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ABSTRACT 

Binary and ternary metal chalcogenides have become well-known materials among 

chemists, physicists, material scientists, and other researchers of the field, and they have 

attracted significant attention because of their novel chemical, magnetic, electronic, mechanical 

and optical properties. Among the metal chalcogenides, chromium-based chalcospinels ACr2X4 

(A = Cu, Co, Fe, Cd, and Hg; X = S, Se, and Te) have gained significant attention because they 

are a notable class of magnetic materials such as semiconductors, magnetic metals, and 

insulators. 

In this work, a general overview of binary and ternary metal chalcogenides and their 

nanocrystals has been provided. We have also provided an overview of the wet-chemical 

colloidal methods as an important approach to size and shape-controlled synthesize of 

nanocrystals. We have also discussed the importance of metal doping reactions as a pathway to 

create previously unavailable multielemental materials for high-performance applications. In this 

set of studies, colloidal nanocrystals of chromium-based chalcospinels of CuCr2S4 and CuCr2Se4 

have been synthesized via hot-injection and heat-up methods and were characterized using 

experimental methodology comprised of different microstructural and structural tests. 

The magnetic properties of these nanocrystals have also been studied. The next studied 

system was Cr-doped pyrite CuSe2 nanocrystals, eventually leading to the observation of 

significant enhancement of ferromagnetic moment by Cr-doping in octahedral sites of the pyrite 

structure. We performed a unique reaction in which nanocrystals of CrxCu1-xSe2 (x = 0.1-0.5) 

formed in the pyrite phase, which is not stable in bulk form. The host p-CuSe2 nanocubes did 
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also undergo a degradation influenced by the reaction temperature and the doping of Cr3+ ions in 

the pyrite crystal structure.  

The Cr-doped nanocrystals of the pyrite phase were formed during the heat-up procedure 

and by increasing the reaction temperature transformed to CuCr2Se4 spinel nanocrystals. To the 

best of our knowledge, no cationic substitution of chromium for copper has been reported on 

pyrite CuSe2 systems so far, likely due to the significant size difference between chromium and 

copper. Therefore, the results of this work are a powerful approach for the design and fabrication 

of new multielemental materials that may not be stable in the bulk form.  
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CHAPTER 1 

INTRODUCTION 

1.1 Colloidal Nanocrystals  

Nanocrystals (NCs) have attracted significant attention because they often show novel 

chemical, magnetic, electronic, mechanical, and optical properties that may not be found in the 

bulk materials. Therefore, controlling the size and shape of NCs is essential and plays a crucial 

role in optimizing their performance. Over the past 20 years, research efforts in nanocrystal 

synthesis have led to the development of synthetic pathways that allow precise control of the 

NCs composition, shape, size, and crystal structure.1,2 Varieties of synthetic methods including 

solvothermal synthesis, microwave, and ultrasonic irradiation have been reported so far.3-5 

However, developing a general, simple, and inexpensive method for the preparation of NCs 

remains a challenge. The thermal-decomposition-based technique (also called wet-chemical 

colloidal synthesis) is one of the essential approaches to size- and shape-controlled synthesis of 

colloidal NCs.6-8  

There are two main methods developed based on the thermal decomposition of the 

reagents, including heat-up (HU) synthesis and hot-injection (HI) method. In general, these 

methods need room temperature stable precursors and surfactants as the minimum set of 

requirements. In the HU synthesis method, all reagents are mixed into the same reaction 

container and heated to induce the nucleation, which leads to nanocrystals growth. Scheme 1.1 

indicates the relation of the essential stages of nanocrystal formation to the temperature in a HU 

method. The precursors must rapidly decompose at temperatures where the surfactants are stable. 

As the temperature increases, the precursors form monomers and then nucleate to make small 
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nuclei. The small nuclei finally grow into mature NCs.7 On the other hand, the HI method 

includes rapid injection of the reagents into a reaction vessel containing a hot solvent.8 However, 

the essential stages of the formation mechanism of colloidal nanomaterials during the HI method 

are the same as HU synthesis, including decomposition of precursors, monolayer formation, and 

nucleation and crystal growth stages.7  

One of the most critical challenges posed during the design of thermal-decomposition-

based reactions is that the chemistry of the precursors and other parameters requires a significant 

level of attention to produce large quantities of nuclei in nanoscale within a relatively short time 

(relatively rapid process) and to reduce particles polydispersity via appropriate decoupling of the 

nucleation and growth stages.  

Besides the chemistry and reactivity of precursors, other parameters such as reaction time 

and temperature, the composition of capping agents, and reaction solvent play significant roles in 

controlling the size, morphology, composition, and purity of the colloidal NCs. Control over 

these parameters is critical for achieving a product with the desired shape, composition, and 

phase purity. Although HI is of the most common methods to the growth of NCs, the formation 

of NCs using a HU approach circumvents all of the insurmountable drawbacks of HI method 

including (i) Reagent mixing time, (ii) Reaction cooling time, (iii) Practicality, (iv) 

Reproducibility,7 and provides a possibility to fully controllable and scalable syntheses.  
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Scheme 1.1: Essential stages of the formation of nanocrystals during the thermal-decomposition 
process. 

 

1.2 Size and Shape Control of Colloidal NCs through HU and HI Methods 

 Through controlled synthesis and surface chemistry engineering, colloidal NCs possess 

compelling benefits of low-cost, large-scale solution processing, and tunable properties.9 Herein, 

we briefly discuss the effect of important parameters to control the size, size distribution, and 

morphology of the NCs obtained via HU and HI methods, including the reaction time and 

temperature, the chemistry, and concentration of the precursors, reaction solvent, capping ligands 

or surfactants, and injection temperature of the reagents in the case of HI method. Generally, 

nanocrystals size increases with increasing reaction time (as more materials add to nanocrystal 

surfaces), and temperature, because the rate of nucleation increases as a function of time and 

temperature.10,11 The size distribution of NCs is highly correlated to the kinetics of nucleation 
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and growth processes. The nucleation stage can occur separately from the growth or be allowed 

to take place at the same time as growth.1 According to the LaMer model, the formation process 

of NCs consists of two main stages, including nucleation and crystal growth (Figure 1.1). 1,12,13 

 

Figure 1.1: Schematic diagram of the nucleation and growth stages of the formation of colloidal 
NCs.  Reprinted with permission from ref. 13. 

 

The nucleation could occur either separately from or at the same time as the growth stage. 

Generally, the contemporaneity of the growth stage and nucleation stage leads to a poor size 

distribution. Therefore, to narrow the size distribution, the strategy of the separation of 

nucleation and growth stages is usually applied.9 The hot-injection method is the best 

experimental strategy to separate the two steps. In 1993, Murray et al. introduced a successful HI 

method in which injecting precursors into solvents at high temperature, followed by a reduction 

of the reaction temperature. NCs of CdS within the range of 12–115 Å were synthesized via 
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rapid injection of precursors (Cd(CH3)2) and bis(trimethylsilyl)sulfide ((TMS)2S) into a hot 

solvent, inducing the mixture of (TOP) tri-n-octylphosphine and (TOPO) tri-n-octylphosphine 

oxide at high temperature (over 300 ºC). The same method was also to prepare NCs of CdSe and 

CdTe.14 Then after, the HI method widely extended to the synthesis of the nanocrystals of a large 

variety of materials, such as metallic NCs, metal oxides, binary, ternary, and quaternary metal 

chalcogenide and metal pnictogenide NCs, lanthanoid, and f-block containing NCs.  

Apart from the HI, the HU method (also called non-injection) has also developed for the 

synthesis of colloidal NCs. In the HI method, separation of nucleation and growth is realized by 

slowly heating the solution in the presence of particular precursors.7 In comparison with the HI 

method, the HU is far simpler without the injection step and provides an alternative way to 

obtain high-quality nanocrystals.9 In 2005, Cao and coworkers prepared high-quality 

monodisperse NCs of CdSe and CdTe.  The NCs were obtained by heating a mixture of 

cadmium myristate and selenium powder in the presence of 1-octadecene (ODE).15 Nanocrystals 

of various types of materials such as metal oxides and metal chalcogenides have also been 

prepared by the HU synthesis method over the last few years.  

1.2.1 Kinetic Size and Shape Control  

 A key feature of NCs synthesis is the ability to prepare nanoparticles with a narrow size 

distribution. Figure 1.2 describes the concept of size distribution.16 The left-hand side of the 

curve illustrates the dependence of the surface energy on the size of particles. According to the 

curve, small crystals indicating negative growth rate, are unstable due to their large fraction of 

active surface atoms. The right-hand side of the curve reveals that crystals with larger sizes are 

stable and grow because of the smaller surface-to-volume ratio. At the critical size (depends on 

the monomer concentration), the zero-crossing point occurs, where nanocrystals neither grow nor 



6 
 

shrink. In general, low monomer concentration favoring a larger critical size. The peak in growth 

rate versus radius on the right-hand side arises because of a geometric factor: increasing the 

radius of large crystals requires the incorporation of many more atoms that does increase the 

radius of smaller crystals. Depending upon the concentration of the monomers, the growth 

process of nanocrystals can occur in two different modes, ‘focusing’ and ‘defocusing.’  

According to Howard Reiss prediction almost 70 years ago, and as illustrated in figure 

1.2, at high monomer concentrations, the critical size is small so that all the particles grow.17 In 

this case, smaller particles grow more rapidly than the larger ones. Eventually, the size 

distribution focuses, and the NCs could be nearly monodisperse. Moreover, secondary injection 

of the precursors could increase the monomer concentration. Although the distribution of NCs 

sizes present remains almost constant, but the critical size shifts to a smaller value, and as a 

result, the distribution will spontaneously narrow or ‘focus.’ At low monomer concentration 

(below a critical threshold), larger NCs grow whereas small nanocrystals are depleted, and the 

size distribution defocuses or broadens.16 

 

Figure 1.2: Diagram of the growth rate versus radius. Depiction of two different modes of NCs 
growth process, ‘focusing’ and ‘defocusing’ related to the concentration of monomers. Reprinted 

with permission from ref. 16. 
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Equilibrium NCs with low aspect ratios formed in the slow growth limit under 

thermodynamic control. However, the formation of the metastable nanocrystals requires a kinetic 

growth regime. At a low growth rate, defocusing is observed, and nearly round NCs with broad 

size distribution formed while focusing becomes more predominant at higher growth rate. In a 

kinetic regime, the high-energy facets grow faster than low energy facets. When the growth rate 

is increased just beyond the focusing regime, an astonishing variety of highly anisotropic shapes 

are obtained, such as rods and disks, arrows like and tetrapods. Using selective adhesion strategy 

in which an organic molecule could selectively adhere to a particular crystal facet slows the 

growth rate of that side relative to others, and eventually leads to the formation of rod- or disk-

shaped NCs (Figure 1.3).16 

 

Figure 1.3: Kinetic shape control at (a) high rate of crystal growth and (b) through selective 
adhesion causes the formation of nanorods and nanodisks. Reprinted with permission from ref. 

16. 

 

In general, a colloidal synthesis system consists of three major components, including 

precursors, organic surfactants (also called capping ligands), and solvents. Many surfactants 
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could also be used as the solvent of the reaction. Hot organic capping ligands have a crucial role 

in determining the size and the morphology of the colloidal inorganic NCs. We will continue 

with a discussion of the organic-inorganic interface, knowing that a successful control depends 

on using suitable surfactants to manipulate the NCs surfaces. 

1.2.2 Capping Ligands 

As already mentioned, colloidal nanocrystals are solution-grown inorganic nanoparticles 

that are stabilized by a layer of capping agents or surfactants attached to their surface. During the 

colloidal synthesis, the organic capping ligands bound to the surface of nanoparticles not only 

control the growth of the crystals but also effectively prevent the aggregation of the 

nanoparticles. Electrostatic repulsion, steric exclusion, or a hydration layer on the surface of 

nanoparticles could lead to a repulsive force between particles. Therefore, the choice of the right 

capping ligand may yield stable particles. Parameters such as the particle size, core materials, 

and the reaction solvent could usually guide to choose a suitable organic molecule as the capping 

ligand.18  

First of all, the ligand should bind to the surface of the particle via physicochemical 

interactions such as electrostatic interactions, chemisorption, or hydrophobic interactions; 

therefore, the head group of the capping agent plays an essential role to form appropriate bonds. 

Organic ligands with electron-donating end groups of ligand molecules such as thiols, amines, 

and phosphines are the most common families of molecules were used for the colloidal synthesis 

of inorganic nanomaterials.19-23 In general, polar or charged ligands provide more solubility in 

aqueous and polar solvents. In contrast, nanoparticles with nonpolar ligand groups are more 

soluble in nonpolar solvents such as chloroform, toluene, and hexane.18 Figure 1.4 shows some 

different hydrophilic ligands that are commonly used as capping agents in colloidal nanoparticles 
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synthesis, including trioctylphosphine oxide (TOPO), triphenylphosphine (TPP), dodecanethiol 

(DDT), tetraoctylammonium bromide (TOAB) and oleic acid (OA). Ligand molecules can get 

off via the washing process or mass action by another incoming ligand. The washing procedure 

and further purification steps after the synthesis stage might affect the stability of the 

nanoparticles that might ultimately aggregate and precipitate. In general, strongly binding 

molecules could stabilize particles better than weakly binding ones, due to the formation of a 

denser layer around the particles.18 

The capping agents not only bind to the surface of the growing NCs but also make a 

complex with the reactive monomer species formed during the heating procedure. The 

interaction between the organic ligands and the surface of inorganic NCs, therefore, the stability 

of these complexes, are strongly related to the reaction temperature.  

Generally, increasing the temperature decreases the stability of the formed complexes 

while increasing the diffusion rates of the complexes, and it favors the nucleation and growth of 

the NCs. However, too high temperatures may lead to the uncontrolled growth of the crystals so 

that it is difficult to achieve precise control over the size distribution of the nanocrystals. 

Therefore, reaction temperature plays a predominant role, and choosing an appropriate range of 

temperature is one of the critical steps to control the colloidal NCs growth.16 
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Figure 1.4: Schematic depiction of the surface of a spherical nanoparticle with commonly used 
hydrophilic capping ligands. Left to right: TOPO, TPP, DDT, TOAB, and OA. Reprinted with 

permission from ref. 18. 

 

Next, we will focus on the chemistry and the critical aspects of the suitability and the 

versatility of the two of the most familiar capping agents that are widely used in the synthesis of 

various types of nanostructures, including oleylamine (OLA) and octadecylamine (ODA). 

1.2.2.1 Oleylamine (OLA) and Octadecylamine (ODA) 

 OLA (C18H37N) and ODA (C18H39N) are multifunctional long-chain primary 

alkylamines, which can act as a solvent, surfactant, stabilizer, and reducing agent (electron 

donor) at elevated temperatures.24,25  Existence of a double bond C=C in the middle of the 

molecule is the unique feature of OLA in comparison with ODA. Generally, and because of the 

similar structure of ODA and ODA, they exhibit similar basicity and affinity to metals through 
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their NH2 functional groups. However, the size and morphology of the resulting nanoparticles 

can be significantly different. The lack of C=C bond in saturated structure of ODA could 

potentially limit its coordination with the surface of the nanoparticles.26 The high boiling point of 

OLA and ODA (~350 °C) makes them great candidates to be used to strong heating conditions if 

necessary. OLA and ODA have been widely used in the synthesis of a broad range of NCs, e.g., 

metal oxides, metal chalcogenides, bimetallic magnetic materials, noble (nonplasmonic) metals, 

plasmonic metals (gold, silver, copper), semiconductors, heterostructures, and rare-earth-based 

materials.24 Depending on the system under study, size, morphology, and composition of the 

obtained nanomaterials could be controlled by careful choice of additional reaction parameters. 

1.2.3 Precursors 

The selection of suitable chemical reagents is one of the essential parameters that can 

significantly affect the resulting phase, size, and shape of the nanoparticles. As a requirement of 

HI and HU methods, the precursors need to react quickly or decompose at the growth 

temperature and yield reactive monomers, which then cause NCs nucleation and growth 

stages.7,15  

Through a careful choice of chemical precursors along with surfactants, NCs of a series 

of semiconductors in different morphologies have been obtained from spherical dots to one-

dimensional (1D) nanorods (NRs), tetrapods, and two-dimensional (2D) nanosheets.15,26,27 A 

wide range of morphologies including 1D NRs, nanopyramids, 2D nanodisks (NDs), nanoplates, 

nanocubes, and noncentrosymmetric shapes have also been achieved in metal and metal 

chalcogenide NPs.28-34  
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Olesiak and coworkers indicated that a high reactivity of starting materials plays an 

essential role in preparing nanorods.34 Using thiol as a sulfur source that decomposes easily, they 

could easily obtain NRs of colloidal CuS. In another work, Zhai and Shim examined how 

different Cu precursors, including CuCl2, CuAc, and Cu(NO3)2, influence the phase and the 

shape of resulting Cu2−xS nanocrystals.35 According to this work, higher reactivity of the 

precursors (Cu(NO3)2 along with thiol) favored 1D NRs and precursors with lower reactivity 

(e.g., CuAc and CuCl2) favored 2D NDs. Moreover, the application of a strong capping ligand, 

such as OLA, favored 2D disk shape NCs due to reducing the overall reactivity of the reagents.  

In general, the introduction of halide ions reduces the rate of the formation of NCs 

(slowing growth kinetics) and eventually inhibits nucleation events, therefore favors the 

formation of 2D NCs.31,32  

Donega and coworkers employed a method that yielded 2D nanosheets of Cu2-xS, in 

which a synergistic interaction between halides and a copper-thiolate precursor created a 

template that imposed 2D constraints, resulting in nucleation and growth of trigonal and 

hexagonal NCs, whereas, in the absence of halide, nearly spherical nanoparticles were obtained 

(Figure 1.5).32 The lack of capping agent (TOPO) caused a change in the size and shape of the 

NCs dramatically, and yielded to large trigonal nanocrystals (3−4 μm). 
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Figure 1.5: Effect of halide ions on the formation of 2D morphologies and influence of TOPO 
surfactant on the size distribution of Cu2-xS NCs. Reprinted with permission from ref. 32. 

 

Figure 1.6 illustrates that introducing chloride ion in the form of alkylammonium 

chloride suppresses or slows one-dimensional rod growth and promotes two-dimensional lateral 

growth. Alkylammonium derivatives are a type of surfactants that could form micelles or 

introduce other complications (such as chloride) into the growth mechanism.35 

 

Figure 1.6: Influence of alkylammonium chlorides on the shape of Cu2−xS nanocrystals. 
Reproduced with permission from ref. 35. 
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1.2.3.1 Single-Source Precursors  

The single-source precursor method is one of the most suitable strategies because of its 

simplicity and the ability to control the nanoparticle size.36-39 The most common examples of 

single-source precursors are urea, thiourea, biurets, phosphinates, carbamates, xanthates, and 

imidodiphosphinates.40-45  

O’Brien et al. have synthesized binary CdS and ZnS NCs by thermal-decomposing of 

Cd[S2CN(C2H5)2]2 and Zn[S2CNMe(C6H13)]2 as the single-source precursors in the presence of 

trioctylphosphine and trioctylphosphine oxide.46,47  

In another work, NCs of AgInS2 were prepared using phosphine based single-source of 

[(Ph3P)2AgIn(SCOPh)4].48 In these studies, phosphorous surfactants such as TOPO and TOP 

(rioctylphosphine) were used to synthesize NCs of metal sulfides. Owen et al. have reported a 

tunable library of single-source precursors of metal complexes based on substituted thiourea to 

binary and ternary metal sulfide nanocrystals.49 

Recently, thermal decomposition of metal-diethyl dithiocarbamate (metal-DDTC) based 

precursors were found as a facile and inexpensive way to the preparation of a wide range of 

binary and ternary metal sulfide NCs.50-54 For example, Deng and coworkers reported a one-step 

heat-up based synthesis with metal-DDTCs as the precursors to synthesize several ternary metal 

sulfide NCs with uniform sizes and controlled morphologies.55 Different NCs including 

orthorhombic Cu3BiS3 nanosheets, Cu3BiS3 nanoparticles, Cu4Bi4S9 nanowires and nanoribbons, 

wurtzite CuInS2 nanopenciles, cubic AgBiS2 nanocubes, orthorhombic Ag8SnS6 nanoparticles, 

and orthorhombic Cu3SnS4 nanorods were obtained. Figure 1.7 summarizes the relationship 

between the reaction conditions, structure, and morphology of the prepared nanoparticles. 
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Difficulty in individually controlling the kinetics of nucleation and growth stages is one of the 

main drawbacks with single monomer sources.7 

 

Figure 1.7: Schematic synthesis pathway of metal sulfide NCs by thermal decomposition of 
metal-DDTC precursors. Reproduced with permission from ref. 55. 

 

1.3 Metal Chalcogenides 

NCs of binary, ternary, and quaternary transition metal chalcogenides (TMCs) have 

attracted significant attention related to their synthesis and characterization because of their 

novel chemical, magnetic, electronic, mechanical and optical properties.49,55-60  
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In this section, a comprehensive library of HU and HI methods that were employed to 

obtain colloidal NCs of TMCs is provided. Tables 1-2 present a summary of the reaction 

conditions and resulting size and shape of a series of various types of colloidal TMCs 

nanocrystals.7  

1.3.1 Binary Metal Chalcogenide NCs 

The most widely investigated class of binary chalcogenides is group II-VI 

semiconductors. Early studies focused on the use of single-source precursors. However, these 

methods were not tremendously successful for growing monodisperse ensembles of particles.61,62 

In an early example, nanoclusters of CdTe formed during the rapid thermalizes of 

Cd(TePh)2(1,2-bis(diethylphosphino)ethane)2 in 4-ethylpuridine.63  

Cumberland et al. could successfully achieve full control on the nucleation and growth 

kinetics of the formation of ZnSe and CdSe NCs (size range of 2.5-9 nm) by modifying the 

solubility and reactivity of the Li4[Zn10Se4(SPh)16] and Li4[Cd10Se4(SPh)16] precursors via 

hexadecylamine (HDA).64  

Cao’s research team was the first to report on the HU method of both high-quality CdSe 

and CdTe NCs.65 In comparison, more works were reported on the controlled synthesis of CdS 

nanoparticles via the HU method. Elemental sulfur has been used by many research group, 

although one of the major drawbacks with sulfur is that this element could react with capping 

ligands (e.g., 1-octadecene ODE) at low temperatures and it was found that for the growth of 

CdS NCs, a minimum temperature of 180 °C is needed to obtain high-quality CdS 

nanoparticles.66  
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Application of alternative sulfur sources such a N,N-di-n-butylthiourea (DBTU) made it 

possible to obtain desired nanocrystals of CdS at lower temperatures (e.g., 150 ºC).67 size- and 

shape-controlled nanoparticles of copper chalcogenides, e.g., CuxS have also been investigated 

significantly. For the first time, the HU synthesis of Cu2S NRs was reported by Larsen et al. 

through the thermolysis of a copper dodecylthiolate precursor in the presence of octanoic acid 

(OctA) at 148 ºC.68 Other morphologies such as nanoplatelets and nanodiscs have also been 

synthesized employing copper thiolate and dodecanethiol (DDT) at 200 °C.69  

In another work, heating copper oleate along with DDT at 230 ºC formed monodispersed 

spherical NCs of Cu2S NCs.70 NCs of Cu2-xSe with desired size and morphology were obtained 

through the use of copper stearate, Se, ODE, OLA, and ODA.71 Table 1.1 shows more examples 

of successful works on the design and preparation of binary TMCs e.g., PbX (X=S, Se, Te), 

Ag2S, MnS, MnXm (M= Co, In, Bi, Ni, Fe, Sn, Pd), etc. The information on this table is gathered 

from ref. 7.  
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Table 1.1: A series of colloidal binary TMCs NCs prepared via HU and HI methods. The 
information on the table is collected from ref. 7 and the references therein. Other newer works and 
their references are also provided in the table. 

Material  Temperature/Time Chemistry  Size (nm)/Morphology 

Ag2S 200 ºC/30 min 
120−200 ºC/5 h 
130-230 ºC/1-60 min 
200 ºC/2 h 
200 ºC/30 min 

Ag(DDTC), OA, ODA, ODE, OLA, TOPO 
Ag(CnDTP), OLA, n-decane, OA 
Ag(DDTC), 1-DDT 
Ag(OAc), 1-DDT 
AgNO3, 1-DDT 

10-40 nm/ spheres 
10-21 nm/spheres-cubes 
2-7 nm/spheres 
5-13 nm/spheres 
3 nm/spheres 

Bi2S3 225 ºC/60 min 
160 ºC/60 min 

Bi(OctA)3, 1-DDT 
Bi(OctA)3, S, 1-DDT 

500-700 nm/wires 
800 nm/rods 

CdS 260 ºC/unspecified  
80-230 ºC/0-4 h 
240 °C/40 min 
240 °C/ 0-60 min 
180 °C/60 min 
300 °C/30 min 
180-250 °C/30 min 

Cd(DDTC)2, OA, OLA, ODE 
((CH3)3NH)4[Cd10S4(SPh)16], HDA 
Cd(S2PPh2)2, Cd(MA)2, ODE 
Cd(OAc)2, S, OA, ODE 
Cd(OA)2, S, OA, ODE 
Cd(OA)2, DDT, OLA 
Cd(OAc)2, DDT, OA, OLA 

5-16 nm/spheres, rods 
2.5-5.5 nm/spheres 
3.9-5.4 nm/spheres 
2.5-4.0 nm/spheres 
4.5 nm/spheres 
10 nm/spheres 
5 nm/spheres 

CdSe 168 °C /0-84 h 
220-240 °C/24 h 
240 °C /2h 
240 °C /2 h 
180-290 °C/30−120 min 
200-225 °C/100 min 
220 °C/1-30 min 
240 °C / 0-25 min 

Cd[(SePh)2]2[epe]2, Cd(SePh)2, EP 
(Li)4[Cd10Se4(SPh)16], HDA 
Cd(MA)2, Se, OA, ODE 
Cd(MA)2, SeO2, OA, ODE 
Cd(ST)2, Se, Pfn 
Cd(DA)2 or Cd(ST)2, Se, OA, Pfn 
CdO, Se, TOP, OA, Pfn 
Cd(TDPA)2,Cd(TDOA)2,TOPSe,TOPO,1-ODA,ODE 

2.5-4.0 nm/spheres 
2.5-9.0 nm/spheres 
2.0-4.5 nm/spheres 
3.0-6.2 nm/spheres 
1.8-3.0 nm/spheres 
2.8-5.0 nm/spheres 
6-12 nm/tetrapods 
3-60 nm/rods, tetrapods 

CdTe 168 °C/unspecified 
240 °C/80 min 
200 °C/100 min 
220°C /1 h 

Cd[(TePh)2]2[Et2PCH2CH2PEt2]2, EP 
Cd(ODPA)2, TBP-Te, ODE 
CdO, TOPO-Te, DA, Pfn 
Cd(acac)2, DOPO-Te, OA, OLA 

3.5-5.0 nm/spheres 
2.0-5.0 nm/spheres 
4.0-8.3 nm/spheres 
8 nm/tetrapods 

CdSxSe1-x 240 °C/0-60 min Cd(OAc)2, S, Se, MBTS, MA or OA, ODE 3-4 nm/spheres 
CdSxTe1-x 120-280°C/30 min 

200 °C/100 min 
Cd(OA)2,Cd(OctA)2,TOP-Se,TOP-Te,Pfn, ODE 
CdO, Se, TOPO-Te, DA, Pfn 

2.3-5.2 nm/spheres 
3.2-6.8 nm/spheres 

Cu2S 140-200 °C/15-140 min 
150-230 °C/15-140 min 
200-250 °C/10-60 min 
220 °C/unspecified 
220 °C/unspecified 
200-230 °C/1-2 h 
200-250 °C/2 h 
260 °C/1 h 
200 °C/30 min 

Cu(OctA)2, 1-DDT 
Cu(OA)2, 1-DDT, OLA 
Cu(acac)2, 1-DDT, OLA 
Cu(OAc)2, 1-DDT 
Cu(DDTC)2, 1-DDT 
Cu(acac)2, S, OLA 
Cu(acac)2, 1-DDT, OLA 
Cu(acac)2, S, OLA 
CuCl-thiolate complex, DDT 

3-20 nm/spheres, disks 
7-30 nm/spheres, disks 
6−47 nm/spheres, disks 
10 nm/spheres 
6.5 nm / spheres 
5-9 nm/spheres,hexagons 
7-47 nm/spheres,hexagons 
13 nm/spheres 
20 nm/hexagons 

Cu7S4 280 °C/unspecified Cu(DDTC)2, OA 26 nm/spheres 
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Table 1.1: Continued.  

Material Temperature/Time Chemistry Size (nm)/Morphology  
 

Cu2Se 120-200°C /2 h Cu(ST)2, Se, OA, OLA, ODE 4-18 nm/spheres, discs 
Cu2-xSe 220 °C/90 min 

200 °C/10 min 
Cu(ST)2, SA, OLA, ODE-Se, ODE 
Cu(acac)2, SeO2, Se, OA, ODE 

12 nm/triangles 
12 nm/polyhedra 

CuSe2 210 °C/60 min 
160 °C/45 min 

CuCl2, Se, TEG, PVP, TETA  
CuCl, SeO2, EG, N2H4 

400 nm/octahedra 
808 nm/sheets 

CuSe 160 °C/30 min CuCl, SeO2, EG, N2H4 10-20 nm/nanoparticles 
Cu2-xSyTe1-y 200−230 °C /30 min Cu(acac)2, S, Te, 1-DDT, OA 3-8.5 nm/spheres 
In2S3 215 °C/1 h InCl3, S, OLA 22-63 nm/discs 
MnS 290 °C/1 h 

300-350 °C/2 h 
250-320 °C/2-30min 
280 °C/1 h 

Mn(DDTC)2,Mn(DDTC)2(phen), OA, OLA, ODE 
(TMEDA)Mn(tbo)2, OLA, ODE 
Mn(OA)2, OLA, OA, ODE 
Mn(OA)2, 1-DDT, OLA 

30-200 nm/polyhedra 
25 nm/spheres, cubes 
10-45 nm/spheres, starfish 
11 nm /spheres 

NiS 180 °C/1 h 
150-190°C/5−300min 

(TMEDA)Ni(tbo)2, OA, OLA, ODE 
Ni(OctA)2, 1-DDT 

16-41 nm/polyhedra 
6-20 nm/tetrahedra,rods 

Ni3S4 250 °C/unspecified Ni(OAc)2, 1-DDT, OLA, OA, ODE 20-50 nm/irregular 
PbS 30-150 °C/15 min 

230 °C/1 h 
240 °C/10-80 min 
220-240 °C/30 min 
200-240 °C/10-80 min 

PbX2 (X = Cl, Br, I), OLA, (TMS)2S 
Pb(OA)2, 1-DDT, OLA 
Pb(DDTC)2, OLA, ODE 
Pb(OAc)2, 1-DDT, OA 
Pb(OAc)2, 1-DDT, ODE, OA, OLA 

2-6 nm/spheres 
50 nm/cubes 
50 nm/cubes 
30-120 nm/hexagons 
40-160 nm/polyhedra 

PbSe 40-80 °C/0-15 h 
150 °C/0-30 min 
180 °C /5 min 
120-180 °C/20 min 

Pb(OA)2, TOP-Se, DPP, ODE 
PbCl2, TBP-Se, (TMS)2Se, OLA 
Pb(OAc)2, SeO2, TOP, OA, ODE 
Pb(acac)2, ODE-Se, DA, OLA, Pfn 

1-4 nm/clusters,spheres 
2-6 nm/spheres 
16 nm/spheres 
6.5 nm/spheres 

PbTe 180 °C/20 min Pb(acac)2, TOPO-Te, DA or OA, OLA, Pfn 8.5 nm/spheres 
PbSxSe1-x 60-80 °C /2-120 min Pb(OA)2,TBP-Se, TA, DPP, ODE 2-4 nm/spheres 
SnS 300 °C/unspecified Sn(DDTC)2(phen), OLA, ODE 7 × 3 × 0.02 µm/nanosheets 

SnS2 300 °C/unspecified Sn(DDTC)2(phen), OA, OLA, ODE 150 × 6 nm/plates 
ZnS 300 °C/unspecified 

250 °C/unspecified 
230-280 °C/2 h 
310 °C/30 min 

Zn(DDTC)2, OLA, OA, ODE 
Zn(OAc)2, 1-DDT, OLA, ODE 
ZnCl2, S, 1-DDT, OLA, DOE 
Zn(OA)2, 1-DDT, OLA 

9.5 nm/spheres 
3-5 nm/polyhedra 
2-7 nm/spheres 
10 nm/spheres 

ZnSe 220-280 °C/24 h 
280 °C/30 min 
300 °C/5 h 

(TMA)4[Zn10Se4(SPh)16], HDA 
Zn(OA)2,TOP-Se,DPP-Se,DPP,ODE 
Zn(OAc)2, Se, OA, Pfn 

2-5 nm/spheres 
3.0 nm/spheres 
5.5 nm/spheres 

ZnSe 150 °C/3 h ZnCl2, TOP-Te, OLA, Superhydride, DBE 5 × 30 nm/rods 
ZnSxSe1-x 160-300 °C/20 min Zn(OA)2, DPP-Se, DPP-S, ODE 5.0 nm/spheres 
TiS272 300 °C/1 h TiCl4, CS2, OLA 150 nm/disks 
ZrS273 300 °C/1 h ZrCl4, CS2, OLA 20 nm/disks 
GeS74 320 °C/24 h GeI4, HMDS, OA, OLA, 1-DDT 1 μm/sheets 
InSe75 215 °C/5 h InCl3, Se, OLA  7.8 nm/wires 
SnSe76 180 °C/4 min SnCl2, di-tert-butyldiselenide, DDA, 1-DDT 19 nm/anisotropic NCs 
Bi2Te377 150 °C/30 min Bi-2-ethylhexanoate, Te, OE, TOP 200-300 nm/plates 
NbSe278 250-280 °C /4 h NbCl5, Se, DDA 500 nm/plates 
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1.3.2 Ternary and Quaternary Metal Chalcogenide NCs 

 Design and engineering of the phase pure and homogenous multinary metal 

chalcogenides is more challenging than binary ones due to the difficulty in balancing the 

reactivity of the different precursors. Therefore, judicious selection of the reaction parameters 

such as solvents, surfactants, and heating conditions become even more critical. The case 

becomes more challenging in the HU method and requires much more consideration than in HI 

synthesis because the monomer of all the species becomes highly reactive at a similar time.7 

Therefore, to obtain multielemental materials via HU method, precursors with similar activates 

are favorable.  

Uniform NCs of multinary TMCs can also be prepared with metal precursors showing 

different reactivates. At lower temperatures, most reactive metal species might act as a monomer 

source and less reactive metal precursors form monomer at higher temperatures and led to the 

formation of uniform “alloyed” composition.79 However, in some cases, less reactive species 

may nucleate a secondary phase by increasing the temperature and eventually contaminate the 

final product.  

An example of a simple ternary metal chalcogenide is CdSxSe1-x quantum dots (QDs) 

were first synthesized via HU procedure of Cd(ac)2 and elemental S and Se in the presence of 

ODE.80 Employment of phosphine based chalcogenide precursors  of TOP-Se and TOP-Te 

complexes and Cd(acetate)(octanoate) in ODE formed homogeneously alloyed CdSexTe1-x NCs 

at 180 ºC.81  
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Purposefully and in order to synthesize nanocrystals of core/shell QDs, precursors with 

different reactivity have also been used. For example, the reaction of Zn(NO3)2, CdO, elemental 

S, and Se in TOP/ODE led to the formation of  CdSe/ZnxCd1−xS QDs at 250 ºC.82  

Because of the tunable band gap (1-2 eV) and low toxicity, nanocrystals of group I-III-VI 

TMCs based on copper, have gained attention as QDs for LED applications.83,84 In a typical 

reaction, NCs of CuInS2 with sizes between 3-8 nm were synthesized by heating of copper and 

indium salts (CuI2 and In(ac)3) in a solution of DDT and OLA/ODE as the capping agents heated 

to 210-260 ºC.85,86  

By using copper and indium oleate in DDT and OLA, Choi et al. could prepare uniform 

nanorods of CuInS2.87 In 2008, Panthani and coworkers have successfully used elemental S and 

Se in HU syntheses of CuInS2 and CuInSe2 nanoparticles.88 

In 2015, Gupta and coworkers, for the first time, developed NCs of a new family of 

quaternary semiconductors Cu2ZnAS4-x and CuZn2AS4 (A = Al, Ga, In) using HI method.89 

Rapid injection of a mixture of DDT to the preheated mixture of metal salts (acetylacetonate 

salts of Cu(II), Zn(II), and In(III)) at 150 ºC, and consequent heating of the resulting solution to 

250 ºC led to the formation of NCs of Cu2ZnInS4-x. In another work, NCs of wurtzite and defect 

chalcopyrite phases of CuMSnS4 (M = In or Ga) have been successfully synthesized for the first 

time and through the HI method.90 Table 1.2 shows more examples of successful works on 

design and preparation of ternary and quaternary TMCs, e.g., CuInxGa1-xS2, Cu2ZnSnS4, 

Cu2ZnGeSe4, AgInS2, AgInxGa1−xS2, etc. The information of this table is gathered from ref. 7.  
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Table 1.2: A series of colloidal ternary and quaternary TMCs NCs prepared via HU and HI 
methods. The information on the table is collected from ref. 7 and the references therein. Other 
newer works and their references are also provided in the table.  

Material 
 

Temperature/Time Chemistry Size(nm)/ morphology 

AgBiS2 240 ºC/1 h Ag(DDTC), Bi(DDTC)3, ODA, ODE 7 nm/spheres 
AgFeS2 150 °C/30 min AgNO3, Fe(DDTC)3, OLA 15 nm/spheres 
AgInS2 60−180 °C/2 min AgNO3, In(OAc)3, 1-DDT, OA, TOP, ODE 3-5 nm/spheres 
 180 °C/3 min AgxIn(1-x)(DDTC)(3-2x), OLA 4 nm/spheres 
 125-250 °C/2-16 h [AgIn(SC[O]PhS)(Ph3P)2],OA,1-DDT,TOPO,OLA 19-33 nm/polyhedra 
 200 °C/3−15 h Ag(acac), In(acac)3, 1-DDT, OLA 15-80 nm/tadpoles, cones 
 200 °C/2 h Ag(DDTC), In(DDTC)3, OA, 1-DDT 12 nm/cones 
 120 °C/30 min AgNO3, In(OAc)3, 1-DDT, ODE, OA, TOP 2.5 nm/spheres 
 125−250 °C/2−16 h In(bipy)(tbo)3, Ag(tbo),1-DDT,OA, TOPO,HDA 8-44 nm/irregular 
AgGaS2 280 °C/2 h Ag(DDTC), Ga(DDTC)3, 1-DDT 16 nm/trigonal pyramids 
AgInxGa1-xS2 180−240 °C/30 min AgInxGa1-x(DDTC)4, OLA 3-5 nm/spheres 
AgInSe2 185 °C/17 h [(PPh3)2AgIn(tbo)4], OA, 1-DDT 50 × 15 nm/rods 
Ag8SnS6 220 °C/1 h Ag(DDTC), Sn(DDTC)2(phen), OLA, 1-DDT 15 nm/polyhedra 
Ag8GexSn1-xSySe6−y 220 °C/15 min AgNO3,Ge/Sn[N(TMS)2]2,S,(TMS)2S(Se),OLA 10-13 nm/spheres 
Cu3BiS3 220 °C/1 h Cu(DDTC)2, Bi(DDTC)3, OLA, ODE, 1-DDT 25 nm/spheres 
Cu4Bi4S9 220 °C/1 h Cu(DDTC)2, Bi(DDTC)3, OLA, 1-DDT micrometer wires/ribbons 
CuInS2 230−250 °C/1 h Cu(OA), In(OA)3, 1-DDT, OLA 80-110 nm/rods 
 182 °C/1 h Cu(acac)2, In(acac)3, S, OLA, o-DCB 6-12 nm/spheres 
 240 °C/1−4 h Cu(OAc), In(OAc)3, 1-DDT, OA, ODE 2-4 nm/spheres,tetrahedra 
 240 °C/0.5−60 min Cu(OAc), In(OAc)3, OLA-S, TOPO, ODE 5-15nm/spheres,tetrahedra 
 240 °C/1−3 h CuI, In(OAc)3, 1-DDT, OA, ODE 3-8 nm/tetrahedra 
 220 °C/12 h CuI, In(OAc)3, 1-DDT, ODE 9 nm/tetrahedra 
 160−240 °C/1−5 min CuI, InI3, S, OLA, 1-DDT 4 nm/spheres 
CuInSe2 240 °C/1 h CuCl, InCl3, selenourea, OLA 16-18 nm/tetrahedra 
 320 °C/1−2 min CuI,InCl3,TOP-Se,TOPh,TOP, HDA, ODE 1-6 nm/spheres 
 240 °C/10 h CuCl, InCl3, Se, TEA 27-53 nm/spheres 
CuInSxSe1-x 265 °C/90 min CuCl, InCl3, S, Se, OLA 15-17 nm/spheres 
Cu2SnS3 190−220 °C/12 h CuI, Sn(OAc)2, 1-DDT, OLA or ODE 30-150 nm/spheres 
Cu3SnS4 200 °C/1 h Cu(DDTC)2, Sn(DDTC)4, OLA, 1-DDT 20 nm/rods 
CuGaS2 280 °C/30 min Cu(DDTC)2, Ga(DDTC)2, 1-DDT, OA, TOA 25 nm/tadpoles 
CuInxGa1-xS2 150 ºC/10-30 min Cu(acac)2,In(acac)3,Ga(acac)3,1-DDT,ODE,OLA 16-35 nm/rods,tadpoles 
Cu2ZnSnS4 280 °C/1 h Cu(acac)2, Zn(OAc)2, SnCl2, S, OLA 10.6 nm/spheres 
 120−300 °C/1 h Cu(OAc)2, Zn(OAc)2, Sn(OAc)4, S, OLA 5.1-6.6 nm/spheres 
 180 °C/1 h CuCl2, ZnCl2, SnCl4, S, OLA 7-9 nm/spheres 
 190−220 °C/12 h CuI, ZnCl2, Sn(OAc)2, 1-DDT, OLA or ODE 5-25 nm/spheres 
 200 °C/1 h CuCl2,Zn(DDTC)2,Sn(DDTC)4,1-DDT, OLA 200 nm/rods 
 200−250 °C/30 min CuI, ZnCl2, SnCl4·5H2O, CS2, 1-DDT, OLA 2-7 nm/spheres 
Cu2ZnSnSe4 230 °C/90 min CuI, ZnCl2, SnI4, Se, TOPO, OLA or ODE 14-35 nm/spheres 
 255 °C/40 min Cu(OA)2,Sn(EHO)2,Zn(EHO)2,OLA, DPSe, Se 20-80 nm/spheres, rods 
Cu2ZnGeS(Se)4 310 °C/2 h Cu(acac)2,Zn(acac)2,GeCl2·dioxane,S,Se,OLA 10.6-13.6 nm/spheres 
Cu2ZnGeS4 250 °C/30 min CuI,ZnCl2,[Ge(gly)2(H2O)2],CS2,OLA,1-DDT 6.5 nm/spheres 
 300 °C/1 h Cu(DDTC)2,Zn(OAc)2,GeCI2·diox, t-DDT,OLA 50-80 nm/rods 
CuCr2S4 91 360 ºC/30 min CuCl2, CrCl3, 1-DDT, OLA or ODA 20-31nm/cubes,clusters 
CuCr2Se4 92,93 350 ºC/1 h Cu(acac)2, Cr(acac)3, Se, OLA, ODE 15-30 nm/cubes 
 300 ºC/30 min Cu(oleate)2,Cr(oleate)3, Se, TOA 20 nm/triangles,hexagons 
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Table 1.2: Continued  

Material 
 

Temperature/Time Chemistry Size(nm)/ morphology 

CuCr2S4-xSex 94 360 ºC/30 min CuCl2, CrCl3, 1-DDT, DPDS, OLA or ODA 12-21 nm/cubes,clusters 
CuCr2Te4 95 350 ºC/30 min CuCl2, CrCl3, NaBH4, TOA, OLA  23 nm/cubes  
CoxCu1-xCr2S4 96 360 ºC/30 min CuCl2, CoCl2, CrCl3, 1-DDT, OLA or ODA 20-31nm/cubes,clusters 
CuSbS2 97 170 ºC/10 min Cu(acac)2, SbCl3, S, 1-DDT, t-DDT, OLA 340-450 nm/layers 
CuSbSe2 98 250 ºC/10-30 min Cu(acac)2,SbCl3,DPDS,1-DDT,t-DDT,OLA 45-50 nm/layers 
CuSbS2-xSex 98 250 ºC/10-30 min Cu(acac)2,SbCl3,S,DPDS,1-DDT,t-DDT,OLA 45-50 nm/layers 
CuCo2S4 99 200 ºC/1 h Co(acac)3,Cu(acac)2,S, TOPO, OLA 6-14 nm/spheres 
CuGaSe2100 250 ºC/1 h Cu(ac)2, Ga(ac)3, Se, OLA 11 nm/nanoparticles 

 

1.3.3 Magnetic Metal Chalcogenides  

Magnetic nanomaterials display unique nanosize-dependent properties including high 

field reversibility, high saturation field, and supermagnetism101 and eventually have broad 

applicability in areas such as recording media, spin-based electronics, magnetooptics, and 

biomedical applications.102-105 Ternary metal chalcogenides, especially chalcospinels, have 

attracted considerable attention because of their unique shape- and size-dependent properties and 

potential use in superconducting materials, photocatalysts, photovoltaics, solar cells, lasers, light-

emitting diodes, and bio-labeling.60,106,107  

Chalcospinels are the class of mixed metal materials of the general formulation of 

A(II)B(III)2X4 (X= S, Se, Te) with the same crystal structure as shown in the traditional spinel 

materials (AB2O4), which are crystallized in a cubic crystal system with the chalcogenide anions 

arranged in a cubic closed-packed lattice and the 2+ and 3+ cations partially occupying (1/8) of 

tetrahedral and (1/2) of the octahedral sites in the lattice respectively (Figure 1.8).  
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Figure 1.8: Spinel Crystal Structure. 

 

Among the chalcospinels, chromium-based systems ACr2X4 (A = Cu, Co, Fe, Cd, and 

Hg; X = S, Se, and Te) have gained significant attention because they encompass notable classes 

of electronic materials such as semiconductors, magnetic materials, and insulators.91-95 Cu- and 

Cr-based chalcospinels (CuCr2X4) are metallic and also ferromagnetic at room temperature with 

the Curie temperatures (TC) of CuCr2S4 (377 K), CuCr2Se4 (430 K), and CuCr2Te4 (360 K) and 

these properties make them unique among the chalcospinels.108 Due to the difficulties in finding 

a suitable sulfur and tellurium source and appropriate experimental conditions to design and 

construction of desirable spinel phase nanocrystals, there have been only a few reports on the 

thermal decomposition synthesis of S- and Te-based metal chalcogenide nanocrystals.92,109-111 
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1.4 Research Objectives and Thesis Organization  

Although in recent years, a few reports on the solution-based synthesis of spinel CuCr2X4 

NCs have been published,91-95,111 the exploration of a general and easy preparation method to 

design and construction of novel nanoparticles with desired morphology remains a challenge. 

Our objective concentrated on the design and preparation of nanoparticles of Cu- and Cr-based 

magnetic materials by using new methods to develop strategies to control the size and 

morphology of the phase-pure NCs and study their magnetic properties. 

In chapters 3 and 4 of this study, CuCr2Se4 NCs were synthesized using the HU method, 

and the formation mechanism and properties of the products were studied. We present a unique 

degradation mechanism of pyrite CuSe2 nanocubes formed thought the heat-up synthesis of 

selenospinel CuCr2Se4 nanoparticles. The degradation mechanism included doping of Cr3+ ions 

in the pyrite crystal structure and formation of CrxCu1-xSe2 (X = 0.1-0.5) derivatives followed by 

clustering of the nanocubes.  

The morphological evolution of the initial nanocubes as a function of reaction 

temperature was studied and correlated with the concentration of chromium. Finally, the 

formation mechanism of pure phase CuCr2Se4 as the final product of the reaction pathway was 

discussed. Chapter 5 of this work describes the synthesis and characterization of CuCr2S4 NCs 

prepared by employing single-source precursors. For this purpose, we have selected Cu- and Cr-

diethyl dithiocarbamate (DDTC) complexes as the single-source precursors, and we have 

discussed the effect of different reaction parameters on the composition, phase purity, size, and 

shape of the resulting products. 
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CHAPTER 2 

EXPERIMENTAL METHODS 

For our research, we adopted the colloidal synthesis of binary and ternary metal 

chalcogenides based on copper and chromium by the heat-up (HU) and hot-injection (HI) methods 

as a choice of process for the preparation of nanocrystals.  

The next step, as it is usual with processing any novel material, was to characterize the 

NCs by the available structural and microstructural instrumental techniques including X-ray 

Diffraction (XRD), Transmission Electron Microscopy (TEM), Scanning Electron Microscopy 

(SEM), X-ray Photoelectron Spectroscopy (XPS), and Raman Spectroscopy. Finally, the magnetic 

behavior of these materials was studied using Vibrating Sample Magnetometry (VSM). 

2.1 Synthesis of NCs 

 The NCs of metal chalcogenides were prepared using HU and HI methods. In chapter 1, 

we have described the fundamentals of these two strategies, along with their similarities and 

differences. The synthesis procedures were carried out using a standard Schlenk line setup in the 

fume hood and under the nitrogen atmosphere. Figure 2.1 represents the general view of the 

experimental setup we have used for the sample preparation. The reaction temperature was 

controlled with a multi-voltage temperature controller.  The mixture of the reagents was degassed 

under vacuum at room temperature for almost 15 min and put back under nitrogen. The described 

process was repeated several times before increasing the reaction temperature. In the case of the 

hot-injection method, the chalcogenide sources, e.g., 1-dodecanethiol or selenium, were treated in 

a separate vessel under a similar condition.  
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Figure 2.1: Experimental setup for the colloidal synthesis of NCs. Reprinted with permission 
from ref. 1. 

 

2.2 X-ray Diffraction Analyses 

 X-ray diffraction technique or XRD is a fast, simple, and very useful method for 

characterizing crystalline materials. This technique is used to determine the crystal structure 

from the diffraction data of an incident X-ray beam on the surface of a crystalline material, and 

could provide structural parameters and crystal orientations.  
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A specific wavelength of a monochromatic X-ray impingement on a crystalline material and 

interacts with the electron cloud of the atoms within the material and scattered by them 

eventually. The scattered wave is called “the atomic scattering factor” and related to the number 

of the electrons within the atom and consequently differing from atom to atom. The scattered 

beams could be in phase or out of phase in one another. When the Bragg`s condition of 

diffraction is met (2dsinθ = nλ), constructive interference occurs (Figure 2.2). Bragg law 

expresses the relationship between the wavelength, λ, and interplanar spacing, d in which n is the 

number of beam wavelengths from different atomic planes and usually is considered to be unit 

value.2,3 The scattered waves must have a path difference related to an integer of the wavelength 

to the occurrence of diffraction. Out of phase, scattered waves cancel out each other. The X-ray 

diffraction pattern is yielded when the intensity of the diffracted X-ray beams is plotted as a 

function of 2θ angle of incident X-ray. The outcome is a spectrum unique to that material, and 

the position (2θ), and intensity of the peaks in an XRD pattern is a signature of a given phase of 

a material.  

A schematic view of an X-ray diffractometer is shown in figure 2.3, indicating that the X-

ray emitter and signal detector are placed on a circle, and the sample holder loaded with the test 

sample is located in the center of the circle. As represented in figure. 2.3 b, the sample holder 

could be rotated in three dimensions (ω, ψ, ϕ). The XRD analysis was performed on a Bruker D2 

PHASER using a Cu source (CuKα1, λ = 1.54059Å) operating at 30 kV and 10 mA.  
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Figure 2.2: Schematic representation of the X-ray diffraction mechanism. 

 

Figure 2.3: Schematic representation of the X-ray diffractometer. 

 

2.3 Electron Microscopy Methods 

 In these studies, we have used electron microscopy techniques to characterize the 

microstructure of the nanocrystals and their features. The instruments used in this research were 

Transmission Electron Microscope (TEM) and Scanning Electron Microscope (SEM). 
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TEM uses transmitted electrons through samples to create images. The main parts of the 

TEM body are illumination system, objective lens and stage, and imaging system. The schematic 

depiction of the TEM setup is shown in figure 2.4. 

 

Figure 2.4: Schematic diagram of TEM. Reprinted with permission from ref. 4.  
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 The illumination system takes the electrons from the gun source (FEG or thermionic), 

passes them through condenser lenses C1 & C2, and transfers them to the specimen. This system 

operates in parallel or convergent beam mode. The parallel beam mode is used in TEM imaging 

and selected area diffraction (SAD) patterns, whereas the convergent beam mode is used in 

scanning transmission electron microscopy (STEM). The TEM images and diffraction patterns 

are produced in the objective lens and stage (specimen holder).  

The TEM alignment procedure starts from the top of the microscope column down to the 

last condenser, which is the objective lens. During the alignment of this part, the specimen height 

on the optic axis should be fixed well, so that focusing and under focusing of the objective lens 

controls the magnification of the image. Unwanted Scattered electrons are blocked by objective 

aperture and SAD aperture in order to create the high-contrast image and diffraction patterns 

(DP), respectively.5 Figure 2.5 indicated the schematic view of the two basic operations of a 

TEM imaging system, including diffraction mode and image mode.  

In this study, the samples have been prepared by dropping diluted hexane suspensions of 

nanoparticles onto carbon-coated nickel grids. TEM, High-Resolution TEM (HRTEM) imaging, 

High-Angle Annular Dark-Field (HAADF)- Scanning TEM (STEM) imaging, Energy-

Dispersive X-ray Spectroscopy (EDS), and Selected Area Electron Diffraction (SAED) patterns 

were performed using an FEI-Tecnai, 200 kV transmission electron microscope equipped with a 

GATAN Rio camera.  

Scanning Transmission Electron Microscopy (STEM) experiments were carried out using 

the aberration-corrected Nion UltraSTEMTM 200 (operating at 200 kV) at Oak Ridge National 

Laboratory. The microscope is equipped with a cold field-emission electron gun and a fifth-order 

aberration corrector. Electron energy loss spectra (EELS) were acquired using a dual-range 
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Gatan Enfinium spectrometer with a collection semi-angle of 33 mrad and energy dispersion of 

0.5 eV. We used a power law to subtract the background signal from the characteristic core-loss 

edges for each element. The TEM grids were heated to 160˚ C prior to STEM experiments to 

remove excess solvent and impurities. 

 

Figure 2.5: Schematic diagram of (a) diffraction mode and (b) image mode in TEM. Reprinted 
with permission from ref. 5.  
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The schematic depiction of SEM setup is shown in figure 2.6. In SEM electrons are 

focused into a small electron probe and scanned through the surface of the sample.  

 

Figure 2.6: Schematic diagram of SEM. Reprinted with permission from ref. 4. 

  

The incident beam of primary electron generates two main types of electrons during the 

interaction with the sample surface, so-called backscattered electrons (BSE) and secondary 

electrons (SE). BSE are primarily incident electrons reflected from the sample surface at angles 

between 90º to 180º with respect to the incident beam.6,7 The energy of the BSE usually lies 
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between the energy of the incident beam and 50 eV. SE are resulting from the interaction of the 

beam with the specimen. SE have lower energy than BSE and could penetrate the sample weakly 

in about 3 to 10 nanometers.6 The energy of the SE could be as near to zero as possible. 

It is easy to collect secondary electrons, and the majority of the SEM images are taken in 

the SE mode. SE could generate a topographic image of the sample surface with resolutions of 

up to 1 nm. In this work, SEM analysis was performed using a  JEOL 7000 FESEM equipped 

with an EDS detector. 

2.4 X-ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy is a surface-sensitive quantitative technique to measure 

the elemental composition, in which irradiating the sample via X-ray with constant energy (hυ) 

escapes electrons from the surface of the sample, and the spectrum obtained during the 

simultaneously measuring the kinetic energy and the number escaped electrons. In principle, 

XPS could easily detect all elements except hydrogen and helium. The relationship between the 

energy of the incident X-ray (hυ) and the kinetic energy of escaped electrons (EK) is expressed as 

hυ = EK + EB + ϕ; where ϕ is the work function of sample and EB is the binding energy of the 

electron to nucleus. The EB value, along with chemical shift, is utilized for the identification of 

an element. The XPS analysis needs to be performed under a high vacuum (P < 10-8 millibar) 

condition. Figure 2.7 represented the schematic view of the XPS system. In general, XPS 

instrument uses a focused beam of monochromic X-rays (Al Kα; diameter of 20-500 μm) or a 

broad beam of polychromatic X-rays (Al Kα or Mg Kα; diameter of 10-30 mm).8  

In this work, XPS data were measured using a Kratos Axis Ultra DLD equipped with Al-

monochromatic source (15 kV, 10 mA). The selected regions were scanned using a pass energy 
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of 40 eV. Specimens were loaded into a transfer chamber and evacuated for 12 h (base pressure 

was kept under 3 × 10-10 Torr). 

 

Figure 2.7: Schematic view of XPS system.  

 

2.5 Raman Spectroscopy 

Raman spectroscopy is a technique used to determine vibrational modes of materials and 

is based upon the interaction of photons with the chemical bonds within the molecules. The 

schematic view of a Raman spectrometer is shown in figure 2.8. Modern Raman setups use laser 

as the excitation light source. In general, the sample is illuminated with the laser and causes 

electromagnetic radiation that is collected from the illuminated spot with and lens and sent and 

passed thought a monochromator. Elastically scattered radiation called Rayleigh scattered lines 

that have the same wavelength corresponding to the laser line is filtered, and the rest of the 

collected light is dispersed onto a Charged Coupled Device (CCD) detector. The interaction of 

the laser light with the vibrational states of the sample resulting in the energy of the photons of 
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the laser is increased or decreased, and this energy shift gives information about the vibrational 

modes of the sample.9  

Raman spectroscopy characterization was performed on a Horiba Jobin Yvon LabRAM 

HR800 using 532 nm laser as the excitation laser. The laser light was focused into a line on the 

sample through a cylindrical lens and an air objective lens.  

 

Figure 2.8: A schematic representation of Raman spectroscopy system. Reprinted with 
permission from ref. 10. 

 

2.6 Magnetic Measurements 

Vibrating Sample Magnetometer (VSM) system is one of the widely used techniques for 

measuring magnetization and hysteresis loops of magnetic materials. VSM is fast and easy to use 

and has excellent features, including high sensitivity and versatility. The basic principle of a 

VSM is based on Faraday’s Law of Induction, which means that a changing magnetic field will 

generate an electric field. The VSM instrument has a source of a magnetic field, which is usually 
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an electromagnet. The magnetometer measures the magnetic moment as a function of an applied 

magnetic field, time, and temperature. Figure 2.9 shows a schematic diagram of a VSM system. 

 

Figure 2.9: Schematic depiction of VSM system. Reprinted with permission from ref. 12. 
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The VSM system is based on the change in the flux in a coil when a magnetized sample 

is vibrated near it.12 The applied magnetic field sets on a constant value. The magnetization of 

the sample will change with the movement of the sample during vibration. The change of the 

mentioned magnetic flux induces a voltage in the sensing coils. The induced voltage is 

proportional to the sample’s magnetization. The graph of magnetization (M) as a function of an 

external magnetic field (H) is called hysteresis loop and is widely used to represent the magnetic 

behavior of magnetic materials. The VSM could operate in a wide range of temperatures from 

near 0 K up to 1000 K.11 This characteristic makes VSM useful in deriving the magnetic thermal 

behavior of materials such as Curie temperature (TC).  

For this study, the measurements were performed using a Quantum Design Dynacool 

Physical Properties Measurement System (PPMS) equipped with Vibrating Sample 

Magnetometer (VSM). Figure 2.10 displays the stacking model diagram of the sample 

measurement using a PPMS.13  

 

Figure 2.10: Schematic diagram of the sample measurement in PPMS. Reprinted with permission 
from ref. 13. 
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CHAPTER 3 
 

Cr-INDUCED SYNTHESIS OF PYRITE CrxCu1-xSe2 NANOCRYSTALS, (0 ≤ x ≤ 0.5) 

3.1 Abstract 

We studied the formation of colloidal pyrite CuSe2 (p-CuSe2) nanoparticles involving the 

replacement of Cu2+ with Cr3+, which is uncommon substitution within nanocrystals (NCs). 

Herein, the first ternary pyrite CrxCu1-xSe2 (x = 0.1-0.5) were prepared as NCs and a degradation 

of the host p-CuSe2 nanocubes is discussed. The degradation mechanism includes substitution of 

Cr3+ ions in the pyrite crystal structure and formation of CrxCu1-xSe2 derivatives followed by 

aggregation of the nanocubes. The reaction temperature determines the concentration of the 

chromium and the morphological evolution of the initial nanocubes.  The pyrite phase forms in 

the temperature range of 250-300 ºC, and the structure preserved regardless of the degree of 

doping. Occupation of the octahedral sites of the pyrite structure of the host CuSe2 via Cr3+ ions 

led a large enhancement of ferromagnetic moment. 

3.2. Introduction  

3.2.1 Colloidal Nanocrystals of Pyrite CuSe2 

Binary transition metal chalcogenides (TMCs) with a cubic pyrite structure have gained 

considerable attention because of their unique optical, magnetic, and electronic properties.1-3 

Figure 3.1 represents the cubic crystal structure of pyrite, in which metal cations occupy one 

face-centered cubic (fcc) sub-lattice, and the mass center in another fcc sub-lattice is occupied by 

dichalcogenide anions (dimers). Six neighbor anions surround each metal center in an octahedral 
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geometry. CuSe2 exists in two polymorphs, including the high-pressure phase, pyrite (p-CuSe2), 

and marcasite (m-CuSe2).  

Among the binary TMCs with pyrite crystal structure MX2 (M = Fe, Co, Ni, Cu, Zn, Cd; 

X = S, Se), only copper pyrites known to be superconducting.2,4,5 Superconducting transition of 

p-CuSe2 is Tc = 2.4 K, and this material shows weak ferromagnetism at temperatures below 31 

K, which is assumed to depend on the presence of structural defects.6-9 p-CuSe2 is metastable 

under ambient conditions and its preparation in the bulk requires the application of high 

temperature (1000 oC) and high pressure (1.2 GPa).4,9 There are also a few reports on the 

solution synthesis of metastable p-CuSe2 in the form of nanoparticles.10,11  

 

Figure 3.1: Pyrite crystal structure representing the octahedral position of the metal cations and 
anion dimers. 

 

Datta et al. have reported the first solution based synthesized nanoparticles of p-CuSe2 

via sonication and using Cu-aminoclay and NaHSe.12 In 2013, the first reported colloidal NCs of 
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p-CuSe2 had been obtained by Liu et al. using CuCl2 and elemental Se in the presence of 

triethylene glycol (TEG; solvent), and polyvinylpyrrolidone (PVP) (capping ligand), and 

triethylenetetramine (TETA). The nanoparticles of p-CuSe2 in the octahedral-shape and edge 

length range of 350 nm–400 nm were formed at 210 ºC (Figure 3.2).10 Both TEG and TETA 

acted as reducing agents to reduce elemental Se to Se2
2- which contributed to the formation of 

CuSe2. The XRD pattern of the products formed in the absence of TETA indicated the presence 

of Se, which could be attributed to its low reactivity due to insufficient reducibility, indicating 

the importance of TETA as the basic assisting agent.  

In another work, copper selenide crystals with various phases (CuSe nanoparticles, Cu2Se 

nanoplates, and p-CuSe2 nanosheets) and shapes were prepared through HU procedure at 160 ºC 

using CuCl and SeO2 precursors and ethylene glycol (EG) and hydrazine hydrate (N2H4.H2O) as 

the reaction solvent and reducing agent, respectively. Various phases of copper selenide particles 

were obtained by changing the molar ratio of the reaction precursors (Figure 3.3).11  

 

Figure 3.2: Octahedral nanoparticles of p-CuSe2 synthesized with (a) TETA assisted HU method 
at 210 ºC using CuCl2 and Se and (b,c) p-CuSe2 nanosheets obtained at 160 ºC using CuCl and 
SeO2 precursors and N2H4.H2O reducing agent. Reproduced with permission from refs. 10 and 

11. 
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Figure 3.3: Preparation process of HU synthesis of copper selenide crystals. Reprinted with 
permission from ref. 11. 

 

Magnetic nanomaterials display unique size- and shape-dependence properties, including 

high field reversibility, high saturation field, and superparamagnetism. These characteristics have 

broad applicability in areas such as recording media, spin-based electronics, magnetooptics, and 

biomedical applications.13-17 In particular, magnetic materials that display semiconducting or 

insulating characteristics are highly desirable, but their choices are presently limited. Doping 

materials with selective transition metal ions is an effective approach that provides access to a 

wide variety of new properties and characteristics not obtainable by other strategies. Therefore, 

advances in selective cationic substitutions provides a pathway to create novel materials and 

enables tailoring of electronic, optical, and magnetic properties. Cr3+ ions exhibit high-spin 

configuration, which potentially can play an important role in producing large magnetic 

moments. Well-known examples include the chromium-based spinel oxides and chalcogenides 

MCr2X4 (X = O, S, Se, Te), in which the partial occupation of the octahedral sites of the spinel 
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structure by Cr3+magnetic ions (t2g3) leads to the formation of an interesting family of magnetic 

materials.18-27  

In recent years, there has also been significant efforts to induce magnetic characteristics 

in binary oxides and nitrides, such as ZnO, In2O3, GaN, and AlN, by Cr3+ doping.28-32 The 

synthesis and magnetic properties of transition metal substituted p-CuSe2 remains unexplored. 

Herein, we illustrated the influence of the reaction conditions (e.g., synthesis methodology, 

temperature, time, etc.) on the composition and morphology of the products. The results 

indicated that the reaction temperature plays a critical role in the formation mechanism of the 

NCs. Our study represented that by increasing the reaction temperature, Cr3+ ions partially 

occupied the octahedral positions in the pyrite structure and formed CrxCu1-xSe2 NCs and by 

reaching the temperature to above 300 ºC, the 50% doped pyrite phase Cr0.5Cu0.5Se2 transformed 

to spinel CuCr2Se4 NCs. This unique cationic substitution in colloidal pyrite followed with 

occupation of the octahedral positions of the pyrite structure with Cr3+ ions induced the direct 

structural transformation from pyrite to spinel phase. We will discuss the phase transformation in 

chapter 4.  

3.3 Experimental 

All chemicals and solvents including copper chloride (CuCl2, 99%, Alfa Aesar), 

chromium acetylacetonate (Cr(acac)3, 99.99%, Sigma-Aldrich), selenium powder (Se, 99.99%, 

Sigma-Aldrich), octadecylamine (ODA, 97%, Sigma-Aldrich), n-hexane, and ethanol, were 

obtained from commercial sources and were used as received without further purification.  

The synthesis process was carried out in a fume hood using the standard Schlenk 

technique and under N2 atmosphere (Scheme 3.1). To synthesis of p-CrxCu1-xSe2 NCs, a mixture 

of 0.25 mmol CuCl2, 0.5 mmol Cr(acac)3, and 2.0 mmol Se was dissolved into 10 g ODA, and 
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was deaerated at room temperature for 10 minutes and then back-filled with N2 for 10 more 

minutes. The mixture was stirred and heated to 250 ºC and was kept at this temperature for 30 

min. After the resulting black mixture was cooled slowly down to room temperature, a mix of 

ethanol (10 mL) and n-hexane (10 mL) was added to the solution to participate in the product. 

The product was collected via centrifugation (8000 rpm, 5 min) and washed three times. The 

same procedure has been repeated at 260, 270, 280, 290, and 300 ºC. The phase-pure pyrite 

CrxCu1-xSe2 compositions are formed in the temperature range of 250-300 ºC. Increasing the 

temperature of the same solution to the range of 330-360 ºC led to the formation of CuCr2Se4 

NCs. 

 

Scheme 3.1: Schematic drawing of the experimental setup used to synthesize NCs. 
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3.4 Results and Discussion 

Scheme 3.2 illustrated the reaction process for the synthesis of CrxCu1-xSe2 and CuCr2Se4 

nanocrystals schematically. The colloidal nanoparticles have been synthesized by a heat-up 

method in which the reaction temperature plays a critical role and influences the composition and 

structure of the products. Although, the pure p-CuSe2 phase is a high-pressure phase,4,9 the cubic 

pyrite phase of CrxCu1-xSe2 was successfully formed under this colloidal conditions. The 

predominant phase formed at the temperature range of 250-300 ºC was p-CrxCu1-xSe2, whereas at 

the range of 330-360 ºC the spinel phase has been formed. The XRD patterns (Figure 3.4) of the 

products prepared at solution temperatures of 250-300 ºC revealed the formation of pyrite single-

phase. 

 

Scheme 3.2: Representation of the reaction process for the synthesis of p-CuSe2 and CuCr2Se4 
NCs. 
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Figure 3.4: XRD patterns of the CrxCu1-xSe2 NCs formed in the temperature range of 250-300 oC. 

 

3.4.1 Formation of the CrxCu1-xSe2 NCs 

The pyrite phase formed at the temperatures lower than 250 oC (e.g., 220 oC) was not 

phase pure (Figure 3.5). Moreover, the same heat-up reaction procedure using only the copper 

and selenium precursors does not lead to formation of pure pyrite phase, with impurities such as 

the marcasite phase of CuSe2 (m-CuSe2) and CuSe being detected in the X-ray diffraction (XRD) 

patterns of the products (Figure 3.6). Therefore, the presence of chromium plays a significant 

role in the formation of phase-pure pyrites, even when it is incorporated in small concentrations. 

Energy-dispersive X-ray spectroscopy (EDX) analysis confirms the existence of chromium in the 

structure of p-CuSe2, and it increases in concentration with increasing reaction temperature.  
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The chemical composition of the pyrite nanoparticles formed at temperature ranges of 

250-260, 270-280, and 290-300 ºC, are determined to be Cr0.3Cu0.7Se2, Cr0.4Cu0.6Se2, and 

Cr0.5Cu0.5Se2, respectively.  

 

Figure 3.5: XRD patterns of the NCs synthesized at solution temperatures of 220, 240, and 250 
ºC indicating the formation of mixed pyrite and marcasite CuSe2 phases at the temperatures 

below 250 ºC. 
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Figure 3.6: XRD patterns of NCs prepared in the absence of chromium indicating the formation 
of mixed-phase of p-CuSe2, m-CuSe2, CuSe, and some other impurities.  

 

3.4.2 Morphological Evolution 

The minimum temperature necessary to obtain phase-pure CrxCu1-xSe2 nanocrystals is 

~250 oC at which nanocubes of Cr0.3Cu0.7Se2 in the size range of 100-500 nm are formed. The 

high-resolution TEM (HRTEM) micrographs of isolated p-CuSe2 formed at 250 ºC in the 

absence of the Cr-precursor, showed perfect cubic shape NCs without any disintegration. Figure 

3.7 indicates an HRTEM image of a representative p-CuSe2 nanocrystal, highlighting the 0.25 

nm lattice fringes that correspond to (2 1 1) planes.  

However, the TEM images of Cr0.3Cu0.7Se2 formed at the same temperature clearly show 

broad size distribution and agglomeration (Figure 3.8). The degradation occurs at the edges of 

the nanocubes (Figure 3.9). The Cr concentration in the nanocrystals systematically increases 

with increasing reaction temperature, with distortion and subsequent disintegration of the 

nanocubes surface and ejection of small nanoneedle-like structures at higher concentrations. The 
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highest temperature at which the phase pure Cr-doped pyrite is still formed is 300 oC, at which 

the composition of the product is Cr0.5Cu0.5Se2. Disintegration of the relatively large nanocubes 

to nanoneedles is essentially complete at this temperature and composition although some 

deformed cubic shape particles are still observable. 

 

Figure 3.7: Low-resolution TEM, high-resolution TEM (HRTEM) images and selected area 
diffraction (SAED) pattern of the isolated pristine nanocubes of p-CuSe2 formed in the absence 

of chromium precursor. The zone axis of the SAED pattern is in [001] direction.  
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Figure 3.8: Morphological Degradation of CrxCu1-xSe2 NCs as a function of reaction temperature 
and Cr-contents. TEM images of the (a) Cr0.1Cu0.9Se2, (b) Cr0.2Cu0.8Se2, (c) Cr0.3Cu0.7Se2, (d) 
Cr0.4Cu0.6Se2, and (e) Cr0.5Cu0.5Se2 NCs indicating morphological evolution of NCs during 

increasing the reaction temperature and chromium content. 
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Figure 3.9: HRTEM image of NCs of Cr0.3Cu0.7Se2 that was formed at 250 ºC, confirming that 
the degradation occurs at the edges of the cubes. 

 

In order to correlate the concentration of the doped chromium with the reaction 

temperature, we have performed EDS analysis on the pyrite crystals formed at the temperatures 

below 250 ºC. For instance, the elemental composition of the isolated pyrite particles formed at 

220 ºC showed only a 10% doped pyrite Cr0.1Cu0.9Se2 phase. HAADF-, EDS-STEM imaging, 

and EDS-diagrams of the NCs of Cr0.1Cu0.9Se2, Cr0.3Cu0.7Se2, and Cr0.5Cu0.5Se2, respectively 

formed at 220 ºC, 250 ºC, and 300 ºC are represented in figures 3.10-3.12.  

Table 3.1 summarized the effect of the reaction temperature and the concentration of the 

precursors on the composition and phase of the prepared NCs. Table 3.2 represents the elemental 

composition of the CrxCu1-xSe2 NCs measured by EDS.  
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Figure 3.10: HAADF-, EDS-STEM imaging, and EDS-diagram of Cr0.1Cu0.9Se2 nanocubes 
formed at 220 oC. 
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Figure 3.11: HAADF-, EDS-STEM imaging, and EDS-diagram of deformed nanocubes of 
Cr0.3Cu0.7Se2 formed at 250 oC. 
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Figure 3.12: HAADF-, EDS-STEM imaging, and EDS-diagram of nanoneedles of Cr0.5Cu0.5Se2 
formed at 300 oC.  
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Table 3.1: Summary of the performed reactions and the effect of reagents concentration and 
reaction temperature on the composition and phase of CrxCu1-xSe2 nanocrystals. 

Precursors 
(mmol) 

Reaction 
Temperature 

Products Measured 
Composition of 

Pyrite Phase 

Cu: Cr: Se 
Ratio of  

Pyrite Phase 
[Cu2+] (0.25) 
[Cr3+] (0.50) 

220 oC Pyrite/Marcasite Cr0.1Cu0.9Se2 1.0: 0.11: 2.27 

[Cu2+] (0.25) 
[Cr3+] (0.50) 

240 oC Pyrite/Marcasite Cr0.2Cu0.8Se2 1.0: 0.28: 2.54 

[Cu2+] (0.25) 
[Cr3+] (0.50) 

250 oC Pyrite Cr0.3Cu0.7Se2 1.0: 0.44: 2.97 

[Cu2+] (0.25) 
[Cr3+] (0.10) 

250 oC Pyrite Cr0.1Cu0.9Se2 1.0: 0.12: 2.28 

[Cu2+] (0.25) 
[Cr3+] (0.50) 

260 oC Pyrite Cr0.3Cu0.7Se2 1.0: 0.46: 2.91 

[Cu2+] (0.25) 
[Cr3+] (0.50) 

270 oC Pyrite Cr0.4Cu0.6Se2 1.0: 0.63: 3.17 

[Cu2+] (0.25) 
[Cr3+] (0.50) 

280 oC Pyrite Cr0.4Cu0.6Se2 1.0: 0.75: 3.24 

[Cu2+] (0.25) 
[Cr3+] (0.50) 

290 oC Pyrite Cr0.5Cu0.5Se2 1.0: 0.93: 3.87 

[Cu2+] (0.25) 
[Cr3+] (0.50) 

300 oC Pyrite Cr0.5Cu0.5Se2 1.0: 0.97: 3.93 

[Cu2+] (0.25) 
[Cr3+] (0.50) 

>300 oC Pyrite/Spinel Cr0.5Cu0.5Se2 1.0: 0.93: 3.95 

[Cu2+] (0.25) 
No Cr3+ 

250 oC Pyrite/Marcasite/CuSe - - 

[Cu2+] (0.25) 
No Cr3+ 

300 oC Pyrite/Marcasite/CuSe - - 

 

  



66 
 

Table 3.2: Elemental composition of the CrxCu1-xSe2 NCs measured by EDS. 

Material Temperature Element  Weight % Atomic % Ratio 
Cr0.1Cu0.9Se2 220 ºC Cr K 2.39 3.38 0.11 

 Cu K 25.56 29.56 1.00 
 Se L 72.05 67.06 2.27 

Cr0.2Cu0.8Se2 240 ºC Cr K 5.16 7.24 0.28 
 Cu K 22.81 26.19 1.00 
 Se L 72.03 66.57 2.54 

Cr0.3Cu0.7Se2 250 ºC Cr K 7.18 10.05 0.44 
 Cu K 19.77 22.64 1.00 
 Se L 73.05 67.31 2.97 

Cr0.4Cu0.6Se2 270 ºC Cr K 9.45 13.12 0.63 
 Cu K 18.34 20.84 1.00 
 Se L 72.21 66.04 3.17 

Cr0.5Cu0.5Se2 300 ºC Cr K 11.93 16.51 0.97 
 Cu K 14.94 16.90 1.00 
 Se L 73.13 66.59 3.94 

 

We have further performed scanning transmission electron microscopy (STEM) 

experiments to determine the quality of the pyrite NCs. We used the high-angle annular dark-

field (HAADF) imaging mode, where intensity is approximately proportional to the squared 

atomic number (~Z2).33 The crystal structure of NCs was resolved using atomic resolution 

HAADF images. We confirm the presence of Cr, Cu, and Se using electron energy loss 

spectroscopy (EELS).  

Figures 3.13, 3.14a, 3.14b, and 3.14c show the atomic resolution HAADF images of the 

pyrite crystal structure along [011], [111], [2�11], and [120], respectively, with their crystal 

structure model shown below the images.34 From atomic resolution HAADF image and EELS, 

we find that Cr is fully incorporated into the pyrite crystal structure. Interestingly, we find that 

incorporation of Cr into the (Cu-Cr)Se2 pyrite system results in NCs without any planar defects. 
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Figure 3.13: Wide field-of-view HAADF images showing various NCs. Atomic resolution 
HAADF images of NCs along [001] with its respective atomic models shown below the 

corresponding HAADF images.  
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Figure 3.14: Wide field-of-view and atomic resolution HAADF images of pyrite Cu0.7Cr0.3Se2 

NCs along (a) [111], (b) [2�11], and (c) [120].  

 

We can label the atomic columns in a HAADF image based on their intensity, as shown 

in figure 3.15 for a crystal viewed along [2�11]. Here, the dimmest (type-3) columns correspond 

to Cr/Cu atomic columns. The next brightest (type-2) columns correspond to pure Se atomic 
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columns. The brightest atomic columns (type-1) have a combination of Cr/Cu and Se atoms. 

Incorporation of Cr into the (Cu-Cr)Se2 pyrite system results in NCs without any planar defects. 

Due to spatial resolution limitations, some of the individual atomic columns cannot be resolved, 

which results in multiple atomic columns within type-1 and type-2 to be labeled as single 

columns. 

 

Figure 3.15: (a) Atomic resolution HAADF image of Cr0.3Cu0.7Se2 NCs along [2�11]. (b) HAADF 
intensity profiles of various atomic columns for the image shown in (a). (c) HAADF image 
(same as shown in (a)) with labeled atomic columns corresponding to the HAADF intensity 

profiles. (d) The corresponding atomic model with three types of atomic columns highlighted as 
red, green and blue boxes.  

 

We have used TEM and HRTEM images to understand the morphological changes of the 

Cr-doped pyrites formed at different temperatures and to determine the main parameters that 

induce break down of the nanocubes to form nanoneedles. The TEM images indicate that by 
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increasing the reaction temperature, the number of the aggregated nanoparticles increases, 

therefore the reaction temperature is a likely candidate that potentially influences the 

disintegration. The degree of Cr-substitution increases with increasing reaction temperature. 

Comparing the morphologies of CuSe2 (Figure 3.7) and Cr0.3Cu0.7Se2 (Figure 3.8 and 3.9), both 

formed at 250 oC, illustrates the role of Cr-content in the degradation of the nanocube 

morphology. The composition of isolated pyrite phase nanoparticles formed at lower reaction 

temperatures of 220 oC and 240 oC are determined to be Cr0.1Cu0.9Se2 and Cr0.2Cu0.8Se2, 

respectively. These nanoparticles exhibit close to a nanocube morphology, like that of pure 

CuSe2, and the degeneration is not significant for these compositions (Figures 3.10, 3.16). Thus, 

both the reaction temperature and chromium content play a role in the morphological 

degradation of the nanocubes. Figure 3.8 shows the morphological disintegration of pristine 

nanocubes and the formation of nanoneedles as a function of reaction temperature and Cr-

contents. Close inspection of HRTEM images indicates that the degradation initiates at the edges 

of the nanocubes (Figure 3.9), leading to the initial rounding of the edges, as illustrated in Fig. 

3.16 b. 

Figure 3.16 shows the morphological degradation of the pristine nanocubes and the 

formation of nanoneedles as a function of reaction temperature and Cr-content. 

 

Figure 3.16: TEM images of (a) Cr0.1Cu0.9Se2, (b) Cr0.2Cu0.8Se2, (c) Cr0.3Cu0.7Se2, (d) 
Cr0.4Cu0.6Se2, and (e) Cr0.5Cu0.5Se2 NCs illustrating the disintegration process as a function of 

reaction temperature and Cr-content. 
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As mentioned, the molar ratio of Cu:Cr precursors was used to synthesis CrxCu1-xSe2 NCs 

was 1:2, where the excess amount of Cr-precursor was used. Decreasing the amount of Cr-

precursor from 0.5 mmol to 0.1 mmol at the reaction temperature of 250 ºC led to the formation 

of Cr0.1Cu0.9Se2 NCs indicating a significant decrease on the amount of doped Cr3+ in 

comparison with NCs of Cr0.3Cu0.7Se2 were formed at the same temperature but in the presence 

of excess Cr-precursors (0.5 mmol). However, we did not have good control on the shape of the 

prepared particles under the explained condition, and different deformed morphologies with big 

sizes were obtained (Figure 3.17). The NCs of Cr0.1Cu0.9Se2 formed at 220 ºC with the excess 

amount of Cr3+ was much more uniform (Figures 3.8 and 3.10). Therefore and as expected, 

increasing the concentration of the Cr-precursor induces and facilitates the formation of CrxCu1-

xSe2 products.  

 

Figure 3.17: TEM and HADDF-STEM images and SAED patterns (inset) of the NCs of 
Cr0.1Cu0.9Se2 formed at 250 ºC using only 0.1 mmol of Cr-precursor indicating the formation of 

some big size particles and some amorphous phase around the deformed nanocubes. The 
uniformity of the prepared NCs is much less than the same materials made in the excess amount 

(0.5 mmol) of Cr-precursor.  
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The XRD pattern of the NCs of CrxCu1-xSe2 (x = 0.3-0.5) confirmed by the Rietveld 

refinement analysis with good agreement with the proposed structural models (Figure 3.18). The 

Rietveld refinement was carried out through a Match! Software35 based on the FullProf 

algorithm.36 The determined lattice parameters were 6.1252(2) Å, 6.12585(18) Å, and 

6.12824(11) Å for x = 0.30, 0.40, and 0.50, respectively, which are slightly larger than the 

reported p-CuSe2 lattice parameters 6.116 Å (JCPDS: 26-1115). 

 

Figure 3.18: XRD pattern of (a) Cr0.3Cu0.7Se2, (b) Cr0.4Cu0.6Se2, and (c) Cr0.5Cu0.5Se2 NCs 
confirmed by the Rietveld refinement analysis to be in good agreement with the proposed pyrite 

model. 
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Figure 3.18: Continued. 
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3.4.3 Understanding the Formation Mechanism of CrxCu1-xSe2 NCs 

The next purpose of this work is to discuss the formation of CrxCu1-xSe2 NCs in which 

guest Cr3+ ions partially occupied the original octahedral positions of Cu2+ ions. 

Although there are numerous reported studies of cationic substitution and cation 

exchange reactions, they usually involve isovalent ions, i.e, partial replacement of the host 

cations with ions of the same charge.37,38  However, incorporation of an aliovalent guest ion, as 

in the case of  CrxCu1-xSe2, presents complications in maintaining charge balance and either 

reduction of the elements (Cu, Cr, or Se) or formation of vacancies should be considered in order 

to attain charge neutrality. Regardless of the degree of substitution, the pyrite CrxCu1-xSe2 

structure is preserved for x = 0.1-0.5, as confirmed by Rietveld refinement of the X-ray 

diffraction patterns. Furthermore, based on EDX analyses of the different composition Cr1-

xCuxSe2 NCs, the atomic concentration for the sum of the cations (Cr, Cu) is within error about 

twice that for the anion (Se) for all the samples, suggesting no significant variations from the 

pyrite stoichiometry.  The atomic resolution TEM images of the substituted NCs also show well-

ordered lattices without defects. Thus, the valence reduction of the elements is more likely than 

vacancy formation. The stability of Cr3+ is significantly higher than Cr2+, and the reduction of 

stable Cr3+ ion is not favorable, and this implies the reduction of Cu2+ to Cu+ ions. Therefore, a 

simple substitutional incorporation of the Cr3+ can be favorable in which both the metal cations 

occupy the octahedral sites. We propose that occupation of octahedral sites by Cr3+ plus partial 

reduction of Cu2+ to Cu+ results in the formation of stable CrxCu1-xSe2 NCs. In the synthesis 

reaction, ODA serves as a reducing agent and as the source of electrons involved in the reduction 

of Cu2+ to Cu+.39,40 Thus, depending on the amount of Cr-substitution, NCs of 

Cr3+
0.3Cu+

0.3Cu2+
0.2Se2, Cr3+

0.4Cu+
0.4Cu2+

0.2Se2, and Cr3+
0.5Cu+

0.5Se2 are obtained.  
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By increasing the reaction temperature, the Cu2+ reduction becomes more favorable that 

induces the Cr3+ inclusion and replacement process. Finally, between 290-330 ºC, the NCs of 

nominal composition Cr0.5Cu0.5Se2 are formed in which all copper ions are nominally in the +1 

oxidation state. Although a larger fraction of the Cu2+ ions are reduced to Cu+ with substitution, 

the oxidation state of the guest Cr3+ remains constant. Moreover, the pyrite phase of CrxCu1-xSe2 

maintains its cubic structure, regardless of the degree of substitution and no phase transformation 

is observed.  

In order to support the above proposed mechanism, the change in the oxidation state of 

copper ions with Cr substitution has been confirmed by X-ray photoelectron spectroscopy (XPS). 

The spectrum of Cr0.5Cu0.5Se2 exhibits two main peaks at 932. 4 and 952.1 eV corresponding to 

2p3/2 and 2p1/2, respectively, which are ascribed to Cu+.41 Whereas, in the case of Cr0.4Cu0.6Se2 an 

additional peak is observed at 933.3 eV, corresponding to Cu2+ (Figure 3.19).10,42 Therefore, 

generation of Cu+ derived from the reduction of Cu2+ during the formation of Cr-substituted 

pyrite NCs is confirmed.  
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Figure 3.19: Analysis of the oxidation state of Cu. XPS diagrams of Cr0.4Cu0.6Se2 and 
Cr0.5Cu0.5Se2 NCs. The presence of Cu+ in the samples is validated by the appearance of two 

intense peaks at around 932.4 eV and 952.1 eV on the XPS spectra corresponding to 2p3/2 and 
2p1/2, respectively. The 2p3/2 shoulder peak on the spectrum of Cr0.4Cu0.6Se2 NCs at 933.3 eV 

corresponds to Cu2+ ion. 

 

The XPS spectrum of Cr 2p exhibits a spin-orbit separation of 9.7 eV between the 2p3/2 

and 2p1/2 states, indicative of Cr3+ (Figure 3.20).43,44 Two representative peaks in the observed 

XPS spectrum of Se are generally attributed to Se 3d5/2 and 3d3/2 confirming the existence of 

Se2
2-.45-47 In addition to the major Se 3d peaks, a minor broad peak (shoulder) was observed 

indicated partially surface oxidation. Similar surface oxidations were already observed in some 

reported pyrite MSe2 systems.45-47 
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Figure 3.20: XPS spectra of Cr 2p and Se 3d of the Cr0.4Cu0.6Se2 nanocrystals. 

 

We confirmed the presence of Cr, Cu, and Se using EELS. The oxidation state of the 

copper has also been studied by Electron Energy Loss Spectroscopy (EELS). Figure 3.21 shows 

the EELS data of Cr L, Cu L, and Se L edge maps for the highlighted region. EELS can be a 

powerful technique for the identification of the oxidation states of elements. Especially for 

transition metals, from analyzing the near-edge fine structure. Because of the electronic 

transition from 2p state of transition metals to unoccupied 3d level, their L ionization edges 

should display sharp peaks in the near-edge region (due to the unoccupied states in 3d 

bands).48,49 In general, the L3 and L2 edges indicating transitions from 2p1/2 to 3d3/2 and 2p3/2 to 

3d5/2, respectively should exhibit nearly sharp and intense peaks for Cu2+, whereas Cu0 shows 

broad edges because of its completely filled 3d band.50-52 

Since the spectrum of the Cu L edge is noisy, we could not clearly determine the position 

of the peaks. It seems that this is a common issue in Cu L edge, especially in nanoparticles. Liu 

et al. have compared the EELS spectrum of Cu2+ containing materials with standard spectra, and 
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based on the similarities detected between their work and references, they approved the existence 

of Cu2+ in their materials (Figure 3.22). They have prepared Cu0.45TaS2 via intercalating copper 

into two dimensional (2D) layered TaS2 nanoflakes.53  

In another work, Motter et al. intercalate zero-valent Cu0 into 2D layered materials of 

GaSe and In2Se3. As indicated in figure 3.23, the authors illustrated that according to the 

similarities between the EELS fine structure plots of the prepared Cu2.34GaSe and Cu2.14In2Se3 

with Cu L edge in Cu0 spectrum, and detection of no sharp peaks, the intercalated copper is in 

zero-valent.54 Figure 3.22 also represented the Cu+ spectrum, in which the L3 and L2 look sharper 

than in Cu2+ spectrum. 

 

Figure 3.21: EELS data acquired for the region highlighted (white box) in the HAADF image of 
pyrite NCs showing the presence of Cr, Cu, and Se.  
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Figure 3.22: Comparing of (a) EELS fine structure of Cu0.45TaS2 with (b) Cu0 and (c) Cu2+ 
spectra from ref. 53. The nearly sharp L3 edge in (a) is similar to Cu2+. Reprinted with 

permission from ref. 53. 

  

Figure 3.23: EELS fine structure plots for Cu2.34GaSe and Cu2.14In2Se3 along with reference plots 
for Cu2+, Cu+, and Cu, confirming the zero-valent identity of the intercalated copper. Reprinted 

with permission from ref. 54. 

 

 Using the same strategy, we have compared the EELS fine structure plot of pyrite NCs 

with reference plots in order to study the oxidation state of the copper ions. The appearance of 

the multiple nearly sharp peaks in the Cu L edge is suggesting the existence of both Cu+ and 
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Cu2+ ions in the structure of NCs. However, the EELS fine structure spectrum of Cu L edge was 

too noisy to let us extract the position of the L2 and L3 ionization edges.  

Comparing to copper, two intense peaks corresponding to L3 and L2 edges of chromium 

are observed that matches well with that for Cr3+ in the octahedral geometry.55-57 As expected, Se 

edge EELS plot shows a broad L edge.58,59  

3.4.4 Magnetic Properties of CrxCu1-xSe2 NCs; Cr-Induced Large Enhancement of 

Ferromagnetic Moment  

The magnetic properties of the NCs of Cr0.3Cu0.7Se2 and Cr0.5Cu0.5Se2 were measured 

using a Physical Properties Measurement System (PPMS) equipped with a Vibrating Sample 

Magnetometer (VSM) and compared to CuSe2. 

Magnetization (M) as a function of temperature (T) measured at 10 kOe for CuSe2 (inset) 

and two different Cr substituted CrxCu1-xSe2 compositions are shown in figure 3.24 a. The 

general shape of the Cr0.3Cu0.7Se2 and Cr0.5Cu0.5Se2 curves are similar to that of CuSe2, except 

with a large enhancement (~102 fold) in the magnetization, which increases with increasing Cr3+ 

concentration. Additionally, the temperature at which the magnetic phase transition occurs 

increases with increasing Cr3+ concentration. Figure 3.24 c shows Curie-Weiß fits for 

Cr0.3Cu0.7Se2 and Cr0.5Cu0.5Se2 NCs and the related extracted parameters are summarized in table 

3.4. The effective magnetic moment (μeff) per formula unit for Cr0.3Cu0.7Se2 and Cr0.5Cu0.5Se2 is 

2.4818(17) and 2.5881(13) μB, respectively. Assuming S = 3/2, 1/2, and 0 local moments for 

Cr3+, Cu2+, and Cu+ species, respectively, the μeff is expected to vary weakly between 1.75 and 

2.74 μB for compositions above 5% Cr. Specifically, the predicted effective moment for 

Cr3+
0.3Cu2+

0.4Cu+
0.3Se2 is 2.39 μB and for Cr3+

0.5Cu+
0.5Se2  it is 2.74 μB.  
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Hysteresis loops of NCs of Cr0.3Cu0.7Se2 and Cr0.5Cu0.5Se2 and non-substituted pyrite 

CuSe2 measured at 1.8 K are presented in figure 3.24 b. Both Cr0.3Cu0.7Se2 and Cr0.5Cu0.5Se2 NCs 

show ferromagnetic-like behavior with low coercivity. Magnetic saturation does not occur in 

these NCs, which could be an indication of either a more complex magnetic structure, 

particularly at the surface of the NCs, or superparamagnetism. Consistent with the M(T) curves, 

an increase in Cr3+ concentration causes an increase in magnetization. The large effective 

moments suggest that the magnetic properties are intrinsic to the main phase since a J = 3/2 

impurity would need to be between 25 and 50% of the mass of the sample and thus be readily 

apparent in the diffraction patterns. Moreover, the magnetic properties are reminiscent of p-

CuSe2, suggesting continuity in the electronic phase diagram. The magnetic response also could 

not be attributed to CuCr2Se4 or any known Cr-Se phases such as CrSe2, CrSe, Cr7Se8, or Cr2Se3, 

nor are beware of any Cr oxides or hydrates that would explain the magnetic response. 



82 
 

 

Figure 3.24: (a) Magnetization (M) versus temperature (K) measurements on Cr0.3Cu0.7Se2, and 
Cr0.5Cu0.5Se2 NCs with applied field of 10 kOe (1 T). The same is shown for CuSe2 in inset, (b) 
Curie-Weiß plots for NCs of Cr0.3Cu0.7Se2 and Cr0.5Cu0.5Se2, and (c) Magnetization (M) versus 

magnetic field (H) measurements on NCs of Cr0.3Cu0.7Se2 and Cr0.5Cu0.5Se2 at 1.8 K. 

 

Table 3.3: Extracted parameters from Curie-Weiß plots.  

Sample C (emu*K/f.u.*Oe) Θw (K) μeff (μB/f.u.) 

Cr0.3Cu0.7Se2 0.7699(10) 62.8(4) 2.4818(17) 

Cr0.5Cu0.5Se2 0.8373(8) 61.92(7) 2.5881(13) 
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3.5 Conclusion 

Further development in the knowledge of the formation of novel nanomaterials unstable 

in a bulk phase will enable further design and engineering of previously unavailable 

multielemental compounds for unique high-performance applications. In summary, Cr-

substituted p-CuSe2 (CrxCu1-xSe2, x = 0.1-0.5) NCs, which exhibit robust ferromagnetic order, 

have been synthesized and their magnetism correlated with the Cr3+ content. To the best of our 

knowledge, there have been no previous reports of cationic substitution of Cr for Cu in the p-

CuSe2 system, likely due to the large size difference between Cr3+ (crystal radius 0.755) and Cu2+ 

(crystal radius 0.87). Our work has also shown that increase in Cr-content with increasing 

reaction temperature induces fragmentation of the CrxCu1-xSe2 nanocubes to form small 

nanoneedles. The results of this work offer a novel approach for the design and synthesis of new 

multielement materials that may not be stable in bulk form. The XRD patterns of NCs formed at 

temperatures above 300 ºC show that the intensity of peaks from the phase decreases gradually 

with increasing temperature and reaction time and temperature, with a corresponding increase in 

the intensity of peaks corresponding to spinel CuCr2Se4 phase. It appears that the pyrite phase is 

saturated at 50% Cr-content, and then a new ternary phase (CuCr2Se4 spinel) is formed for higher 

Cr concentrations. The mechanistic details of pyrite to spinel phase transformation will be 

discussed in chapter 4. 
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CHAPTER 4 

TRANSFORMATION FROM PYRITE CuSe2 TO SPINEL CuCr2Se4 NANOCRYSTALS 

4.1 Abstract 

 In chapter 3, we performed a reaction in which pyrite p-CrxCu1-xSe2 nanocrystals (NCs) 

were formed, and by increasing the reaction temperature, more Cr3+ ions occupied the octahedral 

sites of the pyrite structure. The formation of p-CrxCu1-xSe2 NCs provides a trajectory to phase 

transformation to ternary spinel CuCr2Se4 NCs at high temperatures (above 300 ºC). The 

morphological changes and magnetic properties of the produced NCs are studied in this chapter. 

The mechanistic details of the pyrite-spinel phase transformation are also discussed. Through 

scanning transmission electron microscopy (STEM), energy-dispersive X-ray spectroscopy 

(EDS), high-resolution TEM (HRTEM), and X-ray diffraction (XRD), we observe that the 

structural template that is provided by p-CrxCu1-xSe2 serves as a pathway to construct spinel 

CuCr2Se4 phase.  

4.2. Introduction 

4.2.1 Colloidal Nanocrystals of Spinel CuCr2Se4 

Three successful works in order to the synthesis of colloidal CuCr2Se4 chalcospinels have 

been previously reported by our research group, in which the hot-injection method has been used 

as the synthesis strategy.1-3 In this work, CuCr2Se4 NCs were synthesized using the heat-up 

method instead, and the formation mechanism and properties of the products have been studied. 

Wang et al. have reported the first colloidal synthesized NCs of CuCr2Se4 during thermal 

decomposition of Cu-, and Cr-acetylacetonate (acac) precursors and selenium in the presence of 
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the mixture of OLA and/or 1-octadecene (ODE; C18H36).1 Selenium powder was dissolved in 

OLA/ODE solvent at 330 ºC. On the other hand, the mixture of metal salts was dissolved in OLA 

at 175 ºC separately. The metal salts mixture was injected into the selenium mixture, and the 

resulting mixture was heated to 350 ºC in 30 minutes and kept at this temperature for 60 more 

minutes. The average size of CuCr2Se4 NCs was related to the ratio of OLA and ODE in the 

solvent mixture. Figure 4.1 indicates the TEM image of the relatively monodisperse nanocubes 

of CuCr2Se4 with an average size of 25 nm. These NCs were synthesized with the solvent 

mixture volume ratio of 1:1.  

 

Figure 4.1: TEM images of nanocubes of CuCr2Se4. Reprinted with permission from ref. 1. 

 

In another case, HI of the mixture of precursors including Cu- and Cr-oleate dissolved in 

trioctylamine (TOA; C18H37N) into the solution of Se in TOA at the temperature of 300 ºC 

formed anisotropic-shaped nanocrystals of CuCr2Se4.2 TOA as a capping agent coordinated to 

the elemental Se and made organo-Se intermediate. Figure 4.2 represented the reaction pathway 

of the formation of the nanocrystals. The prepared nanocrystals exhibit a mixture of close to 

triangular and hexagonal morphology, with an average size of 20 nm. The reaction at a 

temperature range of 250-300 ºC led to the formation of nonmagnetic phase CuCrSe2. The next 
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effort to prepare CuCr2Se4 nanoparticles was using metal salt precursors of CuCl and 

CrCl3.6H2O under the same condition of the hot-injection strategy used to make CuCr2S4 that 

reported by Ramasamy et al.3 Quick injection of diphenyldiselenide (DPDS) as the source of 

selenium in the mix of precursors dissolved in OLA (or ODA) led to the formation of CuCr2Se4 

nanocrystals (Figure 4.3). 

 

Figure 4.2: (a) TEM image, (b,c) HRTEM, and (d) XRD pattern of the anisotropic NCs of 
CuCr2Se4, and (e) reaction pathway of formation of the nanocrystals. Reprinted with permission 

from ref. 2. 

 

Figure 4.3: (a) TEM and (b) HRTEM images of CuCr2Se4 nanoparticles prepared from metal 
chloride precursors. Reprinted with permission from ref. 3. 
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4.3 Magnetic Properties of the CuCr2Se4 NCs 

The magnetic properties of the mentioned NCs of CuCr2Se4 have been measured via 

PPMS equipped with VSM. Magnetization as a function of the applied magnetic field has been 

measured. Figure 4.4 shows hysteresis loops for the cubic NCs made by Cu(acac)2 and Cr(acac)3 

with average sizes of 15 nm and 20 nm, measured at 300 K and 10 K.1 The NCs are 

superparamagnetic at 300K, but they show hysteretic behavior at 10 K with relatively low 

coercivity. Figure 4.5 shows hysteresis loops for CuCr2Se4 NCs made by different methods.2,3 As 

expected, both types of NCs exhibit superparamagnetic behavior at room temperature (300 K) 

and ferromagnetic behavior at 5 K with low coercivity (~ 1 kOe).2,3 The superparamagnetic 

behavior of the NCs at 300 K is not unexpected, because of their small crystalline size.  

Table 4.1 summarize the reaction condition, size, and shape of the prepared NCs and 

their saturation magnetization values. The reported values for the saturation magnetization are 

somewhat lower than the value of 56 emu g-1 reported in the bulk. Because the smaller average 

size of the obtained NCs (10 nm), the value reported by Ramasamy et al. (23 emu g-1)3 is 

significantly lower than what has been obtained for the NCs synthesized via the methods 

employed by Wang et al. and Pang et al.1,2 
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Figure 4.4: Magnetization (M) as a function of an external field (H) at (a) 300 K and (b) 10 K for 
the 15 nm and 25 nm nanocubes of CuCr2Se4. Reprinted with permission from ref. 1. 

 

 

Figure 4.5: Magnetization (M) as a function of an external field (H) for (a) NCs of CuCr2Se4 with 
the average size of 20 nm reported by Pang et al.,30 and (b) NCs of CuCr2Se4 (green) with the 

average size of 10 nm reported by Ramasamy et al. Reprinted with permission from ref. 3. 
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Table 4.1: Reaction condition, morphology, size and saturation magnetization for NCs of CuCr2Se4 
made by HI method.1-3 

Precursors and Temperature  Solvent Size and Morphology  Saturation Magnetization 

Cu(acac)2, Cr(acac)3, Se, 350 ºC OLA, ODE 20 nm/cubes 43 emu g-1 

  15 nm/cubes 37 emu g-1 

Cu(oleate)2, Cr(oleate)3, Se, 300 ºC TOA 20 nm/triangular-hexagonal 43 emu g-1 

CuCl, CrCl3.6H2O, DPDS, 360 ºC OLA, ODA 10 nm/triangular-hexagonal 23 emu g-1 

 

4.4 Formation of CuCr2Se4 via Phase Transformation  

The experimental details of the heat-up synthesis were explained in chapter 3. Increasing 

the temperature of the same HU procedure to the range of 310-360 ºC led to the formation of 

spinel CuCr2Se4 NCs. The predominant phase formed at the temperature range of 250-300 ºC 

was CrxCu1-xSe2, whereas the pure spinel phase was formed at the range of 330-360 ºC (Figure 

4.6). 
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Figure 4.6 XRD patterns of the CuCr2Se4 nanoparticles formed at the range of 330-360 oC. 

 

The TEM images of the spinel NCs reveal that they are in nanorod morphology with an 

average length of 50 nm. Comparing the shape and size of the nanorods formed at 330 and 360 

oC indicated that their width increases by increasing the reaction temperature (Figure 4.7). 

HRTEM, SAED pattern, HAADF-, EDS-STEM imaging, and EDS-diagrams of the NCs of the 

prepared CuCr2Se4 are represented in figures 4.8 and 4.9. The lattice spacing of 0.31 nm 

corresponding to (3 1 1) lattice planes was observed in HRTEM. The zone axis of the SAED 

pattern is in [111] direction. Table 4.2 shows the elemental composition of the CuCr2Se4 NCs 

measured by EDS. 
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Figure 4.7: TEM images of the spinel CuCr2Se4 nanorods prepared at (a) 360 ºC and (b) 330 oC. 

 

Figure 4.8: HRTEM and selected area diffraction (SAED) pattern of CuCr2Se4 NCs. The zone 
axis of the SAED pattern is in [111] direction. 

 

The XRD pattern of the particles prepared at the temperature range between 300 to 330 

oC indicated the mix of the pyrite and spinel phase (Figure 4.10). Since Cr0.5Cu0.5Se2 (formed at 

300 oC) has the highest chromium content for the pyrite phase, this suggests that the 

Cr0.5Cu0.5Se2 as a structural template results in the formation of CuCr2Se4 during the pyrite to 
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spinel phase transformation. The proposed mechanism is supported by the XRD patterns of the 

intermediate compositions, which shows that the relative intensity of peaks corresponding to the 

pyrite phase gradually decreases with the reaction temperature, whereas the intensity of peaks 

from the spinel phase increases. It seems that the pyrite phase becomes saturated by reaching the 

Cr-content to 50%, and then the spinel phase forms. 

 

Figure 4.9: HAADF-, EDS-STEM imaging, and EDS-diagram of nanorods of CuCr2Se4 formed 
at 330 oC. 
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Figure 4.9: Continued. 

 

Table 4.2: Elemental composition of the CuCr2Se4 NCs measured by EDS. 

Material Temperature Element  Weight % Atomic % Ratio 
CuCr2Se4 330 ºC Cr K 21.22 28.25 2.05 

 Cu K 12.67 13.80 1.00 
 Se L 66.11 57.95 4.20 
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Figure 4.10: Characterization of Cr0.5Cu0.5Se2/CuCr2Se4 composites showing a decrease in the 
intensity of the pyrite phase peaks and an increase in the intensity of the spinel phase peaks by 

increasing the reaction temperature.  

 

The HU reaction at 320 oC was performed at four different reaction times, including 30, 

60, 90, and 120 min, and the results indicated that by increasing the reaction time, the spinel 

phase becomes more predominant and the only phase that exists after 120 min is spinel (Figure 

4.11). The XRD patterns of the intermediate compositions show that the relative intensity of 

peaks corresponding to the pyrite phase gradually decreases with the reaction time, whereas the 

intensity of peaks from the spinel phase increases.  
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Figure 4.11: The effect of reaction time on the composition of the NCs produced at 320 oC.  

 

To gain more insights into the phase transformation from pyrite (Cr0.5Cu0.5Se2) to spinel 

(CuCr2Se4) structure, we performed detailed HRTEM, HAADF-STEM, and EDS-STEM 

characterizations on the intermediate products formed at 310 and 320 oC. As expected, EDS 

shows increasing chromium amount as the reaction proceeds.  

Three distinct particles were detected by TEM, including deformed nanocubes, 

nanoneedles, and hollow nanorings (Figures 4.12-4.14). Deformed nanocubes are Cr0.5Cu0.5Se2, 

whereas nanoneedles of both pyrite and spinel structures were detected separately. Figure 4.15 

shows atomic resolution images of the spinel CuCr2Se4 nanoneedles formed at 320 ºC. 
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Figure 4.12: TEM images of the NCs formed at 320 ºC, indicating deformed nanocubes and 
nanoneedles. 

 

Figure 4.13: TEM images of the hollow nanorings formed at 320 oC. 
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Figure 4.14: HRTEM images of the hallow nanorings. 

 

Figure 4.15: Wide field-of-view and atomic resolution HAADF images of spinel CuCr2Se4 
nanoneedles. 
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 Figures 4.16 and 4.17 reveals HAADF-STEM, EDS-STEM images and SAED patterns of 

the deformed nanocubes of Cr0.5Cu0.5Se2 and nanoneedles of CuCr2Se4, respectively. The 

elemental analyses were summarized in table 4.3.  

 

Table 4.3: Elemental composition of the nanocubes of Cr0.5Cu0.5Se2 and nanoneedles of CuCr2Se4 
measured by EDS. 

Material Temperature Element  Weight % Atomic % Ratio 
Cr0.5Cu0.5Se2 320 ºC Cr K 12.25 16.92 1.03 

 Cu K 14.58 16.49 1.00 
 Se L 73.17 66.59 4.04 

CuCr2Se4 320 ºC Cr K 19.27 25.85 1.79 
 Cu K 13.17 14.46 1.00 
 Se L 67.56 59.69 4.13 

 

  



104 
 

 

 

Figure 4.16: HAADF-STEM, EDS-STEM images, SAED pattern, and EDS-diagram of the 
deformed nanocubes of Cr0.5Cu0.5Se2. 
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Figure 4.17: HAADF-STEM, EDS-STEM images SAED pattern, and EDS-diagram of the 
deformed nanocubes of nanoneedles of CuCr2Se4. 
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Perhaps the most interesting results extracted from the hollow nanorings that contain useful 

information and provide the complete picture on the transformation mechanism. Since the size of 

the hollow rings is comparable with the size of initial CuSe2 nanocubes, they should form via the 

Kirkendall effect driven by the ionic diffusion in the pyrite structure. Generally, the Kirkendall 

effect entails a process in which the imbalance in the ion diffusion rate causes the formation of 

voids or defects within colloidal NCs and pores to form due to the difference in diffusion rates of 

ions.4-9  

The HRTEM and HAADF-STEM micrograph of the nanorings indicated that the hollow 

particles also undergo the degradation to small nanoneedles. 

Figure 4.18 shows the EDS mapping of two representative nanorings in which the average 

compositions of the components are CuCr1.7Se4 and CuCr1.4Se4 (Table 4.4), which are between 

Cr0.5Cu0.5Se2 (or Cu0.5Cr0.5Se2) and spinel-CuCr2Se4 (or Cu0.5CrSe2). The elemental analyses of 

the nanorings have been summarized in table 4.4. The point EDS (Tables 4.5 and 4.6) analysis of 

the randomly selected points of nanorings reveals different Cu-, Cr-, and Se-compositions in the 

range of Cu0.5Cr0.5Se2 to Cu0.5CrSe2 exhibiting an increase in the chromium contents of the pyrite 

that influences the phase transformation leading to the formation of spinel phase (Figure 4.19). 

Figure 4.20 shows the corresponding SAED patterns of a hollow nanoring indicating 

distinguished spinel and pyrite patterns, and diffraction patterns representing the coexistence of 

the two phases. The represented SAED patterns show the distribution of both pyrite and spinel 

phases in real space.  

 



107 
 

 

Figure 4.18: HAADF-, EDS-STEM imaging, and EDS-diagram of hollow nanorings with the 
average chemical compositions of (a) CuCr1.7Se4 and (b) CuCr1.4Se4. 
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Figure 4.19: HAADF-STEM images of hollow nanorings formed via Kirkendall effect and 
randomly selected points for EDS analysis. 

 

Figure 4.20: SAED patterns extracted from a hollow nanoring (a,d) representing (b) spinel, (c) 
pyrite, and (e,f) multi-domain phases in the selected area. 
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Table 4.4: Elemental composition of the nanorings of (a) CuCr1.7Se4 and (b) CuCr1.4Se4 measured 
by EDS. 

Material Temperature Element  Weight % Atomic % Ratio 
Cu0.5Cr0.85Se2 

(or CuCr1.7Se4) 
 

320 ºC Cr K 18.70 25.15 1.73 
 Cu K 13.21 14.54 1.00 
 Se L 68.09 60.31 4.15 

Cu0.5Cr0.7Se2 

(or CuCr1.4Se4) 
  

320 ºC Cr K 16.62 22.52 1.44 
 Cu K 14.14 15.68 1.00 
 Se L 69.24 61.80 3.94 

 

Table 4.5: EDS analyses of the selected points on the hollow ring (a) in figure 4.19, indicating a 
variety of chemical compositions in the range of Cr0.5Cu0.5Se2 to Cu0.5CrSe2 (CuCr2Se4). 

Selected 
Point 

Cu Cr Se Selected 
Point 

Cu Cr Se 

1 1.0 1.73 4.15 9 1.0 1.30 4.27 
2 1.0 1.77 4.21 10 1.0 2.13 4.21 
3 1.0 1.43 3.91 11 1.0 1.66 3.83 
4 1.0 1.48 3.92 12 1.0 1.69 3.89 
5 1.0 1.72 4.35 13 1.0 1.51 4.23 
6 1.0 1.93 4.22 14 1.0 1.48 4.14 
7 1.0 1.93 3.95 15 1.0 1.28 4.11 
8 1.0 1.10 4.06 16 1.0 1.13 3.90 

 

Table 4.6: EDS analyses of the selected points on the hollow ring (b) in figure 5.19, indicating a 
variety of chemical compositions in the range of Cr0.5Cu0.5Se2 to Cu0.5CrSe2 (CuCr2Se4). 

Selected 
Point 

Cu Cr Se Selected 
Point 

Cu Cr Se 

1 1.0 1.37 4.23 11 1.0 1.42 4.21 
2 1.0 1.42 4.22 12 1.0 1.53 4.35 
3 1.0 1.17 3.82 13 1.0 1.63 4.05 
4 1.0 1.30 3.94 14 1.0 1.32 4.00 
5 1.0 1.32 3.93 15 1.0 1.77 4.02 
6 1.0 1.23 3.87 16 1.0 1.13 3.90 
7 1.0 1.33 4.10 17 1.0 1.97 4.15 
8 1.0 1.34 4.16 18 1.0 1.44 4.03 
9 1.0 1.07 3.92 19 1.0 1.04 3.84 
10 1.0 1.27 4.01 20 1.0 1.44 3.93 
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Several nanoneedles (Figure 4.21) with the intermediate compositions were also detected, 

supporting the idea of the formation of spinel NCs from the nanoneedles of pyrite during the 

phase transformation mechanism (Table 4.7).  

 

Figure 4.21: HAADF-STEM image of nanoneedles formed at 320 ºC, and randomly selected 
points for EDS analysis.  
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Table 4.7: EDS analyses of the selected points on the nanoneedles in selected areas in figure 4.21, 
indicating a variety of chemical compositions in the range of Cr0.5Cu0.5Se2 to Cu0.5CrSe2 
(CuCr2Se4). 

Red  
Points 

Cu Cr Se Red  
Points 

Cu Cr Se 

1 1.00 1.45 3.98 6 1.00 1.74 4.14 
2 1.00 1.15 4.06 7 1.00 1.59 4.15 
3 1.00 1.33 4.09 8 1.00 1.63 3.93 
4 1.00 1.53 4.19 9 1.00 1.83 4.19 
5 1.00 1.20 3.88 10 1.00 1.89 4.04 
Blue 
Points 

Cu Cr Se Blue  
Points 

Cu Cr Se 

1 1.00 1.18 4.19 7 1.00 1.27 3.90 
2 1.00 1.17 3.90 8 1.00 1.30 3.99 
3 1.00 1.29 3.93 9 1.00 1.35 3.96 
4 1.00 1.40 4.00 10 1.00 1.48 4.15 
5 1.00 1.39 4.05 11 1.00 1.29 3.91 
6 1.00 1.57 4.17 - - - - 
Yellow 
Points 

Cu Cr Se Yellow  
Points 

Cu Cr Se 

1 1.00 1.63 4.16 6 1.00 1.38 3.90 
2 1.00 1.55 4.03 7 1.00 1.87 4.08 
3 1.00 1.50 3.97 8 1.00 1.29 3.82 
4 1.00 1.55 4.06 9 1.00 1.53 4.07 
5 1.00 1.45 3.89 10 1.00 1.49 3.97 

 

4.5 Understanding the Mechanistic Details of Pyrite to Spinel Phase Transformation; 
Increasing Chromium Content versus Decreasing Copper and Selenium Contents  

Figure 4.22 shows phase transformation mechanism probed via HRTEM imaging and 

SAED on a selected area of a hollow ring showing the coexistence of pyrite and spinel phases. 

The SAED pattern includes three sets of diffraction spots, which are associated with the pyrite 

(left), spinel (right), and heterostructure (middle). SAED patterns and HRTEM image of the 

selected area distinguished the interface between the two structures emphasizing on Cr0.5Cu0.5Se2 

phase (green contrast) from CuCr2Se4 (pink contrast). 
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Figure 4.22: Phase transformation mechanism probed via HRTEM imaging. HRTEM image 
showing multi-domain intermediate phases during the transformation of Cr0.5Cu0.5Se2 to 

CuCr2Se4 with an interface between the two domains indicated by a black line. (a) A part of a 
hollow nanoring, HRTEM images of the (b) pyrite and (c) spinel domains, (d) Multi-domain 

phase intermediate area with the interface between the pyrite (green) and spinel (pink) domains, 
and (e) Three sets of SAED patterns extracted from the represented multi-domain area showing 

the coexistence of pyrite and spinel phases. 

 

Based on the suggested pyrite structure for Cu0.5Cr0.5Se2, half of the four octahedral sites 

should be occupied by Cu+ (2 positions), and the remaining half should be occupied by Cr3+ ions 

(2 positions). Assembly of eight pyrite unit cells (Pa-3, a = 6.116 Å) forms a 2 x 2 x 2 fcc 

superlattice including 16 Cr3+ ions. Comparing this fabricated unit cell with the cubic unit cell of 

spinel CuCr2Se4 (Fd-3m, a = 10.337 Å) shows that the same number of Cr3+ ions are located in 

the similar octahedral sites (Scheme 4.1). Using this pattern to rationalize the phase 

transformation mechanism shows that the total number of copper and selenium ions should be 

decreased in half (from 16 to 8, and 64 to 32, respectively) from pyrite to spinel phase. 

Importantly, the Se atoms in the pyrite structure are in their less stable oxidation state (Se2
2-) and, 
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therefore, can be viewed as electrophilic centers and will readily reduce into their most stable 

Se2- oxidation state in the spinel structure.10  

The reduction of diselenide (Se2
2-) is followed by the oxidation of Cu+ to Cu2+ ions. The 

reduction of Se2
2- in Cr0.5Cu0.5Se2 structure during the transformation would break up the Se-Se 

covalent bonds.11 Cu2+ ions located in the octahedral position in the structure of Cr0.5Cu0.5Se2 

upon reduction of Cu+ diffuse into the neighboring vacant tetrahedral position. Simultaneously, 

Se2- ions resulting from the reduction of the dimers of Se2
2- diffuse into the neighboring sites.  

The short length of the Cu+ and Se2- ions diffusion path could be the driving force that facilitates 

the complete transformation from Cr-doped pyrite to the spinel phase.11 The changes in the 

oxidation states and decreasing the amounts of the Cu and Se ions followed by the formation of 

spinel structure is shown by this equation:  

Cu16Cr16(Se2
2-)32 + 48 e-                                        Cu8Cr16Se32 + 8 Cu2+ + 32 Se2-    

Based on this proposed mechanism, the total amount of the chromium does not decrease 

and remains constant. Therefore no more Cr3+ will be needed to complete the formation 

mechanism of CuCr2Se4. To support this proposal against the other possible pathway (proposing 

increasing the Cr3+ while the amounts of Cu and Se ions remain constant), we have used isolated 

Cr0.5Cu0.5Se2 particles as the precursor of CuCr2Se4 using the same heat-up method and phase 

pure spinel particles have been prepared at 360 oC.    
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Scheme 4.1: Schematic view of (a) the similar positions of Cr ions and (b) Cu ions diffusion into 
the neighboring vacant tetrahedral positions during the pyrite to spinel phase transformation. 

 

4.6 Phase Transformation and Raman Spectroscopy 

 Raman spectroscopy confirmed the pyrite to spinel phase transformation as the reaction 

temperature increased from 300 to 330 ºC. Figure 4.23 shows the Raman spectra of the materials 

synthesized at 300, 310, and 330 ºC. In general, pyrite structure has five Raman active modes, 

and usually, the two strongest peaks corresponding to the symmetric Ag and Tg modes and 

attributed to the characteristic stretching modes of the Se–Se pairs could be observed in Raman 

spectrum.12,13 On the other hand, MCr2X4  spinel structure has five Raman active modes, 

including A1g, Eg, and three F2g in general.14 The Raman spectrum of the p-Cr0.5Cu0.5Se2 formed 

at 300 ºC shows two peaks at 240 and 258 cm-1 corresponding to Ag and Tg modes, respectively.12 
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By increasing the reaction temperature to 310 ºC, the intensity of the pyrite Ag and Tg peaks 

decreased and five more peaks attributed to spinel phase were observed. By increasing the 

reaction temperature, the relative intensity of peaks corresponding to pyrite phase gradually 

decreased, whereas the intensity of peaks from the spinel phase increased. The Raman spectrum 

of the CuCr2Se4 spinel phase formed at 330 ºC shows all five expected peaks at 107, 144, 170, 

225, and 254 cm-1 corresponding to F2g, Eg, F2g, F2g, and A1g modes, respectively.14 

 

Figure 4.23: Raman Spectra of the NCs formed at 300, 310, and 330 ºC, confirming the pyrite to 
spinel phase transformation by increasing the reaction temperature.  

 

4.7 Magnetic Properties of Spinel CuCr2Se4 NCs 

 Figure 4.24 shows the hysteresis loop of the nanoneedles of CuCr2Se4 at 300 K and 5 K. 

Similar to the previously reported works, the prepared NCs are superparamagnetic at 300 K with 
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no hysteresis and zero remanence. On the other hand, they exhibit ferromagnetic behavior at 5 K 

with relatively low coercivity. The obtained saturation magnetization value is 29 emu g-1 which 

is lower than the same parameter obtained for NCs prepared via HI method by Wang et al. (37, 

43 emu g-1)1 and Pang et al. (43 emu g-1),2 but higher than reported parameter by Ramasamy (23 

emu g-1),3 indicating the influence of the size and morphology of the NCs on the saturation 

magnetization.  

 

Figure 4.24: Magnetization (M) as a function of external field (H) diagram at 300 K and 5 K for 
NCs of CuCr2Se4, prepared by HU method at 360 ºC. 

 

4.8 Heat-Up (HU) versus Hot-Injection (HI) 

 In order to rationalize the influence of the preparation method on the composition and 

morphology of the NCs, we have employed the hot-injection method using the same precursors, 

capping agent, and reaction condition, including time and temperature. Hot-injection of the 

mixture of CuCl2 (0.25 mmol) and Cr(acac)3 (0.5 mmol) dissolved in ODA, into the solution of 
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Se (in ODA) at 330 ºC formed anisotropic-shaped nanocrystals of CuCr2Se4. As indicated in 

figure 4.25, the prepared NCs exhibit a mixture of triangular and hexagonal nanoparticles. The 

size and shape of the obtained NCs are similar to what has been already made via the HI method 

and reported by Pang el al.2 Interestingly, decreasing the reaction temperature never led to the 

formation of any pyrite phase. Therefore, the synthesis method has a significant influence on the 

composition and shape of the prepared NCs.  

 

Figure 4.25: TEM images of triangular and hexagonal NCs of CuCr2Se4 made by HI method. 

 

4.9 Conclusion 

The control of materials formation requires a detailed understanding of events occurring 

during synthesis. The main purpose of this chapter was to rationalize the reaction mechanism of 
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the formation of colloidal selenospinel CuCr2Se4 NCs during the HU method. The reaction 

consists of crystal-to-crystal chemical and structural phase transformation of initial p-

Cr0.5Cu0.5Se2 NCs to the spinel CuCr2Se4 phase. The results indicated that the reaction 

temperature plays a predominant role, and influences the composition and structure of the 

products. Cr3+ ions occupied the octahedral sites of the pyrite structure and formed CrxCu1-xSe2 (x 

= 0.1-0.5) NCs, and by reaching the temperature to above 300 ºC, the 50% doped pyrite phase 

Cr0.5Cu0.5Se2 transformed to spinel CuCr2Se4 NCs. The formation of the pyrite phase was 

influenced by the occupation of the octahedral positions with Cr3+ ions, and this process induced 

the direct structural transformation from pyrite to spinel phase.  

The results suggested that the insertion of the Cr3+ ions into the octahedral positions of 

the pyrite structure is the main driving force for the formation of the metastable pyrite phase and 

the nanoneedles were formed during the morphological evolution of the initial nanocubes turned 

into the nanorods of the spinel phase (Scheme 4.2). This work is the first reported pyrite to spinel 

phase transformation and offers an outlook on the new forms of transformation mechanisms of 

nanoscale particles during the colloidal synthesis methods. 

 

Scheme 4.2: Depiction of clustering of the initial nanocubes and pyrite to spinel phase 
transformation. 
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CHAPTER 5 

CONTROLLED SYNTHESIS OF MAGNETIC CuCr2S4 CHALCOSPINEL 
NANOCRYSTALS USING SINGLE SOURCE PRECURSORS 

5.1 Abstract 
 In this chapter, we present a colloidal synthesis of thiospinel CuCr2S4 NCs via HI method 

using metal-complexes of diethyldithiocarbamate (DDTC) as the precursors. The effect of the 

single-source precursor on the composition, crystallinity, and structure of the products has been 

studied. Moreover, the influence of various important parameters such as reaction time and 

temperature, capping ligand, surfactant, etc. on the crystalline phase, shape, and size of the NCs 

have been systematically studied. We have also compared HI with HU method in order to 

rationalize the influence of the synthesis strategy on the products. The morphological changes 

and magnetic properties of the NCs were also presented. The obtained materials were analyzed 

and characterized using X-ray diffraction, SEM, TEM, HRTEM, HAADF-STEM, and EDS-

STEM. The result indicates the formation of uniform NCs of CuCr2S4 along with the formation 

of a small amount of sulfur impurity. The presence of sulfur in the structure of the organic ligand 

of DDTC facilitates the formation of a sulfur phase as an impurity. The annealing process under 

the sulfur vapor atmosphere influences the evolution of the sulfur phase. Our results indicate that 

the controlling of the formation of pure-phase nanoparticles using metal-DDTC precursors is 

more challenging than using metal salts, which reported earlier. However, this work is the first 

successful effort to prepare NCs of CuCr2S4, employing single-source precursors. 
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5.2 Introduction 

5.2.1 Colloidal Nanocrystals of Spinel CuCr2S4 

For the first time, Ramasamy et al. reported the synthesis of phase-pure CuCr2S4 NCs 

using the thermal-decomposition method, including hot-injection of 1-dodecanethiol (1-DDT) 

into a hot solvent containing CuCl2 and CrCl3.6H2O as the precursors. They used oleylamine 

(OLA; C18H37N) and octadecylamine (ODA; C18H39N) as coordinating solvents (or capping 

agent).1 Scheme 5.1 represents the general scheme of the HI method for the synthesis of CuCr2S4 

nanocrystals.  

 

Scheme 5.1: Schematic representation of the HI synthesis of CuCr2S4 NCs. 

 

The X-ray diffraction results (Figure 5.1) indicate the phase purity of the synthesized 

spinel NCs (fcc, space group Fd3m). The morphology and composition of the product can be 
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controlled by adjustment of the temperature, time, and chemistry and composition of the 

precursors, surfactants, and capping ligands. The reaction temperatures below 350 ºC favor the 

formation of the low-temperature phase CuCrS2 nonmagnetic material with a layered structure 

(Figure 5.2). Therefore temperature control of the reaction is critical.  

For the synthesis of CuCr2S4, after deaeration of the mixture of CrCl3.6H2O (0.5 mmol), 

CuCl2 (0.25 mmol), and 10 g of ODA for 15 min, the mixture was heated to 360 ºC under the N2 

atmosphere. At 360 ºC, 3.0 mmol (2.0 ml) of the hot 1-DDT (250 ºC) was rapidly injected into 

the precursor containing vessel. Controlling the temperature of the reaction above 350 ºC is the 

crucial factor during the injection process. After stirring the resulting mixture at 360 ºC for 1 

hour, the black product CuCr2S4 was cooled to ambient temperature, washed with ethanol and 

hexane, and finally isolated via centrifugation. As illustrated in TEM images (Figures 5.3 and 

5.4), using ODA and OLA as the capping ligands yield to cube-shaped nanocrystals (with an 

average size of 20 nm), and nanoclusters (with an average size of 30 nm), respectively. 
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Figure 5.1: The XRD patterns of (a) nanocubes and (b) nanoclusters of CuCr2S4. Reprinted with 
permission from ref. 1. 

 

Figure 5.2: The XRD pattern of the NCs prepared at 340 ºC, indicating the formation of the 
secondary phase of CuCrS2 as an impurity. Reprinted with permission from ref. 1. 
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Figure 5.3: TEM, HRTEM images, and SAED pattern of the nanocubes of CuCr2S4 formed in 
the presence of ODA. Reprinted with permission from ref. 1. 
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Figure 5.4: TEM and HRTEM images of the nanoclusters of CuCr2S4 formed in the presence of 
OLA. Reprinted with permission from ref. 1. 

 

5.2.2 Magnetic Properties of CuCr2S4 NCs 

Figure 5.5 indicates the temperature dependence of the field-cooled (FC) and the zero-

field-cooled (ZFC) magnetization of CuCr2S4 NCs using applied magnetic fields (H) of 50 and 

100 Oe.1 The obtained blocking temperature (Tb) deduced from low-field (50 Oe) are 290 and 

300 K, for nanocubes and nanoclusters, respectively. For both samples there is a drop in the 

magnetization value to almost zero at temperatures between 340 and 345 K. It could be because 

of their Curie temperatures which are under the bulk value of 377 K. 

Measurement of the magnetizations (M) as a function of the external magnetic field (H) 

has been done to determine the saturation magnetization (Ms) at 300 and 5 K. Based on the figure 
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5.5 nanocubes and nanoclusters reveal superparamagnetic (SP) behavior near the room 

temperature (300 K). On the other hand, at 5 K, both nanocrystals exhibit ferromagnetic behavior 

with relatively low coercivity values. The observed coercivity values are almost 350 and 750 Oe 

for nanocubes and nanoclusters, respectively.1 The loops did not exhibit magnetization saturation 

for the NCs. The highest observed magnetization values at 5 K were 30 emu g-1 and 33 emu g-1 

for nanocubes and nanoclusters, respectively which are significantly lower than the reported bulk 

value,2 since parameters such as broken symmetry at the surface of nanoparticles and defects at 

the cation and anion sites could dramatically decrease the net magnetization and unsaturation of 

the loops due to significant decrease of the effective number of spins and possible 

antiferromagnetic coupling.3 However, the 30 and 33 emu g-1 values reported in this work are 

higher than the reported value for the nanoparticles previously made by ball milling method.2 
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Figure 5.5: Magnetization (M) as a function of temperature (T) for (a) nanocubes and (b) 
nanoclusters and (c) as a function of field (H) at (c) 300 K and (d) 5 K. Reprinted with 

permission from ref. 1. 

5.3 Synthesis and Characterization of CuCr2S4 NCs Using Single-Source Precursors 

The main purpose of the work presented in this chapter is the design and preparation of 

CuCr2S4 NCs using the new and suitable single-source precursors in order to control the size and 

morphology of the phase-pure nanoparticles. For this purpose, we have chosen Cu- and Cr-

diethyl dithiocarbamate (DDTC) complexes as the precursors. Figure 5.6 represents the structure 

of Cu(DDTC)2, and Cr(DDTC)3.4,5  

 

Figure 5.6: The molecular structures of (a) Cu(DDTC)2, and (b) Cr(DDTC)3. 

 

5.3.1 Synthesis of the Precursors 

Cu(DDTC)2 has been synthesized according to the literature method.6 5.0 mmol (1.21 g) 

of copper nitrate dissolved in 40 ml of water. 40 ml of the aqueous solution of 10 mmol (2.25 g) 

sodium diethyldithiocarbamate trihydrate was added dropwise into the stirred solution of copper 
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nitrate at room temperature. After 4 hours, the resulting brown participate was filtered and 

washed with deionized water and dried (Scheme 5.2). The purified Cr(DDTC)3 complex was 

synthesized during the following procedure;  3.4 mmol (0.49 g) of CrCl3.6H2O and 10 mmol 

(2.25 g) of sodium diethyldithiocarbamate trihydrate dissolved in 20 and 40 ml of isopropanol, 

respectively. The resulting solution of sodium diethyldithiocarbamate was sonicated for 20 min, 

and the chromium solution was added dropwise into the stirred sodium diethyldithiocarbamate 

solution at 70 ºC. The resulting solution stirred for 5 hours at 70 ºC. The dark teal solid has been 

cooled, collected by filtration, washed, and dissolved in chloroform. Finally, the resulting 

solution was centrifuged to the separation of a dark blue precipitate, which washed with 

isopropanol and dried.  

 

Scheme 5.2: Depiction of the synthesis process of Cu(DDTC)2. 

 

According to the thermal gravimetric analyses (TGA) of the precursors, Cu(DDTC)2 and 

Cr(DDTC)3 decompose at around 250 and 350 ºC, respectively.7,8
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5.3.2 Synthesis of NCs  

As the first trial, we have used the same hot-injection method that already reported by 

Ramasamy et al. by using Cu(DDTC)2 instead of CuCl2.1  

0.25 mmol of Cu(DDTC)2 (0.09 g) and 0.5 mmol of CrCl3.6H2O (0.133 g) were added to 

the 10 g of ODA and the mixture were heated to 360 ºC under N2. Extra amount (3.0 mmol; 2.0 

ml) of 1-DDT was heated to 250 ºC in a separated flask. The 250 ºC 1-DDT was quickly injected 

to the stirred solution of the precursors and the stirring of the mixture continued for 1 h. The 

resulting black mixture was cooled, washed, isolated via centrifugation process, and dried in air.  

As already mentioned, the critical point of this reaction is maintaining the temperature of 

the reaction at 360 ºC because the temperatures under 360 ºC form the secondary nonmagnetic 

phase of CuCrS2 as an impurity. In order to find the role of the reaction temperature, we did 

several reactions at different temperatures. We continued our systematic work by changing other 

reaction parameters such as reaction time, and composition of the precursors, surfactants, and 

capping ligands. Next, we will discuss the influence of each parameter on the formation of the 

nanoparticles.  

5.4 Influence of the Reaction Parameters on the Formation of the Nanoparticles 

5.4.1 Reaction Temperature 

The temperature range of 310-330 ºC formed phase pure particles of layered material 

CuCrS2 as the main product. Figure 5.7 indicates the XRD patterns of the three CuCrS2 

nanoparticles prepared at 310, 320, and 330 ºC, respectively. Therefore, nanoparticles of spinel 

phase CuCr2S4 start to form at the temperatures higher than 340 ºC.  
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Doing the same reaction at 340 and 350 ºC led to the formation of the mixed-phase of 

CuCrS2 and CuCr2S4 (Figure 5.8). The XRD pattern of the materials formed at 350 ºC, shows 

diffraction peaks corresponding to spinel CuCr2S4 (ICDD No. 21-0287) and layered CuCrS2 

(ICDD No. 23-0952) phases along with a small amount of a sulfur allotrope (2θ = 22, 25, 29, 33, 

39, 43 degrees; ICDD No. 20-1227). It demonstrated that after the mixture was heated to above 

350 ºC, part of the sulfur transformed to another sulfur allotrope.9  No peaks correspond to sulfur 

were detected when the reaction was done at the temperatures below 340 ºC, indicating the sulfur 

formed at the temperatures higher than 340 ºC. 

 

Figure 5.7: XRD patterns of the layered CuCrS2 nanoparticles formed at the temperature range of 
310-330 ºC (ICDD No. 23-0952).  

 

By doing the reaction at 360 ºC, we could avoid the formation of the nonmagnetic phase 

of CuCrS2 and the obtained NCs can be indexed to the cubic spinel CuCr2S4 structure with the 
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main diffraction peaks of (220), (311), (222), (400), (331), (422), (511), (440), and (622), 

respectively (ICDD No. 21-0287). However, the problem is still the formation of a small amount 

of sulfur impurity (Figure 5.9). We have studied the possibility of the formation of other phases 

by comparing the XRD pattern of the prepared nanoparticles with different metal sulfide phases 

made by sulfur, copper and/or chromium. The only ternary metal sulfide produced by three 

elements of Cu, Cr, and S are nonmagnetic CuCrS2 and magnetic CuCr2S4 materials. However, 

many binary metal sulfides, including Cu or Cr and S, are available. The XRD patterns of the 

reported metal sulfides, e.g., CuS, Cu2S, Cu9S5, CrS, Cr2S3, and Cr5S6 and also metal chlorides 

(CuCl2 and CrCl3) did not match with the XRD pattern of the prepared nanoparticles. Therefore, 

the impurity is only sulfur.  
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Figure 5.8: XRD patterns of the prepared particles at (a) 340, and (b) 350 ºC. The relative 
intensity of the CuCrS2 peaks decreases by increasing the reaction temperature. 
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Figure 5.9: XRD pattern of NCs synthesized at 360 ºC. The standard XRD stick patterns of bulk 
CuCr2S4 (Red; ICDD No. 21-0287) and Sulfur (Blue; ICDD No. 20-1227) are also shown.  

 

The TEM micrograph of the synthesized CuCr2S4 NCs indicated the formation of nearly 

cube-shaped crystals with an average size of 30 nm (Figure 5.10).  
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Figure 5.10: TEM images of CuCr2S4 nanocubes made by Cu(DDTC)2 and ODA as a capping 
agent.  

 

5.4.2 Reaction Time 

Generally, NCs size increases with increasing reaction time (as more materials add to 

nanocrystal surfaces), and temperature, because the rate of nucleation increases as a function of 

time and temperature.10.11 Hot-injection synthesis was done at different reaction times, including 

15, 30, 45, and 60 min, by keeping the temperature at 360 ºC. The XRD patterns of all 

synthesized particles show the sulfur impurity, and it seems that by approaching the temperature 

to 350 ºC the byproduct is forming at the very first steps of the reaction. Comparing the collected 

XRD data at different temperatures reveals that shorter reaction times (15, or 30 min) show more 
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noisy patterns, and the main peaks of the magnetic CuCr2S4 particles become less intense (Figure 

5.11). 

 

Figure 5.11: Effect of reaction time on the formation of CuCr2S4 NCs. The XRD patterns of the 
NCs formed after (a) 15 min, (b) 30 min, (c) 45 min, and (d) 60 min.  

 

5.4.3 Sulfur Source and Capping Agent 

1-DDT could be used as both surface capping agent (and help the growth of NCs), and 

source of sulfur and plays an essential role in preparing suitable nanoparticles.12 The alternative 
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sulfur source could be tert-dodecanethiol (tert-DDT), which is structurally similar to 1-DDT. 

Changing the reaction surfactant from 1-DDT to tert-DDT did not make any significant change, 

and the problem of the byproduct formation was not resolved (Figure 5.12). 

 

Figure 5.12: XRD pattern of the CuCr2S4 NCs prepared by using tert-DDT instead of 1-DDT. 

 

We have also applied HU method in the absence of external sulfur source (e.g., 1-DDT 

and tert-DDT). Employing Cu(DDTC)2 and CrCl3 as the precursors dissolved in 10 g ODA 

formed the mixed phase of CuCr2S4, CuCrS2, and sulfur. We also employed HI method in which 

the solution of CrCl3 dissolved in 2.0 g ODA (at 250, 300, and 350 ºC) was injected into 

preheated Cu(DDTC)2 in ODA (8.0 g) solution at 360 ºC. Although no secondary phase of 

CuCrS2 was detected, the small amount of sulfur formed again. Therefore, the formation of the 

sulfur phase at the temperatures above 350 ºC, is not related to the nature of the external sulfur 

source.  
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ODA has bi-functional application as the solvent and capping ligand during the 

crystallization process.13-15 When we used OLA instead of ODA as the capping agent of the 

reaction, the morphology of the prepared nanoparticles changed. The TEM images of the 

nanoparticles formed in the presence of OLA, illustrated in figure 5.13. Nanoclusters of CuCr2S4 

with an average size of 50 nm were formed. In sum, the TEM micrograph of the NCs of CuCr2S4 

revealed that the size and morphology of the prepared nanoparticles are similar to the reported 

work by Ramasamy et al., and we prepared nanocubes, and nanoclusters by using ODA and 

OLA, respectively. Compare to Ramasamy`s work, the average size of the particles made by the 

single-source precursor was bigger (~50 nm). Therefore, the effect of capping ligands on the 

morphology of the produced NCs is more significant than the effect of precursors.  

 

Figure 5.13: TEM images of CuCr2S4 nanoclusters made by Cu(DDTC)2 and OLA as capping 
agent.  
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5.4.4 Synthesis Method; HU versus HI 

In chapters 3 and 4, we discussed the formation mechanism of the selenospinel CuCr2Se4 

phase made by HU process compared to HI method. The HU synthesis pathway formed the p-

CrxCu1-xSe2 at lower temperatures, and by increasing the reaction temperature, the pyrite 

Cr0.5Cu0.5Se2 phase transformed to the spinel CuCr2Se4. Focusing on the same idea, encouraged 

us to design a similar HU method for CuCr2S4 system. However, the XRD patterns of the 

products formed at the lower temperatures indicated the formation of the layered CuCrS2 phase, 

and no pyrites (CuS2) formed in this case (Figure 5.14).  The nonmagnetic ternary phase of 

CuCrS2 formed by reaching the HU temperature to the range of 310-340 ºC and it is not possible 

to make the pure phase of magnetic CuCr2S4 chalcospinel using the HU method.  

 

Figure 5.14: XRD pattern of the nanoparticles prepared by HU method indicating the formation 
of CuCrS2 and sulfur along with CuCr2S4 phase. 
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5.4.5 Precursors  

Cu-complex of dimethyldithiocarbamate Cu(DMDTC)2 was used instead of Cu(DDTC)2 

as the copper precursor to check the effect of the chemical composition of the precursors. The 

relative intensity of the XRD peaks corresponding to the sulfur impurity increased by replacing 

Cu(DDTC)2 precursor with Cu(DMDTC)2 (Figure 5.15).  

 

Figure 5.15: XRD patterns of the nanoparticles made by Cu(DMDTC)2 in the presence of (a) 
OLA, and (b) ODA, indicating the mixed phase of magnetic and nonmagnetic phases. 

In our next step, we replaced CrCl3.6H2O with the metal complex of Cr(DDTC)3 to study 

the effect of chromium precursor on the formation of products. The XRD pattern of the NCs of 

CuCr2S4 formed in the presence of 1-DDT and ODA (Figure 5.16) indicated no significant 

change, and the sulfur impurities were still detected. TEM, HRTEM, HAADF-, and EDS-STEM 

imaging of the isolated phase pure CuCr2S4 NCs formed in ODA represented in figures 5.17-

5.19. HRTEM image of a representative nanocrystal of CuCr2S4 exhibits lattice fringes of 0.30 

nm and 0.35 nm, corresponding to (3 1 1) and (2 2 0) lattice planes, respectively. The elemental 

composition of the CuCr2S4 nanocubes measured by EDS-STEM is shown in table 5.1. 
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Figure 5.16: XRD pattern of the CuCr2S4 NCs prepared by Cu(DDTC)2 and Cr(DDTC)3 single-
source precursors. 

 

Figure 5.17: TEM images of CuCr2S4 nanocubes with the average size range of 20-40 nm made 
using Cu(DDTC)2 and Cr(DDTC)3 precursors and ODA.  
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Figure 5.18: HRTEM image of the CuCr2S4 nanocubes.  

 

Table 5.1: Elemental composition of the CuCr2S4 nanocubes determined by EDS. 

Element  Weight %  Atomic % Ratio 

Cu K 22.29 14.82 1.00 

Cr K 34.02 27.63 1.86 

S K 43.69 57.55 3.88 
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Figure 5.19: HAADF-, EDS-STEM imaging, and EDS-diagram of CuCr2S4 nanocubes. 
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 The excess sulfur is detected via EDS analysis of a broader area using Scanning Electron 

Microscopy (SEM). Figure 5.20 indicates the SEM image of CuCr2S4 nanocubes, and figure 5.21 

shows the SEM-EDS spectra of the selected regions in Figure 5.20. The elemental compositions 

of the selected areas are summarized in table 5.2. 

 

Figure 5.20: SEM image of CuCr2S4 nanocubes.  

Table 5.2: Elemental composition of the spectra 1-3. 

Material Element  Weight % Atomic % Ratio 
Spectrum 1 Cu K 21.44 14.11 1.00 

Cr K 33.21 26.72 1.89 
S K 45.35 59.17 4.19 

Spectrum 2 Cu K 21.16 13.94 1.00 
Cr K 33.72 27.15 1.94 
S K 45.12 58.91 4.23 

Spectrum 3 Cu K 20.83 13.65 1.00 
 Cr K 33.05 26.46 1.94 
 S K 46.12 59.89 4.39 
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Figure 5.21: SEM-EDS diagram of spectra 1-3. 
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5.5 Stabilization of the Sulfur Rich Phase by Annealing 

Obtained NCs were annealed under sulfur vapor atmosphere in order to stabilize the 

CuCr2S4 phase and explore the post-annealing effect on the crystallinity of the prepared NCs. 

Scheme 5.3 shows a schematic depiction of experimental details of the annealing procedure. The 

synthesis was carried out in a vacuumed sealed quartz ampoule.  160 mg of the as-synthesized 

colloidal CuCr2S4 nanocubes (located in a crucible) along with 160 mg of sulfur powder 

transferred into the ampoule as depicted in scheme 5.3.  

CuCr2S4 NCs and sulfur powder were separated by a piece of quartz to allow only the 

sulfur vapor to be present proximal to the nanoparticles. Therefore, there was no physical contact 

between the materials. The materials were heated in a furnace to 400 ºC and maintained at this 

temperature for 5 days. After cooling the crucible to ambient temperature, annealed NCs washed 

with a small amount of ethanol and hexane and dried in air.  

 

Scheme 5.3: Depiction of the annealing process of CuCr2S4 NCs under the atmosphere of sulfur 
vapor.  
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As illustrated in figure 5.22, the intensity of the diffraction peaks of annealed CuCr2S4 

particles increased, and the peaks became sharper and less noisy. The same evolution is detected 

on the diffraction peaks of the sulfur impurity, and the corresponding peaks became sharper, 

narrower, and more intense. Therefore, the mentioned high-temperature thermal treatment had a 

similar influence on the crystallinity and stabilization of both the main phase of CuCr2S4 and 

sulfur.  

  

Figure 5.22: XRD patterns of the as-synthesized colloidal (black) and annealed (red) CuCr2S4 
NCs under the atmosphere of sulfur vapor.  

 

Figure 5.23 shows the TEM micrograph of the annealed particles. Although the majority 

of small NCs are still cubic, larger size particles (with the size range of 60-100 nm) were also 

formed in a spherical shape.  
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Figure 5.23: TEM images of annealed CuCr2S4 NCs. 

 

5.6 Magnetic Measurements 

 The magnetization (M) of CuCr2S4 nanocubes was measured as a function of the external 

magnetic field (H) at 5 K and 300 K (Figure 3.24). As expected from the previous observations,1 

ferromagnetic behavior with a low coercivity of 350 Oe was observed at 5 K, whereas 

superparamagnetic (SP) behavior was observed at 300 K. Similar to the previous work, the loops 

do not exhibit magnetization saturation, and the highest observed magnetization value at 5 K was 

32 emug-1, which was close to the previously reported values.1,16 
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Figure 5.24: Magnetization (M) as a function of field (H) for nanocubes of CuCr2S4 at 300 K and 
5 K.  

 

5.7 Conclusion  

Because of the importance of magnetic chalcospinels, our primary purpose was doing a 

systematic work to find a facile and highly efficient method for the controlled preparation of 

phase pure chalcospinel NCs with uniform size and desirable morphologies. The first and the 

only reported colloidal CuCr2S4 NCs made by using metal salts (CuCl2 and CrCl3) as the 

precursors along with 1-DDT as the source of sulfur. Since the thermal decomposition of metal-

DDTC complexes as the single-molecular precursors was found as a successful one-pot method 

to synthesis of several binary and ternary metal sulfides, we decided to use Cu- and Cr-DDTC 

complexes as the single-source precursors to obtain Cr-based magnetic chalcospinels. Under the 

new reaction conditions, we could prepare magnetic NCs of CuCr2S4 in both cubic and cluster 

forms, and we could avoid the formation of the unwanted nonmagnetic phase of CuCrS2 by 

controlling the reaction temperature.  
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Comparing the results of the current research with previously published work in which 

the inorganic metal salts were used as precursors, reveals that the sulfur-containing DDTC-metal 

complexes form a small amount of sulfur beside the main phase of CuCr2S4. According to the 

results presented in this chapter, the presence of sulfur in the structure of the organic ligand 

(DDTC) influences the formation of the unwanted sulfur phase.  

The annealing process under the sulfur vapor atmosphere facilitates the evolution of the 

sulfur phase. Therefore, controlling the formation of pure-phase nanoparticles using metal-

DDTC precursors is more challenging than using simple metal salts. However, this work is the 

first successful effort in order to prepare shape- and size-controlled NCs of CuCr2S4 using single-

source precursors. Several other sulfur-containing compounds such as metal complexes of 

thiobiurets, dithioburets, and thiourea derivatives, which have already used to design and 

preparation of binary metal sulfides, could potentially be the next choices to apply as the single-

source precursors.  
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CHAPTER 6 

CONCLUSION 

6.1 Summary 

 A general overview of binary and ternary metal chalcogenides and their nanocrystals has 

been provided. We have provided an overview of the wet-chemical colloidal methods as an 

essential approach to size and shape-controlled synthesize of nanocrystals. We have also 

discussed the importance of metal doping reactions as a pathway to create previously unavailable 

multielemental materials and the formation of a pure phase of novel compounds for high-

performance applications. The role of different parameters on the phase and morphology of the 

nanomaterials obtained during the heat-up and hot-injection reactions have been studied too. A 

library of a series of colloidal binary and multinary metal chalcogenides, along with preparation 

conditions, has also been provided.  

We discussed that among a large number of possible candidates of metal chalcogenides, 

chromium-based chalcospinels of CuCr2S4, CuCr2Se4, and CuCr2Te4 gained attention because 

they are the only ferromagnetic materials at room temperature and these properties make them 

unique.1-10 Nanocrystals of CuCr2S4 and CuCr2Se4 have been synthesized via colloidal methods, 

and the mechanistic details of the formation of nanomaterials were discussed in this study.  

We presented a heat-up synthesis of nanocrystals of p-CrxCu1-xSe2 (x = 0.1-0.5). By 

increasing the reaction temperature, the Cr3+ ions occupy the octahedral positions of the pyrite 

structure and influenced the formation of the pyrite phase, which is not stable in bulk form. The 

predominant phase formed at the temperature range of 250-300 ºC was pyrite, and CrxCu1-xSe2 
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pyrite phase was preserved regardless of the degree of doping. The magnetic measurements of 

the p-CrxCu1-xSe2 nanocrystals indicated that the occupation of the octahedral sites of the pyrite 

structure via Cr3+ ions led to tunneling magnetic properties and large enhancement of 

ferromagnetic moment in p-CrxCu1-xSe2. The isolated p-CuSe2 NCs showed perfect cubic shape, 

whereas, the nanocrystals of the p-CrxCu1-xSe2 did undergo degradation during the doping of Cr3+ 

ions in the pyrite crystal structure as a function of reaction temperature.   

This mechanism provided a pathway to phase transformation from Cr0.5Cu0.5Se2 NCs to 

ternary spinel CuCr2Se4 NCs at above 300 ºC. The reaction temperature plays a predominant role 

and influences the composition and structure of the products. Phase pure nanorods of CuCr2Se4 

formed at the temperature range of 330-360 ºC.  

The formation mechanism of the spinel phase during the heat-up process was studied. 

Nanocrystals of Cr0.5Cu0.5Se2 as the structural template result in the formation of CuCr2Se4 NCs 

during the pyrite to spinel phase transformation. It appears that at 50% Cr-content, the pyrite 

phase is saturated, and then the spinel phase is formed at higher temperatures. The occupation of 

the octahedral sites of the pyrite structure with Cr3+ ions during the cationic substitution induced 

the direct structural transformation. This work is the first reported pyrite to spinel transformation. 

In our next study, nanoparticles of CuCr2S4 were prepared by employing single-source 

precursors of Cu- and Cr-diethyl dithiocarbamate (DDTC) complexes and the effect of different 

reaction parameters on the composition, phase purity, size, and shape of the resulting products 

has been studied. The results were compared to the previously reported work that has been done 

in our research group. Our results indicated that the controlling of the formation of phase-pure 

nanoparticles using metal-DDTC precursors is more challenging than using metal salts, which 

reported earlier, and the presence of sulfur in the structure of the organic ligand of DDTC 
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influenced the formation of sulfur phase as an impurity. However, this work is the first 

successful effort to prepare NCs of CuCr2S4 employing single-source precursors.  

6.2 Outlook 

 In general, the thermal-decomposition strategy is an easy, cost-effective, and highly 

efficient method, and both HU and HI methods could be employed to control the synthesis of 

binary and multinary metal chalcogenides with pure crystalline phase, uniform size, and 

desirable morphologies. However, the design and preparation of NCs with desirable 

morphologies, size, and compositions depend on many different factors, and there is still a long 

way to go to develop and introduce a generalized synthesis strategy. Paying close attention to the 

formation mechanism of NCs in solution shows smart ways to make new crystalline materials 

that are not stable in bulk form or even have never been formed before. 

 We have successfully prepared NCs of p-CrxCu1-xSe2 in solution and showed that the Cr3+ 

ions enhanced the ferromagnetic moment of the pyrite structure. Methods such as neutron 

diffraction could be useful in further exploring these newly found magnetic materials. Moreover, 

the discovered Cr-induced phase transformation in this study could open the doors to the future 

works on pyrite and spinel phases with regards to (i) the synthesis of metastable materials and 

(ii) the possible pyrite to spinel phase transformations. Binary and ternary metal chalcogenides 

such as MSe2 and MCr2Se4 (M = Fe, Co, Zn) are excellent candidates to be considered as the next 

systems for Cr-induced pyrite to spinel phase transformation.  

 Lastly, we recommend that other ternary and multinary chalcospinels similar to the ones 

we covered in this scope of research to be considered for processing and characterization, 

especially magnetic chalcospinels such as CuCr2Te4 and CdCr2S4.  

  



156 
 

 

 

REFERENCES 

1. Kocsis, V.; Bordács, S.; Varjas, D.; Penc, K.; Abouelsayed, A.; Kuntscher, A.; Ohgushi, 
K.; Tokura, Y.;  Kézsmárki, I. Magnetoelasticity in ACr2O4 Spinel Oxides. Physical 
Review. B 2013, 87, 064416. 
 

2. Baltzer, P. K.; Lehmann, H. W.; Robbins, M. Insulating Ferromagnetic Spinels. Phys. Rev. 
Lett. 1965, 15, 493–495. 
 

3. Ramesha, K.; Seshadri, R. Solvothermal Preparation of Ferromagnetic Sub-Micron Spinel 
CuCr2Se4 Particles. Solid State Sci. 2004, 6, 841–845. 
 

4. Kim, D.; Gedanken, A.; Tver’yanovich, Y. S.; Lee, D. W.; Kim, B. K. Synthesis and 
Characterization of Nanocrystalline CuCr2Se4 particles. Mater. Lett. 2006, 60, 2807–2809. 
 

5. Ramasamy, K.; Mazumdar, D.; Zhou, Z.; Wang, Y. H. A.; Gupta, A. Colloidal Synthesis 
of Magnetic CuCr2S4 Nanocrystals and Nanoclusters. J. A. Chem. Soc. 2011, 133, 20716–
20719. 
 

6. Ramasamy, K.; Sims, H.; Keshavarz, S.; Naghibolashrafi, N; Gupta, A. Nanocrystals of 
CuCr2S4-xSex Chalcospinels with Tunable Magnetic Properties. J. Mater. Chem. C, 2016, 
4, 3628–3639. 
 

7. Ramasamy, K.; Mazumdar, D; Bennett R. D.; Gupta. A. Syntheses and Magnetic Properties 
of Cr2Te3 and CuCr2Te4 Nanocrystals. Chem. Commun. 2012, 48, 5656–5658. 
 

8. Wang, Y. H. A.; Bao, N.; Shen, L.; Padhan, P.; Gupta, A. Size-Controlled Synthesis of 
Magnetic CuCr2Se4 Nanocrystals. J. Am. Chem. Soc. 2007, 129, 12408–12409. 
 

9. Pang, C.; Yang, R.; Singh, A.; Chen, H.; Bowman, M. K.; Bao, N.; Shen, L.; Gupta, A. 
Colloidal Synthesis and Magnetic Properties of Anisotropic-Shaped Spinel CuCr2Se4 
Nanocrystals. RSC Adv. 2017, 7, 31173–31179. 
 

10. Lin, C. R.; Yeh, C. L.; Lu, S. Z.; Lyubutin, I. S.; Wang, S. C.; Suzdalev, I. P. Synthesis, 
Characterization and Magnetic Properties of Nearly Monodisperse CuCr2Se4 
Nanoparticles. Nanotechnology 2010, 21, 235603. 

 

 

 

 


