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Abstract 

Advancements in nanotechnology and nanosystems promise to extend limits of sustainable 

development and environment remediation in an attempt to address some of the world most 

challenging problems. Specifically, nanotechnology has played an important role in the design, 

synthesis, and characterization of various new and novel functional nanomaterials possessing 

extremely unique properties. For example, low dimensional nanostructures such as 

semiconductor nanocrystals with well controlled sizes, shapes, porosities, crystalline phases, and 

structures have been prepared via various synthetic methods. In addition these semiconductor 

nanocrystals have attracted research attention because of their fundamental role in the 

comprehension of the quantum size effect and great potential applications to save resources and 

improve the environment.  

Tremendous studies have established that morphological, optical, catalytic and electronic 

properties of semiconductor nanocrystals can be manipulated during synthesis by simply varying 

the growth parameters. Herein we establish the effect of different synthetic methods and several 

growth parameters on the properties of the as-synthesized semiconducting metal selenides 

nanocrystals (NixSey and InxSey) including structural, optical, electronic and catalytic properties. 

For example, reducing coordinating solvent oleylamine was seen to favour a particular 

morphologies and stoichiometries despite the duration of synthesis. In the case of InxSey 

nanocrystals, oleylamine favoured indium monoselenide (InSe) nanosheet formation while 

addition of 1-DDT as a co-surfactant to oleylamine produces In2Se3 nanowires. For NixSey 

nanocrystals, TOP as a co-surfactant to different ligands favoured the formation Ni3Se2 with 

different shapes including dots, plates, rods and wires in different solvents.  Other parameters 

studied included the reaction time and temperature.   
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Besides the properties, we probe the potential applications of these materials in dye sensitized 

solar cells as counter electrodes as well in chemical sensor as the sensing material. NixSey 

nanocrystals were employed as CE in DSSCs in an attempt to replace the noble expensive 

platinum conventionally used as CE in most DSSCs. It was established that different 

stoichiometry played a significant role in the catalytic reduction of I3
-
. Thus, different 

photovoltaic performance parameters were obtained with NiSe2 giving a higher PCE of 1.5 % 

followed Ni3Se4 then Ni3Se2. These values were however very low compared to the ones 

reported in literature, something that was attributed to low electron mobility, enhanced 

recombination and reduced catalytic performance as a result of poor device assembly and the 

organic ligand layer encapsulating the nanocrystal. 

In another scenerio, indium monoselenide nanocrystals were employed in chemiresistive sensors 

to detect the presence of a number of VOCs including formaldehyde, methanol, chloroform and 

acetone in the ambient. Indeed despite the well-known electrical, optical and structural properties 

previously reported in literature, metal selenides such as CdSe, PbSe and ZnSe among others 

present lack of investigation for gas sensing. The experimental results showed that different 

morphologies of InSe nanostructures interacted differently to the analyte gas suggesting 

difference in the electronic properties of different morphologies. The InSe nanoparticle based 

sensors gave a good response to HCHO and MeOH fumes and were more selective to HCHO 

fumes than chloroform and acetone. While those fabricated using the InSe nanosheets though 

responding well to HCHO recovered half way when exposed back in air and resulted in 

relatively high noise to signal ratio when exposed to MeOH. The operating temperature range for 

the InSe sensor devices were determined to be near room temperature. The sensors response was 

observed to decrease with increasing temperature from 30 °C to 90 °C. Evident from the results, 
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the surface capping molecule (oleylamine) employed to stabilize the nanostructures during 

synthesis was responsible for the poor sensing abilities of the nanostructures. 
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Thesis synopsis 

Chapter one entails a brief background on the importance of nanomaterials and nanosystems 

towards the realization of possible solutions to the global sustainability challenges. In addition, 

the chapter synopsis, the aims, objectives and motivation for the project are also presented 

herein. 

Chapter two introduces the main building block of this research – the colloidal semiconductor 

nanocrystals and their electronic components.  The chapter begins with an introduction on the 

concept of semiconductor nanocrystals tackling quantum dots and low dimension semiconductor 

nanocrystals. A short description on the properties of semiconducting nanocrystals that make 

them suitable for application in solar cells and chemical sensors are also included with emphasis 

on metal selenide nanocrystals. Different synthetic methods to prepare colloidal nanostructures 

are then described. This chapter also focusses on the basic concepts of solar energy conversion 

using photovoltaics and application of semiconductor nanocrystals in solar cells. Attention is 

fixed on dye sensitized solar cells and the working principle of a DSSC is discussed herein. Also 

included in this chapter are the basic concepts and the working principles of chemical sensors 

with emphasis of the application of semiconductor nanocrystals in chemicals sensors. 

Chapter three focusses on colloidal synthesis and characterization of indium selenide 

nanocrystals. The chapter begins with an introduction to indium selenide series describing the 

characteristics of different polymorphs of the In – Se system followed by different synthetic 

methods employed in literature to obtain different forms and phases of InxSey. Next, the effects 

of growth conditions such as time, concentration of the precursors, and type of ligand on the 

formation via direct heating method and the properties of In-Se nanostructures are presented in 
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this chapter. The effect of achieving nearly monolayer InSe nanosheets and its effect on the band 

structure of the semiconductor is also mentioned herein. 

Chapter four focusses on the use of indium selenide nanostructures as the sensing material in 

conductiometric/chemiresistive sensors for the detection of volatile organic compounds (VOCs). 

The chapter commences with a brief definition of VOCs and their various sources; then attention 

is narrowed to the detection of formaldehyde. The experimental results on the sensing ability of 

InSe nanoparticles and nanosheets are presented in this chapter. The result of conductance and 

capacitance variation when the sensors were exposed to methanol, formaldehyde, chloroform 

and acetone are discussed herein. The chapter demonstrates the use of two distinctly different 

sizes and shapes of InSe NCs in order to illustrate the difference in the electronic properties of 

the nanostructures as a result of shapes and sizes and their different interaction with the analyte 

gas.  

Chapter five describes the various synthetic methods including hot injection method and the 

direct heating method employed to synthesize nickel selenide nanostructure series together with 

the characterization techniques used. The chapter begins with a brief introduction on the different 

polymorphs of the nickel selenide series and the various methods that have been employed in 

literature to obtain them. Next the experimental results presented in this chapter demonstrates the 

significant impacts the growth conditions such as time, reaction temperature, concentration of 

precursor, method of synthesis and the type of ligand have on the properties of the final products. 

The chapter also examines the effect of mixed ligands on the resulting properties of nickel 

selenide, more specifically the effect of TOP when used hand in hand with other coordinating 

solvents, and the results are discussed herein.   
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Chapter six explores the utilization of different stoichiometries of nickel selenide series as 

counter electrodes in DSSCs with the aim of finding an alternative to expensive platinum. The 

chapter begins with a short introduction on the urgency to find alternative sources of energy with 

a few examples of renewable sources of energy. Then it describes the use of transition metal 

chalcogenides as major components in several energy conversions and storage devices with main 

focus on nickel selenide nanostructures. A few reports from the literature on the use of nickel 

selenide as counter electrodes in DSSCs are also presented in this chapter. Further on, the 

chapter demonstrates both the catalytic and electronic properties of the as-prepared nickel 

selenide nanoparticles. Different stoichiometries are incorporated into the DSSCs as counter 

electrodes after which the results from their I-V characteristic curves are presented. 

Chapter 7 presents a general summary and conclusion of the work presented in this thesis. The 

chapter highlights the successes of the projects, together with some recommendations for further 

investigations. 
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Chapter 1 : Background and rational 

1.1 Background  

Great potential in improving the quality and sustainability of life has been exhibited by 

materials approaching the nanoscale dimension [1]. Current research developments in 

nanotechnology and nanoscience are aimed at achieving and/or improving the sustainable 

developments, virtually in all industrial sectors including health care, telecommunication 

technologies (electronics), energy and transport, agri-food and water purification. Among the 

global challenges that greatly influences these developments are energy and environmental 

sustainability [2].  

Energy shortage has become a major concern. Currently the increasing world population 

which is expected to double by the middle of the 21st century and the massive growth in the 

economic development surges the global demand for energy. These consequently have 

created immense shortage in the energy sector, and so, much pressure on the existing energy 

resources. It is also noteworthy that fossil fuels, which are a major source of energy, are also 

dwindling fast. Therefore, in the light of preceding explanations, we can point out the fact 

that energy is one of the main factors that must be considered in discussions of sustainable 

development in terms of its sustainable supply. Ongoing research has pointed out that one 

solution to the impending energy shortage is to make more use of renewable energy sources 

such as solar energy. Solar energy can be converted to more usable forms by using 

technologies such as photovoltaics. Further, studies have indicated that there is still a huge 

gap between our present use of solar energy and its potentials thus posing a grand challenge 

in energy research.  

Environment remediation especially air quality has become a worldwide concern. Among the 

pollutants considered during air quality control are volatile organic compounds (VOCs). 
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VOCs are important class of compounds but have adverse effects on human health at high 

concentrations. In addition atmospheric VOCs play a critical role as precursors of ozone, 

photochemical smog and can form secondary organic aerosols. The present over reliance on 

fossil fuels for energy not only has a major impact on the environment through land and the 

surrounding water bodies’ degradation; but are also major sources of VOCs in the 

atmosphere.  For instance combustion of fossil fuels in power plants and in vehicles and 

evaporative emissions from cars releases a number of VOC gases in the air. In addition, 

VOCs especially aromatic organic compounds are also among the most important ambient 

carcinogens. For example benzene is a known carcinogen and exposure to high ambient 

concentrations represents a considerable health risk, while toluene is toxic for the central 

nervous system. [2] Several methods have been used to detect these VOCs in the ambient. 

However, research indicates that there is still a challenge to develop sensors/detectors that are 

sensitive at low concentrations and selective; sensors that are durable and can operate at low 

temperatures. 

In light of the above observations, advancement in nanotechnology promises to contribute to 

resource saving via improvement in renewable energy sources, reduced consumption of 

materials and improving the environment. Specifically nanomaterials and nanosystems offer 

platforms that can provide efficient, cost-effective, and environmentally acceptable solutions 

to the global sustainability challenges facing society [3]. Recent progress in the synthesis of 

nanomaterials and fundamental understanding of their properties has led to significant 

advances in the integration of these nanomaterials into many applications such as 

optoelectronic devices for clean energy generation, storage, utilization, waste heat recovery 

and environmental purification (detoxification and disinfection) [4]. However, there is still 

great need to find a workable balance between the surging needs for clean and reliable 

sources of energy, public safety and the preservation of the natural environment. From a 
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science perspective the challenge is to design a new generation of novel materials that can 

wisely produce and wisely consume energy and detect the cleanliness of the environment [2, 

3, 5, 6]. Leading experts around the world have highlighted the latest findings on a wide 

range of methods to fabricate different nanostructures including semiconductor nanocrystals 

with their different applications. In addition to these findings, this thesis is devoted to the 

colloidal synthesis and characterization of novel semiconducting metal selenide 

nanostructures with controlled sizes, shapes, crystalline phases and structures for their 

utilization in energy conversion and environmental purification through the establishment of 

solar cells and chemical sensors respectively.  

1.2 Problem statement 

Solar energy and in particular solar cell technology is seen as a best alternative for energy 

generation for electrification. There are three generations of solar cells. The first and second 

generation type of solar cells are currently commercially available in the market, however 

they are expensive as a result of the high manufacturing cost of the technology involved in 

processing them. DSSCs which fall under the third generation solar cells widely use 

platinum, a noble metal, to fabricate efficient counter electrode (CEs) due to its high 

conductivity and electro-catalytic activities. Nevertheless, the high cost, limited resources, 

and corrosion by iodine species in the electrolyte solution seriously restricts the large-scale 

application of Pt-based CEs in DSSCs. Therefore, economic, stable, and effective non-Pt 

catalysts should be exploited to fabricate novel CEs. 

In terms of environmental monitoring, gas detection using semiconductor metal oxide as their 

detection portion has had considerable impact to date. However, the need to operate at higher 

temperatures often limits this type of detection. In addition the available gas sensors in the 

market are quite expensive and they have a reduced sensitivity, selectivity and reversibility in 
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specified temperature conditions. Therefore, the capability of producing inexpensive sensors 

that can quickly identify the analyte even at low concentrations and can operate at low 

temperatures is of great essence. 

1.3 Motivation 

Nanostructured materials unlike their bulk counter parts are solution processable and thus 

present the possibility to produce low cost devices. In addition, they have excellent optical, 

electronic and catalytic properties and their sizes can be manipulated to obtain the desired 

band gaps to cater for the entire solar spectrum. Similarly, their catalytic activities can also be 

enhanced by manipulating their shapes and sizes during synthesis, and thus present a suitable 

property to be employed as CEs in DSSCs. Besides, their nano-size, nanostructured materials 

have large surface area to volume ratio make them ideal candidates for sensing purposes 

since the sensing mechanism relies on the interaction between the surface atoms of the 

material and the environment. Particularly for metal selenides and sulfides, their bandgaps are 

relatively low compared to their metal oxide counterparts. This means that the activation of 

intrinsic reactions occur at lower working temperatures, and only a minor energy supply is 

necessary during their sensing process. Also, the absence of oxygen in the crystal lattice of 

these chalcogenides may lead to a different catalytic mechanism on the surface reaction with 

respect to the metal oxides which dominate the chemo–resistive sensor based arena.  

1.4 Aims and objectives 

Generally, this work focusses on the colloidal synthesis of metal selenide (MSe; M=Ni, In) 

nanostructures with properties that can be exploited in both photovoltaics and sensing 

technologies. A detailed understanding on the role of the growth conditions such as time of 

synthesis, concentration of precursors, temperature of reaction and coordinating solvent on 

the properties of the final product is of great interest. Similarly, another point of concern is 

the effect of shapes, sizes and phase structure variation on the electronic and catalytic 
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properties of the as-prepared nanocrystals through (a) investigating their catalytic activities in 

DSSCs as counter electrodes and (b) experimental identification of the interaction of the 

semiconductors with the analyte during sensing. 

To achieve the above mentioned aims, the following objectives were identified: 

 Colloidal synthesis of InxSey and NixSey nanocrystals using the hot injection method 

and the direct heating method.  

 To investigate the effect of different growth conditions including time of synthesis, 

coordinating solvents (ODA, OLA, OA, TOP, 1-DDT), temperature of reaction and 

concentration of precursors on the structural, optical, electronic and catalytic 

properties of the as-prepared nanostructures. 

 Characterization of InxSey and NixSey nanocrystals via a number of techniques such as 

SEM, TEM, HRTEM, UV-VIS, PL among others. 

 To fabricate solar cell and gas sensor devices based on the nanocrystals. 

 To characterize/measure the performance of the fabricated devices. 
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Chapter 2 : Introduction to colloidal semiconductor nanocrystals. 

2.1 Introduction 

The global semiconductor industry is a multi-billion dollar sector and forms the foundation of 

countless other industries including electronics, telecommunication, healthcare, energy and 

transport, agri-food, water purification and environmental monitoring. The modern 

microelectronics industry requirements of miniaturization, low power, efficient conversion 

and fast operation make it absolutely clear that the next generation of electronic devices will 

use the physics of low dimensional semiconductor structures often referred to as nanocrystals 

[1, 2]. Semiconductor nanocrystals exhibit fascinating and unique properties compared to 

their bulk materials due to confinement of their carriers to specific volume, which is at 

comparable or smaller in size to its Bohr radius [3, 4]. Bulk semiconductors are characterized 

by their band structures (direct or indirect) and their band gap energy (Eg), which is the 

minimum energy required to excite an electron from the ground state valence energy band 

into the vacant conduction energy band. Upon absorption of a photon of energy greater than 

Eg, an exciton is created. An exciton, usually defined as an electron – hole pair bound 

together by a small binding energy is characterized by a finite size within the crystal defined 

by the Bohr exciton diameter. If one dimension of semiconductor nanocrystal is smaller than 

the Bohr exciton radius of the material (which normally ranges from 1 nm to 100 nm 

depending on the material) the band structure will be modified such that the charge carriers 

become spatially confined. In addition the continuous energy bands of the bulk 

semiconductor will be split into discrete energy levels like molecules as demonstrated in Fig. 

2-1 [4-12]. Elementary excitation of nanocrystals will therefore experience quantum 

confinement resulting in finite motion along the confinement axis that is in either one 

(quantum wires e.g nanorods, nanowires and nanofibers), two (quantum well e.g nanodisks) 

or three (quasi-zero-dimensional system, quantum dot) dimensions. Consequently, a gradual 
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reduction in the density of state is experienced when transitioning from bulk system to a 

quantum confined state; this is illustrated in Fig. 2-2 [7, 13-16]. For the one and two 

dimensional quantum confined nanostructures, the density of electron and holes can be 

expressed according to equation 2-1 where d is the number of dimensions and E, the energy 

measured from the bottom of the conduction band for the electrons and the top of the valence 

band for the holes [17, 18]. 

 2
1

( )
d

E E 


 d=1, 2, 3.  ………………………………….. (2-1) 

Based on this equation, a three dimensional system will have continuous energy levels as a 

result of a smooth square-root function of energy. In one and two dimensional structures 

where d = 1 and d = 2, the density of states are no longer continuous and number of discrete 

energy levels appear due to the quantum confinement effect according to equation 2-2, where 

l is the size along the confinement direction [17]. 
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
  n=1, 2 , 3……………………………….. (2-2) 

Equation 2-2 can be modified to equation 2-3 to give the direction in which the exciton 

formed inside different dimensions would move. For example, in a 1D, the exciton would 

have motion along the z axis and very limited motion along x- and y-axis. For 2D, the motion 

would be restricted in either two planes [17].  
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Quantum dots whose d = 0 experiences a slightly different scenario as their structures are 

zero dimensional. They are characterized by a discrete -function-like density of states with 

finite motion of quasiparticles in all directions, and a finite number of atoms and of 

elementary excitations within the same quantum dot [17]. Therefore, semiconductor 
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nanocrystals are tiny crystalline particles that exhibit size dependent electron and optical 

properties as a result of possible manipulation of the size of the exciton. With typical 

dimensions in the range of 1-100 nm, these nanocrystals bridge the gap between bulk crystals 

properties and the quantum confinement regime, thus enabling the exploitation of the useful 

properties of crystalline materials. In addition to the unique optical and electronic properties, 

there is a substantial increase in the fraction of surface atoms which in turn have increasing 

surface effects on other characteristics of materials such as phase transitions, phase transition 

temperatures, conductivity and electron affinity. Subsequently these also become shape and 

size dependent and are always referred to as the “size effect”. 

 

Figure 2-1:  Schematic correlation diagram relating cluster states to the bulk crystal states [5, 

7]. 
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Figure 2-2: Density of electron states for various dimensionalities showing the process of 

energy bands splitting from bulk system to a quantum confined system, QD. For d = 1, 2, 3, 

the density of states obeys 2
1

( )
d

E E 


. For a quasi-zero dimensional system, the density of 

states is described by a set of -functions [ . 

 

1980s marked the genesis of nanocrystals when they were discovered embedded in glass 

matrices containing semiconductor crystallite pigments [5, 11, 19-21]. Since then tremendous 

advances have been made on the syntheses of semiconductor nanocrystals with emphasis on 

size control in order to determine the extent of quantum confinement. In the current research, 

nanocrystals are often fabricated as colloids suspended in solution or as epitaxial structures 

grown on solid crystalline substrates. Epitaxial technologies (e.g. molecular beam epitaxy and 

metalorganic chemical vapour deposition) have been used to reproducibly prepare 

nanocrystals with a wide range of shapes and sizes in regular patterns which can then be 

directly incorporated into optoelectronic devices. However, solution phase techniques have 

provided flexible chemical processing with exceptional control over sizes and 

dimensionality/shape [11]. By controlling their dimensionality and finite sizes during 

synthesis, novel electro-optical, magnetic and structural properties are achieved to suit a 
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particular design of application [22]. For example, the 1-D semiconductor nanocrystals 

(nanorod and nanowires) have noticeably different optical properties in comparison to their 

quantum dot counter-parts [23-25]. For instance, the magnetic dipole moment tend to occur 

along the axis of the magnetic nanocrystals as the easy axis, which is desirable property for 

magnetic information storage [26]. The catalytic properties of various types of colloidal 

nanocrystals have also been suspected to be dependent on their shape [27]. The shape 

evolution of colloidal nanocrystals can also be employed as a sensitive probe for studying 

crystallization processes [28, 29]. Such studies have benefited and will continue to benefit the 

development of synthetic chemistry for colloidal nanocrystals with a desired shape control 

and applications.  

Among all types of colloidal semiconductor nanocrystals, metal selenides are the most 

pursued due to their importance in both fundamental and technological applications [30-32]. 

In the area of fundamental nanoscience, metal selenide nanocrystals have acted as models 

towards the realization of high quality nanocrystals with well controlled size, shape and 

surface passivation thus leading to the systematic elucidation of size-dependent scaling laws 

and processes involved in quantum confined systems [33]. Similarly in the area of 

technological applications, metal selenide nanocrystals have considerable usage as major 

building blocks especially in low band gap semiconductors, photovoltaics, IR detection 

applications (biomedical diagnosis) and light emitting diodes[33-41]. For example, CdSe 

nanocrystals due to their reproducibility, monodispersity and tunable optical properties in the 

quantum confinement size regime (quantum dots) have been regarded as prototypes for most 

semiconductor nanocrystals after their first synthesis by Bawendi’s group in 1993 [25, 42-

45]. ZnSe based nanocrystals with or without dopants play an essential role in developing 

transition metal semiconductor nanocrystals as substitutes for cadmium based fluorescent 

nanocrystals in order to eliminate the toxic component [46-48]. In addition, transition metal 
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doped ZnSe nanocrystals including Mn
2+

 and Co
2+

 doped ZnSe cores have been explored for 

spin based electronics due to their magneto–electronic properties [49, 50]. Recently, metal 

selenide nanocrystals have been intensively investigated as promising thermal electric 

materials [51-53]. In the field of solar cells, metal selenides including binary (e.g. PbSe) and 

complex selenides (e.g. CuInSe) are also being actively investigated as active/absorbing 

layers in photovoltaics [30, 54-56]. Simultaneously transition metal selenides such as nickel 

selenides, cobalt selenides, MoSe2, WSe2 and TaSe2 among others have exhibited excellent 

catalytic activities thus are currently considered as potential replacement to the expensive 

platinum counter electrode in dye sensitized solar cells [57-60].  

2.2   Properties of semiconductor nanocrystals 

2.2.1   Electronic structure of semiconductor nanocrystals 

Doing more with less is the mantra for the current era. One of the directions considerable in 

achieving this slogan is the drive towards miniaturization in the next generation electronic 

devices. Subsequently, understanding the changes in the electronic structure of 

semiconductor nanocrystals, which are the hope of miniaturized devices, as their dimensions 

become smaller is a prime motivation to study properties of semiconductors at nanoscale. 

One of the defining features of semiconductor nanocrystals is tuneable band gap, a property 

that has been tremendously investigated via optical spectroscopy and theoretical frameworks. 

The colour of light emitted by the semiconductor nanocrystal is determined by the width of 

the gap like in the case of numerous quantum dots of group II-VI semiconductors such as 

CdSe, CdS and ZnSe [10, 61-71]. Nanocrystalline materials which conserve the electronic 

wave function are called direct band gap materials while indirect band gap materials are those 

where the lowest electronic transition between valence band and conduction band is 

forbidden and they have very small absorption coefficients. Upon absorption of a photon, an 

electron is promoted from the valence band to the conduction band thereby creating an 
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electron- hole pair. As discussed earlier, a decrease in the size of the semiconductor 

nanocrystal such that it is comparable to or smaller than the natural length scale of the 

electron-hole pair, result in the carriers being confined by the boundaries of the nanocrystals 

dimensions. This occurrence often referred to as “quantum-size effect,” leads to atom-like 

optical behaviour in nanocrystals as the bulk bands become quantized as depicted in Fig. 2-1 

When nanocrystals are small compared to the exciton Bohr radius, their electronic wave 

functions experience three-dimensional quantum confinement. This results in the formation 

quasiparticles due to the dot boundary. Consequently, both linear and nonlinear optical 

properties of small semiconductor nanocrystals arise as a result of transitions between 

electron and hole quantum-size levels (QSLs). As a result, in a spherical nanocrystal 

(quantum dot) surrounded by an infinite potential barrier, the energy of the electron and hole 

quantum-size levels, characterized by angular momentum quantum number l, can be written 

in parabolic approximation as expressed in equation 2-4 [4, 73, 74]; 
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where me,h is the electron and hole effective mass respectively, a is the crystal radius, Фl,n is 

the nth root of the spherical Bessel function of the order l jl._Фl,n=0 . The four lowest roots 

have values corresponding to Ф0,0 = π, Ф1,0 = ~4.49, Ф2,0 = 5.76 and Ф0,1 = respectively. 

Based on equation 4, it is evident that the total energy of the optical band edge transitions will 

increase with a decrease in the size of the nanocrystal; as a result of quantized size levels of 

the electron and the hole. For example, model CdSe nanocrystals have been used to confirm 

this characteristic such that its energy can be tuned to cut across almost the whole optical 

spectrum. That is, their band gap energies can be tuned from 1.8 eV, the bulk value, all the 

way to 3.0 eV simply by changing the size of the CdSe nanocrystal [42]. In bulk 

semiconductors, optically created exciton experiences a coulomb attraction between the 
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electron and the hole. Similarly, nanocrystals also experience coulombic attraction which 

basically depends on the confinement regime. Subsequently it is important to take into 

account this interaction because both particles (electrons and holes) are confined in the same 

crystal volume. The Coulomb energy of the electron and hole interaction, which is added as 

an energy correction is on the order of; 

 
2

*
2

e
Ry

a
  …………………………..…… (2-5) 

where ḳ is the dielectric constant of the semiconductor. According to equation 2-4 and 2-5, 

the confinement energy of each carrier increases with decreasing size as 2
1

a
 and the 

Coulomb energy grows only as 1
a

. In sufficiently small nanocrystals, the energy correction 

to the quantization energies of electrons and holes becomes small and reduces transition 

energies by only a relatively small close to negligible amount. On the other hand, in large 

nanocrystals, the Coulomb interaction is more important than the quantization energies of the 

electrons and holes, thus has to be considered [65, 74].  

To reveal the principle quantum confinement effect within a framework, theoretical analysis 

shows that the optical properties of nanocrystals strongly depend on the ratio of the 

nanocrystal radius, a, to the Bohr radius of the bulk exciton given by this relation;  

 
2

2Ba
e




  ……………………………………… (2-6) 

where μ is the exciton reduced mass (2-6, 2-8). Consequently in the analysis of experimental 

data, one needs to consider three different regimes: Ba a
, Ba a

 and Ba a
. 
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2.2.1.1   Weak Confinement Regime 

The weak confinement regime corresponds to the case when the nanocrystal radius, a, is 

small but still a few times larger than the exciton Bohr radius, Ba
, i.e. when Ba a

. In this 

case, the only quantization occurring is that of the exciton centre-of-mass motion since the 

binding energy of an exciton, Eex, is larger than the quantization energy of both the electrons 

and holes. The energy of an exciton in the weak confinement case is then expressed in the 

form; 
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22
g exE E

Ma


     ……………………………… (2-7)         

where Eg is the band gap energy of the semiconductor material, e hM m m    is the exciton 

translation mass and π is the root value at Ф0,0 of the Bessel function. The binding energy of 

the exciton is given by; 
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  ………………………………… (2-8)         

Where Ry* is the Rydberg constant and n describes the internal excitonic states arising from 

the coulomb electron-hole interactions [17, 19, 61, 65, 74-76]. The weak confinement regime 

can be realized in large enough crystals. For instance investigations on CuCl nanocrystals 

whose excitonic Bohr radius is 7 Å showed that all the investigated samples experienced 

weak quantum confinement [77]. 

 

2.2.1.2   Intermediate Confinement Regime 

An intermediate region may occur in a semiconductor when the nanocrystal radius ‘a’ is 

smaller than the Bohr radius of the electron ae and the hole ah, i.e. ae > a > ah, such that very 

different values for the electron and the hole effective masses are obtained. In this case, one 

of the particles is strongly confined while the other is not. For instance, the hole moves in the 
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average potential of the much faster electron and is localized at the center of the nanocrystal. 

The region of the hole motion around the crystal center in this case is much smaller than the 

nanocrystal radius and the size dependence of the exciton ground state can then be described 

as the behaviour of a donor localized at the nanocrystal centre. The excitation spectrum of 

such a donor-like exciton can be described as an oscillation of the hole about the crystal 

centre and has been observed in moderate size CdS and CuBr nanocrystals [65, 74, 78, 79]. 

  

2.2.1.3 Strong Confinement Regime 

Strong confinement limit corresponds to the condition, Ba a  implying that the confined 

electron and hole have no bound state thus corresponding to the hydrogenlike exciton, and 

the zero-point kinetic energy of electron and hole due to confinement expressed by equations 

4 is considerably larger than the Ry* value. Therefore the optical spectra can be considered as 

the spectra of transitions between electron and hole quantized size levels. In this case, the 

uncorrelated motion of an electron and a hole may be considered as the first approximation, 

and the Coulomb interaction may be ignored. Employing the rules dictating the interband 

transitions between quantum size levels of parabolic conduction and valence band, transition 

are allowed only between levels with same quantum numbers. Consequently, absorption 

spectra can be obtained via this expression [4, 17, 74]; 
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in which the term proportional to 
2e

ka
 describes the effective Coulomb electron-hole 

interaction. Comparing this term with the exciton Rydberg energy, 
2

2
e

ka
in a strong 

confinement regime, Ba a , it is clear that the Coulomb interaction becomes very negligible 

in small quantum dots. In addition, the Coulomb term contribution to the ground-state energy 
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is even greater than in the bulk crystals. This is a principal difference of quantum dots as 

compared with crystal, quantum well, and quantum wire, where the Coulomb energy of a free 

electron-hole pair is zero. Therefore, an elementary excitation in a quantum dot can be 

classified as an exciton with a notation "exciton in quantum dot [17]. 

 

2.2.2 Optical transitions in semiconductor nanocrystals 

2.2.2.1 Absorption 

In a semiconductor, an electron can be promoted from the valence band to the conduction 

band as a result of absorption of a photon with energy equal to or greater than the 

fundamental band gap energy as portrayed in Fig. 2-4. Effects of quantization of the band gap 

energy in nanocrystal system with respect to the nanocrystal size are defined by equations (2-

4) and (2-9). Primarily the equations present increasing band gap energy as a result of 

decreasing size scaling as 2
1

a
  if the coulomb interaction is negligible. Secondly, there is 

emergence of discrete energy bands of both the conduction band and the valence band. These 

phenomena are schematically illustrated in Fig. 2-5a. Experimentally, the quantum 

confinement effects in nanocrystals can be determined via analysis of their optical absorption 

spectra; where a decrease in size of the nanocrystal would result in most cases result in a 

blue-shift of the absorption onset to higher energies [80]. The possibility to resolve the 

absorption spectra is attributed to energy spacing between the discrete levels of the envelope 

function functions with different quantum numbers which is in the order of hundreds of meV. 

This is depicted in Fig. 2-5b, showing the absorption spectra of CdTe QDs of different sizes. 

The lowest energy optical transition can be assigned to the 1S(h) to 1S(e)-level (h denotes the 

hole and e the electron), the second transition to the 1P(h) to 1P(e) level, and so on. 
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During analysis of the absorption spectrum, a relatively sharp absorption feature near the 

onset of absorption usually corresponds to the excitonic peak defining the lowest excited state 

exhibiting large oscillator strength. The position of the excitonic peak is also dependent on 

the size of the nanocrystal thus its features such as form and width are a description of the 

size distribution, shape and type of stoichiometry of the nanocrystals. For instance, 

polydispersed samples are characterized by a shoulder in the absorption spectrum at the 

position of the excitonic transition while less pronounced absorption features in shorter 

wavelength range correspond to excited states of higher energy [81]. In addition, absorption 

spectra may show multiple peaks corresponding to the optical transitions between the 

electronic levels in the nanocrystal. With this regard, discrete energy levels of electron and 

holes in a semiconductor nanocrystal are sequentially labelled as S, P, D and so forth. 

Therefore after considering the parity-allowed transitions, the optical electronic transitions 

possibly observed in a nanocrystal (NC) spectrum are 1S(h)-1S(e), 1P(h)-1P(e), 1D(h)-1D(e) 

and so on as shown in Fig. 2-6 [82]. 
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Figure 2-4: Schematic representation of the promotion of an electron from the valence band 

to the conduction band in a direct band gap semiconductor as result of the absorption of a 

photon [82, 83]. 
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Figure 2-5: Schematic representation of the quantum confinement effects with: (a) showing 

the emergence of the discrete energy levels as the nanocrystal size reduces thereby an 

increase in the bandgap energies, (b) showing the absorption spectra (on the left) of colloidal 

suspensions of CdTe quantum dots of different sizes while the right side are the Photograph 

of vials containing colloidal suspensions of CdTe QDs of different sizes under UV excitation 

[82-84]. 

 

(a)

(b)
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Figure 2-3: (a) is a schematic diagram of the three lowest discrete energy levels of electron,   

and hole,   in a semiconductor nanocrystal quantum dot with the corresponding wave 

functions are represented by the dashed lines. Allowed optical transitions are given by the 

arrows. (b) Assignment of the excitonic peaks observed in the absorption spectrum of 

colloidal CdTe quantum dots associated with the three optical transitions [82, 83]. 

 

In the case of CdSe nanocrystals, quantum confinement leads to mixing between different 

valence subbands, which produces a more complex structure of hole quantized states. Taking 

into account the mixing between heavy, light, and spin-orbit split-off valence subbands, 

Ekimov and the group established via calculations the size dependent hole energies in CdSe 

NCs. Their results showed that the three lowest hole states are 1S3/2, 1P3/2 and 2S3/2 as 

depicted in Fig. 2-7(a). [85, 86]. The optical transitions that involved these states are well 

resolved in linear absorption spectra of good quality colloidal CdSe NCs resulting in several 

excitonic peaks as presented in Fig. 2-7(b).  
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Figure 2-4: Schematic representation of the mixing between different valence subbands of 

CdSe nanocrystals as a result of quantum confinement. The arrows indicate allowed 

interband optical transitions; (b) is the linear absorption spectrum of CdSe with average rad 

radius of 4.1 nm showing the positions of the four well-resolved transitions that involve 

either 1S or 1P electron states [85, 86]. 
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2.2.2.2 Luminescence properties 

Photoluminescence spectroscopy, which is divided into fluorescence and phosphorescence, is 

a vital technique for examination of the size distribution and quality of semiconductor 

nanocrystals. The duration in which an electron remain in the excited state which happens to 

be longer in phosphorescence brings the differences between fluorescence and 

phosphorescence, otherwise the two process occur in a similar manner [18, 72]. Typically, 

when a semiconductor nanocrystal absorbs a photon with sufficiently larger energy than the 

band gap, a hot exciton is formed. The electron and the hole created then occupy the excited 

states above 1S in the discrete bands of the conduction and the valence band. In the event that 

a hot exciton is created, the very first process experienced is the exciton relaxation where the 

electron and the hole will quickly relax (<1 ps) to their ground states (the 1Se1Sh exciton) by 

means of a cascade of intraband non-radiative relaxation steps, through which their excess 

energy is dissipated as heat [85]. This phenomenon is depicted in Fig. 2-8. These intra-band 

transitions do not produce any radiations and are not controlled by the optical selection rules. 

Therefore they can take place very fast, either by coupling with phonons (i.e., lattice or ligand 

vibrations) of suitable energy, or by Auger scattering processes through which the excess 

energy of one carrier (e.g., the electron) is transferred to the other (e.g., the hole) [83, 85, 87].  
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Figure 2-5: Shows the cascade intraband relaxation steps [18]. 

 

The second process is the electron-hole recombination which takes place after the exciton has 

reached its ground state (i.e, lowest energy 1Sh-1Se exciton) resulting in a further relaxation. 

During this process the excited electron returns to the valence band and the exciton energy is 

released either radiatively which results in photoluminescence or non-radiatively as described 

in Fig 2-9. Photoluminescence (PL) is the emission of a photon due to exciton relation via 

radiative recombination. A well-defined emission peak in a PL spectrum centred at energy 

position close to the absorption transition with the lowest energy corresponds to the direct 

recombination of the exciton. This implies that the emitted photons have energies 

corresponding to the band gap of the nanocrystals and as such present the same size 

dependence as the absorption transitions. Similarly the PL peak width defining the Stoke shift 
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(full width at half maximum) is determined by the size and shape dispersion of the measured 

nanocrystal population. This is exhibited in Fig. 2-5 where the emission colours are 

manipulated by just changing the size of the nanocrystal.  

Radiative recombination can also occur after one (or both) charge carriers are trapped in a 

defect or surface state. The resulting emission is known as defect PL or trap PL, and is 

characterized by a very broad emission band at lower energies than the band gap which is 

typically very inefficient with photoluminescence quantum yields below 5 % [82, 84]. 

Trapping of the charge carriers in defect or surface states or impurities can also result in non-

radiative recombination, through which the exciton energy is fully dissipated as heat in the 

crystal lattice. Trapping leads to strong carrier localization, which decreases the overlap 

between the electron and hole wave functions, thereby making the radiative recombination 

less likely and facilitating non-radiative relaxation; thereby presenting a case where non-

radiative decay channels are always competing with the radiative ones on the surface of the 

nanocrystal [82, 83]. Tremendous theoretical and experimental investigations studies have 

established that the surface of the nanocrystal is the most important source of trap states. As 

the nanocrystal size becomes smaller, the surface atoms have fewer neighbours than their 

interior counterparts, and therefore possess unsatisfied chemical bonds (dangling bonds), ion 

vacancies, disorder due to adsorbed impurities, or uncommon oxidation states, which give 

rise to high density mid-gap states acting as electron and hole states (surface states) [12, 83]. 

Surface defects (e.g., vacancies) give rise to even more strongly localized energy states, 

which can very effectively trap the electron or hole. For these reasons, it is essential to 

control the surface quality of semiconductor NCs and eliminate dangling bonds, a process 

known as surface passivation. This can be achieved by coating with a wider band gap 

material which confines the carriers to the materials core or by coating the surface with 

suitable organic ligands [25, 83, 84, 88-91]. The choice of passivating agent could improve 
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the size-dependent band edge state luminescence efficiency, while promoting the solubility 

and the processibility of the nanoparticles [72]. 

 

 

Figure 2-6: Schematic illustration of exciton recombination pathways in semiconductors with 

(1) radiative recombination, (2) defect assisted radiative recombination and 3) non-radiative 

recombination [82, 83]. 

 

Energy transfer is another possible non-radiative relaxation pathway for the semiconductor 

nanocrystals. It is experienced only when the distance between the nanocrystals is sufficiently 

small to allow strong dipolar interactions. In this scenario, energy transfer can occur from a 

donor nanocrystal to acceptor nanocrystal upon satisfying the resonance condition, which 

states that the donor level and the acceptor level should have the same energy. The energy 

transfer rate is determined by the strength of the donor-acceptor (D-A) interaction, which 

strongly increases with decreasing D-A distances [83]. 
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2.2.2.3   Anomalous bandgap cross-over in ultrathin monolayers 

Anomalous quantum Hall effects and massless Dirac fermions observed in monolayer 

graphene has catapulted advances in the fabrication of ultrathin layered transition metal 

chalcogenide and group III-VI metal chalcogenides [92-94]. Transformation of the bulk 

semiconductor down to a single monolayer has not only resulted in quantum confinement but 

also in modification of the band structure. For the transition metal chalcogenides, this is 

attributed to the interactions of the d-electrons which have led to a band gap crossover unlike 

the other sp-bonded semiconductor metal chalcogenides [94]. The benefits associated with 

this crossover include enhancement of the photoluminescence (PL) quantum yield resulting 

in an increase in the intensity of emitted light and the possibility to control the spin and valley 

degrees of freedom which is good for valley Hall effect [95-101].  

Indirect to direct band gap crossover was first observed in MoS2 when it was thinned from 

the bulk (with an indirect band gap) to a monolayer system which transitioned to acquire a 

direct band gap [102]. Kin et al. and Splendiani et al. demonstrated the quantum confinement 

in layered d-electron materials which resulted in the emergence of photoluminescence in 

ultrathin layer of MoS2, something that is absent in the bulk material. The PL increased with 

decreasing layer thickness with monolayer giving the strongest luminescence [94, 102].  

Theoretical calculations by Splendiani of the band structure of the bulk MoS2 and the 

ultrathin layers of various thicknesses displayed in Fig. 2-10 showed that the direct excitonic 

transition energy at the Brillouin zone K point hardly changed with layer thickness. This is 

contrary to the indirect band gap which increases monotonically as the number of the layers 

decreases. Monolayer MoS2 transforms into a two dimensional direct band gap 

semiconductor as a consequence of the high indirect transition energy it experiences. With 

the increase of the indirect bandgap in thinner MoS2, the intra-band relaxation rate from the 

excitonic states decreases and the photoluminescence becomes stronger. In the case of 
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monolayer MoS2, a qualitative change into a direct bandgap semiconductor renders krelax = 

0, leading to a dramatic jump of luminescence that is only limited by the defect trapping rate 

kdefect. This unusual optical behaviour in monolayer is attributed to the fact that the d-

electron orbitals that form the conduction bands and the valence bands have different spatial 

distribution thus resulting in electronic states with different wave vector. There are more 

reports on these peculiar yet extraordinary PL properties of MoS2 monolayers [102, 103]. 

Also, the indirect-to-direct bandgap crossover in monolayers has been found to be a common 

property of all the semiconducting transition metal dichalcogenides that have been 

investigated so far, including WS2,WSe2, MoTe2 and MoSe2 [103-106]: the only difference 

between all these materials is of a quantitative nature, i.e., the magnitude of the band gap, of 

the exciton binding energy, spin-orbit splitting. 

Contrary to the indirect-to-direct bandgap crossover observed in the transition metal 

dichalcogenides, some polymorphs of layered group III-VI semiconducting compounds such 

as GaSe and InSe have demonstrated a possible direct-to-indirect bandgap crossover when 

number of layers are decreased. Though still a subject of debate, there are a few studies 

pointing towards this possibility. For example, Mudd et al. [107] demonstrated that the near 

band edge photoluminescence (PL) peak and the absorption induced photoconductivity of 

thinner InSe flakes experienced a strong blue shift to higher energies with decreasing 

thickness. This was consistent with 2D quantum confinement of photo-excited carriers by 

atomically flat interfaces. They also observed a quenching of the PL signals in the thinnest 

flakes (thickness less the 6 nm) as opposed to the enhancement of the PL signal seen in the 

MoS2 monolayers and the other TMDs as discussed above. Since the bulk InSe has a direct 

bandgap, this observation points towards direct-to indirect bandgap crossover. Similarly, Hu 

et al. [108] observed a slight blue shift in the PL emission peak with a decrease in the number 

of layers in comparison to the bulk GaSe. This blue shift was a suggestion that the band 



 
29 

 

structure of the GaSe was undergoing modification with decreasing thickness. InSe 

nanosheets synthesized via colloidal route also portrayed a blue shift in the position of their 

PL peaks compared to their bulk [109]. More discussion on this is presented in chapter 3 of 

this thesis. 

 

Figure 2-7: Calculated band structures of (a) bulk MoS2, (b) quadrilayer MoS2, (c) bilayer 

MoS2, and (d) monolayer MoS2 [109]. 

 

The solid arrows indicate the lowest energy transitions. Bulk MoS2 is characterized by an 

indirect bandgap. The direct excitonic transitions occur at high energies at K point. With 

reduced layer thickness, the indirect bandgap becomes larger, while the direct excitonic 

transition barely changes. For monolayer MoS2 in d, it becomes a direct bandgap 

semiconductor. This dramatic change of electronic structure in monolayer MoS2 can explain 

the observed jump in monolayer photoluminescence efficiency. 
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2.3   Synthesis of metal selenide semiconductor nanocrystals 

2.3.1 Mechanism of nanocrystal growth  

Solution phase techniques, which involve precipitation of solid phase from homogenous 

solution, have been demonstrated as one of the most effective approaches for controlled 

synthesis of nanocrystals with various shapes and sizes. Similarly, these routes may provide 

models for understanding the precipitation and growth of nanophase materials in the 

environment [110-114]. In view of these situations, it is highly desirable to resolve and 

understand the process and parameters controlling the precipitation in order to improve the 

engineering of nanoparticles with desired properties. Two essential ingredients are necessary 

to explain formation of uniform nanocrystals by direct precipitation. The first is to establish 

the identity and to control the kinetics of the generation of the solute species that are involved 

in the solid phase formation (precursors of precipitation). The second is to explain all stages 

leading from the initial nucleation to growth process into final particles [110, 115]. 

Specifically for nucleation to take place a critical supersaturation of the particle-forming in 

the solution is fundamental so that only one burst nuclei occurs; otherwise subsequent 

nucleation will result in a broad size distribution. By definition, when the solute 

concentration becomes higher than the solubility limit of the solvent, then the solution is said 

to be supersaturated. Subsequently the degree of supersaturation is the ratio between the 

actual solute activity in the reaction medium and the solute solubility under the reaction 

conditions (temperature, solvent composition, etc.) [82]. Supersaturation is obtained during 

synthesis by increasing of the monomer concentration by addition of solute via injection of 

precursors or increase of temperature, by sudden decrease in temperatures to decrease 

solubility of the solute, by evaporation of the solvent, by a temperature gradient (particularly 

in hydrothermal growth) or by super-cooling [18, 116-118]. Therefore the whole complex 
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process of nanocrystal formation via precipitation is divided into two elementary steps of 

nucleation and growth stages, free from secondary nucleation and coagulation.  

 

2.3.1.1   Nucleation 

In general, nucleation which can occur either homogeneously or heterogeneously produces 

stable nuclei that are able to grow and become product particles. Heterogeneous nucleation 

occurs on a pre-existing surface, nuclei, ion, dust, particle or a substrate [12, 119, 120]. On 

the contrary, in homogeneous nucleation the solute molecules combine to produce nuclei as a 

result of thermodynamic concentration fluctuations in the absence of a solid interface or pre-

existing surface. According to classical nucleation theory, monomer precursors can combine 

to form small unstable clusters of increasing free energy called embryos. For a spherical 

nucleus in a supersaturated solution, the overall free energy change, ∆G, is the sum of the 

free energy due to the formation of a new volume, ∆Gv, and the free energy due to the new 

surface created, ∆Gs, as expressed in equation 10 [18, 82, 110, 121-124]: 
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Where V is the molecular volume of the precipitated species, r is the radius of the nuclei, kB is 

the Boltzmann constant, T is the reaction temperature, S is the saturation ratio and γ is the 

surface free energy per unit surface area. Stable nuclei size (critical size) is defined by the 

critical radius, rc such that critical nuclei have equal chance to decompose to reactants or to 

grow to mature nanocrystals. ∆Gv is negative due to the energy freed when chemical bonds 

are formed in the crystal nucleus while ∆Gs is positive due to the fact that the nanocrystal 

surface atoms have unsaturated bonds. Due to the opposite signs of ∆Gv and ∆Gs and their 

different size dependencies (r
3
 and r

2
 respectively), ∆G will reach a maximum for nuclei with 
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critical radius (rc) then start to decrease with increasing radius as presented in Fig. 2-11. This 

maximum free energy is the activation energy for nucleation and it happens when S>1 at a 

critical size rc. This implies that nuclei with radius smaller than rc will re-dissolve while 

nuclei larger than rc will experience a further decrease in free energy thus forming stable 

nuclei that grow into particles. The radius rc of the critical nuclei given by equation 2-11 

demonstrate that a higher reaction temperature or a higher saturation ratio leads to a smaller 

critical radius. Subsequently, the nucleation rate increases with increasing temperature and 

degree of supersaturation. Therefore larger nucleation rates lead to a larger concentration of 

smaller NCs, while slower nucleation results in a smaller concentration of larger NCs [18, 82, 

121-124]. 
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Stable nuclei from the solution continue to grow via molecular addition (monomer addition). 

This relieves the supersaturation step which then leads to the concentration dropping to 

critical level.  In this case nucleation stops and the particles continue to grow by molecular 

addition until the equilibrium concentration of the precipitated species is reached. The 

subsequent stage is referred to as the size focussing regime where smaller nanocrystals will 

grow faster than larger nanocrystal because the driving force is greater in smaller 

nanocrystals. Careful control of the nucleation process results in a narrow size distribution of 

the nanocrystals. 
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Figure 2-8: Change in free energy during the formation of a spherical crystal nucleus. ΔGv 

gives the volume excess free energy, ΔGs the surface excess free energy, and ΔGTOT is the 

free energy change. ΔGc indicates the activation energy for nucleation [82]. 

 

2.3.1.2. Growth 

Once nucleation is completed and the critical cluster size is reached, particles will begin to 

grow from dissolved species. Subsequent growth occurs by two primary mechanisms namely 

coarsening (also known as Ostwald ripening) and/or aggregation. Growth by either 

mechanism causes a decrease in surface energy, making an increase in particle size 

energetically favourable [72, 125]. The coarsening process (Ostwald ripening) involves the 

growth of larger particles at the expense of smaller particles by way of diffusion of molecular 

scale species through the growth medium. Because the chemical potential of a particle 
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increases with decreasing particle size, the equilibrium solute concentration near a small 

particle is higher than near a large particle, as described by the Gibbs-Thompson as presented 

in equation 2-12 [111]: 
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where S is the solubility of the particle as a function of its radius, S0 is the solubility of the 

(flat surface) solid with infinite dimensions,  is the specific surface energy (solid-liquid 

interfacial energy), Vm is the molar volume of the solid phase, R is the gas constant, r* is the 

particle radius and T is the absolute temperature. Based on this, the resulting concentration 

gradients lead to the transport of solute from small particles to larger particles. This 

mechanism tends towards isotropic growth thus generating particles with almost spherical 

shapes. However, it may result in the formation of faceted particles if it occurs near 

equilibrium and there is sufficient difference in the surface energies of different 

crystallographic faces [125, 126].  

Low solubility of certain inorganic compounds, even at nanoscale, the growth of nanocrystals 

in colloidal dispersion, the formation of nanostructures with complex shapes and the presence 

of defects such as dislocations (such as edge and screw dislocations) and planar defects (such 

as in stress-free) suggested other possible growth mechanisms for nanocrystals via colloidal 

route [126]. Further investigations have identified alternative crystal growth processes by 

aggregation called oriented attachment. This mechanism is based on the spontaneous self-

organization of adjacent nanocrystals resulting in growth by coalescence of solid particles 

that share a common crystallographic orientation; producing particle assemblies built from 

randomly oriented to highly oriented nanoparticles. Nanocrystal growth via the orientation 

attachment mechanism generally leads to the formation of anisotropic nanocrystals and 

particles of irregular shapes as well as provides a route for incorporation of defects in 
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nanocrystals as a result of  epitaxial aggregation [115, 127-134]. Primary particles may 

aggregate in an oriented fashion to produce a larger single crystal, or they may aggregate 

randomly and reorient, recrystallize, or undergo phase transformations to produce larger 

single crystals. One of the characteristics of the oriented attachment mechanism is the 

presence of a solid–solid interface between the nanocrystals, indicating that the growth 

process begins only after contact is established between particles, as schematically illustrated 

in Fig. 2-12. 

 

 

Figure 2-9: Two-dimensional representation of end-member growth mechanisms: (upper) 

growth of large crystals at the expense of small crystals and (lower) growth by assembly. 

 

2.3.2 Shape evolution mechanism/growth and shape control 

Synthesis of high quality semiconductor nanocrystals in the quantum confined size regime 

has recently reached a new horizon leading to the availability of zero-dimensional (e.g., 

cubes, stars, pyramids), one-dimensional (e.g., nanowires, nanorods), two-dimensional (e.g., 
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platelets, nanodisks, nanosheets), and even more complex nanostructures (e.g., multipods, 

matchsticks, nanoflowers, and dumbbells) [82]. The majority of the investigations on the 

shape-controlled synthesis of nanocrystals have established that the most crucial factor 

determining the shape of the nanocrystals is the crystallographic phase of the initial seed 

(nuclei) formed during nucleation processes. The resulting seed may have a number of 

crystallographic phases; however the most favoured one will dominate depending on whether 

the reaction is thermodynamically controlled or kinetically controlled or a delicate balance 

between the two. Fig. 2-13 shows the potential energy landscape of the competitive reactions 

where C is the thermodynamically favoured product, that is, the product formed is the most 

stable and D is the kinetically favoured one implying that the pathway leading to it has the 

lowest energy barrier (the energy cost at the transition state). The rate constant is 

exponentially dependent on the activation energy Ea (eq.2-14). Thus the reaction 

corresponding to the red pathway is significantly faster and leads to D as the main product. 

On the other hand, if equilibrium is established, the molecules will experience different 

product states multiple times and eventually accumulate at the most stable state. The 

equilibrium constant is exponentially dependent on the driving force ∆G
0
 (eq.2-13) thus 

making C the main product [135]. 
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Figure 2-10: Simple energy landscape illustrating the choice between the thermodynamically 

and kinetically controlled products. 

 

Under a thermodynamic growth regime, the explanation for the shape of the nanocrystal is 

based on its stability compared to the other alternative shapes. To evaluate the stability of 

NPs, one needs to compare the different end states (e.g. cube/ cuboid), the choice of facets, 

and the sharpness or roundedness of the edges and corners [135]. If all of the facets of a 

nanocrystal are equally favored, then a spherical shape would be preferred because it has the 

lowest S/V ratio (Fig. 2-14). At the other extreme, a polyhedron with sharp edges and corners 

will be preferred if only one type of facet is favored, for example, octahedra with (111) 

facets, cubes with (100) facets, etc. Most nanocrystals lie in between these two extremes, 

with a range of surface energies for the different types of facets. When the difference in the 

stability of the facets is reduced, more than one type of facet will appear and the resulting 

polyhedron should gradually appear rounder, with truncated edges and corners. The system 

seeks to minimize the total surface energy, that is, the sum of the facet area weighted by their 

respective surface energy [Eq. 2-15] [135].  

i iG A   ………………………………….. (2-15) 
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Here, G is the surface energy of a given facet and A is its area. In most cases, isotropic 

growth of nanocrystals is preferred under thermodynamic controlled regime that is 

characterized by sufficient supply of thermal energy and a low flux of monomer. 

Consequently, when synthesizing the thermodynamically controlled product, one should 

increase the reaction temperature and allow sufficient time so that the reaction can approach 

equilibrium. To increase the yield, the conditions can be selected to destabilize the starting 

material and /or stabilize the product. 

 

Figure 2-11: The lowest energy structure of a nanocrystal can vary, depending on the relative 

stability of its facets. 

 

Unlike thermodynamic arguments that focus on the relative stability of a facet, kinetic 

controlled reactions are based on the relative growth rate. They occur under conditions that 

are far from equilibrium including high monomer concentration (high flux of monomer) and 

faster growth. In addition, to stabilize a metastable form, the growth is usually quenched 

while the growth rates are still significant. Kinetically, it has been proposed that the 

formation of a favoured stable facet is as a result the rapid growth at the unstable facets [136, 

137]. This means that atoms newly added to unstable facet can form better bonding 

interactions than those added to a stable facet. According equation 2-14 the growth rate of a 
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crystal facet depends exponentially on the surface free energy (activation energy) [31, 135], 

therefore at higher growth rate, unstable facets with higher energy will grow faster than low 

energy facets. Bordered by the stable facets, the filling of the unstable facets reduces and 

eventually eliminates their area thus leading to nanocrystals with only stable facets thereby 

yielding high aspect ratio shapes which are highly anisotropic towards a specific direction. To 

increase the yield, one should lower the temperature just enough for the reaction to proceed 

and isolate the products as soon as it is finished, so that the competitive reverse reactions can 

be suppressed [82, 135].  

Thermodynamically and kinetically controlled scenarios are drastically different with 

distinctive consequences and controlling methods. In experiments, mechanisms described in 

the next section have been used to determine the thermodynamic driving force and of the 

kinetic barrier during the synthesis in order to control nanocrystals shape evolution: 

 

2.3.2.1   Equilibrium shape controlled. 

The most widely cited classical model for shape control of crystals is given by the Gibbs–

Curie–Wulff theorem which predicts that the shape of a crystal is determined by the relative 

specific surface free energy of individual crystallographic facet of the crystal [121, 138]. 

Wulff construction is a thermodynamic concept. Therefore, it considers the equilibrium shape 

of nanocrystal such that the final crystal shape is determined in a way that the total free 

energy of the system is minimized. Basically the stability of the facets can be evaluated on 

the basis of the bonding interactions within the facets, which depend on the surface packing 

efficiency; implying that availability of atoms with stronger bonds  on the a facet makes the 

facet more stable. In the case of a colloidal NC, the free energies of the facets may be 

modified by ligands bound to the NC surface. This further extends the number of possible 
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equilibrium shapes for colloidal NCs. For example, the observation of nanocrystals adopting 

rounder shapes is sometimes associated with the removal of the ligand or a reduction of its 

concentration. This reduces the difference in the stability between the facets, thus leading to 

less sharp edges and corners, in other words, a more isotropic shape. Also, this model 

assumes that the binding between the ligand and the nanocrystal surface is sufficiently strong 

to thermodynamically drive the system towards a particular shape and even size [82, 135, 

139, 140]. 

 

2.3.2.2 Effects of ligand and shape control 

Ligands play very significant role in colloidal synthesis of nanocrystals. Via their binding 

processes on the nanocrystal surface and being part of the monomer in solution, they can 

govern both the kinetics and thermodynamics of shape evolution by controlling the crystal 

growth rate and the stability of facets [135, 141]. The binding strength of the ligand on the 

surface of the nanocrystal is dependent on the chemical bonding at the anchoring point and 

the ligand-ligand packing interactions [142]. The bulkiness of the ligands and their 

arrangement influences their packing thus the effective ligand-ligand interactions which, in 

case there is a crowded patch, can hinder dissociation of the neighbouring ligand.  

Specifically, ligands dynamically adsorb and detach from the surface of the nanocrystals. 

Therefore, faster ligand dynamics will result in a quick dissociation (short residence time) of 

the ligand from the surface of the nanocrystal thus making it more accessible to monomer 

[143]. As a result, the presence of ligands and the fact that some ligands may bind more 

strongly to certain facets limit access of the monomer (growth materials) to those specific 

facets thereby increasing their activation energy which in turn reduces their growth rate 

(kinetics) [31]. This leads to anisotropic growth of the other facets with low affinity for the 
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ligand. In other words, choosing to use a facet specific ligand/surfactant can result in 

variation in the relative growth rates of different facets thus leading to the formation of 

anisotropic shapes by promoting inequivalent growth. Interacting both with the solvent and 

with the crystal surface, the ligand layer also modulates the thermodynamic stability of the 

facets, thereby influencing the end states of the nanocrystal growth [82, 135]. 

 

2.3.2.3   Monomer concentration/fluxes and shape 

Existing monomers in the reaction medium play a key role in the determination and evolution 

of the shapes of the resulting nanocrystals. Different monomer concentrations have been 

established to result in different shapes. For example, the required monomer concentration in 

the reaction solution increases in the following order: dots, rice grains, rods and then 

branched structures [29]. Monomer diffusion rate which increases with temperature and 

monomer activity defines what is known as monomer flux. High monomer fluxes favour 

kinetic control and anisotropic growth (1D growth), while low fluxes favour thermodynamic 

control and lead to isotropic growth (3D growth). Monomer fluxes that are too low to sustain 

growth, but are still sufficiently high to prevent NC dissolution, lead to a process called 

internal ripening. Material is then transported from high-energy facets to low-energy facets, 

causing the NC aspect ratio to slowly decrease towards a roughly isotropic shape. In other 

words, by further increasing the remaining monomer concentration in the solution, dot shaped 

nanocrystals can be converted to an elongated shape as depicted in Fig. 2.15, while those 

elongated shapes will evolve to a dot-shape if the remaining monomer concentration is not 

high enough. Even lower monomer fluxes will lead to Ostwald ripening [82, 144]. 
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Figure 2-12: Schematic illustration of the influence of the monomer fluxes on the shape of a 

colloidal NC. (a) high monomer flux, (b) low monomer flux, (c) very low monomer flux 

[144]. 

 

2.3.2.4   Monomer incorporation rates and shape 

This model can be treated as a simple extension of the free energy criterion for deciding the 

shape of crystals. Under kinetic control the growth rates are usually determined by the 

reaction rates between the incoming monomers and the surface sites. Consequently, 

differences between the free energy of the various crystallographic facets of the NC become 

significant. High energy facets can incorporate monomers at faster rates thereby leading to 

anisotropic growth. This process becomes relevant for growth at relatively low temperatures, 

that is, where reaction rates become slower than diffusion rates; or at high monomer 

concentrations where monomer diffusion rates are so high that the reaction rates become 

discriminatory [82, 84, 120].  

2.3.2.5   Crystal structure and shape  

The crystalline phase of the NC seed also influences the final shape of the NC, since this will 

expose different crystallographic facets to the growth medium. Non-centrosymmetric crystal 
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structures, such as wurtzite, are inherently polar and tend to grow anisotropically, easily 

yielding rods and multipods under kinetically controlled growth conditions. In contrast, 

centrosymmetric crystal structures, such as zinc blende, tend to grow isotropically [82]. In 

addition, the intrinsic symmetry with multiple equivalent facets known to exist in most 

lattices can break in the presence of a defect within the lattice. Therefor the preferred growth 

at the defect sites will induce anisotropic growth during the crystal growth. For example if 

there is a stacking fault between the crystal planes such as (111) or (100) etc., the growth 

along the fault plane at the edges would be more favourable than the deposition perpendicular 

to the plane, thereby resulting to platelike nanocrystals [145]. On the other hand, if a nucleus 

has a fivefold twinning defect, it can grow into a NW because longitudinal growth is 

preferred [146]. Essentially, the inability of the twinned domains to fill the space leads to 

bond stretching and defects (i.e. the induced strain), which restrict the lateral growth of the 

NWs [135]. Similarly, the presence of a screw dislocation on a facet would greatly favor 

deposition of the material thereon, thus making its growth many times faster than the other 

seemingly equivalent facets. Thus, the unidirectional growth leads to highly anisotropic NWs 

or nanotubes [147]. 

 

2.4   Synthetic methods of semiconductor metal selenide nanocrystals 

To date, a number of synthetic techniques have been used to produce a variety of 

semiconductor nanocrystals. So far, solution-phase synthetic route, which can be divided into 

aqueous based, organic based and aqueous-organic based approaches, have been 

demonstrated as effective routes for controlled synthesis of nanocrystals with various shapes 

and sizes [5]. Chemical precipitation and hydrothermal methods are examples of aqueous 

based methods [6-9, 148-151]. They involve the use of environmentally friendly and 

biocompatible solvents.  Non-aqueous methods employ high boiling organic solvents which 
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allow for the kinetic manipulation of the nucleation and growth process with the help of 

organic ligands in order to control the properties of the nanocrystals. Examples include the 

hot-injection method, non-hot injection (heating) method and solvothermal methods using an 

autoclave [42, 152-154]. Finally, in aqueous-organic approach reactants are dissolved in 

separate phases and solid nanocrystals are formed at the interface between aqueous and 

organic media [155-157]. Solution-phase syntheses of semiconductor nanocrystals have 

exhibited other advantages, the most notable of which are the ease of chemical processabilty, 

scability and production of nanocrystals in high yield.  For the purpose of synthetic methods 

used in this project, this section summarizes the techniques that have possibly resulted in the 

preparation of metal selenide nanocrystals with controllable size, shape, composition and 

phase structures.  

 

2.4.1   Hydrothermal/Solvothermal methods 

Hydrothermal synthesis of crystals involves the use water as a solvent in a sealed reaction 

container (autoclave) at temperatures above 100 °C (above the boiling point) though below 

the supercritical temperature of water. If other solvents including polar or nonpolar solvents 

are used in the sealed reaction vessel and temperature above the boiling point of the solvent, 

then the method is called solvothermal synthesis. Currently solvothermal methods have been 

modified such that syntheses are done in organic solvents. Under the above mentioned 

conditions, a self-generated pressure (autogenous pressure) is developed within the vessel. In 

addition, the specific physico-chemical properties of the solvents in these conditions can, in 

particular, markedly improve the diffusion of chemical species from the material precursors. 

The use of water has been vastly investigated, specifically because at high temperature and 

elevated pressure, fundamental properties of water differ from those at ambient conditions. 

For example, the viscosity of water decreases with increasing temperature, and thus it has 
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been proposed that the mobility of dissolved ions and molecules is higher under hydrothermal 

conditions than at ambient pressure and temperature. Similarly, the dielectric constant of 

water is affected by temperature and pressure, and is considerably reduced above the critical 

point; this can have major implications on the solubility and reactivity of solid reagents under 

reaction conditions. The pressure within the sealed reaction vessel has been found to not only 

increase with increasing temperature but also to be dependent on other experimental factors 

such as percentage fill of the vessel and any dissolved salt [158-162]. The above cited 

changes experienced by the solvent/water provide more parameters to produce different high-

quality nanoparticles and nanotubes, which are not possible at low temperatures. During the 

synthesis of nanocrystals, parameters such as choice of solvent, solvent pressure, 

temperature, reaction time, and the respective precursor-product system can be tuned to 

maintain a high simultaneous nucleation rate and good size distribution. Enormous numbers 

of nanoparticles more specifically metal selenide nanocrystals, have been produced via 

hydrothermal/solvothermal conditions. Tan et al. [163] reported on a greener solvothermal 

synthesis of pure single phase γ-In2Se3 with hierarchical flowerlike microspheres assembled 

by nanosheets.  After 20 hrs at 220 °C, they obtained γ-In2Se3 structures in an 

environmentally friendly ethanol system in which InCl3.4H2O was reacted with Se powder in 

the presence of biodegradable ascorbic acid (used as both reducing and a capping agent). The 

authors demonstrated that the addition of ascorbic acid and the high molar ratio of In/Se 

source lead the pre-formed solid spheres to convert into flowerlike microspheres based on the 

Ostwald ripening process. Yuan et al. [164] through simple control of Ni/Se ratio of raw 

materials and reaction temperature managed to produce a series of nickel selenides including 

cubic NiSe2, orthorhombic NiSe2 and hexagonal Ni1-xSe where the value of x was adjusted 

based on the reaction temperature which was between 180-260 °C. They also established that 

different solvents namely oleylamine and octadecylamine played a role in the phase 
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transformation and morphologies of the nickel selenides. Sobhani et al. [165, 166] prepared 

NiSe and NiSe2 nanostructures in aqueous solution of hydrazine as a reductant and CTAB as 

a surfactant via hydrothermal methods. In one of their findings, they established that the 

molar concentration between NiCl2.6H2O and SeCl4 and the reaction temperature played 

important roles in controlling the morphology, composition and the structure of the products.  

 

2.4.2 Hot injection methods 

In order to achieve a burst nucleation that will subsequently lead to a narrow size distribution, 

this approach often involves rapid precursor injection into solvents at high temperatures. This 

is then followed by a reduction on the reaction temperature (upon injection) in order to 

separate the nucleation and the nanocrystals growth stages. The size distribution and the 

shape control of nanocrystals are highly correlated to the kinetics of nucleation and growth 

processes. Therefore during this preparation method, it is important to control reaction 

parameters such as the reaction temperature and time, the injection temperature, the reactivity 

and concentration of the precursors, the type of solvent/surfactant and pH among others. 

These parameters are known to control the kinetics of the reaction system. During the 

process, post-treatments such as rapid quenching of the reaction and size-selective 

precipitation are often conducted after the hot-injection in order to improve the size 

distribution of nanocrystals prepared. This is then followed by the addition of the solvent to a 

cooled solution, thereby increasing the barriers to flocculation. The solid nanocrystals were 

then separated from decomposition by-products in the centrifuge, and then the solids were 

dissolved in a solvent (e.g toluene) followed by centrifugation to dispose the by-products 

resulting in organic solvent-capped nanocrystals. Since its discovery in 1993 by Murray et al, 

hot-injection method has evolved such that high quality colloidal nanocrystals are obtained 

from relatively less toxic precursors and organic ligands. This injection-based synthesis has 
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led to the preparation of nearly all types of high-quality metal–selenide nanocrystals among 

others ranging from II-VI (e.g., CdS and CdSe) and III-V (e.g., InP and InAs) to IV-VI (e.g., 

PbS and PbSe) and III-VI (e.g., InSe) semiconductors [42, 167-175]. In this project, this 

method has been used to obtain nickel selenide nanostructures as discussed in details in 

chapter 5. 

 

2.4.3   Non-injection method (direct heating method) 

Another approach that has been employed towards the synthesis of nanocrystals is the non-

injection synthesis (NIS). It is based on the concept of controlling the thermodynamics and 

the kinetics in the nanocrystal nucleation stage. Typically in non-injection methods, the 

separation of the nucleation and the growth is realized by slowly heating up the solution 

together with the precursors in one pot to a desired working temperature [33]. Tremendous 

investigations have indicated that high quality colloidal nanocrystals are produced at 

relatively high temperature (>200 °C). This factor creates a major challenge for controlling 

the shape and size distribution through a non-injection because such a synthesis involves a 

period of increasing temperature over a broad range (e.g., from room temperature to over 200 

°C). If the reactivity of a precursor is too high, this broad change of temperature often leads 

to concurrent nucleation and growth of nanocrystals in the synthesis, which results in 

products with poor monodispersity. However, if the precursors are too stable, a very small 

number of nuclei may form, which leads to uncontrollable particle growth. Therefore the 

precursors should meet the requirement that they have negligible reactivity at a low 

temperature, but significant reactivity at elevated temperatures [5, 176]. After attaining the 

desired temperature, a burst nucleation will occur followed by the growth of nanocrystals, 

which is similar to the process in hot-injection methods. Compared to the hot-injection 

method, non-injection methods are far simpler without the injection step, this provides an 
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alternative way to obtain high-quality CS-NCs at relatively low temperatures, that is 

environmentally friendly and suited to scale-up; thus suitable for industrial process of high 

quality colloidal nanocrystals. This method has been applied to produce a number of high 

quality nanocrystals including CdSe, CdTe, PbSe, Ag2S, Cu2S, PbS, Ni3S4, CdS, ZnS, CuInS2 

and Cu2ZnSnS4 just to mention a few [33, 176-179]. In this project, it has mainly been used 

for the fabrication of InSe nanostructures [109, 180]. 

 

2.4.4   Liquid exfoliation 

Like carbon graphene, layered metal chalcogenides can also be exfoliated either 

physically/mechanically or in solution to utilize their full potential [181-183]. Liquid phase 

exfoliation typically involves the sonication of commercial bulk metal chalcogenide crystals 

in a number of common solvents sorted on the basis of different surface tensions in order to 

obtain mono- and few layer nanosheets. The sheets are then purified using centrifugation and 

decanting the supernatant. This method is insensitive to air and water thus, can potentially be 

scaled up to give large quantities of exfoliated materials. The exfoliated products exhibited 

enhanced optical properties in solvents with surface tension close to γ-40 mJ/m
2
; a 

phenomenon that can be explained using the Hansen solubility parameter theory [184]. 

According to this theory, successful solvents for the exfoliation are the one with dispersive, 

polar, and H-bonding components of the cohesive energy density within certain well-defined 

ranges. This can be concluded that those solvents which minimize the energy of exfoliation 

can be successfully used to obtained single sheets [184]. Specifically, the different optical 

properties showed by the single sheets have been attributed to modification of the band 

structure of the semiconductors at monolayer level. A very general solution-based exfoliation 

method has been reported by Coleman and co-workers [185] for almost all kinds of layered 

metal chalcogenides. According to this method, layered compounds such as MoS2, WS2, 
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MoSe2, MoTe2, TaSe2, NbSe2, NiTe2, BN, and Bi2Te3 can be successfully dispersed and 

exfoliated in most of the common solvents and can be deposited as individual flakes or films 

[184]. 

 

2.5   Application of metal selenides nanocrystals (semiconductor nanocrystals)    to 

chemical sensors 

Chemical sensors have been reported as low cost alternatives using simple device architecture 

for monitoring, identification and detection of different chemical vapours, odorants and 

pollutants in many industries including; medical for diagnosis, food industry for quality 

control production, safety and security, transport, bioprocess control, petro-chemical and 

agriculture among other industrial processes. In addition, they are used in environmental 

monitoring to enhance personal, public and industrial safety both indoor and outdoor thus 

providing a serene place to live in [186-189]. In order to satisfy an expanding demand for 

novel applications, chemical sensors are under continuous evolution. Apart from the specific 

requirements of the applications, many other parameters have to be taken into account such 

as high sensitivity selectivity, reversibility in favourable temperature conditions; both in 

simple matrices and mixed samples/complex matrix setup. From the operative point of view, 

among other characteristics, they need to be compact (portable), safe and the manufacturing 

costs need to be low. 

So far research in sensing materials, ranging from the well-known nanostructured metal-

oxide semiconductors to conductive polymers or organic-inorganic hybrids has allowed 

production of highly performing devices [190-192]. This is attributed to their high surface 

area to volume ratio at nanoscale which favours the adsorption of gases on the sensor due to 

increased interaction between the analytes and the sensing part. More specifically detection 

using semiconductor metal oxides as their detection portion has considerable impact to date 
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owing to their advantages of their robust nature, less sensitivity to moisture and temperature 

influence, simple electronic interface, quick response and recovery time [193-195]. It is 

noteworthy that the good performance of the sensors based metal oxides nanostructures 

depends crucially on their dimensions, morphologies, compositions and surface activities. 

However, these type of sensors need to operate at higher temperatures ranging between 150° 

C -350 °C, thus often limiting their detection capability. In addition the available gas sensors 

in the market are quite expensive and have reduced sensitivity with respect to low 

concentration, selectivity, reversibility in specified temperature conditions and long term 

stability. Various techniques such as employing different forms of oxides, use of catalysts 

and other additives or ion implantation, use of masks and filters have been applied to improve 

the sensitivity, selectivity and temperature programming of the sensors. However a lack of 

consistency in the sensor properties has been a major problem associated with various 

techniques used for the fabrication of the sensor [196, 197]. The gas-sensing devices based on 

organic materials, such as polypyrrol, polyaniline, and metaphthalocyanines, have been 

shown gas sensitivity at room temperature, but their long response time due to the orderly 

structure limits their usage [198]. More recently, carbon nanotubes have been employed as an 

active material in semiconductor gas sensors due to their very large surface area and their 

exceptional electronic properties [199]. However, the strong sp
2
 bonding in a near perfect 

hexagonal network in pristine carbon nanotubes is chemically inactive thereby preventing the 

formation of chemical bonds with the analyte molecule [200]. Other promising building 

blocks for optical chemical sensor devices are the luminescent semiconducting quantum dots. 

Photoluminescence properties of QDs have been shown to strongly depend on their surface 

environment. The suited PL properties include broad absorption band, size tuneable spectral 

emission, higher photostability, enhanced dipole moments of the QDs during contact with 

polar solvents and emission lifetime ranging between several hundreds of picosecond and 
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tens of nanosecond [201]. In the last ten years, authors reported the sensitivity of colloidal 

QDs embedded into polymeric matrix, sol-gel materials or dispersed in Al2O3 nanopore array 

[202-208]. These reports display sensitivity of quantum dots towards some commonly used 

solvents like methanol, ethanol, chloroform and acetone [207]. In addition selective detection 

has been achieved for colloidal QDs by means of chemical functionalization as reported by 

many authors [205, 206, 208, 209]. The sensitivity of QDs to environmental vapour depends 

on the interaction between the adsorbed organic species and the surface atoms [210]. This is a 

general property of the interaction between organics and semiconductor surfaces. Thanks to 

the high effective area available for the interaction with the solvent vapour, a higher PL 

sensitivity is expected for nanostructure compared to bulk surfaces and thin films [211-213]. 

In the search for novel sensing materials, the chemoresistive properties of non-metal oxides 

semiconducting metal chalcogenides are currently under investigations though still very 

poorly researched. Investigations on the physical and chemical properties of metal sulfide and 

selenide nanostructures have presented them as potentially good candidates in chemoresistive 

gas sensing field [214]. For example, the electro-optical properties which are also dependent 

on the size and shape and structure of the nanocrystals can be tuned during their solution 

processing. During fabrication, these nanostructures are known to have enhanced density of 

structural imperfections, a property that can be utilized in sensing technology. Also the 

absence of oxygen in the crystal lattice of these chalcogenides may lead to a different 

catalytic mechanism on the surface reaction with respect to the metal oxides which dominate 

the chemoresistive sensor based. In addition the absence of the oxygen may solve the 

constant drift of the signal suffered by metal oxides and ascribed to the in/out diffusion of 

oxygen vacancies, which alter the doping levels [214]. By using these materials, an 

improvement from the energy consumption point of view is expected as their band gaps are 

lower compared to their metal oxide counterparts. This means that the activation of intrinsic 
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reactions occur at lower at lower working temperatures, then minor energy supply is 

necessary [214].  

So far, metal sulfides have been mainly studied as the sensing part or in combination with 

metal oxides in order to modify the sensing activity of the latter. Giberti et al. [215] built a 

conductometric CdS-based gas sensor by screen-printing the CdS powder on alumina 

substrate. They established that depending on the working temperature, the as-prepared 

devices could be efficiently employed to selectively detect alcohols in a complex mixture. In 

another report, Giberti et al. [216] fabricated conductometric gas sensors based on thick-films 

of SnS2 nanorods then tested the sensors for various gases in both dry and wet conditions. 

The sensors showed the best results at an operating temperature of 300 °C. They also 

demonstrated that the devices had very good selectivity towards acetone and acetaldehyde at 

concentrations ranging 1–10 ppm, in both dry and wet conditions. Simultaneous presence of 

acetone and acetaldehyde in wet conditions resulted in almost the same response of acetone 

only, proving that acetaldehyde could not interfere with acetone detection. From the 

comparison with its counterpart oxide, tin disulfide showed a much higher resistivity, but a 

better selectivity with lower operating temperatures. They also tested the repeatability of the 

performances which suggested that the devices were stable over six weeks with satisfying 

results. The authors suggested possible applications to include plastic bottle industry and 

health-based applications with portable devices. Similarly, Gaiardo et al. [217] also 

developed conductometric gas sensors based on thick-films of SnS2 which they tested in 

thermo-activation mode with several gases in dry. Tin disulfide proved its very interesting 

gas sensing properties, by deemonstrating very good selectivity to acetone and acetaldehyde, 

with best results at an operating temperature of 300 °C. The responses to the different gases 

analyzed were reproducible and stable over the time. Guidi et al. studied the chemical sensing 

properties of CdS and SnS2 and compared their activities to their oxide counterparts. The 
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metal sulfides tested highlighted a very high selectivity and sensitivity to particular classes of 

molecules at a working temperature relatively lower than the classic metal oxide. In 

particular, CdS thick films allowed room temperature operation due to to its photo-chemical 

properties. The responses of the sensors were reproducible over time, showing a particular 

stability of the signal [218]. Fu et al. [219] synthetized this material with leaf-like 

morphology through hydrothermal method and studied its sensing properties exposed to four 

gases (isopropanol, methanol, acetone and ether) in thermo-activation mode. As part of this 

project, the electronic properties of indium monoselenide (InSe) nanostructures were 

investigated via fabrication of chemiresistive sensors. The sensors were used to test the 

presence of volatile organic compounds including methanol, formaldehyde, chloroform and 

acetone in the ambient. We demonstrated variation in conductivity experienced by the sensor 

in the presence of the volatile organic vapours (VOCs) and the sensitivity of the sensor was 

dependent on each vapour due to different mode of interaction with the sensing material. In 

addition, the morphology of the InSe nanostructure played a role on the overall analyte-InSe 

semiconductor interaction thus influencing the final sensitivity and selectivity of the sensor 

[220]. 

 

2.5.1   Mechanism and Principles of chemical sensors 

2.5.1.1   Definition of chemical sensors 

A chemical sensor is a device with the ability to determine the detectable presence, 

concentration and/or composition of a given analyte present in any desired medium by 

producing a measurable output signal. Primarily, it consists of a recognition element known 

as the receptor, that is sensitive to stimuli produced by various chemical compounds (analyte) 

and a transduction element (transducer part) that generates a signal whose magnitude is 

functionally related to the concentration of the analyte. During the sensing process, an 
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amplified electric signal is obtained as a result of the interaction of the analyte species and the 

receptor. The receptor in most cases is a semiconductor whose parameters such as resistivity 

and conductivity just to mention a few get altered upon interaction with the analyte. The 

changes are then transduced by the transducer into electrical output signal [189, 221, 222]. 

2.5.1.2   Types of chemical sensor  

Classification of sensors is based on the following: 

 The operating principles of the transducer as shown in Fig. 2-16. 

 Method used in measuring the magnitude of the effect. 

 Application to detect or determine a given analyte. 

 



 
55 

 

 

Figure 2-13: Schematic illustration of the classification of chemical sensors. 

 

2.5.1.3 Semiconductor electronic structure for transduction mechanism in analyte 

detection 

As discussed from the previous chapter, the electronic states of semiconductor surface atoms 

can be both spatially and energetically localized due to coordinative unsaturation of the 

surface atoms. As such, these surface states may have energies within the band gap, and thus 

have a great impact on the semiconductor electronic properties and adsorption processes with 

important consequences for analyte detection. Surface states that occur naturally within the 

semiconductor as a result of the solutions from the Schrodinger equation and the structural 

defects including atomic vacancies and local lattice mismatches are referred to as intrinsic 
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surface states. Also, new states (extrinsic surface states) may be introduced by an external 

adsorbate adsorbed on the surface of the semiconductor. They correspond to the dangling 

bonds of the adsorbate and may energetically lie within the band gap or overlap continuum 

states. The excited electron or hole can be trapped by these local energy minima and lead to 

non-radiative recombination during photoluminescence [210, 223, 224].  

For the transduction processes in a general view, holes or electrons can become trapped at 

surface states to create a localized charge layer at the surface, resulting in an electrostatic 

field in the near-surface region within the semiconductor thus causing the band to bend as 

illustrated in Fig.2-17. The degree of band bending is quantified by surface potential, ϕs 

usually described by the surface Fermi level, Efs. The surface Fermi level is commonly 

specified relative to the band edges. The width of this electric field region which is referred to 

as the depletion width plays a critical role in carrier dynamics. Modification of the energetic 

distribution and/or the surface density of states (SDOS) by adsorption can sometimes shift the 

energetic position of Efs relative to the  band edges, perturbing the electric field and giving 

rise to measurable changes in electrical and optical properties [210].  
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Figure 2-14: Diagram illustrating the electronic structure of a semiconductor for an n-type 

semiconductor with band gap, Eg,  bulk Fermi level, Ef, surface Fermi level, Efs, and surface 

potential, ϕs. The near-surface electric field, the depletion region, is shaded, and the filled 

electronic levels are speckled [210]. 

 

2.5.1.4  Sensing mechanisms 

The semiconductor gas sensing devices are based on the conductivity change of the 

semiconductor material due to its interaction with gas. Below are some ways through which 

gases/vapours may interact with the semiconductor surface to bring about detection of the 

particular gas ambient;  

2.5.1.4.1 Reduction/oxidation of the semiconductor 

Conductivity in many compound semiconductors is attributed to the electrons and holes that 

arise as result of non-stoichiometry of the material. As such, the existence of an analyte gas 

on the surface of the semiconductor may tamper with this stoichiometry; hence a change in 
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conductance is experienced.  For example, titanium oxide sometimes has excess titanium 

implying that electrons are present in the conduction of the material as a result of the excess 

metal. In the presence of other electroactive impurities, the material may approach 

stoichiometry thus increase in the resistance of the semiconductor may be experienced. On 

the contrary, cuprous oxide often has an excess of the oxygen ions and the corresponding 

cation vacancies trap electrons from the valence bonds in the crystals. These empty valence 

holes provide a high conductivity by moving freely through the crystal. Therefore an 

oxidation or reduction of these compounds by oxygen or reducing agents, the conductivity 

changes [225].  

 

2.5.1.4.2 Adsorption 

When gas molecules are adsorbed on the surface of a semiconductor, electron transfer occurs 

between the semiconductor and the adsorbates. If the adsorbate is a reducing agent, it will 

inject electrons into the semiconductor. In the opposite case, the semiconductor accepts 

electrons from the adsorbates. This electron transfer continues until the Fermi level of the 

gas-adsorbed semiconductor surface becomes equal to that of the bulk. As a result of this 

electron transfer, a depletion or accumulation of charges occurs near the semiconductor 

surface. Then the accompanying variation of surface potential barrier induces a change in the 

electrical conductivity or resistivity. In principle, to detect a reducing gas, it would be 

probable to use an n-type semiconductor with initially few electrons such that addition of 

either one or more electrons will increase the conductance. Similarly, for the detection of an 

oxidizing gas, a p-type with few holes would be preferred such that removal of electrons will 

offer the sensor sensitivity [225]. 

 



 
59 

 

2.5.1.4.3 Surface states 

From a general point of view, the influence of adsorbed gas arises by its interaction with the 

surface states, usually a surface state associated with pre-adsorbed oxygen. The whole 

adsorption process which can either be physisorption or chemisorption occurs after the 

diffusion of the analyte gas on the active area of the surface. It is worth noting that the 

diffusion process is dependent on the ambient temperature of the measured atmosphere 

generally assumed to be room temperature. Molecular oxygen adsorbs on the surface and 

dissociates to form O
–
 after which this O

–
 extracts an electron from the semiconductor. This 

electron extraction leads to the creation of a depletion region near the surface leading to an 

increase in (assuming n-type semiconductor) resistance of the gas sensor [225, 226]. Fig. 2-

18 shows a three-dimensional view of the crystallite of gas-sensitive material after adsorption 

of oxygen. This whole process is according to a model originally put forward by Mark and 

Windischmann rationalizing the behavior of the sensor in the measured environment and is 

described by equation 2-16 and 2-17 where R (g) and RO (g) represent reducing gas and 

oxidized reducing gas, respectively [227]. 

1
22 adsO e O    ………………………………………. (2-16) 

( ) ( )g ads gR O RO e    ………………………………… (2-17) 
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Figure 2-15: Shows a three-dimensional view of the crystallite of gas-sensitive material after 

adsorption of oxygen [227]. 

 

2.5.1.5 General response curve/characteristic curve 

Figure 2-19 is the response curve describing the sensor response of a sensor to the primary 

species X. During sensing, apart from the analyte X, many other interfering species (i) also 

interact with and completely bind to the binding sites of the selective layer. Therefore 

equation 2-18 defines the three operating regions on the general response curve in 

consideration to the above argument where [24]: 
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0a  represent the only occupied sites in or at the selective layer, STa  is the total available 

binding sites, Xa   is the activity of the occupied sites, ia  is the sites occupied by interferants,

XK   and iK   are the binding constants of the single analyte and interferant respectively. 
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K
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K
   is the selectivity coefficient. It applies to each interferant individually. The 
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smaller the value of 
'

iK , the more selective the layer is to the analyte (X) than to the 

interferant species (i). 

 

Figure 2-16: Defined regions of the general response curve [24]. 

 

2.5.1.5.1 Saturation limit of a sensor 

At a higher activity of the analyte or higher level of the interferants such that 

' 1
X i i

Xi

a K a
K

   and/or ' 1
i i X

Xi

K a a
K

   , all of the available binding sites are 

occupied by one or the other species. Under these conditions the sensor does not respond to 

the analyte and is referred to as the saturation limit defined by equation 19: 

 0 STa a  …………………………….. (2-19) 
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2.5.1.5.2  Dynamic range 

This is the region that lies below the saturation region for which ' 1
i i X

Xi

K a a
K . Here 

a fraction of the sites is occupied by X and their activities are linearly dependent on the 

activity of X in the sample and are represented as expressed in equation 2-20: 

 0 ST X Xa a K a   ………………………….…………………. (2-20) 

  

2.5.1.5.3 Interference region 

In this region the activity of the analyte and/or its binding constant are low, that is, 

' 1( )X i i
Xi

a K a
K

 , the binding sites are mostly by the interferants. In this region, the 

sensor again does not respond to the analyte and is represented by equation 2-21: 
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2.5.1.5.4 Detection limit 

This is described by the intercept of the dynamic range and the interference region and can be 

expressed according to equation 2-22 where d.l is detection limit. Specifically it defines the 

minimum detectable response, usually above three times the standard deviation (i.e..,>3). 
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2.5.1.6 Sensor parameters/Features of a sensor 

The kinetics of the processes, which take place in the receptor part, determines the 

sensors parameters. The most common parameters are, sensitivity, selectivity, 

stability, response times, recovery time, reliability and working temperature. They 

are commonly given as three “S” factors and three “R” factors [189]. 

 

2.5.1.6.1 Sensitivity 

Specifically, sensitivity of a sensor is the slope of the response curve in the dynamic range is 

defined by equation 2-23 in the case of resistive/conductiometric gas sensors. In other words 

sensitivity of a sensor refers to either the lowest level of chemical/analyte concentration or to 

the smallest increment of concentration that can be detected in the sensing environment. In a 

more general version, sensitivity of a sensor describes its ability to recognize a variation in 

physical and/or chemical properties of the sensing material under analyte.  
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G is the conductance of the sensor influenced by the vapors, and G0 is the sensor conductance 

in the air and C is the concentration of the analyte [220, 226]. 

 

2.5.1.6.2 Selectivity 

Selectivity though still a major challenge in most sensors is related to the discrimination 

capacity of a sensor device for a mixture of gases. In other words, selectivity refers to the 

ratio of the sensor’s ability to detect what is of interest, over the sensor’s ability to detect 
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what is not of interest. Unfortunately, the selectivity of the metal oxide gas sensor is broad, 

responding to all reducing gases that interact with oxygen on the surface of the sensor [226]. 

 

2.5.1.6.3 Robustness 

Robustness at the sensor level refers to the ability of the sensor to perform its function over a 

range of ambient conditions with humidity, temperature, etc. and over a period of time in the 

presence of drift and stability variations. Unfortunately, the parameters of a chemical sensor 

technology adjusted to improve robustness are often the same parameters that result in a 

decrease in sensitivity and selectivity [228, 229]. For example, the most sensitive chemical 

sensor is often one whose reactions are totally irreversible. However, reversible reactions are 

desired. Design with the backing of the theory can result in a fine balance between robustness 

and sensitivity. 

 

2.5.1.6.4 Speedy response and recovery 

In gas detection, response time is usually defined as the time taken to achieve 90 percent of 

the final change in conductance, following the step-change in gas concentration at the sensor. 

However, sometimes 50 percent or 70 percent of the final change is also referred to as 

response time in literature. This is particularly the case in semiconductor metal oxide (SMO) 

gas sensors, because the sensors have a very fast initial response, followed by long drawn out 

tail before reaching the steady state values [230]. 

2.6  Application of semiconductor nanocrystals to dye sensitized solar cells  

Dye-sensitized solar cells (DSSCs) are typical third-generation photovoltaic devices with 

mesoporous architecture which have achieved power conversion efficiency (PCE) up to 13 % 

[231, 232]. Just like photosynthesis in plants where chlorophyll absorbs photons but does not 
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participate in charge transfer, absorption of photons and charge transport are performed by 

separate components in the DSSCs. This is contrary to conventional PV cells where a 

semiconductor assumes both functions. The separation of functions eases the purity demand 

on the raw materials thereby making DSSCs a low cost alternative solar cell. In addition to 

the low cost of production, DSSCs have attracted a widespread interest owing to their 

environmental friendliness, easy processing and good performance (relatively high 

conversion efficiency) [57, 233-241]. Compared to the conventional silicon and the second 

generation photovoltaic cells, the power conversion efficiencies of DSSCs are still low [242]. 

However, there still is a high potential for improvement in their efficiency. With this regard, 

over the past two decades, intensive investigations to improve the DSSCs photovoltaic 

performance and further reduce the cost of production are underway [243-245]. 

 

2.6.1 Structure and operating principle of a dye sensitized solar cell 

Typically, the basic structure of a DSSCs as illustrated in Fig. 2-21 mainly consist of three 

parts namely; the working electrode, the electrolyte and the couther electrode which is also 

known as the cathode.  

2.6.1.1 Photoanode 

The photoanode or photoelectrode also known as the working electrode is generally 

fabricated through deposition of a layer of mesoporous nanocrystalline semiconductor 

(e.g.,TiO2 or ZnO) on a conductive substrate (e.g. FTO and ITO glass), after which a 

sensitizer such as dye or quantum dots is added onto the mesoporous semiconductor. The 

dye-sensitized nanocrystalline semiconductor photoanode plays an important role in 

converting photons into electrical energy. Light harvesting, electron injection and collection, 

and unwanted electron recombination are all connected within the photoanode. Therefore it is 

essential to optimize the morphology of the photoanode in order to develop DSSCs with high 
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conversion efficiencies. The ideal photoanode should have a nanostructured mesoscopic 

morphology, which can give a high specific surface area for dye adsorption. Secondly, the 

energy levels of the semiconductor oxide, sensitizer and the electrolyte should match each 

other so that the electron transfer is thermodynamically possible. Finally, other factors to be 

considered during optimization of the photoanode include, optical path length, porosity, and 

connectivity, should also be carefully considered to optimize the photoanode performance. 

These parameters ensure that electrons can efficiently inject into the conduction band of 

semiconductor oxide and, that the electron in the semiconductor has faster transfer speeds 

thereby reducing the electron recombination with electrolyte [246-248]. The most commonly 

used semiconductor electrode material is nanocrystalline TiO2 due to its exemplary 

performance associated to its good photo stability, appropriate band gap and excellent 

photocatalytic activity. ZnO has a wide bandgap similar to TiO2 thus can also a good choice 

as electrode materials [249, 250]. 

2.6.1.2 Electrolyte 

In a DSSC, the electrolyte is considered one of the most crucial components as it is 

responsible not only for the charge carrier transport between the photoanode and the counter 

electrode but also for the regeneration of the dye and itself during the DSSC operation [240]. 

The power conversion efficiency and the long term stability of the device are dependent on 

the electrolyte. This is so because the three parameters namely, photocurrent density (Jsc), 

photovoltage (Voc) and fill factor (FF) that determine the efficiency of the device are greatly 

affected by (i) the electrolyte in DSSC and (ii) by the interaction of the electrolyte with the 

electrode interfaces. For instance, the transport redox couple components can influence the 

value of the Jsc while the redox potential of the electrolyte can affect the Voc. In addition, the 

diffusion of the charge carrier in the electrolyte and the charge transfer resistance on the 

electrolyte/electrode interface has impacts on the FF. In order to improve the performance of 
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the DSSCs, many scientists have been devoting their research to the electrolytes. Most highly 

efficient DSCs have been constructed with liquid electrolytes with the iodide/triiodide (I
-
/I3

-
) 

redox couple and volatile organic solvents. This can be attributed to its favourable penetration 

into the mesoporous film, its fast dye regeneration combined and its extremely slow 

recombination. Some of the challenges experienced when using electrolyte include 

subsequent evaporation of toxic solvents, the leakage of liquid electrolytes as well as the 

sealing problem. This significantly hinders their practical applications. With this regard, other 

electrolytes such as (quasi) solid-state electrolytes, such as hole transport materials (HTMs), 

ionic liquids, or solid-state composite electrolytes are being considered [241, 248]; and they 

are illustrated in Fig. 2-20. 

 

 

Figure 2-17: Classification of the electrolytes used in dye-sensitized solar cells. IL stands for 

ionic liquids, HTM for hole transport material and PE is polymer electrode [241]. 
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2.6.1.3 Counter electrode (CE) 

Another very essential component of the DSSC is the counter electrode (CE). One of the CE 

main functions is to collect electrons from the external circuit and transfer them, including 

electrons from the redox couple, to the electrolyte. Secondly, it acts as the catalyst during the 

reduction process of the redox species which are the mediators for the regeneration of the 

sensitizer (dye) after the electron injection. Therefore the nature of a catalyst is important in 

determining the photovoltaic performance of the DSSCs. As such, an effective CE should 

have good electrical conductivity, high/good catalytic activity for the reaction 3 2 3I e I    

which also minimizing the charge transfer over-potential, and chemical/electrochemical 

stability. Based on these standards, platinum (Pt) is the most commonly used catalytic 

material and it is usually deposited thermally on a conductive glass substrate such FTO. 

Despite the excellent performance and stability, Pt possess some challenges in the overall 

device fabrication cost as it is noble thus extremely expensive and its resources are limited. In 

addition, it can be corroded by iodine species in electrolyte solution. These factors 

consequently restrict the large-scale application of Pt-based CEs in DSSCs [57, 239, 248, 

251]. Therefore, low cost, stable, and effective (maintaining the high performance) non-Pt 

catalysts should be exploited to fabricate novel CEs.  

From the previous studies, a number of inexpensive materials including carbonaceous 

materials, conducting polymers and some inorganic compounds, such as oxides, nitrides, 

carbides, sulfides, phosphides, and tellurides have been developed for the fabrication of non-

Pt CEs [252-276]. For instance, electrochemically deposited CoS and NiS have been reported 

as efficient CE materials with remarkable stability and conversion efficiency of about 6.5 % 

and 6.83 % respectively [277, 278], thereby demonstrating a new way to find novel catalytic 

materials. As emerging functional materials, transition-metal selenides (TMSs) have 

portrayed unique electrical properties, interesting chemical behaviour and good chemical 
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stability which are suitable features for electro/photocatalysis applications. Despite being 

used for the oxygen reduction reaction in fuel cells [59, 279-283], TMSs are also starting to 

receive attention as CEs in DSSCs and their conversion efficiencies are comparable with 

conventional Pt-CEs. For example, using hydrazine hydrate as the reductant in an in situ 

hydrothermal process, Gong et al. reported the synthesis of two selenides, Co0.85Se and 

Ni0.85Se, for application as CEs in DSCs. Subsequently, high PCEs of 9.40% and 8.32% were 

obtained which established new records for DSCs with non-Pt CEs [59]. In 2013, Guo and 

the group prepared NbSe2 nanosheets, nanorods and NbSe2/carbon composite via a reductant-

free solvothermal approach which they later used as CEs in DSSCs.  They demonstrated that 

that the devices achieved comparable performance to Pt-CEs with efficiencies amounting 

7.34 %, 6.8 %, 7.8 % for NbSe2 nanosheets, NbSe2 nanorods and the NbSe2/C composite 

respectively. These values were close to the one they obtained for the Pt-CE which was 7.9 

%. They also demonstrated that different morphologies of NbSe2 had different 

electrocatalytic behaviour towards the triiodide/iodide electrolyte [284]. Recently, Zhang et al 

synthesized NiSe-Ni3Se2 hollow hexagonal nanodisks on graphene via one step solvothermal 

technique using hydrazine hydrate as a reductant. These hollow hybrid nanostructures (NiSe-

Ni3Se2/RGO) showed more remarkable electrocatalytic performance as CEs in DSSC 

resulting in about 7.83 % PCE compared to 7.28 % of Pt-CE [58]. Other transition metal 

selenide including CoSe, NiSe, NiSe2, MoSe2, WSe2, and TaSe2 have also been employed in 

DSSCs as CEs [57, 60, 285, 286]. Although TMSs are suitable for use as CE materials and 

can significantly replace Pt in DSCs, the origin of high electrocatalytic activity of TMSs 

remains unclear, thus still under a lot of scrutiny. 
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2.6.1.4 Working principle 

The schematic diagram presented in Figure 2-21 illustrates the general operation principle of 

a DSSC. Upon illumination, the dye molecule (D) absorbs the photons which strike the 

transparent conducting oxide (FTO or ITO in most cases) film. The photons whose values 

match the HOMO-LUMO energy gap lead to the formation of electronically excited dye 

molecule/excited electron (D*) from the highest occupied molecular orbital (HOMO) in the 

ground state to the lowest unoccupied molecular orbital (LUMO) in the excited state (eqn 2-

24). The excited dye molecule (D*) then undergoes oxidative quenching by injecting an 

electron into the conduction band (CB) of the mesoporous semiconducting film (TiO2 mostly) 

to form oxidized dye (D
+
) and the electrons transfer through TiO2 film to the anode (eqn 2-

25) where the electrons are collected. The charge transfer occurs via the dye–TiO2 interfacial 

bond due a strong electronic coupling between the two. The main function of the electrolyte 

is the regeneration of the oxidized dye (D
+
) by iodide (I

-
), the electron donor in the 

electrolyte. In other words, the oxidized dye (D
+
) receives electrons from the reduced 

component (RE = I
-
) of the redox couple in electrolyte to regenerate the dye (D) and the 

reduced component (RE) is oxidized into the oxidized component (OX = I3
-
) of the redox 

couple (eqn 2-26). The oxidation of the iodide produces I3
-
 ions which migrate to the cathode 

(CE) to compensate for its missing electrons from the cathode. The I
-
 is regenerated by the 

reduction of I3
-
 catalysed by the CE and also by accepting electrons from the external circuit, 

and the circuit is completed by the immigration of an electron through the external load (eqn 

2-27) [239, 241, 251, 287]. 



 
71 

 

 

Figure 2-18: Operating principle of dye-sensitized solar cells [241]. 

 

Process 1: light-induced excitation of the dye to produce excitons (D*). Process 2: separation 

of the excitons at the dye/TiO2 interface and injecting electrons into the conduction band of 

the TiO2 semiconductor and leaving holes (D
+
) in the dye. Process 3: dye regeneration via 

accepting electrons from the reduced state of the redox couple (RE) and producing the 

oxidized state of the redox couple (OX) in electrolyte. Process 4, involves the electrolyte 

regeneration via I3
-
 accepting electrons from the counter electrode and producing I

-
. Process 

5: injected electrons recombination by donating electrons to D
+
.  Process 6; injected electrons 

recombination by donating electrons to I3
-
. 

During the operation process of a DSSC, there exist two competitive reactions that may affect 

the efficiency of the device negatively. The photoelectrons may recombine back with the 

electrolyte or an oxidized dye molecule is the most probable recombination reaction. Mainly, 

two possible recombination routes are present in DSCs. One, is that the electrons in TiO2 film 
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are captured by the oxidized dye (D
+
), resulting in the recombination of electrons (eqn 2-28); 

the other is that the electrons in TiO2 film are captured by I3
-
 of the redox couple, also leading 

to the recombination of electrons (eqn 2-29). Both these recombination take place at the 

TiO2/dye–electrolyte interface. It is noteworthy that the recombination processes do not play 

remarkable negative effect owing to their slower speed compared to the forward reactions 

(eqn 2-24 to 2-27). Also, the device generates electric power from light without suffering 

from any permanent chemical transformation [241, 251, 287].  

 

 

 

 Overall reaction in a DSSC 

 2 2/ */
photoexcitation

D TiO D TiO  …………………………. (2-24) 

 
2 2 2*/ / /

Electroninjection
D TiO D TiO e CB TiO     ……….. (2-25) 

 
2 2 32 / 3 2 /

dyeregeneration
D TiO I D TiO I      ……………. (2-26) 

 
3 2 3

electrolyteregeneration
I e I     ……………………………… (2-27) 

 
2 2 2/ / /

recombinationbyD
e TiO D TiO D TiO

    ……………… (2-28) 

 
3

2 3/ 3
recombinationbyI

e TiO I I

     …………………………… (2-29) 

 

2.6.2 Characterization of parameters 

Peak power, Pmax, short current density, Jsc, open circuit voltage, Voc and fill factor, FF are the 

major parameters employed during the characterization a solar cell’s performance. They can 

be obtained from the J-V characteristics of a cell under illumination or in the dark as depicted 

in Fig. 2-22. 
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Figure 2-19: The J-V characteristics of solar cell in the dark and under illumination [289]. 

 

2.6.2.1 Short circuit current 

This is the current flowing through the external circuit in the absence of a load (current when 

voltage equals zero). Short circuit current is determined by the photon flux density incident 

on the solar cell which depends on the spectrum of the incident light. For the standard solar 

cell measurements, the spectrum is standardized to the AM1.5 spectrum. The current density 

is roughly proportional to the area of the solar cell. The maximum current that can be 

delivered by the solar cell mainly depends on the optical properties of the cell which include 

absorption of the active layer and reflection from the back end electrodes. When a load is 

connected across the terminals of the cell, the current decreases as charges accumulate at the 

terminals. The resulting current is a superposition of short circuit current resulting from 

absorption of photons and the dark current. Dark current is caused by the potential across the 

load when the device is not illuminated and it flows in the opposite direction [288, 289].  
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2.6.2.2 Open circuit Voltage 

This is the voltage between the terminals when no current is drawn (infinite load resistance). 

Voc corresponds to the forward bias voltage when the photocurrent is compensated by the 

dark current and it gives the maximum voltage that a solar cell can deliver. Open-circuit 

voltage depends on the energy difference between the highest occupied molecular orbital 

(HOMO) level of the donor and the lowest unoccupied molecular orbital (LUMO) level of 

the acceptor so long as there is a good electrical contact at the counter electrode-electrolyte 

interface. The HOMO level is approximated as the ionization potential of the donor whiles 

the LUMO as the electron affinity of the acceptor molecules. In general, for a DSSC, 

electrons flowing from the anode to the external load are collected at the counter electrode. 

The open-circuit voltage (VOC) across the cell is thermodynamically determined by the 

difference between the quasi-Fermi level (QFL) of the semiconductor and the redox potential 

of the electrolyte [289]. 

 

2.6.2.3 Fill factor  

The fill factor as portrayed by equation 30 is the ratio of maximum power generated to the 

product of Voc and Jsc. Fill factor is one parameter that may give the details about the quality 

of the cell. Therefore, it can be defined as a measure of the quantity of open circuit voltage 

and short circuit current utilized when maximum power is generated. From equation 30, 

factors affecting the nature of the Voc such as the level of the LUMO for both the acceptor 

and the donor also affect the value of the FF. The fill factor is also dependent on the series 

and resistance which are related to the slope of the tangent line to the current density (J)–

voltage (V) curve at Voc. Therefore the resistances have a pronounced effect on the shape of 

J–V curve around Voc and Jsc respectively hence affecting the ‘square’ shape of the J-V 

curve [289]. 



 
75 

 

 max max

sc oc

J V
FF

J V
  ……………………………….. (2-30) 

Charge extraction and recombination are always in constant competition since the all depend 

on the mobility of the carriers in the device. Optimization of the cell to obtain maximum FF 

is important as high mobility which is vital for the transport of the carriers may also result in 

charge recombination [290-292]. 

In a DSSC, the series resistance (Rs) is a combination of the Warburg impedance relative to 

the Nernst diffusion of the I3
-
 species in the electrolyte (Zn), which is the impedance related 

to charge transfer and recombination at the TiO2–dye–electrolyte interface (RAN), resistance 

at the fluorine-doped tin oxide (FTO) glass (RH), and the charge-transfer resistance at the CE 

and the electrolyte interface (RCT). Fig. 2-23 shows the equivalent circuit used to represent 

interfaces in DSCs, where RCT (solid) is the charge transfer resistance of the TiO2–FTO or Pt–

FTO interface, C(solid) is the capacitance of the TiO2–FTO or Pt–FTO interface and W(sol) 

is the Warburg parameter describing the diffusion of the I3
-
 electrolyte. Amongst all these 

resistances, a prominent role is handled by RCT to determine Rs. A lower value of RCT 

signifies tremendous electron transfer from the CE to the electrolyte for the reduction of the 

I3
-
 ion to the I

-
 ion at the catalytic interfaces of the CE. A superficial electron transfer between 

the CE and electrolyte reduces the series resistance (Rs), thereby giving a higher FF, which 

results in a high conversion efficiency [251, 293-295].The catalytic activity of the CE can be 

explained in terms of the current density (J), which is calculated from the charge transfer 

resistance (RCT), given by the equation 31 where; 

 CT

RT
R

nFJ
  …………………………………. (2-31) 

R, T, n, and F are the gas constant, temperature, the number of electrons transferred in the 

elementary electrode reaction (n = 2) and Faradays constant respectively [296]. 
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Figure 2-20: Equivalent circuit used to represent interfaces in solar cell [251, 297]. 

 

2.6.2.4 Efficiency parameters of a DSSC 

The two most important parameters used to establish/ascertain the overall performance of the 

cell under monochromatic light include; 

 

2.6.2.5. The incident photon-to-electrical (power) conversion efficiency (IPCE) 

The incident photon-to-electric conversion efficiency represents the overall charge injection 

process measured using a single wavelength source and can be calculated using equation 2-

32; where λ is the wavelength, ISC is the short circuit current and φ is the incident radiative 

flux [251]. 

 ( ) 1240( )SCIPCE I    ……………………………. (2-32) 

 

2.6.2.6. Power conversion efficiency (PCE) 

The power conversion efficiency is defined as the ratio of output power (maximum generated 

power) to incident power Pin expressed as a percentage. In other words, it is the overall 

sunlight-to-electric power conversion efficiency and is given by equation 2-33: 

 max max max sc oc

in sc oc in

P J V J V FF

P J V P
     ………………………. (2-33) 
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where Pin is the intensity of incident light [251, 289]. Similarly, in a DSSC, PCE can be 

expressed as the product of the three key terms as depicted in equation 2-34: 

 
abs inj collH     ………………………………………. (2-34) 

where ηabs is the efficiency of light absorption by the dye, ηinj is the efficiency of the charge 

injection from the excited state of the dye and ηcoll is the amount of charge collection in the 

mesoporous oxide layer [251, 298]. 
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Chapter 3 :  Synthesis and characterization of indium selenide 

nanocrystals 

3.1 Background 

Among the non-transition metal chalcogenides, indium selenide is a group III-VI compound 

semiconductor which has triggered attention in research due to its potential applications in a 

number of fields such as photovoltaics [1-4], electro and photo-memory devices [5], as a 

precursor in the synthesis of CuInSe/S [6] and photodetectors [7] and thermoelectric 

materials [8, 9]. These applications are dependent on the physical, optical and electrical 

properties of indium selenides and are mainly determined by their intrinsic structural 

characteristics such as their compositions, phases, crystal structures, and structural 

imperfections [8]. The binary phase diagram [8] of indium selenide is shown in Fig. 3-1 and 

like many group III-VI compounds, it is complicated. Structurally, it illustrates that indium 

selenide exist in a complex regime with stoichiometric phases including In4Se3, In2Se3, InSe, 

and In6Se7. The arrangements of cation vacancies differ in each stoichiometry thus bringing 

about the difference in the phases and somewhat the difference in properties. As a result the 

complexity of the InxSey species coins from the many energetically similar ways that trivalent 

and divalent atoms can combine to satisfy their bonding requirements [10]. For example, in 

layered In2Se3 and InSe, the cation vacancies form a plane resulting in a weak Se–Se bonding 

[11] with atomic layers consisting of Se–In–Se–In–Se  [12] and Se–In–In–Se  [13] 

respectively thus resulting in electronic properties that are anisotropic with high resistivity. In 

addition, several crystalline allotrope phases and crystal structures may coexist in the same 

stoichiometric ratio such that In2Se3 forms rhombohedral/hexagonal α/β phases and 

hexagonal γ and δ phases while and InSe may exist as hexagonal β–InSe and rhombohedral 

γ–InSe). In4Se3 on the other hand is a highly conducting smaller-bandgap orthorhombic 
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semiconductor [14]. The higher conductivity of In4Se3 is attributed to the presence of In–In 

bonds, while in the other In–Se  compounds indium bonds only to selenium [15].  

 

Figure 3-1: Binary phase diagram of indium selenide as adopted from Han et al. [8]. 

 

3.2 Properties of different polymorphs of indium selenide  

The valence electron mismatch in the indium selenide system generally complicates its 

synthesis and leads to the formation of different phases and crystal structures, as well as 

numerous stoichiometries of the material as discussed below. 
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3.2.1 Indium (III) selenide, In2Se3 

This is the most complex stoichiometry of the indium selenide series yet the most studied due 

to it multiple phases and excellent optical properties. In2Se3 has a tetrahedral bonding 

structure and is a direct band gap semiconductor material [16]. It exhibits five known 

crystalline forms denoted as α, β, γ, δ and κ existing at different temperatures [17-19]. The 

transition temperature occur at that 200 °C and 650 °C, respectively, for α–β and β–γ phase 

transitions [20]. The two common forms in nature of In2Se3 are α–phase and β–phase which 

share a layered crystallographic structure differing in lattice parameters and properties of 

materials. Another stable crystal structure known to exist is a defect wurtzite structure (γ–

phase) that is vacancy ordered in screw form (VOSF) [21]. The layered structure is 

considered to be a spontaneous superlattice along the c-axis (perpendicular to the layers) 

consisting of rather loose stacks of covalently bonded layers, including five atomic layers of 

Se–In–Se–In–Se [12, 22] as shown in Fig. 3-2. In contrast, the structure of γ–In2Se3 is 

basically a wurtzite structure, but vacancies assume a screw arrangement in the [001] 

direction; therefore, this structure shows large optical rotatory power [23, 24]. In spite of the 

intrinsic chemical complexity, In2Se3 has attracted substantial attention due to its 

polymorphism and related metal ion defects thus posing the potential application in 

photovoltaics [12, 13, 25, 26], solid state batteries [27], phase change memories [28-30] and 

in the manufacture of detectors of ionizing radiation [31]. 
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Figure 3-2: Crystal structures of In2Se3 stochiometry as adopted from ref [8]. 

 

3.2.2 Tetraindium triselenide, In4Se3 

Tetraindium triselenide forms a layered n-type semiconductor with a bandgap that ranges 

between 0.5 – 1.0 eV [32]. It is known to crystallize in the orthorhombic structure, space 

group Pnnm, with unit-cell dimensions a = 15.297 Å, b = 12.308 Å and c = 4.081 Å [33]. The 

layered structure comprises of a five membered ring consisting of (In3)
+5

 clusters covalently 

bonded to Se ions in the b - c planes while the layers are held together by van der Waals 

interactions along the a axis as shown in Fig. 3-3. In4Se3 is highly conductive compared to the 

other members of the AIIIBVI family due to strong In-In units cross linked in the structure 

during the formation of a continuous sheet [14, 34]. Therefore, it  has exhibited potential 

application in thermoelectric materials [9]. 
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Figure 3-3: Crystal structure model of In4Se3 [8]. 

 

3.2.3 Indium monoselenide, InSe 

InSe crystallizes in either hexagonal (β–InSe) or rhombohedral (γ–InSe) layered crystal 

structures [35, 36]. The basic unit consist of a diatomic cation [In2]
4+

 sandwiched between 

two planes of two Se
2−

 anions. The atoms are bound by a mixture of covalent and ionic bonds 

within a layer leading to a 4 atomic Se–In–In–Se; while the interlayer bonding is due to the 

weak van der Waal forces [37, 38] as presented by the crystal structure in Fig. 3-4. Many 

researchers have focussed on InSe studies since it has a direct band gap in bulk and its 

electronic properties are excellent and anisotropic. Compared to In2Se3, it exhibits only a few 

crystalline phases thus a possibility of getting a single phase. Its exfoliated layers have shown 

potential applications in photovoltaics [1] and photodetectors [7, 39]. 
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Figure 3-4: Crystal structure models of (a) β-InSe and (b) γ-InSe [8]. 

 

3.2.4  In6Se7 

It is also one of the stable phases of the In-Se system though it has not received much 

attention. In6Se7 has been established to crystallize in a monoclinic crystal structure with a 

space group of P21 [8, 40]. The unit cell, which contains two formula units, is monoclinic 

with a = 9.430 Å, b = 4.063 Å , c = 18.378 Å. Basically the structure consists of two separate 

sections of almost cubic close-packed arrays of Se atoms with In atoms in octahedral 

coordination, the two sections having equivalent directions at 61 ° to each other. 

3.3 Synthetic methods to make of indium selenide 

On the basis of the binary In–Se system, the route and/or the technique employed for the 

fabrication, the starting material and the parameters used during synthesis have been 
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established to have a strong influence on the  stoichiometries and particularly the polytypes 

obtained; thus presenting several structural characteristics of indium selenides [15, 41]. 

Several methods including solid state reaction, melting and annealing which employ In and 

Se elemental powders as raw materials have been used to obtain the bulk form [8]. For the 

thin film, techniques that include thermal evaporation, flash evaporation, molecular beam 

epitaxy (MBE), metal-organic chemical vapour deposition (MOCVD), [8, 42-44] chemical 

vapour transport [45], and electrostatic spray pyrolysis deposition [46] have been used. 

Briefly, thin films are formed by evaporating elemental (In and Se) or compound (e.g. In2Se3) 

sources onto a specific substrate which is then further annealed to improve crystallinity [8]. 

In thin films a variety of different In-Se phases may be formed depending on the deposition 

method and parameters. However one of the main problems concerning indium selenide is 

the existence of multi-phases in a single film [10]. 

Nanostructuring of materials is known to improve the quality of semiconductors and 

introduce unique and novel properties of the material that are completely different from their 

bulk. As a result researchers have embarked on producing indium selenide nanostructures to 

improve their optical, electrical and structural properties to enhance their use in different 

devices. Vapour based methods [44] are the most commonly used techniques to fabricate 

indium selenide nanostructures with relatively  few reporting on the controllable synthesis of 

indium selenide nanostructures [8]. For example, via Au–catalysed vapour liquid solid 

mechanism, –In2Se3 and –In2Se3 nanowires have been obtained at 700 °C while MOCVD 

made it possible to fabricate γ–In2Se3 [20, 47]. Also the vapour transport method has 

generated κ–In2Se3 nanowires [48].  

In addition to the vapour–based solid reaction techniques, solution-based methods are 

essential for the fabrication of inorganic solid state materials. As far as indium selenide is 
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concerned, very little work has been done on the solution phase synthesis compared to other 

metal chalcogenides. The challenges experienced when this route of synthesis is applied 

originate from the complexity of the indium selenide stoichiometries including the formation 

of InSe, In2Se3, In4Se3, and In6Se7 [49] which have the ability to thermodynamically coexist 

in a large range of temperatures and often emerge in similar reaction system. Another 

possible hurdle experienced during solution synthesis arises from the fact that the 

hydrolyzation of  In(III) cations is very common in aqueous solution due to their deficient 

electron properties, which probably enhances the formation of indium selenides in aqueous 

solution [50]. Despite these, investigations have reported on the fabrication of the 

nanostructures via solution methods. Xiaoyan et al. [50] synthesized pure γ-In2Se3 with 

hierarchical flowerlike microspheres solvothermally for the first time through the reaction of 

indium chloride and selenium powders in the presence of ascorbic acid at 220 °C for 20 h in 

ethanol. Tabernor et al. [51] successfully used the thermal decomposition of indium and 

selenium dodamicylamine complexes via the heating-up process to prepare In2Se3 

nanocrystallites. Revaprasadu et al. [52] reported the preparation of InSe nanoparticles 

capped with tri-n-octylphosphine oxide (TOPO) by a single-source route. Yang and Kelly 

[53] have synthesized several different sizes of InSe nanoparticles from organometallic 

precursors. Dimitrijevic et al. [54] prepared colloids of In2Se3 stabilized with poly (vinyl 

alcohol) or sodium metaphosphate in aqueous medium. Currently, attention is focussed on 

fabrication of atomically thin flakes of indium selenide nanoplates/nanosheets via exfoliation 

method. Exfoliation is known to produce atomically thin flakes of considerable lateral 

dimension; however, control over the dimensions is still a challenge. 

As it has been established, the properties of the indium selenides strongly depend on the 

methods used to grow the materials, more work is therefore needed to try and strike a balance 

in the synthetic procedures that will result in desirable properties. Herein we report on the 
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colloidal synthesis of indium selenide nanocrystals via pyrolysis of the metal precursors in a 

coordinating solvent. Herein we report on an attempt to better control the nanoparticles size 

distribution, the resulting morphology and isolation of one particular In-Se phase per given 

conditions of synthesis. Different growth conditions such as reaction time, concentration of 

the starting materials (metal precursors), and coordinating and/or reducing solvent were 

varied in the course of the reaction and their effect on the nanocrystals’ properties such as the 

crystalline structure, morphology and the electro-optical properties were investigated.  

 

 3.4 Experimental  

3.4.1 Chemicals and materials 

Indium (III) chloride, 99 % selenium powder, 70 % oleylamine (OLA), chloroform and 96 % 

ethanol were obtained from Sigma Aldrich.  

 

3.4.2 Synthesis of indium monoselenide nanocrystals using the non-hot injection method 

InSe nanoparticles were synthesized by a simple one pot method. About 0.3948 g (5 mmol) 

of indium chloride and 1.1059 g (5 mmol) of selenium powder for mole ratio 1:1, were 

placed into a three neck flask with a capacity of 50 mL, and 10 mL of OLA was added in as a 

solvent, surfactant and a reductant to reduce selenium. The mixture was then heated rapidly 

to 200 ºC
 
under nitrogen gas with strong magnetic stirring. During the heating process, the 

mixture, which appeared to be homogenous, changed the colour from black to yellow and 

then to dark brown when the temperature of 200 ºC was attained. At this temperature, 

aliquots were obtained at different time intervals and then allowed to cool to 80 ºC naturally. 

The samples were washed with ethanol to flocculate the particles. The particles were then 

collected by centrifugation for 10 min at 3000 rpm. The washing was done several times in 

order to remove lingering impurities and the products were left to dry at room temperature for 
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12 h to obtain dark brown powders. The time intervals used were 10 min, 30 min and 60 min 

respectively. We then considered three other different mole ratios of InCl3:Se following the 

same procedure. For 1:1, 2:1 and 3:1, the concentration of the In–precursor was varied and 

that of selenium was kept constant while vice versa was used in the case of the mole ratio 1:2. 

 

3.4.3. Synthesis of In2Se3 nanocrystals using a non – hot injection method 

A mixture of 5 mL of 1-dodecanthiol and 5 mL of oleylamine were put in a 3 neck round 

bottom flask, then 5 mmol of InCl3 and 5 mmol of Se were added. The mixture was then 

heated quickly to 200 °C after which the temperature was maintained throughout the reaction. 

Aliquots were obtained at different times then washed several times with ethanol to remove 

the unreacted starting materials and the excess ligands. The clean products were then left to 

dry overnight. For the synthesis of the In2Se3 nanowires, 2 mL of 1-dodecanthiol and 8 ml of 

oleylamine were used maintaining the other parameters unchanged.  

 

 3.5 Characterization techniques 

3.5.1 Optical characterization  

A Varian Cary Eclipse (Cary 50) UV-vis spectrophotometer was used to carry out the 

absorption measurements. A Varian Cary Eclipse EL04103870 fluorescence 

spectrophotometer with a medium PMT voltage at an excitation wavelength of 250 nm was 

used to measure the photoluminescence of the particles. For both spectral analysis, the 

powders were dissolved in chloroform and placed in quartz cuvettes (1cm path length). 
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3.5.2 Structural characterization 

The phase purity, crystallinity and preferred crystal orientation of the products were 

examined by  using XRD on a Bruker MeasSrv (D2-205530)/D2-205530 diffractometer 

using secondary graphite monochromated CoKα radiation (λ 1.78897 Å) at 30 kV/30 mA. 

Measurements were taken using a glancing angle of incidence detector at an angle of 2°, for 

2θ values over 10 - 90° in steps of 0.026° with a step time of 37 s and at a temperature of 25 

°C. 

The sample sizes and morphologies were determined by the transmission electron 

microscopy (TEM)  carried out on a FEI Technai T12 TEM microscopy operated at an 

acceleration voltage of 200 kV with a beam spot size of 20 - 100 nm in TEM mode. The 

HRTEM images were obtained from a JEOL JEM-2100 microscopy with a LAB6 filament 

and an EDS detector, operated at 200 kV. The samples were prepared by placing a drop of 

the suspended nanoparticles in chloroform, on a carbon-copper grid. The grid with the sample 

was then allowed to dry at room temperature. 

 

3.6 Results and discussions 

3.6.1 Interdependency of time and precursor concentration: their effect on the properties 

of the nanocrystals 

3.6.1.1 Indium:selenium, 1:1 mole ratio 

Equivalent amounts of the metal precursors were used. 10 mL of OLA was used as both the 

solvent and the reducing agent. During the course of the reaction, which was programmed to 

be 60 min, aliquots were drawn from the reaction mixture at 8 min, 10 min, 30 min and 60 

min after the reaction temperature of 200 °C was attained. The effects of time on the 

structural and optical properties of the nanocrystals obtained were investigated via TEM, 

HRTEM, XRD, UV-vis and PL. 
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To elucidate the phase structure and crystallinity of nanocrystals obtained, XRD analysis was 

carried out and the results are presented in Fig. 3-5. The four samples exhibited similar 

patterns that were indexed to rhombohedral InSe phase (JCPDS card 00-042-0919) with 

lattice parameters 𝑎 = 4 Å and 𝑐 = 24.32 Å; which are characteristic of rhombohedral InSe 

from previous reports [38]. The shoulder peak for the 10 min particles was indexed to the 

(101) plane of rhombohedral InSe using a different card number (JCPDS card 03-065-3660). 

The existence of the two card numbers within the same sample has been cited in literature as 

one of the challenges experienced during the fabrication of indium selenide; it is the 

possibility of co-existence of different allotropes in a sample [55]. The diffraction peak 

intensity was also seen to decrease with the increasing time of synthesis. Pattern (a) obtained 

sharper peaks compared to (b) and (c). This was indicative of the formation of more larger 

and crystalline particles for the 10 min synthesis. As the time of the synthesis was prolonged, 

the peaks slightly broadened an indication of decrease in particle sizes.              
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Figure 3-5: XRD patterns of InSe nanoparticles synthesized at temperature of  200 ºC with a 

mole ratio of 1:1 (InCl3:Se) after: (a) 8 min which gave the InSe  layers, (b) 10 min, (c) 30 

min and (d) 60 min. 

 

It is known that rhombohedral InSe has a layered crystal structure that extends over in three 

layers; however the order of formation of the nanoparticles/nanosheets (nanostructures) is not 

known, especially in wet chemical synthesis. As such, TEM analysis (illustrated in Fig. 3-6) 

of the products obtained at 8 min, 10 min, 30 min and 60 min were  not only used to provide 

morphological insight about the InSe nanocrystals but also the formation pathway of the InSe 

nanoparticles. The 8 min sample was used as a control to investigate the effect of a lower 

reaction time on the resulting nanostructures. It is northworthy to mention that a further 

reduction in the reaction time (lower than 8 min) did not result in any nanostructures; 
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however, the TEM images portrayed a coalescence of the nuclei into 2D – like nanostructures 

as shown in the appendix A1. 

Contrary to the previous reports on colloidal growth indicating that the shorter the reaction 

time the smaller the size/diameter of the nanocrystals obtained [56-59], Fig. 3-6(a-c) which 

are images of aliquots obtained after 8 min into the synthesis, clearly indicated that this 

sample comprised of nanosheets (bigger nanoparticles).  Similarly, the micrographs 

suggested that individual layers of InSe were formed at lower reaction time. A slight increase 

in the reaction time to 10 min resulted in the disintegration of the nanosheets as illustrated by 

Fig. 3-6(d–f). Fig. 3-6 (d) and (e) portrayed broken nanosheets (bigger) and smaller 

nanoparticles whilst Fig. 3-6f showed nanosheets with cracked surfaces. The cracked surface 

allowed us to conclude that the nanosheets were in the process of disintegration after a certain 

maximum lateral dimension was attained. Generally, these images portrayed that during the 

shortest time in the reaction pathway, the bigger nanocrystals (the nanosheets) were formed 

first which then broke down as the reaction progressed.  

As the reaction time was prolonged to 30 min, the sheets were seen to disintegrate further 

into finer nanoparticles as shown in Fig. 3-6 (g – i), in fact; Fig. 3-6g shows large pieces of 

broken down sheets. However, the nanosheets were observed to break down non- uniformly 

and the shapes of the nanoparticles are irregular.  It should be noted that the disintegration 

occurred at random as shown in Fig. 3-6g thus the final smaller particles are not expected to 

have a definite shape. Fig. 3-6 (j) and (k) portrays the images of the aliquots obtained after 60 

min. They revealed that the nanosheets were completely broken down and transformed to 

smaller nanoparticles. The particle size of these nanoparticles ranged between 7 and 8nm as 

shown by the histogram for the particle size distribution (Fig. 3-6i). The nanoparticles were 

seen to be nearly monodispersed. 
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Figure 3-6 Multiple TEM images of InSe samples synthesized at temperature of  200 ºC with 

a mole ratio of 1:1 (InCl3:Se) after (a-c) 8 min, (d-f) 10 min (g-i) 30 min and (j-k) 60 min. (l) 

show the particle size distribution of the nanoparticles. 
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HRTEM was also used to analyse the 10 min sample and the 60 min sample and their results 

are presented in Fig. 3-7. The lattice fringes observed in the HRTEM images have a d-

spacing (0.33 nm) similar to the (012) lattice plane of rhombohedral InSe for both the 10 min 

nanosheets and the 60 min nanoparticles. The crystallinity of the nanosheets and the 

nanoparticles were revealed by the FFT images included as insets. The nanosheets 

synthesized in 10 min and the nanoparticles synthesized in 60 min showed similar crystal 

orientation as shown by the d-spacing of the lattice fringes. This therefore substantiates our 

conclusion that the nanosheets fragment with time to form smaller nanoparticles. The 

fragmentation is due to strain. Strain is due to imperfections in bonding which is indicated by 

the formation of kinks and zigzag in the bonds. This can be observed in the HRTEM image in 

Fig. 3-7 (circled). An increase in strain will eventually cause the breakage of the sheet. This 

has been observed in other 2D nanosheets such as that of XS2 form and graphene [60-62]. 
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Figure 3-7: HRTEM images of the nanosheets synthesized in 10 min and the nanoparticles 

synthesized in 60 min (insets are the FFT images of the corresponding HRTEM images). 

 

Fig.3-8 shows the energy dispersive spectroscopy data that was used to determine the 

elemental composition of the nanosheets and the nanoparticles.  It confirmed that both the 

nanosheets and the nanoparticles contained indium and selenium. However impurities such as 

chlorine which was part of the In source and oxygen were also detected. These impurities 

were more prominent in the 10 min sample due to the short reaction time compared to the 60 

min sample. 
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Figure 3-8: EDS spectra of the nanosheets synthesized in (a) 10 min and the nanoparticles 

synthesized in (b) 60 min. 

 

Absorption and emission (PL) spectroscopy were employed to investigate the optical 

properties of the obtained InSe nanoparticles. The UV-vis spectra of the 8 min, 10 min, 30 

min and 60 min samples are presented in Fig. 3-9 (a), (b), (c) and (d) respectively. The 

nanosheets produced after 8 min were of different sizes and shapes as observed TEM. This 

reflected on their absorption as they gave a tailing spectrum. A slight bend was however seen 

at about 725 nm for the 8 min sample indicating their onset of absorption. Similarly the 10 

min sample had band edge at 725 nm (Fig. 3-9b), the 30 min’s band edge was at 517 nm (Fig. 

3-9c) while that of 60 min was at 495 nm (Fig. 3-9d).  The samples exhibited considerable 

quantum confinement effect as their band edges were blue shifted compared to the bulk band 

gap of 1.24 eV (1000 nm). It was also evident that the value of the band edge increased with 

increasing time of synthesis suggesting that the 60 min sample had smaller nanoparticles than 

the ones produced after 30 min and 10 min.  

(b) 
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Fig. 3-10 represents the emission spectra of the samples obtained at mole ratio 1:1. The 8 min 

sample exhibited two emission peaks centred at about 515 nm due to the band gap transition 

and 650 nm due to the Px-Py transitions (position (I) and (II) respectively). This observation 

was in accordance with the corresponding band scheme of bulk InSe virtually identical to the 

one represented in Fig. 3-11 [63, 64]. The electronic transition from px,y like orbitals to the 

bottom of the conduction band are the E’ transition (2.4 eV) while the pz like orbitals to the 

bottom of the conduction band is the band gap (1.27 eV). Our measurements were performed 

at an excitation wavelength of 240 nm to provide energy greater than the band gap of InSe. 

This has been reported to allow the occurrence of the transition between px,y and the bottom 

of the conduction [64]. In addition, the peak positions were blue shifted compared to their 

onset of absorption which was seen at about 725 nm; a phenomena reported in the previous 

studies on InSe and GaSe nanosheets [63, 65] and other nanosheets obtained from transition 

metals dichalcogenides as band gap crossover due to the modification of the band structure 

experienced when the material moves from a three layered crystal structure to a monolayer 

system [66]. The 10 min, 30 min and the 60 min had their emission maxima centred at 712 

nm, 512 nm and 433 nm and are presented by spectrum (b), (c) and (d) respectively. These 

are shifted compared to their band edges. The results generated from UV – vis and the 

emission profiles are tabulated in Table 1. 
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Figure 3-9: Absorption spectra for InSe nanoparticles synthesized at 200 ºC with a mole ratio 

of 1:1 after (a) 8 min, (b) 10 min, (c) 30 min and 60 min. 
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Figure 3-10: Photoluminescence spectra of InSe synthesized at a temperature of 200 ºC and a 

mole ratio of 1:1 after (a) 10 min (b) 30 min and (c) 60 min. 
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Figure 3-11: The band structure of InSe with the bulk band gap and electronic transitions. 

 

Table 3-1: A summary of the results generated from UV – vis and the emission profiles. 

Spectrum Time 

(min) 

Band edge 

(nm) 

Emission   peak 

(nm) 

A 8 725 515 (pos. I) 

650 (pos. II) 

B 10 725 712 

C 
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30 

 

60 
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495 
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3.6.1.2 Indium: selenium, 1:2 mole ratio 

Excess chalcogenide in a setup is known to produce better morphology in colloidal synthesis. 

Therefore in the first part of this investigation, an indium deficient situation was used. About 

2.5 mmol of InCl3 and 5 mmol of selenium powder were used in 10 mL of OLA at a 

temperature of 200 °C. Aliquots were obtained after 10 min, 30 min and 60 min to study the 

effect of time on the properties of the products was done via UV-Vis, PL, XRD and TEM.  

The XRD results in Fig. 3-12 showed that the samples contained a mixed phase of 

rhombohedral InSe as indexed from the card JCPDS card 00-042-0919 with lattice 

parameters 𝑎 = 4 Å and 𝑐 = 24.32 Å and In2Se3 (showed by the *). Spectrum (a) and (b) are 

the patterns for the 10 min and the 60 min samples respectively. Spectrum (a) portrayed 

broader peaks whilst spectrum (b) resulted in sharper peaks; an indication that the 10 min 

sample comprised of smaller sized nanoparticle compared to the 60 min sample. This was so 

because an increase in the reaction time resulted into the addition of more material into the 

existing nuclei thus creating bigger nanoparticles. 
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Figure 3-12: XRD spectra of InSe nanocrystals from 1:2 mole ratio (InCl3:Se) a) 10 min and  

b) 60 min. The peaks marked with (*) are indexed to In2Se3 

 

Fig. 3-13 shows the TEM images of the as-synthesized nanocrystals. For all the three samples 

obtained at different durations, no defined morphology was obtained however agglomeration 

of the nanocrystals increased with increasing growth time as shown in Fig. 3-13 (a) and (c) 

respectively.  
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Figure 3-13: TEM images of InSe nanocrystals from 1:2 mole ratio (inCl3:Se) a) 10 min, b) 

30 min and c) 60 min. 

 

The agglomeration of the nanoparticles was further confirmed by the UV-Vis results. The 

spectra presented in Fig. 3-14 illustrated a tailing behaviour with the 60 min sample (Fig. 3-

14a) tailing more than the 10 min sample (Fig. 3-14b). The absorption band edge of the 

nanocrystals which was about 700 nm was blue shifted compared to the bulk one which is 

about 1000 nm despite the indefinite morphology.  

 

a b c



 
130 

 

 

Figure 3-14: UV-vis spectra of InSe nanocrystals from 1:2 mole ratio (InCl3:Se) (a) 10 min, 

(b) 30 min and (c) 60 min. 

 

3.6.1.3 Indium: selenium, 2:1 mole ratio 

Here, the amount of In precursor (InCl3) was maintained at 5 mM while that of selenium was 

reduced to 2.5 mM in order to achieve a mole ratio of 2:1. 10 mL of oleylamine was used as 

both surfactant and reductant. The effect of using less selenium on the nanocrystals properties 

during the course of the synthesis was then studied with emphasis on the 8 min sample 

(because this is what gave the complete 2D nanocrystals when mole ratio 1:1 was used), 30 

min and 60 min. 
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To determine the structural information of the InSe nanocrystals synthesized at 2:1 mole 

ratio, XRD and TEM techniques were applied. XRD spectra presented in Fig. 3-15 showed 

that all the three samples had similar crystal structures predominantly indexed to 

rhombohedral InSe phase (JCPDS card 03-065-3660). The lattice parameters were also 

determined as a = 4 Å and c = 24.32 Å with a d-spacing of 3.33Å along 101 planes; these 

parameters are comparable to those obtained for InSe flakes by Mudd et al. [38] and Rigoult 

et al. [67]. The intensity of the diffraction peaks were seen to increase with increasing time, 

that is from 8 min (Fig. 3-15a) to 30 min (Fig. 3-15b) to 60 min (Fig. 3-15c), an indication 

that they became more crystalline with time.

 

Figure 3-15: XRD patterns of InSe nanosheets synthesized at temperature of 200 ºC with a 

mole ratio of 2:1 (InCl3:Se) after: (a) 8 min, (b) 30 min and (c) 60 min. 
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agglomerated nanocrystals coalesce then extend in 2D like nanostructures as depicted in Fig. 

3-16a. As the synthetic time progressed, individual nanosheets begun to form and were more 

disperse. At this stage, as presented in Fig. 3-16b, the nanosheets portrayed irregular facets 

with undefined shapes. Complete and perfect nanosheets with regular faceted edges of six 

sides almost hexagonal, though the sides were determined to differ by a few nanometres, 

were obtained at 60 min. The 60 min sampled contained nanosheets of different shapes as 

shown in Fig. 3-16c though the lateral dimension was approximated as 130 nm. The thickness 

of the individual nanosheet was also determined via TEM micrograph technique and was 

found to be about 60 nm according to the procedure described in the appendix. Aliquots 

obtained at 90 min showed broken/damaged nanosheets implying that after the nanosheets 

obtained a maximum lateral dimension, they then experienced the same phenomenon 

described in the mole ratio 1:1 where the nanosheets broke to form smaller nanoparticles. 
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Figure 3-16: Multiple TEM images of InSe samples synthesized at temperature of  200 ºC 

with a mole ratio of 2:1 (InCl3:Se) after (a) 8 min, (b) 30 min and (c) 60 min. 

 

 

8 min

30 min

60 min



 
134 

 

Optical studies were done by analysing the absorption and emission spectra of the 

nanosheets.  Examination of the absorption spectra displayed in Fig. 3-17 revealed that the 8 

min (Fig. 3-17a) and the 30 min (Fig. 3-17b) sample presented tailing spectra as a result of 

the agglomeration in the 8 min sample and the different sizes and irregular shapes in the 30 

min sample as confirmed by the TEM images, therefore it was challenging to extract the band 

edges. For the 60 min sample with the perfect nanosheets, the band edge was extracted at 

about 725 nm, though the spectrum was slightly tailing. The slight tailing was attributed to 

the different shapes of the nanosheets observed in TEM micrographs. The nanosheets 

exhibited quantum confinement effects, that is, their absorption band edges were blue shifted 

compared to that of bulk InSe which is about 1000 nm.  

The emission spectra shown in Fig. 3-18 exhibited two peaks that were centred at position (I) 

due to the E’ transition and (II) as a result of the band gap transition and the extracted values 

are summarized in Table 2. In addition, the peak positions were blue shifted compared to 

their absorption band edges. The dotted spectra are the Gaussian fitted peaks from where the 

centres of the emission peaks were extracted.  
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Figure 3-17: Absorption spectra for InSe nanosheets synthesized at 200 ºC with a mole ratio 

of 2:1 after (a) 8 min (b) 30 min and (c) 60 min. 

 

Figure 3-18: Photoluminescence spectra of InSe synthesized at a temperature of 200 ºC and a 

mole ratio of 2:1 after (a) 8 min (b) 30 min and (c) 60 min. 
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Table 3-2: A summary of the UV-vis and the emission profile results 

Spectrum Time  

(min) 

Band edge 

(nm) 

Emission   peak 

(nm) 

Emission peak  

(nm) 

A 8 Tailing  501 665 

B 30 Tailing 508 647 

C 60 725 515 641 

 

3.6.1.4 Indium: selenium, 3:1 mole ratio 

A further increase in the indium precursor source was herein and the effect on the 

nanocrystals studied via TEM and XRD for structural studies and UV – vis and PL for the 

optical studies.  

The XRD was used to confirm the crystal structure and composition of the nanocrystal. From 

the XRD pattern in Fig. 3-19, it was evident from the spectra that InSe were produced and 

they matched the rhombohedral crystal structure. The peaks were more diffracted in the 30 

min (Fig. 3-19b) and they were more intense than in the 8 min sample (Fig. 3-19a); thus 

deducing an improvement in the crystallinity of the nanosheets with increasing reaction time. 
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Figure 3-19: XRD patterns of InSe nanosheets synthesized at temperature of 200 ºC with a 

mole ratio of 3:1 (InCl3:Se) after: (a) 8 min and (b) 30 min. 

  

TEM images illustrated in Fig. 3-20 suggested that at this mole ratio, the perfect and 
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130 nm has been reached, the nanosheets then experienced strain or stress that caused defects 

in their structures thus resulting in the disintegration of the nanosheets.  
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Figure 3-20: Multiple TEM images of InSe samples synthesized at temperature of 200 ºC 

with a mole ratio of 3:1 (InCl3:Se) after (a-c) 8 min, (d-f) 30 min and (g-i) 60 min. 

 

The optical studies were undertaken for the 8 min sample and the 30 min sample. The 
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experienced absorption onset at about 725 nm (Fig. 3-21b), though the spectrum had a slight 

tailing as a result of the different shapes. The PL spectra (Fig. 3-22) exhibited two emission 

peaks centred at (I) and (II) which are characteristic of the InSe E’ transition and band gap 

transition respectively. The values extracted from UV and the PL are summarized in Table 3. 

In addition, the peak positions were blue shifted compared to their absorption band edges. 

 

Figure 3-21: Absorption spectra for InSe nanosheets synthesized at 200 ºC with a mole ratio 

of 3:1 after (a) 8 min (b) 30 min. 
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Figure 3-22: Photoluminescence spectra of InSe synthesized at a temperature of 200 ºC and a 

mole ratio of 3:1 after (a) 8 min and (b) 30 min. 

 

Table 3-3: A summary of the UV-vis and the emission profiles 

Spectrum Time  

(min) 

Band edge 

(nm) 

Emission   peak 

(nm) 

Emission peak  

(nm) 

a 8 Tailing  518 650 

b 30 725 520 651 

 

3.6.2 Formation mechanism of InSe nanosheets  
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formation of the nanosheets [68-72]. Nevertheless, the formation of two dimensional InSe 

nanosheets may be explained by the mechanism reported by Lu et al. [71]. The mechanism 

suggests that nanosheet formation can be elucidated by the anisotropic nature of the crystal 

structure of the layered materials coupled with the type of coordinating solvent used during 

synthesis. Thus as shown in Scheme 1a, the γ–InSe polytype crystalline structure of InSe 

contains layers of covalently bonded In–Se and In–In bonds. The orientation of the atoms in 

each layer is such that the orbitals of the valence electrons involved in bond formation are 

located inside the layer. Therefore there is no chance of an overlap with orbitals of the 

valence electrons from the neighbouring layer [73]. As a result, these layers are held together 

through van der Waals bonds and stack vertically along the c-axis of the crystal structure. 

This then allows for intercalation of the layered crystal by foreign atoms or molecules as 

shown in Scheme 1b. When InSe begins to form in solution, the coordinating solvent (in this 

case OLA) infiltrates into the van der Waal space as it tries to bind to the nanocrystal, thereby 

preventing growth along the c– axis and supporting growth within the a–b plane to form two-

dimensional nanosheets. 
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Scheme 3-1: Formation pathway of InSe nanosheets 

 

3.6.3 Formation pathway of InSe nanoparticles 

The findings on the structural and optical properties of InSe indicate that the nanosheet’s 

lateral growth continue with time. After attaining a certain maximum lateral dimension of 
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about 130 nm, they experience strain or stress then they begin to break/disintegrate until 

smaller nanoparticles are attained. This is contrary to the most quoted growth mechanism by 

Lamer and Dinegars involving nuclei formation from precursor, followed by the growth of 

the nuclei via Ostwald ripening process and the termination of growth when the precursor is 

depleted is the most quoted growth mechanism in colloidal synthesis [74]. After 10 min of 

synthesis in mole ratio 1:1, 60 min in mole ratio 2:1 and 30 min in mole ratio 3:1, it is 

assumed that the nanosheets attain maximum lateral dimension after which they start to 

experience some kind of strain until they start to crack or break. As we have mentioned 

earlier, nanosheets are seen to disintegrate further as the reaction time is prolonged to 30 min 

for mole ratio 1:1 (Fig. 3-6 (g-i) , and after one hour, finer nanocrystals are obtained, that is, 

the longer  reaction time gives smaller particles and vice-versa. Similarly, the band edge of 

nanoparticles produced after 60 min (longer time) is blue shifted compared to the ones 

produced after 10 min (shorter time) indicating that the longer reaction time gives smaller 

nanoparticles. These findings on the structural and optical properties of InSe were contrary to 

those expected from the classical semiconductor nanoparticles synthesized via colloidal 

synthesis. Colloidal synthesis used herein for the fabrication of InSe nanoparticles is an 

example of a bottom up approach, where the particles are expected to undergo two important 

processes, the nucleation stage and the growth process. Usually with this approach, the 

nanoparticles seek to be smaller at the beginning of the synthesis then later grow to bigger 

ones through the Ostwald ripening process as the time of synthesis progresses, when all other 

parameters are held constant [56-59]. With the results discussed above, scheme 3-1 represents 

a preliminary proposal of the growth mechanism for the formation of InSe nanoparticles. This 

mechanism mimics the top down approach because it begins by the formation of a big layer 

(sheet) which then disintegrates into smaller nanoparticles. However, the layers break down 

chemically in a coordinating solvent without any physical means and the beginning 
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precursors are InCl3 and Se which react to give the InSe nanoparticles. For this reason, we 

suggest to name the proposed mechanism as a pseudo top-down approach.  

 

 

Scheme 3-2: Schematic illustration of the proposed growth mechanism for the InSe 

nanoparticles with the images based on TEM images obtained in the course of the 60 min 

synthesis. 
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3.7    Effect of ligand variation and time on the properties on InxSey (incomplete) 

Using oleylamine as both the coordinating solvent and a reducing agent in the above studies, 

it was evident that InSe nanosheets were formed in all the three mole ratios, 1:1, 2:1 and 3:1; 

though at different reaction times. Therefore in order to understand the role of oleylamine in 

the reaction mixture, a second ligand was introduced into the system. This experiment was 

also conducted in attempt to change the phase of the resulting nanostructures.  Typically, 1-

DDT of different volumes was used as a co-ligand together with oleylamine in the synthesis 

of the InxSey nanocrystals and a mole ratio of 1:1 of the metal precursors (5 mM of InCl3 and 

Se) was selected. This method was adapted from Ramasamy et al. [33]. Oleylamine alone in 

the reaction setup acts as both ligand and a mild reducing agent according to scheme 1 where 

it reduces In
3+

 to In
2+

 and selenium to Se
2-

. Presence of 1-DDT in the reaction mixture results 

in the stabilization of In
3+

 ions through the formation of an In-DDT complex while the 

selenium was reduced by the oleylamine to Se
2-

 as depicted in scheme 3. Scheme 3 (b) 

elaborates the interaction of In
3+

 and Se
2-

 ions to form In2Se3 nanostructures. 

 

3.7.1   50 % OLA and 50 % 1-DDT 

 About 5 mL of OLA and 5 mL of 1-DDT were used. For preliminary purposes, the duration 

of synthesis was programmed to 30 min after which the aliquots were obtained for analysis 

by TEM and XRD.  

Fig. 3-23 presents the resulting XRD pattern and peaks were indexed to hexagonal -In2Se3 

according to the standard on card number JCPDS card 00-023-0294 with lattice parameters a 

= 7.11 Å, b = 7.11 Å and c = 19.25 Å. The peaks were well diffracted and were sharp and 

intense indicating that the structures had good crystallinity and slightly big sizes. 
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Figure 3-23: XRD pattern of In2Se3 nanosheets synthesized at temperature of 200 ºC with a 

mole ratio of 1:1 (InCl3:Se) after 30 min 50 % OLA and 1-DDT. 

 

The TEM analysis showed that this solvent ratio gave agglomerated and conically stacked 

rods of different sizes with traces of nanosheets as portrayed in Fig. 3-24. The agglomeration 

of products in this environment containing 1-DDT with 50 % oleylamine (5 ml OLA + 5 ml 

1-DDT) was attributed to insufficient reducing agent to reduce the elemental selenium thus 

introducing impurities during the reaction hence the poor morphology.  
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Figure 3-24: TEM images of In2Se3 samples synthesized at temperature of 200 ºC with a 

mole ratio of 1:1 (InCl3:Se) for 30 min. 

 

3.7.2 80 % OLA and 20 % 1-DDT 

About 8 mL of OLA and 2 mL of 1-DDT were used for the synthesis. And aliquots were 

obtained after 15 min, 30 min and 60 min. This was done with the aim of improving the 

morphology of the nanostructures obtained in an OLA/1-DDT environment. The structural 

and the optical properties of the resulting products were then studied to establish the 

correlation with time.  

The XRD pattern (Fig. 3-25) matched hexagonal In2Se3 (JCPDS card 00-012-0117) with 

lattice parameters, a = 7.11 Å, b = 7.11 Å and c = 19.3 Å. There was one peak marked with * 

that matched one of the peaks of In3Se4 phase. The observed peaks were broad and this could 

be indicative of the poor crystallinity or small sizes of the particles. 
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Figure 3-25: XRD patterns of InSe nanoparticles synthesized at temperature of  200 ºC with a 

mole ratio of 1:1 (InCl3:Se) after: (a) 10 min which gave the InSe  layers, (b) 30 min and (c) 

60 min. 
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diameter of 5 nm. The lengthiness of the nanowires was attributed to orientation attachment 

of the individual nanowires at the tips.  

 

Figure 3-26: Multiple TEM images of In2Se3 samples synthesized at temperature of 200 ºC 

with a mole ratio of 1:1 (InCl3:Se) after (a) 15 min, (b) 30 min and (c) 60 min 50 % OLA/1-

DDT. 
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To further confirm the elemental composition of the nanocables and the nanowires, EDS 

analysis was employed. The EDS of the 15 min sample (Fig. 3-27a) and the 60 min sample 

(Fig. 3-27b) confirmed the elemental composition of the nanocables and nanowires to have 

indium and selenium. An oxygen impurity peak also appeared in both the samples. 

 

Figure 3-27: EDS spectra of the nanocables and nanowires synthesized in 80 % OLA+ 20 % 

1-DDT at 200° C for (a) 15 min and (b) 30 min respectively. 

 

The optical properties of as-prepared In2Se3 nanocrystals were analysed using absorption and 

emission spectroscopy. Fig. 3-28 portrays the absorption profile of the nanocables and the 

nanowires. The 15 min and the 30 min samples exhibited excitonic peaks at about 401 nm 
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(spectrum a) and 395 nm (spectrum b) respectively with evidence of tailing. The tailing was 

associated with the different morphologies that existed within the same sample as was seen 

from their TEM images. The 60 min sample portrayed a spectrum with a excitonic peak at 

about 425 nm. The nanowires had very narrow diameter however some of them were very 

long compared to the others; as a result their absorption spectrum exhibited the first bend for 

the slightly shorter nanowires while the very long ones started absorbing at about 600 nm. 

The emission studies of the nanocrystals were also conducted and the results are presented in 

Fig. 3-29. The 15 min and the 30 min samples portrayed two emission peaks centred at 492 

nm and 727 nm for the 15 min sample and 477 nm and 725 nm for the 60 min sample. The 

stronger emission bands at 492 nm and 477 nm were associated to near band edge emission 

resulting from electron-hole combination while the weaker emission bands at 725 nm and 

727 nm were assumed to be surface state emissions caused by defects [75] .The FWHM of 

these peaks are 123 nm and 121 nm respectively for the 15 min sample and 146 nm and 104 

nm for the 30 min sample. This large FWHM is an indication of poly-dispersity. The 60 min 

sample exhibited three emission peaks at about 473 nm, 540 nm and 701 nm with FWHM of 

49 nm, 65 nm and 145 nm respectively. 
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Figure 3-28: Absorption spectra of the samples obtained at (a) 15 min, (b) 30 min and (c) 60 

min. 

 

Figure 3-29: PL spectra of the In2Se3 nanocrystals produced in 80 % OLA + 20 % 1-DDT at 

200 C for (a) 15 min, (b) 30 min and (c) 60 min. 
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3.8 Mechanism of formation of InSe phase and In2Se3 phase 

Based on the above results a possible mechanism explaining the function of OLA in the 

formation of InxSey nanocrystals is proposed. OLA has been reported to not only act as a 

solvent in many organic and inorganic syntheses, but also it can be a surfactant and even a 

mild reducing agent, depending on the reaction conditions and the nature of the target 

nanocrystals [76]. For example, Park et al. [77] and Chen et al. [78] used OLA as a stabilizer 

and a solvent during their synthesis of β-In2S3 at 215 °C. In other studies, the concentration of 

OLA as a co-ligand affected the composition and the size of the nanocrystals obtained 

[77]. In addition, in the presence of a stronger reducing agent, the role of OLA is limited to 

act as a surfactant and/or solvent [79]. In our case, when OLA is used as the sole coordinating 

solvent and a mild reducing agent, In
3+

 ions are reduced to In
2+

 ions and the elemental 

selenium reduced to Se
2−

 ions thus resulting in the formation of InSe. This is illustrated 

in scheme 3 and it was experienced in all the three concentration used in the formation of 

InSe nanosheets regardless of the amount of the In-precursor added, thus explaining the 

existence of one particular morphology of the obtained nanocrystals with comparable 

characteristics. On the other hand, the presence of 1-DDT in the reaction mixture resulted in 

the stabilization of the In
3+

 ions through the formation of an In–DDT complex while the 

selenium was reduced by the OLA to Se
2−

. Scheme 3b elaborates the interaction of In
3+

 and 

Se
2−

 ions to form In2Se3 nanostructures. Another suggestion from the reaction environment 

containing 1-DDT was that 50% OLA (5 ml OLA + 5 ml 1-DDT) produced agglomerated 

products. This was due to the insufficient reducing agent to reduce the elemental selenium 

thus introducing impurities during the reaction hence the poor morphology unlike when 80% 

of oleylamine was used which resulted in the nanowires. 
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Figure 3-30: Schematic representation of (a) reduction process In
+3

 to In
+2

 and Se to Se
-2

 

when 100 % oleylamine was used and (b) the stabilization process of In
+3

 ions by both 2 ml 

and 5 ml of 1-DDT introduced in the reaction mixture. 
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3.9 Conclusions   

In summary, rhombohedral InSe nanocrystals were synthesized using a simple route with 

reaction conditions that are easy to maintain. The size of the InSe nanoparticles became 

smaller with the increment in the reaction time and the particles obtained were 

monodispersed. The growth mechanism suggested a pseudo top-down mechanism. This type 

of growth can allow one to choose 2D structures or 0D structures depending on the 

application. 

Our investigations also confirmed that the formation of InxSey nanocrystals is 

conceivable via a direct colloidal route. Hexagonal like InSe nanosheets were synthesized at 

different optimum times depending on the amount of the indium precursor. Also evident was 

the fact that regardless of the amount of the indium precursor used, the product remained 

unchanged i.e. InSe. This was attributed to the nature of the oleylamine capping agent. 

Oleylamine is known to be a reducing agent and in this case resulted in the reduction of 

In
3+

 to In
2+

 and elemental selenium to Se
2−

 thus always resulting in the formation of 

rhombohedral InSe 2D nanosheets. To consolidate this observation, a non-reducing 1-

dodecanthiol co-surfactant was used. DDT which is a much softer and polarized ligand than 

OLA was thought to stabilize the In
3+

 ion by coordinating and forming a complex thus 

preserving the +3 oxidation state of indium hence resulting in the formation of the final 

product of In2Se3nanocrystals. The morphology of In2Se3 changed depending on the amount 

of OLA used. The optical properties of InSe were further evidence that 2D nanosheets had 

been synthesized due to the band gap crossover readily observed in 2D nanosheets. 
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Chapter 4 : Applications of indium selenide nanocrystal in chemical 

sensors for detection of volatile organic compounds. 

4.1 Background 

4.1.1 Definition and sources of VOCs 

Volatile organic compounds (VOCs) are a large group of carbon based chemicals that easily 

evaporate at room temperature [1]. The chemicals produced by these VOCs may have short 

and long term adverse health effects. Most exposure to these VOCs occurs indoors as a result 

of numerous indoor emission sources, poor ventilation and the time spent in a particular 

building [2]. Examples of household products (which in turn become sources of VOCs) that 

contain organic chemicals as ingredients include paints, varnishes, wax, and many cleaning 

agents, disinfectants, cosmetics and degreasing products. Furniture, floor and wall coverings 

among other building products also outgas VOCs.  In addition, Africa as a whole depends on 

fuel to drive most of their industrial and domestic process and these fuels are made up of 

organic chemicals. All these products can release organic compounds while in use them and 

to some degree, when they are stored. Therefore the concentrations of the VOCs are 

consistently higher (up to ten times higher) indoors than outdoors [3] as a result a sensor that 

would facilitate in detecting and controlling the indoor and outdoor pollutants is of essence.   

 

4.1.2 Importance of formaldehyde detection 

Formaldehyde, is one of the examples of VOCs that has been reported  to have harmful 

effects [4]. It is widely used in It is used in the production of fertilizer, paper, plywood, and 

urea-formaldehyde resins. It is present in the air in iron foundries. It is also used in the 

production of cosmetics like nail polish and sugar, in well-drilling fluids, in agriculture as a 

preservative for grains and seed dressings, in the rubber industry in the production of latex, in 

leather tanning, in wood preservation, and in photographic film production. Formaldehyde is 
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combined with methanol and buffers to make embalming fluid. Formaldehyde is also used in 

many hospitals and laboratories to preserve tissue specimens. Therefore, human beings as 

such interact with it in most occasions [5]. Formaldehyde has been established as a probable 

human carcinogen and allergenic. It is also known to cause the sick building syndrome and an 

intense irritant of the eyes and mucous membranes. Therefore HCHO is highly problematic 

as an indoor pollutant. Consequently, the World Health Organization (WHO) has set a 

standard for 30 min exposure limit of 0.08 ppm (Air Quality Guidelines, 2nd ed.; WHO 

Regional Office for Europe: Copenhagen, Denmark, 2001), OSHA has set the permissible 

exposure level (PEL) to 0.75 ppm and the immediately dangerous to life or health (IDLH) 

level at 20 ppm, and the US National Institute for Occupational Safety and Health (NIOSH) 

has established a maximum long-term exposure limit of 0.016 ppm (TWA) [6]. Therefore the 

demand for continuous and real time monitoring of formaldehyde at very low concentration 

is critical and increasing in both living environment and industries. At present, numerous 

methods for detecting and measuring gaseous formaldehyde exist. Detection using 

semiconductor metal oxide as their detection portion has considerable impact to date owing 

to their advantages of their robust nature, their weak sensitivity to moisture and temperature 

influence, simple electronic interface, quick response and recovery time [7]. However, these 

type of sensors need to operate at higher temperatures ranging between 150 °C - 350 °C, thus 

often limiting their detection capability. In addition the available gas sensors in the market 

are quite expensive and have reduced sensitivity with respect to low concentration, 

selectivity, reversibility in specified temperature conditions and long term stability. As a 

result, there remains a need to improve the response, selectivity, stability and the working 

temperature of the sensors.  

 



 
167 

 

4.1.3 Use of nanostructures to improve the performance of chemical sensors 

The improvement in the performance of a sensor is in particular dependent on the properties 

of the sensing materials [8]. Semiconductor nanostructures compared to their bulk 

counterpart have been reported to possess unique and novel characteristics and offer large 

surface area to volume ratios which is advantageous to electron transport and gas diffusion, 

thus leading to enhanced sensing performance. Nanostructured materials including 

semiconductor nanocrystals used as sensor building materials offer novel and advanced 

properties as a result of their finite size effect and the enhanced density of structural 

imperfections [9]; thus providing a promising route of improving the device performance as 

they would dramatically change the operating characteristics of chemical sensors. Several 

nanometric materials have attracted attention in the sensing field. Among them, several 

sensors based on thin films of organic polymers, metal oxide nanoparticles and most recently 

carbon nanotubes and related composites have been explored [10]. In addition high quality 

colloidal semiconducting nanocrystals (metal sulphides and selenides) are also gaining 

mileage in this area. A considerable amount of work has been done on the application of 

colloidal nanocrystals in optical sensors, though not as much work as their counterparts 

produced via gas phase techniques [11]. This is because high-quality colloidal semiconductor 

nanocrystals (NCs) are generally coated by a dense monolayer of organic ligands whose sole 

purpose is to reduce agglomeration of the nanocrystals that is bound to happen as a result of 

increased van der Waal attraction due to reduction in dimensionality of the nanocrystals. The 

monolayer of organic ligand covering the nanocrystal act as a substantial barrier for the 

diffusion of gas molecules between the environment and the surface of the NCs, thus 

compromising the sensing ability of these nanocrystals. Despite this major drawback, 

colloidal nanostructures have presented enormous potential for investigation in sensing 

technologies due to their various types of structures and tunable electro-optical properties and 
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their ability to be sensitive to their surrounding environment. A slight change in the ambient 

may result in a change in their electro-optical properties, a characteristic which can be 

exploited for the development of sensing technologies [12-14].  

Herein we focus on indium monoselenide obtained via colloidal synthesis. InSe has attracted 

substantial attention as a semiconductor material. It has shown potential in many applications 

such as optoelectronic  devices [15], solar energy conversion [16] and Li ion batteries [17] 

due to its appealing optical properties, tunable electronic properties under different conditions 

[18, 19] and good transport properties [20, 21]. Nanostructuring has been reported to 

transform the above bulk properties of InSe to completely new physical phenomena without 

changing the chemical composition thus expanding its applicability in device architecture 

[22]. Lei et al. studied the effect of reducing the number of layers on the optical properties of 

InSe. They deduced that a few layered material gave a good photo-response in their 

photodetectors producing a photo-responsivity of 34.7 mA/W and fast response time of 488 

μs [15]. Sánchez-Royo et al. also managed to tune the dimensionality of the lattice dynamics 

and electronic properties of atomically thin InSe flakes via gradual enhancement of quantum 

size confinement [23]. For our studies, we synthesized InSe nanostructures via the colloidal 

route to enable us to have control on the morphology and reduction in dimensionality. The 

studies on the properties of the InSe nanosheets and nanoparticles obtained indicated a 

difference in the optical properties. This suggested that the distribution of the density of state 

was dependent on the shape and size of the InSe nanostructure. To provide an intuition on 

their electronic properties, investigation on their chemical sensing ability was done. Sensors 

based on the nanostructures were exposed to methanol and formaldehyde fumes and variation 

on the conductance and capacitance were studied.  
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4.1   Experimental procedures 

4.1.1 Chemicals and materials 

Indium (III) chloride, 99 % selenium powder, 70 % oleylamine (OLA), chloroform and 96 % 

ethanol, 99.9 % methanol (MeOH), 37 % formaldehyde  (HCHO) solution, 99.9 % acetone, 

98 % isopropyl alcohol and distilled water were used as purchased from Sigma Aldrich. 

Interdigitated electrodes of ENIG (Electroless Nickel Immersion Gold) with a gap of 0.1 mm 

between electrode strips and a FR4 epoxy resin/fiber glass board were supplied by 

Micropress SA. 

 

4.2.2 Device fabrication and characterization 

About 5 mg of indium selenide nanopowders synthesized and characterized in chapter 3 were 

dispersed in 2 mL of chloroform by ultra-sonication for 20 min at room temperature. The 

substrates were cleaned sequentially in acetone, deionized water and isopropyl alcohol using 

sonication for 20 min each step. The substrates were then allowed to dry by air blowing. The 

sensors devices were prepared by dropping 20 μL on the active area of the interdigitated 

electrodes and then the device was allowed to dry overnight in vacuum at 120 °C. The 

surfaces of the formed thin films were characterized by SEM analysis using an FEI Nova 

Nanolab 600 FIB/SEM instrument operating at 30 kV. Thereafter the sensors were exposed to 

different concentrations of the analyte vapours of methanol and formaldehyde using the 

procedure described by Greenshields et al. [24]. For the record, the HCHO used herein 

contained 10 % MeOH for its stabilization. Therefore, MeOH studies were also done to 

confirm that it did not have much impact on the HCHO detection. Typically, the 

measurements of conductance and capacitance were done in the dark using an Agilent 4284A 

LCR meter at an AC input signal with amplitude of 0.5 V and a frequency of 5 kHz. The 

analytes were dropped at varied volumes using a micropipette into a sealed glass chamber 
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with a volume of 2.4 L (sketch shown in Scheme. 4-1) changing the vapour concentration 

inside the chamber. For complete evaporation of the analytes into vapours, the measurements 

were started 5 min after dropping the analyte into the chamber. The sensor exposure was 

switched between ambient air (outside the chamber) and analyte gas environment (inside the 

chamber) for 300 s and the change in the device conductance was monitored at room 

temperature. In the course of the measurements, the sensor was initially exposed to the 

ambient for 60 s to obtain a baseline, then placed inside the glass chamber with the analyte 

vapour for 140 s and finally taken back to the ambient for the last 100 s to allow sensor 

recovery. 

 

 

Scheme 4-1: Sealable chamber for dynamic measurements rotating the cap 180° to expose the 

sensor from (a) ambient air to (b) the environment containing the VOC. 
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4.3   Results and Discussions 

Two morphologies of the InSe nanocrystals were used in the device fabrication.  Fig. 4-1 (a) 

and (b) are TEM images of the InSe while (c) and (d) are the SEM micrographs of the InSe 

nanoparticles and nanosheets films respectively. 

 

 

Figure 4-1: TEM images of InSe (a) nanoparticle and (b) nanosheets used in the device 

fabrication while (c) is the film of the nanoparticles and (d) is the film of the nanosheets 

based sensors. 

 

a

c d

b
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Among the basic electrochemical parameters that can yield sensory information is the 

conductance of the electrochemical cell. Conductance is the reciprocal of resistance [25]. It is 

related to current and potential through the generalized form of Ohm’s law. If the 

measurement is done with AC signal, conductance (G) becomes frequency-dependent G(ω) 

and the resistance R becomes impedance Z(ω) [25]. 

 ( ) ( ) ( )G I E    ……………………………….. (4-1) 

Therefore, a study to determine the working frequency range was conducted for both sensors 

fabricated using InSe nanoparticles and the nanosheets. During this study, the sensors 

response in air, in the presence of HCOH fumes and MeOH fumes were compared and the 

results are presented in Fig. 4-2. The nanoparticle based sensor gave an insight that the sensor 

could work best at high frequency ranges as shown in Fig. 4-2a. This is because there was a 

distinct difference between the three ambient at high frequencies. In addition Fig. 4-2b shows 

capacitance versus frequency plot of the devices. It was seen that the capacitance initially fell 

sharply as the frequency increased and then saturated to some value as the frequency 

approached 5 kHz. When the same study was done on the nanosheet based sensors, there was 

an indication that the device was sensing (Fig. 4-2c), however the noise to signal ratio was as 

high as shown in Fig. 4-2d.  As a result, the device with the nanoparticles was used to 

determine the operation frequencies. A few experiments at high frequencies (above 5 kHz) 

gave a very high to noise ratio. Therefore a frequency of 5 kHz was decided upon for all the 

measurements done herein. 
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Figure 4-2: Graphs of  (a) conductance and (b) capacitance verses frequency for the 

nanoparticles based sensors while c) is the conductance and d) the capacitance verses 

frequency for the nanosheets based sensors used to determine the working frequency. 

 

4.3.1 Formaldehyde and methanol sensing properties of InSe nanostructures 

The above variation in conductance with increasing frequency when the devices were 

exposed to the three environments showed the sensing ability of InSe as a semiconductor. As 

such, further studies were done to ascertain the potential use of colloidal InSe nanostructures 

for HCHO detection. For the record, the HCHO used herein contained 10 % MeOH for its 
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stabilization. Therefore MeOH studies were also done to confirm that it did not have much 

impact on the HCHO detection.  

 

4.3.2 InSe nanoparticle based sensors 

Response and recovery time are important factors for gas/vapour sensors. A short detection 

time is usually associated with a fast response and recovery of the sensor. Fig. 4-3 presents 

the dynamic response recovery curves of InSe nanoparticle based sensors when exposed to 15 

mL of MeOH and HCHO at room temperature. The sensors showed clean response to 

methanol fumes (Fig. 4-3 spectrum x) and were able to reach saturation as confirmed by the 

repeatability curve in Fig. 4-4a. In addition, the time required to achieve 90 % of the 

saturation signal value (response time) was established to be 117 s and a time necessary to 

achieve 90 % of the signal recovery (recovery time) was found to be 92 s. Comparing the 

response behaviour of the device in MeOH and HCHO ambient, there is a distinct difference 

in the sinus of the curves as shown in Fig. 4-3 spectrum y; an indication that the two fumes 

interact with the surface of the InSe nanoparticles differently. Firstly, the curve for the 

response to HCHO is much bigger when compared to that of MeOH. Thus it can be 

concluded that the percentage of MeOH used for stabilizing HCHO in this study has 

negligible effect and does not comprise the detection of HCHO. The ability of the sensor to 

reach saturation in the detection of MeOH within the exposure is contrary to when there is 

HCHO. One interesting feature though that is not attained when the nanosheets are used is 

that the nanoparticle devices recover completely after detection in both fumes. In Fig. 4-4b, 

the HCHO sensor showed an increased response when the repeatability test was done 

recovering fully within 96 s to the baseline. This suggested that HCHO may have taken a 

longer time than the 5 min to vaporize thus more analyte vapours were being formed while 

the measurements were in progress hence the continuous sharp increase in the sensitivity of 
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HCHO detection. An increased response was also observed with increased HCHO 

concentration and the responsivity curve is presented in Fig. 4-5a. Jason et al. explained this 

phenomenon as due to a lower concentration of the analyte being associated with a lower 

coverage of the analyte molecules on the surface when the surface area is fixed while an 

increase in vapour concentration raises the surface coverage and thus an increase in 

sensitivity is observed. The sensitivity of the sensor defined as   

 
 
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G
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 
  
 


 ……………………………… (4-2) 

the slope of the nearly linearly responsivity curve in Fig. 4-6b and it was found to be 0.09861 

μL
-1

, which is approximately 9 %. This relatively low sensitivity was attributed to the fact 

that the nanoparticles were encapsulated with the long chain oleylamine ligand that was used 

during their synthesis, thus interfering with the nanoparticles’ electrical properties. 

 

Figure 4-3: The dynamic response recovery curves of InSe nanoparticle based sensors when 

exposed to 15 ml of (x) methanol and y) formaldehyde at room temperature. 
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Figure 4-4: Repeatability curves for the nanoparticle based sensors when exposed to (a) 

methanol and b) formaldehyde fumes. 

 

Figure 4-5: a) is the nanoparticle sensor response to different concentration of formaldehyde 

fumes and b) is the sensitivity curve of the same sensor. 
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attributed to the availability of different binding sites with multiple binding constant for 

analyte species as a result of a number of lattice defects and a high level of doping impurities; 

thus each site experiences an individual dynamic range which then overlaps with the next 

one, resulting to a much greater range compared to what would be obtained for any single 

type of  binding site with only one equilibrium constant. According to J. Janata [25], the 

interaction of the adsorbate (chemical species X) with the sensor (S) is described by 

equilibrium: 

 
r

K
X S SX   ………………………………. (4-3) 

where Kf and Kr are the rates of forward and reverse reactions. The equilibrium constant is 

expressed in terms of the activities (a): 

   a fC  ……………….…………………….. (4-4) 

Where f is the activity coefficient and C is the concentration of the analyte. Therefore the 

equilibrium constant is: 

 
fSX

X

S X r

ka
K

a a k
   ……………….………….. (4-5) 

where 𝑎𝑆𝑋 𝑎𝑋 and 𝑎𝑆 are, respectively, the activities of the bound species, species in the 

sample and of the binding site in the sensor. 

 SX X X Sa a K a  ………………….………..….. (4-6) 

In the case of multiple activities, the activity of the bound species can be described as: 

 
1 21 2 .....................................

nSX X T T n Ta a K a K a K a     ….. (4-7) 

Where Ta   are the total activities of individual binding sites. 
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Figure 4-6: Response curve for nanoparticle based sensor when exposed to formaldehyde 

fumes for longer duration to ascertain the possibility of the sensor reaching saturation point. 

 

4.3.3 Temperature studies for nanoparticles based sensors during the detection of 
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(HCHO and MeOH fumes with boiling points of 93  3 °C and 62 °C respectively) was 

introduced in the chamber at varied temperature ranging from 30  1  °C – 90 1  °C. At each 

temperature and concentration, the sensor was exposed to the analyte for 10 min after which 

the final conductance was obtained. The results of this study are shown in Fig. 4-7 where the 

sensor response was found to decrease with the increasing temperature for the InSe 

nanoparticles. This portrayed that the sensors’ operating temperature for detection of MeOH 

and HCHO vapors lie within the near room temperature range.  It was also evident that for 

the case of HCOH (Fig. 4-7a) the higher concentration gave higher response though it was 

nonlinear when compared to its behavior at near room temperature. Also the response was 

seen to increase after 75  1  °C for concentrations 20 μL and 25 μL. The methanol response 

at varied temperatures (Fig. 4-7b) is not linear and a decrease was observed which later 

increase at 60  °C, then dropped for all the three concentration. The fluctuation continues for 

20 1 °C and 25 1 °C as the response is seen to rise again at 90 1 °C. 

 

Figure 4-7: Response verses temperature curves when the nanoparticle based sensor was 

exposed to different concentration of (a) formaldehyde and b) methanol fumes. 
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4.3.4 Response of nanoparticles based sensor to other VOCs for selectivity study 

Among the kinetic processes that affect the performance of the sensor is its ability to be 

selective towards other analytes [27, 30]. To provide an insight on the selectivity of InSe 

devices, a set of the sensors were exposed to fumes of acetone and chloroform following a 

similar procedure used for MeOH and HCHO detection described above. The value of the 

slopes of the response curves in Fig. 4-8 were lower than that obtained from the HCHO 

response curve, an indication that the devices were more sensitive to HCOH fumes compared 

to chloroform and acetone. Table 4-1 summarizes the sensitivity of the devices towards the 

different VOCs. 

Table 4-1: Shows the sensitivity of the InSe nanostructured devices to the presence of 

different volatile organic compounds. 

Analyte Nanoparticle based 

Sensor (μL
-1

) 

Nanosheet based 

Sensor (μL
-1

) 

Formaldehyde 0.0986 0.00426 

Chloroform 0.0017 0.00584 

Acetone 0.0045 0.0079 

 

The response is controlled by reaction kinetics, mass transport and the geometric topography 

of the nanostructures. Thus to be able to understand the mechanism governing such 

electrochemical process for the purpose of improving the performance of nanostructure ba 

sed electrode, it is necessary to investigate the role of the reaction kinetics and mass transport 

in biosensing when nanostructured electrode are used. 
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Figure 4-8: Sensitivity curves of the nanoparticle based sensors when exposed to different 

concentration. 

4.3.5 Formaldehyde and methanol sensing properties of InSe nanosheets 

For comparison purposes, another set of experiments were conducted using InSe nanosheet 

sensors to detect MeOH and HCHO fumes following the procedures described above. Fig. 4-

9a shows the response obtained for MeOH which portrayed a high noise to signal ratio as 

well as a very minimal variation in conductance. This therefore confirmed that the MeOH in 

the formaldehyde had negligible effect on the sensing of HCHO using the InSe 

nanostructures. Also it was deduced that the nanosheets formed relatively poor sensors for 

MeOH detection. However in a HCHO environment, the sensor saturated rapidly thus a 

steady state was achieved as shown in Fig. 4-9b; though with a poor baseline. Also as seen in 

Fig. 4-9b, the sensor did not recover completely probably due to strong bound states formed 

when the analyte fumes interacted with the active layer, InSe nanosheets. This becomes a 

hiccup for sensor fabrication using the nanosheets as the active material.  From the literature 

[31], it has been established that an increase in chemical sensor sensitivity for analyte 

detection is normally due to enhanced charge transfer between the adsorbate and the 

semiconductor, implying stronger and more irreversible analyte binding. This is a possible 

0 5 10 15 20 25 30

0.00

0.04

0.08

0.12

0.16


G
/G

0

[acetone] (L)

Equation y = a + b

Adj. R-Squa 0.85282

Value Standard Err

response Intercept 0.0174 0.01983

response Slope 0.0045 0.00106

a

0 5 10 15 20 25 30

0.00

0.02

0.04

0.06


G

/G
0

[chloroform] (L)

Equation y = a + b

Adj. R-Squa 0.98214

Value Standard Err

response Intercept -0.002 0.0025

response Slope 0.0017 1.33619E-4

c



 
182 

 

explanation for the failure of the nanosheets based device to recover completely when it was 

taken back to the ambient after a very quick steady state achievement in HCHO environment. 

The response amplitude of the nanosheet based sensors slightly increased with the increasing 

HCOH concentration with a negligible increase between the 15 μL and 20 μL concentration 

and an increase at 25 μL as shown in Fig. 4-10a. From the sensitivity curve, the nanosheets 

based sensor exhibited a sensitivity 0.00426 μL
-1 

to the HCHO fumes. 

 

Figure 4-9: Dynamic response curves for nanosheets based sensors when exposed to a) 

methanol and b) formaldehyde fumes. 
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Figure 4-10: a) Response curve for nanosheet based sensors when exposed in different 

concentration of formaldehyde and b) is the sensor’s sensitivity profile. 
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Figure 4-11: Response verses temperature curves when the nanosheets  based sensor was 

exposed to different concentration of (a) formaldehyde and b) methanol fumes. 
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Figure 4-12: Sensitivity profiles of the nanosheets based sensors when exposed to a) acetone 

and b) chloroform fumes. 
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nanostructures also confirmed the dependence of the surface area to the particle size giving 

values of 18.9 m
2
/g and 8.1 m

2
/g for the nanoparticles and the nanosheets respectively. 

Therefore there was increased adsorption of the analyte on the surface of the nanoparticles 

sensor. This is in agreement with the findings in Fig. 4-14 which evidently showed that the 

nanoparticles based sensor responded better at frequencies about 5 kHz (Fig. 4-14a) than the 

nanosheets (Fig. 4-14b) when they were both exposed to the analyte ambient. In addition, the 

sensitivity values of the two sensors which were obtained from the slopes of the nearly linear 

response curves were 0.09861μL
-1

 and 0.00426 μL
-1

 for nanoparticles-based and nanosheets-

based sensors respectively.  Fig. 4-13 also portrays a difference in the shape of the sensing 

curves for the two devices, a phenomenon that is explained by the availability of the surface 

atoms on each structure to interact with the analyte. It has been established that as the crystals 

become smaller, the number of atoms on the surface increases thus leaving more dangling 

orbitals on each atom pointed outward of the crystals as they are incompletely bonded within 

the crystal lattice [34-36]. Therefore, hypothetically, considering the thickness of nanosheets 

and the size of the nanoparticles, the nanosheets have few surface atoms thus they easily get 

filled by the analyte thereby attaining saturation rapidly unlike nanoparticles which take time 

to reach saturation. During the colloidal synthesis of InSe nanocrystals, surface coordinating 

ligands were used to passivate their surfaces thus modifying them. This modification may 

have introduced defects on the nanocrystal surface. In addition, oleylamine used as the ligand 

in the synthesis is a basic ligand, thus it tends to bind poorly on the Se
-2

 rich facets thereby 

making these surfaces prone to surface trapping. Also, the indium atom in the structure of 

InSe is less electronegative compared to the selenium atom enabling it to accept electron 

from an electron donating molecule. As a result, there are three possible ways an analyte can 

interact with the surface of the InSe nanocrystals. For an electron donating analyte like 

formaldehyde and methanol whose oxygen atoms has two lone pairs of electron, the analyte 
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may get trapped on the defects or bond weakly to the indium atom. This interaction will then 

affect the conductivity of the nanocrystals. However the sensing mechanism is not yet well 

understood and is still under investigation. 

 

Figure 4-13: Gas response curves of a) nanoparticle b) nanosheet based sensors when 

exposed to 15 μL formaldehyde gas. 
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Figure 4-14: Gas response verses frequency curves of a) nanoparticles and b) nanosheets 

based sensors when exposed to methanol and formaldehyde. 

4.4 Conclusions 

In conclusion, we have demonstrated that sensors fabricated using InSe nanocrystals response 

to methanol and formaldehyde fumes. The sensors fabricated using the InSe nanoparticles 

gave relatively good sensitivity towards HCHO and selectivity to HCHO over acetone and 

chloroform. The nanosheet based sensors also detected the presence of the HCOH, however 

the sensor recovered half way, indicating a strong interaction between analyte and binding 

site. In addition, it was not selective to formaldehyde fumes. Based on the above results, the 

nanoparticle based sensors are more selective and sensitive to the presence of HCHO. 

Evident from the results, the surface capping molecule (oleylamine) employed to stabilize the 

nanostructures during synthesis as well as render them soluble in various solvents may be 

responsible for the poor sensing abilities of the nanostructures. Nevertheless, a number of 

studies in other applications have shown that the surface capping molecules can be easily 

removed as they form dative bonds with the surface of the semiconductor [37, 38]. However 

this may result in increased surface defects which may hinder the recovery of the sensor 

0.1 1 10 100 1000
0.01

0.1

1

10

100

1000

 

 

 MeOH

 HCOH


G

/G
0

f (kHz)

a

0.1 1 10 100 1000
0.01

0.1

1

10

100

1000

 

 

 MeOH

 HCOH


G

/G
0

f (kHz)

b



 
189 

 

hence a comprehensive study is necessary. Incorporating the nanostructures in conductive 

polymers can also be explored as the conductivity of the polymers may increase and this may 

eliminate some of the problems associated with nanostructures [39].  
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Chapter 5 : Synthesis and characterization of nickel selenide 

nanocrystals 

5.1 Background 

Nickel selenides are p-type semiconductors which have attracted the attention of researchers 

due to their interesting electrical, catalytic and magnetic properties; characteristics desirable 

for many applications [1-3]. The valence electronic configuration of nickel is 3d
8
4s

2
 and the 

difference in the electronegativity between nickel and selenium is small; these two when 

coupled enable nickel and selenium to form complexes with a number of stoichiometries [1, 

4-6] . According to the Ni – Se binary phase diagram, there exist three stable phases namely; 

NiSe2 which can exist in either cubic and orthorhombic phases, Ni1-xSe whose nickel content 

can vary from 1.00 to 0.85 relative to 1 Se (x=0-0.15), and Ni3Se2 which can also exist either 

as rhombohedral or hexagonal phases  [7].   In addition, other phases such as Ni2Se3, Ni2Se, 

Ni3Se4, Ni7Se5 and Ni6Se5 are known to exist [4]. The commonly observed crystal structures 

for the three stable phases at room temperature are represents Fig. 5-1. [7]. Like many other 

semiconducting materials, the properties and applications of nickel selenides are dependent 

on their composition and morphologies [8-16]. Different polymorphs of nickel selenides have 

exhibited potential use in energy research such as catalysis, electrochemistry and energy 

storage [8, 9, 17, 18]. Specifically, NiSe2 are examples of Pauli paramagnets with metallic 

conductivity and they have been regarded as model materials for studies of physical 

characteristics resulting from narrow band gap systems [19].   Thermodynamically stable 

cubic NiSe2 particles have been found as a suitable energy storage material [17, 18] and as 

counter electrode in DSSCs due to its unique electrochemistry properties. In addition, Ni3Se4 

have been reported to have potential use in DSSCs [20].  Also  NiSe has a band gap of 2.0 

eV, which can be utilized in photovoltaic technologies [17]. 
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Figure 5-1: Schematic illustrations of the commonly observed crystal structures of a) NiSe2, 

b) Ni1-xSe and c) Ni3Se2. 

 

The numerous and promising potential applications of Ni – Se series are a strong drive for 

more studies on the nanoparticles of this systems. Therefore, one of the main concerns is to 

develop the best possible methods of fabrication and the conditions associated with them that 

will not only result in Ni-Se nanostructures with high purity , but also with desired properties 

for a particular application. Several methods have been employed for the synthesis of nickel 

selenides. In particular, NiSe2, Ni0.85Se and Ni3Se2 have been prepared by solvothermal 

process [21, 22], hydrothermal synthesis [7, 23], and mechanical alloying [5, 19] NiSe2, Ni1-

xSe and Ni3Se2 materials have been produced using mechanical alloying [5]. These methods 

have resulted in various morphologies of nickel selenide series including nanowires, 

nanocables, hollow sub-microspheres, and microspheres among. Using the above methods, 

control of morphologies and sizes of Ni-Se systems has been and still is a great challenge. 

Consequently for organic solution phase syntheses, steps including varying the reaction 

conditions such reaction temperature, reaction time, molar ratios of the reactants (Ni/Se), the 

capping agent and even the method of synthesis are manipulated during fabrication with the 

aim of solving the challenge. These parameters have been reported to play important roles in 

(a) (b) (c)
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the formation of the nickel selenide series. In this chapter, we report on the synthesis of 

nickel selenides via the colloidal route. We have investigated the effect of several parameters 

such as reaction temperature, time, precursor concentration and the coordinating solvent on 

the properties of produced Ni-Se nanoparticles.  

 

5.2 Experimental 

5.2.1 Chemicals and materials 

Nickel (II) chloride, selenium powder, hexadecylamine (HDA), trioctylphosphine (TOP), 

oleic acid (OA), octadecylamine (ODA), oleylamine (OLA), methanol, ethanol, chloroform, 

toluene and hexane were purchased from Sigma Aldrich. 

 

5.2.2 Synthesis of nickel selenide nanostructures 

5.2.2.1 Hot injection with TOP 

About 0.3948 g of Se powder and 0.648 g of NiCl2 were each dissolved in 5 mL of TOP in 

separate vials under ultrasonication until a colourless solution of TOP-Se and a red solution 

of TOP-NiCl2 were obtained.  10 mL of oleylamine was placed in a three neck flask Nitrogen 

gas was bubbled through to provide an inert atmosphere. This was then heated to 200 °C. 2 

mL of TOP-Se and 2 mL of TOP-NiCl2 were then injected in the flask at the same time at 

200 °C. The temperature dropped to 180 °C due to the addition of the cold precursors 

injected. The temperature was allowed to stabilize to 200 °C and thereafter aliquots were 

obtained at different times. The aliquots were then allowed to cool to 80 °C after which the 

methanol/ ethanol was added to flocculate the nanoparticles. The nanoparticles were collected 

via centrifugation at 4000 rpm for 15 min. The products were washed several times with 

methanol/ethanol/hexane/toluene after which they were left to dry at room temperature 

overnight. A yield of about 1 g was obtained. The effects of concentration, temperature (180 
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°C and 220 °C) and ligand (6 g of HDA and 6 g of ODA) on the properties of the 

nanostructures were studied.   Scheme 5-1 shows a representation of the reaction procedure 

followed for the hot injection method. 

 

 

 

Scheme 5-1: Schematic representation of the reaction procedure followed for the hot injection 

method. 

 

5.2.2.2 Without TOP/Non hot injection/Direct heating  

About 0.3948 g of Se powder and 0.648 g of NiCl2 (mole ratio 1:1) were placed in a 50 mL 

three neck round bottom flask. 10 mL of OLA was added to the flask to act as the solvent, a 

reducing agent and a capping agent. The mixture was degassed for 20 min then heated 

quickly to the working temperature under nitrogen and strong magnetic stirring. The reaction 

was then maintained to the working temperature and aliquots were obtained at particular 

durations. The dark solution formed was cooled to approximately 80 °C. After cooling the 

reaction mixture, an excess of hot methanol was added and the solid isolated by 
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centrifugation. The solid was washed several times with a mixture of ethanol/hexane/toluene 

in the mole ratio 1:1:1 and left to dry at room temperature. Other materials were also 

prepared by similar procedures. All experiments were carried out at 180 °C, 200 °C and 220 

°C, the mole ratios (varied from 1:1 and 1:2) and the time of synthesis ranged between 10 

min to 60 min. The same procedure was repeated however the solvent contained 5 mL of 

OLA and 5 mL of oleic acid for mole ratio 1:1. Scheme 5-2 shows a representation of the 

reaction procedure followed for the direct heating method. 

 

 

Scheme 5-2: Illustration of the synthetic procedure followed in the direct heating/non-hot 

injection method. 

 

5.2.3 Characterization techniques 

5.2.3.1 Optical characterization  

A Varian Cary Eclipse (Cary 50) UV-vis spectrophotometer was used to carry out the 

absorption measurements. A Varian Cary Eclipse EL04103870 fluorescence 

spectrophotometer with a medium PMT voltage at an excitation wavelength of 250 nm was 

used to measure the photoluminescence of the particles. For both spectral analyses, the 

powders were dissolved in chloroform and placed in quartz cuvettes (1cm path length). 
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5.2.3.2 Structural characterization 

The phase purity, crystallinity and preferred crystal orientation of the products were 

examined by  using XRD on a Bruker MeasSrv (D2-205530)/D2-205530 diffractometer 

using secondary graphite monochromated CoKα radiation (λ 1.78897 Å) at 30 kV/30 mA. 

Measurements were taken using a glancing angle of incidence detector at an angle of 2°, for 

2θ values between 10 - 90° in steps of 0.026° with a step time of 37 s and at a temperature of 

25 °C. 

The sample sizes and morphologies were determined by transmission electron microscopy 

(TEM)  carried out on a FEI Technai T12 TEM microscope operated at an acceleration 

voltage of 200 kV with a beam spot size of 20 - 100 nm in TEM mode. The HRTEM images 

were obtained from a JEOL JEM-2100 microscope with a LAB6 filament and an EDS 

detector, operated at 200 kV. The samples were prepared by placing a drop of the suspended 

nanoparticles in chloroform, on a carbon-copper grid. The grid with the sample was then 

allowed to dry at room temperature. The morphology of the formed nanocrystals were also 

characterized by SEM analysis using an FEI Nova Nanolab 600 FIB/SEM instrument 

operating at 30 kV. 

 

5.3 Results and Discussion 

The size and shape control of nanocrystals, (which later determine the overall properties of 

NCs) is highly correlated to the kinetics of nucleaction and growth processes. As discussed in 

chapter 2 section 2.3.2.3, it is clear that the concentration of the existing monomer in the 

reaction solution plays a key role in shape determination and shape evolution. Just to 

mention, by increasing the reaction temperature, the concentration of the monomer is 

increased. This in turn increases the monomer diffusion rate which subsequently elevates the 

monomer flux. A high monomer flux is known to favour kinetic controlled and anisotropic 
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growth (1D) while low fluxes favours thermodynamic control and leads to isotropic growth 

(3D). The coordinating ligand also plays a critical role during the growth of the nanocrystal 

and size distribution. By choice of a facet specific ligand/surfactant can result in variation in 

the relative growth rates of different facets thus leading to the formation of anisotropic shapes 

by promoting inequivalent growth. Similarly, interacting both with the solvent and with the 

crystal surface, the ligand layer also modulates the thermodynamic stability of the facets, 

thereby influencing the end states of the nanocrystal growth. In general, the following 

reaction parameters are of important concern during the synthesis of nanocrystals: (i) the 

reaction temperature and time, (ii) the reactivity and the concentration of precursors, (iii) the 

effect of solvent, surfactant, and the synthetic method. This section therefore demonstrates 

the effect of the above mentioned parameters on nickel selenide nanostructures. 

 

5.3.1 Synthesis of Ni3Se2 nanostructures via hot injection in HDA (with TOP) 

In this section, Ni3Se2 nanostructures were prepared via the decomposition of the metal 

precursors in hot HDA at 180°C and 200°C. The effect of the temperature and time of 

synthesis on the nanoparticles properties were examined via TEM, XRD, UV-vis and PL. 

 

5.3.1.1 Properties of Ni3Se2 quantum dots synthesized at 180 °C 

The effects of the reaction parameters on the structural properties of the nanoparticles were 

determined using TEM and XRD and used to verify the crystal phase and crystallinity of the 

final nanoparticles. The results are presented in Fig. 5-2. Apart from the intense peaks at the 

lower angles (between 20° and 30°) which were associated with the capping agent, most of 

the other peaks could be indexed to rhombohedral Ni3Se2. The values were consistent with 

the value given in the standard card JCP2.2CA:00-085-0754 and the lattice parameters were a 

= 6.03382 and c = 7.25102 and a space group of R32 (155). The patterns become more 
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intense with increasing reaction time, spectrum (c) has more intense peaks compared to (b) 

and (a), an indication that crystallinity improved with time.  The size of the nanocrystals in 

the 10 min sample were smaller compared to the 30 min and 60 min samples and thus 

resulting in broader. This is consistent with Ostwald ripening that is also time driven. 

However a few peaks marked with the * associated to rhombohedral NiSe of PDF number 

JCP2.2CA:00-018-0887 were also observed. The NiSe peaks appeared to decrease thus 

implying that longer reaction led to the dissolving (transformation) of the NiSe phase thereby 

resulting into a more pure phase of Ni3Se2. 

 

Figure 5-2: XRD pattern of Ni3Se2 synthesized in HDA at 180 °C after (a) 10 min, (b) 30 min 

(c) 60 min and (d) is the XRD pattern for pure HDA. 

 

The morphologies and sizes of the as-obtained Ni3Se2 nanocrystals were characterized using 

TEM. Fig. 5-3 shows the TEM images of Ni3Se2 nanocrystals obtained at 180 °C in HDA at 
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different durations. It demonstrates that the particles consisted of nearly spherical 

nanocrystals whose diameters increased with reaction time due to Ostwald ripening. 10 min 

after nucleation, the seeds grew into nearly monodispersed nanocrystals as shown in Fig. 5-3a 

with an average particle size of 3 nm. On increasing the time to 30 min (Fig. 5-3b), the 

particle sizes increased to approximately 7 nm as a result of ripening process without 

compromising the uniformity in the sizes and shapes of the nanocrystals. However, a further 

increase in time resulted in particles that appeared agglomerated with a slight increase in size 

to 12 nm. The nanocrystals were also seen to arrange themselves in a thread-like pattern; an 

indication of probable orientated attachment of the particles at this duration of synthesis as 

depicted in Fig. 5-3c. The nanoparticles sizes increased with the increasing reaction time 

from an average of 3 nm to 7 nm and finally to 12 nm according to histograms (b), (d) and (f) 

showing the size distribution at 10 min, 30 min and 60 min respectively. 
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Figure 5-3: TEM images of Ni3Se2 synthesized in HDA at 180 °C  after (a) 10 min, (c) 30 

min and (e) 60 min. The particles sizes demonstrated Ostwald ripening process.  

 

The results of the optical properties of nickel selenide nanoparticles synthesized at 180 °C in 

HDA are shown in Fig. 5-4 and Fig. 5-5. The absorption spectra as evident in Fig. 5-4 

appeared as a series of overlapping peaks with the 10 min and the 30 min sample exhibiting 

three excitonic peaks. The first, second and third excitonic peaks for the 10 min sample are 

positioned at 355 nm, 374 nm and 394 nm (Fig. 5-4a) whilst those of the 30 min sample are 
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positioned at 357 nm, 377 nm and 398 nm (Fig. 5-4b) respectively. The wavelength of each 

excitonic peak may be associated to either different transitions within the semiconductor 

nanoparticles or different nanoparticle sizes within the sample. In this case, based on the 

histograms from TEM images in Fig. 5-3 which indicated polydispersity within each sample, 

the multiple excitonic peaks were associated to the different nanoparticle sizes. The first 

excitonic peaks in the short wavelength region were as a result of photon absorption by the 

smaller nanoparticles. Though the difference between the position of the first excitonic peaks 

and subsequently the second and third for the 10 min and the 30 min samples were relatively 

small, these nanoparticles exhibited Ostwald ripening process. The results indicated that the 

nanoparticle sizes increased with increasing reaction time, thus the slight red shift in the 

wavelength of the 30 min samples compared to the 10 min sample. The 60 min sample had 

the nanoparticles coming together as a result of orientation attachment thus forming clusters. 

This resulted into a tailing absorption spectrum as portrayed in Fig. 5-4c with excitonic peaks 

at 350 nm and 400 nm. There was also a disappearance of one of the excitonic peaks in the 60 

min sample associated with the fact that most nanoparticles sizes were about 12 nm. The 

wavelengths of excitonic peaks of the three samples were blue shifted compared to the band 

gap which is 620 nm thus demonstrating quantum size effect experienced within the 

nanoparticles. 

The overlapping natures of the absorption spectra were further confirmed by the emission 

spectra depicted in Fig. 5-5. The 10 min samples had three emission spectra centred at 348 

nm, 401 nm and 469 nm respectively while the 30 min samples had emission peaks centred at 

349 nm, 406 nm and 474 nm respectively. The wavelengths of these maximum emissions are 

red shifted from the absorption peaks. The 60 min sample experiences near band edge 

emission such that the emission peaks are centred at 350 nm and 400 nm respectively, 

wavelengths equal to the absorption wavelengths. 
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Figure 5-4: Absorption spectra of quantum dots synthesized at 180 °C in HDA for (a) 10 min, 

(b) 30 min and c) 60 min. 
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Figure 5-5: The emission spectra of quantum dots synthesized in HDA at 180 °C at (a) 10 

min, (b) 30 min and (c) 60 min. 

 

5.3.1.2 Properties of Ni3Se2 nanowires synthesized at 200 °C 

XRD studies presented in Fig. 5-6 revealed that the nanowires had a rhombohedral Ni3Se2 

crystal phase that belonged to a space group R32 (155) with cell parameters a = 6.03382 and 

c = 7.25102. Almost all the peaks in the pattern corresponded to that given in the card 

JCP2.2CA:00-085-0754. The peaks of the sample obtained at 60 min (Fig. 5-6c) had more 

intense and better diffracted peaks compared to those from the 30 min (Fig. 5-6b) and the 10 

min (Fig. 5-6a) samples. This implied that the crystallinity of the nanowires improved with an 

increase in time of synthesis. The peaks marked with (*) were associated with rhombohedral 
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NiSe of card JCP2.2CA:00-018-0887. The NiSe peaks disappeared at longer synthesis time 

thus implying that longer reaction led to the dissolving of the NiSe phase thereby resulting 

into a more pure phase of Ni3Se2. 

 

Figure 5-6: XRD pattern of Ni3Se2 synthesized in HDA at 200 °C after (a) 10 min, b) 30 min 

and c) 60 min. 

 

Fig. 5-7 shows the TEM images of the products when the reaction is carried out at 200 °C 

with HDA as the capping agent. It clearly reveals that after nucleation, the seeds grew 

towards each other and a secondary growth was experienced in a one dimension 

pattern/cluster as illustrated in the 10 min sample (Fig. 5-7a and 5-7b). Also evident within 

the sample are the non-uniform structure suspected to be NiSe nanostructures. In the 30 min 

sample (Fig. 5-7c and 5-7d), the clusters developed into nanowires with average length of 

400 nm and diameter of 4 nm. As time was prolonged to 60 min, the nanowire agglomerated. 

20 30 40 50 60 70

In
te

n
s
it

y
 (

a
.u

2 degrees

110 021

003

202

211 300

122

104
113101

(a)

(b)

(c)

* *



 
207 

 

 

 

Figure 5-7: TEM micrographs of Ni3Se2 nanocrystals obtained at (a) and (b) 10 min, (c) and 

(d) 30 min, (e) and (f) 60 min in HDA at 200 °C. 
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Details of the optical properties of Ni3Se2 nanoparticles synthesized at 200 °C are presented 

in the absorption and emission spectra. The absorption profile displayed in Fig. 5-8 revealed 

that the 10 min sample exhibited an excitonic peak at 366 nm. This was contrary to the 30 

min and the 60 min samples which portrayed two excitonic peaks. The first and the second 

excitonic peaks of the 30 min samples were positioned at 313 nm and 367 nm while the 60 

min ones were positioned at 317 nm and 372 nm respectively. From the TEM images in 

Fig.5-7a, the nanocrystals appeared to have the same relative sizes thus the existence of just 

one excitonic peak in the 10 min sample. However the spectrum portrayed a tailing behaviour 

which was associated to the presence of other shapes as seen in Fig. 5-7b. The existence of 

the two excitonic peaks in the 30 min and the 60 min samples were attributed to the 

possibility of polydispersity. The first excitonic peak was as a result of the absorption by the 

shorter nanowires and the longer ones contributed to the second excitonic peak. The presence 

of other shapes, which according to XRD were associated to NiSe, and agglomeration of the 

nanowires as depicted in Fig. 5-7e contributed to the tailing behaviour of the spectra.   

The emission spectrum displayed in Fig. 5-9 illustrated that the nanostructures emitted at 

slightly longer wavelengths compared to their excitonic peak positions in the absorption 

spectrum. The emission maximum for the 10 min sample was centres at 466 nm (Fig. 5-9a), 

thus exhibiting a stoke shift of 100 nm from the absorption spectrum. The emission curve 

deviated from the Gaussian distribution curve thereby resulting in a broad curve. This 

confirmed uneven distribution of nanoparticles and the effect of other shapes. The 30 min and 

the 60 min samples displayed two emission peaks associated with the two excitonic peaks as 

displayed in Fig. 5-9 (b) and (c) respectively. For the 30 min, the peaks were centred at 393 

nm and 477 nm resulting in a stoke shift of 80 and 110. The 60 min sample had its peaks 

centred at 397 nm and 482 nm resulting in a stoke shift of 80 and 110 nm. The values of the 

Stokes shifts for all the nanoparticles suggested good passivation. The fitted emission spectra 
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for the second excitonic peak also deviated from the Gaussian distribution curve implying a 

non-uniform distribution. However all the nanoparticles synthesized at 200 °C in HDA 

showed high level of quantization from the bulk which has a band gap of 620 nm.  

 

Figure 5-8: Absorption spectra of the Ni3Se2 synthesized at 200° C at (a) 10 min, (b) 30 min 

and (c) 60 min in HDA. 
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Figure 5-9: Emission spectra of the Ni3Se2 synthesized at 200° C at (a) 10 min, (b) 30 min 

and (c) 60 min in HDA. 

 

The findings above were consistent with the monomer-concentration-dependent growth 

model where a low monomer concentration yields spherical particles while higher monomer 
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necessitated by the use of high reaction temperatures, in this case 200 °C. Thus, the spherical 

Ni3Se2 dots obtained upon the injection of metal precursors at 180 °C may be due to low 

monomer concentration at that temperature while nanowires were obtained upon injection of 

the metal precursors at 200 °C, which provided a higher monomer influx. 
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quickly to the working temperature. The effect of the injection temperature and the duration 

of synthesis on the properties of the obtained nanoparticles were studied via TEM, XRD, UV-

vis and PL. From the observations from the previous studies discussed above, 60 min resulted 

to agglomerated nanoparticles. Therefore, herein, 10 min and 30 min were the only 

investigated reaction times. 

 

5.3.2.1 Synthesis of nickel selenide nanostructures via hot injection in OLA (with TOP) 

5.3.2.1.1 Properties of nanostructures obtained at 200 °C 

Rhombohedral Ni3Se2 nanostructures were obtained in the 10 min and 30 min samples as 

depicted in Fig. 5-10 (a) and (b) respectively. The peaks were indexed according to the card 

number JCP2.2CA:00-085-0754 and the lattice parameters were a = 6.03382 and c = 7.25102 

with a space group of R32 (155). The 30 min sample had more intense diffraction peaks 

compared to the 10 min sample. This suggested that the crystallinity of the nanoparticles 

improved with prolonged time of synthesis.  



 
212 

 

 

Figure 5-10: XRD patterns for Ni3Se2 fabricated in OLA at 200 °C for (a) 10 min and (b) 30 

min. 

 

TEM micrographs of the products obtained in the presence of OLA at different reaction times 

are shown in Fig. 5-11. The particles synthesized in 10 min shown in Fig. 5-11a depicted 

particles with triangular and diamond like morphologies. As the time was prolonged to 30 

min, particles with rectangular-like shapes and cubes were observed as shown in Fig. 5-11b. 

The particle sizes also increased as a result of Ostwald ripening.  
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Figure 5-11: TEM images of Ni3Se2 synthesized in OLA at 200 °C after (a) 10 min and (b) 30 

min. 

 

To determine the optical properties of the Ni3Se2 nanoparticles, absorption spectra of the 

nanoparticles were obtained and the results are presented in Fig. 5-12. The nanoparticles 

synthesized at 10 min exhibited an excitonic peak centred at 387 nm as shown in Fig. 5-12a. 

The 30 min had its excitonic peak slightly red shifted because of their bigger sizes at 396 nm 

as depicted in Fig. 5-12b. The peak also became more distinct with increasing particle size. 

The emission spectra displayed in Fig. 5-13 showed that the 10 min sample represented by 

spectrum (a) had a narrow Gaussian distribution curve signifying a nearly monodispersed 

particle distribution. However 30 min resulted in non-uniform distribution and polydispersed 

nanoparticles confirmed by the broad emission spectrum (b). Emission maxima for both the 

10 min and 30 min sample were centred at 486 nm. Despite the broad curve, all the 

wavelength positions of both the spectra were blue shifted compared to bulk which occurs at 

620 nm thereby exhibiting quantum size effects. 
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Figure 5-12: Absorption spectra of Ni3Se2 synthesized in OLA at 200 °C after (a) 10 min and 

(b) 30 min. 

 

Figure 5-13: Emission spectra of Ni3Se2 synthesized in OLA at 200 °C after (a) 10 min and 

(b) 30 min. 
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5.3.2.1.2 Properties of nanostructures obtained at 220 °C 

Fig. 5-14 shows the XRD patterns of the as-prepared Ni3Se2 nanocrystals synthesized at 220 

°C indicating a pure phase compound as the peaks were indexed according to the standard of 

card JCP2.2CA:00-085-0754. The peaks were strong and narrow which indicated good 

crystallinity of both samples obtained after 10 min (Fig. 5-14a) and 30 min (Fig. 5-14b). 

There was a slight shift in the peak positions for the two samples associated with the 

nanorods undergoing stress then breaking at longer reaction times. The peaks marked with (*) 

are associated with Ni3Se2. However they match the standard diffraction pattern of card 

JCP2.2CA:00-019-0841. 

 

Figure 5-14: : XRD spectra of Ni3Se2 synthesized in OLA at 220° C for (a) 10 min and (b) 30 

min. 

 

The TEM images showed that both the samples contained nanorods of Ni3Se2. At lower 

reaction times (10 min), the sample consisted of nanorods and rectangular shaped particles as 

portrayed in Fig. 5-15a. The nanorods increased in size with increased reaction time to 30 
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min (Fig. 5-15b). They were seen to increase in length and still exhibit the polydispersity 

with the rectangular-like nanostructures also observed. The formation of nanorods at 220 °C 

was attributed to an increase in monomer concentration as a result of the slightly higher 

reaction temperature. The higher temperature increased the monomer diffusion rate thereby 

favouring a kinetic controlled growth; which subsequently favoured the anisotropic growth. 

The polydispersity was also associated with the high temperature used during synthesis [17].  

 

Figure 5-15: TEM images of Ni3Se2 synthesized in OLA at 220 °C after a) 10 min and b) 30 

min. 

 

The optical properties were determined by analysing their absorption and emission spectra. 

The absorption spectra presented in Fig. 5-16 revealed that the as-prepared nanoparticles 

exhibited multiple excitonic peaks. From Fig. 5-16a it was evident that the 10 min sample 

had its first, second and third excitonic peaks at 324 nm, 373 nm and 457 nm respectively. 

The 30 min samples had its peaks positioned at 317 nm and 368 nm; after which the 

nanoparticles continued to absorb into the longer wavelengths. As was observed in the TEM 

image in Fig. 5-15b, the nanoparticle population contained different shapes and sizes of the 

nanorods and the rectangular-like nanostructures. The non-uniform population resulted in a 

continuous absorption into the longer wavelength as shown in Fig. 5-16b. Despite this, the 
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nanoparticles showed good quantum confinement. The emission spectra portrayed in Fig. 5-

17 were red shifted from the excitonic peaks. The 10 min samples as shown in Fig. 5-17a had 

their emission maximum wavelength positioned at 427 nm, 486 nm and 538 nm for the first 

second and third excitonic peaks respectively. Similarly, the 30 min sample (Fig. 5-17b) also 

had its first and second emission peaks at 427 nm and 486 nm respectively. Two other 

emission peaks were exhibited by the 30 min sample at 536 nm and 598 nm. This confirmed 

that the continuous absorption in the longer wavelengths occurred as a result of an uneven 

population caused the emissions at these wavelength positions. 

 

Figure 5-16: The absorption spectra of the Ni3Se2 fabricated in OLA at 220 °C for (a) 10 min 

and (b) 30 min. 
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Figure 5-17: The emission spectra of the Ni3Se2 fabricated in OLA at 220 °C for a) 10 min 

and b) 30 min. 

 

The hot injection method involved the use of TOP to disperse the metal precursor. As 

discussed in chapter 2, ligands/surfactants can manipulate the thermodynamics and the 

kinetics of shape evolution through their binding process to the surface of the nanoparticle 

and by being part of the monomer in the solution. Presumably in this case, TOP was part of 

the monomer in the solution since the starting materials were TOPSe and TOP-NiCl2; and it 

might have bonded to specific facets during synthesis. As such, despite increasing the 

temperature and using HDA and OLA as surfactants, Ni3Se2 was the stoichiometry obtained 

in all reaction setups. Therefore, it is in order to conclude that the presence of TOP in the 

reaction mixture determined the stoichiometry while other factors such as HDA and OLA 

controlled the shape of the nanocrystals. 
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5.3.3 Synthesis of nickel selenide nanostructures via direct heating method (without TOP) 

 

5.3.3.1 Synthesis of NiSe at mole ratio 1:1  

At mole ratio (Ni/Se) 1:1, the influence of reaction temperature on the products was 

investigated. The structural properties were then studied using TEM, XRD and SEM, while 

the optical properties were analysed using UV and PL spectra. The two temperatures used 

were 180°C and 200 °C. 

Fig. 5-18 shows the XRD patterns of samples fabricated at (a) 180° C and (b) 200° C for 30 

min at mole ratio 1:1. The 180° C sample gave a pattern (Fig. 5-18a) that matched to the 

diffraction pattern of monoclinic Ni3Se4 (wilkmanite, syn), JCP2.2CA:01-089-2020 with 

lattice parameters a = 12.15, b = 3.633, c = 10.45, a/b = 3.34 and c/b = 2.87641 of space 

group C2/m (12). The diffraction peaks were intense and sharp portraying that the Ni3Se4 

nanostructures had relatively good crystallinity. On increasing the temperature to 200° C, 

both cubic NiSe2 and monoclinic Ni3Se4 were obtained, with Ni3Se4 dominating (Fig. 5-18b). 

Cubic NiSe2 (penroseite, syn) peaks correspond to a diffraction pattern of card number 

JCP2.2CA:00-011-0552 (marked by *) while the monoclinic Ni3Se4 was indexed to card 

number JCP2.2CA:01-089-2020. Orthorhombic NiSe2 has been reported to occur almost 

exclusively as an alteration product of monoclinic Ni3Se4 while Ni3Se4  is also an alteration 

product of -NiSe as a result of reduced nickel content [6]. In addition, cubic NiSe2 is known 

to be the most thermodynamically stable phase of NiSe2.  Therefore, at 200 °C there was a 

likelihood of monoclinic Ni3Se4 transforming to NiSe2; hence resulting in the presence of 

NiSe2 diffraction peaks. In addition, the peaks located at values 2ϴ = 38°, 53° and 59° are 

shared by both monoclinic Ni3Se4 and cubic NiSe2 as illustrated in the appendix by the XRD 

pattern. The nanoparticles obtained at 180 °C exhibited sharper and more intense peaks 



 
220 

 

compared to those obtained at 200 °C indicating that they are relatively bigger in size and 

that they are more crystalline. 

 

Figure 5-18: XRD patterns of nickel selenide nanoparticles synthesized at mole ratio (Ni/Se) 

1:1 for 30 min at a) 180° C and b) 200° C. The matched indices are for the monoclinic Ni3Se4 

while the (*) represent the cubic NiSe2 peaks. 

 

SEM was employed to investigate the morphology of the as-prepared nickel selenide 

nanoparticles. Fig. 5-19a show the SEM images of nanoparticles  obtained at 180° C 

demonstrating that the products consisted of a large quantity of spherical nanoparticles that 

agglomerated to form clusters. The agglomeration was reduced when the reaction 

temperature was increased to 200° C as portrayed in Fig. 5-19b. In addition, the particle sizes 

appeared smaller for samples obtained at 200° C compared to the ones obtained at 180° C. 

This was in agreement with the slightly broader pattern observed during XRD analysis. The 

difference in sizes exhibited in the two samples were due to the fact that at relatively high 
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temperature (200 °C), more NiSe nuclei were formed before the growth process, thus more 

spheres of smaller diameters were formed.  

 

 

Figure 5-19: SEM micrographs of  nanoparticles synthesized at mole ratio 1:1 for 30 min 180 

°C with (b) being the higher showing the nanoparticles at higher magnification than a) and 

200 °C with (d) representing the nanoparticles at higher magnification than (c). 

 

Fig. 5-20 illustrates the absorption spectra of the as-obtained nanoparticles.  The Ni3Se4 

nanoparticles synthesized at 180 °C had an excitonic peak at 398 nm as shown in spectrum 
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(a). The 200 °C sample however depicted three excitonic peaks which were attributed to the 

existence of different phases in the sample. The peaks were positioned at 324 nm, 398 nm 

and 610 nm as shown in spectrum (b).  The emission spectrum in Fig. 5-21 showed that the 

emissions were red shifted compared to their absorption spectrum. The 180 °C sample had its 

emission band centred at 408 nm as shown in spectrum (a). The Gaussian curve was narrow 

thus indicating that the particle population was nearly uniform and the Stokes shift was 81. 

The 200 °C sample exhibited three emission peaks positioned at 364 nm, 410 nm and 682 nm 

(Fig. 5-21b) with Stokes shifts of 40, 10 and 72 respectively. The emission band at 410 nm 

which is associated with the strongest excitonic peak at 398 nm was ascribed to near-band-

gap emission resulting could have resulted from electrone hole recombination while the other 

weaker emissions were linked to possible defects with the nanoparticles [24]. Nanoparticles 

produced at both temperatures generally exhibited a good quantum confinement. 

 

Figure 5-20: Absorption spectra of nanoparticles synthesized at mole ratio 1:1 for 30 min at 

(a) 180° C and (b) 200° C. 
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Figure 5-21: Emission spectra of nanoparticles synthesized at mole ratio 1:1 for 30 min at (a) 

180° C and (b) 200° C. 

 

5.3.3.1 Synthesis of Nickel Selenide at mole ratio 1:2. 

In this section, the amount of selenium precursor used was doubled so that the reaction 

system could contain more selenium. The effect of this on the processed nanocrystals at 

different temperatures and reaction time were studied. 

The XRD patterns of the samples obtained at (a) 180 °C, (b) 200 °C and (c) 220 °C are 

shown in Fig. 5-22. The controlled experiments over different reaction temperatures 

demonstrated the phase evolution of NiSe2 from the orthorhombic phase to the cubic phase 

with the more thermodynamically stable phase forming at higher temperatures. At lower 

reaction temperatures (180 °C), the diffraction peaks predominantly matched the 

orthorhombic NiSe2 (kullerudite) phase which was in agreement with the diffraction pattern 

of card JCP2.2CA:00-018-0886. This belonged to the space group Pnnm(58) with lattice 
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constants a = 4.89 Å, b = 5.96 Å and c = 3.67 Å; a/b = 0.82047 and c/b = 0.61577. However 

other peaks marked with * were also observed and they corresponded to those of the cubic 

NiSe2 (penroseite, syn) phase of space group Pa-3 (205) with lattice parameter a = 5.9604 Å 

according to card JCP2.2CA:00-011-0552. The mixture of the orthorhombic and the cubic 

phase are clearly demonstrated in appendix A4. Increasing the temperature to 200 °C saw the 

reduction of peaks associated with the orthorhombic phase exhibited by the peaks labelled 

(101), (120), (210), (211) and (031) while the characteristic peaks of cubic phase became 

more intense as portrayed by the peaks labelled (200), (220), (221), (311), (230) and (321). 

However, the sample still comprised of both the phases. Upon further heating to 220 °C, only 

pure cubic NiSe2 was obtained. Therefore it was deduced that in the synthesis of NiSe2, at 

lower reaction temperatures resulted in the formation of orthorhombic NiSe2 which gradually 

transformed into thermodynamically stable cubic NiSe2 at higher reaction temperatures. This 

observation was in agreement with those reported by Yuan et al. [17].   
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Figure 5-22: XRD patterns of NiSe2 obtained at mole ratio 1:2 after 30 min showing phase 

evolution from orthorhombic NiSe2 to thermodynamically stable cubic NiSe2 at (a) 180 °C, 

(b) 200 °C and c) 220 °C. 

 

SEM and TEM images were used to study the morphologies of the as-obtained particles. Fig. 

5-23 (a) and (b) show the SEM images of the products obtained at 180 °C indicating that it 

comprised  primarily of smaller spherical nanoparticles which subsequently aggregated 

together and formed clusters and elongations that joined the clusters together. The tips of the 

elongations that did not join the clusters were seen to contain a nanosphere. The elongations 

diminished with increase in reaction temperature to 200° C (Fig. 5-23 (c) and (d)) and the 

agglomeration was reduced as a result of different nucleation growth processes originating 

from the temperature change [25, 26]. More spherical nanoparticles are formed at this 

temperature though the sample was still polydispersed. Further increase of the temperature to 

220° C resulted in particles with even bigger sizes as depicted in the TEM images of NiSe2 
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(Fig. 5-23 (c) and (d)). For thermodynamic stability, the smaller spheres combined through an 

Ostwald ripening process to form the bigger spheres. The sizes of the spheres ranged from 50 

nm to 150 nm.  

              

Figure 5-23: (a) and (b) are the SEM images of the NiSe2 nanoparticles fabricated at 180 °C 

and 200 °C respectively while (c) are the TEM images of the particles fabricated at 220 °C. 

All these were obtained at a mole ratio 1:2 for a period of 30 min. 
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The position of the excitonic peak was observed to red shift with increasing synthesis 

temperature. In particular, the 180 °C, 200 °C and 220 °C samples had their peaks at 450 nm, 

475 nm and 489 nm as depicted in Fig. 5-24 (a), (b) and (c) respectively. This implied that 

particle sizes increased with increasing reaction temperature which is in agreement with the 

observations made from the SEM micrographs. The XRD suggested that a mixture of the 

orthorhombic and cubic phases of NiSe2 in both the 180 °C and 200 °C samples had formed. 

This may have contributed to the broad excitonic peak exhibited by these samples. The 

possible causes of a broad excitonic absorption and emission spectrum reported in literature 

include polydispersity in nanocrystals size and sub-bandgap transitions involving defect 

states or capping molecules or impurity phase overlapping with the excitonic transition thus 

blurring the absorption spectrum [27]. Therefore these factors might have caused the broad 

excitonic peak exhibited by the as-prepared samples; however, they are still a subject for 

further investigations with regards to the obtained nanocrystals. The nanoparticles obtained in 

this section emitted at longer wavelengths compared to their excitonic peaks in the absorption 

spectra. Specifically the 180 °C, 200 °C and 220 °C samples had their maximum emissions 

centred at 531 nm, 567 nm and 579 nm as shown in Fig. 5-25(a), (b) and (c) respectively. 

This resulted in a Stokes shift of 81, 92 and 90 for the 180 °C, 200 °C and 220 °C samples. 

The Stokes shift values confirmed that the nanoparticles were well passivated. The 

nanoparticles produced broad Gaussian distribution curve suggesting polydispersity in the 

samples. The mixed phases in the 180 °C and 200 °C samples may have also contributed to 

the broadness of the curve. Despite the possible polydispersity of the samples population, the 

nanoparticles exhibited a good quantum confinement as their excitonic wavelengths were 

shorter than the bulk band gap which is about 620 nm. 
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Figure 5-24: Absorption spectra of NiSe2 nanoparticles obtained in a mole ratio 1:2 at 

reaction temperatures (a) 180 °C, (b) 200 °C and (c) 220 °C for duration of 30 min in 

oleylamine as the coordinating solvent. 
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Figure 5-25: Emission spectra of NiSe2 nanoparticles obtained in a mole ratio 1:2 at reaction 

temperatures (a) 180 °C, (b) 200 °C and (c) 220 °C for duration of 30 min in OLA as the 

coordinating solvent. 

 

5.3.4 Effect of different coordinating solvents on the structural properties of nickel 

selenide nanoparticles 

Different coordinating solvents including OLA, ODA, OLA/OA and HDA were used in the 

preparation of the nickel selenide series and their effect on the structural properties of the 

nanoparticles were investigated.  

XRD analysis was used to identify the crystal phases of the as-prepared samples in the 

different solvents. The first case involved dispersion of metal precursors in TOP before 

injecting them to the hot solvent and the outcomes are presented in Fig. 5-26. Despite the use 

of the various solvents including ODA, HDA and OLA, the presence of TOP in the reaction 

mixture favoured the formation of rhombohedral Ni3Se2 whose peaks were indexed according 

to the card number JCP2.2CA:00-085-0754 and the lattice parameters were a = 6.03382 Å 

and c = 7.25102 Å with a space group of R32 (155); and their spectra are illustrated in Fig. 5-

350 400 450 500 550 600 650

4

8

12

16

20

In
te

n
s
it

y
 (

a
.u

)

Wavelength (nm)

(a)
(b)

(c)



 
230 

 

26a spectrum w – y respectively. Instead of TOP, oleic acid was used as a co-surfactant to 

OLA. This resulted in the synthesis of a pure phase of monoclinic Ni3Se4 (Fig. 5-26a 

spectrum z) with diffraction pattern that matched that of monoclinic Ni3Se4 (wilkmanite, syn) 

from card number JCP2.2CA:01-089-2020; with lattice parameters a = 12.15 Å, b = 3.633 Å, 

c = 10.45 Å, a/b = 3.34 and c/b = 2.87641 of space group C2/m (12). To further explore the 

effects of the solvents without the TOP, the nanoparticles were prepared in ODA, HDA, OA 

and OLA; and the results are presented in Fig. 26b. According to spectrum w, the synthesis in 

ODA produced orthorhombic NiSe. The peaks were indexed according to card JCP2.2CA:00-

029-0935 with lattice parameters a = 3.437 Å, b = 11.86 Å and c = 17.06 Å. Other peaks 

marked with (*) were noted and they were associated with impurities in the sample. The 

HDA produced samples that exhibited the same pattern as HDA/TOP as shown in spectrum 

x; and matched to rhombohedral Ni3Se2. Spectrum y resulted from samples synthesized in 

OA and they were matched to monoclinic Ni3Se4. The peaks were similar to those exhibited 

by the OLA/OA sample in spectrum z of Fig. 26a with a slight deviation in the peak position 

which was attributed to the presence of OLA in one of the samples. Finally, the use OLA 

resulted in the synthesis of a mixed phase of monoclinic Ni3Se4 (Fig. 5-26b) with diffraction 

patterns that were indexed to monoclinic Ni3Se4 (wilkmanite, syn) from card number 

JCP2.2CA:01-089-2020 and lattice parameters a = 12.15, b = 3.633, c = 10.45, a/b = 3.34 and 

c/b = 2.87641 of space group C2/m (12). The other peaks marked with (#) were associated 

with the NiSe phase. 
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Figure 5-26: The XRD patterns of nanoparticles synthesized at 200 °C for 30 min in different 

solvents. In (a), spectra w, x, y and z represent nanoparticles obtained in; ODA/TOP, 

HDA/TOP, OLA/TOP and OLA/OA respectively. (b) Spectra w, x, y and z are obtained from 

nanoparticles synthesized in; ODA, HDA, OA and OLA respectively. The (*) in spectrum w 

are associated with impurities in the sample while the (#) in spectrum are ascribed to NiSe 

phase within the sample. Spectrum x in both (a) and (b) have the same indices as they were 

matched using the same card numbers. 
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TEM and SEM analyses were used to study the morphologies of the as-synthesized 

nanoparticles and the micrographs are portrayed in Fig. 5-27. Using metal precursors 

dispersed in TOP, HDA produced  nearly monodispersed Ni3Se2 quantum dots of average 

size of 7 nm (Fig. 5-27a); ODA resulted in fibre-like nanostructures that aggregated into 

spheres as depicted in the TEM and SEM images shown in Fig. 5-27 (b) and (c) respectively 

while OLA produced rectangular-like nanostructures as shown in Fig. 5-27d. Using the 

solvents alone without TOP, HDA produced sample with mixed morphology as shown in Fig. 

5-27e. The sample consisted of nanorods and cuboids. Samples synthesized in OLA 

comprised of spherical nanoparticles as displayed in Fig. 5-27f; while oleic acid resulted in 

agglomerated quantum dots as shown in Fig. 5-27g.  ODA as a solvent gave a polydispersed 

sample comprising of nanorods, quantum dots and nanocubes as illustrated by Fig. 5-27h. 

Most of the shapes were associated to impurities to as portrayed by the XRD. A mixture of 

OLA and oleic acid in the ratio of 1:1 yielded spherical nanoparticles as demonstrated by Fig. 

5-27i.  
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Figure 5-27: (a) TEM image of nanoparticles obtained in HDA/TOP; (b) TEM images of 

products obtained in ODA/TOP while (c) is the SEM image of same; (d) is the TEM image of 

NPs in OLA/TOP; (e) TEM images of NPs synthesized in HAD; (f) SEM image of NPs in 

OLA; (g) TEM image of NPs in OA; (h) TEM image of NPs in ODA and (i) SEM image of 

NPs in OLA/OA. 
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the metal precursors in such a way that it controlled the nucleation process and even 
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determined the monomer activities. As a result, despite using different coordinating solvents 

together with TOP, the preferred stoichiometry obtained was rhombohedral Ni3Se2. HDA, 

ODA and OLA were responsible for the shape and crystallinity control [28-30]. The absence 

of TOP in the reaction mixture comprising of HDA or OLA or ODA yielded other 

stoichiometries. This further confirmed the role of TOP in the formation of the nickel 

selenide. TOP also aided in the control of the particle population. For example, HDA alone 

without TOP resulted in the formation of both nanorods and quantum dots within the same 

sample while HDA/TOP gave a nearly monodispersed sample comprising of only dots. OLA, 

ODA and HDA acted as electron donors at elevated temperatures. They exhibited similar 

basicity and affinity to metals through their NH2 functional group. However the difference in 

the alkyl chain length which presents different levels of steric hindrances to the nuclei of the 

nanoparticle; and the existence of a double bond in the OLA chain are responsible for the 

significant differences in the morphology and the crystallinity of the resultant nanoparticles. 

This therefore ascribes to the difference morphologies of nickel selenide obtained when these 

solvents were used [31, 32]. The mixed morphology and the impurities in the sample 

obtained in ODA were associated with the difficulty of Ni
2+

 to withdraw electrons from 

ODA. From literature, the ability of metal ions to withdraw electrons from ODA is in the 

order Zn
2+

 <Co
2+

 <Ni
2+

 <Ag
+ 

<Pd
2+

 <Pt
4+

 <Au
3+

. Any metal ion below Ni
2+

 is unable to 

extract electrons from ODA thus are susceptible to forming the metal oxide [32].
 
  

5.4 Conclusions  

In this part of the thesis, several stoichiometries of Ni-Se systems with different 

morphologies have been synthesized by simply varying the reaction conditions. Specifically, 

the morphology of nanocrystals was systematically controlled by varying the surfactant and 

the reaction temperature. It was also demonstrated that phase transformation was dependent 

on the reaction temperature and surfactant employed. For instance, monoclinic Ni3Se4 was 
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transformed to cubic NiSe2. Similarly the presence of TOP in the reaction mixture 

preferentially led to the formation of rhombohedral Ni3Se2. An increase in selenium to a ratio 

of NiCl2:Se 1:2 in the reaction mixture resulted in the formation of pure NiSe2 unlike the 1:1 

ratio that gave mixed phases. Based on optical and structural studies of nickel selenide series 

we demonstrated that the properties of these nanostructures were dependent on their 

stoichiometries. This was in agreement with most reports in literature [8-16]. The use of the 

hot injection and direct heating both produced well passivated nickel selenide nanocrystals 

based on the values generated from the Stokes shift. Therefore, a direct heating method which 

is less cumbersome and high yields was shown to be a better prospect for large scale 

production of colloidal nanoparticles in general.   
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Chapter 6 : Application of Nickel Selenide nanocrystals as counter 

electrodes in dye sensitized solar cells (DSSCs). 

 6.1 Background 

In an attempt to reduce our dependence on fossil fuel as one of the major sources of energy, 

researches have embarked on a journey to find ways to exploit the renewable and sustainable 

energy options. This is with the aim of increasing energy sources to cater for the swelling 

world population that possess a very sharp and quick increase in demand for energy 

especially in this era of technology; while alienating the overconsumption of fossil fuels. In 

addition, renewable sources are considered to be environmentally clean unlike fossil fuels 

whose combustion results in greenhouse gases thus resulting in ecological problems [1-6]. 

There exist several sources of renewable energy sources including solar energy, geothermal 

energy, hydropower and hydrogen energy [3, 7-10] among others. These renewable sources 

not only need to be converted to more useful forms but also the energy produced needs to be 

stored to ensure sustainability. Subsequently energy conversion and storage (ECS) devices 

need to be cost effective, efficient and environmentally friendly [11]. Typical ECS devices 

include fuel cells, solar cells, photo – electrochemical water splitting cells, batteries 

(especially Li-ion batteries), and supercapacitors [5, 6, 12-35].  

The energy conversion and storage field is also a major beneficiary of nanoscience and the 

performance of the ECS devices has been reported to rely strongly on the properties of the 

nanostructures [11, 36]. Conventionally, transition metal chalcogenide nanostructures, due to 

their interesting electronic and optical properties, have attracted tremendous attention in the 

field of energy just to mention a few [37, 38]. Specifically, Ni-Se binary systems have been 

subject of research for applications as ECS materials due to their stable nature in air[39], high 

metallic conductivity[23, 40, 41] and excellent catalytic activities [10, 42]. The multiphasic 

nickel selenide nanostructures have illustrated good catalytic activities in hydrogen evolution 
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reaction (HER) and oxygen evolution reaction (OER), water splitting processes and in 

DSSCs as counter electrodes. In particular, Ni3Se2 has been reported as a highly efficient 

catalyst for oxygen evolution reactions [38]. In addition, Ni3Se4 [39], NiSe2 [42], composites 

containing NiSe-Ni3Se2/graphene [36] and Co0.85Se/Ni0.85Se [43] have been exploited as 

electrocatalysts in DSSCs with conversion efficiencies of about 8 %. In fact based on the 

comparatively high catalytic activities experienced with the nickel selenides, they are 

promising substitutes for the Pt-based electrocatalyst which are costly due to the high cost of 

the noble metal platinum. A DSSC usually contains a photoanode comprising TiO2 

nanocrystals sensitized by dye molecules, an electrolyte with a redox couple of 

iodide/triiodide (I
-
/I3

-
) and a counter electrode. The function of the counter electrode is to 

transfer electrons arriving from the external circuit to the electrolyte and also catalyses the 

reduction of I3
-
 to I

-
. Therefore, a CE should be highly conductive, have a high catalytic 

activity and should be both chemical and electrochemically stable. Pt is the most commonly 

used catalytic material. However Pt is a noble metal with a low abundance ratio and high 

cost. In addition, there are chances that it may corrode the iodide solution. These factors 

prevent it from being used in large scale manufacturing of DSSCs. As a result, a low cost 

electrode with high electrochemical activity and chemical stability is an important 

requirement to enhance practical application of DSSCs [44-54]. In this chapter, we 

investigate both the catalytic and the electronic properties of the as-prepared nickel selenide 

series presented in the previous chapter. The nanoparticles with different stoichiometries 

were used as counter electrodes in DSSCs and their I-V characteristics were studied to 

elucidate the effect of the different phases on catalytic activity. The use of a very thin layer of 

Pt of about 40 nm to form a layer of NixSey – Pt was prompted by the failure of the NixSey 

nanocrystals to extract current on their own; as depicted in appendix A5. The Pt aided the 
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movement of electrons within the inter-particle distance created by the coordinating solvent 

during synthesis. 

 6.2 Experimental procedures 

6.2.1 Chemicals and materials 

Nickel selenide crystals (synthesis and characterization was reported on in chapter 5), 

degassed TiO2 nanoparticles, acetic acid, distilled water, sunlight liquid soap as an alternative 

to hydroxypropyl cellulose, iodine (synthetic grade), guanidine thiocyanate, lithium iodide, 1-

butyl-3-methyl-imidazolium iodide, dye N–179, 4-tertbutylpyridine, ethanol, chloroform, 

toluene, acetone, isopropanol, hexane, deionized water and FTO were purchased from Sigma 

Aldrich. 

 

 6.3 Fabrication and assembly of the DSSC device 

6.3.1 Cleaning of the substrates 

FTO conducting glasses were cleaned in a detergent solution in an ultrasonic bath for 15 min 

then rinsed with deionized water, acetone, and isopropanol/ethanol sequentially. The 

substrates were then dried in a nitrogen stream. 

 

6.3.2 Preparation of TiO2 paste 

The procedure described in literature was adopted for this project [55]. Typically 1 g of 

commercially available/ degassed TiO2 powder was mixed with 12 mL distilled water and 0.5 

mL acetylacetone with constant 24 h stirring. The mixture was later dried at 60 °C followed 

by grinding to a fine powder. This initial stage was carried out to prevent re-aggregation of 

the TiO2 nanoparticles.  The subsequent stage involved the mixing of 5% (w/v) ethanolic 

solution of hydroxypropyl cellulose with a dispersion of the pretreated TiO2 powder in water 
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with constant stirring for 12 hours using a magnetic stirrer. The solution was heated 

afterwards at 70 °C with constant stirring to evaporate ethanol slowly. The volume of the 

hydroxypropyl cellulose (HPC) solution was changed to achieve the concentration of HPC in 

the pastes up to 70% (TiO2 w/w). 

 

6.3.3 Fabrication of the photoanode 

The nanocrystalline TiO2 paste was printed on a clean FTO substrate via a doctor blade 

technique after which the films were annealed at 350 °C for 30 min. The aim of the heat 

treatment was to remove all the residual organic components/chemicals from the TiO2 surface 

as well as to get an improved contact with the TiO2 aggregates, and between the TiO2 and dye 

molecules. The thickness and the active area of the TiO2 films were approximately 200 nm 

and 0.25 cm
2
 respectively. For sensitization, the TiO2 films were immersed in a dye solution 

(3.0 × 10
−4

 M mixture of the ruthenizer 535-bisTBA (N-719) in methanol) for 5 s then left to 

dry for 12 h. All this were done at room temperature.  

 

6.3.4 Preparation of the counter electrode 

The entire process was conducted in a fume hood under ambient atmosphere. To prepare the 

counter electrode, a thin layer of Pt (50 nm) was first sputter coated to a clean FTO substrate. 

Meanwhile 5 mg of the as-prepared nickel selenide nanocrystals were dissolved in 1 mL of 

toluene via ultra – sonication for 30 min. Next, clean FTO-Pt substrates were dipped by hand 

into the dilute solution of NCs and slowly removed from the solution, then left to dry. Once 

dry, the substrate was then dipped into a beaker containing 0.01 M EDT in anhydrous 

acetonitrile for 5 s and quickly removed and then allowed to dry before repeating the dipping 

sequence which was done three times. The substrates were rotated 90° after each treatment in 

EDT to ensure film uniformity. Careful dip-coating results in the addition of less than a 
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monolayer of NCs with each step, yielding smooth films across several square centimetres. 

This entire process of ligand exchange was adapted from Law et al. [56] as for the standard 

Pt-CE was prepared by sputtering a film of platinum, with a thickness of 30 nm on the FTO 

substrate. For the preliminary studies, the procedure was repeated without dipping the 

substrate with NixSey – Pt into EDT; thus no EDT treatment was conducted in these set of 

experiments. 

 

6.3.5 Device assembly 

Finally, the DSSC device was assembled according to the following method. The photoanode 

was placed face up on a flat surface, and the NixSey – Pt – coated counter electrode was 

placed on top of the photoanode. These two opposing glass plates were offset from one 

another so that the entire photoanode was covered by the counter electrode. The redox 

electrolyte solution (I
−
/I3

−
), composed of 0.6 M methylhexylimidazolium iodide, 0.1 M 

iodine, 0.5 M tert-butylpyridine, and 0.1 M lithium iodide in 3-methoxypropionitrile, was 

placed at the edges of the plates, and the liquid was drawn into the space between the 

electrodes via capillary action. An epoxy adhesive was utilized to hold/seal the electrodes 

together. Accordingly, we fabricated the NiSe2-Pt, Ni3Se4-Pt, Ni3Se2-Pt and Pt (as a reference 

device) counter electrode-based DSSCs.  Scheme 6-1 shows the schematic illustration of the 

device assembly.  
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Scheme 6-1: Schematic illustration of the assembled DSSC device. 

 

6.4 Characterization techniques 

6.4.1 Structural characterization 

The morphology of the nanoparticle based CE film was determined by scanning electron 

microscopy. The morphologies of the films were determined by the scanning electron 

microscopy carried out on a FEI Nova Nanolab 600 SEM microscopes operated at an 

acceleration voltage of 30 kV. 

The phase purity, crystallinity and preferred crystal orientation of the products were 

examined by  using XRD on a Bruker MeasSrv (D2-205530)/D2-205530 diffractometer 

using secondary graphite monochromated CoKα radiation (λ 1.78897 Å) at 30 kV/30 mA. 

Measurements were taken using a glancing angle of incidence detector at an angle of 2°, for 

2θ values over 10 - 90° in steps of 0.026° with a step time of 37 s and at a temperature of 25 

°C. 
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6.4.2 BET measurements 

The BET surface areas were obtained from adsorption data in a relative pressure range from 

0.05 to 0.30. The total pore volumes were calculated from the amount of N2 vapor adsorbed 

at a relative pressure of 0.99. The pore size distributions were evaluated from the desorption 

branches of the isotherms using the Barrett–Joyner–Halenda (BJH) method. The micropore 

area and volume were calculated using the t-plot data. 

  

6.4.3 Photovoltaic measurements 

The photovoltaic test for the DSSCs with an active area of 0.25 cm
2
 was carried out by 

measuring the photocurrent–voltage (J–V) characteristic curves using a HP 4141B source 

measure unit (SMU). All the measurements were carried out in ambient atmosphere at room 

temperature. The incident light intensity was controlled at 70 mW cm
−2

 (AM 1.5G). 

 

 6.5 Results and Discussion 

In this section, different nickel selenide stoichiometries synthesized in the previous chapter 

were used to fabricate counter electrodes for the DSSCs. Fig. 6-1 illustrates the XRD patterns 

of Ni3Se2, NiSe2 and Ni3Se4 that were specifically employed. Spectra (a) and (b) in Fig. 6-1 

present pure phases of rhombohedral Ni3Se2 (card number JCP2.2CA:00-085-0754) and 

monoclinic Ni3Se4 (card number JCP2.2CA:01-089-2020) respectively. Spectrum (c), though 

presenting a single NiSe2 stoichiometry, contained both the orthorhombic (the indexed 

planes) matching those from card JCP2.2CA:00-018-0886 and cubic phases (shown by the #) 

matching those from card JCP2.2CA:00-011-0552. The peaks marked (*) are shared planes 

between the orthorhombic and the cubic phase. As seen from the figure in appendix A4, the 2 

theta values from the XRD spectrum for the orthorhombic and the cubic phase of NiSe2 are 

very close thus; it is a challenge to confidently index it to a single phase.  
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The counter electrode material is associated with the catalytic reduction of I3
-
 to I

-
 and the 

catalytic activity is related to the total surface area of the catalyst. Therefore, the Bruanauer–

Emmett–Teller (BET) surface area and the total pore volume of NixSey were calculated for 1 

g of each stoichiometry and the results summarized in Table 6-1. Specifically, the surface 

area and the total pore volume of NiSe2 were estimated to be 68.5 m
2
/g and 0.32 cm

3
/g, in 

contrast to those of Ni3Se4 (21.5 m
2
/g and 0.11 cm

3
/g) and Ni3Se2 (15.9 m

2
/g and 0.09 cm

3
/g). 

The different stoichiometries exhibited a difference in the surface area and the pore size 

distribution, thus adsorption of the electrolyte. Subsequently, this impacted on the 

photoelectric performance of the DSSC due to varied catalytic activity and electrochemical 

properties of each stoichiometry. 

 

Figure 6-1: XRD patterns showing the stoichiometries of nickel selenide nanostructures used 

for the device fabrication; (a) Ni3Se2, (b) Ni3Se4 and (c) NiSe2. The peaks marked (*) 
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represent planes for both orthorhombic and cubic NiSe2 phase and (#) presenting the planes 

for the cubic phase. 

 

 

 

Table 6-1: Summary of the BET surface area of different stoichiometries of different nickel 

selenide nanostructures used in the fabrication of the counter electrodes. 

Polymorph BET Surface area 

m
2
/g 

Pore Volume  

cm
3
/g 

Ni3Se2 15.9 0.09 

Ni3Se4 21.5 0.11 

NiSe2 

  

68.5 

 

0.32 

 

Preliminary studies on the photovoltaic performances of the as-prepared Ni3Se2 and Ni3Se4 

nanocrystals before surface treatment with EDT were demonstrated and the results are 

presented by the J-V characteristic curves illustrated in Fig. 6-2. The devices performed 

dismally recording low parameters such as PCE=0.05 %, Jsc=0.79 mA cm
−2

, Voc=0.34 V 

and FF=20 % for the Ni3Se4-Pt CE based device while the Ni3Se2-Pt CE based device 

produced a PCE of 0.0005 %, Jsc=0.0078, Voc=0.33 V and FF=21 %.  One important 

observation from these results was that the catalytic activity of the nickel selenide series was 

dependent on the stoichiometry of the materials; as such Ni3Se4 performed better than Ni3Se2. 

However, as shown in Fig. 6-2b, the fill factors of the devices were poor and the current 

extracted was also very small and finally the power conversion of the devices was very low. 

These low performances of the devices was attributed to the long hydrocarbon organic layer 

on the surface on the nanocrystals which are assumed to have resulted in high resistance 
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causing low mobility of electrons in the devices and reducing the catalytic activity of the 

nanocrystals towards the reduction of I3
-
.  

 

 

Figure 6-2: J-V characteristics curves of untreated Ni3Se4 and Ni3Se2 nanocrystals; (a) is the 

log curve of current density showing the dark current (represented by [x]) and current 

generated under illumination (represented by [y]) while (b) is the J-V curves showing the 

quality of the FF. 
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In the case of this study, oleylamine, which is a long hydrocarbon molecule, was employed 

during synthesis of nickel selenide nanocrystals as a coordinating ligand. Just like any other 

hydrocarbon with coordinating head-group, oleylamine’s function was  to sterically stabilize 

the NCs in nonpolar, hydrophobic solvents as well as play a key role in the self-assembly of 

ordered NC arrays or superlattices [57-59]. However, the presence of such a bulky capping 

molecule creates an insulating barrier around each NC and blocks the access of molecular 

species to the NC surface, which is disadvantageous for electronic and catalytic applications 

[56, 60]. 

In order to address this problem, the surfaces of the as-synthesized nanocrystals were 

modified via ligand exchange process. Typically the original long chain ligand (oleylamine) 

was replaced with a shorter chain ethanedithiol (EDT) in order to expose the nanocrystal 

surface to the electrolyte. This was achieved by dipping the FTO-Pt-NixSey film into 0.01 M 

EDT in anhydrous acetonitrile for 5 s then baked at about 70 °C on a hot plate. The final film 

surfaces were analysed by SEM and the resulted are portrayed in Fig. 6-3. The nanoparticles 

were seen to be well distributed and nicely packed. The compactness was attributed to a 

reduced inter-particle spacing that resulted from the exchange of long hydrocarbon molecules 

with the much shorter one which has stronger surface binding properties. The resulting 

smaller clusters enables strong electronic coupling between neighbouring NCs, thereby 

yielding highly conductive NC films [59].  
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Figure 6-3: SEM images (a) Ni3Se2, (b) Ni3Se4 and (c) NiSe2 respectively. 

 

Figure 6-4 compares the photovoltaic performance of N719-sensitized solar cells assembled 

with various cathodes treated with EDT including NiSe2-Pt, Ni3Se2-Pt, Ni3Se4-Pt and 

conventional Pt/FTO CEs, and the corresponding photovoltaic performance parameters are 

summarized in Table 6-2. It is noteworthy to mention that these devices performed better 

than the ones with untreated NixSey nanocrystals. The DSSC with NiSe2-Pt-loaded CE 

yielded a PCE of 0.16 % (Jsc = 1.53 mA cm
−2

, Voc = 0.42 mV and FF = 24.9 %), while the 

DSSC with Ni3Se2-Pt-loaded CE produced a PCE of 0.11 % (Jsc = 0.48 mA cm
−2

, Voc = 0.66 

V, FF = 34.7 %) and Ni3Se4-Pt-loaded generated a PCE of 0.15 % (Jsc = 0.68 mA cm
−2

, Voc 

= 0.68 V, FF = 33.9 %). For reference, the Pt-coated CE-based DSSC was also measured 

under the same condition, giving a PCE of 0.13 % (Jsc = 0.53 mA cm
−2

, Voc = 0.53 V, FF = 

46 %). From these parameters, it was evident that addition of nickel selenide nanocrystals to 

the Pt-coated CE had an effect on the performance of the device. For example, the short 

circuit current density, Jsc, increased in the order of Ni3Se2 < Pt < Ni3Se4-Pt < NiSe2-Pt, and 

PCE increased in the same order. Also, it was evident that stoichiometry of nickel selenide 

played a significant role in the electro-catalytic reduction of I3
-
. NiSe2 CE produced the 

highest Jsc followed by Ni3Se4 then Ni3Se2. The lowest Voc recorded was that of the NiSe2-

Pt device. This was attributed to the fact that the sample used contained both the cubic and 

a b c
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orthorhombic NiSe2. In addition to the above observations, the fill factor was seen to reduce 

upon incorporation of nickel selenide nanocrystals onto the Pt-coated CE.  

 

Figure 6-4: Photocurrent density-voltage characteristics of DSSCs with NixSey-Pt and Pt CEs 

at AM1.5G illumination (100 mW cm
-2

). 

 

 

 

 

 

 

 

Table 6-2: Photovoltaic performance parameters of DSSCs with NixSey-Pt and Pt CEs 

measured at AM1.5G illumination (100 mW cm
-2

). 
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Device Jsc 

(mA/cm
2
) 

Voc 

(V) 

Rs 

(Ω cm
2
) 

FF 

(%) 

PCE 

(%) 

Pt-reference  0.53±0.12 0.53± 0.02 418 46.3±1.2 0.13±0.01 

 

NiSe2-Pt 1.53±0.16 0.42± 0.02 250 24.90±1.1 0.16±0.02 

 

Ni3Se2-Pt 

  

Ni3Se4-Pt 

0.48±0.13 

 

0.65±0.10 

0.66± 0.01 

 

0.68± 0.01 

742 

 

850 

34.70±1.4 

 

33.90±1.0 

0.11±0.01 

 

0.15±0.01 

 

Examining the data however, and comparing them to the ones reported in literature (table 6-3 

summarizes some of the reports) [39, 42, 43]; one cannot overlook the fact that the devices 

exhibited low photovoltages as well as low PCE. This suggested that the devices response 

and the extracted currents were being suppressed thus not allowing for the full potential of 

the DSSC to be utilized. The most likely candidate mechanism suppressing the cell’s 

performance is the low mobility of electrons within the device. Electron injections to the 

conduction band of the TiO2 as well as dye regeneration by the electrolyte are fast occurring 

processes. Therefore any scenario that leads to slow mobility of electrons will enhance 

recombination losses thus resulting in poor performance of the device. It is noteworthy to 

mention that these results are from un-optimized devices and the aim was to demonstrate that 

nickel selenide nanocrystals can be used as CEs. Therefore, our primitive way of 

assembling/designing the device may be one of the reasons to account for the suppressed 

performance of the devices. Firstly, the formation of the nanostructured TiO2 layer is greatly 

affected by TiO2 suspension procedures as well as the annealing temperature [61]. As such, 

most reports use commercialized TiO2 paste to fabricate the anode, while in this case we 

made the paste from scratch. During the making of the paste, instead of using hydroxypropyl 

cellulose, we used an equivalent which was sunlight liquid soap. The resultant film had 

file:///E:/Chapter%206_2Rr.docx%23_ENREF_39
file:///E:/Chapter%206_2Rr.docx%23_ENREF_42
file:///E:/Chapter%206_2Rr.docx%23_ENREF_43
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252 

 

cracks as shown in Fig. 6-5. Another reason for the cracks on the surface of the TiO2 was 

attributed the annealing temperature used which was 300 °C. Research has found that 

sintering TiO2 film at temperatures lower than 450 °C resulted in TiO2 layer degradation by 

fast cracks after a short period of time when the cell exposed to direct sunlight. Moreover 

temperature below 450 resulted in cells that generated unnoticeable electric current [61]. 

(Dye sensitized solar cells-working principles, challenges and opportunities). The cracks in 

the anode could have been responsible for parasitic resistances, more specifically the series 

resistance as well enhance recombination.  

 

Figure 6-5: An image showing the cracked TiO2 surface after exposing it air for 10 min. 
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Table 6-3: A summary of photovoltaic performance parameters of various Ni-Se CE from 

literature. 

Authors Material  

on CE 

Method of 

NPs synthesis 

Jsc 

(mA/cm
2
) 

Voc 

(V) 

FF 

(%) 

PCE 

(%) 

Rs 

(Ω cm
2
) 

Gong et al. [42]  Pt Film deposition 15.26 731 72.10 8.04 

  

2.50 

Gong et al. [42] NiSe2 Hydrothermal 15.94 734.00 74.30 8.69 

  

2.57 

Lee et al. [39] 

  

Gong et al. [43] 

Ni3Se4 

 

Ni0.85Se 

Hydrothermal 

 

In situ directly on 

the substrate 

16.27 

  

15.63 

746.00 

  

739.00 

69.00 

  

72.00 

8.31 

  

8.32 

10.25 

 

1.80 

 

The fill factor is a parameter which reflects on the maximum power output of the DSSC 

device and it is dependent on parasitic resistances such as series resistance [62]. The series 

resistance reduces the fill factor and thus the efficiency of solar cell by dissipating power in 

the resistances. The origination of series resistance may be from (i) the movement of 

electrons through porous structured semiconductor and the diffusion of ions through the 

electrolyte, (ii) the contact resistance at the interface between the semiconductor and the 

transparent conductive film, and (iii) the resistance of the top and rear metal contacts. All 

these narrow down to the geometry of the device. The devices herein exhibited an apparent 

low fill factor, leading to their poor performances compared to the ones in literature; 

considering they are of the same materials. This was as a result of the high series resistances 

exhibited by the devices. Specifically, NiSe2-Pt-, Pt-, Ni3Se4-Pt- and Ni3Se2-Pt- CE based 

devices recorded Rs with values of 418, 250, 742 and 850 Ω cm
2
 respectively. In addition to 

the above causes to resistance, the nickel selenide nanoparticles used for the fabrication of the 

file:///E:/Chapter%206_2Rr.docx%23_ENREF_42
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counter electrode were organically capped. The organic ligand might have hindered the free 

movement of the electrons thus increasing the resistance within the device. 

Apart from resistive effect, the low fill factor in the nickel selenide DSSCs likely implies that 

there exist serious charge recombination for those injected conduction band electrons at the 

semiconductor and/or at the interface between the semiconductor and the electrolyte solution. 

The type of dye and the constituents of the electrolyte have been proven experimentally as 

some of the factors that affect charge recombination. Also from literature [63-65], a criterion 

using a comparison between the photocurrent and the space charge limited current measured 

under current injection has been established to determine whether charge recombination and 

space charge effects are dominant. Therefore, a log-log curve (Fig. 6-6b) of the dark current-

voltage characteristic of the standard Pt device was used to verify the possibility of space 

charge and recombination as the limiting factor in these devices. As the V
2
 asymptote shows, 

for applied bias between ~1 and 10 volts the device is in the space charge regime [66] and we 

note that for ~1V bias the current density is about 0.01 mA/cm
2
. This observation along with 

the fact that the current levels shown in Fig. 6-6a is about 0.01 mA/cm
2
 clearly indicate that 

the photo-current levels shown in Fig. 6-6a are indeed limited by recombination and probably 

also by space charge effects [66] and thus not much current is extracted. 
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Figure 6-6: (a) Current-voltage characteristics of the reference Pt device and (b) Log-log 

curve of the dark current-voltage characteristic of the Pt device. 
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6.6 Conclusion 

In summary, the experimental results demonstrated the potential application NixSey 

nanocrystals synthesized in organic solvent as CE material in DSSC. The three 

stoichiometries selected as research objects exhibited different electrocatalytic activities in 

the reduction of I3
-
 thus producing different performance parameters. DSSC with NiSe2-Pt 

CE displayed a high PCE and Jsc comparable to that of those based on Ni3Se2-Pt, Ni3Se4 and 

Pt alone, though with the lowest FF. This finding paves the way for preparing cheap and 

highly efficient counter electrodes for DSSCs. We believe that future work involving the 

improvement on; photoanode fabrication (such as reducing the amount of cracks of TiO2 

film), electrolyte constituents, improving on the ligand exchange process and synthesizing 

single stoichiometry on NixSey will result in higher conversion efficiencies and to some 

extent, obtain a Pt-free CE using these nanocrystals.  
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Chapter 7 : Conclusion and Future work. 

7.1 Conclusion 

In this thesis, the colloidal syntheses of indium selenide and nickel selenide nanostructures 

have been broadly explored.  Systematic controls of growth parameters during synthesis have 

been demonstrated to have effect on the physical, morphological, optical, electronic and 

catalytic properties of the as-prepared nanostructures. Unique strategies to obtain highly 

uniform and monodisperse morphologies in a highly reproducible manner were developed, 

and a general understanding of their facet/phase distribution with respect to metal precursor 

concentration was demonstrated. In addition simple DSSCs and sensor devices were 

developed in order to assess their potential application in photovoltaics and chemical sensors. 

A direct heating method was used obtain nanostructures for InxSey and their properties 

investigated.  This was achieved by thermal decomposition of InCl3 and selenium powder in 

oleylamine, a coordinating solvent that has been reported to promote lateral growth while 

truncating the vertical growth. The studies showed/revealed that the polymorphs of InxSey 

with layered crystal structure experienced a band structure modification when reduced to a 

monolayer thus resulting in luminescence properties. A small contamination of the reaction 

system with a co-surfactant was seen to result in shape and phase transformation if the 

nanostructure. Further, the sensing ability of the nanostructures to different VOCs shed light 

on the use of non-metal oxide chalcogenide as chemiresistive sensors, a field that has been 

dominated by metal oxide nanostructures. Also the electrical characterization of different 

dimensional nanostructures established that different morphologies of InSe nanostructures 

interacted differently with the analyte gas. In particular, InSe nanoparticles, which showed 

better performance than 2-D nanostructures, could allow for interesting future developments. 

Based on the strength of their gas responses, as shown in chapter 4, one can conclude that 

metal selenides are potentially suitable materials for chemoresistive sensors. 
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Systematic control of different stoichiometries of Ni-Se systems with different morphological 

optical and properties has been demonstrated. This was achieved by variation of reaction 

conditions including synthetic method, reaction temperature, reaction time, concentration of 

precursors and coordinating solvent. Both the hot injection and the direct heating method 

produced good quantum confined and well passivated nanostructures. In literature, indeed the 

hot injection method produces high quality colloidal nanostructures, but with a compromised 

yield and this limits large scale production of nanostructures by this method. Therefore based 

on the outcome of the studies herein, a direct heating method whose yield was relatively good 

could be a potential alternative for large quantity production nanostructures.  

The catalytic activity of nickel selenide nanostructures was demonstrated. This was done by 

incorporating the nanostructures together with a thin layer of platinum as CEs in DSSCs. The 

work revealed that different polymorphs of nickel selenide resulted in different power 

conversion efficiencies; thus indicating that the catalytic activity was dependent on the 

stoichiometry of the Ni-Se system. A special attention was given to the role of the organic 

capping layer that covers the NCs. It was found that by means of ligand exchange the 

catalytic properties of NCs could be improved, offering another design tool for the device 

engineer. At its essence, this research emphasized the importance of comprehensive approach 

to the understanding of the reciprocal relations between the NC core and its capping layer. 
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7.2 Future work 

Our results have so far established a controlled hot injection and direct heating approach to 

synthesize different kind of InxSey and NixSey nanostructures. The potential electronic 

applications of these nanostructures to sensors were also demonstrated. Given these 

considerations, we seek to extend the follow-up work on the basis on this thesis as follows: 

 A theoretical/simulation framework to understand the band structure modification 

concept when the three layered InSe crystal structure is reduced to a monolayer 

 To investigate the effect of other coordinating solvents on the shape and phase 

transformation of indium selenide nanostructures 

 To carry out additional investigations on the sensing ability of metal selenides to other 

vapours and the establishment of the sensing mechanism since the selenides do not 

possess an oxygen backbone. 

 It would be interesting to investigate the performance of the sensors at temperatures 

above 100 °C. 

 Optimization of the DSSC fabrication method is recommended to an extent that the Pt 

is replaced completely with Ni-Se nanostructures. Precisely, using the correct 

chemical instead of the sunlight liquid soap to make the paste and annealing the TiO2 

anode at 450 °C are important consideration. In addition, the roughness and thickness 

of the electrodes should be monitored to achieve an improved PCE. 

 To further evaluate the catalytic activities of the NixSey electrodes, electrochemical 

impedance spectroscopy (EIS) measurements and IPCE measurements are 

recommended. 

 Electrochemical studies to probe the extent of electrochemical behaviour of various 

Ni-Se catalysts. 
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 Optimization of the dye inclusion in TiO2, that is studying the temperature and the 

duration of exposure of the TiO2 to the dye. 
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Appendix  

Chapter 3 

 

Appendix A1: TEM images illustrating the coalescence of the nuclei into 2D – like InSe 

nanostructures 

 

Thickness measurements 

Digital micrograph technique was used to analyze TEM images of the nanosheets in order to 

approximate their thickness. This analysis works on the principle that the intensity of the 

electron beam varies depending on the region it strikes on the copper grid covered with a thin 

layer of holey carbon. The intensity of the beam decreases as it strikes the carbon layer and 

further reduces on interaction with the sample placed on the carbon layer. This decrease is 

attributed to the thickness of the carbon layer on the copper grid as well as the properties of 

the sample, in this case, the thickness of the nanosheets. The thickness of the carbon layer on 

the copper grid is 7.5 nm (value as per the supplier). This thickness is represented by the 

difference in the intensity counts of the beam between the vacuum region and the carbon 

layer. The additional decrease in the beam intensity is as a result of the nanosheet thickness 

on the carbon. Therefore, a relationship was created using the difference the vacuum and the 

carbon layer regions and the vacuum and the sample region to approximate the thickness of 

(a) (b)
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the nanosheets (equation 1). Typically, to analyse the image, a region of interest was selected 

on the image to include the vacuum, the carbon layer and the sample on the carbon layer 

sections using rectangles as depicted on the images on Appendix A2 (a), (b) and (c). Varying 

intensities in pixel counts were recorded for the three different sections on each image and 

are also shown in Appendix A2. 

                                  

Appendix A2: Intensity profiles obtained from the TEM images of InSe nanosheets 

synthesized at a) 1:1, 8 min, b) 3:1, 30 min and c) 2:1, 60 min using the digital micrograph 

technique. The rectangles on the TEM images indicate the regions of interest that were 
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analysed. The green, blue and red sections on the intensity profiles are a representation of the 

intensity counts at the vacuum, the carbon layer and the sample on the carbon layer regions. 

 

  Ct = (𝑉 − 𝐶)        ………………………………………………………………. (i) 

 

  Nst = (𝑉 − 𝑆 )   ………………………………………………………………. (ii)  

Equation (i) and (ii) were combined in equation (iii) to calculate the thickness of the 

nanosheets 

  Nst(𝑛𝑚) = Nst(𝑐𝑡𝑠) ×
7.5

Ct (𝑐𝑡𝑠)
   …………………………………………………. (iii) 

Where:  

V, C and S are the intensity counts in the vacuum region, carbon region and sample on the 

carbon region respectively. Nst and Ct are the thickness of the nanosheets and the carbon 

layer respectively 

The average intensity counts for the profile and the calculated nanosheet thickness are 

summarized in table 2. The nanosheets fabricated at 1:1 were 18.30 nm, at 3:1 were 28.90 nm 

and the 2:1 mole ratio were 61.67 nm thick.  
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Table A1 summarizes the values obtained from the intensity graphs that aided in the 

approximation of the thicknesses of the nanosheets. 

 

 

Chapter 5 

 

Appendix A3: XRD pattern showing a mixture of phases within the same sample. The blue 

and the green indices matched the cards for the monoclinic Ni3Se4 and for the sake of this 

study, the one was selected. The red indices corresponded to the cubic NiSe2.  

Image V  

(cts) 

C  

(cts) 

S 

(cts)  

Ct  

 (cts) 

Ct  

(nm) 

Nst  

 (cts) 

Nst  

(nm) 

a 149.815 136.464 117.235 13.351 7.5 32.580 18.30 

b 154.521 146.319 122.916 8.201 7.5 31.604 28.90 

c 177.815 171.559 126.370 6.256 7.5 51.445 61.67 
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Appendix A4: XRD pattern illustrating the existence of both the orthorhombic and cubic 

NiSe2 within the same sample represented by the blue and the red indices respectively. 

 

 

Appendix A5: Photocurrent density-voltage characteristics of DSSCs with nickel selenide 

nanocrystals CEs. 
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