C 1s 

spectra consists of up to four peaks which represent C=O (~288.5 eV), C–O/C–S (~286.5 eV), C–
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C sp3 (~285.0 eV), and C=C sp2 (~283.7 eV) moieties.224,241 Intermittent atomic percentage of 

these moieties and relevant binding modes are quantified in Table 2.1 (see Figure 2.14 for full 

XPS survey spectra and corresponding compositions). 

 

Figure 2.5. High resolution XPS spectra on the C 1s peaks of CZTS NP at the (a) samples surface (0% 

through the film), (b) ~25% through the film, (c) ~50% though the film, and (d) ~75% through the film (in 

reference to GDOES percentage through the film, Figure 2.4). 
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Sp3, C=O, and C-O/C-S binding energies are detectable throughout the bulk of the film. The 

predominance of sp3 bonding is associated with the ligand’s aliphatic backbone.242 C=O and C–

O/C–S bonding are also attributed to the ligand. The conversion of an amine into a C=O containing 

amide or thioamide (C=S) has been previously been identified during the sulfur mixing in pure 

octylamines.150,215,243 Similarly, during NP synthesis C–S bonds originate from ionic sulfur chains 

reducing the ligand’s double bond to abridge OLA molecules, forming a polysulfide.150,215,243,244  

Table 2.1. XPS Concentration (Atomic Percentages) of Elements of Interest within CZTS NP Samples 

 (a) 
Surface (%) 

(b) 
Crater 1 (%) 

(c) 
Crater 2 (%) 

(d) 
Crater 3 (%) 

C 1s 53.7 30.2 36.2 41.3 
C=O 3.9 10.0 7.2 3.9 

C-O/C-S 12.8 13.5 15.8 29.9 
C-C 83.3 76.5 63.6 47.8 

C sp2 0.0 0.0 13.4 18.4 
O 1s 29.4 39.5 44.0 51.8 

CZTS 17.0 30.3 19.8 7.0 
Cu 2p3 14.4 10.8 11.6 17.6 
Zn 2p3 5.2 31.9 42.2 51.0 
Sn 3d3 19.6 23.5 13.9 9.8 

S 2p 60.8 33.6 32.4 21.6 

The total concentrations of carbon (C 1s), oxygen (O 1s) and CZTS (summation of Cu 2p3, Zn 2p3, Sn 3d3, 

and S 2p) are bolded. The relative concentration associated with carbon bonding (C=O, C−O/ C−S, C−C, C 

sp2) and CZTS (Cu 2p3, Zn 2p3, Sn 3d3, and S 2p) are included. Full compositional data and parent survey 

spectra are included in Figure 2.14. 

Variation in composition throughout the film can be attributed to a change in carbon phase. 

While sp3 bonding associated with the ligand’s backbone decreases with film ablation, the overall 

C 1s carbon concentration mirrors the bimodal carbon distribution as observed in GDOES data. 

The increase of C 1s is accompanied by a rise of sp2 carbon which is only detectable in the latter 

half of the film, near the film’s substrate. In agreement with Raman spectroscopy results, the 

presence of sp2 carbon indicates the formation of graphitic carbon from the decomposition of 
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OLA.224,241 Moreover, XPS data offers further insight to the structure of the graphitic carbon. The 

presence of C=O and C–O/C–S binding energies and increase O 1s are indicative of graphene 

oxide (GO). The mutual increase of C–O moieties and sp2 are attributed to carboxyl and epoxy 

groups of GO,200,224 with additional carbonyl groups stemming from C=O.200,224  

The persistence of sp3 binding and lack of a satellite peak associated with π-π* delocalized 

electrons (between 288 eV and 293 eV)224 signifies the formation of nonconductive GO flakes. In 

addition to sp3 binding being connected to poor conjugation of GO, sp3 within the latter half of the 

film is also associated with the trace amorphous carbon identified in Figure 2.3.202,241  

2.3.4. Acetylacetonate v Chloride Precursors: Source of Oxygen 

CZTS was synthesized under inert conditions (under N2 atmosphere), however oxidized 

carbon was detected. To understand the origin of oxygen within the GO flakes, both the ligand and 

precursor materials were investigated. If the incorporation of oxygen into the pyrolyzed material 

stemmed from ligand impurities in technical grade OLA (70 % pure), such as nitroalkanes as 

reported by other authors,212 then it is expected that the ligand will on pyrolyze into GO under inert 

conditions. However, as indicated by Raman spectra, as shown in Figure 2.2, only bonding modes 

corresponding with the OLA’s structure (i.e., aliphatic alkene) are detected. 1H NMR of the ligand 

agrees with reference spectra for OLA, with no detection of carbonyl nor amide functional groups 

(see Figure 2.17). Further, TGA on the ligand both under air and inert conditions (N2) was 

performed, (Figure 2.6). During pyrolysis in air, by 225 °C, 63.31% of the material remained, 

which dropped to 9.24% by 300 °C. This result agrees with the decomposition observed in Figure 

2.1, where the ligand is only partially decomposed by 225 °C, and is heavily pyrolyzed by 300 °C. 

Under N2, over 99% of OLA’s mass had been lost by 266.1 °C, reflected by the spectra and image 
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on N2 annealed OLA in Figure 2.6(b). This full volatilization of the organic material under inert 

conditions further signifies that the oxygen source that contributes to GO is not innate to the ligand. 

 

Figure 2.6. TGA weight loss profiles of OLA both dynamically heated in (a) air and under (b) N2. Both 

figures include a photograph inset of OLA annealed at 300 °C under their respective atmosphere. 

As oxygen containing acetylacetonate precursors were used in the synthesis of CZTS NPs, 

the oxygen source may be a direct result of precursor selection. To explore the influence oxygen 

content has on the formation of GO, a chloride-based CZTS NP synthesis was conducted under 

the same reaction conditions utilized in the acetylacetonate-based synthesis. As shown in Figure 

2.7(a), Raman spectra of powdered CZTS NPs synthesized with chloride precursors still yields the 

signature D and G bands of graphitic material. However, the overall intensity of these peaks is 

diminished in comparison to that observed for acetylacetone-based reactions. The presence of 

amorphous material, as indicated by the broad peak at 1200 cm-1 is further evidence that some 

structural decomposition of the organic material has occurred, but the resulting pyrolyzed material 

is less graphitic and more amorphous in nature. Additional signals corresponding to the original 

OLA ligand are detectable, as highlighted by the C-C and C-H bonding modes in Figure 2.7(a). 
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As such, it is apparent that less structural decomposition of OLA occurred for chloride-based 

syntheses, albeit some graphitic material did form. Nonetheless, GDOES of deposited chloride-

based CZTS NP films result in the formation of a carbon-rich layer (Figure 2.7(b)), comparable 

to that observed for acetylacetonate-based CZTS NPs (Figure 2.4(a)), in compliance with Scheme 

1(d). The formation of this carbon layer suggests that the amorphous-graphitic material still forms 

a heterogeneous dispersion with the CZTS NPs. 

 

Figure 2.7. Raman spectrum of (a) powdered CZTS NPs produced via chloride precursors. D and G peaks 

are identified. GDOES spectra of chloride-based CZTS NP films, which include (b) the film’s carbon profile 

and (c) the film’s CZTS profiles (Cu, Zn, Sn, and S). 

The persistence of this of carbon layer despite the lack of oxygen sources during the 

synthesis of CZTS NPs indicates that the formation of pyrolyzed OLA byproducts is not solely 

contingent on the presence of oxygen. This is observed through the ligand pyrolysis that occurs 

during the selenization of CZTS NP films at temperatures exceeding 500 °C under inert 

conditions,199,214,238 thus, the decomposition of OLA cannot be entirely dependent on oxygen; 

rather, the formation of graphitic carbon is aided by oxygen. Other external factors introduced 

during synthesis may also contribute to the decomposition of OLA. Notably, the formed 

polysulfide150,215,243,244 can decompose to forming graphitic residue upon annealing under inert 

conditions.145 
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2.3.5. Washing of Nanoparticles: Isolation of Graphene Oxide 

In identifying methods to isolate GO, a reduction of the FGL can be achieved prior to the 

sintering process. Due to the polarity of GO’s functional groups,200,224 the flakes will form a 

heterogeneous mixture with CZTS NPs, in support for our theory illustrated in Scheme 1(d).200,224 

This allows for opportunity to isolate the GO prior to deposition, as it is expected that these GO 

will readily aggregate and crash-out of the nonpolar solvents used to disperse the CZTS NPs. 

In order to isolate the GO, the powdered CZTS NPs were first dispersed in toluene and IPA 

(1:1). Centrifugation was performed, promoting the dense CZTS NPs to precipitate while the GO 

remained dispersed in solvent. Upon supernatant collection, a rotovap was used to dry the 

precipitate down into a powdered material (see Figure 2.16). The collection of the GO from the 

NPs is confirmed through Raman spectroscopy of the collected powdered material (Figure 2.8(a)). 

High error between 150 cm-1 to 300 cm-1 is indicative of residual CZTS, however, compared to 

the Raman spectrum of CZTS NPs (Figure 2.3) this CZTS is only present in trace amounts, and 

the isolated material is primarily comprised of GO. 

The collected supernatant was subjected to suspension-stability tests in both nonpolar and 

polar solvents. As OLA-capped CZTS NPs are stable in nonpolar solvents (toluene), and GO’s 

hydroxyl and epoxy groups are more stable in polar solvents (IPA),200,224 it is expected that the GO 

will readily crash out of solution while in the toluene. Dilute solutions (4 mg/mL) of the isolated 

material were suspended in toluene and IPA as shown in Figure 2.9. While dispersible in toluene, 

flocculation occurs; the material aggregates into dense clusters until sedimentation precipitation 

transpires. This result is apparent within the first 10 min of dispersion (visual opacity gradient), 

with a majority of the material settling out of solution within 3 h. To affirm that the flocculation 

results from immiscibility between the polar functional groups of GO and toluene, the material 
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was also suspended in polar IPA. Consistent with the formation of GO the material exhibited 

sufficient stability first 30 min, however, after 3 h a significant portion of the material had crashed 

out of the suspension due to GO innate instability in solvents. As such, this section details a method 

to isolate GO through additional NP washing (centrifugation precipitation).  

To monitor the efficacy of GO removal from the final NPs material, Raman spectroscopy 

on the washed powered material was performed. Resulting spectra in Figure 2.8(b) reveals that 

residual graphitic material is still present within the final NP powder. This remaining graphitic 

material appears to be structurally consistent with the graphitic material found in the NPs which 

were washed twice (Figure 2.3) and the graphitic material found in the collected supernatant 

(Figure 2.8(a)). 

Further, while the supernatant collected from the washing process is primarily graphitic 

carbon, GDOES profiles within Figure 2.8(c) of resulting washed NP films reveal that this 

isolation only resulted in a small reduction of carbon within the observed FGL (< 2%). This offers 

further evidence that only partial isolation of GO was achieved through the washing methods used 

in this work, and, the carbonaceous residue that arises from OLA pyrolysis is not solely GO.  

  

Figure 2.8. Raman spectrum of (a) powdered supernatant material after subsequent washes. CZTS peak 

labeled is absent, while D and G peaks are identified. (b) Raman spectra of powdered CZTS NPs (focused 

on D and G bands) that had been washed three times. GDOES spectra of CZTS NP films which had been 
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washed three times, which include (c) the film’s carbon profile and (d) the film’s CZTS profiles (Cu, Zn, Sn, 

and S). 

 

Figure 2.9. GO dispersed in (left) toluene and (right) isopropyl alcohol. Images were taken periodically 

starting with (a) immediately after dispersion. Unperturbed dispersions after were imaged after (b) 10 min, 

(c) 30 min, and (d) 3 h. 

 

2.4. Conclusions 

In this study, we demonstrated that OLA used in CZTS NP synthesis pyrolyzes into 

graphitic carbon at temperatures as low as 225 °C. Historically, it was expected that this process 

occurs during high temperature (500 °C) sintering of deposited NP films, where the pyrolyzed 

ligand would be expelled into a graphitic carbon-rich fine-grained-layer underneath the active 

material. However, our findings reveal that OLA pyrolysis occurs during CZTS NP synthesis at 

225 °C and is expected to be ubiquitous for NP syntheses that exceed the 225 °C decomposition 

temperature. As a result, this byproduct likely is incorporated into the synthesis of many OLA-

based nanomaterials, even if post thermal treatments are not employed.194–196 

Furthermore, this graphitic carbon is identified to be nanostructured flakes of disordered 

graphene oxide. To account for these findings, in this work we proposed an updated mechanism 

for the decomposition of OLA during NP processing: (i) decomposition into nanostructured 

(d)(d)(c)(c)(b)(b)(a)(a)
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graphene oxide flakes, (ii) inhomogeneous dispersion in NP ink, and (iii) sedimentation during 

deposition. 

 

Figure 2.10. Summary of the decomposition process of OLA that occurs during CZTS nanoparticle 

synthesis. 

As it is now evident that byproducts are produced prior to film sintering, alternative low 

temperature treatments are utilized to remove this material. Herein, this includes sequential 

washing of the NP ink in solution. In identifying methods to isolate graphene oxide post-synthesis, 

a strategy towards reducing the FGL within sintered films, or removing the byproduct within other 

OLA-based syntheses, is established.  

 

2.5. Supporting Information  

To compare the size of the graphitic flakes to CZTS NPs, the NPs were characterized via 

XRD and TEM. Through XRD, the mean crystallite size (τ) is calculated by the Scherrer equation:  

𝜏	(𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑡𝑒	𝑠𝑖𝑧𝑒) 	= 	
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃 (Eqn. 2.2) 
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Here, K is the shape factor, a constant of 0.9 is used for spherical NPs. The wavelength, λ, is 

1.54 Å. The peak breadth, β, and corresponding Bragg angle, θ, were collected for the three most 

predominant planes, (112), (200), and (312). Here, Scherrer equation provides crystallite sizes of 

15.5 nm ± 1.4 nm. However, TEM micrographs of NPs (Figure 2.11) indicated a broader size 

dispersion, with particle sizes varying from 5 nm to 70 nm in diameter.  

 

Figure 2.11. (a) XRD of CZTS NPs on Mo/SLG substrate and (b-c) TEM micrographs of CZTS NPs. 

As discussed in the main text of this chapter, the average size of any particular graphene 

oxide structure is only ~ 6 nm in diameter. Therefore, these graphene oxide flakes are otherwise 

indistinguishable from CZTS NPs (which have NPs in sizes ranging from 5 – 70 nm). Figure 

2.3.10a’s cross section micrograph of the as-deposited NP film displays how the material is 

visually consistent from top to bottom. Visually, the graphene oxide structure is observable after 

NP sintering, where large grains of the active material (CZTSSe) are separated from the residual 

fine-grained carbon layer (Figure 2.12). 
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Figure 2.12. Cross sectional scanning electron microscopic (SEM) images of (a) deposited CZTS NP film 

and (b) sintered CZTSSe films with labeled bilayer structure. Each sample is prepared on a Mo/SLG substrate 

(2.5 cm × 2.5 cm substrates). Substrates were shaped by diamond scribing, then mechanically fracturing the 

SLG substrate. 

As this chapter is aimed to focus on the pre-sintered CZTS films, Figure 2.13 aims to further 

contrast the carbon distribution of pre- and post-sintered films. GDOES of deposited CZTS and 

CZTSSe films atomic ratios are normalized within the first half of the film to their respective 

stoichiometric ratios. Low signal H, N, and O are normalized with a background subtraction, while 

C was normalized with no background subtraction. Nonuniformities in CZTS concentration is 

likely due to particle size disparity between multiple ternary and binary secondary phases. 

Regardless, this compositional variation is eliminated during the selenization phase, as secondary 

phases are obliterated and a single uniform kesterite CZTSSe phase is produced. In CZTS NP 

films, the C concentration peaks near the substrate, nearly identical to the position where C peaks 

for sintered CZTSSe samples. This is found to be a predecessor to the fine-grain-layer visually 

observed in sintered films. However, C is present throughout the entire film, unlike the elements 

of CZTSSe. We attribute this to the carbon coating the nanoparticles (ie, the OLA ligands) in the 

first half of the film, which correlates well with the H, O, and N concentrations. For CZTSSe, this 
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hydrocarbon material has likely been either volatilized or decomposed to grow the fine-grain-layer, 

leaving behind graphitic carbon at the back contact. Interestingly, the concentration of Se and N 

in the selenized sintered films mirrors the concentration of C, indicating that the graphene oxide 

flakes contain selenium and nitrogen functionalization or dopants. 
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Figure 2.13. GDOES detailing spatial compositions of the active material (Cu, Zn, Sn, S/Se), organic-based 

materials (H, N, O, C), and substrate material (Mo) for both (a) CZTS and (b) CZTSSe. 

Full survey XPS spectra reveals a diminishing of active material (Cu, Zn, Sn, and S) with 

film penetration, shown in Figure 2.14. Throughout the film, residual substrate material 

contamination (Mo, Si, and Na) is observed, likely detectable due to a consequence of GDOES 

ion bombardment. Beyond the surface of the film, the O and C concentrations appear to be 

relatively constant, however, the declining O content and bimodal C is only noticeable after 

removing residual contamination (as discussed in main text of this chapter). 
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Figure 2.14. Full survey XPS spectra of CZTS NP films and their corresponding atomic percentages. Spectra 

are collected at (a) the surface the film, (b) 25% through the film, (c) 50% through the film, and (d) 75% 

through the film (in reference to GDOES ablation). 
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 As previously mentioned, when sulfur is in solution with oleylamine, a polysulfide forms 

from the cross-linking of linear sulfur chains at OLA’s double bond. This process is visually 

confirmed through the known color change of sulfur (yellow) in OLA (clear) to a deep red solution. 

The temporal evolution of this process is depicted in Figure 2.15, below. 

 

Figure 2.15. Evolution of 1 M oleylamine (clear) – sulfur (yellow) solution at room temperature into ionic 

sulfur (red) over the duration of 20 min. 

In Figure 2.16, the supernatant from the third wash was collected after all material had 

crashed out of solution (second photo). The solvent was carefully decanted, and the remaining 

material was dried via a rotovap. The remaining powdered material was then used for further 

characterization. 
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Figure 2.16. Photographs (in order) of the first, second, and third collected supernatants from NP washing. 

The first photograph was taken immediately after collection, while the second photograph is of the 

unperturbed material ~ 2 weeks after collection. 

Finally, below is the 1H NMR spectrum of OLA. Notably, collected spectra does not 

contain any chemical shifts between 3.3 – 4 ppm (alcohols) or above 9 ppm (aldehydes and 

carboxylic acids). 

 

Figure 2.17. 1H NMR (300 MHz, CDCl3) δ 5.45 – 5.31 (m, 1H), 2.69 (t, J = 6.9 Hz, 1H), 2.03 (q, J = 6.4 

Hz, 2H), 1.45 (q, J = 6.8 Hz, 1H), 1.39 – 1.24 (m, 8H), 1.18 (s, 1H), 0.89 (t, J = 6.4 Hz, 2H).).  Same spectra 

of OLA (20 mg/mL CDCl3) is referenced against the chemical structure of OLA. 
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3. Chapter 3: Influence of Ligand Structure and Precursor Selection 

on Ligand Decomposition during Nanoparticle Synthesis 

This chapter is reproduced from published work entitled “Ligand Decomposition during Nanoparticle Synthesis: 

Influence of Ligand Structure and Precursor Selection,” Chem. Mater. 2023, 35, 2, 570-583. doi: 

10.1021/acs.chemmater.2c03006.245 

3.1. Introduction 

Beyond the ligands’ indispensable contribution to NP synthesis, there are emerging reports 

that reveal that the ligand undergoes structural changes to form new products during 

synthesis.154,155,190,192,246 These byproducts may form from structural changes in the ligand’s 

functional group,155,190,246  polymerization of the ligand backbone,154 or ligand decomposition into 

graphitic materials.192 For instance, the 1-octodecene ligand has been reported to auto-polymerize 

during the synthesis of chalcogenide and metal oxide NPs, which was attributed to the heightened 

reactivity of the ligand’s terminal double bond and potentially the metal precursor’s ability to 

catalyze olefin polymerizations.154 Oleylamine (OLA) and other olefins have been shown to 

polymerize into polysulfides in the presence of elemental sulfur,247–249 a common precursor used 

in chalcogenide NP syntheses.165–167,247–251 In our previous work, during the synthesis of 
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Cu2ZnSnS4 (CZTS) NPs with elemental sulfur and the OLA ligand, graphitic and amorphous 

carbon formed.192  

While the polymerization and aromatization of olefins have been widely studied in the field 

of polymer science, ligand decomposition (i.e., polymerization and graphitization) during NP 

synthesis is an emerging observation. Traditional polymerization of olefins is most commonly 

achieved through the use of Ziegler-Natta and metallocene catalysts and co-catalysts,156,159,160,252–

254 cationic reactions with acidic reagents,255 anionic reactions with nucleophilic reagents,254–256 or 

radical reactions.254,255 The decomposition of olefin monomers into cyclic moieties such as 

polycyclic aromatic hydrocarbons and nano-graphite has been described via Diel-Alders 

reactions,58,176,257 intermolecular cyclization,257 and thermal cracking.176,177,179,257 Additionally, 

pyrolysis (i.e., thermal decomposition)58,187,258 and solvothermal treatments58,183 of organic 

monomers have been used to synthesize carbon-based NPs, or carbon dots. The unsaturated 

(olefin) organic monomers used in these studies overlap with the wide library of ligands used in 

NP synthesis, including α-olefins,252,253 amines,183,247–249 and carboxylic acids.167,169–171,175–

177,179,187,257,259 All of these mechanisms are reviewed in more detail in Chapter 1 (Section 1.2.5.) 

In addition to the use of ligands in these reactions, variables such as temperature and metal 

catalysts overlap with the temperatures and metal precursors (e.g., acetylacetonate) used to 

synthesize NPs. As such, it is critical to understand which conditions result in ligand 

decomposition during NP synthesis.  

Considering the aforementioned instances of ligand polymerization and graphitization both 

during and outside of NP synthesis, there is interest in decoupling variables (i.e., ligand functional 

group, ligand bond saturation, and anionic and cationic precursor selection) which results in 
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unintended changes in ligand structure. As such, this chapter investigates how these variables lead 

to the unintended ligand decomposition during NP synthesis.  

We begun with the synthesis of kesterite Cu2ZnSnS4 (CZTS) NPs, using common amine 

ligands with varying bond saturation (dodecylamine (DDA), oleylamine (OLA), and linoleylamine 

(LOA)) and analogous carboxylic acid ligands (stearic acid (SA), oleic acid (OA), and linoleic 

acid (LA)), as shown in Figure 1.12. These ligands are of interest as they are commonly used in 

NP synthesis and operate as a high boiling point solvent, reducing agent, and coordination 

complex,16 allowing them to be the only organic monomers required for the NP synthesis. CZTS 

was used as the model material system, as in the previous chapter,192 we found that pyrolyzed 

carbon impurities had formed in conjunction with CZTS NPs during synthesis with the OLA 

ligand, elemental sulfur, and with both metal acetylacetonate and metal chloride precursors.  

As synthesis contains external variables (e.g., precursors) which can influence ligand 

decomposition, we systematically characterized the structural changes and stability of the ligand 

in absence of and in the presence of precursors (i.e., elemental S, Cu acetylacetonate, Zn 

acetylacetonate, and Sn acetylacetonate). This enabled us to directly study the influence of ligand 

bond saturation, functional group, and precursor selection on ligand decomposition.  

Through a combination of structural (Raman Spectroscopy) and thermal (thermal 

gravitational analysis, TGA) analyses, we identify how bond saturation, functional group, and 

sulfur content all influence the pyrolysis, or thermal decomposition, of the organic ligand; ligands 

which contain double bonds, have amino-groups, and which are heated in the presence of elemental 

sulfur were inclined to form graphitic species. Additionally, we find that the individual elements 

selected (M = Cu, Zn, Sn) for NP synthesis also contributes to in situ ligand decomposition to 

different extents. 
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3.2. Methods 

3.2.1. Materials 

  Ligands used in this study include dodecylamine (98 %, Aldrich), octadecylamine (98 %, 

Aldrich), oleylamine (70 %, Aldrich), stearic acid (98 %, Aldrich), oleic acid (99 %, Aldrich), and 

linoleic acid (99 %, Aldrich). Linoleylamine is not commercially available, as such, this ligand 

was synthesized. Figure 3.7 includes the synthetic procedure and proton nuclear magnetic 

resonance (H1 NMR) of linoleylamine. The metal precursors used in NP synthesis include 

copper(II) acetylacetonate (99.99 %, Aldrich), zinc (II) acetylacetonate (99.995 %, Aldrich), 

tin(IV) bis(acetylacetonate) dibromide (98 %, Aldrich). Elemental sulfur (99.98 %, Aldrich) is 

used in the ligand-sulfur mixture and operates as the non-metal chalcogen precursor during NP 

synthesis. Solvents include isopropanol and toluene. Substrates include glass slides and soda lime 

glass sputtered with Mo (Mo/SLG) 

Due to the relatively low purity of oleylamine (70 %), the ligand was purified following 

the procedure by Baranov et al.67 This was to eliminate common impurities in OLA, such as 

oxygen containing unsaturated amides and nitroalkanes.67 For comparison of all experiments and 

results repeated with the purified oleylamine (70 %), see Figure 3.8. Additionally, shorter chained 

dodecylamine (C12H27N) is used as the saturated amine in this work rather than octadecylamine 

(ODA; C18H39N) since the synthesis of CZTS was unsuccessful with the ODA ligand (see Figure 

3.9) and DDA has previously has been used to synthesize CZTS NPs.261 
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3.2.2. 1 M Ligand-Sulfur Mixtures 

A concentration of 1 mmol of elemental sulfur (32 mg) in 1 mL of ligand was used 

to form all 1 M ligand-sulfur mixtures. Oleylamine and linoleylamine were heated to 40 °C 

to form a homogenous solution with sulfur, whereas dodecylamine (solid at room 

temperature, TMP = 28 °C) was heated to 80 °C. Upon heating and mixing amine-sulfur, all 

solutions turned red-orange in color and remained homogenous upon cooling to room 

temperature. Unlike amine-S mixtures, homogenous carboxylic acid-S solutions did not 

form at temperatures below the melting point of elemental sulfur (112 °C), and upon 

cooling, elemental sulfur precipitated from the carboxylic acid-sulfur mixture. As such, 

these solutions were mixed and held at 115 °C to form a homogenous clear solution until 

used for further experimentation or characterization. 

3.2.3. NP Synthesis 

The metal precursors, the selected ligand, and a stir bar (for continuous stirring) were 

sealed in a 100 mL 3-neck round bottom flask, which was transferred to a Schlenk line for 

air-free chemistry. To degas the mixture of trapped gases and volatiles, the flask was cycled 

a minimum of 3 times between vacuum and N2 over 0.5 h at room temperature. Using a 

heating mantle, the flask was then heated to 130 °C and further degassed until bubbling 

commenced under vacuum. Under the flow of N2, the solution was heated to 225 °C. The 

average heating rate was kept at ̃ 10 °C/min. For chalcogenide NP syntheses, upon reaching 

225 °C, the flask was injected with the separately prepared 1 M ligand-sulfur solution. After 

stirring at 225 °C for 2 h, the flask was raised from the heating mantle and naturally cooled 

down to 80 °C. A solution of 5:1 antisolvent to solvent was poured into the flask. The 

solution was centrifuged (13.5k rpm, 10 min) followed by decanting. Sedimented NPs were 



 
 

 
 
 
 
 
 
 

72 

dispersed in a 3:1 solution of antisolvent to solvent, where the centrifuging (12k rpm, 5 

min) and decanting process was repeated. Residual solvent was removed with a rotavapor 

and samples were further dried for 24 h under vacuum prior to characterization, forming a 

powdered NP sample. For further details on the molar ratios of precursors, ligand 

concentrations, and washing procedures used during the synthesis of CZTS, metal (Cu, Zn, 

Sn), and chalcogenide NPs (Cu-S, Zn-S, Sn-S), see the See Chapter 3.5.7.  

3.2.4. Structural Characterization of NP Synthesis Products 

Structural characterization of synthesized inorganic NPs was carried out with X-Ray 

Diffraction (XRD), as XRD is ideal for identifying the phases of crystalline materials. XRD was 

collected with the Bruker D8 Discover Microfocus X-ray Diffractometer under Cu K-α (λ= 

1.54 Å) radiation. Powdered NP samples were pressed onto a Mo/SLG substrate. All 

diffractograms were calibrated using the Mo substrate’s (110) peak center at 40.501° (COD 

9008543) and were compared against reference patterns to identify the NPs structure. 

Crystallite size of formed NPs was estimated with the Debye-Scherrer equation applied to 

Lorentzian peaks fitted via MagicPlot Software. All collected XRD diffractograms, 

reference diffractograms, and analyses are included in Figure 3.14.  

To further identify the NPs and to detect carbonaceous NP reaction products, the 

Renishaw InVia Raman Confocal Microscope was used on all powdered NP samples, 

pressed onto a Mo /SLG substrate. Raman collection and analysis was performed with a 

514 nm laser (excitation wavelength), 1200 l/mm laser grating, 10 s acquisition time, 50 Í 

microscope objective, and spectra were fitted via Gaussian deconvolution. Laser power, 

acquisition time, and accumulations were optimized for each material to circumvent laser 
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ablation/florescence/detector saturation while maintaining adequate spectral signal to 

noise.  

 For CZTS NPs, 50 – 70 spots were measured at 5 % laser power (0.4 mW), with 1 – 5 

accumulations collected per spot. Each spectrum had a sigmodal background which was 

removed by a 6-point linear background subtraction. Anchor points were applied in regions 

where there was no Raman scattering (100, 500 ± 25, 800 ± 25, 1700 ± 25, 2500 ± 25, and 

3200 cm-1). Spectra were then normalized to the highest intensity CZTS peak (˜339 cm-

1)—an internal reference standard—followed by linear averaging. For metal and binary 

chalcogenide NP samples, a minimum of 20 spots (1 – 5 accumulations) were measured at 

0.5 – 10 % laser power (0.04 – 0.8 mW). To normalize, each spectrum was first subtracted 

by its mean, then divided by its standard deviation; a process known as standard normal 

variate (SNV) normalization.262 Spectra were then linear averaged and sigmodal 

backgrounds were removed either by a polynomial (R2 = 0.9999) or spline fit. Peak 

intensities and positions were determined via deconvoluted Gaussian fits using MagicPlot 

Software following the strategies for peak fitting outlined for CZTS and secondary phases (e.g., 

Fernandes et al 207 and Cheng et al 208) and the NIST Chemistry WebBook Raman database. 

Sample-specific Raman spectra, and analyses all accompany the XRD diffractograms in 

Figure 3.14.  

3.2.5. Thermal Decomposition of Ligands and Ligand-Sulfur Mixtures 

Information on the ligand’s and ligand-sulfur mixture’s thermal stabilities are 

obtained by thermogravitational analysis (TGA) and the first derivative of TGA (DTG), as 

outlined by ISO 11358-1, ASTM E2550-21, and ASTM E1131-20 standards.263–265 

Dynamic TGA was performed using the TA Instruments Q20 ThermoGravimetric Analyzer, 
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which measures a material’s mass loss (displayed as weight percent [%]) as a function of 

temperature. TGA was collected via heating 38.6 ± 1.4 mg of material (in a platinum 

crucible) at a fixed rate (10 °C/min) in an inert environment (40 mL/min of N2).263–265 N2 

was used to avoid material combustion, and the exhaust was bubbled through a NaOH 

solution to quench produced H2S (g) from ligand-S mixtures. The DTG spectra were 

obtained from the first derivative with respect to temperature of the TGA spectra, and offers 

additional information on fluctuations in the rate and temperature ranges of mass loss.263–

265  

As TGA does not offer information on a material’s structure, additional structural 

characterizations of thermally decomposed products were needed. However, residue from 

TGA was too minimal to collect for further characterization. To obtain larger quantities of 

decomposed material at elevated temperatures, 3 mL of the ligand or 3 mL of the 1 M 

ligand-sulfur mixture was heated in a round bottom flask with a heating mantel following 

the same conditions used in NP synthesis (e.g., degassing, heating rate, N2). Aliquots were 

collected at 130 ºC after 1 h, 225 ºC after 2 h and 300 ºC after 2 h. To collect sample at 500 

ºC—which exceeds the temperature limits of the heating mantel—3 mL of the material was 

deposited into a glass scintillation vial, which was placed within a graphitic crucible. The 

crucible was loaded into a tube furnace and degassed several times, alternating between 

vacuum and N2 (5 min per cycle). Under N2 flow (100 mL/min) and at atmospheric 

pressure, the sample was heated to 500 °C at a ramp rate of 10 °C/min, to remain consistent 

with the conditions used during synthesis and TGA collection. Exhaust was bubbled 

through a NaOH solution to quench produced H2S (g). The samples were held at 500 °C 
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for 30 min, followed by rapid cooling. Samples were exposed to air once at room 

temperature and collected for subsequent characterization. 

3.2.6. Structural Characterization of Ligands and Ligand-Sulfur Mixtures 

Structural differences in the organic ligands, ligand-sulfur solutions, and their decomposed 

products were characterized with both Raman Spectroscopy and Fourier-transform infrared 

spectroscopy (FTIR), complementary vibrational spectroscopy techniques which are used to 

identify a materials molecular structure.209  

Raman Spectroscopy spectra were collected with the same Renishaw InVia Raman 

Confocal Microscope used to characterize NP samples (514 nm excitation wavelength, 

1200 l/mm laser grating 10 s acquisition time, 10 % laser power (0.8 mW), 50 Í objective 

magnification). Each sample was measured 10 times at different spots ensure homogeneity. 

A 5th order polynomial (R2 = 0.9999) background subtraction was performed on materials 

with high florescent sigmodal backgrounds, otherwise a fitted spline background 

subtraction was performed with MagicPlot Software. Peak centers, breadths, and intensities 

were determined via deconvoluted Gaussian fits for the organic ligand (e.g., Larkin)209 and for 

carbon byproducts (Sadezky et al 210 and Merlen et al 211). 

FTIR was also performed using the Thermo Scientific Nicolet 8700. Prior to use, 

compressed N2 was used to exhaust air in the system, and the detector was cooled with 

liquid N2. Samples were deposited onto an attenuated total reflection (ATR) attachment, 

and data was collected under continuous N2 flow (30 psi). Each FTIR spectra is a 

summation of 128 acquisitions.  

1H NMR was additionally used to further identify changes in the ligand’s structure. 

The Bruker AV300 Spectrometer was used to collect 1H NMR spectra at 300 MHz. CDCl3 
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was used as the solvent. Chemical shifts offset was calibrated using the CDCl3 peak 

centered at 7.26 ppm. 

 

3.3. Results and Discussion 

3.3.1. Decomposition of Amine and Carboxylic Acid Ligands During the Synthesis of 

CZTS Nanoparticles 

As covered in Chapter 2, ligand decomposition was first observed during the 

synthesis of kesterite Cu2ZnSnS4 (CZTS) with the commonly used monounsaturated 

oleylamine (OLA) ligand.192 To screen ligands for decomposition during NP syntheses, we 

first synthesized Cu2ZnSnS4 (CZTS) NPs with an extended library of ligands (saturated and 

unsaturated amine and carboxylic acid ligands), pictured in Figure 1.12: DDA (saturated 

amine), OLA (monounsaturated amine), LOA (polyunsaturated amine), SA (saturated 

carboxylic acid), OA (monounsaturated carboxylic acid), and LA (polyunsaturated 

carboxylic acid). 
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Figure 3.1. Figure 2. Raman spectra for all CZTS NPs synthesized with ligands of varying functional group 

and bond saturation. CZTS samples were synthesized with either (a, b, d) amines and (d, e, f) carboxylic acid 

ligands, and the ligand had either (a, d) no double bonds, (b, e) one double bond, or (c, f) two double bonds. 

The relative intensities of amine spectra are comparable, and the intensities in e & f are comparable. 

Deconvoluted Gaussian fits and their peak assignments are included in spectrum (a). Across each spectrum 

the signature CZTS peak at 339 cm-1 is identified (diamond symbol), the intensity of CZTS (ICZTS) is 

emphasized (dashed line), and the intensity ratio between CZTS (at 339 cm-1) and carbon (maximum between 

1000 to 1800 cm-1, IC) is listed assignments.  

Raman spectroscopy was used for both the identification of Raman active CZTS 

phases and of organic species, which is displayed in Figure 3.1. In Raman spectroscopy, 

the vibrational modes associated with inelastically scattered photons are used to identify 
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the structure of crystals and molecules.209,266 The measured energy associated with these 

scattering events—and thus the Raman shift (cm-1)—is dependent on the bond’s 

characteristic molecular energy levels. In addition to Raman shift, scattering intensities also 

offer valuable information as the intensity of scattering is dependent on the bond’s 

characteristic polarizability.209,266 Thus, the relative intensities between Raman bands are 

often used for additional assessment of a material’s structure.  

Raman spectroscopy of CZTS NPs points at the formation of kesterite CZTS (289, 

339, and 660 cm-1) in addition to a carbonaceous material across all samples (1000 – 1800 

cm-1). This region hosts the characteristic bands of highly structured carbon,210,211,267–272 

(i.e., graphene, graphite, nano-diamond, nano-wires and nano-tubes, fullerenes) and other 

carbon impurities (i.e., amorphous carbon, pyrolytic carbon, carbon dots,58 and polycyclic 

aromatic hydrocarbons268,272). By deconvoluting the Raman signals between 1000 – 1800 

cm-1, we were able to infer the material’s structure (see Table 3.1 for the observed Raman 

shifts and their deconvoluted assignments). 

Across all CZTS samples, we identified the presence of graphitic and amorphous 

carbon. Graphitic carbon was identified by a high intensity band, denoted the G- 

(“graphene”) band.210,211,267–272 As disorder is introduced, this peak broadens and splits, 

introducing a lower intensity D- (“defect”) band. For high structure and low disorder (e.g., 

graphite), these peaks would be distinct with a narrow full-width half-max.211 Conversely, 

if disorder further increases, the D4-band210 and the A- band emerge, which are associated 

with disordered graphite, polyenes, ionic impurities, or structured amorphous carbon.210,211 

In addition to observing the G- and D-bands, we also identified the lower intensity D4- and 

A-bands, indicating the presence of amorphous carbon. Within this region, an additional 
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peak was present across all samples between 1429 and 1439 cm-1, which we were unable 

to confidently assign to known carbon or CZTS scattering bands. 

Further, the two low intensity broad bands observed between 2500 and 3100 cm-1 

correspond with the second order out of plane vibrations of graphene and graphite; the 2D-

band210,211 and the G + D-band.210 The position of the 2D-band and its relative intensity in 

relation to the G-band (I2D/IG) are used to further identify the material’s structure. For 

monolayer graphene, I2D/IG is ˜3 and its 2D-band is centered between 2680 – 2700 cm-1. As 

disorder increases, I2D/IG is reduced to ~ 0.3 and the 2D-band shifts to 2720 – 2740 cm-1.211 

Here, we observed an I2D/IG ratio of 0.20 ± 0.05 for all samples, further indicating the 

formation of highly disordered graphitic carbon during the synthesis of CZTS NP. 

Table 3.1. Raman assignments 

Observed Raman 

Shift [cm-1] 
Assigned Vibrational Mode210,211 

1197 – 1205 D4-band, amorphous carbon with graphitic domains, 

trans-polyacetylene (TPA), ionic impurities 

1362 – 1381 D-band, disordered graphitic lattice 

1427 – 1439 unassigned 

1489 – 1502 A-band, amorphous carbon 

1562 – 1582 G-band, ordered graphitic lattice 

2729 – 2749 2D-band, second order resonance 

2913 – 2916 D + G-band, resonance 

The breadth of the G- and D-band, detection of D4- and A-bands, and low I2D/IG 

ratio are all consistent with the presence of alkylated graphitic flakes, such could be in the 

form of highly oriented pyrolytic graphite (HOPG), graphene quantum dots, carbon dots, 
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or soot.58,210,211,273 As such, Raman spectroscopy reveals that all organic ligands used in this 

study—regardless of bond saturation or functional group—formed a highly defective 

graphitic carbon during CZTS NP synthesis. In Chapter 2, via XPS we identified the 

presence of sp2 carbon and oxygen-based bonding consistent with graphene oxide.  Herein, 

this material will be simply referred to as “carbon impurity.” The ligands used for NP 

synthesis are expected to be the carbon source for these impurities, a result of in-situ ligand 

decomposition. 

In addition to utilizing Raman scattering intensity for structural identification, it also 

offers information on material concentration, which is proportional to intensity.209,266,274 For 

mixtures of unknown concentrations, normalization of the Raman spectra to an internal 

standard (i.e., a reference material) is performed to extract the relative intensity between 

the standard and the material(s) of interest.209,266,275 Thus, fluctuations in the relative 

intensities across spectra can be directly correlated with fluctuations in relative 

concentrations. Here, normalization to our internal standard—the CZTS peak at 339 cm-

1—was performed to allow us to compare relative concentrations of carbon across samples.  

The normalized intensity between CZTS NPs and the carbon impurity are reported 

in Figure 3.1 as IC/ICZTS. While there are no discernible structural differences between the 

carbon residue across CZTS samples, the relative concentration of carbon residue did vary 

depending on ligand selection. 

For amine-synthesized samples, as the number of bonds increased along the ligand 

backbone, the relative intensity of the carbon impurity rose from IC/ICZTS = 0.16 (DDA, 0 

double bonds), to 1.05 (OLA, 1 double bond), to 1.21 (LOA, 2 double bonds). Notably, the 

observed increase in concentration was significantly more pronounced between 0 and 1 
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double bond (a 6.5 Í increase) than between 1 and 2 double bonds (1.2 Í increase). The 

in-situ decomposition of unsaturated amines during CZTS synthesis may be attributed to 

the increased reactivity of alkenes and dienes. This would be in agreement with a previous 

study in which the use of saturated amines mitigated in-situ polymerization ligand during 

NP synthesis.154  

Unlike amines, carboxylic acid-synthesized samples did not exhibit the same bond-

saturation dependent trend. While IC/ICZTS increased similarly between 1 and 2 double 

bonds (a 1.5 Í increase between OA and LA), the IC/ICZTS of the SA (0 double bonds, 

IC/ICZTS = 10.73) was considerably greater than that of the unsaturated carboxylic acids; 

2.01 for OA, and 2.94 for LA. This is contrary to what we observed with the saturated 

amine (DDA), which has the lowest concentration of carbon impurities across all samples.  

The stark difference in SA’s decomposition may result from poorer NP washing 

after synthesis. SA’s higher melting point (TMP = 69 °C) resulted in the ligand solidifying 

during NP washing, limiting the removal of excess ligand, reflected by relatively high 

concentration of the ligand backbone being detected after synthesis (CH2 and CH3 at 2849 

and 2882 cm-1).209 As washing can reduce impurities,192 it is plausible that the efficacy of 

washing would also influence the final concentration of carbon within CZTS sample 

synthesized with SA. Therefore, it is important to directly compare the decomposition of 

ligands under controlled conditions, as in the absence of precursors or other variables, including 

NP washing. 

3.3.2. Thermal Stabilities of Amine and Carboxylic Acid Ligands 

Heretofore, all ligand decomposition studies were conducted in the presence of metal and 

non-metal precursors to synthesize CZTS NPs. This served to better understand the ligands’ 
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tendency, or lack thereof, to decompose during NP synthesis. However, due to the number of 

variables present during synthesis (e.g., precursors, washing procedure), it is challenging to discern 

the contribution of the ligand’s innate structure (i.e., bond saturation and functional group) 

to the observed decomposition. To elucidate how the ligand’s structure influences 

decomposition, we performed thermal gravitational analysis (TGA) to investigate the 

ligand’s intrinsic thermal stability when isolated from external variables used in NP 

synthesis (i.e., metallic and non-metallic precursors). To conduct this investigation, we 

performed thermal gravitational analysis (TGA) of the ligands used in this study. 

A material is considered thermally stable until a thermal event begins, which is 

signified by the onset of mass loss (denoted as ‘On’). These thermal events may occur due 

to material vaporization, pyrolysis into volatile species, or a chemical reaction which 

produces volatile species.263,264,276 After the offset of mass loss (denoted as ‘Off’) either no 

material remains, or, residual material is present. Generally, thermally stable residue can 

form from impurities included within the material, from the product(s) of pyrolysis, or, 

from the product(s) of a chemical reaction. A rise in thermal stability arises from an increase 

in crystallinity, molecular weight, or bond energy.277,278 The prevalence of stable products 

results in further mass remaining until exceeding the temperature threshold required for a 

subsequent thermal event to occur.263,264,276 As thermal events are bound by fluctuations in 

the rate of mass loss, the first derivative of TGA—known as the derivative 

thermogravimetry (DTG) spectra—is also used to further extract information on the apex 

of mass loss (denoted by ‘I,’ for inflection point) and the rates of mass loss 

(DWt%/DT).263,264,276  
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Figure 3.2. TGA (blue) mass loss profiles and overlayed derived DTG (grey) curves for (a-c) amine 

ligands and (d-f) carboxylic acid ligands with varying bond saturation (0 – 2 double bonds). This 

includes (a) DDA, (b) OLA, (c) LOA, (d) SA, (e) OA, and LA. For clarity, the DTG signal is 

amplified by 10 × between 250 ºC and 500 ºC for all samples (grey dashed inset). Points ‘On’ and 

‘Off’ along the TGA spectra correspond with the extrapolated onset and offset temperatures of 

thermal events, points I and II (when present) along the DTG spectra correspond with the inflection 

points of separate thermal events. To the left of each curve, the changes in mass loss between On and 

Off (Wt%Off –Wt%On) and between the Off and 500 ºC (Wt%500 ºC –Wt%Off). From these extrapolated 

and extracted values, we identified relevant temperatures (TOn, TI, TOff, TII), mass losses (Wt%On, 

Wt%Off, Wt%500 ºC), and rates of mass loss (Wt%I/TI, Wt%II/TII). These values are listed in Table 3.2. 

The TGA and DTG curves in Figure 3.2 show that under inert conditions and in the 

absence of all NP precursors, bond saturation and functional group influences the ligand’s 

thermal stability. For both amines and carboxylic acids, the ligand’s innate thermal stability 

(TOn, TI, and TOff) increased with the number of double bonds. Additionally, the amine 

ligands comparatively had lower thermal stabilities then the carboxylic acids. 
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In addition to the contrasting temperatures of first thermal event, mass loss percentages 

were also considered. Between room temperature (20 – 25 ºC) and 500 ºC, DDA, OLA, 

and SA underwent one thermal event which did not produce a stable residue (Wt%Off = ≤ 

1; Wt%500 °C ≤ 0.05 %). A different result occurred for LOA, OA, and LA; residual material 

was present following TOff. For LOA, a relatively substantial 14.5 % (Wt%Off) of material 

remained following the ligand’s first thermal event at 262 °C (TI). This residual material 

was eliminated following a second thermal event (TII = 453 °C). Similar to LOA, residue 

remained ensuing the first thermal events of OA (Wt%Off = 2.9 %) and LA (Wt%Off = 8.3 

%) and was eliminated after a final thermal event at TII > 400 °C.  

From these variations in mass residue, we observe additional trends based on bond 

saturation and functional group. For both saturated amine and carboxylic acid ligands, 

stable carbon products did not form. Upon introducing a double bond along the ligand 

backbone, results diverged depending on functional group: OLA (amine) experienced a 

similar TGA profile to that of the saturated ligands, while OA (carboxylic acid) had a small 

fraction of material remain. As the numbers of double bonds increased to two, the amount 

of residual material increased for both amines and carboxylic acids, with residue being 

more pronounced for LOA then that of LA.  

As established, the origins of the observed mass loss event can result from (1) 

vaporization, (2) pyrolysis into volatile species, or a (3) chemical reaction. As only ligands 

were used and the experiment was conducted in inert atmosphere, the probability of a 

reaction occurring with molecular oxygen is low. However, both vaporization and pyrolysis 

are plausible. While the first thermal event of ligands does not appear to align with their 

reported boiling points (TBP, included in Table 3.2), vaporization can occur at T ≠ TBP when 
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isothermal sample heating is not achieved or when vapor pressure is not carefully 

regulated.279 As these parameters were not controlled during our experiments, it is possible 

that the first thermal event could correspond to vaporization of the ligand. 

Alternatively, pyrolysis might have occurred. In the biofuel industry, the pyrolysis 

of carboxylic acids ligands have been studied. The pyrolysis of SA,177,179,257 OA,176,179,257 

and LA175,179,257 results in the formation of both volatile (e.g., CO (g) and CO2 (g), short 

chain hydrocarbons) and stable decomposition products (e.g., alkenes, alkanes, branched 

hydrocarbons, and both mono- and poly-aromatics) from decarboxylation and 

deoxygenation of the functional group and thermal cracking of the ligand backbone.175–

177,179,257 In this work, we observe that nearly 100 % of SA was eliminated by TOff, which 

would be in agreement with pyrolysis studies in which ~ 95 % of SA is converted into 

gaseous products.177 The presence of residue at TOff for OA176 and LA175 is also consistent 

with the reported pyrolysis for the ligands, where a stable liquid product is formed during 

thermal decomposition.175,176 The formation of these stable produces for OA and LA—and 

lack thereof for SA—is attributed to the increased reactivity of alkenes and dienes. If 

pyrolysis is occurring during the first thermal event, we additionally observe that saturated DDA 

and monounsaturated OLA does not decompose into a stable residue, while polyunsaturated LOA 

does. Thus, across both functional groups, the double bonds would have contributed to the 

conversion of the ligand into stable decomposition products.  

Regardless of the mechanism that occurred during the first thermal event, from TGA 

it is evident that saturated SA and DDA, and monounsaturated amine OLA did not 

inherently produce thermally stable carbon products. Therefore, external variables used 

during the synthesis of CZTS NPs (i.e., precursors) most likely contributed to their 
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observed in-situ decomposition into carbon impurities (Figure 3.2). For ligands which 

produced stable products (monounsaturated OA, and polyunsaturated LA, and LOA), the 

amount of ligand converted into residue increased with the number of double bonds, in 

agreement with other pyrolysis studies.  

3.3.3. Thermal Stability of Amine-Sulfur and Carboxylic Acid-Sulfur Mixtures 

In Section 1.3.2., ligand pyrolysis studies were conducted in the absence of 

precursors used in the synthesis of NPs to better understand how the ligand’s bond 

saturation and functional groups influences its innate thermal stability. Interestingly, we 

observe a dichotomy between NP synthesis results from Section 1.3.1. and isolated ligand 

results from Section 1.3.2., indicating that precursors complicate the ligand’s ability to 

pyrolyze during synthesis. 

As elemental sulfur is a common chalcogenide precursor used in the synthesis of 

chalcogenide NPs—including in the synthesis of CZTS—we additionally used TGA and 

DTG to compare changes between the innate ligand’s thermal stability and that of 1 M 

ligand-sulfur mixtures (3.5 – 4 wt/Wt% of sulfur to ligand), referred to as ‘ligand-S’. The 

TGA and DTG profiles of ligand-S are displayed in Figure 3.3 and are directly comparable 

to the profiles in Figure 3.2. Table 3.2 also includes relevant extracted values from TGA 

and DTG, for both ligand and ligand-S. 

Initially, the mass loss profile of the ligand-S mixtures appears to mirror that of their 

innate ligand. However, there are several distinct differences upon sulfur inclusion. 

Between ligand and ligand-S, the maximum change in TI was respectively -2 and +2 °C for 

DDA and SA (0 double bonds), -14 and +3 °C for OLA and OA (1 double bond), and -20 

and +5 °C for LOA and LA (2 double bonds). Thus, by observing the temperatures 
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associated with the first thermal event, we see that (1) compared to amines, amine-S 

mixtures have a net decline in thermal stability, (2) compared to carboxylic acids, 

carboxylic acids-S mixtures have a net increase in thermal stability, (3) this effect is 

considerably more pronounced for amine-S than that of carboxylic acids-S, and (4) the 

difference in TI between ligand and ligand-S increases with the number of double bonds. 

Therefore, in the presence of elemental sulfur, amine ligands either experienced a decrease 

in ligand volatility, more readily pyrolyzed into volatile compounds, or, a chemical reaction 

occurred between the amine and sulfur to produce volatile compounds (the inverse would 

apply for carboxylic acid-S). 

 

Figure 3.3. TGA (red) mass loss profiles and overlayed derived DTG (grey) curves (d-f) 1 M 

carboxylic acid-S mixtures with varying bond saturation. This includes (a) DDA-S, (b) OLA-S, (c) 

LOA-S, (d) SA-S, (e) OA-S, and LA-S. For clarity, the DTG signal is amplified by 10 × between 

250 ºC and 500 ºC for all samples (grey dashed curve), excluding LOA-S. Identification of key 
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features is performed as described in Figure 3.2, which contains the TGA and DTG of corresponding 

ligands without the inclusion of elemental sulfur. These values are listed in Table 3.2. 
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Table 3.2.  Key values extracted from TGA and DTG of ligand and ligand-S mixtures 

  DDA DDA-S OLA OLA-S LOA LOA-S  SA SA-S OA OA-S LA LA-S 
               
 Wt/Wt% of S/ligand [ %] — 4.0 — 3.9 — —  — 3.8 — 3.6 — 3.6 

 
 Boiling Point 

 TBP [°C] 
 

 
247 

 
— 

 
364 

 
— 

 
— 

 
— 

  
361 

 
— 

 
360 

 
— 

 
230 

 
— 

 Extrapolated Onset (On) 
 TOn [°C] 
 Wt%On [ %] 
 

 
155 
99.1 

 
144 
98.2 

 
222 
98.8 

 
193 
99.7 

 
220 
95.1 

 
202 
96.5 

  
207 
99.9 
 

 
208 
100.0 

 
245 
99.6 

 
243 
99.9 

 
246 
99.7 

 
236 
99.9 

 Inflection Point (I) 
 TI [°C] 
 DWt%I/DTI [ %/°C] 
 

 
193 
-2.47 

 
191 
-1.52 

 
257 
-2.25 

 
243 
-1.14 

 
262 
-1.46 
 

 
247 
-0.97 

  
245 
-2.02 

 
247 
-1.96 

 
278 
-2.41 

 
281 
-1.81 

 
278 
-2.22 

 
283 
-1.24 

 Extrapolated Offset (Off) 
 T Off [°C] 
 Wt%Off [ %] 
 

 
198 
1.4 

 
203 
12.3 

 
266 
0.4 

 
265 
17.6 

 
275 
14.5 

 
271 
32.8 

  
255 
0.1 

 
258 
0.3 

 
287 
2.9 

 
295 
10.0 

 
287 
8.3 

 
308 
17.0 

 Inflection Point (II) 
 TII [°C] 
 DWt%II/DTII [ %/°C] 
 

 
— 
— 

 
347 
-0.07 

 
— 
— 

 
435 
-0.13 

 
453 
-0.15 

 
445 
-0.31 

  
— 
— 

 
— 
— 

 
429 
-0.01 
 

 
429 
-0.01 

 
434 
-0.03 

 
432 
-0.11 

End of run (500 °C) 
 Wt%500 °C [ %] 

 
0.06 

 
0.24 

 
0.01 

 
0.14 

 
0.05 

 
0.25 

  
0.10 

 
0.15 

 
0.07 

 
0.23 

 
0.11 

 
0.26 
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Changes in mass residue upon sulfur inclusion were also observed. While the 

heating of DDA and OLA ligands did not produce thermally stable carbon products, residue 

was present after the heating of both DDA-S and OLA-S. Upon completion of the first 

thermal event, a significant percentage (Wt%Off, DDA-S = 12.3 %; Wt%Off, OLA-S = 17.6 %) of 

material remained. Assuming the ligand and sulfur did not react, they may have separately 

volatized or pyrolyzed—appearing as two-step mass loss—with the inflection points 

separately corresponding to the ligand and to elemental sulfur. While TI of ligand-S agrees 

with TI of the ligands, TII (TII, DDA-S = 347 ºC; TII, OLA-S = 435 ºC) cannot be assigned to 

elemental sulfur (see Figure 3.10 for elemental sulfur’s TGA profile). This indicates that 

residual material present at Toff is not residual elemental sulfur, rather a ligand-S 

decomposition or reaction product. Unlike with DDA-S and OLA-S, the inclusion of sulfur 

had no effect on SA-S mass loss profile. This is notable, as the decomposition of SA was 

observed during the synthesis of CZTS NPs, indicating that variables other than elemental 

sulfur and ligand structure (i.e., metal precursors) must be responsible for the in-situ 

decomposition of SA. 

Unlike DDA, OLA, and SA ligands, LOA, OA, and LA ligands did produce 

thermally stable carbon products upon heating. Compared to LOA, LOA-S experienced a 

significant increase in the amount of residue; from 14.5 % (WtOff, LOA) to 32.8 % (WtOff, LOA-

S). The LOA-S product continued to lose mass until being fully eliminated following a 

second thermal event at 445 ºC (TII). OA-S and LA-S similarly preserved a respective 10.0 

% and 17.0 % (Wt%Off), a relative increase compared to their innate ligand counterparts. 

This residual material was similarly reduced following a second thermal event, which 

occurred at similar temperatures for OA-S (TII = 439 ºC) and LA-S (TII = 432 ºC).  



 
 

 

91 

From these TGA and DTG results, it is apparent that the inclusion of elemental 

sulfur influences the formation of residue, and, the amount of residue which forms is 

dependent on the ligand’s innate structure. Across both amines-S and carboxylic acids-S, 

we observed that the Wt%Off, ligand-S was consistently greater than Wt%Off, ligand. Additionally, 

the amount of residue consistently increased with the number of double bonds. Notably, 

this was considerably more pronounced for amine ligands than of carboxylic acids; there 

was a 11 – 18 % increase in Wt%Off for amine-S, and a 0 – 9 % increase in Wt%Off for 

carboxylic acid-S. These results signify that (1) when compared to carboxylic acid ligands, 

the interaction between sulfur and amine favors the formation of stable carbon products, 

and, (2) the interaction between sulfur and double bonds contribute to the formation of 

stable carbon products.  

Amine-S decomposition may have been more favorable than carboxylic acid-S due 

to the interactions between the ligand and sulfur. Sulfur is known to undergo a ring opening 

reaction facilitated by nucleophilic amines, transforming cyclic S8 into anionic linear sulfur 

chains which can then further react with a ligand to produce volatile H2S (g) and  

thioamides, amidine oligomers, or alkylammonium polysulfides of different thermal 

stabilities.164,166,249,280 This may be why amine-S exhibited a decrease in the onset of 

decomposition (release of volatile reaction products) and an increase in stable residue 

(formation of stable reaction products). In contrast, carboxylic acids do not favorably 

undergo nucleophilic ring opening with elemental sulfur, thus additives are commonly used 

to enhance miscibility and to catalyze chemical reactions to form C–S bonds.169,171,281 This 

is reflected in our observations of dissolving sulfur the ligands (see Methods). The poor 

miscibility and reactivity between carboxylic acids and sulfur may be why the observed 
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fluctuations in both critical temperatures and residual mass upon sulfur inclusion was 

dampened compared to amines. 

The increased residue for ligands with double bonds is likely attributed to enhanced 

degree of polymerization and aromatization alkenes—and even more-so—dienes can 

undergo, due to the heightened reactivity of double bonds. As previously discussed, the 

pyrolysis of innate ligands with double bonds has been reported to result in the formation 

of stable products, including alkenes, alkanes, branched hydrocarbons, and both mono- and 

poly-aromatics.175–177,179,257 With the inclusion of elemental sulfur, additional reactions may 

transpire. Alkenes, which specifically includes OLA, OA, and LA, have previously been 

reported to be polymerized by ionic sulfur via a reaction referred to as inverse 

vulcanization.166,169,249,277 This mechanism involves the crosslinking of unsaturated ligands 

at their allylic sites by ionic linear sulfur chains to form polysulfides.166,249,277 As number of 

double bonds increases, so does the potential molecular weight and thus thermal stability 

of the products. This is reflected in our TGA results; as the number of double bonds 

increased, the TII (thus, thermal stability) of the residual material also increased, which may 

be attributed to an increase in the molecular weight or bond energies of reaction products. 

The amount of material converted into a stable product also increased with the number of 

double bonds, again indicating a trend between bond saturation and reactivity.  

By these observations, it is feasible that the material remaining between TOff and TII 

is comprised of stable reaction products (oligomers, polysulfides) which may be precursors 

to the alkylated graphitic products detected after NP synthesis. Alternatively, the present 

products may contain alkylated graphitic products following pyrolysis. As TGA does not 

provide structural information, we used Raman spectroscopy, FTIR, and 1H NMR to 

identify the material at TI < T < TII (see Figure 3.4 and 3.12-3.13). 
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Figure 3.4. Truncated (a) Raman, (b) FTIR, and (c) 1H NMR of OLA and OLA-S heated at varying 

temperatures under N2. See supporting information for OLA-S’s structure at additional temperatures 

(Figure 3.12), equivalent spectra reproduced for OA and OA-S (Figure 3.13), and integrated areas 

of 1H NMR signals (Table 3.4).  

At room temperature, signature CH2, CH3, C-C, C=C, and =CH bonding modes of 

OLA were detected via Raman and FTIR.260,282 Upon mixing OLA with sulfur, we did not 

detect Raman bands associated with elemental sulfur (see Figure 3.10). Rather, the 

emergence of peaks at 403, 447, and 505 cm-1 were identified, which correspond with ionic 

sulfur (S42-), in agreement with ring-opening of elemental sulfur by the amine 

ligand.248,283,284  

With increased heating of the OLA-S, the Raman spectrum showed signs of fluorescence 

and was no longer well resolved.248 Fluorescence can arise from the formation of 

polysulfides or carbon dots.187,260,285 As we could not elucidate structural information from 
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Raman, FTIR and 1H NMR were important supplements. From 130 – 225 °C, there was no 

notable changes in OLA’s structure. However, at 300 °C (TI < T300 °C < TII), we begun to 

see degradation of the double bond; there was a decline in =CH (FTIR, at 3010 cm-1) and 

a decline in allylic and vinylic hydrogen bonding (1H NMR, at ~5.2 ppm and 2.0 ppm, 

respectively). 1H NMR additionally shows an 81 % reduction of signal associated with the 

ligand’s alpha carbon (Ca), indicating a reaction with or decomposition of the amine 

functional group occurred. While there is a relative decrease in the integrated signal 

associated with the innate ligand structure, FTIR and 1H NMR reveal that much of the 

original hydrocarbon structure remains intact by 300 °C, consistent in structure with the 

formation of a polysulfide.249 Following the decomposition of the stable product 

(polysulfide) at TII, Raman spectra of the material is again discernable (T500 °C) – notably, 

we see the presence of the D4-, D-, A-, and G-bands, and no bands associated with the 

starting ligand. At T500 °C, FTIR also shows an elimination of hydrocarbon peaks, with a 

spectrum that is representative of early stage soot formation.272 

Similar results were found for OA-S (see Figure 3.13). From FTIR, the dominant 

change in structure of carboxylic acid-S includes attenuation of =CH and the functional 

group’s C=O signal (1709 – 1720 cm-1). The changes in 1H NMR mirror that of amine-S; 

at T300 °C the most significant spectral changes were intensity reductions in allylic and vinyl 

sites. There was also a 24 % reduction in intensity of the Ca signal, relatively less of a 

change within the ligand’s functional group compared to amines. 

These structural changes are consistent with decomposition at the double bond sites 

and of functional groups into a polysulfide,175–177 rather than the conversion of ligand-S into 

alkylated graphitic impurities via pyrolsysis.286 However, above TII, (> 347 °C) we 

confirmed that these products carbonized into the same alkylated graphitic product detected 
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after NP synthesis at 225 °C. As graphitic carbon was detected within CZTS NPs 

synthesized with both amines and carboxylic acids, it appears that the introduction of 

metallic precursors contributes to the in-situ ligand pyrolysis at temperatures below TII.  

3.3.4. Precursor Selection Dependent Pyrolysis of Oleylamine During NP Synthesis 

Thus far, alkylated graphitic carbon has been detected during the synthesis of CZTS 

NPs at 225 °C. In the absence of metal precursors, we observe that both amine and 

carboxylic acid ligands can form stable carbon products. Despite graphitic carbon being 

detected in all CZTS samples, the extent and tendency of pure ligands to decompose is 

dependent on bond saturation and functional group. Additionally, decomposition into 

graphitic material occurs at temperatures that exceed our synthesis conditions. This 

indicates that metal precursors—the final materials used in the synthesis of CZTS NPs—

contribute to the in-situ decomposition of ligands. To understand the influence of the metal 

precursors used in CZTS NP synthesis, the copper, zinc, and tin based acetylacetonate 

((acac)2) precursors were separately heated with OLA in both the absence and presence of 

elemental sulfur. This enabled further decoupling of the effect that metallic precursors and 

the non-metallic elemental sulfur precursor have on ligand pyrolysis. 

To isolate the sole effect of precursors it would be ideal to avoid forming NPs. 

However, NPs favorably form under our reaction conditions. Thus, heating the ligands with 

precursors resulted in the synthesis of both metal (sulfur-free) and binary metal-

chalcogenide (sulfur-containing) NPs. Table 3.3 includes the full list of synthesized 

samples and their identified NP phases. Full structural confirmation and analysis of the 

synthesized materials via Raman spectroscopy and XRD is provided in Figure 3.14. OLA 

was selected as the standard ligand since TGA results reveal that this ligand is relatively 
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benign in absence of all precursors but is still capable of complex decomposition when 

pyrolyzed in the presence of elemental sulfur.  

Akin to that of the CZTS NPs and the pyrolyzed TGA residue, we identified the 

structure of organic products for the NPs by observing the region between 1000 – 1800 cm-

1, as highlighted in Figure 3.5. Both Zn-S and Sn NP Raman signals were oversaturated 

with high fluorescence, suppressing all distinct signals, and making these materials 

ineligible for further carbon-based analyses.  

 

Figure 3.5. Raman spectra for NPs synthesized with (a-b) Cu(acac)2, (c) Zn(acac)2, and (d) 

SnBr2(acac)2 organometallic precursors, all labeled by their resulting formed NPs. The peak centers 

of carbon-based modes are labeled and deconvoluted with Gaussian fits, if possible. Full structural 

analysis of each NP (Raman and XRD) is found in supplemental Figure 3.13. The relative intensities 

are not comparable, and no background subtraction was used CuOx spectra, rather a linear 

background fit between 900 and 1900 cm-1 is included with the spectra. 

Table 3.3. Reactants and Products from Synthesized NP Samples 

Sample Reactants Inorganic Products 

Cu NPs OLA, Cu(acac)2 Cu, CuO, Cu2O 

Cu-S NPs OLA, Cu(acac)2, S CuS, Cu1.8S 

Zn NPs OLA, Zn(acac)2 ZnO 

Zn-S NPs OLA, Zn(acac)2, S ZnS, ZnO 

Sn NPs OLA, SnBr2(acac)2 Amorphous Sn 

Sn-S NPs OLA, SnBr2 (acac)2, S SnS, Sn 
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Cu NPs synthesized with OLA resulted in a weak broad peak centered at 1568 cm-

1, fitted in Figure 3.5. The peak position would align with a G-band assignment, indicating 

there was graphitic structure. However no other assignments from Table 3.1 were 

distinguishable in the Cu NP’s Raman spectra. As sp3 hybridization increases and overtakes 

sp2 hybridization, graphitic material becomes increasingly amorphous. In Raman, this is 

reflected by a broad G-band and the disappearance of a distinguishable D-band,282 which 

resembles our Cu NP Raman spectra. Zn NPs even more so did not share the same carbon 

structure identified from CZTS synthesis, with no graphitic or amorphous bands being 

detectable. Rather, detected bands can be assigned to the Raman spectra of OLA (see 

Figure 3.11). This includes the C–C bonding (1058 and 1124 cm-1) and OLA’s highest 

intensity CH2 and CH3 scattering modes between 2830 and 2925 cm-1.209  

  Unlike the sulfur-free syntheses, the carbon impurity present from CZTS synthesis 

appears been found in Cu-S and Sn-S NP samples. In Cu-S NPs, Raman signals associated 

with the structured G- and D-bands, the defective/amorphous D4- and A-bands, an 

unidentified band at 1431 cm-1, and second order graphitic bands were all identified. When 

directly compared to the products from Cu NP’s synthesis, it is evident that the inclusion 

of elemental sulfur led to the formation of carbon impurities with more similar structure to 

that of CZTS, which has more sp2 structure. Akin to Cu-S, Sn-S NPs had formed structured 

carbon, with the G-, D-, D4-, and second order bands being detected. Fitting of the A- band 

and unassigned band from 1427 – 1439 cm-1 were not necessary to deconvoluted Sn-S NP 

carbon signal. 

In summary, Raman revealed that the sulfur-based synthesis of Cu-S and Sn-S led 

to the formation of carbon impurities which are structurally similar to the carbon found in 
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CZTS samples. The Cu NP sample also formed carbon residue, but with a more amorphous 

structure. Zn was the only NP sample to have the original ligand’s structure (OLA) 

detectable after synthesis and no indication of decomposed carbon products. This means 

that the OLA remained stable at 225 °C when heated with Zn(acac)2, whereas the ligand 

decomposed when exposed to Cu(acac)2 and SnBr2(acac)2 precursors and their synthesized 

NPs.  

Both metal precursors and the formed NPs and have been used in catalysis. M-

(acac)2 precursors are versatile catalysts which participates in a wide library of low-

temperature organic reactions, which commonly includes oligomerization, polymerization 

and poly-condensation, hydrogenation, isomerization, trans-esterification, and can also be 

used as catalysts in reactions between sulfur and organic monomers, including inverse 

vulcanization.156,157,172,173,287,288 Additionally, all of our formed NPs (CZTS, Cu, CuO, Cu2O, 

CuxS, ZnO, ZnS, Sn, and SnS) are either chemically, photochemically, or electrochemically 

catalytic, and can catalyze the reactions with or the degradation of organic 

materials.65,102,108,112,289,290 As such, it is possible that the metal precursors and formed NPs 

are catalytically promoting ligand decomposition at 225 °C.  

To our knowledge, reactions facilitated by Cu, Zn, and Sn catalysts do not extensively 

include the aromatization and graphitization of organic materials. However, metals foils 

(including Cu) are used as catalysts in low temperature production of graphene sheets from 

organic monomers.291  

These results raise additional questions which are open for further study, such as the 

mechanisms guiding how the precursors or formed NPs may catalyze ligand 

decomposition. Additionally, factors such as reaction time and temperature may also 

modulate ligand decomposition by impacting reaction kinetics. Tailoring precursor 
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selection, reaction time, and reaction temperature may assist in mitigating or controlling in 

situ ligand decomposition.5,68  

 

3.4. Conclusions 

Recent works have revealed that organic ligands used in the synthesis of inorganic 

nanoparticles are capable of decomposing into polymeric and graphitic impurities during 

synthesis. To identify the origins of this complex in situ ligand decomposition, this work 

investigated the decomposition profiles of ligands with varying structure to identify the influence 

of functional group (amines and carboxylic acids) and bond saturation (fully saturated to 

polyunsaturated) on decomposition. Using thermal analysis (TGA) and structural analyses (Raman 

Spectroscopy, FTIR, and 1H NMR), we find that bond saturation is the largest determining factor 

in decomposition, with a higher number of unsaturated bonds correlating with a greater affinity of 

ligand decomposition. However, regardless of bond saturation, decomposition was not substantial 

when in absence of precursor materials, revealing that ligand decomposition during NP synthesis 

primarily results from external variables.  

 Upon pyrolyzing the ligands in the presence of elemental sulfur—a common chalcogenide 

precursor used in inorganic NP synthesis—the ligand-sulfur mixture’s decomposition profiles 

diverged from their corresponding intrinsic ligand. Pyrolyzed ligand-sulfur mixtures yielded a 

thermally stable byproduct, which was comparatively more prevalent for unsaturated ligands and 

for amines, indicating that bond saturation and ligand functional group influences decomposition. 

  When employing these observations into the synthesis of CZTS, CuxO, CuxS, ZnO, ZnS, 

SnSx, and SnOx NPs, it was observed that the metal precursors selection also plays a significant 

role in ligand decomposition. Notably, the formation of alkylated graphitic impurities were 
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identified in the synthesis of CZTS, independent of ligand functional group. We observed similar 

ligand decomposition for Cu-S and Sn-S syntheses, lesser decomposition with only Cu precursors, 

and no decomposition with only Zn precursors. 

Decoupling the variables that lead to ligand decomposition during NP synthesis is 

important step toward reducing or controlling the formation of byproducts. Future studies can 

focus on synthesis conditions (i.e., time, temperature), investigating decomposition within the 

wide library of ligands (e.g., thiols, hydroxyls, phosphines and phosphine oxides, polymers, 

proteins), and the influence of sulfur precursors (e.g., thiols, thiourea, thiosulfates, thiolates, 

thiocarbamates), other chalcogenide precursors (e.g., elemental selenium, selenium oxides, 

selenourea, elemental tellurium, alkyl tellurides, chalcogenide based metal-organic precursors), 

and metal precursors (e.g., acetates, nitrates, halides, carbonyls, sulfates) used in NP 

synthesis.16,292–294 

 

Figure 3.6. Raman spectra for NPs synthesized with (a-b) Cu(acac)2, (c) Zn(acac)2, and (d) 

SnBr2(acac)2 organometallic precursors, all labeled by their resulting formed NPs. The peak centers 

of carbon-based modes are labeled and deconvoluted with Gaussian fits, if possible. Full structural 

analysis of each NP (Raman and XRD) is found in supplemental Figure 3.14. The relative intensities 

are not comparable, and no background subtraction was used CuOx spectra, rather a linear 

background fit between 900 and 1900 cm-1 is included with the spectra. 
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3.5. Supporting Information 

3.5.1. Synthesis of Linoleylamine  

Materials 

Linoleic acid (Sigma Aldrich), SOCl2 (TCI), ammonium hydroxide (ACS reagent), LiAlH4 (Sigma 

Aldrich) 

 

Scheme 3.1. Synthetic procedure for the production of linoleylamine (LOA). 

Synthesis 

1) Linoleic amide. Linoleic acid (9g, 32 mmol) was added into a 250 mL round bottom flask. The flask 

was transferred into an ice bath under nitrogen flow. After the system was cooled down, thionyl chloride 

(16.4g/10ml, 137mmol) was injected into the flask dropwise. With the addition completed, the system 

was slowly heated to 50 °C for 2 hours for complete conversion. The flask was later transferred to a 

rotavapor to remove the excessive thionyl chloride under lower pressure until a clear yellow liquid was 

obtained. 50 mL of tetrahydrofuran was added to dissolve the clear yellow liquid, and the flask was 

again put into an ice bath. To the same 250 ml round bottom flask, an excessive amount of 27 wt% 

ammonium hydroxide aqueous solution (22 g, 160 mmol) was added slowly. After completion, the 

system was stirred overnight. On the second day, the reaction was extracted with dichloromethane (50 
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mL) for 3 times, and the dichloromethane portion was then washed with brine before being dried with 

MgSO4. A white-off solid (7.7g, 90% yield) was obtained after the solvent was removed. The solid was 

dried overnight under vacuum and used directly in the next reaction.   

2) Linoleic amine. In nitrogen, linoleic amide (4.7 g, 16.8 mmol) was added to an oven-dried 100 mL 

flask, followed by the addition of 50 mL anhydrous tetrahydrofuran. The reaction was then put into an 

ice bath. 25 mL of LiAlH4 (1 M solution in tetrahydrofuran) was then injected into the reaction dropwise 

and the ice bath was removed after the injection was complete, allowing the reaction to slowly warm 

up to room temperature. The reaction was then stirred overnight, before being quenched with aqueous 

NaHCO3 solution, and extracted with dichloromethane. The dichloromethane portion was then washed 

with brine before being dried with MgSO4. The residue was passed down silica gel columns using 0-

8% methanol and 1% triethylamine in a dichloromethane gradient. A light yellow oil (2.31g, 51% yield) 

was obtained after the solvent was removed. 1H NMR (300 MHz, Chloroform-d) δ 5.45 – 5.26 (m, 4H), 

2.77 (t, J = 6.1 Hz, 2H), 2.67 (t, J = 6.9 Hz, 2H), 2.04 (q, J = 6.6 Hz, 4H), 1.59 – 1.06 (m, 18H), 0.97 – 

0.74 (m, 3H). 
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Figure 3.7. The 1H NMR spectrum of linoleic amine. 

3.5.2. Synthesis of Metal Oxide and Metal Sulfide NPs 

Precursors 

• CZTS: 0.5 mmol Cu(acac)2, 0.25 mmol of Zn(acac)2, 0.25 mmol of SnBr2(acac)2, and 1 mmol 

of S, 4.3 mL of select ligand (DDA, OLA, LOA, SA, OA, or LA). 

• Cu: 0.5 mmol Cu(acac)2, 10 mL of OLA. 

• Cu-S: 1 mmol Cu(acac)2 and 1 mmol of S, 11 mL of OLA. 

• Zn: 0.5 mmol of Zn(acac)2, 10 mL of OLA. 

• Zn-S: 1 mmol Zn(acac)2 and 1 mmol of S, 11 mL of OLA. 

• Sn: 0.5 mmol of SnBr2(acac)2, 10 mL of OLA. 



 
 

 

104 

• Sn-S: 1 mmol SnBr2(acac)2 and 1 mmol of S, 11 mL of OLA. 

Metal/Metal oxides synthesis 

1.  In a 100 mL round bottom flask, 0.5 mmol of metal precursor material is dissolved into 

10 mL of OLA at room temperature in under N2 (Schlenk line).  

2. Sample is degassed by cycling between N2 and vacuum for ~1 h at room temperature, and 

again for ~1 h at 130 °C. 

3. Sample is heated to 225 °C for 2 h under N2. 

4. Sample is naturally cooled to 80 °C, followed by washing. 

Metal chalcogenide synthesis 

1. In a 100 mL round bottom flask, the metal precursor material(s) are dissolved into 3.3 –10 

mL of OLA at room temperature in under N2 (Schlenk line).  

2. Sample is degassed by cycling between N2 and vacuum for ~1 h at room temperature, and 

again for ~1 h at 130 °C. 

3. Sample is heated to 225 °C.  At 225 °C, 1 mL of a separately prepared 1 M OLA-S solution 

is rapidly injected into the 3-neck flask. 

4. Sample is held at 225 °C for 2 h under N2. 

5. Sample is naturally cooled to 80 °C, followed by washing. 

Washing of amines 

1. The first wash was done with a 5:1 ratio of antisolvent (IPA) to solvent (toluene). 

Centrifuged at 13500 rpm for 10 minutes.   
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2. Supernatant was decanted, and the NP pellet was redispersed in solvent.  The final washing 

step was done with a 3:1 ratio of antisolvent to solvent.  Centrifuged at 12000 rpm for 5 

minutes.   

3. Supernatant was decanted, and residual solvent was removed with a rotovapor. 

Washing of carboxylic acids 

1. The first wash was done with a 5:1 ratio of antisolvent (toluene) to solvent (IPA). 

Centrifuged at 13500 rpm for 10 minutes.   

2. Supernatant was decanted, and the NP pellet was redispersed in solvent.  The final washing 

step was done with a 3:1 ratio of antisolvent to solvent. Centrifuged at 12000 rpm for 5 

minutes.   

3. Supernatant was decanted, and residual solvent was removed with a rotovapor. 

3.5.3. Effect of Ligand Purity 

 

Figure 3.8. (a) TGA profile of purified OLA (blue) and OLA-S (red).  (b) Raman spectrum of CZTS NPs 

synthesized with purified OLA. 
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Out of all ligands used in this study, OLA had the lowest purity (technical grade, 70 %). 

Technical grade OLA is relevant to study as it is low-cost, commercially available, and is 

often used in NP synthesis without purification.260 However, to test how ligand purity 

influences the formation of carbon impurities, purification was performed on technical 

grade OLA as via the procedure first described by Baranov et al.67 Despite ligand purification 

using methods, similarly structured carbon impurities were present after synthesis (Figure 

3.8). However, the average concentration of carbon decreased from IC/ICZTS = 1.05 (OLA, 

70 %) to 0.32 (OLA, purified). Regardless, influence of bond saturation on carbon 

concentration was preserved, with a 2.0 Í increase between 0 and 1 double bond and a 3.8 

Í increase between 1 and 2 double bonds. 

 



 
 

 

107 

3.5.4. Effect of Ligand Backbone Length 

 

Figure 3.9. TGA profiles (colored) and DTG curves (grey) of (1a) ODA and (1b) 1 M ODA-S. Raman spectra 

(2a) of CZTS NP sample synthesized with ODA. The black Raman spectrum is after baseline subtraction: 

the raw spectra (red) and was fit with a 5th order polynomial (black, dashed). The carbon bands are 

emphasized (*). XRD diffractograms of the sample (3a) and relevant reference spectra (3b, Cu; 3c, CZTS). 
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%), such that Wt%Off, ODA-S is comparable to that of monounsaturated OLA-S (Wt%Off, OLA-

S = 18 %). 

The largest difference with the increase of carbon atoms was with the synthesis of 

CZTS NPs: while reaction conditions were consistent with all the other syntheses, CZTS 

NPs did not form. Rather, only Cu NPs were detected via XRD (Figure 3.9-3a,b). While 

Raman suggests that ligand decomposition occurred (Figure 3.9-2a), due to the lack of 

reference CZTS NPs, no information regarding the composition of carbon impurities can 

be extracted. 

 

3.5.5. Characterizations of Elemental Sulfur and the OLA ligand 

 

Figure 3.10. (a) TGA (red) and DTG (blue) profiles of elemental sulfur. (b) Raman spectrum of elemental 

sulfur 
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between Wt%Off, ligand and Wt%Off, ligand-S for all samples (excluding SA-S).  Additionally, 

TI, S = 262 °C, which does not align with the decomposition of temperature of residual 

materials (TII, ligand-S ≥ 347 °C.  

Raman of elemental sulfur was also performed to determine if elemental sulfur was 

present within Raman spectra of ligand-S mixtures and CZTS.  Elemental sulfur was not 

detected, indicating that this material was consumed. 

. 

 

Figure 3.11. Raman spectra of technical grade OLA taken between power of 1% to 100%. Includes identified 

bonding modes labeled by (a) wavenumber and (b) structure.  Starred peaks were unable to be identified. 209 

Similar peak positions are used to identify DDA and LOA.1 The notable difference between 

DDA, OLA, and LOA is the bonding mode at 1444 cm-1, associated with C=C bonding.   The 

spectrum in Figure 3.11 additionally shows that the innate ligand is stable between 1 % (0.08 mW) 

and 100 % (8 mW) laser power. 

In
te

ns
ity

 [a
. u

.]

30002500200015001000

30
79

30
1227

21

2849
2886
2926

24
14

21
69

21
03

16
59

14
44

13
00

11
24

10
40

30002500200015001000

100 %
50 %
10%
5%
1%

C=CCH2C-C

C-C

=CH

=CH2

CH2 + CH3

CH2 + CH3

* * **

100 %
50 %
10%
5%
1%

Wavenumber [cm-1]



 
 

 

110 

3.5.6. Characterizations of the OLA-S and OA-S Decomposition Products 

 

Figure 3.12.  Full (a) Raman and (b) FTIR spectra of OLA and OLA-S heated at varying temperatures 

under N2. 
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Figure 3.13.  Full (a) Raman, (b) FTIR, and (c) 1H NMR spectra of OA and OA-S heated at varying 

temperatures under N2. 
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Table 3.4.  1H NMR assignments and integrated areas 

 
 

Range [ppm] Assignment   O
LA

  
R

T 

O
LA

-S
  

22
5 

℃
 

O
LA

-S
  

30
0 

℃
 

 O
A

  
R

T  

O
A

- S
  

22
5 

℃
 

O
A

- S
  

30
0 

℃
 

 (5.45 – 5.25) Vinyl Integral:  0.57 0.56 0.43  0.62 0.33 0.33 

(2.73 – 2.61) 
Ca 

(COOH) 
Integral:  0.67 0.66 0.13 

 
-- -- -- 

(2.40 – 2.25) Ca (CNH2) Integral:  -- -- --  0.70 0.66 0.53 

 (2.12 – 1.90) Allylic Integral:  1.21 1.20 0.94  1.25 0.86 0.54 

(1.72 – 1.52) 12, alkyl Integral  -- -- --  0.72 0.99 0.94 

(1.52 – 1.17) Alkyl Integral:  9.19 9.11 7.51  6.91 6.75 3.68 

(0.97 – 0.79) * Methyl Integral:  1.00 1.00 1.00  1.00 1.00 1.00 

(6.0 – 0.5)  Total fraction  96 % 96 % 73 %  95 % 85 % 78 % 

* Integrated areas are normalized to the area of the methyl peak (0.97 – 0.79 ppm).  The total fraction is the percentage of integrated 

signal (area) associated the above listed assignments in relation to the total integrated signal between 6.0 – 0.5 ppm. 

Similar to Raman spectroscopy, the relative intensities (here, the relative integrated areas) 

of peaks holds significant information, allowing us to compare changes in relative concentration.  

In Table 3.4, integration ranges, their assignments, and relative integrated areas are reported.  The 

integrated areas are relative to the area of the methyl peak. 

3.5.7. Structural Analysis of all Synthesized NPs 

This section includes the Raman spectra and XRD diffractograms of binary NPs 

synthesized in this study, including Cu (Figure 3.13-1), Cu-S (Figure 3.14-2), Zn (Figure 3.14-

3), Zn-S (Figure 3.14-4), and Sn-S (Figure 3.14-5). 

Structural analysis of the metal NPs reveals that a mixture of metal/metal-oxides 

phases were present. Metal oxide formation may stem from the synthesis of a core metallic 

NP which forms an oxide shell upon exposure to air.3 Materials characterizations indicates 

that Sn/SnO did not form; rather, an amorphous tin-based material was produced. While 

crystalline SnO NPs have been produced under similar mild reaction conditions with OLA 

and OA and Sn(Et2Dtc)2 precursors,295 we aimed to preserve reaction conditions across 
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materials for accurate cross examination. Thus, the synthesized metallic Sn material is not 

present in most of the results and discussion. The synthesis of chalcogenide NPs followed 

by structural analysis reveals that CuxS, ZnS, and SnSx were successfully synthesized under 

the same conditions. However, Raman spectra of ZnS was oversaturated and did not yield 

distinct signals, making it ineligible for carbon-based analyses. Additionally, for all NP 

samples, we estimated the NP crystallite size via XRD (Scherrer equation, Eqn. 2.2). 

 

Figure 3.14-1: Cu. (a) Raman spectrum and (b) XRD diffractograms of Cu/CuxO NPs samples. No 

background subtraction was applied (Raman). XRD refence patterns are listed (including Mo COD 9008543). 

The sulfur free synthesis resulted in a mixture of Cu and CuxO (x = 1, 2) phases.  It is 

plausible that the sulfur free synthesis yielded Cu NPs, which formed an oxide shell upon exposure 

to air.296 

XRD diffractograms of the targeted Cu NCs showed Cu and CuxO had formed. Cu’s (111) 

and (200) planes were identified and can exclusively be assigned to Cu. In addition, CuO and/or 

Cu2O were detected, where both phases were identified by peaks at the same Bragg angle. Cu is 
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Raman inactive, thus was not detected in the Raman spectra. Both CuO (289, 528, and 627) and 

Cu2O (112, 146, and 217 cm-1) were detected via Raman spectroscopy. 

Via Scherrer analysis, crystallite sizes were estimated. From fitting the Cu (111), and (200), 

and planes, we estimate a crystallize size of 8.8 ± 0.9 nm. We additionally estimate a crystallite 

size of 3 nm from the CuxO (111) plane. 

 

Figure 3.14-2: Cu-S. (a) Raman spectra and (b) XRD diffractograms of CuxS NPs samples. The grey Raman 

spectrum is prior to background subtraction, and the red spectrum is after a 4-point linear background 

subtraction is applied. XRD reference patterns are listed (includes Mo COD 9008543, Cu1.8S R060840, and 

CuS R060129).  CuS: R060129; Cu1.8S: R060840; Cu2S: R050067; Mo: COD 9008543 

The sulfur-based synthesis resulted in a mixture of CuxS (x = 1, 1.8) and showed no signs of 

oxidation. 

The synthesis of CuxS yielded CuS and Cu1.8S. Each of these phases are expressed via XRD 

as hexagonal covellite (CuS), and digenite-chalcocite (Cu1.8S), with signals associated with 

digenite-chalcocite being more intense than that of covellite. The Raman spectra identifies CuS 

(267 cm-1 and 475 cm-1). Cu1.8S is not Raman active and was not detected. 

Via Scherrer analysis, crystallite sizes were estimated to be 14.4 ± 1.2 nm. 
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Figure 3.14-3: Zn. (a) Raman spectra and (b) XRD diffractograms of ZnO NPs samples. The grey Raman 

spectrum is prior to background subtraction, and the blue spectrum is after a 4-point linear background 

subtraction is applied. XRD reference patterns are listed (includes Mo COD 9008543 and ZnO COD 

2300450). 

The sulfur free synthesis resulted in ZnO, absent of the targeted Zn phase. This may be due to 

reaction conditions favoring the formation of ZnO phases over Zn.297 

XRD of the targeted Zn NCs show hexagonal zincite (ZnO) had formed, entirely absent of the 

signature Zn planes. Raman spectra of the ZnO sample was also not straightforward. While low 

intensity ZnO scattering bands at 341, 437, and 655 cm-1 were detected, a signature peak at 521-

565 cm-1 is absent.   

Additionally, the ZnO nm crystallite size is estimated to be 15.1 ± 3.4 nm (Scherrer calculation) 

via the (100), (002), and (101) planes of ZnO. 

Finally, the ZnO Raman signal had a notable overlap with OLA’S (Figure 3.10). This 

includes a broad C–C (1058 and 1124 cm-1), several unassigned signals (2015, 2168, and 

2412 cm-1) and =CH2 (3079 cm-1).209 The ZnO sample also has a broad peak from 2830 to 

2970 cm-1, which upon deconvolution appears to be comprised of three peaks at 2851, 2884, 

and 2924 cm-1, which corresponds with OLA’s CH2 and CH3 bonding.209 
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Figure 3.14-4: Zn-S. (a) Raman spectra and (b) XRD diffractogram of ZnS NPs samples. The grey Raman 

spectrum is prior to background subtraction, and the red spectrum is after a 5th order polynomial background 

subtraction is applied. XRD reference patterns are listed (includes Mo COD 9008543 and ZnS COD 1101050, 

and ZnO COD 2300450). 

The synthesis of ZnS NPs lead to a mixture of ZnS and ZnO phases.   

Cubic sphalerite ZnS was identified by the material’s three most predominate planes; (111), 

(220), and (311) planes, which were all observed. In addition to ZnS detection, ZnO is detected by 

the presence of unique signature identified by the (100), (102), and (101), (103), and (212) planes. 

The Raman spectra was less conclusive. Rather than the expression of ZnS and ZnO Raman 

signatures from 100 – 1200 cm-1,3 a broad florescent background is observed. 

Crystallite size (7.15 ± 3.6 nm) was estimated from the 5 peaks of highest intensity (from both 

from ZnS and ZnO assignments). 
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Figure 3.14-5: Sn-S. (a) Raman spectra and (b) XRD diffractogram of SnS NPs samples. The grey Raman 

spectrum is prior to background subtraction, and the red spectrum is after a 4-point linear background 

subtraction is applied. XRD reference patterns are included (includes Mo COD 9008543 and SnS COD 

9008785 and Sn COD 9012005). 

The synthesis of sulfur-based synthesis of SnS and Sn. Orthorhombic herzenbergite (SnS) 

was detected by the material’s three most predominate planes; (021), (111), and (040) at 27.5°, 

31.6°, 32.0°.  Additionally, unaccounted for signals of the XRD pattern can be assigned to Sn 

(111), (220), and (311). Raman of the SnS sample further matched the NPs to the orthorhombic 

SnS, with the materials signature modes at 161 cm-1, 189 cm-1, and 219 cm-1 all being identified. 

113 

SnS NPs size was estimated to be 28.8 ± 5.5 nm (Scherrer calculation) via the (110), (121), 

(021) planes of SnS. 

The Sn NP synthesis is not included in this study; XRD revealed amorphous material had 

formed (i.e., no diffraction pattern formed) and the Raman background was significantly high 

(similar to Figure 3.14-4(a)), overpowering all the signal and leaving no distinguishable peaks. 
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4. Chapter 4: Ligand Selection Dependent Grain Growth 

 

4.1. Introduction 

As discussed within Chapter 1, dense micron-sized grains are ideal for semiconducting 

materials such as CZTSSe. An increased grain size reduces the number of interface sites for 

parasitic carrier electron-hole recombination, thereby improving overall device conductivity. A 

common approach for forming dense large grains is to sinter CZTS NPs in a Se-rich fluxing 

atmosphere (selenization).  

Recent work has indicated that the final morphology of CZTSSe is also sensitive to the 

ligand capping material on the CZTS NPs. Several studies have shown that increasing the weight 

percentage of carbon of the capping material results in larger grain growth compared to stripped 

NPs or ligands with a lower molecular weight.135,140,142,145,191 These studies indicate that the 

capping agent plays a more central role in the sintering process of CZTS NPs than prior works 

(which predict ligands desorb and calcinate during high temperature sintering (> 400 °C)).119,135  

Herein, we investigated the impact of ligand selection on sintered nanoparticle films. We 

compared three alkylamine ligands: dodecylamine (DDA), oleylamine (OLA), and linoleylamine 

(LOA). Sharing similar backbone length, structure, and anchoring functional group, these ligand’s 
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properties diverge in the number of unsaturated bonds along the hydrocarbon backbone; DDA is 

fully saturated (0 double bonds), OLA is an alkene (1 double bond), and LOA is a diene (2 double 

bonds).  

To evaluate the effect of the ligand on grain growth, we first synthesized and characterized 

CZTS NPs using SEM and XRD. While we observed strong similarities across synthesized NPs 

with different ligands, we found the final morphology and grain size of selenized CZTSSe varied. 

This work provides a potential strategy for engineering grain size during sintering without altering 

processing conditions such as temperature, time, or pressure.  

 

4.2. Methods 

4.2.1. Prior Methodology: Synthesis and Characterization of CZTS and CZTSSe 

Methods from Chapter 2 and 3 detail the synthesis, processing, and characterization of 

CZTS NPs and selenized CZTSSe films. In this chapter, we use previously described CZTS NPs 

which were synthesized with either DDA, OLA, or LOA ligands, and with metal acetylacetonate 

and elemental sulfur precursors. As particle size influences sintering and densification, we 

altered the solvent (i.e., ligand) concentration to control particle size during NP synthesis. 

Specifically, to synthesize smaller DDA NPs, the concentration of DDA was increased to 15 mL. 

After synthesis and isolation (washing) of NPs, the CZTS NPs were suspended into a NP 

ink and deposited for selenization. 

For the characterization of CZTS and CZTSSe films, previously described methods for as 

Raman Spectroscopy, XRD, SEM, EDS, XPS, TGA, and GDOES were all used. Specifically, 

material confirmation and comparison was performed via Raman Spectroscopy, XRD, EDS, and 
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XPS, and particle size analysis was conducted through a combination of SEM and XRD.  The only 

method which had modifications was for TGA.  Here, we performed TGA on the CZTS NPs with 

the same instrumentation (TA Instruments Q20 ThermoGravimetric Analyzer) and followed 

similar methods (10 °C/min, 40 mL/min of N2, platinum pan), however smaller sample sizes 

were used (6.3 ± 4.0 mg).  

4.2.2. Additional Techniques: Grain Size Analysis and NP Stability 

Per ligand sample (i.e, DDA, OLA, LOA), the grain sizes were determined from top-down 

SEM micrographs. Grain area was quantified with ImageJ from a minimum of 5 separate substrates 

(2 images per substrate). Grain size represents the calculated diameter of each grain, determined 

from the measured grain area. Y-axis is the probability density [counts], normalized by dividing 

counts by a power-law function (dof total area/d [μm/μm]). 

In addition to TGA, differential scanning calorimetry (DSC) was performed with TA 

Instruments DSC 2500 to characterize the NPs thermal stability. Samples (5.3 ± 0.8 mg) were 

loaded onto an aluminum pan and heated and cooled at a rate of 10 °C/min under continuous N2 

flow (50 mL/min). 

 

4.3. Results and Discussion 

4.3.1. Ligand Influence on the Formation of CZTS NPs 

As discussed in Chapter 1.1.3.2, NP size influences grain growth due to a decrease in 

melting point temperature, an effect known as size-dependent melting point depression.135 Since 

smaller NPs are intrinsically less stable than larger NPs, small particles will melt at lower 

temperatures, expediting the coarsening and densification during sintering. Thus, to adequately 
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compare sintered CZTSSe films made from DDA-. OLA-, and LOA-capped CZTS NPs, we first 

estimated the size of synthesized CZTS NPs through XRD and SEM. Through XRD, the mean 

crystallite size (τ) is calculated by the Scherrer equation:   

 
 Equation Description 

(Eqn. 4.1) 𝜏 =
𝛫𝜆

𝛽cos𝜃 

For spherical particles, K is ˜0.9, and the incident 
wavelength used was 1.54 Å. The three most planes of 
CZTS (i.e., (112), (200), and (312)) were used to 
estimate the mean crystallite size. 

τ = crystallite size [nm] K = shape factor [a.u.]; λ = incident wavelength [nm]; β = peak breadth [°]; θ = 

Bragg angle [°] 

   
From the Scherrer equation, crystallite sizes were estimated to be 21.0 ± 3.7 nm for DDA-

capped NPs, 15.5 nm ± 1.4 nm for OLA-capped NPs, and 12.0 nm ± 1.5 nm for LOA-capped NPs 

when synthesized under the same conditions. From Figure 4.1(b), we observe that the peaks 

broaden as the crystallite size decreases, in agreement with Eqn. 4.1 (β -1 ∝ τ) and microscopy 

images of the NPs (Figure 4.1(c)). NP size is typically dependent on the concentration of 

precursors and the ligand, reaction time, and temperature. Since we used identical reaction 

conditions (i.e., concentration, time, temperature) across all samples, we observed that increasing 

the number of double bonds along the ligand backbone (DDA < OLA < LOA) correlates with 

smaller NPs (τDDA > τOLA > τLOA). 

Our observed change in NP size may be a result of ligand sterics.69 While all three ligands 

have the same amine functional group (and therefore the same binding energies, reducing ability, 

and coordination bonding), the rigidity of the ligands’ backbones differ, increasing with the 

number of double bonds. Further, bulkiness of unsaturated ligands is amplified by elemental sulfur, 

which branches together ligands at double bond sites to form a polysulfide with higher molecular 

weight (e.g., Figure 1.13).146,150,153,166,298 When these bulky ligands or polysulfides bind to a 



 
 

 

122 

monomer, the monomer’s mobility decreases, resulting in slower nucleation and growth rates.69 

Additionally, due to steric hinderance, bulkier ligands become more effective at screening the 

diffusion of ions into and out of the nuclei, further slowing the growth rate of particles. Because 

of the double bonds within unsaturated OLA and polyunsaturated LOA, they are expected to form 

polysulfides, which may be why CZTS NPs synthesized with these ligands resulted in smaller 

nanoparticles than with saturated DDA, which lacks double bonds. In summary, during synthesis 

we that observe that double bonds limit diffusion, resulting in smaller NPs. 
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Figure 4.1: (a) XRD diffractogram of deposited thin films of CZTS NPs capped with DDA, OLA, and LOA 

ligands. The (112), (220), and (312) planes of the CZTS kesterite lattice are highlighted by the dashed grey 

lines, and have their Lorentzian fits displayed. (b) Truncated XRD diffractogram of CZTS NPs centered 

around the (112) plane (marked via ⊛) with the peak’s Lorentzian fit and crystal size displayed. (c) Top-

down SEM images of the deposited NP films prior to sintering. Scale bars for all insets are 200 nm. Peaks 

marked with black diamonds are associated with wurtzite ZnS. Intensity normalized to the (112) peak. 

 We realized that the size discrepancy of DDA-based NPs (2nd row of Figure 4.1) was likely 

to influence grain growth during sintering. To ensure that DDA-based NP samples were 

comparable to the OLA and LOA-based samples, we further decreased supersaturation 

concentrations during synthesis (see methods).299 As a result, CZTS NPs (13.0 ± 0.9 nm) were 

successfully synthesized with DDA (top row of Figure 4.1, ‘DDA small’) and were more 

comparable in size with the OLA- and LOA-based particles, thereby improving our ability to 

compare sintered NP films. 

In addition to NP size, we also ensured similarities in the crystal structure across samples. 

To undergo a phase transition (i.e., recrystallize into a new phase or crystal structure), additional 

energy is required which dampens the rate of mass diffusion and thus the rate of grain growth. 

Using XRD, we observed that across all samples, kesterite CZTS was the primary phase across all 

NP samples. Growth of the CZTS NPs is expected to stem from the interdiffusion of Sn4+ and Zn2+ 

into the Cu2S lattice to form CZTS,9,84 a mechanism that occurs readily as Cu2S, CZTS, and 

intermediate phases have all cubic structures with tetragonal bonding:84,300 

(Scheme 4.1) 𝐶𝑢!𝑆	(𝑐𝑢𝑏𝑖𝑐) + 𝑆𝑛%&

→	𝐶𝑢!𝑆𝑛𝑆𝑒'(𝑐𝑢𝑏𝑖𝑐) +	𝑍𝑛!&

→	𝐶𝑢!𝑍𝑛𝑆𝑛𝑆%	(𝑐𝑢𝑏𝑖𝑐) 



 
 

 

124 

For both DDA samples, only kesterite (cubic) CZTS phase was identified, in agreement 

with Scheme 4.1. However, synthesis with OLA and LOA resulted in a second crystalline material: 

wurtzite (hexagonal) ZnS (observed by the XRD signals at 27.03° and 30.60° 2θ). While binary 

and ternary derivatives of CZTS can readily form during synthesis due to the narrow stability of 

the kesterite CZTS phase, cubic ZnS (sphalerite) is the more stable polymorph of hexagonal ZnS 

under similar reaction conditions (e.g., see Figure 3.14-4).300  

It is plausible that the formation of the hexagonal ZnS phase results from slight differences 

in S concentration between DDA, OLA, and LOA. Lower concentrations of sulfur (< 1 mmol) 

result in the preferential formation of wurtzite ZnS.301 While we consistently used 1 mmol of S, 

increasing the number of double bonds increases the number of sulfur atoms occupied by cross 

linking the ligands (confirmed via XPS in Figure 4.13 for OLA and LOA), decreasing the 

concentration of available sulfur monomers for nucleation.150 

Because the concentration of ZnS increases with the number of double bonds, comparing 

each synthesized CZTS sample may be partially limited. During the sintering of CZTS NPs, Zn 

ions are the last to diffuse.84 Thus, the presence of a ZnS phase is not likely to impact the formation 

of CZTSSe from CZTS.84 Otherwise, we found no significant differences in shape and phase 

between CZTS NPs.  

4.3.2. Ligand influence on CZTSSe Grain Growth 

We first contrasted differences in the structure of CZTSSe films selenized under identical 

conditions. XRD diffractograms in Figure 4.2 show that upon annealing the deposited CZTS NPs 

in a selenium rich atmosphere, auxiliary CZTS and ZnS phases were eliminated, revealing a single 

phase of kesterite CZTSSe ((Cu2ZnSn(S0.1Se0.9)4) across all samples. This result emphasizes that 
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all samples were fully selenized into kesterite CZTSSe under the same sintering conditions (20 

min at 500 °C).191  

 

Figure 4.2: (a) XRD diffractogram of selenized thin films of CZTSSe from DDA, OLA, and LOA-based 

samples. (b) Truncated XRD diffractogram centered around the (112) plane of CZTSSe (marked via ⊛) The 

percent selenization of each Cu2ZnSn(SxSex-1)4 is reported by calculating the difference in lattice spacing 

from pure CZTS (x = 1) and CZTSe (x = 0). For all samples x = ~ 0.1. Intensity is normalized to the (112) 

peak. 
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Cross-sectional micrographs were collected to observe grain height. The area of grains 

from top-down micrographs was quantified to obtain the grain size distribution of selenized films. 

Across samples, several differences in grain size (d) and grain density (ρG) were observed. 

As shown in Figure 4.3(d), the grain size of LOA-based films was the largest with an 

average size of 1.33 μm and a wide grain size distribution (dmax = 3.7 μm). Despite the different 

sizes of DDA- and OLA-based CZTS NPs, the average grain sizes and distributions across 

resulting CZTSSe films were very comparable (davg, DDA = 0.79 μm, davg, OLA = 0.78 μm). When 

the size of DDA synthesized particles was reduced, the average grain size increased (davg, DDA small 

= 0.93 μm). Therefore, when considering CZTS NPs of comparable sizes (i.e., DDA small, OLA, 

and LOA samples), there was no consistent trend between the average grain size and number of 

double bonds along the ligand backbone. 
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Figure 4.3. SEM micrographs include (a) cross-section images of selenized samples (scale bar 500 nm), (b) 

top-down images of samples (scale bar 5 μm) with a pore highlighted (dashed white circle) and the average 

pore density across all samples labeled, and (c) zoomed in top-down images (scale bar 1 μm). (d) The grain 

size distribution collected for each selenized material, determined by calculating the average diameter of each 

grain, with the same y-axis intensity (probability density) for each distribution. 

Table 4.1. Grain size and densification 

 DDA 
small DDA OLA LOA 

davg  0.93 0.79 0.78 1.33 
dmed  0.88 0.71 0.74 1.26 
dmax  2.7 2.0 2.3 3.7 

ρG  69 % 14 % 92 % 97 % 
ρP 31 % 86 % 8 % 3 % 
 ν 1.2 1.7 1.7 0.56 
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d = grain size, or the grain diameter calculated from the area of the grain [μm]; davg = average grain size [μm]; 

dmed = median grain size [μm]; dmax = maximum grain size [μm]; ρG = grain density, or the percentage of 

densification calculated by subtracting the percentage of space occupied by pores [%]; ρP = pore density, or 

the percentage of the film not occupied by grains [%]; ν = the number of grains that occupy 1 μm2 (excluding 

pore channels) [grains/μm2].  

However, we observed a trend between the number of double bonds and the density of 

large grains. In Figure 4.3(b), regions where large CZTSSe grains did not form are highlighted 

(pores). For NPs of similar size, the density of these pores (ρP) consistently decreased as the 

number of double bonds increased from ρP, DDA small = 31 %, ρP, OLA  = 8 %, to ρP, LOA  = 3 %. 

Therefore, the densification (the density of large grains (ρG)) increased as we increased the 

number of double bonds within the ligand. We also observed that ρP depended on NP size: 

smaller DDA NPs resulted in less pore space (ρP, DDA small = 31 %) then larger DDA NPs (ρP, 

DDA = 86 %). 

The difference in d and ρG offer insight into the rate of densification and grain growth. 

Films with ρG < 90 % lie within the ‘intermediate stage’ of the sintering process, pictured in 

Figure 1.6 (Chapter 1). Both of our DDA samples fall within this intermediate stage with a 

low ρG (14 – 69 %). While ρG increased to 92 % for OLA samples, the grain size remained 

unchanged, indicating that the rate of densification increased while the samples were still in 

early stages of growth. Increasing the number of doubles bonds (LOA) led to a further increase 

in both ρG (97 %) and grain size. These results provide evidence that the number of double 

bonds in the ligand positively correlates with the rate of densification.  

Using ligands with higher bond saturation may provide an effective strategy in 

decreasing the activation energy of the sintering process without increasing time, pressure, or 

temperature. 
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4.4. Conclusions 

Here, we synthesized CZTS NPs with ligands of varying bond saturation: dodecylamine 

(DDA, 0 double bonds), oleylamine (OLA, 1 double bond), and linoleylamine (LOA, 2 double 

bonds) ligands. We found that CZTS NP size and phase purity increases with increasing bond 

saturation, and that NP size can be modulated by ligand concentration during synthesis. Upon 

synthesizing NPs of comparable sizes, we found that bond saturation and NP size exert significant 

influence on the final grain size and densification. Most notably, grain density consistently 

increased with the number of double bonds. Additionally, the ligand containing a higher 

concentration of double bonds (i.e., LOA) formed of comparatively larger CZTSSe grains. These 

results signify that the ligand used within synthesis, especially unsaturated ligands, serve an 

advantageous role during the NP sintering. 

 

4.5. Preliminary and Future Works 

4.5.1. Mechanism of the Ligand During Sintering 

While this work has determined that LOA-based CZTS NPs exhibit superb grain growth, 

the underlying mechanism for this must still be explored. To understand how something as trivial 

as bond saturation can result in the observed differences in sintered film morphology, we tested 

two hypotheses: (1) the ligand desorption influences the rate of sintering and (2) the ligand operates 

as a fluxing agent which promotes grain growth. 
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4.5.1.1 Ligand desorption 

During sintering, the initial step required for the necking (adjoining) of NPs is the 

desorption of the encapsulation layer (as discussed in Chapter 1.1.3). Therefore, the rate or 

temperature of ligand desorption influences early stages of the sintering process. As all 

encapsulation ligands in this work have an amine functional group, the strength of adhesion 

(lability) should be comparable across samples. However, the coordination or chelation of 

encapsulation ligands varies due to differences in the steric hindrance within the ligand backbone. 

(As discussed, as the number of double bonds increases, there will be more cross-linking with 

sulfur to form higher molecular weight polysulfides.85,87,91,140,142,146,150,153,302,303) Generally, 

chelated and bulkier ligands require more energy (i.e., higher temperatures) and longer durations 

(i.e., slow rate) to desorb from the surface.115,116,199,304 Bulkiness and chelation also influence 

grafting density which may counter this effect, as large molecules with high steric bulk will have 

fewer anchoring groups per NP surface site.115,116,199,304 To monitor the desorption of the different 

encapsulating ligands, we performed differential scanning calorimetry (DSC) on the CZTS NP 

samples. 
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Figure 4.4. DSC of (blue) CZTS-DDA NPs, (purple) CZTS-OLA NPs, and (pink) CZTS-LOA NPs samples. 

The DSC cycle scan includes the (a) heating (b) cooling, and (c) re-heating of the NPs. Endothermic 

processes are negative (endo down). 

From DSC of the NPs, during heating all samples experienced an endothermic process 

(which likely corresponds with either ligand desorption or NP melting)305,306 that increased with 

the number of double bonds within the ligand backbone. The sintering mechanism of CZTS-OLA 

and CZTS-LOA initiating at higher temperatures is likely a result of increased ligand bulkiness 

and chelation due to the polymerization of alkenes (OLA) and, to a greater extent, dienes 

(LOA).115,116,199,304 NPs were then cooled and reheated to determine the reversibility of this 

process. Upon the cooling of NPs, two exothermic processes (which likely corresponds to the 

crystallization of NPs)305,306 occurred within the same temperature ranges across all samples (~60 

°C, 180–220 °C). While it is unclear as to why two separate exothermic processes occurred, this 
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may be interpreted as the crystallization of NPs with different thermal stabilities (i.e., phases, 

sizes). During the second heating run, the initially observed endothermic peak disappeared, 

indicating that an irreversible process occurred during the first heating cycle (such as ligand 

desorption). In place of ligand desorption during re-heating, two endothermic peaks are observed 

within the same temperature ranges across all samples (~100 °C, ~225 °C). These peaks 

correspond well with the observed crystallization peaks, suggesting that these endothermic peaks 

correspond with melting. 

 In summary, DSC shows that increasing the number of double bonds along the ligand 

backbone results in higher temperatures for ligand desorption, and thus, higher temperatures to 

initiate sintering. Despite higher temperatures being required for desorption, LOA samples had 

both superior grain size and densification when compared to DDA or OLA samples. This suggests 

that rapidly initiating the sintering process is not required to achieve enhanced morphology. 

Therefore, rather than influencing the initial rate of necking, the ligand is more likely to influence 

the rate or activation energy of densification and grain growth. 

4.5.1.2 Ligands as a fluxing agent 

In previous studies, poor coarsening and densification had been reported for bare NPs and 

NPs encapsulated by low molecular weight or volatile ligands, whereas robust grain growth had 

been reported for NPs capped with organic materials which have higher molecular weights and 

boiling points.142,145,191 It may be possible that the encapsulation layer wets the NP surface and 

promotes ion diffusion, operating as a fluxing agent.142,145 The critical attributes of these ligands 

as fluxing agents would be the their thermal stability (i.e., what temperature ranges will these 

ligands be present) and their concentrations (i.e., the relative mass of fluxing material present). To 

investigate these attributes, we look back at our TGA spectra of the polysulfides collected in 
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Chapter 3. Additionally, we consider the weight loss profiles of CZTS NPs capped with these 

ligands. 

In Chapter 3 we identified that the polysulfide’s thermal stability increased with the 

number of double bonds along the ligand backbone, leading to a higher percentage of polysulfide 

remaining present at elevated temperatures. For example, 80 % of the polysulfide volatizes by 

~200 °C (DDA-S), ~260 °C (OLA-S), and ~370°C (LOA-S). LOA-based CZTS NP samples 

experienced the greatest mass loss during heating (ΔWt%500 °C = 13.4 %), meaning that their 

encapsulation layer had both the greatest thermal stability and the greatest weight fraction (i.e., 

higher mass of fluxing material). Other similarly sized NPs experienced less of a difference 

(ΔWt%500 °C, DDA small = 8.5 %, ΔWt%500 °C, OLA = 8.0 %,). The (larger) DDA particles had the lowest 

concentration of polysulfide (ΔWt%500 °C = 3.9 %), likely due to their comparatively lower SA/V. 

The observed increase in thermal stability and weight fraction of the encapsulation agent 

(i.e., the diene-based polysulfide) is consistent with the observed increase in densification and 

grain growth of corresponding films. A hypothesis for further study may be that the presence of 

the encapsulation agent is beneficial for ion diffusion, and once volatilized, further ion diffusion 

becomes limited. 



 
 

 

134 

 

Figure 4.5. (top panel) TGA (red) and DTG (grey) spectra of the polysulfides made with (a) DDA, (b) OLA, 

and (c) LOA (all 1 M ligand-S solutions). (bottom panel) TGA and DTG spectra of CZTS NPs. Samples 

include (a) CZTS-DDA small NPs, (b) CZTS-DDA NPs, (c) CZTS-OLA NPs, and (d) CZTS-LOA NPs.  

4.5.1.3 Ligands as a source of sulfur flux 

Within our sintering methods, selenium is used as a fluxing agent that promotes the 

diffusion of ions. Sulfur and reactive sulfur gases can also be used in this fashion to sinter and 

react with NPs.87,307 During sintering, it is likely that the polysulfide encapsulation agent 

decomposes and excess sulfur (e.g., H2S) from the polysulfide contributes to grain growth as a 

fluxing agent.150,247 Due to the additional cross-linking between sulfur and alkenes, we expect the 

concentration of sulfur within the polysulfide to increase with the number of double bonds 

(confirmed in Chapter 4.6.1 via XPS). To directly examine if the sulfur within the polysulfide 

contributes to grain growth, two methods were used (herein on only with CZTS-OLA samples). 
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First, we attempted to alter the carbon and sulfur concentrations of the capping ligands 

through both ligand stripping and exchange. This included stripping surface ligands from the 

CZTS NPs until they became unstable, and then finally redispersing the bare NPs with either the 

pure OLA ligands or a 2 M sulfur OLA mixture (high sulfur concentration). After selenization, 

there was no quantifiable difference in grain size across samples (reference NPs, bare NPs, and 

NPs capped with pure OLA or 2 M OLA-S). However, the effectiveness of the ligand exchange 

method is uncertain and it may be worthwhile to repeat in future works. For data from these 

experiments and additional discussion, see Chapter 4.6.2.  

Our second method was to mix in excess OLA, polysulfide (OLA-S), or elemental sulfur 

into the NP ink prior to deposition, allowing us to systematically control the carbon and sulfur 

content within CZTS NP films. Here, we observed no difference in grain growth (Figure 4.6) for 

samples mixed with OLA or a 2 M OLA-S mixture, indicating that neither the ligand or nor 

polysulfide is operating as a fluxing material. While we incorporated the same wt% of material 

into each ink (15 wt%), for stronger conclusions, higher concentrations of OLA and 2 M OLA-S 

should be tested to confirm that there is indeed no effect of incorporating OLA or polysulfide into 

the NC ink. Additionally, it would be interesting to repeat this type of experiment with 2 M LOA-

S, allowing for better comparison between OLA and LOA samples. 

Promisingly, by simply adding in 15 wt% of elemental sulfur to the NP ink prior to 

deposition, a 20 % increase in grain size was achieved. This preliminary work shows that 

incorporating a small amount of fluxing material (elemental sulfur) into the NP ink may be a 

promising and simple approach for achieving larger grains.  
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Figure 4.6. Grain size distribution of selenized films of synthesized CZTS NPs (red reference line in all 

spectra corresponds with standard CZTS NPs from Figure 4.16, which has a of davg = 0.94 μm and of dmed = 

0.84 μm). From left to right: the same sintered CZTS NPs with 15 Wt% of OLA added to a 200 mg/mL NP 

ink (davg = 1.0 μm, dmed = 0.94 μm), with 15 wt% of 1 M OLA-S added (davg = 0.88 μm, dmed = 0.81 μm), and 

15 wt% of elemental S added (davg = 1.13 μm, dmed = 1.03 μm). 

4.5.2. Effect of Grain Size and Density on CZTSSe Electrical Properties 

Theoretically, larger and denser grains should result in overall enhanced performance for 

CZTSSe photovoltaic devices. This is due to surfaces and interfaces, such as grain boundaries, 

operating as recombination sites for optically generated excited electrons.308 As such, based off 

our observations from Figure 4.3., we would expect the conductivity of LOA based films to be 

greater than that of OLA. To calculate conductivity (σ) on a subset of samples, we used a 4-point 

probe to measure series resistance (R) and profilometer to measure the sample’s average film 

thickness (L). Across each sample, the area (A) is a constant (the contact surface area of the 4-

point probe). 

 𝜎 =
𝐿

𝑅 ∗ 𝐴 (Eqn. 4.2) 
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Table 4.2. Average resistance and thickness of different OLA and LOA samples 

CZTSSe - OLA Resistance [Ω] Thickness [μm] σ * A * 10-4 [cm⋅Ω-1] 
S5 0.19 ± 0.01 0.59 ± 0.29 3.14 
S6 0.31 ± 0.02 0.88 ± 0.32 2.86 
S7 1.28 ± 0.07 1.31 ± 0.15 1.34 
S8 0.56 ± 0.03 1.76 ± 0.10 3.14 

    
CZTSSe - LOA Resistance [Ω] Thickness [μm] σ * A * 10-4 [cm⋅Ω-1] 

S2 0.36 ± 0.02 1.56 ± 0.03 4.31 
S9 1.22 ± 0.13 1.84 ± 0.05 1.51 
S10 0.27 ± 0.01 1.09 ± 0.27 4.05 
S11 0.39 ± 0.05 1.27 ± 0.51 3.29 
S12 1.00 ± 0.03 1.92 ± 0.05 1.92 

    

While it appears that CZTSSe films with LOA can achieve higher conductivities (σLOA = 

3.02/A * 10-4 cm⋅Ω-1, σOLA = 2.62/A * 10-4 cm⋅Ω-1), the error for both samples is too high to make 

any overarching conclusions. To further investigate, we characterized each film on a sample-by-

sample basis. 

 

Figure 4.7. A subset of SEM CZTSSe micrographs from OLA synthesized CZTS NPs: samples (a) S5, (b) 

S6, and (c) S8. A subset of SEM CZTSSe micrographs from LOA synthesized CZTS NPs: samples (d) S2, 

(e) S9, and (f) S10 (scale bar 2 μm). 

2 um2 um 2 um2 um2 um2 um

2 um2 um 2 um2 um 2 um2 um
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Table 4.3. Relationship between resistance and morphology 

CZTSSe - OLA σ * A * 10-4 
[cm⋅Ω-1] davg [μm] ρG [%] 

(a) S5 3.14 0.81 91.8 % 
(b) S6 2.86 0.66 99.9 % 
(c) S8 3.14 0.65 99.9 % 

    

CZTSSe - LOA σ * A * 10-4 
[cm⋅Ω-1] davg [μm] ρG [%] 

(d) S2 4.31 1.45 99.1 % 
(e) S9 1.51 1.00 86.8 % 
(f) S10 4.05 1.19 99.0 % 

    
 From these measurements, there is considerable variation across samples with again, no 

distinct trend. The only consistency is with our observations from Figure 4.3, where for all LOA 

samples, the grain size was larger than OLA samples even in regions with a lower ρG. However, 

these larger grain sizes did not directly correlate with enhanced electrical properties. While these 

results affirm that LOA-based films results in larger grain sizes, a considerably larger set of 

samples should be characterized for more accurate determination of its impact on electrical 

properties. Additionally, further work can be done to decouple or correlate or the influence d and 

ρG independently have on σ.  

4.5.3. The Fine Grain Layer 

The organic ligands are critical for the suspension of NPs in solvent, and their subsequent 

deposition. However, during sintering, these ligands are carbonized into a graphitic fine-grain-

layer (FGL) while the nanomaterials grow into large grains. We see that from Chapter 2, this 

carbon rich FGL is already present prior to sintering due to the settling of graphitic flakes which 

are produced during nanomaterial synthesis.  

The effect of the FGL on CZTSSe PV device properties has been explored. To assess the 

FGL’s impact on final device performance, researchers varied the thickness of both the large-
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grain-layer (LGL) and FGL.140 When modulating the FGL thickness, as long as the LGL’s 

thickness remained constant, no changes in performance were observed.140,141 However, when 

increasing the LGL thickness, the performance of PV devices also increased, indicating that the 

LGL alone drives device performance.141 Therefore, it is ideal to convert most of the NP film into 

a LGL. As the ligand influences the grain diameter and densification of the LGL, we also wanted 

to observe if the ligand influences the LGL thickness. Additionally, it is theorized that the FGL is 

not a detriment to device performance due to the structure of the carbonized material (i,e., 

graphitic), so we additionally assessed the structure of the FGL for both OLA and LOA-based 

CZTSSe samples. 

 

Figure 4.8. A look at the morphology of CZTSSe films including the large grains (purple) and fine grain 

layer (blue). (1A-1C) are micrographs of OLA-based films, and (2A-2C) are micrographs of LOA-based 

films. 
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Figure 4.9. A closer look at the FGL: (a) GDOES spatial carbon composition profile through the CZTSSe 

films of for films with both OLA and LOA based ligands. (b) Raman spectra collected on an exfoliated 

CZTSSe film, where only the FGL was exposed. 

While it would be ideal to observe a change in thickness ratio between the LGL and FGL, 

from SEM the LGL:FGL was consistent across CZTSSe-OLA and -LOA samples. From GDOES 

and Raman spectroscopy, we see further remarkably similar properties (carbon distribution, 

structure) of the FGL across both OLA- and LOA-based films. Thus, it appears that the 

morphological changes due to the organic ligand are confined to the grain size (diameter) and 

densification. 

4.5.4. Suggestions for Future Works 

4.5.4.1 Quantifying activation energy and the grain growth mechanism 

In order to succinctly determine the mechanisms occurring during the growth, temporal 

studies should be conducted. By collecting datasets of images at interval times (e.g, 1 min, 5 min, 

10 min, 15 min, etc.), we can better observe and contrast the stages of the sintering process (i.e., 



 
 

 

141 

initial necking, coarsening/densification, and finally growth) for each specimen. By extracting the 

average grain size (d) and densification (ρG) as a function of time, we can calculate and quantify 

significant information, such as the rate of densification and grain growth and the activation energy 

of grain growth.79,80 Based off of these values, information such as the likely mechanisms and 

stages of grain growth can be determined.79,80 These temporal measurements would assist in better 

comparing the impact each ligand has on the growth of large grains.  

4.5.4.2 Grain size analysis 

A major limitation of this project was the rate of processing micrographs. With current 

methods, rapid photo processes can be used to assist with grain boundary identification, however, 

to avoid gaps in boundaries and reduce noise, a final step of tracing grain boundaries by hand is 

necessary for high accuracy. This process is extraordinarily time consuming and limits the number 

of spots that can be characterized.  

 

(1) Bandpass Filter (2) Threshold

(3) Boundary 
Isolation

(4) ImageJ 
Size Analysis
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Figure 4.10. Current method of grain size quantification for SEM micrographs. 

Switching to automatic methods to quantify grain size would be ideal. Electron backscatter 

diffraction (EBSD) is one suggested method. EBSD generates a 2D map of the crystallographic 

orientation of the microstructure, making EBSD a powerful tool for instantaneous grain size 

analysis. A current challenge of using EBSD is that atomically flat surfaces are required. Early 

attempts of polishing CZTSSe films were too aggressive, resulting in poor morphology. Ion 

milling may be a more fruitful method of eliminating surface roughness. 

 

Figure 4.11. (a) Micrograph and corresponding diffraction pattern collected via EBSD from ref X,309 (b) 

Comparison of grain size from SEM and EBSD from Ref 302,309 and (b) initial preliminary attempts of using 

a bevel to polishing the surface of CZTSSe films. 
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4.6. Supporting Information 

4.6.1. Additional Compositional and Structural Characterizations 

 

Figure 4.12. EDS of all (a) CZTS and (b) CZTSSe samples.  

EDS was used to further compare the composition of each nanomaterial and was used to 

analyze the sample’s sulfur and carbon content. If sulfur (and carbon) within the polysulfide does 

increase with the number of ligand double bonds, the composition should follow a trend of 

increasing [S/(Cu + Zn + Sn)] and [C]. While there is an increase in [C] with the number of double 

bonds, EDS data in Figure 4.12 shows that the [S/(Cu + Zn + Sn)] ratios are consistent across all 

samples, excluding the larger DDA NPs which have a lower [S/(Cu + Zn + Sn)]. This may be a 

result of lower SA/V of larger particles, diminishing the concentration of surface C and S relative 

to the concentration of internal CZTS. Otherwise, similarities within S concentration across ligand 

type may be attributed to the consistent concentrations of sulfur used in the NP syntheses; within 

synthesis the sulfur concentration was restricted to be stoichiometric with the metal precursors. 

Since the EDS concentration of sulfur does not detail how the sulfur is bonded, high resolution C 

1s and S 2p XPS scans were used to distinguish kesterite sulfur bonding from crosslinked sulfur.310 
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Figure 4.13. Surface XPS scans of the C 1s region and the S 2p region of CZTS NP thin films synthesized 

with (a) OLA and (b) LOA. To emphasize polysulfide dependent bonding, on the C 1s scan, the C-S bonding 

region is highlighted, and on the S 2p scan, the central and terminal S polysulfide bonding regions are 

highlighted. On the S 2p scans, S 2p3/2 are fit by solid lines, and corresponding S 2p1/2 are fit by dashed lines 

of the same color. 

Table 4.4. Surface XPS scans of the C 1s region and the S 2p region of CZTS NP thin films. Each 

scan is the average of 2 spots/sample. Binding modes associated with the polysulfide/ligand are 

bolded. 
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Sulfite (SO32-) 166.0 2.1 % O-C=O 289.0 4.3 % 
Sulfate (SO42-) 168.9 54.2 %    
Sulfate (SO42-) 170.3 2.1 %    

 

 From XPS, we observe little difference in sulfide-, sulfite-, and sulfate-based bonding, 

which would primarily correspond with the metal-based bonding of S in CZTS.310 However, 

there is a slight increase in the total polysulfide contribution for the LOA sample (14.2 % for 

LOA, 13.0 % for OLA). More significantly, there were changes to the ratio between internal 

and terminal S of the polysulfide: the OLA sample has approximately a 1:1 ratio, whereas the 

relative amount of central sulfur (S-S-S) to terminal S increased to 1.64:1. This suggests there 

is overall more S-S-S bonding within the polysulfide of LOA samples. Additionally, the C-S 

bonding was a substantially increased for LOA samples (19.2 %) over OLA samples (10.6 %). 

These XPS results indicate that there is indeed a higher S content within the LOA polysulfide 

which encapsulates the CZTS NPs. 
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Figure 4.14. (a) Full GDOES composition profile for CZTSSe films with both (top) OLA and (bottom) 

LOA based ligands. The dashed lines signify different regions in the film (LGL, FGL, substrate). 

4.6.2. Ligand Exchange 

 

1.0

0.0

10080604020
Sputter time [s]

100
80
60
40
20
0

At
om

ic 
pe

rc
en

ta
ge

 [%
]

1.0

0.0

No
rm

al
ize

d 
co

nc
en

tra
tio

n 
[a

.u
.]

 Mo

 Sn Cu  Zn
 Se  S

 C

CZTSSe w/ OLA

 

1.0

0.0

No
rm

al
ize

d 
co

nc
en

tra
tio

n 
[a

.u
.]

10080604020
Sputter time [s]

At
om

ic 
pe

rc
en

ta
ge

 [%
]

1.0

0.0

100
80
60
40
20
0

 Sn Cu  Zn
 Se  S

 Mo

 C

CZTSSe w/ LOA



 
 

 

147 

 

Figure 4.15. TGA of CZTS NPs washed 2 X after synthesis (standard washing procedure) compared to the 

same washed NPs after stripping, prior to ligand exchange. 

 

Figure 4.16. Grain size distribution of the standard NP reaction (1 M OLA-S), the same NPs after stripping (L-

stripped), and rewashing with either pure OLA (OLA) or a 2 M OLA-S solution (2 M OLA-S). (a) The overlayed 

probability distribution of each sample. (b) Same distributions normalized to the area of the fit curve. Sample 

sizes, davg, and dmed are reported. 
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5. Chapter 5: Summary and Future Directions 

 

5.1. Summary 

In Chapter 2, we investigated the thermal decomposition and restructuring of OLA ligands 

using a combination of TGA, Raman spectroscopy, and XPS, seeking to determine the specific 

nature of OLA’s decomposition and its ultimate incorporation into a carbon-rich fine-grain layer 

in CZTSSe systems. OLA is identified to decompose into nanostructured graphitic carbon, first 

being detectable immediately after the Cu2ZnSnS4 (CZTS) NP synthesis (at 225 °C), forming when 

CZTS was synthesized with (1) acetylacetonate and (2) chloride precursors. These graphitic flakes 

are identified as defective graphene oxide, which segregates from OLA-capped NPs during 

deposition to assemble into the carbon-rich layer which, prior to this work, was detected only after 

the sintering of CZTS NPs at 500 °C. 

In continuation of Chapter 2, Chapter 3 expands upon this investigation by studying the 

thermal decomposition of common ligands with varying functional groups (amines and carboxylic 

acids) and bond saturations (from saturated to polyunsaturated). We investigated how these ligand 

properties influence decomposition in absence of and in the presence of precursors used in NP 

synthesis. Notably, increasing the number of double bonds along the ligand backbone resulted in 

higher degrees of decomposition, and, graphitization is achieved from the pyrolysis of polymerized 
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(polysulfide) ligands. This pyrolysis occurs in the absence of metal precursors at temperatures 

which exceeds nanoparticle synthesis, signifying that metal precursors or the resulting 

nanoparticles contribute to the decomposition of ligands during synthesis at 225 °C. During the 

synthesis of inorganic chalcogenide NPs with oleylamine and metal acetylacetonate and sulfur 

precursors (Cu2ZnSnS4, CuxS, and SnSx), the ligand pyrolyzes, producing alkylated graphitic 

species while there was less to no ligand decomposition during the sulfur-free synthesis with metal 

acetylacetonate precursors (ZnO, CuO). 

Between Chapter 2 and Chapter 3, we hope these results will help guide ligand selection 

for high temperature (≥ 225 °C) NP syntheses and improve upon reaction purity, an important 

consideration in many applications. 

Furthermore, while the ligands used during syntheses are critical for effective deposition, 

post-thermal treatments (sintering) of the NP films reveal that ligand selection influences the NP 

grain growth and densification. In Chapter 4, we synthesize metal-chalcogenide CZTS NPs using 

ligands of varying bond saturation to tailor the morphology of sintered NP films. SEM micrographs 

results reveal that capping ligands with more unsaturated bonds assist in the growth and 

densification of CZTS upon sintering in an inert, selenium-rich environment. This is valuable as 

the ligands used in synthesis can be used to tailor post-processing, and thus the film’s final 

properties. 

Holistically, this work is a steppingstone in redefining the ligand’s roles during both 

synthesis and sintering. 
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5.2. Future Directions 

5.2.1. Mitigating Ligand Decomposition 

In Chapter 2, we were able to partially isolate the graphitic impurities through washing. 

However, after 3 washes, the carbon impurities were not fully removed. With subsequent washing, 

capping ligands that anchored to the NC are stripped, reducing the materials ability to be suspended 

in solvent and redispersed for deposition. Therefore, alternative avenues for reducing these carbon 

impurities should be explored. 

As the formation of these graphitic materials is contingent on the thermal decomposition 

of the ligands, it is plausible that reducing the reaction temperature can entirely circumvent ligand 

decomposition during nanomaterial synthesis. All nanomaterials made in this work were 

synthesized at 225 °C, a critical temperature for producing kesterite CZTS, as lower reaction 

temperatures will not yield in the desired targeted structure.9 However, many nanomaterials can 

be synthesized at temperatures well below 225 °C. For example, in this work we additional 

synthesized CuxS, CuO, ZnS, and SnS NPs, which can be produced at lower temperatures (e.g., 

room temperature – 200 °C),107,108,295,301,311 where thermal decomposition may be mitigated. Thus, 

it is important to define the temperature ranges in which ligand decomposition can occur. 

Additionally, in Chapter 2 and 3, we considered how precursor selection (e.g., 

acetylacetonate v chloride, chalcogenide materials v sulfur free materials) influences the observed 

ligand decomposition. As outlined in this work, a combination of TGA and structural 

characterizations (i.e., Raman Spectroscopy and FTIR, 1H NMR, or XPS) can be effective in 

investigating the decomposition of ligands in either the presence or absence of precursors. While 

this work studies alkylamines and alkyl carboxylic acids, additional ligands (e.g., phosphines, 

thiols) have yet to be studied and are relevant to nanomaterial syntheses. Future works may also 
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include investigating additional precursors of different structure and different elements. This 

includes alternatives to metal acetylacetonate and metal chloride precursors (e.g., metal nitrates, 

metal acetates), sulfur precursors (e.g., thiols, thiourea), and investigating new elements (i.e., any 

element in addition to the Cu, Zn, Sn, and S). To this extent, there is a significant library of ligands 

and precursor materials to explore. In expanding the library of materials, researchers may establish 

a comprehensive and wholistic mechanism of in situ ligand decomposition. This would allow for 

the mitigation of ligands decomposition during nanomaterial synthesis. 

5.2.2. Leveraging Ligand Decomposition 

While carbon impurities may be undesirable, structured carbon (e.g., graphene, graphite, 

carbon dots, carbon nanotubes, graphene nanodots, etc.) can hold desirable luminescent and 

conductive properties. More characterization (e.g., UV-Vis, photoluminescence, 4-point probe) 

can determine additional functional properties of the carbon impurities. As it is apparent that the 

detected carbon impurities has a similar structure (see Chapter 2 and Chapter 3), it is plausible 

that these impurities have useful functional properties and can be used in hybrid nanomaterials 

(inorganic-organic nanocomposites) systems.186 Hybrid nanomaterial systems have been explored 

in several applications (e.g, carbon dot-silica NP nanocomposites are used in biosensing and 

theragnostic applications, PtCo NPs encaged in graphene as catalysts for fuel cell 

applications).312,313 



 
 

 

152 

 

Figure 5.1. (a) Raman spectroscopy and UV-Vis of carbon dots of differing structure from Ref [314].314 (b) 

Emission from carbon dots produced through a variety of methods from Ref [315].315 (c) Example of 

engineered hybrid NP-structured carbon composite for fuel call applications from Ref [313].313 
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To intentionally produce hybrid nanomaterial systems, good candidates for in-situ organic 

precursor decomposition should be revisited. For example, citric acid is used as a reducing agent 

during synthesis of metal nanomaterials (room temperature to ̃ 60 °C).316,317 Citric acid is also used 

as a precursor for the pyrolysis and carbonization of graphene quantum dots (200 °C).186,315,318 It is 

plausible that the carbonization of citric acid will occur during the synthesis of nanomaterials at 

elevated temperatures (~ 200 °C), resulting in the intention production of GQD in tandem with 

nanomaterials. 

 

 

Figure 5.2. (top) Synthesis of Fe3O4 NPs with citric acid as a reducing agent at 200 °C from Ref [319],319 

and (bottom) Pyrolysis and carbonization of citric acid into graphitic material at 200 °C from Ref [318].318 
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Additionally, Ni and Cu foils have been used as catalysts for the production of graphene 

sheets from fatty acids (i.e., unsaturated carboxylic acids) at high temperature (≥ 800 °C).291,320 

Using smaller molecules (e.g., C2H4) can lower the temperature of graphene production of Ni and 

Cu foils (500 °C), and using nanoparticles can once again reduce the temperature of nucleating 

and growing graphitic material (300 – 500 °C). For example, metallic (e.g., Fe, Co, Ni) and bi-

metallic (e.g., Fe–Ni, Fe–Ni, Ni–Co, Ni–Pd,) NP catalysts can be used to grow carbon nanotubes 

(CNTs) at 300 – 400 °C when using small molecule hydrocarbons are the carbon source (e.g., 

C2H4, CH3OH, C2H5OH).291,320 

 

Figure 5.3. CNT’s catalyzed by a Ni–Co alloyed NP at 550 °C from Ref [321]. Through (a) TEM 

observations and (b) DFT, here it is predicted that C2H4 is dissociates at the catalysts surface, C atoms diffuse 

through the bulk of the NP, and is nucleated into the carbon lattice.321 Here, the NPs act as a catalyst and 

template for the nucleation and growth of structured carbon. (c) An example of fullerenes/nanosoot particles 

catalyzed by a Ni–Fe NPs from C2H4 at 300 °C from Ref [322].322 

 We see that many of the nanomaterial was used in this study (CZTS, Cu, Zn, Sn, CuS, ZnS) 

have catalytic properties which may contribute to decomposition. While we do not expect that our 

(a)

(b) (c)
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particles are forming fishbones CNT under our reaction conditions (review Scheme 2.1), these 

NPs may be candidates for CNT nucleation and growth at higher temperatures. Additionally, as 

fatty acid ligands are used as the carbon precursor for graphitic materials at high 

temperatures,187,291 these ligands may be a viable source of carbon for CNT production at 

decomposition temperatures. In these future works, in-situ TEM experiments and DFT would be 

useful tools for further understanding the in-situ decomposition of ligands. 

 Once efforts have been made to control the in-situ synthesis and the properties of 

carbonized ligands, ligands can be selected with intention to enhance the properties and function 

of hybrid materials. For example, the presence of a graphene interlayer between the CZTS NPs 

and the Mo substrate can reduce the formation of resistive MoS2 during sintering (MoS2 reduces 

device performance).323 Alternatively, reduced graphene oxide (rGO) and CZTS NP 

nanocomposites have enhanced transport of photoexcited carriers for solar cell applications and 

can be used to enhance photocatalytic redox reactions.324,325 

5.2.3. Fine-Grain-Layer 

From our investigations in Chapter 2, we now know that the graphitic “fine-grain-layer” 

(FGL) identified within sintered films forms prior to sintering, and that the source of graphitic 

material is from the organic ligands used in synthesis. By thoroughly characterizing the thermal 

properties of the ligands and polysulfide (i.e., capping agents), we find that this carbonization 

occurs between 347 and 445 °C, depending on ligand backbone and functional group (Chapter 

3). These thermal studies provides insight into how the ligands and polysulfides will decompose 

and further carbonize during sintering. While there is no large structural difference between the 

graphitic FGL amongst our samples (Chapter 4), if the structure of graphitic material can be 
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tailored through informed ligand selection, then it may be possible to a create a high quality FGL 

within sintered films which enhances charge conduction and final device properties. 

5.2.4. Low Temperature Nanocrystal Densification 

In the formation of large CZTSSe grains, Se or S vapor operate as fluxing agents that drives 

densification.84,91,141,191 While this is a critical step for enhance the sintering kinetics, the eventual 

goal is to reduce the time and temperature required for sintering to further decrease the thermal 

budget for material processing. 

In Chapter 4, the polyunsaturated LOA ligand used the during synthesis of CZTS NPs led 

to enhanced grain growth (densification and grain size) of sintered CZTSSe films. Preliminary 

work showed that the incorporation of sulfur atoms into the organic capping agent may be the 

cause of enhanced grain growth, as sulfur atoms are directly delivered to the surface of the particles 

during sintering. Further engineering of polysulfide or polyselenides can be performed to increase 

the weight percentage of fluxing atoms within the polymer and NP films.  

In addition to investigating the delivery of fluxing material through the capping agent, we 

found that the incorporation of fluxing particles into the NP ink can also result in enhanced grain 

growth (Chapter 4). Thus, incorporating sulfur or selenium particles into the NP ink may be a 

promising method of initiating low temperature sintering of chalcogenide NPs.  

With each of these techniques, the temporal evolution and temperature-dependent activation 

of sintering can be monitored.79,80,191 Grain growth can be empirically measured at intermittent 

times and temperatures and compared against thermodynamic and kinetic models, allowing us to 

better evaluate the driving forces for the grain growth of sintered NP films.  
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learning of renewable technologies in her high school chemistry class, she was both fascinated by 

the science and disappointed that these technologies were not more universally adopted, something 

she aimed to change. At the University of Albany, Breena obtained her B.S. in Nanoscale 

Engineering with a focus in Renewable Energy. During this time, she was able to conduct 

academic research on fuel cell catalysis and industry research on fuel cell assemblies. After 

exploring fuel cells, Breena continued her education by pursing her PhD in Materials Science and 

Engineering, researching solar cell materials and processing at the University of Washington. She 

was also able to research and deploy solar technologies as a co-founder and officer for the student 

group GRID (Global Renewables Infrastructure Development). After consulting for Solar 

Washington and the Washington State Academy of Sciences, Breena’s interest in science due-

diligence and communication flourished. In the future, Breena aims to further pursue clean 

technologies and to apply her scientific knowledge to inform stakeholders, in hopes of leading to 

a more sustainable world. 


