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Abstract 

Colloidal Cu3N and Zn3N2 are one of the least studied nanocrystals in nanoscience. In general, 

much controversy exists on the optical properties of Cu3N nanoparticles as evidenced by the great 

differences in the reported band gaps of Cu3N that range from ~0.13 to ~2.06 eV and in the case 

of Zn3N2, band gaps range from 0.9 to 3.36 eV. Additionally, electrical properties vary due to great 

differences in percentage composition of Cu in different samples hence Cu3N has been reported to 

be a metallic, semiconducting and insulating material. Furthermore, studies on the thermal stability 

have described the nitride nanoparticles as stable, metastable and unstable. Aspects such as 

reaction kinetics, magnetic properties, controlled size and dimensionality of colloidal Cu3N and 

Zn3N2 nanoparticles are not yet well understood. Therefore, to better understand the chemistry of 

colloidal Cu3N and Zn3N2 nanomaterials more studies must be performed on the synthesis, 

characterization and measurement of properties of the colloidal metal nitride nanoparticles.  

  

Initially, 2-pyrrolecarbaldpropylimine ligand was prepared from a condensation reaction between 

2-pyrrolecarboxaldehyde and propylamine. After characterization, the ligand was deprotonated 

and subjected to complexation by separately introducing copper and zinc salts. Complexation of 

mono-functional N, N pyrrolylaldimine Schiff-base ligand led to the formation of mononuclear 

Cu and Zn complexes, bis(2-pyrrolecarbaldpropyliminato) copper/zinc (II) complex. Three 

different methods were employed in the thermolysis of the Cu complex (PCC) and the Zn complex 

(PPZ) namely; the conventional colloidal method, microwave-assisted method and chemical vapor 

deposition (CVD). Zinc has a very high affinity for oxygen hence, despite the different synthetic 

methods that were employed to thermolyze the zinc complex, ZnO was always the resultant 

product. Changing the single-source precursor did not solve the problem until zinc powder was 
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ammonolyzed using chemical vapor deposition. Herein, we showed for the first time that as-

synthesized single-source precursor (PPC) can be thermolyzed in organic solvents to give colloidal 

Cu3N NPs. Of great importance was the introduction of the microwave-assisted method in the 

synthesis of Cu3N nanocrystals. A comparative study was then carried out on the colloidal 

synthesis of Cu3N nanoparticles using the as-synthesized Schiff-base complex and copper (II) 

nitrate trihydrate. In agreement with previous reports, thermolysis of Cu(NO3)2 resulted in the 

formation of Cu3N nanocubes but the Cu complex produced spherical nanoparticles with a more 

blue shifted band gap than the nitrate compared to the bulk material.  

 

The study then proceeded to investigate the morphological and crystal phase transformations that 

occur during the colloidal synthesis of Cu3N at 260 °C using Cu(NO3)2 as the single-source 

precursor in octadecylamine and hexadecylamine coordinating ligands. A mixture of densely 

populated ónucleiô and developing cubes was observed in the transmission electron microscopic 

images of the samples that were obtained after 5 min reaction time. Nanocubes and less of the 

nuclei were present after 10 min but only the cubes were detected at 15 min. Near-perfectly shaped 

nanocubes self-assembled into a brick-like wall pattern in both the octadecylamine and 

hexadecylamine capped nanoparticles. The cubes started to disintegrate at 20 and 30 min in 

octadecylamine and hexadecylamine respectively to eventually yield Cu nanoparticles after 60 

min. We were intrigued by the changes that were detected in the organic ligands. Fourier-

transform infrared and nuclear magnetic resonance spectroscopies indicated the presence of a 

nitrile group in the Cu3N nanoparticles suggesting that the amine ligands had been deprotonated 

resulting in the formation of nitriles. 
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A one-pot colloidal synthesis of optically active Cu3N, Cu2S and Cu9S5 nanoparticles was then 

demonstrated by sulfidation of the nitride nanoparticles using a small amount of dodecanethiol. 

Previous studies have shown that the thiol ligand can act as a spectator solvent, capping and 

reducing agent but in this study, its introduction into a hexadecylamine-Cu3N mixture led to the 

substitution of N atoms in the crystal structure of Cu3N by S atoms leading to the formation of 

Cu2S nanoparticles after 5 min of addition. With time, more S-rich nanoparticles were obtained as 

evidenced by the obtained powder X-ray diffractograms that matched with reported Cu9S5 patterns. 

X-ray photoelectron spectroscopy confirmed the substitution of N in Cu3N that led to the detection 

of Cu+ and S2- ions in Cu2S and ultimately Cu2+ and (S2)
2- species in Cu9S5 nanoparticles after 10 

min of adding the thiol. Increasing reaction time did not lead to further sulfidation of the Cu9S5 

nanoparticles. 

 

The thesis culminates by testing the photocatalytic activities of the as-synthesized Cu3N 

nanocubes, Cu2S hexagons and Cu9S5 spherical to elongated nanoparticles with direct band gaps 

of 2.41, 2.75 and 2.36 eV respectively. Cu3N proved to be the best (89%) photocatalyst in 

degrading methyl orange whilst Cu9S5 nanoparticles were the best (79%) in degrading methylene 

blue within a period of 3 hrs. Considering the best catalyst in each azo-dye, kinetic studies using 

the LangmuirïHinshelwood model suggested that the photocatalytic reaction followed 1st order 

and 2nd order reaction pathways in methyl orange and methylene blue for Cu3N and Cu9S5 

nanoparticles respectively. Finally, high-performance liquid chromatography was employed in 

order to detect the reaction products of degrading each dye. 
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Thesis Synopsis 

Colloidal copper and zinc nitride nanoparticles are some of the least studied materials therefore 

their synthetic procedures and properties are not well understood. Further probing into their 

synthesis, characterization and properties will better inform scientists on a whole range of possible 

applications in growing fields such as energy generation, gas sensing, photocatalysis, photothermal 

and photodynamic therapies. In this thesis, we aimed to synthesize colloidal Cu3N and Zn3N2 

nanoparticles using single-source precursor molecules. The photocatalytic activities of these 

chalcogenides were then to be tested in the photodegradation of azo dyes. The thesis consists of 

eight chapters and herein each chapter will be briefly outlined. All the results chapters have been 

sent for publication and as such have been written have been written in a publication format. 

 

Chapter 1 provides a brief background to the study particularly the need to find new solutions for 

water purification and how nanotechnology can be a possible solution. The problem statement is 

given and the chapter concludes by detailing the aims and objectives of the study. 

 

Chapter 2 gives a detailed account on the preparation of nanocrystals with emphasis on colloidal 

synthesis. A brief account is given on the factors that affect the synthesis and properties of colloidal 

nanoparticles (NPs). Different synthetic techniques are discussed prioritizing the single-source 

precursor method in the synthesis of colloidal NPs. Included is a background on the application of 

NPs in photocatalysis. Special attention is drawn to the use of copper-based chalcogenides in water 

treatment.  

 



xxxvi 

 

Chapter 3, embarks on the preparation and characterization of Schiff-base complexes, bis(pyrrole-

2-carbaldpropyliminato) copper(II) (PPC) and bis(pyrrole-2-carbaldpropyliminato) zinc(II) (PPZ) 

as single-source precursors in the synthesis of copper (I) nitride and zinc nitride NPs respectively. 

In the synthesis of the Schiff-base complex, one synthetic procedure was investigated which 

involved the formation of a ligand first before metallization to form the complexes. Finally, the 

chapter informs on the use of the as-synthesized Schiff-base complexes in the synthesis of copper 

and zinc nitride NPs using different synthetic methods. 

 

A comparative study of the synthesis of Cu3N NPs using PPC and copper (II) nitrate as single-

source precursors is reported in Chapter 4. Herein, a direct method of obtaining PPC from the 

starting materials was employed. Both the precursors were thermolyzed in hexadecylamine (HDA) 

in an inert atmosphere and resulted in crystalline Cu3N NPs with anti-ReO3 cubic structure. 

Although both precursors gave rise to Cu3N NPs, Chapter 4 significantly demonstrates the impact 

that a change in the precursor has on the morphology and optical properties of the NPs obtained. 

This work has already been published by New Journal of Chemistry (2018). A detailed account on 

the effect of time on the synthesis of copper (I) nitride NPs is reported in Chapter 5. The reported 

work in this chapter graphically shows the progression in the formation of the nitride NPs and how 

the NPs eventually decompose resulting in Cu NPs. Ultimately, the chapter goes on to illustrate 

how HNMR can be employed in order to establish the role that the amine ligands plays in the 

formation of Cu3N nanocrystals. A compilation of the findings from this investigation has already 

been submitted to the Journal of Royal Society of Chemistry and is under review. 
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Chapter 6 probes the conversion of Cu3N NPs to other copper chalcogenides by the addition of a 

relatively small quantity of dodecanethiol. This chapter on the colloidal sulfidation of Cu3N NPs 

to sulfides has been submitted to the Journal of Materials Chemistry and Physics and is under 

review. The application of the nitride and sulfide NPs in photocatalysis is explored in Chapter 7. 

The NPs are used as photocatalysts to degrade methyl orange and methylene blue dyes and the 

work is under review with the Journal of Photochemistry and Photobiology A. Finally, Chapter 8 

entails a general overview of the work that was covered in this project. Together with the 

conclusions, achievements obtained in this work are pointed out and recommendations for further 

investigations are given.     
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Chapter 1 

Introduction  

 

1.  General Background 

The earth is facing quite a number of global problems that require the participation of every 

stackholder in order to obtain lasting solutions. These problems revolve around energy, pollution, 

climate changes, poverty and diseases, with Africa being the most affected. Water pollution is of 

great concern as water is of paramount importance to sustain life. 71% of earth is covered by 

water[1] and it supports both aquatic and terrestrial life. The human body is made up of 65% to 

75% water [2] and that is the reason why adults are recommended to take in at least 1.8 litres of 

water per day [1]. According to the current data released by the United Nations [3], the world 

population is about 7.7 billion. Hence, according to the recommended daily intake of water, 13.86 

billion litres of water is required daily, only for drinking purposes. Other human activities like 

cooking, bathing, laundry, and sewage disposal demand more water usage. Therefore, clean water 

must be available to sustain human life and any activities that pollute water sources cannot be 

condoned. Fig. 1(a) shows polluted water being disposed into a main stream. Such irresponsible 

actions have dire consequences as can be seen in Fig. 1(b) that shows hundreds of dead fish caused 

by pollution.  

 



2 

 

 

Fig. 1: Polluted water (a) flowing into a river and causing (b) dead fish.   

 

There are many reports showing that textile industries are major contributors to water pollution 

(20%) [4-6]. Textile dye pollutes [7, 8] many water sources that are directly or indirectly linked to 

daily human activities. Some azo dyes or their derivatives have been reported to be carcinogenic 

and cause dermatological and mutagenic problems [9-11]. Considering the gravity of the adverse 

effects of textile dyes, polluted water must be treated before it is disposed of from the industries.  

 

Solar radiation plays a role in photodegradation of some pollutants in water sources that are 

exposed to sunlight but this natural process is extremely slow [12]. Technology has played a crucial 

role in identifying photocatalysts that significantly speed up the rate of degradation of pollutants. 

Solar energy is highly abundant in most regions of Africa, hence regulations should be enforced 

to ensure that polluted water is not released from companies before it is adequately treated. 

Nanotechnology has designed and continues to design photosensitized nanomaterials that catalyze 

the degradation of pollutants. Titanium dioxide [12-15] is amongst the most efficient 

photocatalysts and a lot of work has been put in optimizing its efficiency. These phenomenal 

efforts, led to the now commercially available photocatalyst, HombiKat U 100 which is primarily 

a b
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made up of 5 nm Ti2O anatase nanoparticle [16]. Many specialists have highlighted the important 

role of semiconductor nanocrystals in photocatalysis hence, the need for further research.  

 

2.  Problem Statement 

Pollutants from industries continue to contaminate water especially streams, ponds, rivers and 

lakes that are within or close to residential areas. Current treatment methods such as air stripping 

and adsorption by activated carbon do not result in the destruction of pollutant molecules but 

merely transfer the pollutants from water to another region. Investigations set to develop efficient 

photocatalysts have demonstrated that TiO2 nanoparticles have good photocatalytic properties. 

However, the greatest setback for titanium dioxide is its wide band gap that lies around 3.2 eV 

[17]. Such a wide band gap does not allow pure phases [18] of TiO2 to work efficiently under 

sunlight unless doping or other modifications are done. The fast recombination of charge carriers, 

poor absorption of organic molecules in water and agglomeration impact negatively on titanium 

dioxideôs efficiency. As such, there is need for further research to discover semiconducting 

nanomaterials that can absorb within the visible range without requiring further treatment, hence 

making water treatment cheap, efficient and less cumbersome. 

 

3.  Rationale 

Copper-based nanoparticles are semiconductors that can be used as photo sensitizers in 

photocatalysis. The band gaps of the nanoparticles can be engineered such that their optical 

properties are adjusted in order to give the desired photocatalytic activity. Colloidal synthesis 

offers a platform for surface modifications that enables solubility of the nanoparticles in medium 

where their bulk counterparts do not dissolve. Due to quantum confinement, nanoparticles have a 
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high surface area to volume ratio compared to their bulk counterparts and this facilitates the 

oxidation and reduction processes that take place on the surface of the semiconductor during 

photocatalysis. Recent technology has shown that the synthesis of nanoparticles can be facilitated 

by employing single-source precursors. This method is quite desirable because, the single-source 

precursor, usually an organometallic molecule, contains all elements that are required in the 

nanosynthesis. This method has been used quite successfully mostly in the synthesis of oxide and 

sulfide nanoparticles. Unlike the sulfides and the oxides, colloidal copper (I) nitride nanoparticles 

have not been explored much and their photocatalytic activity still remains unknown and that needs 

to be investigated. Cu and N are highly abundant on earth and their use in colloidal synthesis of 

copper nitride is cheap, non-toxic and can be achieved at relatively low temperatures. 

 

4.  Aim 

The main aim of this research project was to use single-source precursors to synthesize and 

characterize colloidal copper nitride and zinc nitride nanoparticles for application in photocatalysis 

using efficient and environmentally friendly methods of synthesis. 

 

5.  Objectives 

In order to achieve the above aim, the following objectives were set in place; 

i. Prepare and characterize a Schiff base ligand from a carboxaldehyde and an amine.  

ii.  Complexation of prepared ligand to form copper and zinc Schiff-base complexes. 

iii.  Synthesize and characterize copper nitride and zinc nitride nanoparticles using the 

prepared complexes as single-source precursors. 
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iv. Comparative study of the effect of varying the single-source precursor in the synthesis 

of Cu3N nanocrystals. 

v. Study the effect of time on the colloidal synthesis of Cu3N nanoparticles. 

vi. Investigate the effect of adding dodecanethiol ligand on the colloidal synthesis of Cu3N 

nanocrystals. 

vii.  Test the photocatalytic activity of Cu3N against the products of sulfidation. 
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Chapter 2 

Literature Review 

 

1.   Introduction  

The discovery of the semiconductor effect in 1833 by Michael Faraday and the invention of a 

rectifier in 1874 by Karl Fernand Braun, gave rise to progressive technological advancement in 

almost all spheres ranging from energy, photocatalysis, communication, vacuum tube, transistor, 

integrated circuit, computer, microprocessor to electronic circuit and control technologies amongst 

others [1, 2]. Nanotechnology has demonstrated that miniaturization has a strong positive 

correlation to efficiency. One notable example is the size and speed of the computer. The first built 

computer, ENIAC, at the University of Pennsylvania, weighed 30 000 Kg [3] and had a speed of 

about 100 cycles per millisecond. A home computer today weighs less than 5 Kg with speed 

exceeding 1 000 000 cycles per millisecond. Sizes of materials have been reduced to almost 

infinitesimal hence cannot be visualized with the naked eye. Dimensions of nanoparticles (NPs) 

range from 1 to 100 nanometers (nm) [1] and their properties tend to differ from bulk. Whilst 

properties of bulk material remain constant irrespective of size, physical and chemical properties 

[2] of NPs vary due to quantum confinement. As a result of quantization, nanosized particles have 

presented fascinating features hence their application in fields such as chemical sensing [3], drug 

delivery [4], optoelectronics [5], nonlinear optics [6], photocatalysis [7], bio-imaging [8], 

photothermic and photodynamic therapy [9].  
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1.1 Semiconductors 

Semiconductors are materials whose conductivity increase with temperature [10]. Their structure 

is a result of overlapping of atomic orbitals (AO) to form bonding and antibonding molecular 

orbitals. The bonding molecular orbitals (BMO) make the valence band whilst the anti-bonding 

molecular orbitals (ABMO) constitute the conduction band. The valence and conduction bands are 

separated by an energy gap, referred to as the band gap (Bg) [10] as shown in Fig. 1. 

Semiconductors generally have band gaps that range between 0.3 and 3.8 eV [5]. This Bg is 

characteristic of each semiconductor and it has been shown that even for the same material, for 

example pure silicon, the Bg for the bulk material is different from that of its nanoparticles. Pure 

semiconductors like Si are referred to as intrinsic semiconductors. The introduction of impurities 

(dopants) in the matrix of a pure semiconductor gives rise to extrinsic semiconductors. The effect 

of adding a dopant like As atom, [Ar] 4s24p3 into the matrix of pure Si, [Ne] 3s2p2 introduces an 

extra electron which can migrate through the conduction band. Since the charge carriers (electrons) 

are negatively charged, the semiconductor experiences an n-type conductivity [11]. A dopant with 

fewer electrons like Ga, [Ar]4s24p1 increases the overall number of holes in the semiconductor 

hence giving rise to p-type conductivity [12]. The presence of dopants in a semiconductor leads to 

an alteration of the band gap of the material.   
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Fig. 1: Valence band from bonding molecular orbitals and conduction band from 

antibonding molecular orbitals. The band gap is indicated as the potential difference 

between the two bands.  

 

The transition of electrons between the valence and conduction bands can either be direct or 

indirect. Semiconductors that permit electrons to use the direct path with the least energy 

difference between the valence and conductions bands without changing momentum are said to 

have direct band gaps. Indirect band gaps are obtained when electrons are forbidden to follow the 

route of least energy difference between the two bands without a change in momentum. Fig. 2 

shows that momentum is conserved in direct transitions that occurred in gallium nitride but in 

silicon carbide, there was a change in the momentum hence indicating indirect transition of 

electrons between the valence and conduction bands [16].  
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Fig. 2: Shows direct band gap in gallium nitride NPs and indirect band gap in silicon carbide 

NPs [13]. 

 

At low temperatures, the majority of the electrons in a semiconductor occupy the valence band 

and very few or none are found in the conduction band.  In bulk materials, light absorption excites 

valence electrons to high density states in the conduction band [14] and this only happens if 

incident photons transfer enough energy for electrons to overcome the energy barrier (Bg). The 

excited electrons exit the highest occupied molecular orbital (HOMO) in the valence band, 

overcome the Bg and occupy the lowest unoccupied molecular orbital (LUMO) in the conduction 

band. The migration of electrons to the conduction band, leave holes in the valence band. When 

the size of a semiconductor is greatly reduced to the extent of quantization, charge carriers are 

limited within a potential well, which can be viewed as a óparticle in a boxô [15-17] resulting in 

quantum effects. This means that, bands split into quantized levels [18-20] as can be seen in the 

quantum dot in Fig. 3, which depicts size quantization in a semiconductor and shows that 

confinement occurs when the size diameter of a semiconductor is reduced below a critical size. 
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Fig. 3: Size quantization from bulk to quantum dot in a semiconductor. (Bg represent óband 

gapô). 

 

The size of the quantum dot (QD) has become so small to the extent that it is smaller than the first 

excited state hence, the electron-hole pair (exciton) generated by incident photon cannot fit within 

the particle unless higher kinetic energy is assumed [18] . Size confinement in a semiconductor 

leads to band gap widening hence, Bg1 < Bg2 <Bg3. The diameter of the QD is now smaller than 

the Bohr radius and it is this quantization effect that is responsible for the size-dependent optical 

and electronic properties of QDs. This has been demonstrated in PbS quantum dots [21] where 

size quantization resulted in the tuning of the band gap from infrared (0.41 eV in bulk) up to near 

ultraviolet region (5.2 eV in QDs) [22]. 

 

QDs are semiconducting nanoparticles with size diameter that are less than 10 nm [23] and 

confinement is dimensionless hence they are zero dimensional (0D). However, in semiconducting 

NPs, free motion of charge carries can be limited to one (quantum wires), two (quantum wells) or 

three (bulk) dimensions [24, 25] as illustrated in Fig. 4. 
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Fig. 4: Schematic representation of dimensionality in bulk (3D), quantum well (2D), 

quantum wire (1D) and quantum dot (0D). Corresponding densities of states versus energy 

are given below each diagram [26].  

 

The density of states( DOS) refers to the average number of energy levels in a given energy range 

and this is not uniform in a band due to variations in the packing of energy levels within a band as 

observed in Fig. 3. The energy levels can be predicted by considering the quantum mechanics of 

a particle in a linear box [10, 27], Schrºdingerôs equation for a particle moving in one dimension 

can be presented as; 

                                                                                                                                                                                                                                                                                                                                   

[‪ Ὁ‪                                        ρ       

Ὁ
ᴐ
 ὠὼ                  ς      

 

where; ɣ represents the wavefunction, Ǧ the Hamiltonian and E represents possible energy levels, 

ᴐ stands for the Planckôs constant (, m is the mass of the particle, x stands for the spatial 

dimension and V(x) represents the potential energy. If  L is taken as the length of the box containing 
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the particle, with the following set boundary conditions; V(0) = +Ð , V(L)  = +Ð and V(x) = 0 for 0 

< x < L, then using these boundary conditions yields the energy levels given by Equation 3;  

 

Ὁ  ὲ      ὲ ρȟςȟσȣ       σ   

    

where n stands for quantum numbers and (n ⱦ Z). Hence, where V = 0, the particle inside a one-

dimensional box only has kinetic energy and the permitted energies are shown in Equation 3 above. 

The particle in a box can be extended in other dimensions, like 2D and 3D. Resolution for the 

energy of an exciton, Eex is the same as that for a spherical particle in a box; 

 

Ὁ    
Ȣ

               (4)    

 

where: me and mh represent the masses of the electron and hole respectively, e is the charge of an 

electron, the radius of the spherical particle is R and Ů is the permittivity of the semiconductor. The 

boundary conditions for an exciton are the same as for the spherical particle in a box and are given 

as; V(r) = 0 for 0 Ò r < R and V(r) = +Ð for r Ó R. The energy levels of a spherical particle in a 

box are given by Equation 3. 

 

Hence, the energy gap Eg is;  Ὁ   
Ȣ
                               υ    

     Ὁ                                            φ    

  

Where;                                  Ὁ   
Ȣ
                                 χ     
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Hence;    Ὁ  
 

                      ψ    

  

An exciton is generated upon absorption of a photon with energy that is equal or above Eg. The 

charge carriers separate and the electron get promoted to the conduction band leaving behind a 

hole in the valence band. The electron recombines radiatively with the hole when it loses energy 

in form of a photon which is the main ingredient for photoluminescence. The rate of recombination 

is highly affected by factors such as defects or imperfections that act as recombination centers 

[28]. Defects play an important role in all solids as they affect major properties such as mechanical 

strength, chemical reactivity and electrical conductivity [29] of the solids. There are two major 

classifications of these defects, namely intrinsic and extrinsic defects. Occurrence of imperfections 

in pure solids give rise to intrinsic defects whilst extrinsic defects originate from the presence of 

dopants in the matrix of solids. As mentioned earlier, the presence of defects affects the rates of 

recombination and consequently the photoluminescence in semiconductors. The absorbance and 

emission reflect on the energy levels in NPs hence there is a need for monodispersity in samples.  

The absorbance of the NPs has been measured using the UV-Vis spectrometer and the emission 

using the photoluminescence spectrometer. Most reports, show that NPs absorb at wavelengths 

that are blue shifted compared to their corresponding bulk counterparts and that serves as evidence 

of size quantization [22, 30, 31]. The shape and surface chemistry play a role in the 

photoluminescence emission of NPs [32].  Emission spectra tend to be red shifted compared to the 

absorbance spectra [30] indicating that during relaxation, electrons emit less energy compared to 

absorbed energy as indicated in Fig. 5. 
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Fig. 5: Relaxation of carrier in a semiconductor. Frequency (v1) of absorbed photon and (v2) 

of emitted photon where h v1 > h v2 [33]. 

 

Quantum effects were observed in ɓ-In2S3 NPs that were synthesized by Kumar and Muralidharan 

[34]. The size of the NPs of 8.08 ± 3.76 nm was less than the Bohr radius (~34 nm) of ɓ-In2S3 [35] 

and due to quantum confinement, the band gap of the NPs of 2.45 eV was blue shifted to the bulk 

band gap of 2.0 eV [36, 37]. Further probing revealed a Stokes shift of 135 nm upon comparing 

the emission maxima to the excitation. The observed hypsochromic shift of the emission maxima 

with respect to absorbance describes photoluminescence Stokes (blue)-shift. Contrary to the law 

of conservation of energy [38, 39], bathochromic or anti-Stokes shifts [40-43] have been reported 

where the emitted photon has more energy (short wavelength) compared to  the excitation one 

(long wavelength).  
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Fig. 6: Schematic representation of photoluminescence (a) Stokes and anti-Stokes shifts and 

(b) typical anti-stokes shift processes [44]. 

 

This special capacity to capture long wavelength excitation photons and emit short wavelength 

ones has been applied in bio-imaging [45] as the long wavelength light can penetrate deep into 

samples and avoid background interference [44]. Anti-stokes photoluminescence can be explained 

in terms of; two photon absorption, thermal activation by Auger transitions and absorption of 

phonons. The left part of Fig. 6(b) shows that in the two photon absorption (TPA), two photons 

are absorbed in sequence [42, 46] with a frequency of v1 resulting in one higher energy photon of 

frequency v2 hence the molecule is excited from ground state (0) to a higher level (1) then goes 

back to ground state by emitting a higher energy photon. In thermal or hot band activation, the 

electron and hole recombine non-radiatively and the emitted energy adds on to the excitation of 

other charge carriers to higher states [47]. The right side of Fig. 6(b) can be explained by the up-

conversion process where the luminescence centers are able to absorb energies from two or more 

photons to generate one emission photon with higher energy than each individual excitation 

photon. In this process, a real excited intermediate state (2) exists which facilitates the process of 

photon absorption to act like a second-order elementary reaction, which has a higher degree of 

a b



17 

 

probability than the case of absorption of two photons simultaneously [48]. Another interesting 

feature that suffices as a result of quantization is the high surface area to volume ratio. The number 

of atoms on the surface compared to the internal ones is much greater in NPs compared to bulk 

material. This effectively increases the surface area to volume ratio hence nanomaterials have been 

used to support the targeting ligand in the delivery of anticancer drugs [49].   

 

2.  General synthetic routes 

Fig. 7 shows the two principal approaches in the synthesis of nanoparticles. 

 

Fig. 7:  Top-down and bottom-up approaches in the fabrication of graphene quantum dots 

(GQD) [49]. 

 

In the top-down approach (TDA), usually physical methods are employed to carve the bulk 

material to smaller parts until nanoparticles are obtained as depicted in Fig. 7. The direct 
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combination methods used tend to set conditions that are not favourable for the formation of 

monodispersed QDs or NPs. The reactants are larger in size compared to the NPs hence it takes a 

long time to reach equilibrium. Additionally, high temperatures tend to be used and this promotes 

growth and coarsening of nanoparticle, hence results in large crystals.  The common methods that 

are used in this approach include; lithography, sputtering, chemical etching, thermal or laser 

ablation, mechanical or ball milling, electrochemical exfoliation, arc discharge and plasma 

treatment. On the other hand, in the bottom-up approach (BUA), particles at atomic or molecular 

levels combine in an orderly manner resulting in the formation of nanoparticles.  In Fig. 7, 

Iannazzo et al. [49] went on to illustrate that small organic molecules react to form graphene QDs. 

Synthesis of nanoparticles in solution  has become popular for generating monodispersed and 

uniformly shaped nanoparticles. Atoms and molecules are less than 0.1 nm in size and as they 

interact and combine, small nuclei of the desired material are formed and they grow to form NPs 

or QDs with sizes that fall within 1-100 nm.  

 

Silicon is a well-known semiconductor with a band gap of 1.1 eV in its crystalline form [29] and 

has found sundry use in optoelectronic devices such as solar cells [50] and transistors [51]. 

Although Si-based semiconductors are efficient, relatively cheaper and easier to synthesize than 

most semiconductors, continued research has unveiled other semiconducting materials that can 

perform better than silicon. In semiconducting devices, binary semiconductors like GaAs have 

shown much faster response to electrical signals than silicon. Consequently, GaAs is preferred 

over silicon-based semiconductors in amplifying high frequency signals of satellite television [52]. 

In recent decades, there is been a spike in the synthesis and application of binary [53], ternary [54] 

and even quaternary [55] semiconductors.   
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Not much success has been achieved in the synthesis of metal nitrides as compared to metal 

chalcogenides like oxides mainly due to the fact that the enthalpy of formation of N3- is much 

greater than that of O2- [29]. Another set-back to nitride synthesis is its susceptibility to oxidation 

when exposed to water and air. It is for these reasons that there are numerous literature on the 

direct methods of synthesis of metal nitrides compared to solution-based methods of synthesis. 

Popular direct techniques such as magnetron sputtering [56-58] and chemical vapor deposition 

[59, 60] have been used successfully in the fabrication of thin films of metal chalcogenides. 

Sputtering techniques have been the most popular techniques in the synthesis of metal nitrides like 

Cu and Zn nitride films [56-58, 61-65] and, not much is known on the solution-based synthesis of 

these nitrides. The method of synthesis significantly influences the outcome of the reaction. Using 

physical methods to decompose Cu(NO3)2 yields Cu-oxides but thermolysis of the nitrate in 

organic solvents like octadecylamine gives rise to Cu3N [66]. Recently, researchers are 

increasingly turning to solution-based synthetic methods which facilitate the engineering of 

desired morphology and properties of the NPs. In solution, the reagents have high mobility and 

interact at an atomic level leading to the formation of NPs that can be stabilized by surfactants or 

organic molecules.  Hence, in this project, much focus was given to solution-based techniques but, 

a brief account of the popular physical methods in the synthesis of Cu3N will be given first.  

 

2.1 Sputtering Techniques 

Juza and Hahn first reported the successful synthesis of Cu and Zn nitride films in 1938 [67] and 

1940 [68] respectively. They employed the top-down method in reactive magnetron sputtering of 

Cu and Zn targets using pure nitrogen as working gas resulting in the deposition of Cu3N and 

Zn3N2 films respectively. All sputtering techniques are plasma-based and mainly involve the use 



20 

 

of a target that is subjected to accelerated energetic ions of an inert gas resulting in the ejection of 

atoms or tiny clusters from the surface of the target material. The ejected particles traverse through 

a vacuum and are deposited on a substrate where they grow into a film. An overview of the 

sputtering process reveals that there are basically two electrodes that are involved and Figure 2.8 

shows the substrate as the anode and the target as the cathode.  

 

 

Fig. 8: Sputter deposition of a metal oxide film on the substrate using a metal as the target, 

oxygen as the reactive gas and argon as an inert gas [69]. 

 

In order to make a metal oxide film, Kumar et al. [69] first evacuated the chamber in order to get 

rid of undesired particles. A mixture of argon and oxygen gas was then introduced and a negative 

charge was applied on the metal target generating free electrons into the surrounding plasma. The 

free electrons collide with Ar and oxygen atoms and knock off electrons hence forming positively 

charged ions which are attracted to the cathode (target) at high speed. Due to the great momentum 

of collision, atomic or small cluster sized particles are sputtered off the surface of the target into 

the plasma, react with oxygen and eventually get deposited on the surface of the substrate. The 

efficiency of the sputtering process is measured by the sputter yield (S) of atoms or ions. This is 
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given by the number of target atoms or ions that are ejected with respect to the momentum transfer 

of a single incident atom or ion. Usually, sputtering yields range between 0.01 - 4 and bear a 

positive correlation to the energy of the sputtering gas and the mass of the metal [70]. Hence, the 

greater the energy of the gas particles and mass of metal, the greater the sputtering yield.  

 

The sputtering process principally depends on the process of ion formation and ion focusing 

resulting in mainly three types; direct current (dc) [71], radio frequency (r. f.) [72] and magnetron 

[73] sputtering. Additionally, reactive sputtering [71] is brought about by the presence of a reactive 

gas. In the fabrication of Cu3N thin films, just like other metal chalcogenide films, the processes 

are combined and result in the formation of good films. The most popular technique that has been 

used to make Cu3N [57, 64, 72] and Zn3N [58, 65, 74] is reactive r. f. magnetron sputtering. 

Reactive in that in the chamber, there is a gas, for example N2 or O2, which react to form a 

molecular compound before deposition is achieved. The r. f. indicates that radio frequencies are 

employed. Here, alternating electrical current reverses charge build up in cases when current is 

continuously flowing in one direction. Magnetron sputtering involves the use of magnets to 

increase the velocity and action of charges ions. The magnets are placed behind the negative 

electrode to facilitate electron trapping by the negatively charged target. As such, free electrons 

are no longer available to bombard the substrate resulting in a faster rate of deposition.  Using the 

reactive radio-frequency magnetron sputtering technique, Toshikazu et al. [75] managed to deposit 

Cu3N films on fused quartz substrate. The deposition was initially set at a pressure of less than 

1x10-4 Pa, temperature of 100 °C, r. f. power of 100 W and N2 gas pressure of 0.4 Pa. This resulted 

in a maximum thickness of 500 nm Cu3N film with grain sizes ranging from 15 to 30 nm.  
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Fig. 9: SEM images of Cu3N films grown using reactive magnetron sputtering technique to 

yield average grain sizes of (a) 40 nm [76] (b) 15 nm [77] and (c) 40 nm (includes insert of 

image of film cross section) [78] respectively. 

 

The SEM images above show different films that were obtained by different researchers by 

sputtering Cu in the presence of nitrogen gas. Despite the great success in the film making of Cu3N 

that dates as far back as 1938, acquiring the equipment and its maintenance are both expensive. 

The targets are usually expensive and the heat that is generated from most of the incident energy 

on the target has to be removed. Appropriate vacuum conditions have to be reached in order for 

foreign particles to be removed to avoid contamination and this contributes to low sputtering rates 

compared to thermal deposition. The main challenge in the sputtering techniques is lack of control 

in engineering NPs in order to get the desired morphologies and properties. Once a reaction starts, 

it becomes impossible to obtain samples of films at different time intervals showing different 

atomic layer depositions. The reaction has to run till the end of the set time in order to obtain the 

films.   

 

 

 

cba



23 

 

2.2 Chemical vapor deposition 

In this method, a solid deposit is made on the surface of a substrate by subjecting it to volatile 

precursors which react or decompose on its surface under certain conditions. This technique is 

popularly used in thin and thick film fabrication and has found various applications in protective 

coatings, optoelectronic semiconductor devices, magnetic recording media, photocatalysis, energy 

generation, gas sensing, drug delivery and light emitting diodes amongst others. There are various 

types of chemical vapor deposition techniques (CVD) such as atomic layer deposition, plasma 

assisted CVD, combustion CVD (pyrolysis) and ultrahigh vacuum CVD. The underlying principle 

in all types of CVD techniques is that some form of reaction occurs resulting in the deposition of 

solid products. The differences between them are brought about by the source of energy that is 

used to induce and maintain the deposition reaction. Figure 2.10 shows a typical set up in a hot 

wall CVD. 

 

 

Fig. 10: A typical thermal CVD set-up for film deposition [79]. 

 

From the gas inlet, reactant gases are introduced into the reaction chamber that contains a clean 

substrate. Depending on the type of CVD, heat may be applied under a specified pressure and 
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reaction time. The reactants get adsorbed onto the surface of the substrate and react giving off a 

solid deposit and the by-products that are formed desorb from the surface and are evacuated 

through the gas outlet. Like any other chemical reaction, CVD reaction is only feasible if Gibbs 

free energy is negative at the set conditions [80]. Usually, the precursors used are organometallics 

or metal halides and although the organometallics are more volatile hence less energy consuming 

than the halides, they tend to introduce a higher level of contaminants compared to the halides due 

to fragmentation of associated ligands. Hence, care has to be taken in choosing the precursors as 

they influence the purity of the products, deposition temperature, growth rate and the structure of 

the film. The deposited products in CVD tend to be highly pure and deposition is achieved at 

relatively fast rates resulting in highly conformal films [81]. In a novel synthesis, Jammy et al. 

deposited highly conformal films in the CVD of TiN by passing titanium tetrachloride and 

ammonia over a silicon substrate at temperatures ranging from 350 to 800 °C [82]. CVD has also 

been manipulated in order to synthesize solids in powder form or as single crystals [83, 84]. The 

disadvantage with this technique is that very high decomposition temperatures of up to 2000 °C 

may be required and precursors and products of CVD can be highly toxic, corrosive or explosive. 

Fallberg [85] et al. [86] employed CVD in making Cu3N films using copper(II) 

hexafluoroacetylacetonate (C10H4CuF12O4), NH3 gas and water as precursors. The deposition was 

performed in a hot-wall reactor at temperatures ranging between 250 and 550 °C. The Cu source, 

H2O and NH3 were all introduced into the reactor in gaseous form (mixed  with Ar) through 

separate tubes and were allowed to react for a period of 1 hr. Films were deposited on clean SiO2 

substrates and characterization using XRD revealed that single phase Cu3N was synthesized up to 

400 °C. At 425 °C, a mixture of Cu3N and Cu were obtained but at 550 °C, single phase Cu was 

synthesized.   
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2.3 Solution-based Techniques 

The NPs obtained from the liquid phase approach are usually dispersed in appropriate solvents and 

are referred to as colloidal semiconductor nanocrystals. These can be obtained in high yield and 

can be used in spin coating, inkjet printing and device fabrication [87] due to their high throughput 

at a relatively low cost. Researchers have established that solution-based nanofabrication offers 

better control of the morphology and properties of the desired NPs and a much higher yield is 

obtained within a relatively short period of time compared to physical methods of synthesis. 

Furthermore, apart from being reliable, wet synthetic routes are more cost effective than physical 

methods like magnetron sputtering which require expensive equipment. As mentioned earlier on, 

solution-based synthesis [88] facilitate the engineering of desired morphology resulting in NPs 

with enhanced properties [2]. In solution, precursor atoms or molecules get solvated and mingle 

hence the diffusion distance is generally small resulting in fast diffusion and hence the fast rate of 

reaction. The atoms or molecules become the building blocks that react forming tiny particles that 

self-assemble resulting in the formation of the desired monodispersed nanoparticles at relatively 

low temperatures. This nano-synthesis follows the bottom-up method of synthesis illustrated in 

Figure 2.7 and, can take place in inorganic, organic or organic-inorganic environments [19].  

 

Chemical precipitation [20, 89] and hydrothermal [88, 90] approaches  are examples of aqueous 

methods that have proved to be environmentally friendly. Normally, very mild temperatures are 

used in chemical precipitation and that is detrimental to the process of shape evolution resulting in 

poorly shaped NPs. The hydrothermal chemical synthesis of NPs is a water-based heterogeneous 

process that is usually performed under high pressure in a sealed container at temperatures ranging 

from the boiling point to the supercritical point of water [91]. This process is referred to as 
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solvothermal synthesis if the water is replaced by other solvents which usually are organic 

solvents. In the hydrothermal/solvothermal chemical synthesis, a temperature gradient is 

maintained whereby the hot end facilitates the solubility of the precursors and as products are 

formed, they self-assemble and crystallize at the cold end [92]. These synthetic processes are 

greatly governed by the chemical nature of the solvents and additives and also by the chemical 

composition, structure and properties of the precursors. On the other hand, the reaction temperature 

and pressure employed control the thermodynamics of the reaction. The hydrothermal method of 

synthesis is very popular in the fabrication of metal oxide NPs [93-95] and a number of other 

semiconducting materials such as metal sulfides, phosphides, selenides and nitrides.  

 

Solvothermal synthesis is extensively used for colloidal synthesis of hybrid metal chalcogenides 

that incorporates organic and inorganic components. Relatively low temperatures are employed in 

the synthesis of organic-inorganic hybrid NPs to facilitate the integration of low molecular weight 

organic ligands into the inorganic nanoparticles formed without destroying the organic molecules. 

For this reason, researchers use functionalized capping agents that facilitate the chemical and 

physical design of the nanohybrids and alleviate agglomeration that occurs due to high surface 

energy. Depriving the colloidal system of surfactants can result in a continuous phase instead of 

discrete nano-units. Coordination of surfactant free NPs is incomplete making them to be highly 

reactive and hence leading to agglomeration. In the presence of coordinating ligands, the resultant 

nanoparticle-ligand entity is thermodynamically stable and its size is influenced by variations in 

type and concentration of capping agent. The surfactants or capping agents immensely contribute 

in regulating the growth and size of the NPs. The length of the surfactant has been shown to 

influence the size of the obtained NPs [96]. The length of the solvent molecules used also affects 
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the path of a reaction. Ammonolysis of copper (II) acetate monohydrate [Cu(C2H3O2)2ÅH2O] in 

short chain alcohols like CH3(CH2)4OH produced CuO NPs but under the same conditions, longer 

chain alcohols yielded Cu3N nanoparticles [97]. 

 

Some of the most widely used capping agents include oleylamine (OLA), octadecylamine (ODA), 

hexadecylamine (HDA), dodecanethiol (DDT), triethanolamine, quinolone and oleic acid [98]. 

The functionality of capping agents depends on their amphiphilic nature that is brought about by 

the existence of a polar head and a non-polar hydrocarbon tail. The head interacts with the metal 

atom or ion whilst the tail interacts with the solvent. O-terminated ligands like linolinic and oleic 

acids have been widely used in the synthesis of NPs. Bala et al. [99] prepared Ag NPs by reducing 

Ag2SO4 in NaBH4 in the presence of oleic acid and referred to the product as Ag hydrosol which 

precipitated out Ag NPs upon adding NaCl. The authors went on to prove that vigorous shaking 

of H3PO4 and a mixture of Ag hydrosols and cyclohexane results in a phase transfer in the oleic-

acid capped Ag NPs giving rise to Ag-organosols as shown in Scheme 1.   

   

 

Scheme 1: Diagramatic representation of phase transfer due to changes on the surface 

binding of   oleic acid on the surface of Ag NPs [99]. 

 

This study shows that depending on the orientation of oleic acid, chemisorption to the metal can 

occur through the double bond resulting in Ag hydrosols that easily disperse in aqueous media. 
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Alternatively, the oxygen atom on the carboxyl end of oleic acid can coordinate to the metal 

surface giving rise to Ag organosols that easily disperse in organic solvents. In order to obtain the 

desired morphology, scientists take advantage of the selective adsorption of capping agents in 

order to control the direction of growth of the NPs [100].  Tri-n-octylphosphine (TOP) and tri-n-

octylphosphine oxide (TOPO) are typical examples of p-terminated ligands that are famous in the 

synthesis of NPs. Kruszynska et al. used TOPO to study the effect of temperature on the size of 

the Cu2S NPs produced [101]. Colloidal synthesis of nanoparticles mainly involves the following 

stages; solvation, nucleation, growth and termination. Solvated precursor atoms or molecules react 

to form nuclei which can be allowed to grow till the growth is terminated by a reduction in 

temperature. The principal goal in a controlled solution-based nanocrystal synthesis revolves 

around simultaneous formation of a huge quantity of stable nuclei with extremely limited further 

growth. The nucleation and growth rates greatly affect the shape and size of the resultant 

nanoparticles. The more the growth stage is independent of the nucleation stage, the greater the 

probability of obtaining monodispersed NPs. For nucleation and growth to proceed appropriately, 

certain parameters such as pH, reaction temperature, time and capping agents need to be controlled. 

 

 

Scheme 2: Diagrammatic representation of (a) solvated atoms or molecules, (b) formation of 

clusters, (c) nucleation and (d) growth of nanoparticles in solution-based nanoparticle 

synthesis. 

 

a b c d
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According to thermodynamics, nanocrystals grow towards a shape of minimum energy at 

equilibrium. Therefore, before the reaction has established the equilibrium stage, metastable 

nanocrystals of various shapes can be arrested from the reaction by varying the reaction conditions 

[102]. High temperatures promote nucleation whilst lower temperatures facilitate the growth 

process. It has been established that the process of nanocrystal formation is kinetically driven and 

this is based on relative growth rate [102]. The resultant shape in nanosynthesis plays a major role 

in surface chemistry. For example, if cubes are obtained, they offer a higher surface area to volume 

ratio compared to a sphere of the same volume [103]. The exposed óactiveô surface area plays an 

important role in areas such as catalysis, chemical and biological sensing,  

 

 

Scheme 3: Shape evolution of nanospheres and nanocubes due to different reaction 

conditions [103]. 

 

A major setback in solution-based synthesis is Ostwald ripening. Here, smaller nanoparticles re-

dissolve and their solvated species recrystallize onto the larger particles resulting in polydispersed 

NPs with a relatively low nanoparticle count. This undesirable Ostwald ripening can be prevented 

by including surfactants or capping agents that assist in stabilizing the formed nanoparticles. Stable 
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nanoparticles will undergo very little or no further growth and re-dissolution is minimized due to 

formation of stable clusters hence monodispersed NPs are obtained. In order to obtain a high yield, 

the solubility of the NPs must be low and this is achieved by setting the correct temperature, 

solvent, pH and surfactant. Colloidal synthesis of the NPs was best described in the model that 

was proposed by Lamer and Dinegar as illustrated in Fig. 11. 

 

 

Fig. 11: Lamer and Dinegar diagram representing the mechanisms in colloidal synthesis 

[104]. 

 

Different approaches have been used in the colloidal synthesis of nanoparticles which include hot 

injection, seed-assisted growth and direct heating methods. In hot injection, usually a solvated 

ionic precursor is quickly injected into a solvated precursor at a high temperature resulting in a 

flood of nuclei (as a result of supersaturation) which grow spontaneously to give NPs of almost 

the same shape and size [105]. The temperature of the injected precursor is usually lower than the 

temperature of the solvent in the reaction vessel hence upon injection, the overall temperature of 
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the mixture decreases and is subsequently increased in order to facilitate growth of the nuclei to 

mature NPs. High quality nanoparticles have been obtained using the hot-injection method [105, 

106] however, the drawback of this method is that it cannot be readily scaled up. As mentioned 

earlier, rapid nucleation at a high temperature is a requirement in the hot-injection method and as 

greater volumes are injected, the reagents mixing time is increased and will vary between users 

and between batches hence affecting the initial reaction kinetics. As such, as greater precursor 

volumes are used, it becomes more difficult to reproduce the high-quality NPs obtained in small 

batches.  

 

The seed-mediated growth is a heterogeneous process that involves the synthesis of seed 

nanoparticles and their growth. Nucleation is distinctly separated from growth as seeds are pre-

formed before they are introduced into a growth solution. Growth of the seeds [107] is 

accomplished in the presence of solvated metal precursors, reducing agents and shape directing 

agents. Seed-mediated growth is popular in the controlled synthesis of well-designed metal NPs 

like Au NPs [108-111]. Its greatest advantage is that specific highly crystalline seeds can be chosen 

and subjected to growth conditions that allow a specific design and size of NPs to be obtained. As 

this method involves a period of growing seeds, selecting the desired design and growing the seed, 

it tends to be cumbersome, time-consuming and results in a relatively low yield that is directly 

correlated to the seeds that were introduced in the growth solution.  
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Fig. 12: Shows (a) TEM image of Cu2S nanoparticles synthesized using the hot injection 

method [101] and SEM images of Ag (b) nanocubes and (c) cuboctahedrons formed after 10 

min in 0.1 mM PVP55 respectively using the seed mediated approach [112].  

 

The direct heating up approach offers an environmentally friendly, less cumbersome, highly 

controllable and scalable route in the synthesis of high quality NPs. This is a one-pot approach 

where all the precursors are mixed and heated in a controlled manner to prompt nucleation and 

growth of NPs. As heat increases, the precursor molecules are thermodynamically driven to 

decompose and generate monomers which at the right temperature are triggered to form nuclei that 

will subsequently grow into NPs as heating continues [113]. Conditions have to be carefully 

controlled such that at the right temperature, burst nucleation is accomplished in a short period of 

time and the growth phase has to occur independently of the nucleation stage in order to promote 

monodispersity of the formed NPs. Nanoparticles formation is usually achieved at elevated 

temperatures and this involves a heating period prior to nucleation. If precursors are very reactive, 

they start to nucleate at low temperatures before reaching the desired temperature hence promoting 

polydispersity and, if very stable precursors are used, then a low nuclei count is attained and growth 

rate becomes too fast to control [114]. Hence, careful consideration of the chemistry of precursors 

and coordinating ligands has to be done in order to ascertain a smooth sailing in the burst 
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nucleation process and in the composition of the resultant NPs. Through years of research, suitable 

conditions have been established to suit scalable industrial synthesis of high quality 

semiconducting NPs like CuInS2 [115, 116], CdSe [117], MnS [118], GaP [119] and InAs [120]. 

One of the challenges that are faced in the synthesis of Cu3N nanoparticles is the oxidation due to 

the presence of oxygen and water during the synthesis process, especially at elevated temperatures. 

As such, all precautions have to be taken in order to avoid every possible introduction of air and 

moisture into the reaction vessel. It is for this reason that reports that involve the hot injection 

method are rare in the synthesis of Cu3N NPs but direct heat up methods have proved to be very 

successful.   

 

2.4 Single-source precursor method 

The synthesis of NPs using single-source precursors has been reported as far back as 1996 by 

Trindade and OôBrien [121]. This method has been well established in the preparation of II-VI, 

III -V and II-V semiconducting NPs. This method involves the use of single-source precursor 

molecule that contains all the elements that are required for the synthesis of the desired NPs. The 

aim is to synthesize high quality, defect free and monodispersed NPs from carefully designed 

precursors that ensure reproducibility and facile decomposition at relatively low temperatures. The 

single-source precursor method poses quite a number of benefits over the conventional methods 

of synthesis. Since the precursor contains all the chemical ingredients that are required to form the 

nanoparticles, the route avoids introduction of precursors once the reaction has started. This way, 

introduction of air is avoided hence promoting the reaction to proceed under anaerobic conditions. 

This is a necessary requirement especially in cases where air sensitive precursors would have been 

used. Single-source precursors are usually organometallic molecules that are air stable and non-
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toxic [122] hence eliminate the use of toxic salts such as PtCl2. Since the molecules are 

organometallic in nature, decomposition can occur at relatively low temperatures [123]. Another 

positive aspect about the use of a single precursor is the reduction in impurities hence facilitating 

the cleaning process of the acquired nanoparticles [124]. This method is an efficient route to 

producing high quality, crystalline semiconducting nanomaterials that are monodispersed [122]. 

In the synthesis of CdSe nanoparticles, the researchers used only one source that provided both the 

required Cd and Se elemental species. 

 

 

Scheme 4: The synthesis of CdSe nanoparticles from a single-source precursor [121]. 

 

Scheme 4 shows that in the molecule of the complex methyl-diethyldiselenocarbamato 

(C6H13NOS2), the Cd already bonded to selenium hence facilitating the formation of the CdSe 

nanoparticles. This technique is best suited for large scale production [125] and offers an 

alternative route from the use of hazardous compounds like Cd(CH3)2 [126] and H2Se [127]. The 

synthesized CdSe nanoparticles showed blue shifting with a band gap of 2.70 eV which is greater 

than that of the bulk material of 1.73 eV. In another synthesis, Costa [128] initially synthesized 



35 

 

two tin complexes (Scheme 5) and after characterization, used them as single-source precursors in 

the synthesis of SnS nanometric particles.  

 

   3SnR2Cl2 + 3Na2S          Sn3R6S3 + 6NaCl     (9) 

   4SnRCl3 + 6Na2S           Sn4R4S6 + 12NaCl    (10) 

where R =Me, Bu or Ph 

 

Infrared spectroscopy, nuclear magnetic resonance spectroscopy and elemental analysis were used 

to characterize the complexes and the collected data matched that of known structures that are 

represented in Scheme 5 below. 

 

  

 

  

 

 

Scheme 5: Ring and cage structures of R6Sn3S3 and R4Sn4S6 complexes for use as single-

source precursors in SnS NPs synthesis [128]. 

 

The complexes were then subjected to thermal decomposition and SnS NPs were formed as 

illustrated in the equation below; 

 

   Bu4Sn4S6   4SnS + volatile products   (11)   
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Powder XRD analysis showed the presence of polycrystalline SnS nanoparticles of an average 

calculated crystal size of 45 nm.  In the synthesis of colloidal Bi2S3 nanocrystals, Koh [129] 

separately performed thermolysis of bismuth (III) tris(N,N-diethyl dithiocarbamate 

[Bi(S2CNEt2)3] and chlorobismuth (III) bis(pyrroline dithiocarbamate) [Bi(S2CN(CH2)4)2Cl] 

complexes in ethylene glycol [(CHϜOH)Ϝ] at 197 °C to obtain nanorods of an average diameter of 

20 nm and 70 nm respectively. Onwudiwe and Ajibade [130] reported the synthesis of ZnS, CdS 

and HgS from single-source precursors, ML1L2 (where M = Zn, Cd, or Hg; L1 = N-ethyl-N-phenyl 

dithiocarbamate and L2 = N-butyl-N-phenyl dithiocarbamate). The thermal decomposition of the 

complexes in HDA at 180 °C produced nanoparticles of sizes ranging from 10 to 30 nm. The use 

of thiourea metal complexes as single-source precursors in the synthesis of nanoparticles is 

increasingly becoming popular. Sb(III)-thiourea [131] complex was synthesized, dissolved in 

CHϝOH and then thermally decomposed at temperatures ranging from 120-150 °C to give stibnite 

(Sb2S3) nanorods which grew in size upon increasing reaction time. In another study [132] near 

spherical HDA capped CdS nanoparticles by thermolysis of cadmium dithiocarbamates, 

[Cd(S2CNC5H10)2] and [Cd(S2CNC9H10)2] at 140-180 °C were obtained. Moloto et al. [133] 

reported on the synthesis of HDA-capped ZnS nanoparticles at 180 °C using Zn(II) complexes of 

N,N-diisopropylthiourea and N,N-dicyclohexylthiourea as precursors. Also reported are the Cd(II) 

thiourea complexes, [Cd(CH3COO)2(SC(NHC6H11)2)2] and [Cd(CH3COO)2(SC(NHC3H7)2)2] 

used as sources of Cd and S in CdS NPs synthesis [134]. Thermal decomposition of the complexes 

in HDA at 180 °C produced NPs with sizes ranging from 2-5 nm. Malik and co-workers [135] 

compiled some work on single-source precursors that have been used to obtain semiconducting 

materials of the main group elements. Of interest to the current study is the synthesis of group (III) 

nitrides. Azide complexes like MeGa(N3)3 [136] are nitrogen-rich but pose a threat of exploding 
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upon hydrolysis of the Ga-N3 bond. Recommended in the study is the use of Lewis base-stabilized 

compounds like [(N3)2Ga(CH2)3NMe2] [137] to synthesis GaN. In the current study, Cu3N 

nanoparticles were synthesized from Schiff base complexes for example, [((C3H7)-N=CH-

C4H3N)2M]. The complexes provide both the metal and the nitrogen required in the synthesis hence 

greatly reducing the chances of formation of other metal compounds. 

 

The first report on Schiff-bases by the Italian chemist, Hugo Schiff in 1864 opened up an 

interesting area of research. Research has shown that these compounds can be used in 

homogeneous and heterogeneous catalysis [138], nitrification inhibitor activities [139] and 

antimicrobial activities amongst others. Schiff bases are organic or organometallic compounds that 

contain the azomethine group (HC=N) and can be formed easily through a reversible condensation 

reaction between primary amines and ketones or aldehydes upon heating or under the catalytic 

influence of acids or bases. Schiff-base ligands have made a huge contribution in coordination 

chemistry due to their ability to stabilize metals in different oxidation states during complexation. 

Amongst the known types of Schiff-base ligands are the closely related salicylaldimines and 

pyrrolylaldimines that mainly differ in their chelating groups as shown in the diagram below. 
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Scheme 6: Structures of Schiff-bases; salicylaldimine (a) ligand and (b) complex and, 

pyrrolylaldimine (c) ligand & (d) complex. [M = metal and R, R1 = alkyl groups]. 

 

The salicylaldimine chelates through N, O to metals but chelation is achieved through N,N in 

pyrrolylaldimine. Intense studies have been done on the chemistry of salicylaldimines but 

pyrrolylaldimines still need to be explored. As such, this study focused on the synthesis and 

characterization of pyrrolylaldimines and used them as precursors in the synthesis of metal nitride 

NPs. Of great interest is their ability to form both mono and bis- pyrrolylaldimines and this depends 

mainly on the steric properties of the associated ligand or ligands and the nature of metal salt. In 

Figure 2.15, only the mono Schiff-base complexes are given but Scheme 7 shows the structure of 

a bis- pyrrolylaldimine complex. 
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Scheme 7: Structure of bis-pyrrolylaldimine Schiff -base complex. [M = metal and R1 = alkyl 

groups]. 

 

Generally, Schiff-base ligands are synthesized from a condensation reaction between an aldehyde 

and an amine. The ligands are then exposed to a metal salt in the presence of a catalyst or elevated 

temperatures to yield Schiff-base complexes. Perez-Puente successfully synthesized a bis-

pyrrolylaldiminato Ni(II) complex from a salt of a ligand and NiBr2(1,2-dimethoxyethane) [140]. 

 

 

Scheme 8: Structure of a bis-pyrrolylaldiminato nickel (II) complex [140]. 
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An interesting neutral pyrrolylaldimine complex was synthesized by van Stein et al. [141] when a 

1:1 ratio of ZnSO4 and H2N2N2 methanolic mixture was reacted with two equivalents of KOH. 

The resultant product is shown below.  

 

 

Scheme 9: Structure of a Zn2(N´
2 N2)2 pyrrolylaldimine Schiff -base complex. For Zn2(1)2, R 

= (R)(S)- 1,2-cyclohexane and for Zn2(2)2, R = 1,2-ethane [141]. 

 

If the metal is replaced by Cu, then the pyrrolylaldimine Cu(II) complexes become candidates for 

the synthesis of Cu3N nanoparticles using the single-source precursor method as they possess both 

Cu and N.  However, to become good candidates, complexes should not be too stable as very high 

decomposition temperatures will be required and at high temperatures, the nitride decomposes to 

copper. Furthermore, the toxicity and any hazardous effects of the by-products have to be carefully 

analyzed. Schiff-base complexes have been used successfully in the synthesis of nanoparticles. In 

their investigation, Aazam and El-Said [142] initially synthesized 2,3-bis-[(3-ethoxy-2-

hydroxybenzylidene)amino]but2-enedinitrile ligand from a condensation reaction between 2,3-

Diaminobut-2-ene-dinitrile and 3-ethoxy-2- hydroxybenzaldehyde. Complexation was achieved 

by separately reacting the obtained ligand with Cu and Ni acetate solutions in CH3OH resulting in 
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the formation of 2,3-bis-[(3-ethoxy-2-hydroxybenzylidene)amino] but-2-enedinitrile copper and 

nickel complexes as shown in Scheme 10. 

 

Scheme 10: Ligand formation and complexation to form 2,3-bis-[(3-ethoxy-2 

hydroxybenzylidene)amino]but-2-enedinitrile metal complex (M= Cu or Ni) [142]. 

 

The authors then went on to use the Cu(II) and Ni(II) Schiff-base complexes as single-source 

precursors in the synthesis of Ni and Cu NPs. The NPs were obtained after thermal decomposition 

of the complexes for 1 hour using triton X-100 as a surfactant and triphenylphosphine as a reducing 

agent. TEM images showed that irregular shaped Cu and Ni NPs were obtained with size diameters 

of 25 and 28 nm respectively. 
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Fig. 13: TEM images of (a) Ni and (b) Cu NPs obtained using thermal decomposition of Ni 

and Cu Schiff-base complexes [137]. 

 

In another study, [Co(C16H11N3O4)].12H2O and [Fe(C32H22N4O2)]·2H2O Schiff-base complexes 

were thermally decomposed to give Co3O4 and ɔ-Fe2O3 NPs with average sizes of about 30 and 

9 nm respectively [143]. ZnO NPs have been obtained by thermal decomposition of Zn(II) N4-

tetradentate Schiff-base complex at 400 °C.  

 

3.  Metal nitrides 

Although metal nitrides are not as abundant and not as well studied as other compounds like metal 

oxides, they have very important applications [144]. Due to their stability and high melting points, 

AlN, TaN and TiN are used in refractory ceramics.  TiN, ZrN and CrN are used as wear resistant 

coatings for they remain stable even when exposed for a long time to humid conditions and 

temperatures of about 60 °C.  In optoelectronics, the most used nitrides are GaN and InN that have 

shown remarkable semiconducting properties. Al, Ga and In are group III elements and their 

nitrides [145] exhibit direct band gaps of 6.2 eV, 3.4 eV and 1.9 eV respectively. Doping has 

resulted in InGaN and AlGaN systems where variations of quantities of Al and In have resulted in 

tunable band gaps where absorption occurs from the ultraviolet, the whole of the visible region 
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right into the infrared spectra. Nevertheless, the problem is the relatively low earthôs crust 

abundances [146] of Ga and In approximated to be 0.00190% and 0.000025% respectively. It is 

important to consider the abundance and availability of raw materials required to synthesize the 

semiconducting materials. As shown above, elements like In and Ga are scarce; hence there is a 

need to seek alternative elements that are more abundant and environmentally friendly. More 

abundant elements like Cu, Zn and N with crust abundances [146] of 0.0047%, 0.0083% and 

0.0019% respectively make good candidates for use in applications such as photocatalysis and 

photovoltaics.  

 

Different synthetic methods have been used in the synthesis of Cu and Zn nitrides. Chemical 

methods have been used to directly react Zn with NH3 [148-150]  on quartz substrates to obtain 

Zn2N3 thin films with a wide band gap of 3.2 eV [149] and this is thought to be caused by the high 

ionicity of the Zn-N bond. Zn3N2 empty balls with an average size diameter of about 3-5 µm were 

obtained by nitridation of zinc powders at 600 °C for 120 min under ammonia gas [149, 150]. 

Zn2N3 thin films have been synthesized by reactive radio frequency (rf) magnetron sputtering [65, 

151, 152] with indirect band gaps of 1.23 eV [65], 2.12 eV [151] and 1.01 eV (direct) [152]. A 

mixture of N-Ar gas was introduced as the sputtering gas with varying concentrations of N2 from 

5-100% targeting Zn discs. Borosilicate glass was used as the substrate and the temperature was 

kept at 423 °C with rf power at 25 W [65]. On the other hand, thermally stable Cu3N thin films 

[153, 154]  with band gaps of 1.85 eV [153] were grown by reactive rf magnetron sputtering at 

variable concentrations of nitrogen gas. These synthetic methods employ relatively high 

temperatures or high power resulting in high production costs. Colloidal synthetic techniques offer 

cheaper synthetic routes which can greatly cut down on the costs.   
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In another research, Futsuhara [65] reported a band gap of 1.23 eV for Zn3N2 thin films. 

Nanoneedles [155] with tips of 30-70 nm and stem ranging between 200-300 nm were synthesized 

by nitridation of ball-milled zinc powders for two hours at 600 oC under ammonia gas. Zn3N2 thin 

films have been synthesized but reported work on its nanoparticle synthesis and characterization 

has not been well explored. Cu3N nanoparticles are considered to be semiconducting materials and 

are used as conductive ink [97] that are stable to oxidation. According to Du [153] Cu3N may show 

excellent semiconductor behavior depending on the percentage of Cu in the sample. Samples with 

76.9 % Cu gave a band gap of 1.85 eV. Cu3N has been reported to be metastable with an enthalpy 

of formation of +71 KJ/mol [156] and decomposes at temperatures above 280 °C. Although not 

much research has been done on synthesis and characterization of colloidal Cu3N nanoparticles 

[153, 154, 157] and Zn3N2 nanoparticles [158, 159], there is no evidence of researchers who have 

used Schiff base complexes as single-source precursors in the synthesis of Cu3N nanoparticles. 

 

Over the years, solution-based synthesis of Cu3N has been achieved in different media and until 

recently, synthesis of Zn3N2 NPs had been confined to solid-state based methods of synthesis. Wu 

and Chen [157] demonstrated that size control can be accomplished by varying capping agents. In 

this study, the authors used primary amines, namely hexadecylamine (C16H35N), octadecylamine 

(C18H39N) and oleylamine (C18H37N) which acted as both solvents and capping agents. The 

hexadecylamine (HDA) and octadecylamine (ODA) are both saturated but only differ in chain 

length. On the other hand, octadecylamine and oleylamine (OLA) both have an 18 C chain but 

OLA unlike ODA is unsaturated. Cu(NO3)2.3H2O was thermolyzed in these amine in the presence 

of octadecene (OD). In each case, the temperature was set at 150 °C for 3 hours and then raised to 

250 °C for 30 min. OD was required in order to slow down the nucleation that occurred during the 
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3 hours at 150 °C and this was evidenced by the change of color from blue, to green and finally 

yellow. After the nucleation, growth was then prompted by slowly increasing the temperature to 

250 °C and maintained for 30 min yielding cubic Cu3N nanocubes and this shows that a ripening 

process was required. The growth process was terminated by reducing the temperature after which 

the nanocubes were washed in alcohol. Cu3N nanocubes with average sizes of 26.0 ± 5.6, 18.6 ± 

2.3 and 10.8 ± 2.7 nm were obtained in the presence of ODA, HDA and OLA respectively. The 

longer chained amine (ODA) resulted in bigger NPs compared to the shorter chained HDA that 

resulted in smaller sized NPs. Although the unsaturated OLA has an 18 C chain, it resulted in the 

smallest sized nanocubes. The success of the formation of the nanocubes was due to the slow 

growth that was facilitated by the presence of octadecene and the preferential binding of the 

primary amines to the 100 facets of Cu3N. Nanocubes were not obtained when synthesis was 

realized separately in the amine ligands alone or in octadecene but rather, ill-defined Cu3N 

nanoparticles were obtained. 

 

It has been noted that till now, that only two studies have reported the successful colloidal synthesis 

of Zn3N2 nanoparticles [158, 159]. Both studies were performed under highly inert conditions 

where a series of injections of diethylzinc [(CϜH5)2Zn] into a mixture of 1-octadecene:oleylamine 

in a ratio of 30:1 mL were performed in an NH3-rich environment at 225 °C. Analysis of TEM 

images revealed that the sizes of the obtained nanoparticles increased as the number of injections 

increased. Ahumada-Lazo et al. [159] obtained well-defined quantum dots with the largest 

particles measuring ~8.9 nm but, the shapes of NPs (average size of ~8 nm) that were obtained by 

Taylor et al. [158] were not well-defined and the particles were not stable under the electron beam. 

Optical studies revealed that, as the size diameter of the Zn3N2 quantum dots increased from 2.7 



46 

 

to 8.9 nm, the band gap decreased from 3.2 to 1.5 eV [159]. A lot of controversy still exists over 

the optical properties Zn3N2 as band gaps ranging from 0.9 [160] to 3.36 [161] eV have been 

reported. Zn3N2 has not yet been well-studied hence its properties are not yet well-established 

meaning that many gaps still need to be filled to facilitate its application in the growing field of 

Nanotechnology. 

 

Most of the colloidal synthesis of Cu3N has been based on the thermal decomposition of Cu(NO3)2 

in octadecylamine [66, 157, 162-164] only or mixed with OLA, HDA or with a solvent like OD 

[164]. Nearly perfect nanocubes were obtained in cases where ODA was used as a capping agent. 

Barman et al. [165] and Wu and Chen [157] obtained ill-defined nanocubes when OLA was used 

as a capping agent. For applications such as electrocatalysis, Mondal and Raj [166] proposed the 

use of shorter chained and lower boiling point coordinating ligands like hexamethylenetetramine 

(HTA) as a solvent and a reducing agent in order to avoid passivating the surfaces and hence 

hindering the catalytic activity of the NPs.     CuCl2 and an unstable azide (NaN3) were reacted in 

toluene and tetrahydrofuran (THF) at temperatures not exceeding 185 °C in stainless steel high-

pressure reactors and the total period was about 3-5 days [167]. The Cu3N obtained was highly 

agglomerated but isolated cases of nearly cubic NPs were seen from the SEM images provided. In 

another study, quasi-spherical NPs of about 80 nm were obtained when HTA was added to 

Cu(NO3)2.5H2O in n-hexanol in a quartz pressure tube and heated for 60 min at 200 °C [166]. The 

agglomeration that is observed in the obtained Cu3N is explained by the poor coordinating nature 

of the alcohols, toluene and THF and this was observed also when nitridation of CuO was realized 

in CH3OH and NH3 [168]. An interesting synthesis of Cu3N and other nitrides (CoN and Ni3N) 

was performed in pyridine at a very low temperature of 130 °C [169]. Initially, liquid NH3 and 
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KNH2 were added to CuI in pyridine at -35 °C and the mixture was warmed to room temperature 

resulting in the formation of a colorless solution of Cu(NH2) complex. The solution was then 

quickly warmed and refluxed for 30 min at 130 °C resulting in a brown suspension. Purification 

using acetonitrile resulted in a brown powder with a high yield of 90-95%. TEM image analysis 

revealed well dispersed spherically-shaped NPs with a size diameter of 4.2 ± 0.7 nm. This was 

facilitated using moderately coordinating and weak alkaline nature of pyridine which allowed the 

control of particle nucleation and promoted ammonolysis at low temperatures. Ultra-small, well-

dispersed spherically-shaped Cu3N NPs of about 2 nm were obtained in a study where Cu (II) 

methoxide was reacted with benzylamine (CϠHϟCHϜNHϜ) at a low temperature of 140 °C for 15 

min [170].  

 

Synthesis of Cu3N has also been achieved in long chain alcohols [97, 171, 172]. Cu3N nanorods 

were obtained by bubbling ammonia gas for 40 min through a mixture of 1-nonanol containing 

CuC10 and CuC2 separately [172]. The study that was performed by Nakamura et al. [97] revealed 

that nitridation of copper (II) acetate in relatively short-chained alcohols like 1-pentanol resulted 

in the formation of CuO but long chain alcohols like 1-heptanol or longer gave rise to Cu3N NPs. 

It is worth noting that the NPs obtained in alcohol solutions did not have well-defined shapes like 

the nanocubes that were obtained in ODA. 
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Fig. 14: Cu3N NPs obtained through, (a and b) calcination of copper (II) acetate and urea 

[173], (c) thermolysis of Cu(NO3)2 in ODA [157] and (d) nitridation of a Cu complex (CuC10) 

in 1-nonanol [172].  

 

Lately, there have been a few reports on the synthesis of Cu3N using urea as a nitrogen source 

[171, 173]. Cu3N was obtained by calcining copper (II) acetate (Cu(OAc)Ϝ) and urea [173] at 300 

°C. The authors indicated that, well-defined nanocubes of about 100 nm were formed but this could 

not be verified from the provided TEM images due to agglomeration (Fig. 14 (a) and (b)). Overall, 

from the micrographs, it has been observed that Cu3N NPs that were obtained through 

solvothermal synthesis are well dispersed and well defined when amine coordinating ligands, 

especially ODA were used as capping agents. The well dispersed and nearly monodispersed 

nanocubes have been reported to be optically active and hence are good candidates in the 

optoelectronics, photocatalysis and energy generation amongst other applications. 

 

4.  Application in Photocatalysis 

The robust research in nanotechnology is gradually increasing the answers to human problems 

especially in sectors like energy generation, gas sensing, wastewater management and water 

treatment. An increase in the world population has an adverse effect on environmental pollution 

and if not properly managed, water pollution can get out of hand to the extent that it becomes a 

(d)
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health hazard to human, animal and aquatic life. Nanotechnology is playing a major role in coming 

up with solutions in water treatment by unveiling, through research, various nanomaterials that 

have remarkable photocatalytic properties. If cost effective means of water purifications are put in 

place, it will alleviate problems like drought, water shortage and water borne diseases that arise as 

a result of pollution.  

 

Research has shown that some materials can act as photocatalysts by absorbing visible light and 

catalyzing degradation of pollutants such as organic dyes in water.  TiO2 NPs, with a band gap of 

~3.2 eV [174] have exhibited high photocatalytic activities specially when doped as this widens 

the absorption region in the visible spectra.  The efficiency of a photocatalyst is measured by its 

ability to transform solar energy into chemical energy and this energy will then be used for 

applications such as hydrogen or energy production, water treatment and carbon dioxide cleavage 

amongst others. Various nanoparticles are still being investigated for their photocatalytic activities 

including Cu3N, Cu2S and Cu9S5. Intense use of nanoparticles has taken precedence over bulk 

materials due to the high surface area to volume ratio as a result of quantum confinement. In 

heterogeneous catalysis, the photocatalytic reactions occur on the surface of the nanomaterials in 

a solution-based environment.    

 

4.1 Mechanism of photocatalysis 

Commercially important dyes like azo dyes make up more than 60% of dyes that are used in mostly 

textiles and leather industries and about 10-15% of these dyes are not used up hence end up 

polluting the environment [175]. Azo dyes are water soluble organic compounds with an azo 
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chromophoric group (ïN=N-) that is usually found bonded to aromatic rings. The color of these 

dyes is quite intense and it can be visible to the naked eye even at very low concentrations [176].  

 

N
N

OH  

Scheme 11: Representation of the general structure of an azo dye. 

 

The presence of dyes in aquatic systems compromises the quality of water and it reduces the 

intensity of sunlight reaching aquatic plants hence negatively affecting the concentration of 

dissolved oxygen that is required for aerobic respiration. Amongst the most commonly used azo 

dyes are basic red 18, methylene orange, methyl blue, direct blue 1, dinitroaniline orange, and 

pigment orange dyes. Benzidine derived azo dyes have been reported to be carcinogenic [177, 

178]. Several methods have been employed to treat dye in polluted water and these include 

adsorption, oxidation and reduction, reverse osmosis, precipitation and biological methods and 

some of these are indicted in Table 1 below.  

 

Table 1: Advantages and Disadvantages of current methods of dye removal from industrial 

effluents [179] 

Physical/Chemical 

methods 

Advantages Disadvantages 

Fentonôs reagents Effective decolorization of both 

soluble and insoluble dyes 

Sludge generation 

Ozonation Applied in gaseous state: no 

alteration of volume 

Short-half-life (20 min) 
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Photochemical No sludge production Formation of by-products 

Cucurbituril  Good sorption capacity for various 

dyes 

High cost 

Electrochemical 

destruction 

Breakdown compounds are non-

hazardous 

High cost of electricity 

Activated carbon Good removal of a wide variety of 

dyes  

Very expensive 

Peat Good adsorbent due to cellular 

structure 

Specific surface areas for adsorption 

are lower than activated carbon 

Wood chips Good sorption capacity for acid dyes Requires long retention times 

Silica gel Effective for basic dye removal Side reactions prevent commercial 

application 

Membrane filtration  Removes all dye types Concentrated sludge production 

Ion exchange Regeneration: no adsorbent loss Not effective for all dyes 

Irradiation  Effective oxidation at lab scale Requires a lot of dissolved oxygen 

Electrokinetic 

coagulation 

Economically feasible High sludge production 

 

Sludge is mainly made up of organic and inorganic materials that contain fungi and protozoa. The 

organic matter, just like organic dyes, is degraded by photocatalysts leaving the inorganic waste 

which can be removed using analytical methods. Photocatalytic activities of various nanomaterials 

have been explored in degrading azo dyes [7, 180-182]. Materials such as TiO2 and ZnO are 

popular photocatalysts that have been used to degrade dyes [181-184]. Other nanomaterials that 

have been used successfully to degrade azo dyes include PbO [185], ZnO-Eu [186], CuS [7] and 

SnS [187]. In particular, photocatalytic activities of NPs has been investigated in degrading dyes 

like methyl orange [188, 189], methylene blue [190, 191] and other azo dyes [192].   
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Fig. 15: Degradation of a dye using nanoparticles as photocatalysts in the presence of light. 

  

The photocatalytic degradation of the dyes can be presented using the steps that have been 

suggested below; 

 

1. Photons from visible light strike the nanoparticles and light energy is converted to chemical 

energy 

2. Excitons absorb the energy and result in charge separation  

3. Electrons in the valence band are excited and migrate to the conduction band leaving 

behind holes  

Dye

Dye

hv

Valence band

Conduction band

Ὤ
e-

Ὤ

e-

Ὤ

e-

Ὤ

e-

E
x
c
ita

tio
n

E
g

OHo

H2O

O2

O2
o-

Reduction

Oxidation

Photocatalyst

Degradation
products

Degradation
products

Ὤ

Dye

Degradation
products

Dye

Degradation
products

e-



53 

 

ὅόὛὬὺ O Ὤ  Ὡ                                  ρρ 

4. The holes and electrons can directly attack the dye 

ὈώὩ Ὤ ᴼὨὩὫὶὥὨὥὸὭέὲ ὴὶέὨόὧὸί      ρς 

ὈώὩ Ὡ ᴼὨὩὫὶὥὨὥὸὭέὲ ὴὶέὨόὧὸί       ρσ 

5. Oxygen molecules in the reaction mixture adsorb onto the surface of the photocatalyst and 

take up electrons in the conduction band generating highly reactive superoxide radicals, 

ὕˇ) which can react with the dye and at the same time lead to the generation of ὕὌˇ 

radicals. 

ὕ  Ὡ  O ὕˇ                                                 ρτ 

ὕˇ ὈώὩOὨὩὫὶὥὨὥὸὭέὲ ὴὶέὨόὧὸί         ρυ 

6. A series of steps can lead to the generation of ὕὌˇ radicals 

ὕˇ Ὡ ςὌ ᴼ Ὄὕ                                   ρφ 

ςὕˇ ςὌ ᴼ ὕ  Ὄὕ                                 ρχ 

Ὄὕ  Ὡ  O  ὕὌ  ὕὌˇ                                ρψ 

7. In the valence band, holes (h+) oxidize water and OH- ions forming ὕὌЈ radicals 

Ὄὕ  Ὤ  O  ὕὌˇ  Ὄ                                        ρω 

ὕὌ  Ὤ  O  ὕὌˇ                                                   ςπ 

8. The ὕὌˇ radicals oxidize the dye molecules through a series of steps to form intermediates 

which usually are turned into harmless products like CO2, H2O and other products. 

ὈώὩ ὕὌˇᴼὨὩὫὶὥὨὥὸὭέὲ ὴὶέὨόὧὸί               ςρ 

 

The photocatalytic process reveals that dye molecules can be attacked by electrons (Ὡ ), holes 

(Ὤ ), superoxide (ὕˇ) and hydroxyl (ὕὌˇ) radicals but basing on the Langmuir-Hinshelwood 
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kinetic theory, Aarthi et al. [193] carried out a study that showed that the main pathway that 

was involved in degrading the dye was the indirect route of electrons producing ὕὌˇ radicals. 

The contribution that was made from the direct oxidation of the dye by holes and the indirect 

oxidation by holes via ὕὌˇradicals was negligible. However, it is interesting to note that 

photodegradation of MB in water was thought to be mainly due to ὕˇ radicals and 

photoexcited holes [194] whilst in MO, the ὕˇ and the generated ὕὌˇ radicals are thought to 

play a pivotal role [195-197]. One of the greatest challenges in photocatalysis when using 

semiconducting nanomaterials as photocatalysts is the recombination of electrons and holes. 

To circumvent this, Saranya et al. [198] added hydrogen peroxide (Ὄὕ) to the reaction 

mixture in the degradation of methylene blue using copper sulfide/reduced graphene oxide 

(CuS/rGO) composite. Excited electrons are passed over from the CuS to the graphene sheets 

that further excite the electrons hence promoting the formation of ὕὌˇ radicals. Additionally, 

electrons are transferred to Ὄὕ, a good electron acceptor, hence reducing the chances of 

electron/hole recombination and increasing the concentration of ὕὌˇ radicals. The overall 

effect was the high efficiency of the CuS/rGO in degrading the MB dye due to the high 

presence of ὕὌˇ and ὕˇ radical species in the reaction mixture. An investigation that was 

performed using TiO2 in water showed rapid decolorization of methyl orange to form CO2, 

NH4
+, NO3

- and SO4
2- [190].  
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Fig. 16: Concentrations of NH4
+, NO3

- and SO4
2- ions in the reaction mixture during the 

photocatalytic degradation of MB [190]. 

 

UV-irradiation was performed at 290 and 340 nm and decolorization was almost complete after 

60 min and 120 min respectively. Fig. 16 shows that with time the concentrations of ammonium 

nitrate and sulfate ions and eventually level off between 200 and 400 min of irradiation. The 

authors then attempted to identify the intermediate products using GC/MS and LC/MS and 

proposed the following pathway for the degradation of MB; 
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Scheme 12: Degradation pathway of methylene blue using TiO2 as a photocatalyst [190]. 
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Methyl orange was degraded using as-synthesized BiOBr nanoflakes that were obtained after 6 

hours reaction time at 120 °C [199]. These NPs had an indirect band gap of 2.85 - 2.92 eV and 

they performed better than other NPs that were obtained at longer and shorter reaction times and 

at higher temperatures. Nearly all the dye had been degraded by 240 min and the nanoparticles did 

not show a significant change in their photocatalytic activity after 15 runs. In the photodegradation 

of methyl orange using Zn4O organic-metal frameworks (UTSA-38), Wang et al. [200]  proposed  

a mechanism showing the main path that is followed in the degradation. The final products were 

non-toxic and were identified as CO2 and H2O. 

 

Scheme 13: Photodegradation pathway of MO showing in intermediate products and final 

naturalization products using Zn4O MOF as photocatalyst [200]. 

 



58 

 

To date, only one report has been published on the photocatalytic degradation properties of Cu3N 

and its composite [201]. In a recently published report, copper nitride NPs were obtained by 

thermally decomposing Cu(NO3).3H2O in a mixture of OLA and ODE at 210 °C for 15 min. After 

cleaning the Cu3N NPs, they were then decorated with gold using chloroauric acid in OLA and 

ODE at 50 and 40 °C yielding ACN1 and ACN2 respectively and these were identified as Cu3N/Au 

composites from the XRD diffractograms. The TEM images show ill-defined NPs that were well-

dispersed in Cu3N but showed a bit of agglomeration in the composites. For the photocatalytic 

experiments, 15 mg each of Cu3N, ACTN1 and ACTN2 were mixed separately with methyl orange 

and methylene blue and the mixtures were homogenized by stirring in the dark for 5 min. The 

mixtures were then exposed to different light sources and aliquots were extracted at regular time 

intervals, centrifuged and the absorbance of the solutions were measured using a UV-Vis 

spectrophotometer that operated under green light emitting diode. The study showed negligible 

degradation of the dyes in the dark and in absence of photocatalysts. Upon irradiation, the 

concentrations of the dyes started to decrease in all samples with the ACN2 being the most efficient 

of the three catalysts. The authors report a pseudo first order kinetics with time for all the samples 

hence obtaining linear fits of graphs of; 

Ὅὲ
ὅ

ὅ
 Ὧὸ 

where, t is time, k is the rate constant and C & Co are equilibrium and initial concentrations 

respectively.  
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Table 2: Best and worst percentage degradation of MO & MB after 25 min irradiation time 

[201] 

Catalyst Dye 

MB (% degradation) MO (% degradation) 

Cu3N (worst catalyst) 32 38 

ACN2 (best catalyst) 93 84 

 

The relative concentrations per given time interval were then displayed as shown in Fig. 17 below.   

 

 

Fig. 17: Degradation of MO and MB dyes using Cu3N, ACTN1 and ACTN2 photocatalysts 

under solar light [195]. 
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The poor and good performances of pure Cu3N and Cu3/Au heterostructures respectively, can be 

explained by analyzing the proposed electron transfer illustrated in Fig. 18. In Cu3N (Fig. 18(a)), 

the photon energy might not be high enough to give rise to significantly high numbers of reactive 

charge carriers and radicals. The dye molecule gets excited and produces an abundance of excited 

electrons in its excited state (LUMO level) which is energetically higher than the conduction band 

of the Cu3N. This results in the transference of photoexcited electrons from the dye species to the 

Cu3N NPs. The injection of the photoexcited electrons onto the surface of the catalyst leads to the 

generation of reactive species that will initiate the process of photocatalysis. This phenomenon is 

referred to as photosensitization [197] and it explains how photocatalysis can occur in cases where 

the photocatalyst does not receive enough photon energy for effective charge separation that 

should lead to generation of active species.   

 

 

Fig. 18: Electron transfer mechanism in (a) Cu3N and (b) Au decorated Cu3N [195]. 

 

a b
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The high photocatalytic performance of ACN2 composite is explained by the two pathways that 

are shown in Fig. 18 (b). In Pathway I, the band levels in the ACN2 heterostructure facilitate the 

charge separation of charge carriers. Upon illumination, charge separation occurs and photoexcited 

electrons in the conduction band (CB) of Cu3N are easily transferred to the Au particles whose 

fermi level is at a lower energy level than the CB of the nitride. The photoexcited electrons then 

reduce dissolved O2 whilst the holes in the VB oxidize OH- ion to highly reactive ὕˇ and ὕὌˇ 

radicals respectively. Using Pathway II, the high photocatalytic activity of ACN2 under green light 

was explained by the plasmonic absorption of Au around the 540 nm wavelength. The Au NPs act 

as the concentrator of the local electric field and this is best achieved when the light source is 

resonant with the Au NPs LSPR. This ascertains the highest near-field enhancement leading to an 

increase in light absorption efficiency of the composite hence propelling photocatalysis [202, 203]. 

 

The study of Cu3N-Au NPs yielded better results than the copper nitride alone. It could be 

interesting to investigate the photocatalytic effect of integrating copper(I) nitride into widely used 

catalysts such as TiO2 and ZnO.     
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Chapter 3 

Synthesis and Characterization of Cu3N and Zn3N2 Nanoparticles: 

The Search for an Ideal Precursor 

 

Abstract 

Pyrrolylaldiminato Schiff-base complexes are potentially good single-source precursors in the 

synthesis of metal nitride nanoparticles as both the metal and nitrogen atoms are found in one 

molecule. As-synthesized pyrrole-imine ligand was used to synthesize bis-2-pyrrolylaldiminato 

Cu and Zn complexes, [(C4H3N)CH=N-(C3H7)]2Cu (PPC) and [(C4H3N)CH=N-(C3H7)]2Zn (PPZ) 

respectively. Thermolysis of the Cu complex using colloidal, microwave and chemical vapor 

deposition (CVD) methods resulted in the formation of Cu3N nanoparticles (NPs), a mixture of 

Cu3N-Cu2O NPs and Cu NPs respectively. In the case of the Zn complex, only ZnO was obtained 

using the three methods of synthesis hence further studies had to done using Zn(NO3)2.H2O and 

zinc powder as other sources of Zn. The outcomes revealed that the zinc powder was the best 

precursor in the synthesis of Zn3N2 nanomaterials using CVD as a method of synthesis.  

 

Keywords: Cu3N nanoparticles; Zn3N2 nanoparticles; single-source precursor synthesis 
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1. Introduction 

Nanosynthesis using single-source precursors is fast gaining momentum due to the relative ease 

of obtaining fine nanoparticles (NPs) with diverse applicability [1-4] . This method of synthesis is 

desirable as only one precursor offers all the required elemental components to form the NPs. In 

this manner, addition of precursors to the reaction flask is avoided hence limiting chances of 

introducing undesirable species such as oxygen from the atmosphere. In the synthesis of metal 

nitride NPs such as Cu3N and Zn3N, oxidation easily occurs in the presence of oxygen yielding 

oxides instead of the desired nitrides [5, 6]. After Juza and Hahn pioneered the synthesis of Cu3N 

and Zn3N2 in 1938 and 1940 respectively [7, 8], the study of these nitrides remained dormant for 

about half a century. However, due to their interesting properties, they have attracted much 

attention in recent years. The chemical composition of both nitrides is made up of inexpensive 

earth-abundant elements that are non-toxic. The crystal structures of both Cu3N and Zn3N are 

depicted in Fig. 1 below. 

 

 

Fig. 1: Adapted crystal lattice structures of (a) Cu3N [9] and (b) Zn3N2 [10] 
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Powder Zn3N2 is black in color and manifests an anti-scandium oxide (Sc2O3) cubic structure [11] 

whilst Cu3N powder is deep red and of anti-rhenium trioxide (ReO3) cubic structure [12, 13]. 

Copper (I) nitride is a promising material in catalysis [14], integrated high speed circuits [15], solar 

energy [16] and optical storage devices [17]. Zn3N2 has been explored in Li-ion batteries [18] and 

optoelectronics [19] due to its high electrical conductivity and high electron mobility. The 

properties of these metal nitrides are not well established. Literature has reported band gaps of 

Zn3N2 NPs from 0.9 [20] to 3.36 [20] eV and of Cu3N ranging from 0.13 [21] to 2.06 eV [22].  

Although Cu3N has been reported as stable [23], Yue et al. [24] described Cu3N films as unstable 

and upon decomposition at 200 °C in an inert atmosphere, nitrogen was reemitted leaving behind 

copper. On the other hand, Zn3N2 has been reported to be generally unstable with decreasing 

stability as temperature increases [25] and Zong et al. [26]  demonstrated that zinc nitride is stable 

in air at temperatures that are below 500 °C. Furthermore, another study [25] revealed that Zn3N2 

is highly reactive, hence it easily oxidizes when exposed to air resulting in the formation of ZnO. 

Cu (I) compounds are known to disproportionate when exposed to air and water to form copper 

oxide and Cu. Therefore, in order to minimize or eliminate oxidation, this study focused on the 

use of single-source precursors in synthesizing copper and zinc nitride nanoparticles. This was 

achieved by thermal decomposition of single-source precursors using colloidal, microwave-

assisted and chemical vapour deposition synthetic methods.  

 

These methods of synthesis have proven to be highly efficient in synthesizing various 

nanoparticles. Colloidal synthetic routes tend to offer a better way of controlling properties. The 

desired morphology, electrical and optical properties can be obtained by carefully varying time, 

temperature and organic ligands (which may act as solvents, capping agents or reducing agents). 
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A very successful colloidal synthesis was reported in 2011 [14] where Cu3N nanocubes were 

synthesized in organic solvents using copper (II) nitrate as a precursor [27]. The synthesized 

nanocubes had edges of about 26 nm with a direct band gap of 1.5 eV. Variation in the organic 

solvent resulted in production of nanoparticles with different sizes. Nakamura et al. [28], used 

copper (II) acetate in different alcohols at temperatures between 130 and 200 ЈC to obtain Cu3N. 

A few accounts of the colloidal synthesis of Zn3N2 have been reported using alkyl metal and 

ammonia as precursors [29, 30].  

 

The success of using the microwave-assisted method depends on the ability of absorption of 

microwave energy by the reagents and converting it to heat. This method poses a number of 

advantages in that instant contactless, direct and even dielectric heating of reagents is achieved 

without heating the reaction vessel [31]. Other positive aspects of this method include the 

incredible decrease in reaction times and good yields with minimal impurities compared to other 

methods of synthesis.  Microwave synthesis of nanoparticles using single-source precursors has 

been reported [32] and this method has proven to be very successful in the production of metal 

oxide [33] and chalcogenide [34] nanoparticles. Very few reports have been published on the 

microwave assisted synthesis of metal nitride nanoparticles [35] and to the best of our knowledge, 

no literature has reported on the microwave synthesis of Cu3N NPs.  

 

Chemical vapor deposition (CVD) usually involves one or more volatile precursors that react or 

decompose resulting in the deposition of a solid product [36]. This procedure generally involves a 

reactive gas that is transported and adsorbs onto a hot surface resulting in decomposition and 

subsequent reaction that leads to the formation of desired products. Undesirable products desorb 
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and are transported out of the reaction chamber. As such, high purity samples are usually obtained 

using this method at high deposition rates without employing high vacuum conditions. Although, 

it is popularly used in fabrication of thin films, this method can be used to obtain solid products in 

powder form [37]. Chemical vapor deposition of nitride NPs has been demonstrated in previous 

reports. Fallberg et al. [38] showed the application of this method in synthesizing Cu3N and the 

synthesis of Zn3N2 was demonstrated by Wei et al. [39]. Herein, the evaluation of the as-

synthesized Schiff-base Cu and Zn complexes as single-source precursors in the synthesis of Cu3N 

and Zn3N2 were studied. Furthermore, the study also embarked on investigating the use of 

Zn(NO3)2 and Zn powder as alternative sources of zinc. 

 

2. Experimental Section 

2.1. Materials 

Cu (II) acetate monohydrate (Cu(CH3COO)2ĀH2O) (puriss p.a., 99.0%), diethylzinc (Zn(C2H5)2) 

(1.0 M in hexanes), pyrrole-2-carboxaldehyde (98%), n-propylamine (99.0%), acetic acid (g;acial, 

ReagentPlus 99%), octadecylamine (ODA) (99%), tetrahydrofuran (THF, spectroscopic grade), 

zinc (II) acetate dihydrate (Zn(CH3COO)2.2H2O) (puriss p.a. 99.0%), zinc nitrate hexahydrate 

(Zn(NO3)2.6H2O) (purum, p.a. 99%), MgSO4 (puriss p.a. drying agent, anhydrous 98.0%), NaH 

(dry, 98%), C, tetramethylsilane (TMS) (analytical standard) and CDCl3 (100%, 99.96 atom % D) 

were purchased from Sigma-Aldrich. Dichloromethane (anhydrous, 99.8%), n-hexane (puriss, 

p.a., ACS reagent, 99%), heptane (anhydrous, 99%) and ethanol (absolute, Ó99.8% (GC)) were 

obtained from SAARCHEM
®
. Purification of THF and diethyl ether was performed by distillation 

in sodium-benzophenone and were immediately used. 
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2.1 Synthesis of ligand 

2.1.1 Synthesis of 2-pyrrolylaldpropylimin e ligand (PP) 

In a two-necked round bottom flask, 2-pyrrolecarboxaldehyde (2.13 g, 22.37 mmol) was dissolved 

in dry diethyl ether (30 mL). Propylamine (1.85 ml, 22.38 mmol) was injected into the reaction 

mixture, followed by addition of glacial acetic acid (0.01 mL). The reaction mixture was stirred at 

room temperature and maintained under nitrogen gas flow for 8 h. The solvent was removed using 

a rotary evaporator and the product was dissolved in dichloromethane (30 mL) and successively 

purified with water (5 x 30 mL) in a separatory funnel. The water was decanted off and the 

remaining organic layer was dried using anhydrous MgSO4. Finally, the product was dried in 

vacuo yielding a yellow liquid and stored for characterization.  

Yield 2.77 g (91%), FTIR-ATR (cm-1) ɜ(C=N) = 1635, 1H NMR (300 MHz, CDCl3): ŭ (in ppm) 

= 0.96 (t, 3H, J = 7.4 Hz), 1.69 (q, 2H, J = 7.2 Hz), 3.56 (t, 2H, J = 6.9, 1.3 Hz), 6.27 (dd, 1H, J = 

3.6, 2.5 Hz); 6.55 (dd, 1H, J = 3.7, 1.5 Hz); 6.85-6.97 (m, 1H), 8.11 (s, 1H,) and 10.82 (s, 1H). 13C 

NMR (75 MHz, CDCl3) ŭ (in ppm) = 11.88 (C9,  aliphatic CH3), 24.36 (C8, CH3CH2), 62.12 (C7, 

NCH2) and (CH2), 110.11 (C5); 115.28 (C4); 122.85 (C3), (pyrrole CH) and 151.68 (C6, HC-N) 

and HRMS (ESI) m/z [M+H]+ = 137.11 calculated for C8H12N2.  

 

 

 

 

Scheme 1: Reaction scheme for the synthesis of 2-pyrrolylaldpropylimine ligand (PP).  

 

 

-HϜO 

Diethyl ether 
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2.2. Synthesis of Schiff-base Complexes 

2.2.1 Synthesis of bis(2-pyrrolylaldpropyliminato) Cu (II) complex  

In a Schlenk flask, an excess amount of NaH (0.50 g, 20.84 mmol) was washed three times using 

dry hexane (10 mL) and dried under vacuum. Dry THF (35 mL) was injected to dissolve the NaH, 

followed by addition of 2-pyrrolylaldpropylimine (2.36 g, 17.33 mmol) dissolved in dry THF (15 

mL) giving a pinkish-red coloration with effervescence. The mixture was stirred for 30 min under 

nitrogen gas flow and filtered under vacuum with the filtrate being transferred into a flask 

containing dry (Cu(CH3COO)2)  (1.57 g, 8.67 mmol) resulting in a greyish-black mixture, which 

was stirred under nitrogen for 12 h at room temperature. The solvent was removed using a rotary 

vapor resulting in a deep green solid which was dissolved in CH2Cl2 and filtered under vacuum to 

afford a dark green residue and a black filtrate. The black filtrate was concentrated by evaporation 

to obtain a black solid with a yield of 2.59 g. Recrystallization was performed using two different 

procedures. 1.0 g of the black solid was dissolved in hot heptane and cooled to 5 °C for 1 h forming 

small black crystals. Three portions of cold hexane (3 mL each) were used to quickly wash the 

crystals, which were then dried under vacuum to obtain relatively small shiny black crystals of 

bis(2-pyrrolylaldpropyliminato) copper(II) (PPC). In the second procedure, 1.0 g of the black solid 

was recrystallized using a mixture of CH2Cl2:C2H5OH in a ratio of 1:3 at -20 °C for 21 days and 

shiny black crystals of PPC were obtained. 

The yield of analytically pure complex was 1.71 g (59%). Microanalysis for C16H22N4Cu: 

Calculated (%), C 57.55, H 6.69, N 16.78, found C 57.36, H 6.91, N 16.58; FT-IR (cm-1), ɜ(C=N) 

= 1584; ESI-MS m/z[M+H]+ found 335.10 and calculated 334.92.  
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Scheme 2: Schematic representation of the synthesis of bis(2-pyrrolylaldpropyliminato) 

copper(II) complex (PPC) from PP Schiff-base ligand.  

 

2.2.2 Synthesis of bis(2-pyrrolylaldpropyliminato) Zn complex (PPZ)  

2-pyrrolylaldpropylimine ligand (1.00 g, 7.3 mmol) was added to dry n-hexane (20 ml) at -78 °C 

and stabilized before adding diethyl zinc (0.45 g, 3.7 mmol) dissolved in dry n-hexane (20 mL). 

The mixture was slowly warmed to room temperature and stirred for 2 h under continuous N2 gas 

flow. The product was dried under vacuum to give an orange liquid.  

Yield 1.08 g, 88%, FTIR-ATR (cm-1) ɜ(C=N) = 1635, 1H NMR (300 MHz, CDCl3) ŭ (in ppm) 

0.72-0.96 (t, 6H), 1.49 (q, 4H, J = 7.2 Hz), 3.33-3.55 (t, 4H), 6.33-6.42 (dd, 2H); 6.70-6.84 (dd, 

2H); 7.04 (m, 2H) and 7.93-8.13 (s, 2H). ESI-MS m/z [M+H]+ = 335.10 found and 336.78 

calculated for C16H22N4Zn. 
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Scheme 3: Schematic representation of the synthesis of bis(2-pyrrolylaldpropyliminato) 

zinc(II) complex (PPC) from PP Schiff-base ligand.  

 

2.3. Characterization techniques of Schiff-base ligand and complexes 

Fourier transform infrared spectroscopy was performed on a Bruker Tensor 27 attenuated total 

reflectance (ATR) cell spectrophotometer. 1H NMR (300MHz) and 13C NMR (300 MHz) spectra 

were obtained on a Bruker Ultra Shield superconducting magnet spectrometer, using 

tetramethylsilane (TMS) as the internal standard. The NMR data was processed using MNOVA 

software. High resolution mass spectra were recorded on a Bruker Compact Q-TOF mass 

spectrometer (Bruker Daltonics, Bremen, Germany) with ESI in positive ionization mode using 

formic acid as matrix and a detection range of 0 ï 1300 m/z. The elemental compositions (C, H 

and N) were measured using a Vario Elementar III microcube CHN.  

 

2.4. Synthesis of copper nitride and zinc nitride nanoparticles 

2.4.1. Colloidal Synthesis  

The colloidal synthesis of Cu3N using PPC and Cu(NO3)2.3H2O was reported in our previous study 

[1]. Following the same procedure, PPC and PPZ (0.50 mmol) were separately added to ODA 

(10 g) and degassed for 1 h at 115 °C. The temperature was raised to 240 °C and aliquots were 
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taken at predetermined time interval of 5, 10 and 20 min. The products were washed in dry ethanol 

under centrifugation.  

 

2.4.2. Microwave Synthesis 

PPC or PPZ (0.0625 mmol) were separately added to ODA (4.6375 mmol) in a quartz vessel in a 

nitrogen glovebox and left overnight to remove any traces of oxygen. The vessel was then closed 

tightly and was loaded into a Monowave 50 microwave. The temperature was set to 240 °C with 

ramping at 8 °C.min-1 and holding time of 5, 10 and 20 min. The temperature of the reaction 

mixture was adjusted to 70 °C and dry ethanol was added to flocculate the nanoparticles (NPs). 

The NPs were successively cleaned using ethanol under centrifugation. 

 

2.4.3. Chemical Vapor Deposition  

PPC and PPZ complexes (50 mg each) were separately placed in a quartz boat positioned at the 

center of a horizontal tube furnace and purged using nitrogen gas for 15 min. The reaction 

temperature was varied from 100 to 600 °C.  The N2 gas flow was maintained at 300 mL/min in 

all the reactions. In each case, the temperature was ramped up at a rate of 10 °C/min to the pre-set 

temperature, which was held for 4 h. At the end of each reaction, the system was allowed to cool 

to room temperature. To further probe the nitridation of zinc, other zinc precursors were tested.  

About 1 g each of Zn(NO3)2 and Zn powder were reacted with NH3 (100 cm3/min) at 600 °C for 

4 h. 

 

2.3. Characterization of nanoparticles 

2.3.1 X-Ray Diffraction 
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Powder X-ray diffractograms were recorded on a Bruker D2 phaser D2-205530 diffractometer 

using CuKŬ radiation (ɚ=1.5418 ¡) at 30 kV and 10 mA but earlier samples were analyzed using 

CoKŬ1/KŬ2 radiation (ɚ = 1.78897/1.79285 Å) operated at 30 kV and 10 mA. The XRD data was 

acquired using a Bruker Lynxeye PSD detector set to measure at 5o 2ɗ and all measurements were 

acquired at room temperature. The data was analyzed using Bruker AXS Evaluation package 

(EVA, 2008) equipped with ICDD PDF 4+.   

 

2.3.2 Raman Spectroscopy 

The Raman spectra were acquired using the 514.5 nm line of a Lexel Model 95-SHG argon ion 

laser as the excitation source. The Raman spectrometer used was a Horiba LabRAM HR equipped 

with an Ar ion laser (514.5 nm/785 nm) and an Olympus BX41 microscope attachment. The 

incident beam was focused onto the sample using a 100x objective (N.A. = 0.90) and the 

backscattered light was dispersed via a 600 lines/mm grating onto a liquid nitrogen cooled CCD 

detector. The software used for acquisitions was LabSpec v.5. The incident beam power was fixed 

at ~ 0.04 mW) to minimize any possible localized heating for all the spectra, except for zinc nitride 

where the power was 0.4 mW. The higher power gave a better spectrum. 

 

2.3.3 Microscopy 

As-synthesized particles were dispersed in chloroform and drop-cast onto a lacey carbon grid then 

were studied using a FEI Spirit 120 kV transmission electron microscope (TEM) equipped with 

an EDX detector operated at an acceleration voltage of 200 kV with a beam spot size of 

20 - 100 nm in TEM mode. The Bruker AXS Evaluation package (EVA, 2008) software was used 

to process the data. 
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3. Results and discussion 

3.1 Synthesis and characterization of 2-pyrrolylaldpropylimine and its copper and zinc 

complexes 

The 2-pyrrolylaldpropylimine (PP) ligand was synthesized via a simple condensation reaction as 

reported in the literature [40]. The ligand was obtained as a clear yellow liquid in a yield of 91%. 

The elemental analysis data agrees with the calculated value. In the IR spectrum of the ligand, the 

n(N-H) of the pyrrole moiety is observed as a broad vibrational band in the region 3100- 3300 

cm- 1 as a result of intermolecular hydrogen bonding and the n(C=N) band of the imine is observed 

at 1635 cm-1 The full assigned 1H ïNMR spectrum of the ligand is shown in Fig. 4 and this result 

is consistent with published data for this ligand [40]. In the HRMS (ESI) spectrum (Fig. S1), the 

molecular ion of the ligand is observed as the [M+H]+ species at a m/z value of 137.11. The bis(2-

pyrrolylaldpropyliminato) Cu (II) complex (PPC) was prepared by reacting the sodium salt of the 

PP ligand with copper acetate monohydrate. The complex was obtained as a black powder in a 

yield of 59%. Comparison of the FTIR spectra of the ligand and complex (Fig. 2) confirmed 

coordination via the azomethine nitrogen since a significant shift of the ɜ(C=N) stretching 

frequency from 1635 to 1586 cm-1 was observed. In addition, the disappearance of the n(N-H) 

band confirms coordination via the nitrogen of the pyrrole ring. The molecular ion of the complex 

is observed as the [M+1] specie at m/z value of 334.10 (Fig. S2) and the elemental analysis data 

(Table S1) obtained is consistent with formation of the expected tetrahedral coordinate bis(2-

pyrrolylaldpropyliminato) Cu(II) complex. 
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Fig. 2: FTIR spectra of the PP ligand and PPC complex. 

 

Complexation of the PP ligand was also performed using 1 M solution of diethylzinc to yield 88% 

of a thick orange liquid, bis(2-pyrrolylaldpropyliminato) Zn(II) complex (PPZ). Complexation was 

evidenced by the chemical shift of the ɜ(C=N) stretching mode from 1636 cm-1 in the PP ligand to 

1584 cm-1 in the formed PPZ complex as observed in Fig. 3. Also, as seen with the PPC complex, 

the broad ɜ(N-H) band in the region 1635-1586 cm-1 in the ligand was not detected in the PPZ 

complex. 
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Fig. 3: FTIR spectra of the PP ligand and PPZ complex. 

 

The HRMS spectrum of the PPZ molecular ion [M+H]+ showed  [M+1] m/z from 335.10 to 339.10 

due to the variety of naturally occurring Zn isotopes [41] whose atomic mass numbers range from 

64 to 70 . For PPZ complex bearing the 64Zn isotope, the expected PPZ m/z [M] = 334.37 and 

hence the observed m/z [M+H]+ of 335.10 in Fig. S3. The full spectra for both PPC and PPZ show 

a dominant peak at m/z 137.09 that corresponds to the PP ligand as a result of fragmentation [42] 

that occurs during ionization. Furthermore, the formation of the PPZ was confirmed using 1H 

NMR, Fig. 4. As a result of coordination, the resonance signal of the proton on the imine group on 

C6 showed an up-field shift from 8.11 in the ligand to 8.06 ppm in the complex. Most importantly, 

the PP ligand exhibits a broad H-N proton peak at ŭ 10.82 but due to deprotonation that occurred 

during complexation, this peak was not detected in the spectra of the PPZ complex. 
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Fig. 4: 1HNMR of the PP ligand and PPZ complex. 

 

3.2 Colloidal synthesis of the nanoparticles 

The colloidal method involves the decomposition of precursors (single-source or multiple sources) 

in a high boiling organic solvent which also acts as a capping ligand. The reactions are usually 

carried out under an inert atmosphere at elevated temperatures (° 300 °C). The reaction times are 

typically short and the method is scalable and usually produces high yields of NPs [43]. The use 

of capping ligands means that the surface chemistry of the NPs is modified and they in turn can be 

dispersed in various media for specific applications [44]. The capping ligands also stabilize the 

NPs, preventing agglomeration. One of the biggest advantages of colloidal synthesis is in its 

flexibility. The ability to change different reaction parameters in order to tune the size and shape 
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of the NPs obtained hence their properties. This is what makes colloidal synthesis one of the most 

studied synthetic procedures for NPs [45] and why it is the method of choice in this study. In the 

colloidal synthesis, the formation of the NPs occurs in two stages, namely the nucleation step and 

the growth step. The nature of the precursor, time and temperature are some of the factors that 

affect the formation of the NPs. Herein, both the PPC and the PPZ complexes were thermolyzed 

in ODA in a nitrogen atmosphere to produce Cu3N and Zn3N2 NPs. The reaction temperature was 

set at 240 °C and aliquots were extracted after 5, 10 and 20 min. Shown in Fig. 5 are the XRD 

patterns of colloidal synthesized NPs. The diffraction peaks that were obtained from the 

thermolysis of PPC in ODA were indexed to the cubic structure of Cu3N (PDF 00-055-0308). The 

Cu3N peaks intensified with time from 5 to 20 min and the peak due to impurities at 2ɗ = 24.77Á 

relatively reduced in intensity. The impurity peak is associated with the degradation product of 

ODA and this has been reported previously [1]. Fig. 5(b) displays reflections that were obtained 

from thermolysis of the PPZ complex. The three diffraction patterns obtained were in agreement 

with hexagonal ZnO (card number PDF 01-089-1397) and no peaks corresponding to Zn3N2 were 

detected. As observed with the PPC complex, the peak intensities increased with time and they 

became sharper. This suggests that the crystallite sizes were becoming bigger. The peaks due to 

impurities that were detected around 20Á < 2ɗ < 30Á in the 5 min sample were not detected in the 

10 and 20 min samples of thermolysis of the PPZ complex. 
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Fig. 5: X-ray diffraction patterns of the colloidal synthesis of (a) PPC derived NPs and (b) 

PPZ derived NPs.  

 

To further probe the structural properties of Cu3N, Raman spectroscopy was undertaken. The 

Raman spectra of Cu3N and that of ODA are shown in Fig. 6. The crystal structure of Cu3N belongs 
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to the space group ὕ  (Pm3) where 12 phonon modes at ũ point have been predicted. Of the 

predicted 12 modes, nine optic modes have symmetry representations; 2F1u + F2u where the 2F1u 

modes are infrared active whilst the F2u modes are optically inactive [46]. This gives an overall 

theoretical prediction that perfect cubic Cu3N does not manifest any first order Raman active 

modes. Despite these predictions, several studies have reported two peaks at 220 and 634 cm-1 [47] 

and at 275 and 610 cm-1 [48].  In the current study, of great importance is the broad peak at 

634 cm- 1 resembling the Raman Cu3N signal that was obtained in previous studies [49]. This can 

be attributed to defects or presence of impurities in the crystals. The additional peaks are attributed 

to sp2 and sp3 hybridized carbon emanating from ODA [50]. These were confirmed by running the 

product of thermolyzed ODA as shown in Fig. 6(b). Two peaks were observed corresponding sp2 

and sp3 hybridized carbon. 
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Fig. 6: Raman spectra of Cu3N NPs and thermolyzed ODA.  

 

Elucidation of the morphological properties of the synthesized NPs was facilitated by acquiring 

TEM images. The images of colloidal Cu3N NPs show a cloud of small dot-like NPs at 5 min. 
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After 10 and 20 min, the dots grew bigger with time and are well-dispersed as shown in Fig. 7(a). 

The ZnO NPs synthesized from PPZ are shown in Fig. 7(b). The particles are agglomerated spheres 

and they also increase in size with time due to Ostwald ripening.  

 

 

Fig. 7: TEM images of the colloidal synthesis of (a) PPC derived NPs and (b) PPZ derived 

NPs. (The scales are 100 nm except for 10 min which is 50 nm). 

 

The size distribution of Cu3N NPs synthesized in 10 min is shown in Fig. 8(a). The average size 

of the nanoparticles are 3.2  1.3 nm. On the other hand the size distribution for ZnO NPs 

synthesized in 10 min is 6.8  1.2 nm. The use of PPC and PPZ in the colloidal synthesis resulted 

in the formation of Cu3N and ZnO NPs respectively. The decomposition of PPC resulted in Cu at 

+1 oxidation state. This therefore being a moderate Lewis acid, reacts readily with a moderate N- 3 
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Lewis base. On the other hand, at the set conditions, the PPZ decomposes to Zn+2 which is the 

most stable oxidation state of Zn and being a softer metal, tends to bind and react more readily 

with soft donor ligands such as O-2. The presence of oxygen in colloidal synthesis is unavoidable 

even though the reaction occurs under the flow of inert gas such as N2 or Ar due to the type of 

apparatus used.   

 

 

Fig. 8: Size distribution of the 10 min colloidal samples of (a) Cu3N NPs and (b) ZnO NPs. 

 

3.3 Microwave-assisted synthesis 

In microwave-assisted synthesis, electromagnetic energy of microwaves (1 to 1000 mm) is 

converted to thermal energy that interacts directly with molecules without heating the reaction 

vessel. The synthesis of nanomaterials using microwave irradiation as an energy source to drive 

chemical reactions is increasingly becoming popular in nanosynthesis [45]. It has been reported to 

have short reaction times but with high product yields [44]. The success of this technique depends 

on how efficient the reaction mixture is in absorbing the microwave energy. Unlike the 

conventional colloidal method of synthesis, microwave synthesis allows direct, speedy and non-
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atmospheric conditions.  Rapid in-core volumetric heating is attained by direct interaction of 

electromagnetic irradiation with molecular species that are in the reaction mixture [51]. This 

heating phenomenon is often referred to as dielectric heating and it is effected by two main 

mechanisms namely; dipolar polarization and ionic conduction. In dipolar polarization, dipoles are 

sensitized by an external electrical field and will rotate to try and align with the field. High 

frequency electrical fields do not give the dipoles enough time to respond to the oscillating field 

hence as they try to align, the dipoles collide with each other dissipating power that generates heat 

in the particles. This mechanism allows electrically insulating substances to be heated through 

dielectric loss [52]. In the conduction mechanism, introduction of a microwave electric field 

induces mobile charge carriers to make forward and backward movements through the material 

creating an electric current. The charged particles then collide with neighboring molecules or 

atoms causing the material to heat up. The greater the induced current, the greater the collisions 

leading to greater heat being generated in the material. It is worth noting that the energy of a 

microwave photon is too small to break a bond, making it impossible to induce a chemical reaction 

[53] hence microwave based synthesis is powered by the heat that is generated. In cases where an 

electrolyte is distributed in a non-conducting material, polarization and conduction mechanisms of 

heating can occur concurrently as dipoles and mobile charge carriers in the reaction mixture 

oscillate in a bid to align with the electric field.  

 

In the current study, the PPC and PPZ complexes were dissolved in ODA and the mixtures were 

heated in a microwave.  Shown in Fig. 9 are the XRD patterns of microwave synthesized 

nanoparticles using PPC and PPZ as precursors. The analysis of the XRD diffraction pattern of the 

PPC derived NPs that was obtained after 5 min shows peaks that can be indexed to the cubic phase 
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of Cu3N (PDF-1088). Additionally, a small peak was detected at 2ɗ = 42.41Á and it intensified as 

time progressed to 20 min. This peak and other peaks that emerged (indicated with (*) in Fig. 9(a) 

matched the peaks of Cu2O (JCPDS no. 05-0667). The intensity of Cu3N peaks decreased with 

time whilst the Cu2O intensified and this can be explained by the replacement of N2 (g) by O2 (g) 

as time progresses in the reaction vessels. This is due to the fact that no constant nitrogen flow is 

provided in the microwave synthesis. The reaction vessel is purged with nitrogen prior to synthesis 

and sealed however, as time proceeds; it is possible that there is a change in the reaction 

atmosphere. Although pure phase Cu3N was not obtained, we have demonstrated that the 

microwave method of synthesis can be employed to synthesize Cu3N NPs if inert conditions are 

maintained. To the best of our knowledge, there is no report that has demonstrated the microwave 

synthesis of Cu3N NPs. The microwave synthesis of PPZ derived NPs yielded ZnO NPs (card 

number, PDF 01-089-1397) as was the case with the colloidal synthesis and no peaks could be 

matched to Zn3N2 (Fig, 9(b)).  
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Fig. 9: X-ray diffraction of the microwave synthesis of (a) PPC derived NPs and (b) PPZ 

derived NPs.  
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The morphologies of the particles are shown in Fig. 10. Well-dispersed near spherical NPs were 

obtained after 5 min of microwave irradiation for the PPC derived NPs as depicted in Fig. 10(a). 

From XRD analysis, this sample consisted mainly of Cu3N with a bit of Cu2O impurities. The 

particles grew in size and showed polydispersity at 10 min with the majority of the particles having 

a near-spherical shape whilst others had a shape that is undefined. A mixed morphology of small 

spherical and relatively big nanocubes was obtained for the 20 min sample. A cluster of 

agglomerated ZnO particles was observed after 5 min. This developed into a network of particles 

after 10 min and clustered rod-like NPs after 20 min as depicted in Fig. 10(b).  

 

 

Fig. 10: TEM images of the microwave synthesis of (a) PPC derived NPs and (b) PPZ derived 

NPs. (All scale bars were set at 100 nm). 

 

5 min 10 min 20 min(a)

5 min 10 min 20 min(b)
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3.4 CVD Synthesis 

The CVD process involves the dissociation and/or chemical reaction of gaseous reactants in an 

activated environment (e.g. heat, plasma, light etc.) to produce high-purity materials [54]. The 

process first involves the generation and transport of an active gaseous reactant species to a 

reaction chamber by an inert carrier gas where the substrate is located. These gaseous species react 

in the gas phase and produce intermediates [55]. At temperatures below dissociation, diffusion 

across the boundary layer (the hot zone above the substrate) occurs. The intermediates are absorbed 

on the surface of the substrate where they subsequently diffuse to growth sites, react and nucleate 

to produce epitaxial thin-films [56]. The volatile by-products are transported to the exhaust. 

Herein, PPC and PPZ were initially used as the single-source precursors. Fig. 11 (a) shows the 

XRD patterns for particles emanating from the PPC complex. The diffraction pattern obtained for 

the 100 °C sample showed resemblance of the PPC complex hence no decomposition was 

observed. When the PPC complex was heated at 150 °C, very broad peaks at 11.32° and 24.79° 

were observed in the diffraction pattern which suggests the formation of an amorphous material. 

Increasing the temperature to 300 °C brought about the emergence of new peaks at 50.57° and 

59.24° which intensified at 600 °C and could be indexed to the (111) and (210) peaks of Cu 

(JCP2.2CA:00-085ï1326). In the CVD synthesis, no diffraction peaks could be associated with 

the Cu3N crystal structure. Powder XRD analysis of the products of heating PPZ using the CVD 

method showed reflections that correspond to pure ZnO (PDF 01-089-1397) in all samples as 

shown in Fig. 11(b).  
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Fig. 11: X-ray diffraction of the CVD synthesis of (a) PPC derived NPs and (b) PPZ derived 

NPs. 
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ultimately at 600 °C, large particles with cube and rod-like morphology were formed. The 

morphologies of the PPZ derived particles are small agglomerates at 100 °C. These become larger 

and denser as the temperature is increased (Fig. 12(b)).  

 

 

Fig. 12: TEM images of the CVD synthesis of (a) PPC derived NPs and (b) PPZ derived NPs. 

 

All efforts to make Zn3N2 NPs using PPZ as a precursor failed; be it changing the reaction 

parameters or changing the synthetic methods. A few studies have reported the use of metal nitrates 

and elemental metals in the presence of ammonia in the CVD synthesis of metal nitrides [57]. 

Herein Zn(NO3)2 and Zn powder were reacted with 300 cm3/min NH3 at 600 °C for 4 h. The PXRD 

patterns of the decomposition of Zn(NO3)2 shown in Fig. 13(a) exhibited diffraction peaks that 

were in good agreement with zincite crystal structure of ZnO (PDF 01-089-1397). In the case of 

the zinc metal powder, the acquired diffraction lines were indexed to the cubic phase of Zn3N2 

(PDF 00-035-0762) as shown in Fig. 13(b). Employing the colloidal, microwave and CVD 
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methods of synthesis using PPZ and CVD using zinc nitrate all resulted in the formation of ZnO 

but CVD using zinc powder and NH3 yielded the desired Zn3N2.  

 

 

Fig. 13: X-ray diffraction patterns of products of CVD synthesis using (a) Zn(NO3)2 and (b) 

Zn powder at 600 oC. 
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In Fig. 14, the Raman spectral analysis of Zn3N2 shows signals at 273, 327, 435 and 572 cm-1 

consistent with most Raman vibrational modes that were detected from other reports of Zn3N2 [5, 

39, 58-60]  as shown in Table 1. In the Raman analysis of O-doped zinc nitride films, Lin et al. 

attributed the vibrational modes at 275.1, 579.5 and 641.5 cm-1 to the presence of N in the films 

[5]. The slight variation in the tabulated results may be caused by defects and/or impurities that 

are found in the different samples.    

 

Fig. 14: Raman spectrum of Zn3N2 NPs. 

 

Table 1: Raman activity of Zn3N2 
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3 - 371.7 - - - - 

4 435 433 - - - - 

5 - 503.5 520  520.04 - - 

6 572 570.5 565 569.80 565 579.5 

7 - 610 - - - 641.5 

8 1129 - - - - - 

 

The TEM images of the ZnO and Zn3N2 NPs are shown in Fig. 15. The TEM image of the ZnO is 

consistent with the morphology observed in Fig. 11, large dense irregular shaped NPs. The 

morphology of the Zn3N2 NPs is agglomerated spheres with a few larger particles. 

 

 

Fig. 15: TEM images of (a) Zn(NO3)2 derived NPs and (b) Zn3N2 NPs. 
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4. Conclusions 

The complexes bis-2-pyrrolylaldiminato Cu and Zn (PPC and PPZ) were synthesized successfully 

and used as single-source precursors to synthesize Cu3N and Zn3N2 nanoparticles using three 

methods namely the colloidal method, microwave synthesis and CVD.  Thermolysis of the Cu 

complex using colloidal, microwave and CVD methods resulted in the formation of Cu3N NPs, a 

mixture of Cu3N-Cu2O NPs and Cu NPs respectively. In the case of the Zn complex, only ZnO 

was obtained using the three methods of synthesis hence further studies were done using zinc 

nitrate and zinc powder as other sources of Zn in the presence of ammonia by CVD. The zinc 

nitrate precursor resulted in the formation of ZnO NPs and the zinc powder was the best precursor 

in the synthesis of Zn3N2 nanomaterials. 
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Chapter 4 

Synthesis and characterization of Cu3N nanoparticles using pyrrole-

2-carbaldpropyliminato Cu(II) complex and Cu(NO3)2 as single-

source precursors: the search for an ideal precursor 

 

Abstract 

Herein, we report on the synthesis and characterization of Cu3N nanocrystals using two single-

source precursors, bis (pyrrole-2-carbalpropyliminato) Cu(II) (PPC) and Cu(NO3)2.3H2O. The 

optical and structural properties were investigated and the suitability of the two precursors was 

studied in terms of producing good quality Cu3N nanocrystals without the detection of Cu or 

oxidation to CuO. Both precursors resulted in crystalline Cu3N with anti-ReO3 cubic structure with 

no presence of copper impurities, however,  peaks due to the capping agent were detected by XRD 

and confirmed with XPS. The PPC complex resulted in spherical nanocrystals whilst the copper 

nitrate resulted in nanocubes. The band gaps were in the visible region with the copper nitrate 

nanocrystals slightly red shifted from the PPC derived particles due to larger crystal sizes. The 

emission spectra were blue-shifted from the absorption band edges hence indicating an up-

conversion process. 

 

Keywords: Copper nitride; single-source precursor; nanocrystals 
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1. Introduction 

Since the first report on the synthesis of copper(I)nitride (Cu3N) by Juza and Hahn in 1938 [1], 

researchers are still seeking clarity on the synthesis, morphology and properties of copper nitride. 

In a bid to explore the properties further, a variety of synthetic techniques which mainly include 

sputtering [2] and vapor deposition [3] amongst others have been employed. Cu3N obtained from 

these different techniques have been reported to exhibit good optical, electrical and catalytic 

properties [4-6]. Copper nitride has a primitive open anti-rhenium trioxide cubic structure with 

nitrogen atoms occupying the corners of the cube and a copper atom found in between two 

consecutive nitrogen atoms. The face centers and the body of the cube are not occupied in pure 

copper nitride and this leaves void interstitial sites that can be occupied by either copper, nitrogen 

or other foreign atoms. As a result, copper nitride has been cited as a host candidate [7, 8]. The 

occupation of these sites results in the alteration of the optical and electrical properties. 

Calculations by Moreno-Armenta et al. [9] showed that the lattice parameters of the cell increase 

as the copper content at the center of the cube increases. Consequently, the band gap increases and 

eventually the copper nitride exhibits a metallic nature and this was further evidenced from 

experimental results [10]. Reports on calculated and experimental band gaps of Cu3N vary from 

0.13 eV [11] to 2.06 eV [12]. 

 

Different temperatures have been used to deposit Cu3N films. Typically, deposition occurs at 

temperatures between 100 and 200 °C with metallization occurring at higher temperatures [13-14]. 

Nitrogen is thought to re-emit above 250 °C resulting in the formation of Cu0. Fallberg et. al. [15] 

reported on the formation of a single phase Cu3N up to 400 °C using chemical deposition, however, 

Liu et. al. [16] started obtaining films with extra interstitial Cu0 atoms at temperatures just above 
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150 °C [17]. As such, Cu3N is viewed as a metastable compound decomposing at temperatures 

below 300 °C and hence useful in the formation of metallic links and optical recording devices 

[18, 19]. It is therefore evident that other synthetic strategies are required in tailoring properties of 

copper nitride nanoparticles. Colloidal synthetic routes tend to offer a better way of controlling 

properties. The desired morphology, electrical and optical properties can be obtained by carefully 

varying time, temperature and organic ligands (which may act as solvents, capping agents or 

reducing agents). A very successful colloidal synthesis was reported in 2011 [20] where Cu3N 

nanocubes were synthesized in organic solvents using copper(II) nitrate as a precursor [21]. The 

synthesized nanocubes had edges of about 26 nm with a direct band gap of 1.5 eV. Variation in 

the organic solvent resulted in a production of nanoparticles with different sizes. Nakamuri et al. 

[22], used copper (II)  acetate in different alcohols at temperatures between 130 and 200 ЈC to 

obtain Cu3N. In spite of a few reports of successful synthesis of Cu3N, common to all is the 

presence of opportunistic CuO. The exposure of the synthesized Cu3N to water and oxygen, either 

from the atmosphere or from the copper precursors as well as the solvents, results in the formation 

of CuO. In the presence of oxygen, Cu3N easily disproportionates to give Cu0 and Cu2+ as shown 

below [23, 24]. 

 

ςὅό ὥήO ὅό ὥή  ὅό ὥή                                  (1) 

 

This poses a huge challenge for example, in the synthesis of metallic links where CuO will be 

formed instead of the desired metallic copper. Due to scanty synthetic methods for the synthesis 

of Cu3N nanoparticles, we report on the synthesis of copper nitride using the colloidal single-

source precursor method. An advantage of single-source precursors is that the molecules consist 
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of all the elements that are required to make the final product and can be designed in such a way 

that no additional oxygen is present. In addition, the decomposition of the precursor determines 

the reaction temperature. Herein, we report on the synthesis of Cu3N nanocrystals using two single-

source precursors, bis(pyrrole-2-carbalpropyliminato) Cu(II) (PPC) and Cu(NO3)2.3H2O. 

Cu(NO3)2.3H2O as previously stated, has been successfully utilized to produce Cu3N although with 

CuO as a minor impurity [21]. PPC though previously synthesized [25], has never been utilized in 

the synthesis of nanocrystals and given its electronic properties, it appears to be a good molecular 

precursor, hence our interest. In addition, we investigate the optical and structural properties of 

Cu3N nanocrystals and by optimizing the conditions for the thermolysis of the two precursors; we 

ensure that no Cu or oxidation to CuO is observed.  

 

2. Experimental section 

Materials 

Copper (II) acetate monohydrate (Cu(CO2CH3)2.H2O) (puriss p.a., 99.0%), pyrrole-2-

carboxaldehyde (98%), n-propylamine (99%), dichloromethane (CH2Cl2) (anhydrous, 99.8%), 

octadecylamine (ODA) (99%) and ethanol (EtOH) (absolute, Ó99.8% (GC)) were purchased from 

Sigma-Aldrich.  

 

Synthesis of pyrrole-2-carbaldpropyliminato Cu (II) (PPC) 

The synthesis of pyrrole-2-carbaldpropyliminato Cu(II) precursor (C16H22N4Cu) was done similar 

to reported work with some modifications [25]. Briefly, 2-pyrrolecarboxaldehyde (22.37 mmol) 

was dissolved in 20 mL of deionized and copper acetate monohydrate (12.07 mmol) was slowly 

added under vigorous stirring. Thereafter, 4 mL of propylamine was added dropwise and the 
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mixture was left at ambient temperature for 2 h, 100 mL of water was then added and the reaction 

was left to run for 4 h. The crystals were obtained through filtration, dried and recrystallized in 

50% CH2Cl2:  50% EtOH mixture at -20 °C. 

Yield:  89%, FT-IR (cm-1):2968 (vw), 1583 (s), 1311 (m), 1033 (s), 742 (vs). ESI-MS m/z [M+H]+: 

334.05 (calculated), 334.9 (found). Microanalysis calculated, %: C 57.55; H 6.69; N 16.78; found, 

%: C 58.26; H 6.79; N, 16.88.  

 

Characterization of the complex 

The mass spectrometry of the complex was acquired on a Thermo-Finnigan LXQ with atmospheric 

pressure chemical ionization (APCI). The elemental compositions (%C, %H and %N) of PPC 

complex was measured using a Vario Elementar III microcube CH. The single crystal X-ray data 

of the complex was measured on a Bruker APEX II CCD with graphite monochromated Mo KŬ 

radiation (50 kV, 30 mA) at a temperature of 25 °C. The structure was solved by direct methods 

using SHELXS97 [26]. Isotropic refinement was initially performed on the non-hydrogen atoms 

followed by anisotropic refinement by full matrix least-squares calculations based on F2 using 

SHELXTL. The H atoms were calculated geometrically and refined with a riding model. 

Thermogravimetric analysis (TGA) was done on a Pyris Stat 4000 analyzer using nitrogen as 

carrier gas at a flow rate of 20 mL/min. The FT-IR was measured on a Bruker Tensor 27 FT-IR. 

 

Synthesis of Cu3N nanocrystals using PPC and Cu(NO3)2.3H2O as the single-source precursor 

Copper nitride nanocrystals were synthesized using the single-source precursor method as depicted 

in Scheme 2. Typically, 0.25 mmol of PPC or Cu(NO3)2.3H2O/Cu(CO2CH3).H2O and 18.55 mmol 

of octadecylamine (ODA) were mixed and degassed under a continuous flow of nitrogen gas at 
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105 °C for 1 hr. The reaction mixture was then raised to 260 °C and maintained for 5 min. 

Thereafter, the reaction was stopped and cooled to 80 °C. Ethanol was added to flocculate the 

particles. The particles were then centrifuged at 7000 rpm and repeatedly washed using ethanol. 

After washing, the particles were left to dry in a desiccator. 

 

Characterization of the nanocrystals 

The structure and phase of the powdered nanocrystals were determined with the Bruker MeasSrv 

(D2-205530) diffractometer using CoKŬ radiation (ɚ 1.78897 ¡) at 30 kV/30 mA. Measurements 

were taken using a glancing angle of incidence detector at an angle of 2Á, for 2ɗ values over 10 - 

90° in steps of 0.026° with a step time of 37 s and at a temperature of 25 °C. X-ray photoelectron 

spectroscopy measurements were performed with a PHI 5000 Versaprobe - Scanning ESCA 

Microprobe operating with a 100 µm 25 W 15 kV Al monochromatic X-ray beam. The particle 

sizes and morphology were studied using a FEI Spirit 120 kV transmission electron microscope 

operated at an acceleration voltage of 200 kV with a beam spot size of 20 - 100 nm in TEM mode. 

The particles were dispersed in chloroform and drop casted onto a lacey carbon copper grid. The 

solvent was then evaporated at room temperature. A Specord 50 AnalytikJena UV-Vis 

spectrophotometer was used to carry out the absorption measurements. An Agilent Cary Eclipse 

fluorescence spectrometer was used to measure the photoluminescence of the particles. The 

nanoparticles were dissolved in chloroform and placed in quartz cuvettes (1cm path length) for 

both UV-Vis absorption and photoluminescence spectral analyses. 
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3. Results and discussion 

The pyrrole-2-carbaldpropyliminato Cu(II) complex was synthesized using a modified method 

similar to that reported by Grushin et al. [25]. The complex was formed by adding all the reactants 

in one pot and then refluxing contrary to forming the 2-pyrrolcarbaldpropylimine ligand first 

(Scheme 1) [25].  

 

 

Scheme 1: Synthesis of pyrrole-2-carbaldpropyliminato Cu(II ).  

 

The resultant complex was in good yield (89%). The elemental composition, mass spectrometry 

(Fig. S1) and FTIR spectroscopy confirmed the formation of the complex. The FTIR spectra 

depicted in Fig. 1 showed a shift of the frequencies from the free 2-pyrrolcarbaldpropylimine 

ligand to the coordinated ligand hence suggesting the formation of the complex, in particular, the 

ɡ(N-H) showed the largest shift from 1635 cm-1 to 1592 cm-1 confirming the coordination through  

the imine (Table 1).  
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Fig. 1: FTIR spectra of the complex PPC and the ligand 2-pyrrolcarbaldpropylimine.  

 

Table 1: Frequencies of selected functional groups 

Assignment Ligand frequencies (cm-1) Complex frequencies (cm-1) 

N-H bending 1635 1592 

C-H bending 1422 1384 

C-N stretch 1031 1031 

=C-H bending 721 740 

 

The shiny well-defined black crystals were then analyzed by X-ray crystallography (Fig. S2). The 

data collected showed that the crystal structure of the PPC complex belongs to the orthorhombic 
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crystal system with the centrosymmetric P212121 space group similar to the published data [CCDC-

241810] [25]. The crystal structure is shown in Scheme 2. 

 

 

 

 

 

 

 

 

 

 

Fig. 2: TGA of the PPC complex and Cu(NO3)2.3H2O precursors. 

 

The PPC complex together with Cu(NO3)2.3H2O was then used as single-source precursors for the 

synthesis of copper nitride nanocrystals, with the PPC complex acting as a molecular precursor 

whilst the copper nitrate is an ionic precursor with Cu+2 as a cation and NO3
-1as the anion. Prior to 

the synthesis of the nanocrystals, the thermal decomposition of the precursors was evaluated using 

TGA. The TGA results are shown in Fig. 2. The PPC complex showed two degradation steps at 

235 °C and 469 °C attributed to the decomposition of the organics and the residual assigned to 

metallic copper. On the other hand, copper nitrate, showed four degradations steps with the final 

residual associated with CuO. The degradation products suggest that for PPC, Cu is a 

thermodynamically favored product whilst CuO is favored for Cu(NO3)2.3H2O. It is therefore not 
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surprising that a lot of work report on the presence of Cu and CuO as impurities [23, 24]. Therefore, 

it is essential that the synthetic parameters are well-controlled in order to produce the less favored 

Cu3N.  

 

 

Scheme 2: Thermal decomposition of the precursors to form Cu3N nanocrystals. 

 

The precursors were then thermolyzed in ODA under mild conditions to prevent the formation of 

Cu and CuO and produce Cu3N nanocrystals as depicted in Scheme 2. The resultant nanocrystals 

were then characterized by XRD. The powder diffraction patterns are shown in Fig. 3. Both the 

diffraction patterns were indexed to Cu3N with an anti-ReO3 cubic structure (JCP2.2CA:00-002-

1156). However, the diffraction peaks for the particles synthesized with copper nitrate were 

sharper compared to those synthesized with PPC suggesting bigger particle sizes. In addition, 

peaks attributed to the ODA capping agent were also observed. It is worth noting that no peaks 

could be indexed to copper or its oxides. To check that the peaks indeed belonged to ODA, XRD 

patterns of ODA as it was purchased was done as well as when heated to 260 °C for prolonged 
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periods of time (Fig. S3). It is clear that ODA is crystalline in nature depicted by the observed 

sharp peaks and that upon heating it becomes more amorphous with most peaks disappearing 

except for the ones found in 10° - 30Á 2ɗ, similar to the ones observed in XRD patterns of the 

nanocrystals. 

 

 

 

 

 

 

 

 

 

 

Fig. 3: X-ray diffractograms of nanocrystals synthesized from the PPC and Cu(NO3)2.3H2O 

precursors (* peaks due to the capping agent). 

 

To further ascertain whether indeed ODA was present on the surface of the nanocrystals hence 

attributing for the peaks observed in the XRD, FTIR spectroscopy was done. The FTIR spectra of 

the pure ODA and ODA-capped Cu3N nanocrystals synthesized from PPC and Cu(NO3)2.3H2O 

are shown in Fig. 4. The spectra from the Cu3N nanocrystals synthesized from both precursors 

resembled that of pure ODA. However, small frequency shifts are observed as well as 

accentuations, but more importantly, a Cu-N peak at 592 cm-1 and 655 cm-1 for PPC synthesized 
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and Cu(NO3)2.3H2O synthesized nanocrystals is observed. This suggests that ODA is covalently 

bonded to the nanocrystals via the amine group. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4: FTIR spectra of ODA, ODA capped nanocrystals synthesized from PPC and 

Cu(NO3)2.3H2O. 

 

To confirm the composition of the nanocrystals and determine any present impurities, XPS was 

done. Shown in Fig. 5 is the XPS survey spectrum of the nanocrystals synthesized from the 

Cu(NO3)2.3H2O precursor. Similar results were obtained for the nanocrystals synthesized with 

PPC. The spectrum showed a strong C 1s peak confirming the presence of carbon due to the 

capping agent on the surface of the nanocrystals. The attribution of the carbon peak to the capping 

agent is consistent with other reported work on capped nanoparticles and XPS has in fact been 
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used to trace ligand exchange on the surface of the nanocrystals [27-28]. The O 1s peak was due 

to the adsorption of oxygen from the atmosphere. More importantly, Cu 2p (76, 125, 933, 952 eV), 

and N 1s (399 eV) were also observed confirming the formation of Cu3N. The relative atomic 

abundance showed a presence of about 94% carbon which is consistent with many long-chain 

molecules on the surface of the nanocrystals as depicted in Scheme 2. 

 

Fig. 5: XPS survey spectrum of Cu3N nanocrystals synthesized from the Cu(NO3)2.3H2O  

precursor. 

 

The high resolution XPS spectra of the nanocrystals were performed with the focus on O 1s, N 1s, 

and Cu 2p as shown in Fig. 6. The deconvoluted spectrum of C 1s showed sp3 and sp2 carbon peaks 

attributed to the capping agent. The O 1s showed two peaks at 531 eV and 532.5 eV corresponding 

the C-O and C=O respectively thought to be brought about by the interaction of the adsorbed 

oxygen from the atmosphere and the capping agent. N 1s accounted for one peak corresponding 
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to NïCu (399.7 eV). Cu 2p was deconvoluted to three sub-peaks corresponding to CuïN (932 eV), 

Cu 2p3/2 (933.2 eV), and CuïC (933.8 eV).  

 

Fig. 6: XPS survey spectrum of Cu3N nanocrystals synthesized from Cu(NO3)2.3H2O and 

high resolution core level spectra of Cu3N nanoparticles with focus on C 1s, O 1s, N 1s, Cu 

2p. 

 

The sizes and shapes of the nanocrystals were determined using TEM. The TEM micrographs and 

size distribution histograms of PPC and Cu(NO3)2.3H2O synthesized nanocrystals are shown in 

Fig. 7 and Fig. 8 respectively. The PPC synthesized nanocrystals are spherical in shape; however, 

they are polydispersed with most of the population being 2.8±0.6 nm in size. The HRTEM in Fig. 
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7(c) shows lattice fringes with a d-spacing of 0.381 nm corresponding to the (100) plane of an anti-

ReO3 cubic structure of Cu3N.  

 

Fig. 7: TEM micrographs (a) and (b) of Cu3N nanocrystals synthesized from PPC, 

(c) HRTEM depicting crystal fringes and (d) size distribution histogram. (Scales (a) 50 nm 

(b) 50 nm and (c) 1 nm. 
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The TEM and HRTEM micrographs as well as the size distribution of particles synthesized from 

Cu(NO3)2.3H2O are shown in Fig. 8. The nanocrystals show the characteristic crystalline cube-

like nanocrystals similar to those that were obtained in previous studies at different reaction 

conditions [29]. The average length of the sides of the as-synthesized nanocubes is approximately 

19±4 nm. The 0.377 nm d-spacing can also be indexed to a (100) plane of the cubic Cu3N crystal 

structure.  
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Fig. 8: TEM micrographs (a) and (b) of Cu3N nanocrystals synthesized from Cu(NO3)2.3H2O, 

(c) HRTEM depicting crystal fringes and (d) size distribution histogram. (Scales (a) 100 nm 

(b) 100 nm and (c) 1 nm. 
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is characterized by multi-decomposition steps and the formation of CuO results in less favorable 

cubes. The single-source precursor method and the synthetic conditions used herein result in Cu3N 

nanocrystals with superior quality where smaller sizes are obtained, nearly monodispersed samples 

as well as no traces of CuO or Cu impurities as compared to other reported work on Cu3N. In 

another solvothermal study, irregularly shaped nanocrystals with diameters ranging from 22 nm to 

220 nm were obtained from the nitridation of CuO using urea or ammonia [21]. The synthesized 

nanocrystals were unstable and oxidized when left exposed to humid air. Nakamuri et al. 

decomposed copper acetate in long chain alcohols in the presence of ammonia and also obtained 

irregularly shaped copper nitride nanocrystals with sizes ranging between 100 to 200 nm [22].  

 

To establish whether ODA, a nitrogen containing ligand does not act as a nitrogen source for the 

Cu3N nanocrystals hence nullifying the contribution of the two precursors, a control experiment 

was done. Copper acetate was thermolyzed in ODA at the same conditions as the PPC and 

Cu(NO3).2H2O precursors. The acetate contains oxygen similar to the nitrate. From the XRD 

pattern shown in Fig. S4, it is evident that ODA could not possibly act as the nitrogen source as 

only copper is formed. When comparing ODA with NH3, a known source for nitridation, NH3 

decomposes to form N2 and H2. The nitrogen thereby acts as a nitridation source [30]. The direct 

nitridation using N2 gas requires very high pressures and therefore does not work for this method 

[31]. Heating up of ODA also showed no signs of any gas evolving and resulted in amorphous 

ODA or formation of a new organic species as shown on the XRD pattern in Fig. S3. The 

mechanism for the synthesis of nanocrystals using molecular precursors is somewhat known and 

has been thought to follow the Lamer and Dinegar type of growth and with the metal and nitrogen 

bond already intact, the decomposition results in the formation of Cu-N nuclei which then grow 
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over time due to Ostwald ripening and then growth is terminated by stopping the reaction [32-34]. 

However, it is not quite clear as to what the mechanism of growth for the ionic precursors such as 

copper nitrate. Nevertheless, from the control experiment of copper acetate, it is clear that the type 

of salt used as well as the conditions, need to be perfect to result in the formation of Cu3N as a lot 

of studies have previously shown that CuO and Cu are readily formed [23, 24]. 
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Fig. 9: (a) UV-Vis absorption and (b) photoluminescence spectra of nanocrystals synthesized 

from PPC and Cu(NO3)2.3H2O. 

 

The optical properties of the nanocrystals were then evaluated and are shown in Fig. 9. The band 
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Cu3N should be 0.23 eV [35]. The nanocrystals obtained from the PPC complex have a band gap 

of about 2.21 eV whilst Cu(NO3)2.3H2O synthesized nanocrystals show a band gap of 1.89 eV as 

extracted from the UV-Vis absorption spectra. The slight blue-shift of the band gap of the PPC 

compared to Cu(NO3)2.3H2O synthesized nanocrystals is consistent with the smaller sizes 

observed for the PPC nanocrystals. Nevertheless, both samples had blue-shifted band gaps from 

bulk due to quantum confinement effects. The emission spectra for both samples are blue-shifted 

from their corresponding band edges with the emission maxima at 450 nm and 480 nm 

respectively. The anti-Stokes shift of the emission spectra is indicative an up-conversion process 

as a result of phonon interactions. 

 

4. Conclusions 

In summary, we have demonstrated that single-source precursors can be used in the synthesis of 

Cu3N nanocrystals. Furthermore, we have shown that having a pre-existing Cu-N bond prevents 

the formation of CuO and Cu as in the PPC complex and that the nitrate anion also acts as a source 

of nitrogen and also prevent the opportunistic formation of the oxides. The choice of precursor 

also determines the resultant morphology. Spherical morphology was obtained for PPC 

synthesized nanocrystals whilst cube-like morphology was obtained from Cu(NO3)2.3H2O 

synthesized nanocrystals. In addition, the synthesized nanocrystals had band gaps in the visible 

region with anti-Stoke shifted emission spectra. This therefore suggests that Cu3N nanocrystals 

can be used in up-conversion optoelectronic devices.  
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Chapter 5 

Elucidating the effect of time on the structural and optical 

properties of copper (I) nitride nanocubes 

Abstract  

To study the effect of time on the colloidal synthesis of Cu3N nanoparticles, copper (II) nitrate was 

thermally decomposed at 260 °C for up to 60 min in octadecylamine as stabilizing ligand. 

Thermolysis of the nitrate followed four steps which include; nucleation, growth, ripening and 

decomposition. At 5 min, partially developed nanocubes were found in a dense population of Cu3N 

nuclei. Well-defined Cu3N nanocubes were obtained at 15 min with no presence of the nuclei. 

TEM images showed disintegration of the cubes at 20 min and as time progressed, all the Cu3N 

decomposed to Cu by 60 min. The formation of the Cu3N nanocubes was confirmed by XRD and 

XPS. FTIR suggested the formation of a nitrile (RCN) as a result of the thermal decomposition in 

octadecylamine (ODA) and this was confirmed using proton NMR and hence, a reaction 

mechanism was then proposed. The optical properties of the as-synthesized Cu3N were studied 

using UV-Vis and photoluminescence spectroscopies. The absorption spectra for particles 

synthesized from 5 min to 15 min showed a singular exciton peak while from 20 min to 60 min 

two peaks were observed. The two peaks may both be associated with the two direct transition 

observed in Cu3N or the more red-shifted peak could be as a result of localized surface plasmon 

resonance due to the Cu nanoparticles. Nevertheless, similar to other studies, it is clear that the 

optical properties of Cu3N are complex. 

 

Keywords: Copper nitride; structural propertie s; optical properties 
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1. Introduction 

The industrial application of semiconducting nanomaterials cannot be overemphasized, more 

especially in photonics and medicine. Colloidal synthesis of Cu3N continues to receive tremendous 

research focus marking a variation from the popular solid-state methods which involves the use of 

RF magnetron sputtering. In literature, there are many discrepancies in the data that has been 

reported for Cu3N nanoparticles (NPs). For example, the band gap and thermal stability and this 

has been attributed to the unstable nature of Cu3N acquired during the growth stage [1].  

Researchers are slowly turning their focus to solution-based synthesis of Cu3N NPs due to the ease 

with which the desired morphology and properties of the NPs can be engineered. Few reports have 

demonstrated that Cu3N NPs can be synthesized by employing ammonolysis or use of N sources 

such as azide, hexamethylenetetramine and urea but the challenge with these methods is that the 

resultant NPs are ill-shaped [2, 5-8]. Special attention is recently being given to the synthesis of 

Cu3N NPs using direct thermal decomposition of Cu(NO3)2.3H2O in octadecylamine (ODA) to 

obtain well defined nanocubes [9-13]. Thermal decomposition of other metal nitrates for example, 

Mn(NO3)2, Ni(NO3)2.6H2O, Zn(NO3)2.6H2O, Ce(NO3)3.6H2O, Co(NO3)2.6H2O in ODA resulted 

in the formation of corresponding metal oxides and not metal nitrides [14]. Wang et al. [11] 

demonstrated that it is very crucial to control the concentration of Cu(NO3)2 in ODA in order to 

get Cu3N and not Cu or its oxides. Xi et al. [13] reported on the formation of Cu3N upon 

decomposing Cu(NO3)2 in a mixture of two reducing agents, ODA and oleylamine (OLA) at 240 

°C  for up to 10 min. The report revealed that very few cubes were observed amongst small nuclei 

of Cu3N after 2 min but only cubes were present after 10 min. However, the authors did not report 

on the effect of time beyond 10 min. Herein, we probe the effect of precursor decomposition time 

on the formation of Cu3N nanocubes through thermolysis of Cu(NO3)2 at 260 °C for up to 60 min 
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in ODA as the capping and reducing agent. Progression in the formation of the Cu3N nanocubes 

could be summarized in four stages namely; nucleation, growth, ripening and decomposition. In 

order to verify our findings, the same synthetic procedure was followed using hexadecylamine 

(HDA) as the capping and reducing agent. In nanosynthesis, high temperatures are generally 

known to be conducive for nucleation whilst low temperatures are known to be conducive for 

growth of nanoparticles. In the colloidal synthesis of Cu3N, 260 oC is generally high, hence the 

study seeks to investigate the synthesis under conditions that seek to promote nucleation and not 

necessarily nanoparticle growth.   

 

2. Experimental section 

Materials 

Copper (II) nitrate trihydrate (puriss p.a., 99-104%), octadecylamine (ODA), octadecene, 

hexadecylamine (HDA) (technical grade, 90%), chloroform (anhydrous, Ó99%, contains 0.5-1.0% 

ethanol as stabilizer) and ethanol (absolute, Ó99.8% (GC)) were purchased from Sigma-Aldrich.  

 

Synthesis of Cu3N Nanoparticles 

The controlled synthesis of Cu3N nanocrystals was achieved by thermal decomposition of copper 

(II) nitrate in octadecylamine. Cu(NO3)2.3H2O (12.5 mmol) was dissolved in octadecene (1 ml), 

mixed with ODA (10 ml) and degassed under a continuous flow of N2 gas at 110 °C.  After an 

hour, the temperature was slowly raised to 260 °C. Aliquots were then extracted at 5, 10, 15, 20, 

30 and 60 min. Powders were obtained after repeated washing in ethanol and were kept under inert 

conditions before characterization. 
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Characterization 

A Varian Cary Eclipse (Cary 50) UV-Vis spectrophotometer was used to carry out the optical 

properties of the NPs. The photoluminescence spectra of the NPs were recorded on a Varian Cary 

Eclipse EL04103870 spectrofluorometer with a medium PMT voltage at an excitation wavelength 

of 200 nm. The absorption and emission spectra were obtained in chloroform and placed in quartz 

cuvettes (1cm path length). Powdered XRD patterns of the samples were measured on a Bruker 

MeasSrv D2-205530 diffractometer using Co KŬ radiation ((ɚ 1.78897 ¡) at 30 kV/10 mA. The 

XRD data was acquired using a Bruker Lynxeye PSD detector set to measure at 5o 2ɗ and all 

measurements were acquired at room temperature. The data was analyzed using Bruker AXS 

Evaluation package (EVA, 2008) equipped with ICDD PDF 4+. X-ray photoelectron spectroscopy 

measurements were performed with a PHI 5000 Versaprobe - Scanning ESCA Microprobe 

operating with a 100 µm 25 W 15 kV Al monochromatic X-ray beam. The transmission electron 

microscopy (TEM) was carried out on a FEI Technai T12 operated at an acceleration voltage of 

200 kV with a beam spot size of 20 - 100 nm in TEM mode. The vibrational modes were measured 

on a Bruker Tensor 27 FT-IR and the nuclear magnetic resonance (NMR) data was obtained using 

a 500 MHz Bruker AVANCE III, the samples were run using CDCl3 as a solvent at 300K. The 

acquired NMR data was analyzed using MNOVA software. 

 

3. Results and discussion 

The powder X-ray diffraction was used to determine the crystal phases of the resultant NPs and 

for the detection of any impurities. Shown in Fig. 1 are the XRD patterns of the NPs synthesized 

from 5 min to 60 min in ODA. The series of Bragg reflections in the given patterns show peaks 

that correspond to planes (100), (110), (111), (200), (210), (211), (220) and (320) of the cubic 
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phase of Cu3N (card number JCP2.2CA:00-002-1156). The sharp peaks that were obtained show 

that the Nps obtained were highly crystalline. An additional peak from the 20 min sample is 

observed at 2ɗ = 50.61Á showing the initial stage of Cu formation. More copper peaks emerge till 

all the Cu3N had been converted to Cu (JCP2.2CA:00-085ï1326) at 60 min. These sets of data 

show that thermal decomposition of Cu(NO3)2 in ODA at 260 °C result in the formation of Cu3N 

after about 5 min. Cu3N continues to be the only product present until about 20 min, then the Cu3N 

NPs begin to decompose until only Cu is detected at 60 min. Understanding of the metallization 

of Cu3N can come in handy in making microscopic Cu metallic links during the fabrication of 

optical recording media [15] and optical data storage [16]. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1: Powder XRD diffractograms of Cu3N NPs obtained after 5, 10, 15, 20, 30, 45 and 60 

min at 260 °C in ODA. The symbol (* ) shows peaks for Cu and (#) decomposition product of 

the capping agent. 




























































































































































































