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Abstract 

Solar energy is deemed as one of the best alternative energy sources to fossil fuels because it 

is abundant and renewable. Dye-sensitized solar cells (DSSCs) are one of the photovoltaic 

devices that have attracted much of attention due to easy fabrication methods and relatively 

low-cost of production. DSSC architecture includes a photoanode sensitized with an organic 

dye, an electrolyte and a counter electrode (CE). Platinum is a common CE material because 

of it has high catalytic activity and conductivity. However, platinum is a noble metal and has 

a low surface area and alternative materials that result in comparable or even higher power 

conversion efficiencies are sort after. Cu2ZnSnS4 (CZTS) has been extensively studied as an 

absorber layer in p-n junction solar cells because it exhibits high absorption coefficient and 

low band gap. CZTS has recently been reported to have promising electro-catalytic activity 

properties that can be utilized in DSSC as CE material to facilitate the reduction of the 

electrolyte. However, poor results have been obtained thus far. Several articles have 

attributed the poor performance of CZTS as a CE material to its poor electron transport 

properties since it is a semiconductor. To counteract this shortcoming, CZTS can be 

coalesced with other high electron conductivity materials such as carbon nanotubes. Nitrogen 

doped multi-walled carbon nanotubes (N-MWCNTs) have been reported to exhibit high 

electron conductivity although they are poor electro-catalysts, due to defects caused by the 

nitrogen atoms and these defects can also be utilized in the formation of CZTS/N-MWCNTs 

hybrid systems. To counteract the poor catalytic behaviour of MWCNTs and poor 

conductivity of CZTS, a nanocomposite mixture of CZTS/N-MWCNT can be employed to 

provide good catalytic activity and electron transfer. Herein, we report on the colloidal 

synthesis and characterization of CZTS nanoparticles in oleylamine (OLA). The successful 

synthesis of CZTS was confirmed by X-ray diffraction (XRD) and Raman spectroscopy 

where the kesterite phase was obtained. The X-ray photoelectron spectroscopy (XPS) also 

confirmed the formation of CZTS. The transmission electron microscope (TEM) images 

showed polydispersed particles. To overcome the polydispersity, digestive ripening was 

undertaken. Ripening for 2hrs resulted in a more monodispersed sample. To ensure good 

anchoring of nanoparticles on the surface of the N-MWCNTs, ligand exchange was done 

where shorter and bidentate ligands were used namely pyridine (py), mercaptopropionic acid 

(MPA) and ethanedithiol (EDT). The py was used as it a traditionally use exchange ligand 

while MPA and EDT with two functional groups could bind to the nanoparticle surface with 

one group and have the other available for anchorage to the N-MWCNTs. The XRD and 
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TEM images showed that the long-chained OLA capped particles were far better than the py, 

MPA and EDT capped particles. The N-MWCNTs were synthesized using the chemical-

vapour deposition method. The nitrogen doping was confirmed by XPS and the bamboo 

morphology observed on the TEM images. Raman spectroscopy also showed that more 

defects were present after doping. The ex-situ synthesis method that involves sonicating the 

CZTS and N-MWCNTs in dimethyl formamide was employed to prepare the 

nanocomposites. Raman spectroscopy and the TEM images confirmed the interaction 

between these two materials hence the formation of the nano-hybrids/nanocomposites. Cyclic 

voltammetry using nanocomposite ink fabricated on glassy carbon electrode in theI−/I3
− 

electrolyte was run to determine the maximum reduction peak current of the various weight 

percent ratios of CZTS and N-MWCNTs in the CZTS/N-MWCNTs nanocomposites. The 

CZTS/NMWCNTs (0.3 ratio) was found to exhibit the highest reduction peak current, and 

relatively low potential and was therefore deemed as the best of all the ratios and a possible 

Pt CE material alternative. 
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Structure of thesis 

 Chapter 1 provides the basis and motivation behind preparation of CZTS/N-MWCNTs 

nanocomposite materials as possible platinum free counter electrodes in dye-sensitized 

solar cells with the aim of addressing the current and future energy demands by exploiting 

the solar radiation. 

 

 Chapter 2 is a detailed description of the individual components of dye-sensitized solar 

cells as well as various materials that can be employed in each component to assist in the 

maximum photon to energy conversion. The properties of CZTS and N-MWCNTs are 

explained in detail and how these properties make them suitable candidates for DSSCs 

counter electrodes. Finally, the working principle of DSSCs as well as how the 

performance parameters of the cell can be evaluated is described. 

 

 Chapter 3 firstly details the chemical vapor deposition technique as a synthesis 

procedure for N-MWCNTs including the proposed growth mechanism of the nanotubes 

when this method is employed and ultimately the conditions used to prepare the 

nanotubes. The effectiveness of acid washing the prepared N-MWCNTs to remove the 

catalyst is then determined by comparison of the structural and composition analysis 

results of N-MWCNTs before and post washing. 

 

 Chapter 4 describes the colloidal hot injection growth mechanism of CZTS nanoparticles 

in OLA. This chapter also describes post synthesis modification of the structure and 

surface of the OLA capped CZTS by digestive ripening and ligand exchange, 

respectively. 

 

 Chapter 5 presents the importance and benefits that come about mixing two materials 

with different properties to utilize both their properties in order to counteract the 

shortcomings of another. The preparation procedure for CZTS/N-MWCNTs 

nanocomposites of various ratios is highlighted followed by their corresponding 

electrochemical measurements.  
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 Chapter 6 underlines the conclusions deduced from this research work and likely future 

work that can be done in line with the exploitation of CZTS/N-MWCNTs 

nanocomposites as possible Pt free dye-sensitized solar cell counter electrodes.
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Chapter 1 : General background 

1.1 Introduction 

The escalating global energy demand, probable depletion of fossil fuels and climate change 

due to global warming has rendered vast research towards alternative, renewable and 

environmentally benign energy sources [1]. Biomass, hydropower, geothermal, solar and 

wind energies are such renewable energy resources with solar energy reported to be the 

cheapest and most abundant [2]. The challenge that still stands for scientists is to develop 

photovoltaic (PV) devices that are both cost-effective and have high power conversion 

efficiency (PCE) to harvest the solar radiation. Currently, commercial PV devices with 26 % 

efficiency are based on monocrystalline and polycrystalline silicon wafers [3] and are 

referred to as first generation solar cells. Silicon is an indirect band gap material, therefore; a 

thick layer of its perfect crystals is mandatory for such efficiencies, thus effecting a high 

production cost of these solar cells [4]. 

The high cost of first-generation solar cells then prompted the development of thin film solar 

cells based on semiconductors deposited on various substrates as alternative PV devices and 

are referred to as second generation solar cells. The semiconductor materials known include 

CuIn(Ga)Se2 (CIGS), CdTe/CdS and amorphous-silicon and these show a higher energy 

absorption efficiency relative to monocrystalline and polycrystalline silicon [5].  Thin film 

second generation  solar cells require far less material, however, they have low PCE, are 

made from toxic and limited materials resulting in restricted commercialization [6]. Third 

generation solar cells are aimed at improving the efficiency while reducing the production 

cost of PV devices. Indium and tellurium in second generation solar cell materials are rare 

while gallium is toxic, therefore third generation solar cells are designed to replace these 

elements with abundant, low toxic elements such as Zn and Sn in Cu2(ZnSn)S4/Se. Dye-

sensitized solar cells (DSSCs) are one of the third generation solar cells  that offer vast 

advantages over other solar cells due to their relatively easy manufacturing technologies, 

acceptable efficiency, lower cost and printable fabrication methods [7], [8]. The first DSSC 

was reported in 1991 by Grätzel and O`Regan with PCE of 7.1 % [9] and since then, many 

improvements on DSSC components aimed at elevating their efficiency have surfaced.  

 

1.2 Problem statement 

In the recent years, South Africa has been awakened to the danger of its major reliance of the 

energy sector on fossil fuel following power cuts. In his report, the regional managing 
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director of SENER Southern Africa, Siyabonga Mbanjwa highlighted the need for South 

Africa to have a balanced energy mix from all energy sources [10]. As of 2016, 85.7 % of the 

electricity generated in South Africa came from fossil fuel combustion as shown in Figure 

1.1 [11]. To meet the energy demand as the economic growth improves and prevent future 

power cuts due to limited coal, the energy supply should therefore be diversified across all 

the energy sources [12]. 

 

Figure 1.1: South African electricity generation from various energy sources [11]. 

 

Coal based energy also poses a threat to the environmental health of the planet by emitting 

greenhouse gases and land reform resulting in climate change and damage to the natural 

bionetwork of the planet [13]. One approach of answering this shift in energy supply chain 

can be through harvesting the solar radiation to produce usable energy. The earth receives a 

total energy of around 3 × 1026 J/year which is free for utilization by photovoltaic (PV) 

technology. Current PV devices that are in the market are based on monocrystalline and 

polycrystalline silicon and are quite costly. To make commercialization of PV devices 

economically feasible, optimizing thin film based solar cells is crucial. DSSCs offer easy 

fabrication methods and replacing the platinum (Pt) counter electrode (CE) in DSSCs with a 

material that has comparable or a higher electro-catalytic ability, while offering more 

chemical stability and cost-effective constituent elements could in fact render them 

economically sustainable.  
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1.3 Rationale 

Fourth industrial revolution (4IR/ Industry 4.0) first surfaced in Germany in 2011 and is a 

phenomenon that targets the introduction of high technology policies of robots that mimic 

human behaviour, automated cars and passive machinery to moderate CO2 discharge, usage 

of raw materials and their cost [14], [15]. This shift aims to preserve the earth for future 

generations [16] and discussions such as alternative, environmentally friendly energy sources 

such as solar exploitation to produce energy are at the forefront. DSSCs are a plausible 

solution to the existing energy demand if their production cost can be lessened while also 

improving their power-to-energy conversion. One such approach can be swapping the 

conventional noble Pt counter electrode with more abundant, yet harmless material that has 

similar properties to Pt. Pt has a reasonable catalytic activity towards the common I−/I3
− 

DSSCs electrolyte, however, it is not without any flaws. Pt is oxidized to PtI4 upon exposure 

to I−/I3
− [17], [18]. Carbides [19], conducting polymers [20], [21], inorganic and carbon-

based materials as well as composites made from either of these compounds have shown 

potential as optional CE materials because of their good conducting and reducing abilities 

[22]–[26]. Chalcogenides, in particular Cu2ZnSnS4 (CZTS) , has earth abundant, relatively 

cheap constituent elements, good electron transport, easily optimizable synthesis methods and 

decent electro-catalytic activity [27], [28]. However, only 4.5% PCE was obtained when this 

material was employed as a CE in a study conducted by Nemala et al. and attributed this to 

the not so good conductivity of CZTS [27]. Coalescing CZTS with highly conductive carbon 

compounds such as graphene and carbon nanotubes improved the DSSC efficiency [25], [27], 

[29]. To counteract the poor conductivity of CZTS and poor catalytic behaviour of N-

MWCNTs, CZTS/MWCNT hybrid can be employed as a CE to provide phenomenal catalytic 

activity and electron transfer in DSSCs. For this research, a hybrid of CZTS and highly 

conductive and defected nitrogen-doped multi-walled carbon nanotubes (N-MWCNTs) CE 

was prepared and corresponding reducing capacity on the DSSC electrolyte was evaluated. 

 

1.4 Aims and objectives 

The prime goal of this study was to prepare nanocomposite materials of various weight 

percentages of Cu2ZnSnS4 and nitrogen-doped multi-walled carbon nanotubes, evaluate and 

compare their reduction capabilities towards the I−/I3
− electrolyte to Pt counter electrode.  

These aims were achieved by implementation of the following objectives: 
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 Microwave synthesis of bimetallic Fe-Co/CaCO3 catalyst using iron and cobalt nitrate 

salts. 

 Synthesis of N-MWCNTs by chemical vapor deposition (CVD) method using 

acetonitrile and acetylene as nitrogen and carbon sources, respectively, over Fe-

Co/CaCO3 catalyst. 

 Colloidal synthesis of Cu2ZnSnS4 using oleylamine (OLA) as the reaction medium 

and surfactant. 

 Optimize digestive ripening time of the Cu2ZnSnS4 nanoparticles in excess digestive 

ripening agent (OLA). 

 Perform ligand exchange of OLA with 3-Mercaptopropionic acid (MPA), 

ethanedithiol (EDT) and pyridine on OLA capped Cu2ZnSnS4. 

 Prepare CZTS/N-MWCNTs nanocomposite systems through sonication in N, N-

dimethyl formamide (DMF). 

 Study and compare the reduction performance of the composite materials deposited 

on glassy carbon electrode towards the I−/I3
− to Pt using cyclic voltammetry. 
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Chapter 2 : Literature review 

2.1 Dye-sensitized solar cells 

2.1.1 Architecture 

The DSSC set-up has three major components; an anode material of a dye anchored on a 

wide band gap semiconductor, an electrolyte and a cathode, otherwise known as counter 

electrode (CE) as depicted in Figure 2.1 [1], [2]. The dye facilitates photon absorption and 

electron injection into the semiconductor, which then transports the electron to the external 

circuit and ultimately, the electron is collected by the CE [3]. Since the discovery of the 

DSSC by O`Regan and Gräzel in 1991, TiO2, Ru (II) polypyridyl dyes [4] and Pt [5] were 

found as suitable and promising oxide semiconductor, sensitizer and CE materials, 

respectively, resulting in a PCE of 7.9% [6]. The question that remains therefore is why these 

devices have not been commercialized yet. Several factors have contributed to this setback 

and include the low power to electricity conversion, long term instability and expensive 

materials used in their construction [7]–[9].  

 

Each component of the DSSC contributes to this limitation in one way or another. For 

instance, Ru (II) polypyridyl based dyes are commonly used as sensitizers because they can 

absorb a wider range of the solar spectrum and their energy levels are compatible with those 

of TiO2 while the common electrolyte redox couple is  I−/I3
− [4], [10]. However, precursors 

of these dyes are expensive, scarce and toxic [11]. Platinum, on the other hand, is a noble 

metal and degrades after extended exposure to the I−/I3
−  electrolyte [12]. The high cost, 

limited availability of Pt and Ru dye precursors and corresponding low efficiency have 

rendered DSSCs commercially unviable. Extensive studies on maximizing the conversion 

efficiency of DSSCs by studying and trying to optimize the individual components are 

currently underway, globally. Such attempts include trying to increase the photon extraction 

by increasing the number of layers of dye which was proven worthless in this regard. 

Recently, researchers have shown that alternatively, quantum dots can be exploited for 

increased solar absorption thereby giving them the name quantum dot sensitized solar cells 

(QDSSCs) [13].  
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Figure 2.1: Schematic diagram showing components of the dye-sensitized solar cell [10]. 

 

2.1.1.1 Photoanode 

Photoanode is one of the major components of a DSSC. It is made up of a dye spread on an 

oxide semiconductor deposited on conductive glass substrate of fluorine doped tin oxide 

(FTO) or indium doped tin oxide (ITO). The dye, semiconductor and substrate are 

responsible for photon harvesting, electron injection and electron extraction, respectively 

[14]. High surface area, good electron transport mobility, a conduction band that has energy 

lower than the lowest unoccupied molecular orbital (LUMO) of the dye to allow good dye 

loading and good electron collection are some of the crucial properties the oxide should 

possess [11]. ZnO and TiO2 are some of the suitable oxide materials employed in DSSCs to 

accelerate electron transfer to the external circuit because they are abundant, biocompatible 

and have low toxicities [15]. Additionally, these semiconductors have conduction bands that 

are lower in energy than the LUMO of the dye, a factor that promotes electron extraction 

from the photo-excited dye. Several factors should be considered when selecting the dye and 

the oxide material. Firstly, the dye should have a strong interaction with the oxide material, a 

high absorption efficiency in the visible region and its oxidized from should be easily reduced 

by the electrolyte [16]. Several studies have shown that multilayer dye does not increase the 

photon absorption of the dye [17]. Alternatively, high surface area oxide can be employed to 

unsure a better coverage by the mono layer dye. Various morphologies of these oxides 

including nanorods, nanowires, nano-rings and nanobelts have thus been studied [18]. 
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2.1.1.2 Electrolyte 

An electrolyte constitutes of a redox couple dispersed in an organic solvent and conveys 

electrons from the CE to the anode to facilitate dye-regeneration. Dye recombination occurs 

if electron transfer from the electrolyte to the oxidized dye is not fast enough while 

electrolyte recombination occurs if electron extraction from the anode and electrolyte 

regeneration are not fast enough [14]. Therefore, the choice of electrolyte plays a key role in 

the overall efficiency of the DSSC. Some of the vital properties that the redox duo should 

possess include high ionic mobility and good solubility in the solvent of interest, slow 

recombination rate with the ejected electron as well as accelerated electron handover at the 

electrolyte-CE interface [19]. There are three electrolyte systems that can be employed in 

DSSCs, namely; liquid [20], quasi-solid [21] and solid-state hole conducting [22], [23] 

electrolytes. Iodide/triiodide (I−/I3
−) liquid based electrolytes are the most popular in DSSCs 

because the rate at which I3
− reduces the oxidized dye is faster than the rate at which I3

−can be 

reduced by the semiconductor anode material thus limiting the chance of recombination [5]. 

Redox compounds that have a more positive potential that the I−/I3
−  are sort after to increase 

the open circuit voltage of the DSSC. Recently, cobalt complexes were studied as alternative 

electrolytes and demonstrated easily adjustable redox potentials although their ionic diffusion 

is limited because of their large size [5], [24]. 

 

2.1.1.3 Counter electrode 

The DSSC CE plays a major role in the device set-up. The CE collects and transfers the 

external circuit electron to the oxidation half of the electrolyte [11]. For the electron transport 

to occur and be used to reduce the electrolyte, the CE material must have a few ideal 

characteristics. These characteristics include, high electron conductivity, high porosity to 

allow maximum electrolyte-CE material interaction for efficient catalysis, stability during 

extended exposure to the electrolyte as well as reducing ability to the electrolyte [25], [26]. 

Since the development of DSSCs, Pt has been found to be an ideal CE material because of its 

high catalytic activity towards the common DSSC electrolyte of I−/I3
−  as well as high 

surface area of its nanoparticles [10], [27], [28]. Nonetheless, Pt is a rare earth metal, 

therefore expensive and it dissolves in the I−/I3
−  electrolyte to form PtI4 [29]. These 

shortcomings of Pt have prompted research studies towards alternative CE materials that have 

high surface area, good electron conductivity and comparable, if not better, catalytic activities 

than Pt. Such CE materials include carbon nanomaterials [30], [31] and chalcogenides [32]. 
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Carbon materials such as carbon black, carbon nanotubes and graphite offer interesting 

properties like high conductivity and surface area, chemical stability and low-cost [33]. 

Chalcogenides, on the other hand, offer good catalytic properties towards the electrolyte, 

low-cost as well as ample constituent elements in the earth crust [34]. This study will be 

focused on combining the electron transport and surface area of the carbon nanotubes and the 

promising catalytic ability of quaternary Cu2ZnSnS4 chalcogenide in a hybrid system with the 

aim of achieving comparable DSSC power conversion efficiency (PCE) using cheap and 

easily synthesized materials. 

  

2.1.1.3.1 Transition metal chalcogenides 

Solar cells based on thin films of organic, inorganic and hybrid semiconductors have shown 

potential as alternatives to high cost, high efficiency silicon solar cells because they possess 

high absorption coefficients [35], [36]. Chalcogenides are inorganic compounds that are 

made up of sulfides, selenides or tellurides (chalcogens) and at least one electropositive 

transition metal element [13]. Binary, ternary and quaternary chalcogenide are composed of 

one chalcogen and one, two and three positively charged atoms, respectively. Binary and 

ternary nanoparticles such as CdSe/Te, PbS(Se), CuInS2, Cu(In,Ga)(Se,S), and CuInSe2 have 

been employed as absorber layers in photovoltaic devices to replace conventional silicon in 

conventional photovoltaic devices, and yielded promising power conversion efficiencies 

because of their high absorption coefficients and ideal band gap [35], [37]. Mass production 

of devices based on these compounds is hindered by the inadequate supply and elevated cost 

of indium, gallium and tellurium and cadmium toxicity. Quaternary nanoparticles such as 

Cu2ZnSnS4 (CZTS) are reported to exhibit better corrosion resistance, higher absorption 

coefficients and tunable band gap over their counter-parts due to optical bowing effect [38]. 

 

2.1.1.3.2 Copper zinc tin sulfide 

Cu2ZnSnS4 (CZTS) is a quaternary p-type chalcogenide semiconductor with a tunable band 

gap and a high absorption coefficient of about 10
-4

 cm
-1 

[39]. Its constituent elements are 

abundant and have relatively low toxicity. These properties have rendered vast studies on 

CZTS as a light harvesting layer in p-n junction solar cells. Additionally, CZTS has been 

reported by Dai and coworkers as a catalytic material, thereby diversifying its development 

from an absorber layer to a reducing material in DSSC CE [32]. This compound is derived 

from CuInS2 upon replacing In with Zn and Sn atoms as shown in Figure 2.2 (a).  

Cu2ZnSnS4 exhibits three major crystal structures, cubic, tetragonal (kesterite and stannite) 
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and hexagonal form [40]–[43]. In the cubic crystal unit cell, metal atoms are positioned 

randomly while Cu and Zn atoms either conform to their positions in an ordered or 

disordered manner whereas the Sn atoms take fixed position in hexagonal crystal structure. 

For kesterite tetragonal crystal structure, in particular, CuSn, CuZn cation-ionic layers 

alternate positions  while the ZnSn and CuCu layers [44] alternate positions in the stannite 

crystal structure as seen from Figure 2.2 (b) & (c) below. Kesterite CZTS is 

thermodynamically more stable than the stannite form. Thin film technology through ink 

fabrication on various substrates is a major part of solar cell development aimed at reducing 

the cost of production and increasing the sustainability solar technology. 

 

Figure 2.2: (a) Schematic diagram illustrating basis of CZTS development and (b) 

kesterite and (c) stannite tetragonal crystal structures of Cu2ZnSn(S/Se)4 [45]. 

 

2.1.1.3.3 CZTS ink fabrication 

Fabrication of PV devices can be achieved by either depositing an ink of the compound of 

interest or electrodeposition of the precursor metallic ions on a conductive substrate by 

employing either vacuum or non-vacuum based methods. Vacuum processing techniques 

include sputtering (argon beam, ion beam and magnetron), evaporation (co-evaporation, 

electron beam and thermal evaporation) and pulsed laser deposition of the target compound 

atoms under controlled temperature and pressure [39], [46]–[48]. The two former procedures 

follow the same approaches of either simultaneously depositing the metal sources followed 

by sulfurization of the films or, sequential deposition of the metal precursors. The procedures 

offer advantages of high film reproducibility as well as optimal element composition of the 

film [49]. The urge to reduce the cost of PV devices under all aspects has rendered a shift to 

less costly non-vacuum deposition procedures such as spray pyrolysis, electrodeposition, sol-

gel and doctor blading [50]. Alternatively, the inorganic nanomaterials can be prepared by 

solvothermal, hydrothermal, sol-gel and colloidal synthesis and an ink solution prepared and 

(a) (b) (c)
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then deposited on substrates by spin coating, drop casting and doctor blade technology [51]–

[55]. In hydrothermal and solvothermal methods, the metal and chalcogenide sources are 

dissolved in water and organic solvent, respectively and exposed to high temperature and 

pressure usually by an autoclave or microwave. Colloidal synthesis is a solution-based 

approach that offers the advantage of morphology, shape and size control [53]. Due to the 

ease and low temperature requirements for the preparation of inorganic materials, colloidal 

synthesis of CZTS will be employed in this research. These colloids can be coalesced with 

carbon materials for application as CEs in DSSCs. 

 

2.1.1.3.4 Carbon nanomaterials 

Carbon is a group 14 element with electronic configuration of 1s
2
, 2s

2
, and 2p

2 
[56]. Carbon 

can bond with another carbon to form sp, sp
2
 and sp

3
 hybridizations, resulting in carbon 

having up to eight allotropic forms. These include diamond which is made up of a three-

dimensional network of sp
3
 hybridized carbon, graphite, a two-dimensional network of sp

2
 

hybridized carbons and fullerenes which are composed of sp
2
 carbon units forming hollow 

spheres, ellipsoid and tubular structures [57], [58]. The chemical and physical properties of 

the different forms of carbon are extremely diverse and have thus prompted vast amount of 

research rendering carbon as one of the most studied elements. Some of these carbon forms 

are shown in Figure 2.3 below. Of these, carbon nanotubes are vastly researched because of 

their diverse properties. 
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Figure 2.3: Some of the carbon allotropes: (a) graphene, (b) graphite (c) carbon 

nanotube, (d) fullerene (C60) and (e) fullerene (C90) (Structures generated by Nanotube 

Modeler). 

 

2.1.1.3.5 Carbon nanotubes 

Carbon nanotubes (CNTs) are rolled up graphene sheets and fall under the fullerene clan. 

They exist in two main classes: single-walled carbon nanotubes (SWCNTs) (Figure 2.4 (a)) 

and multi-walled carbon nanotubes (MWCNTs) (Figure 2.4 (b)). SWCNTs are single 

layered, rolled up graphene sheets and have diameters ranging from 0.4 to 3 nm, while 

MWCNTs have several layers of these cylinders with outer diameter varying from 2 to 30 nm 

[56]. CNTs hold remarkable properties and have thus found applicability in catalysis [59], 

sensors, photovoltaics [60], and energy storage [61]. These characteristics include but are not 

limited to high thermal stability in vacuum at temperatures up to 2800 °C, high electrical and 

thermal conductivities and excellent mechanical properties. These properties however, 

depend on the detailed structure of the nanotube, such as the diameter, the length, twisting 

ability of the tube and the type of the nanotube [62]. In SWCNTs, for example, the chiral 

vector, an integer that determines the direction of rolling a graphene sheet, expressed by 

Equation 2.1 below, predicts the electrical conductivity nature of the nanotubes. When n-m 

is a multiple of three, the SWCNT is metallic in nature, otherwise it is semi-conducting [56]. 

(a) (b)

(c) (d) (e)
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𝐂 = 𝐧𝐚𝟏  + 𝐦𝐚𝟐 ----------------------------------------------------------------------------------------Equation 2. 1 

Where C is chiral vector, n & m are indices that describe chiral vector and a1& a2 are base 

cell vectors of graphite. 

 

Figure 2.4: Common carbon nanotubes (a) single-walled carbon nanotube (b) multi-

walled carbon nanotubes (generated by Nanotube Modulator). 

 

2.1.2 Working principle of dye-sensitized solar cells 

The dye molecule can exist in either the ground state or the excited state with an energy gap 

between the states. The highest energy state in the ground state is referred to as the highest 

occupied molecular orbital (HOMO) while the lowest energy state in the excited state is 

known as the lowest unoccupied molecular orbital (LUMO). Upon exposure of the cell to 

radiation, photons penetrate the conductive glass and are absorbed by the dye molecules. 

Absorbed photons that have the same or higher energy than the energy gap between the 

HOMO and the LUMO, result in electrons being injected into the LUMO of the dye 

(Equation 2.2) [29]. Thereafter, the excited electron can be transferred into the conduction 

band of the TiO2 semiconductor (Equation 2.3). This process results in a positively charged 

dye molecule and to avoid electron recombination with the dye, and facilitate dye 

regeneration, three iodide ions diffuse to the dye-electrolyte interface and reduce two 

previously oxidized dye molecules, generating two neutral dye molecules and a triiodide ion 

[63]. The triiodide then diffuses to the electrolyte-CE interface, where it gets reduced by 

electrons from the external circuit that were collected by the CE material [64], [65]. Chemical 

reactions within DSSC following photo-absorption: 

(a) (b)
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𝐃 
𝐩𝐡𝐨𝐭𝐨−𝐞𝐱𝐜𝐢𝐭𝐚𝐭𝐢𝐨𝐧
→             𝐃∗ ----------------------------------------------------------------------Equation 2.2 

𝐃∗
𝐞𝐥𝐞𝐜𝐭𝐫𝐨𝐧 𝐢𝐧𝐣𝐞𝐜𝐭𝐢𝐨𝐧
→             𝐃+ +  𝐞−------------------------------------------------------------ Equation 2.3 

𝟐𝐃+ + 𝟑𝐈−
𝐝𝐲𝐞 𝐫𝐞𝐠𝐞𝐧𝐞𝐫𝐚𝐭𝐢𝐨𝐧
→              𝟐𝐃 +  𝐈𝟑

−---------------------------------------------------Equation 2.4 

𝐈𝟑
− + 𝟐𝐞− 

𝐞𝐥𝐞𝐜𝐭𝐫𝐨𝐥𝐲𝐭𝐞 𝐫𝐞𝐠𝐞𝐧𝐞𝐫𝐚𝐭𝐢𝐨𝐧
→                   𝟑𝐈− ---------------------------------------------------Equation 2.5 

 

Recombination mechanism: 

𝐞− + 𝐃+
𝐝𝐲𝐞 𝐫𝐞𝐜𝐨𝐦𝐛𝐢𝐧𝐚𝐭𝐢𝐨𝐧
→                𝐃  ----------------------------------------------------------------------Equation 2.6 

𝐞− +  𝐈𝟑
−

𝐞𝐥𝐞𝐜𝐭𝐫𝐨𝐥𝐲𝐭𝐞 𝐫𝐞𝐜𝐨𝐦𝐛𝐢𝐧𝐚𝐭𝐢𝐨𝐧
→                   𝟑𝐈− --------------------------------------------------------------Equation 2.7 

 

2.1.3 Characterization of dye-sensitized solar cells 

Generally, the photon to electricity conversion transformation of the DSSC relies on the open 

circuit voltage (Voc) which is the distance between the energy of the redox pair in the 

electrolyte and the Fermi-level of the anode semiconductor and cell current density. Voc is the 

maximum voltage that a cell can produce [66]. Cell current density depends on the diffusion 

rate of the electron through the anode material and is shown to improve if the anode material 

is highly crystalline and the inter-particle distance is minimal, thus allowing a smoother 

electron movement [67], [68]. Photocurrent-voltage (J-V) (Figure 2.5) and electrochemical 

measurements of the cell or anode, cathode and electrolyte are carried out to evaluate the 

stability level or cell component optimization [2]. The J-V curve gives the short circuit 

current density (Jsc), open circuit voltage whose product magnitude is used to calculate the 

power conversion efficiency (η) of the cell as shown in Equation 2.8. The fill factor (FF) 

(Equation 2.8), ratio of the maximum device power to theoretical maximum power 

demonstrates how close to a rectangular shape the J-V curve is. Reducibility of the electrolyte 

and reducing ability of the counter electrode towards the electrolyte redox pair can be 

determined by cyclic voltammetry (CV), while the electrochemical impedance spectroscopy 

(EIS) assesses electronic and ionic resistance of the electrolyte, electronic mobility resistance 

and recombination in the anode semiconductor, and resistance to electron movement in the 

CE [2].  

𝛈 (𝐏𝐂𝐄) =   
𝐃𝐞𝐯𝐢𝐜𝐞 𝐏𝐦𝐚𝐱

𝐥𝐢𝐠𝐡𝐭 𝐩𝐨𝐰𝐞𝐫
=
𝐕𝐨𝐜 × 𝐉𝐬𝐜 × 𝐅𝐅

𝐏𝐢𝐧
 ×  𝟏𝟎𝟎 %   --------------------------------------------Equation 2. 
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𝐅𝐅 =   
𝐃𝐞𝐯𝐢𝐜𝐞 𝐏𝐦𝐚𝐱

𝐓𝐡𝐞𝐨𝐫𝐞𝐭𝐢𝐜𝐚𝐥 𝐏𝐦𝐚𝐱
= 

𝐕𝐦𝐚𝐱  × 𝐉𝐦𝐚𝐱

𝐕𝐨𝐜 × 𝐉𝐬𝐜
------------------------------------------------------Equation 

2.9 

 

Figure 2.5 : Typical photocurrent-voltage (J-V) curve of a dye-sensitized solar cell. 

 

2.1.4 CZTS/MWCNTs nanocomposites in DSSCs 

A few articles report on the use of CZTS nanoparticles/carbon nanotube composites counter 

electrode based DSSCs. Nemala and co-workers studied the effect of adding 1 weight % of 

CNTs to CZTS on the short circuit current density of DSSC. Jsc of DSSC increased from 

10.6 mAcm
-2 

when using CZTS CE to 14.2 mAcm
-2 

for DSSC based on CZTS/CNT 

nanocomposite resulting in 6.3 % PCE. The improved surface area and porosity due induced 

by carbon nanotubes which improves accessibility of active sites to the electrolyte solution 

was reported as one of the factors that resulted in this increase in current density [34]. The 

same trend was observed on CZTS/MWCNTs nanocomposites CE based DSSCs developed 

by Chen et al [69]. Jsc of the DSSC increased from 14.33 mAcm
-2

 when CZTS was employed 

as a CE DSSC to 16.62 mAcm
-2

 for CZTS/MWCNT CE. 
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Chapter 3 : Preparation and acid treatment of N-MWCNTs 

3.1 Doped carbon nanotubes 

Electronic properties and surface reaction chemistry of carbon nanotubes can be modified by 

either introducing atoms that have an electron more (nitrogen and sulfur) or less (boron and 

phosphorus) than carbon within the graphene network or incorporation of carboxylic acid or 

alcohol functional moieties on the surface of the tubes [1], [2]. The incorporation of 

heteroatoms can cause rearrangement of the carbon network resulting in a flawed system, 

improved electronic properties as well as improved surface reactions [3]. These properties 

have diversified applicability of carbon nanotubes to electro-catalysts [4], photo-catalysts [5], 

gas sensing materials [6] and metal support structures to improve dispersion in fuel cells [7], 

[8]. Nitrogen doped carbon nanotubes have particularly attracted many researchers because of 

nitrogen size similarity to carbon [9],  and dependence of its properties on the type of 

nitrogen environment.  Typically, four nitrogen bonding configurations are observed upon 

nitrogen doping of carbon nanotubes as seen in Figure 3.1 [10], [11]. Graphitic nitrogen, 

otherwise referred to as quaternary nitrogen occurs when nitrogen atom replaces the graphitic 

carbon resulting in formation of an n-type carbon material. Nonetheless, this substitution can 

also cause reshuffling of neighbouring carbon atoms to form pyridinic or pyridinic oxide 

nitrogen environments thereby causing defects in the wall configuration [12], [13]. The lone 

pair in pyridine nitrogen has been shown to take part in basic Knoevenagel condensation 

reactions and is responsible for the high electron conductivity of the tubes [11], [14], [15].  

Several routes can achieve the introduction of foreign atoms in the CNTs network. The first 

option involves introducing the heteroatom precursor simultaneously with the carbon source 

in CVD process (in-situ) while the second option entails annealing the pristine carbon 

nanotubes in the presence of the gaseous heteroatom source and plasma treatment (ex-situ) 

[16]. The former doping method will be employed in this research. Nitrogen incorporation in 

carbon nanotubes can be confirmed by bamboo structures in their transmission electron 

microscopy (TEM) images as opposed to smooth tubes observed in the pristine CNTs [17], 

[18]. X-ray photoelectron spectroscopy (XPS) in conjunction with elemental analysis are 

techniques that are employed to further prove the extent and success as well as types of 

nitrogen environments induced in the carbon nanotubes. 
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Figure 3.1: Bonding configurations of nitrogen in multi-walled carbon nanotubes post 

doping [10]. 

 

3.2 Synthesis methods of carbon nanotubes 

Pristine and doped carbon nanotubes are produced by similar methods which include arc-

discharge and laser ablation method, flame pyrolysis and chemical vapor deposition (CVD) 

method [19]. CVD is the most popular method and involves exposing both the carbon and 

nitrogen sources to high temperature ranges of 700-1000 °C in the presence of a catalyst. 

However, at such high temperature, metal catalysts tend to agglomerate and degrade. As 

such, catalysts are supported on metal oxides or carbonates that possess high surface area, are 

thermally stable and have electronic interactions with metal particles [12]. Metallic elements 

of Fe, Co, and Ni and bimetallic Fe-Co have been employed to prepare carbon nanotubes 

because carbon is soluble and can easily diffuse through them [1], [20], [21]. Fe-Co 

embedded on CaCO3 has proven to produce the highest yield of MWCNTs attributed to 

minimal agglomeration, and a stronger metal-support contact [22] and also offers two 

advantages over other catalysts; high efficiency [23], and easy removal of the residual CaO 

produced after the reaction with mild acids [24]. Tetana et al., have demonstrated preparation 

of bamboo N-MWCNTs using Fe-Co/CaCO3 at 800 °C using acetonitrile as carbon and 

nitrogen sources, and acetylene as carbon source [24].The catalyst particles are first exposed 

to high temperature for activation, then the hydrocarbon is introduced and decomposed to 

hydrogen and carbon atoms as it interacts with the catalyst. The carrier gas (N2) drives off the 

low-density hydrogen, while carbon is dissolved into the metal until saturation, upon which it 

precipitates out as a cylindrical network. 

Quaternary

Pyrrolic

Pyridinic
Pyridinic 

oxide
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3.3 Growth mechanism of carbon nanotubes 

The growth mechanism of the nanotubes depends profoundly on the synthesis procedure in 

question. During the CVD process, a hydrocarbon compound decomposes on the surface of 

the activated catalyst into carbon and hydrogen. Carbon diffuses through the metal core and 

precipitates out either at the bottom of the catalyst or grows above the catalyst surface while 

hydrogen is driven off by the carrier gas. Whether tubes grow below the catalyst surface or 

above depends on the degree of interaction between the metal catalyst and support used [25], 

[26]. The hollow nature of the carbon nanotubes is explained by the fact that decomposition 

and diffusion of carbon occurs from the sides of the hemisphere rather than from the apex. As 

such, weak forces between the catalyst and support result in a tip growth mechanism while a 

stronger force of interaction produces a base growth mechanism of the nanotubes.  

The tip growth mechanism is a three-step process that involves first the attachment and 

decomposition of hydrocarbon source on the catalyst particles (Figure 3.2 (a), (I)), followed 

by diffusion and precipitation of carbon through the catalyst particle (Figure 3.2 (a), (II)) and 

ultimately growth (Figure 3.2 (a), (III)) of carbon nanotubes [27]. The two latter steps 

impose diffusion and osmotic pressure, which initiates detachment of the catalyst from the 

support and causes the catalyst to be elevated off the support. As the carbon diffuses through 

the catalyst, a solubility saturation point is reached, and diffusion stops and the carbon 

deposits on the metal block the active site rendering the metal inactive for further attachment 

and decomposition of the hydrocarbon [19]. The base growth mechanism follows the same 

rationale and steps as the tip growth although the carbon source attaches on the side of metal 

particle, however, the strong force of interaction between the particle and support surface, 

causes the formation of the nanotubes to protrude outwards from the metal particle. The 

quantity and quality of the produced carbon nanotubes depends on several parameters, which 

include the size, type and concentration of metal catalyst, temperature and duration of 

synthesis and flow rate of the gas. In their study, Tetana et al. demonstrated that increasing 

temperature from 700 °C to 850 °C and 700 to 800 °C resulted in an increase in the yield of 

N-MWCNTs and thermal stability of the of N-MWCNTs respectively [24].  
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Figure 3.2: Probable growth processes for carbon nanotubes on metal particles; (a) tip 

and (b) base growth [27]. 

 

3.4 Materials and methods 

3.4.1 Chemicals 

Iron (III) nitrate nonahydrate (Fe(NO3)3.9H2O, Sigma-Aldrich), cobalt (II) nitrate 

hexahydrate (Co(NO3)2.6H2O), ethylene glycol ((CH2OH)2), calcium carbonate (CaCO3, 

Sigma-Aldrich), acetonitrile (CH3N, 99.9%, Sigma-Aldrich), sulfuric acid (H2SO4, 98%, 

Sigma-Aldrich), nitric acid (HNO3, 55%, Sigma-Aldrich) were used as received, without 

further purification. Acetylene and nitrogen gases used were purchased from African Oxygen 

(AFROX).  

 

3.4.2 Catalyst synthesis 

Wet dispersion method was employed to prepare Fe-Co/CaCO3 catalyst. A 50:50 w/w% of 

Fe(NO3)3.9H2O and Co(NO3)2.6H2O salts was mixed and ground using a mortar and pestle. 

The resultant mixture was dissolved in 25 mL of ethylene glycol. In a separate beaker, 9 g 
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CaCO3 catalyst support was dissolved in 30 mL of ethylene glycol and stirred vigorously for 

around 30 minutes until the carbonate was well dispersed. The metal precursor mixture was 

then added to the support mixture dropwise while stirring. The resultant solution was 

transferred to four microwave tubes, which were then exposed to 500 W for 1 hour in a 

microwave oven. This procedure is presented in Figure 3.3 below. Thereafter, the precipitate 

was filtered to separate the catalyst-support system from ethylene glycol, dried in an oven at 

120 °C for 18 hours and then calcined at 400 °C for 16 hours to decompose the nitrates. The 

supported catalyst was passed through a 150 µm sieve and ultimately used in N-MWCNTs 

preparation by CVD method.  

 

Figure 3.3: Schematic diagram depicting the microwave synthesis procedure for the 

catalyst. 

 

3.4.3 Preparation and acid functionalization of N-MWCNTs 

N-MWCNTs were synthesized by CVD method set-up demonstrated in Figure 3.4. In a 

typical reaction, 0.3 g of the prepared catalyst was spread in a quartz boat, which was then 

placed in the middle of a tubular quartz reactor in a horizontal furnace. CH3CN was used as 

both a carbon and nitrogen sources while C2H2 was the carbon source and N2 transporting 

medium. Nitrogen (40 mL/min) was initially passed through the reactor for 1 hour to remove 

any oxygen within the reactor while increasing temperature of the furnace to 800 °C. Then, 

C2H2 and N2 gases were bubbled through CH3CN concurrently at 100 mL/min and 240 

mL/min respectively for 1 hour. Thereafter, bubbling of the respective gases through CH3CN 

was terminated and the reactor cooled under flowing nitrogen at 40 mL/min. This reaction 

conditions were previously optimized by Tetana and co-workers [24]. The prepared carbon 

compound was weighted, and then acid treated with 3:1 98% H2SO4/55% HNO3 to remove 

the catalyst, while oxidizing the terminal carbon atoms, filtered and washed with distilled 

water. The acid functionalized sample was named fN-MWCNTs. A mixture of sulfuric acid 
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and nitric acid produces a nitronium cation (NO2
+) (Equation 3.1) which then attacks the 

benzene ring from the graphitic structure of the nanotubes producing nitrobenzene [28].  

𝐇𝐍𝐎𝟑(𝐚𝐪) + 𝐇𝟐𝐒𝐎𝟒(𝐚𝐪)  ↔ 𝐇𝟐𝐎(𝐚𝐪) + 𝐍𝐎𝟐
+
(𝐚𝐪)

+ 𝐇𝐒𝐎𝟒(𝐚𝐪)
− ---------------------Equation 3.1 

 

Figure 3.4: CVD method set-up used to prepare N-MWCNTs. 

 

3.4.4 Characterization 

Thermal stability and success of residual products removal by acid treatment in the prepared 

N-MWCNTs was determined by thermogravimetric analysis (TGA) using a Perkin Elmer 

Pyris 1 TGA and involved heating 10 mg of the CNTs to 900 °C at 10 °C min
-1

 heating rate 

under air (under nitrogen for Fe-Co/CaCO3). Nitrogen concentration in the nanotubes was 

determined by C, N elemental analysis using a Carlo Erba NA 1500 Nitrogen Carbon Sulphur 

Analyzer. The morphology and structural properties of the nanotubes was evaluated by 

scanning electron microscopy (SEM) using FEI Nova Nanolab 600 SEM, Raman 

spectroscopy using a John-Yvon T6400 micron Raman spectrophotometer and transmission 

electron microscopy (TEM) using FEI Technai T12 electron microscope. The amount of 

nitrogen incorporated within the structure of the nanotubes, as well as the resulting nitrogen 

bonding configuration was evaluated by XPS (X-ray photoelectron spectroscopy) analysis. 

XPS analysis of the obtained samples was done on Thermo Scientific ESCAlab 250Xi using 

a 300 W Monochromatic Al kα (1486.7 eV) X-ray beam with a diameter of 900 µm. 

 

3.5 Results and discussion 

3.5.1 Phase composition and thermal stability of Fe-Co/CaCO3 

Phase composition of the prepared catalyst was determined by XRD as shown in Figure 

3.5(a). Microwave exposure as well as calcination of the Co and Fe nitrate precursors 
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produces a bi phasic metal oxide of CoFe2O4 as illustrated in Equation 3.2. XRD analysis of 

the prepared catalyst shows 5 major peaks at around 2θ = 29°, 36°, 44°, 57° and 62° which 

correspond to [220], [311], [400], [511] and [440] crystallographic planes of cubic CoFe2O4, 

respectively (JCPDS no. 79-1744). Presence of CaCO3 support in the catalyst from the XRD 

analysis can be confirmed by presence of peaks at 2θ = 23°, 29°, 36°, 39°, 44°, 57° and 58° 

degrees due to [012], [104], [110], [113], [202], [016] and [018] planes of calcite, 

respectively (JCPDS no. 47-1743). These observations imply that the prepared catalyst 

contains both the bimetallic catalyst oxide as well as the CaCO3 support. How then do we end 

up with Fe-Co/CaCO3? During the CVD process, acetylene (carbon source) is adsorbed on 

CoFe2O4/CaCO3 and is decomposed to carbon and hydrogen. This hydrogen then activates 

the catalyst material by reducing CoFe2O4 to Fe-Co. Bankole et al. demonstrated the presence 

of 1:1 ratio of Fe and Co metals on EDS after exposing CoFe2O4/CaCO3 to acetylene, in their 

study on optimization of Fe-Co/CaCO3 [12].  

 

The N-MWCNTs were prepared by CVD at 800 °C (temperature optimized by Tetana et al. 

[24]) and to get an insight on the thermal stability of the catalyst when exposed to this 

temperature, the response of the catalyst as temperature is increased to 900 °C was 

determined by TGA (Figure 3.5(b)). A residual mass after TGA is around 60 % which is due 

to CaO as well as Co and Fe metals. The weight loss observed around 750 °C can be assigned 

to CO2 loss from the thermal decomposition of CaCO3 as illustrated in Equation 3.3. This 

suggests that at the synthesis temperature of N-MWCNTs employed in this study (800 ºC), 

the CaO. CaO is isolated from the prepared nanotubes acid washing which produces a CaSO4 

precipitate (Equation 3.4). CaSO4 is partially soluble in water, so upon washing of the acid 

treated CNTs, the presence of the acid facilitates and improves solubility of the salt and 

ultimately causes it to be washed off.  

𝐂𝐨(𝐍𝐎𝟑)𝟐. 𝟔𝐇𝟐𝐎(𝐬) + 𝟐𝐅𝐞(𝐍𝐎𝟑)𝟑. 𝟗𝐇𝟐𝐎(𝐬)

→ 𝐂𝐨𝐅𝐞𝟐𝐎𝟒(𝐬) + 𝟖𝐍𝐎𝟐(𝐠) +  𝟐𝐎𝟐(𝐠) +  𝟐𝟒𝐇𝟐𝐎(𝐥)------------------------------------Equation 3.2 

𝐂𝐚𝐂𝐎𝟑(𝐬) 
∆
→  𝐂𝐚𝐎(𝐬) + 𝐂𝐎𝟐 (𝐠)-----------------------------------------------------------Equation 3.3 

𝐇𝟐𝐒𝐎𝟒(𝐚𝐪) + 𝐂𝐚𝐎(𝐬) → 𝐂𝐚𝐒𝐎𝟒 (𝐬) + 𝐇𝟐𝐎(𝐥)---------------------------------------------------Equation 3.4 
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Figure 3.5: (a) X-ray diffraction pattern and (b) Thermogram of Fe-Co catalyst 

supported on CaCO3. 

 

3.5.2 Structural analysis of as prepared N-MWCNTs and fN-MWCNTs 

Figure 3.6 shows the powder XRD patterns of the as prepared and acid treated carbon 

nanotubes. The most intense peak at 2θ = 28° is due to hexagonal carbon and its intensity 

increases upon functionalization. This observation implies that the less crystalline carbon 

materials that were produced alongside N-MWCNTs such as amorphous carbon were 

removed by acid treatment. Presence of smaller peaks (labelled as # and * in Figure 3.6) in 

the untreated tubes is due to the residual catalyst and CaO. The disappearance of these peaks 

after washing (XRD pattern of the fN-MWCNTs) demonstrates a significant removal of these 

impurities. The presence of Fe (110) peak in the pattern of purified tubes suggests that not all 

the iron was removed; however, significant amount of the impurities was removed by acid 

treatment. 
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Figure 3.6: X-ray diffraction patterns of acid treated and as-synthesized N-MWCNTs. 

 

Figure 3.7 shows the Raman spectra of both the acid treated and untreated N-MWCNTs, 

illustrating the presence of two main characteristic peaks of carbon at 1344-1347 cm
-1 

and 

1575 cm
-1

 due to the D and G band, respectively. The area ratio of these two peaks depicts 

the defects in the graphitic structure of the CNTs where the ratio less than 1 shows defect free 

CNTs whereas the ratio greater than 1 suggests the presence of flaws [29], [30].  The D band 

occurs because of disorder in the graphene sheets while the G band is due to carbon atom 

vibrations [31]. Area ratio of the tubes increases from 1.02 to 1.36 upon functionalization, 

which means that the quality of the tubes decreases, and more defects exist after treatment. 

This could be because the other graphitic compounds that could have been produced 

alongside the N-MWCNTs are removed by acid treatment and only the N-MWCNTs remain 

which have defects due to nitrogen incorporation. 
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Figure 3.7: Raman spectra of acid treated and as-synthesized N-MWCNTs. 

 

3.5.3 Thermal stability and purity analysis of N-MWCNTs and functionalized N-

MWCNTs 

Thermal stability and extent of purity of the nanotubes was evaluated by thermogravimetric 

analysis, which was carried out by heating 10 mg of the samples in air. The TGA profile of 

the crude N-MWCNTs (Figure 3.8 (a)) maintains a 100 % weight below 500 °C and result in 

a 10 % residual mass after exposure to 900 °C whereas the fN-MWCNTs show a 10 % 

weight loss in this region and around 2 % residual mass. This is attributed to the detachment 

of carboxylic acid functional groups that were induced on the nanotube walls during acid 

treatment and the fact that the N-MWCNTs still contains the catalyst residue which is 

ultimately removed by acid washing. However, a 2 % residual mass suggests that not all the 

catalyst was removed as can be seen from both XRD and TEM of fN-MWCNTS in Figure 

3.6 and Figure 3.9 (c).  

 

The presence of a small peak at 400 ºC in the derivative profile of N-MWCNTs shown in 

Figure 3.8 (b) suggests the presence of amorphous carbon which is reported to decompose at 

around 400 °C [32], [33]. On the other hand, the peak at 670 °C consistent with the peak 

observed by Mhlanga et al. and is attributed to decomposition of graphitic soot [34], [35]. 

The derivative weight profile of N-MWCNTs also shows a small mass increase at 450 °C, 

demonstrating further oxidation of the catalyst metals upon exposure to air. The derivative 

TGA profile of the fN-MWCNTs shows only one major peak at 650 °C, which is consistent 
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with results obtained by Tetana et al. for N-MWCNTs, prepared using the same conditions 

[24].  

 

Figure 3.8: (a) Thermograms and (b) corresponding derivative profiles of acid treated 

and as-prepared N-MWCNTs. 

 

3.5.4 Morphology evaluation of N-MWCNTs and functionalized N-MWCNTs 

Refluxing the prepared N-MWCNTs in acid and thereby removing the residual catalyst 

produces tubes that are less agglomerated, suggested by the SEM images below (Figure 3.9 

(a) and (b)). Imperfections on the walls of the carbon nanotubes and the tube tips are most 

prone to oxidative functionalization by acid treatment. The repulsion between these induced 

functional moieties causes the van der Waals forces that existed between the individual tubes 

to weaken resulting in less entangled nanotubes as observed on the SEM images [36]. The 

structure of pristine carbon nanotubes made by Mhlanga et al. using the same method but 

without a nitrogen source (CH3CN) exhibits a hollow channel without any compartments 

[34]. Nitrogen doped CNTs, however, have partitioned tubes referred to as bamboo structures 

[37]. This morphology difference has been used to identify the success of doping in these 

materials. The acid treated nitrogen doped CNTs shown in Figure 3.9 (c)-(e) have bamboo 

shapes, various diameters and thick walls as well as open and broken ends. There is no 

significant difference in the TEM images of N-MWCNTs (Figure 3.9 (c)) and fN-MWCNTs 

(Figure 3.9 (d)) thus illustrating that the acid treatment maintains the integrity of the 

nanotubes. The N-MWCNTs have catalyst particles (marked by black circle in Figure 3.9 

(c)) still imbedded within the nanotube. 
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Figure 3.9: (a) and (b) SEM images and (c), (d) and (e) TEM micrographs of nitrogen 

doped multi-walled carbon nanotubes prior and post acid functionalization. 

 

3.5.5 Elemental composition analysis of functionalized N-MWCNTs 

XPS analysis of acid functionalized N-MWCNTs was carried out to determine the elements 

present in the tubes as well as the overall nitrogen concentration and types of nitrogen 

bonding configurations obtained upon doping. XPS survey spectrum of the N-MWCNTs is 

shown in Figure 3.10 (a) and reveals the presence of carbon (285 eV), nitrogen (400 eV), 

oxygen (520 eV) and calcium (350 eV). Carbon and nitrogen are due to graphitic network of 

sp
2
 hybridized carbons that make up the carbon nanotubes and doping using acetonitrile, 
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respectively. Oxygen is due to the carboxylic and alcohol functional groups induced on the 

surface of the tubes by acid treatment while calcium may be due to residual CaO from the 

oxidized catalyst support used in the synthesis of the nanotubes. Table 3.1 shows the 

summary of the peak analysis results obtained from XPS as well as elemental (C and N) 

percentage composition obtained from CN analysis. The overall carbon and nitrogen 

percentage in the N-MWCNTs estimated from XPS is 78.3 % and 3.8 %, respectively, which 

is in accordance with 79.83 % (C) and 2.75 % (N) estimated from CN elemental analysis. 

 

Table 3.1: Summary of CN elemental and XPS data of functionalized N-MWCNTs 

 

The XPS high-resolution spectrum (Figure 3.10 (b) & (d)) of C 1s reveals presence of both 

carboxylic and hydroxyl carbon species at 288 eV and 284 eV respectively. While O 1s 

shows carbonyl and carboxylic oxygen species at 531 eV and 532 eV respectively. This 

collectively proves the presence of carboxylic and alcohol groups on the surface of the N-

MWCNTs induced by acid functionalization. The carboxylic acid functionality will be 

exploited as an active site for the attachment of Cu2ZnSnS4 in the nanocomposite preparation 

CZTS/N-MWCNTs.  The type of bonding configurations that occur when nitrogen atom 

integrates the graphitic layers of the nanotubes are pyridinic, quaternary and pyrrolic as 

shown in Figure 3.1 and are identified by deconvolution of N 1s peak. The deconvolution of 

N 1s peak reveals three peaks at 405.6, 400.4, and 397.9 eV which correspond to molecular, 

quaternary and pyridinic nitrogen atoms respectively.  This data is in line with the results 

previously reported by various researchers [37]. Of the three types of nitrogen detected by 

XPS, the quaternary nitrogen has the highest atomic percentage of 1.7 %. This suggests that 

Elements Atomic %  

(CN analysis) 

Atomic % 

(XPS) 

Binding 

energy (eV) 

Peak assignment 

 

C 

 

79.83 

63.5 284.3 Graphitic (C-C) 

9.6 284.8 Hydroxyl (C-O) 

5.2 288.2 Carboxylic (O-C=O) 

N 2.75 1.0 405.6 Molecular nitrogen 

1.7 400.4 Quaternary nitrogen 

1.1 397.9 Pyridinic nitrogen 

 

O 

 

- 

6.7 531.1 Carbonyl (C=O) 

10.6 532.5 Alcohol (C-O) 
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doping with nitrogen at 800 ºC produced a higher concentration of nitrogen bonded to three 

carbon atoms. The second highest nitrogen coordination observed is the pyridinic form at 

1.1%. In this configuration, nitrogen is bonded to two carbon atoms, has a lone electron pair, 

and is the basis of metallic conductivity property of the N-CNTs. The presence of this type of 

nitrogen suggests that incorporation of nitrogen can improve the electron transport properties 

of the CNTs, which can ultimately improve electron conductivity of CZTS/N-MWCNTs 

nanocomposite. The total nitrogen atomic concentration from XPS data is 3.8 %, which is 

greater than that estimated by CN elemental analysis of 2.75 %. This difference may be due 

to non-uniform doping of the carbon nanotubes. 

 

Figure 3.10: (a) XPS survey spectrum of acid treated N-MWCNTs and (b)-(d) high-

resolution spectra of carbon, nitrogen and oxygen, respectively. 

 

3.6 Conclusions 

This study has shown reproducibility of the previously optimized CVD method for 

preparation of N-MWCNTs over Fe-Co/CaCO3, efficiency of acid treatment to remove 

residual catalyst and the type of nitrogen bonding environments in the nitrogen doped multi-

walled carbon nanotubes. Comparing the TGA profiles and XRD patterns of the nanotubes 
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before and after acid treatment demonstrates that the washing did remove most of the catalyst 

residue as well as other side products that were formed alongside the N-MWCNTs. The 

increase in the Id/Ig ratio of fN-MWCNTs further supports the suggestion that other carbon 

materials were present in the nanotubes but were removed by acid and mostly the defected N-

MWCNTs remain. Acid washing does not destroy the morphology of the nanotubes as seen 

from the TEM images. XPS and CN elemental analysis of the N-MWCNTs shows successful 

doping of the carbon nanotubes with nitrogen and the deconvoluted nitrogen 1s spectrum 

shows that three types of nitrogen atoms result, with the quaternary being the most abundant. 
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Chapter 4 : Colloidal synthesis, surface and structural 

modification of Cu2ZnSnS4 

4.1 Introduction 

4.1.1 Colloidal synthesis 

Hot injection colloidal synthesis is mostly employed to prepare chalcogenides since it offers 

the ability to tailor the size, composition, shape and phase of the nanoparticles by 

manipulating the reaction time, temperature, precursor ratios and type of precursors and 

capping ligands [1–4]. Hot injection involves a swift injection of a cold chalcogen and 

transition metal precursors into the hot surfactant solution. Metal precursors that can be 

employed include metal chlorides, acetates and acetylacetonates and exhibit diverse 

dissociation degrees in the coordinating ligand [5]. Oleylamine is often used as both a 

reaction medium and coordinating solvent in chalcogenide colloidal synthesis because it has a 

relatively high boiling temperature and high coordinating affinity to chalcogenides [6]. The 

formation of nanoparticles using this procedure is explained by nucleation and growth 

processes within the hot solvent (Figure 4.1). When the cold precursor solution encounters 

the hot reaction solvent, the reactant molecules or elements dissociate into monomers from 

which nuclei are formed. The nuclei come together to minimize energy of the system until 

stable nuclei are formed. As the amount of monomers drop to form the nuclei, they deplete 

restricting further growth of the nuclei [7], [8]. 

 

Figure 4.1: Growth mechanism of the nanoparticles during hot injection colloidal 

synthesis. 

 

Many challenges regarding the morphology and size control of nanoparticles post 

hydrothermal nanoparticle synthesis methods have been addressed by colloidal synthesis 

through optimization of reaction parameters such as temperature, precursor concentration and 
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reaction time. Organic solvents with long alkyl chains such as oleylamine (OLA) and 

trioctylphosphine oxide (TOPO) are exploited in colloidal synthesis to further control particle 

size and prevent clustering of nanoparticles [9], [10]. However, parameter optimization is 

tedious and consumes a lot of time, thus, post treatment of the as-prepared poly-dispersed 

colloids can be carried out to manipulate the size and shape of the synthesized colloids. 

Digestive ripening and Ostwald ripening are some of the popular techniques that can be 

performed to obtain monodispersed nanoparticles [11]. Additionally, these organic capping 

agents can be switched with shorter, more hydrophilic/hydrophobic or bidentate ligands to 

afford better dispersion of the nanoparticles in preferred solvents and functionality through a 

procedure referred to as ligand exchange. 

 

4.1.2 Digestive ripening 

Digestive ripening is a post synthesis treatment method that involves heating a poly-dispersed 

colloid in an excess surfactant (digestive ripening agent, DRA) near its boing point for a 

specific time to obtain particles that have a small size distribution [12]–[14]. One of the 

theories behind this process suggests that defects in the large particles serve as micro stress 

points thereby reducing the lattice stabilization energy. These defects act as attachment sites, 

which ultimately cause the particles to dissociate in the presence of a DRA [11], [12]. 

Alternatively, the ligand can initiate etching out of atoms from the large particles during 

refluxing [15]. The etched atoms are deposited onto the smaller particles to form more 

thermodynamically stable nanoparticles. The blending of these two processes produces 

monodispersed particles with sizes transitional to the initially small and large ones [12].  

 

The type of coordinating ligand, reflux temperature as well as the duration of the ripening 

process are major contributing factors to the final size distribution of the nanoparticles. 

Various ligands containing sulfur, phosphorus, nitrogen, oxygen and silicon functionalities 

such as alkyl thiols, amines, silanes, phosphines, alcohols, halides, alkanes have been studied 

as candidates for digestive ripening of gold nanoparticles [16]. Of these, only thiols, amines, 

silanes, and phosphines were found to be active ripening ligands [16] which led to the 

conclusion that the active group on the ligand and the extent of interaction with the 

nanoparticles determines the final size of the particles. Prasad et al. evaluated the 

applicability of alkyl thiols as DRAs and the effect of alkyl chain in alkyl thiols (1-

octanethiol, 1-decanethiol, 1-hexadecanethiol) on the final size distribution of gold 

nanoparticles. The authors reported that these thiols are active as ripening agents and the final 
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size distribution of the nanoparticles is dependent on the alkyl chain in the thiol, and particle 

size increases with increasing chain length [13]. Reports on the temperature and duration of 

ripening process reveal that at elevated temperatures, Ostwald ripening dominates, and 

particles become highly aggregated. Refluxing at low temperatures, a narrow size distribution 

that was independent on increased reflux time was observed within one hour of heating [12]. 

 

4.1.3 Ligand exchange 

DSSC counter electrode fabrication is executed by depositing an ink solution of the CE 

material on a glass substrate, by either spin coating or drop casting. The ink is prepared by 

dissolving the CE material in a volatile polar organic solvent. The as-synthesized CZTS 

nanoparticles are capped by OLA, which prevents particle agglomeration and assists in size 

control of the nanoparticles during synthesis. OLA binds to the CZTS nanoparticles through 

the amine head group leaving the long, nonpolar alkyl chain dangling. This then restricts the 

dissolution of OLA capped CZTS in polar solvents, particularly DMSO which will be 

employed in ink preparation. OLA ligand can be exchanged for polar and shorter chain 

bidentate ligands, a phenomenon referred to as surface modification or ligand exchange. 

Pyridine [17], 3-mercaptopropionic acid (3-MPA) [18] and ethanedithiol (EDT) [19] are 

some of the popular ligands in nanoparticle surface modification that will be explored for 

ligand exchange studies in this research. EDT and MPA are bifunctional ligands. The 

advantage of bidentate ligands in this study, particularly, is the postulation that one group 

binds to the metal surface while the other one binds to the N-MWCNTs in nano-hybrid 

preparation, thereby facilitating a better interaction between CZTS and the nanotubes. For 

instance, the -SH groups in MPA are reported to bind to metal atoms of the quantum dots 

while the carboxylic acid group attach to titania electrode [20]. On the other hand, pyridine 

has a shorter alkyl chain relative to OLA and a net polarity exists on this compound when it is 

bound to the CZTS nanoparticles. The net charge on pyridine ligand is then utilized in the 

preparation of the nanocomposites. The charge on pyridine initiates electrostatic interaction 

between the pyridine capped CZTS and the walls of the carbon nanotubes. 

 

Surface alteration of the as-prepared nanoparticles can be achieved by two methods; solid-

state and solution based ligand exchange [21]. In solid-state surface modification, the long 

organic chain ligand capped nanoparticles are deposited onto a substrate, followed by 

substrate exposure to the shorter chain ligand for a specific time period [22], [23]. The excess 

ligand solution is then removed by spinning the substrate on a spin coater while the 
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exchanged ligand is removed by passing aprotic solvent over the substrate [21], which can 

however also remove the short chain ligand [24]. Solution based ligand exchange entails 

dispersion of the long alkyl ligand capped particles in a solvent, which is then mixed with a 

solution of a shorter chain ligand and ligand swap facilitated by stirring. The prepared 

Cu2ZnSnS4 are capped by the long organic OLA ligand. To prepare an ink of the Cu2ZnSnS4 

and to deposit it on FTO glass for the preparation of the counter electrode, Cu2ZnSnS4 must 

completely dissolve in polar solvents. To facilitate this dissolution, OLA ligand was 

exchanged for either short alkyl chain ligand of pyridine, or the polar3-MPA and EDT 

ligands. Different procedures for surface engineering of OLA capped CZTS were employed 

depending on the coordinating ability of the ligand. Ligand exchange with pyridine involved 

refluxing because of the weak coordinating ability of pyridine, whereas for 3-MPA and EDT 

ligand exchange, the mixture of ligand solution and CZTS were stirred at room temperature 

since these ligands are highly coordinating. 

 

4.2 Materials and methods 

4.2.1 Chemicals 

The following chemicals were purchased from Sigma-Aldrich and used as is: oleylamine 

(C18H37N, 70%), stannic chloride (SnCl4.5H2O), zinc chloride (ZnCl2, ≥ 98%), copper (I) 

chloride (CuCl, ≥ 98%), elemental sulfur, pyridine (C5H5N, ≥ 99%), 3-mercaptopropionic 

acid (C3H6O2S, ≥ 99%), 1,2- ethanedithiol (EDT) (C2H6S2, ≥ 90%), chloroform (CHCl3), 

methanol (CH3OH, ≥ 99.5%), deteriorated-chloroform (CDCl3, ≥ 99.8% D), deteriorated-

dimethyl sulfoxide (d6-DMSO) (C7D6OS, ≥ 99.8% D). 

 

4.2.2 Colloidal synthesis of CZTS 

Cu2ZnSnS4 was prepared using colloidal hot-injection method shown in Figure 4.2. For a 

typical reaction, 24 mL of OLA in a three-neck round bottom flask connected to a Schlenck 

line was heated and refluxed to 100 °C. Then CuCl, ZnCl2 and SnCl4.5H2O were sequentially 

added. The temperature was then increased to 220 °C, upon which elemental sulfur was 

added. The color of the solution changed from clear to green upon addition of copper and 

zinc salts to orange after addition of tin chloride to a black as sulfur was added (Figure 4.2). 

The reaction was run for 45 min after which temperature was lowered to 60 °C, and ethanol 

added to precipitate the colloidal particles out. The nanoparticles were then isolated by 

centrifugation for three cycles while washing with ethanol, and then dried at room 

temperature. 
1
H-NMR of pure OLA (300 MHz, d-chloroform) δ(ppm): 5.22 (t, 2H, R-
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CH=CH-CH2-R), 2.55 (t, 2H, NH2-CH2-R), 1.90 (d, 4H, R-C=C-CH2-R), 1.18 (t, 29 H, R-

(CH2)6-CH3), 0.76 (m, 3H, R-(CH2)6-CH3). 
1
H-NMR as synthesized OLA-CZTS (300 MHz, 

d-chloroform) δ (ppm): 5.4 (t, 3H, R-CH=CH-CH2-R), 2.0 (s, 4H, R-C=C-CH2-R), 1.3 (s, 12 

H, R-(CH2)6-CH3), 0.8 (m, 3H, R-(CH2)6-CH3). 

 

Figure 4.2: Schematic diagram depicting preparation procedure of CZTS and color 

change upon addition of precursors. 

 

4.2.3 Digestive ripening of CZTS 

The as-prepared Cu2ZnSnS4 nanoparticles are poly-dispersed and do not have a distinct 

morphology, therefore digestive ripening of the nanoparticles was carried out in OLA. A 

molar ratio of 1:30 of the nanoparticles to OLA (ripening agent) was refluxed at 80 °C under 

vigorous stirring for 5 hours and aliquots taken at 1, 2, 3, 4 and 5 hours. The samples were 

washed and centrifuged in ethanol for three cycles, and then dried in a fume hood.  

 

4.2.4 Ligand exchange of OLA capped CZTS 

Ligand exchange employed in this study involved swapping OLA for pyridine, 3-MPA and 

1,2-EDT as shown in Figure 4.3 below. 

Pyridine: 0.25 g of OLA capped CZTS nanoparticles were refluxed in 10 mL of pyridine at 

90 °C for 24 hours, and then the temperature dropped to 60 °C. Ethanol was added to 

precipitate the particles and the particles were isolated from the organic solvents by 

centrifugation for three cycles at 7000 rpm for 10 minutes. 
1
H-NMR of pyridine (300 MHz, 

d-chloroform) δ (ppm): 8.59 (d, 2H, α-N), 7.76 (t, 1H, γ-N), 7.36 (t, 2H, β-N). 
 1

H-NMR of 
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py-CZTS (300 MHz, d-chloroform) δ (ppm): 8.56 (s, 2H, α-N), 7.63 (t, 1H, γ-N), 7.33 (t, 7H, 

β-N). This sample will be referred to as py-CZTS.  

3-Mercaptopropionic acid and 1,2-ethanedithiol: this procedure was adapted from the 

ligand exchange procedure carried out by Huang and coworkers on oleic acid capped CdSe 

nanoparticles [20]. In a typical ligand exchange procedure, a basic solution of 3.44 M 3-MPA 

(150 µL in 0.5 mL methanol) at pH 12 (adjusted by addition of 40% NaOH) was added 

dropwise to a solution of OLA capped CZTS (30 mg in 0.5 mL chloroform) while stirring 

vigorously. The mixture was left to stir at room temperature for 1 hour. The particles were 

isolated and the excess MPA as well as exchanged ligand (OLA) were removed by 

centrifugation in acetone for three cycles and left to dry under fume hood. The same 

procedure was followed for CZTS surface modification with EDT. The basicity of the ligand 

solution serves to facilitate binding of the ligand to the quantum dots by deprotonating the 

thiol groups [25].
1
H NMR of free MPA (300 MHz, d-DMSO) δ (ppm): 2.60 (q, 2H, HS-CH2-

CH2-COOH), 2.52 (t, 2H, HS-CH2-CH2-COOH), 2.05 (t, 1H, HS-CH2-COOH). 
1
H-NMR of 

MPA-CZTS (300 MHz, d-DMSO) δ (ppm): 2.54 (s, 1H, HS-CH2-CH2-COOH), 2.08 (s, 1H, 

HS-CH2-COOH). 
1
H-NMR of EDT (300 MHz, d-DMSO) δ (ppm): 2.73 (t, HS-CH2-CH2-

SH). 
1
H-NMR of EDT-CZTS (300 MHz, d-DMSO) δ (ppm): 2.92 (s, HS-CH2-CH2-SH). 

MPA and EDT capped CZTS will be referred to as MPA-CZTS and EDT-CZTS, 

respectively. 

 

Figure 4.3: Schematic diagram depicting target ligand switching. 

 

4.2.5 Characterization 

X-ray diffraction patterns of the CZTS nanocrystals were analyzed by Bruker D2 Phaser 

Powder X-ray diffractometer. Raman spectroscopy using a John-Yvon T64000 micron 
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Raman spectrophotometer was used as to examine the phase purity of the prepared 

nanoparticles. Morphology of the nanoparticles was evaluated by Scanning electron 

microscope (SEM) analyzed using FEI Nova Nanolab 600 SEM operated at 30 kV on 

samples dispersed on carbon tape and coated twice with carbon, and transition electron 

microscopy (TEM) performed on FEI Technai T12 TEM microscope carried out at 120 kV 

acceleration voltage beam spot sized of 20-100 nm in TEM mode. TEM samples were 

prepared by refluxing the nanoparticle powder under excessive stirring at 50 °C for 30 

minutes. TEM was also used to evaluate the change in morphology at increasing time 

intervals of the digestive ripening process. The bonding mode of the OLA on CZTS 

nanoparticles as well as tracking of ligand exchange was achieved by FTIR recorded on FT-

IR Bruker spectrophotometer using ATR and proton NMR spectroscopy recorded on Bruker 

Avance 500 MHz spectrometer. NMR samples were prepared by sonicating the powders in 

deteriorated NMR solvents. XPS analysis of the obtained samples was done on Thermo 

Scientific ESCAlab 250Xi using a 300 W Monochromatic Al kα (1486.7 eV) X-ray beam 

with a diameter of 900 µm. 

 

4.3 Results and discussion 

4.3.1 Structural properties of CZTS 

The XRD pattern of Cu2ZnSnS4 (Figure 4.4) shows three major peaks at 2θ = 28°, 47° and 

56° which are attributed to the [112], [220] and [312] crystal planes respectively. All the 

peaks are characteristic of Cu2ZnSnS4 and match to kesterite Cu2ZnSnS4 (JCPDS no. 01-075-

4122). The crystallite diameter (D) was estimated to be 23 ± 1 nm from the three most intense 

peaks using Scherrer`s equation below. 

𝐃 =
𝐤𝛌

𝛃𝐜𝐨𝐬𝛉
------------------------------------------------------------------------------------Equation 4.1 

Where D is crystallite diameter, 𝝀 is the XRD wavelength = 1.5406 Å, β = peak width at half 

maximum (in radians), k = 0.9 (shape factor) and θ = the angle of reflection. 
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Figure 4.4: X-ray diffraction pattern of CZTS. 

 

Raman spectroscopy is used as an identification method of CZTS and a tool to determine the 

phase purity of the nanoparticles. The Raman spectrum of CZTS nanoparticles is shown in 

Figure   4.5. The most intense peak for CZTS is reported at around 335 cm
-1

 and attributed to 

the breathing mode of sulfur atoms in mode A [26], [27] while the second most intense peak 

is around 295 cm
-1

. This second peak occurs because of kesterite vibration mode A. Shoulder 

peaks at this vibration are characteristic of kesterite CZTS. The as-prepared CZTS Raman 

spectra shows the presence of this peaks but appear at lower Raman shifts. This shift is 

assigned to several factors such as presence of surfactant molecules, local variation in sulfur 

concentrations and strain in the material [17]. The absence of any more peaks confirms the 

that there is only kesterite CZTS available in the sample, otherwise common competing 

products peaks of Cu3ZnS4, Cu2SnS3 and ZnS would have been observed at 320 cm
-1

, 298 

cm
-1

 and 351 cm
-1

 respectively [28], [29]. Interesting also, is the presence of the carbon peaks 

between 400 cm
-1 

and 1800 cm
-1 

in the CZTS sample. This suggests the presence non-

graphitic carbonaceous material within the CZTS sample due to the presence of oleylamine in 

the CZTS sample. The Raman spectra of chalcogenides prepared in a capping ligand reported 

in most articles only show the spectra to not more than 600 wavenumbers [30]–[33]. 
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Figure 4.5: Raman spectrum of as-synthesized CZTS. 

 

4.3.2 Surface evaluation of CTZS 

The CZTS colloid is prepared in OLA, which acts as a capping agent, a solvent and a reagent 

to activate the precursors by donating electrons to them at high temperatures. OLA facilitates 

dissolution of the nanoparticles in organic solvents. The extent to which OLA capped the 

CZTS was evaluated by both FTIR and NMR spectroscopy. Figure 4.6 shows the overlaid 

FTIR spectra of pure OLA, OLA capped CZTS and an insert of the structure of OLA.  The 

spectrum of OLA shows the high intensity symmetric and asymmetric C-H bond stretches 

between 2750 cm
-1 

and 3000 cm
-1

 which result from CH2 groups. The second most intense 

peak at 1500 cm
-1

 is attributed to alkane C-H bond stretches at the tail of the OLA structure. 

The amine functionality bond vibrations and stretches are observed at around 880 cm
-1

 (N-H) 

and 1100 cm
-1

 (C-N). What is evident in the spectrum of OLA-CZTS is that the intensity of 

the peaks has diminished immensely.  

 

The nanoparticles have a high density and induce strain on the ligand thereby causing the 

vibrations in the ligand to either need a higher energy for them to occur, or their intensity to 

decrease. However, an overlap of the CH2, CH3 and C=C bond stretches of pure OLA with 

the spectrum of OLA-CZTS suggests that this ligand is present in the nanoparticles. What is 

also evident is the slight shift to higher wavenumber of the C=N bond stretch from the 

spectrum of uncapped OLA to that of OLA capped CZTS and could support the postulation 

that the nanoparticles attach on the amine head group of the ligand [34]. The observed 

O=C=O is due to atmospheric CO2. To further verify the binding mode of OLA to CZTS, 

proton NMR of both the species was run.  
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Figure 4.6: FTIR spectra of (a) OLA capped CZTS and (b) pure OLA. 

 

The 
1
H NMR spectra of both the OLA and OLA capped Cu2ZnSnS4 is shown in Figure 4.7 

below. OLA has 5 types of nitrogen environments, namely; amine (R-NH2), alkyl, vinylic, 

allylic and carbon hydrogens α to nitrogen. However, the amine proton signal is usually 

either broad or does not appear in the spectrum. Amine protons can be interchanged with 

deuterium (
2
H) from the deteriorated NMR solvent, thereby causing the peak due to these 

protons to disappear. Therefore, the signals observed in the 
1
H spectrum of OLA were 

attributed to the alkyl, vinylic, allylic and hydrogen bonded to carbon α to the amine 

functionality. Nonetheless, there are two types of alkyl protons present in the OLA structure, 

the methyl and methylene protons, which then suggest that at least 5 signals can be expected 

in the 
1
H NMR spectrum of OLA. The capping of nanoparticles with OLA will shield the 

protons from the magnetic field resulting in a peak shift or peak broadening to signals due to 

protons closest to the nanoparticles. The decrease in multiplicity in the 
1
H NMR peaks of 

OLA-CZTS suggests an interaction between the ligand and the CZTS nanoparticles. A drastic 

decrease and shift from 2.55 ppm in the free OLA in the intensity of the protons α to amine 

group to 2.69 ppm in OLA-CZTS spectrum implies that the nanoparticles are close to this 

functional group and most probably attached to it. The above observations therefore confirm 

that OLA binds to the CZTS nanoparticles through the amine head group of OLA.  
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Figure 4.7: 
1
H NMR spectrum of (a) pure OLA and (b) OLA capped CZTS. 

 

4.3.3 Elemental composition of as-synthesized CZTS 

XPS is an atomic layer evaluation technique often used as both a purity and composition tool. 

The survey spectrum of CZTS (Figure 4.8) shows presence of zinc, copper, oxygen, tin, 

nitrogen, carbon and sulfur atoms. Copper, zinc, tin and sulfur atoms make up the quaternary 

chalcogenide synthesized from the chloride salt precursors and elemental sulfur. CZTS was 

prepared in a coordinating organic ligand (OLA). OLA is a hydrocarbon compound with an 

anime functional group. The carbon and nitrogen atoms detected from the XPS survey 

spectrum can therefore be attributed to OLA, which is assumed to cover the inorganic core. 

Detection of carbon and nitrogen in the XPS survey spectrum of CZTS is further 
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confirmation of the successful formation of OLA capped CZTS nanoparticles. The detected 

oxygen is usually due to the oxidation of the organic ligand [44], [45]. 

 

Figure 4.8: XPS survey spectrum of CZTS nanoparticles synthesized in OLA. 

 

The high resolution XPS of the individual elements was carried out to identify the type of 

species present in the CZTS sample. The anticipated valence states of copper, zinc, tin and 

sulfur atoms in CZTS are +1, +2, +4 and -2, respectively. The Cu 2p scan (Figure 4.9 (a)) 

revealed two peaks at 931.4 eV and 952.2 eV which correspond to the Cu 2p3/2 and Cu 2p1/2, 

respectively with the energy difference of 19.8 eV. This observation suggests that the copper 

within CZTS has an oxidation number of +1 [35], [36]. The absence of a peak at 942 eV in 

this spectrum allows us to rule out the presence of the common competing products for CZTS 

ternary Cu
2+  

compounds that would otherwise have not been detected by XRD [37]. The Zn 

2p spectrum (Figure 4.9 (b)) also shows two distinct peaks at 1021.8 eV due to Zn p3/2 and 

1044.8 eV from Zn 2p1/2 with a peak splitting of 23.13 eV. These results are consistent with 

those found by Quo and coworkers and correspond to Zn
2+

. The Sn core level spectrum 

(Figure 4.9 (c)) demonstrates the presence of a doublet Sn 3d5/2 peak at 486 eV and a doublet 

Sn 3d3/2 495 eV and corresponding energy difference of 8.66 eV occur as a result of Sn
4+

 and 

Sn
2+

 
 
[29], [38]. The detection of Sn

2+ 
is indicative of the presence of SnO. The presence of 

sulfur with an oxidation number of -2 can be identified by a range of peaks with energies 

between 160-164 eV in the XPS high resolution spectrum of S 2p, ranging from a singlet [39] 

to a doublet and then a triplet [40]. Figure 4.9 (d) shows the presence of both sulfide and 

sulfate species within the prepared CZTS. The peak between 160 eV and 164 eV which can 

be deconvoluted to a quartet confirms the expected valence of sulfur (2-) in Cu2ZnSnS4. On 

the other hand, the doublet sulfate peak between 167 eV and 170 eV demonstrates the 
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availability of sulfur with a positive charge of 6 in SO4
2-

. Evidently from both the Sn and S 

core-level spectrum, some oxidation has occurred however the extent is low as no impurities 

were observed in the XRD [30]. 

 

Figure 4.9: XPS high-resolution spectra of (a) copper, (b) zinc, (c) tin and (d) sulfur. 

 

In addition to the high-resolution spectra of the constituents of CZTS, the high-resolution 

spectra of C 1s, O 1s and N 1s are shown in Figure 4.10 and these shows the nature of the 

capping of the CZTS nanoparticles and the extent of oxidation. The C 1s spectrum shows the 

C-C peak at 284.3 eV attributed to the alkyl chain of the capping the capping agent. The O-

C=O peak shows the oxidation of the capping agent. The O 1s spectrum has a broad peak that 

is centred at 531.5 eV and deconvolution of the O 1s spectrum gives rise to three peaks at 

530.3 eV, 531.5 eV and 533.2 eV that are ascribed to the presence of metal oxide (MO) most 

likely SnO as evident in the Sn 3d spectrum, C-O and C=O respectively. The nitrogen high 

resolution spectrum shows one peak at 401 eV associated with the binding of OLA to the 

CZTS nanoparticles through the nitrogen atom. 
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Figure 4.10: XPS high-resolution spectra of (a) carbon, (b) oxygen and (c) nitrogen. 

 

4.3.4 Morphology evaluation of CZTS 

TEM and SEM images of CZTS in Figure 4.11 below reveal that the synthesized 

nanoparticles are poly-dispersed (17 ± 9 nm) with shapes ranging from circular, rectangular 

and triangular and agglomerated. Photovoltaic performance of nanoparticles depends on a 

distinct morphology, it is therefore vital to have a single shape and a narrow size distribution 

of the nanoparticles. This then prompted a study on digestive ripening which aims at 

improving the dispersity of the particles. The EDX spectrum obtained from SEM of CZTS 

nanoparticles is shown in Figure 4.12. It shows signals due to Cu, Zn, Sn and sulfur 

elements, which are all the elements that make up CZTS. The precise ratio of the elements 

was determined by high resolution XPS analysis of CZTS sample (Figure 4.9) and found to 

be 4.3:1.1:2.9:11.2 (1.5:0.4:1:3.9) which is not too far off from the expected ratio of 2:1:1:4 

for Cu2ZnSnS4. 
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Figure 4.11: (a) TEM and (b) SEM images of the as-synthesized CZTS. 

 

Figure 4.12: EDX spectrum and corresponding SEM image of CZTS. 

 

4.3.5 Digestive ripening of CZTS 

TEM images and corresponding size distribution curves shown in Figure 4.13 demonstrate 

the change in size of CZTS nanoparticles during digestive ripening in excess OLA from 1 to 

5 hours. As digestive ripening time is increased from 1 hour (16 ± 7 nm) to 2 hours (13 ± 4 

nm), the particles become more spherical, smaller and monodispersed (low standard 

deviation). However, at 3 hours (13 ± 6 nm), triangular and circular particles exist and are 

poly-dispersed while at 4 hours of digestive ripening, particles are much smaller (10 ± 3 nm) 

and more monodispersed. At 5 hours (15 ± 4 nm), the particles become more circular but 

larger than at 2 hours. This observation suggests that 4 hours of refluxing the colloid in 

excess OLA is enough to give mono-dispersed particles. The change from mono-dispersed 

particles at 2 hours to highly poly-dispersed particles at 3 hours could suggest that at this 

point, a transition state is reached, as in 1 hour, whereby atoms start leaching out from larger 
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particles and deposit on much smaller ones (possibly below 10 nm), and thus resulting in 

reduction of size distribution. Sahu and Prasad observed that when the digestive ripening of 

gold nanoparticles is carried out at 60 °C and 90 °C using hexadecanethiol for 24 hours, 

within the first hour the size distribution becomes very narrow but as time is increased, no 

significant change occurs in the size of the nanoparticles occurs [11].  

 

Figure 4.13: Effect of digestive ripening time on the shape and size distribution of 

CZTS. 
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4.3.6 Ligand exchange 

Figure 4.14 shows the FTIR spectra of OLA capped CZTS, 3-MPA capped CZTS, EDT 

capped CZTS and pyridine capped CZTS. The FTIR spectra of OLA, 3-MPA and EDT 

capped CZTS shows peak at around 2900 cm
-1

 due to =C-H bending and stretching modes 

while pyridine shows a doublet at slightly higher wavenumber of 3100 cm
-1

 attributed to =C-

H bond stretch. This peak appears at a higher energy in pyridine because pyridine is a cyclic 

compound and thus requires more energy to stretch the C-H bond. This suggests that pyridine 

was exchanged for OLA.  For the other ligands, it is not clear from FTIR spectra whether the 

ligand swapping was successful or how the functional group vibrations change since the 

FTIR of the pure EDT and 3-MPA were not evaluated because these substances have very 

strong smells. Proton NMR was then used to confirm the ligand exchange process. 

 

Figure 4.14: FTIR spectra of OLA capped CZTS and CZTS after ligand exchange. 

 

1
H NMR spectrum of pyridine capped CZTS shows proton peaks between 7 and 9 ppm, 
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multiplicity of the β-N and γ-N proton signals as seen in Figure 4.15 (b). This change 

suggests that the nanoparticles interact with the pyridine ligand through the nitrogen. The 

intensity of the peaks has drastically decreased in the spectrum of the nanoparticles because 

the nanoparticles contain paramagnetic metal ions. In addition to this, the peaks previously 

seem in the
1
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full 
1
H NMR spectrum py-CZTS (Figure A4.1). This indicates that not all the OLA ligands 

were replaced by pyridine. 

 

Figure 4.15: (a) 
1
H NMR of spectra of pure pyridine and (b) corresponding pyridine 

capped CZTS. 

 

The 
1
H NMR spectra of free EDT and EDT capped CZTS is shown in Figure 4.16. EDT has 

one type of proton that has a triplet signal at around 2.75 ppm. This signal appears up field in 

the spectrum of the nanoparticles at 2.9 ppm and has changed from a triplet to a singlet. The 
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electronegative, it therefore has a large electron cloud covering it which shields the -SH 

proton from the magnetic field in NMR spectroscopy. The shifting and the broadening of the 
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signal suggest that the ligand has indeed coordinated to the CZTS nanoparticles. The peaks 

around 3.5 (#) and 2.5 (*) are due to residual water and d-DMSO, respectively. 

 

Figure 4.16: 
1
H NMR spectra of (a) pure EDT and corresponding (b) EDT capped 

CZTS. 
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group as well as the presence of the signal due to the thiol proton after ligand exchange 

suggests that contrary to what was expected, the CZTS binds to MPA through the carboxylic 

acid functionality not the thiol head group. 

 

Figure 4.17: 
1
H NMR spectra of pure MPA and MPA capped CZTS. 

 

4.3.7 Effect of ligand exchange on the morphology and structural properties of CZTS 

The impact of ligand exchange on the crystal structure of CZTS nanoparticles was evaluated 

by XRD, shown in Figure 4.18 below. The XRD patterns of OLA-CZTS, MPA-CZTS, py-

CZTS and EDT-CZTS nanoparticles all show three intense peaks at 2θ = 29°, 48° and 57°. 

These peaks were indexed to kesterite structure of CZTS (JCPDS no. 01-075-4122) and are 
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due to the (112), (220) and (312) crystallographic planes of CZTS. It can be noted that there 

is no change in the XRD spectrum CZTS nanoparticles after switching OLA ligand for MPA. 

This shows that exchanging OLA for MPA does not affect the structural properties of CZTS 

nanoparticles. However, exchanging OLA for EDT and pyridine does affect the structural 

properties of CZTS as more unidentified peaks are observed in the spectra of these samples.  

 

Figure 4.18: XRD patterns of CZTS nanoparticles before and after ligand exchange. 

 

Figure 4.19 shows the effect of ligand exchange on the morphology of CZTS nanoparticles. 

It is evident that the CZTS nanoparticles are more agglomerated but do not lose their distinct 

shape when OLA is swapped for MPA ligand. This is consistent with the XRD results of the 

MPA-CZTS. Therefore, it can be concluded that ligand exchange from OLA to MPA does 

not change the crystallographic structure of CZTS, as well as its shape. The more particles 

are more agglomerated in the MPA-CZTS nanoparticles. This could be due to the short chain 

of the MPA ligand, which results in small inter-particle distance. The pyridine and EDT 

capped CZTS nanoparticles are also much agglomerated. In the py-CZTS TEM image, there 

seems to be an amorphous substance in addition to the quantum dots. This could be OLA that 

was exchanged for pyridine and was not removed completely upon washing, which could 

also explain the presence of OLA 
1
H NMR peaks in the NMR spectrum of py-CZTS. 
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Figure 4.19: TEM images of (a) OLA-CZTS, (b) MPA-(CZTS), (c) py-CZTS and (d) 

EDT-CZTS. 

 

4.4 Conclusions 

Colloidal synthesis of Cu2ZnSnS4 nanoparticles in oleylamine at 220 °C for 45 min produced 

highly crystalline and poly-dispersed (17 ± 9 nm) particles that are capped by OLA through 

the nitrogen amine head group as confirmed by 
1
H NMR spectroscopy and XPS. Surface and 

structural alteration of the as-synthesized Cu2ZnSnS4 was achieved through ligand exchange 

and digestive ripening respectively. Digestive ripening of CZTS at 2 and 4 hours showed the 

smallest particle size and lowest size distribution. Therefore, the as-synthesized poly-

dispersed CZTS nanoparticles can be ripened in excess OLA for 2 hours to improve their 

dispersity. It was also developed that CZTS binds to pyridine, EDT and 3-MPA through 

interaction with nitrogen, sulfur and carboxylic acid functionalities respectively. Replacing 
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the OLA ligand on the CZTS with shorter chain ligands of pyridine, EDT and MPA was 

confirmed by 
1
H NMR. However, the NMR of py-CZTS showed additional peaks on top of 

those of pyridine, therefore, this ligand only resulted in partial replacement of OLA. From the 

XRD and TEM results it evident that OLA capped nanoparticles were better quality than the 

pyridine, EDT and MPA capped CZTS. 
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Chapter 5 : Preparation of Cu2ZnSnS4/fN-MWCNTs 

nanocomposites and their electrochemical properties 

5.1 Introduction 

5.1.1 Hybrid materials 

Reducing the size of materials to nanoscale levels has improved their efficiency, surface area 

sensitivity as well as response time in various industrial applications. However, no one 

material possesses all the required properties for a specific application without showing any 

shortcomings. Combining materials can counteract the shortcomings of one material by 

another material, or rather completely distinct properties can be obtained through material 

combinations [1]. These systems are referred to as hybrid materials and can either be 

categorized based on the strength of interaction between the individual components (classes), 

or by the number of phases observed in the hybrid material [2]. Class I hybrid materials 

embody a physical mode of interaction between the constituent phases (van deer Waals 

forces of attraction, hydrogen bonding and electrostatic interaction) while in class II hybrids, 

a chemical bond as a result of a chemical reaction between the functional groups of the 

elements exists [3], [4]. Alternatively, the phase composition of the hybrid can be utilized to 

classify them as nanocomposites, metal-organic frameworks and carbon nanotube-inorganic 

hybrids. Nanocomposite materials possess at least one inorganic phase scattered in or over an 

organic phase. The nanocomposite properties are an accumulation of the individual properties 

of the constituent elements. On the other hand, metal-organic frameworks comprise of one 

phase made from an inorganic and organic system and their properties are distinctive from 

those of their constituent materials [2]. Carbon nanotube-inorganic hybrids are 

nanocomposites that substitute the organic phase in the nanocomposite with purely CNTs. 

The high aspect ratio, high surface area and mechanical stability, good electron transport and 

optical properties have subjected CNTs as excellent hybrid material [2]. Various CNT-

inorganic hybrids have been prepared and exploited in photovoltaics [5], [6] and energy 

storage [7] devices, catalysis and in antimicrobial activities [8].  

 

Generally, inorganic nanoparticles are spread on the wall surface of the nanotubes and this 

can be achieved by either in-situ or ex-situ preparation methods. In ex-situ synthesis, the 

nanoparticles are prepared and then added to the CNTs by techniques such as sonication, 

milling or stirring, whereas in in-situ synthesis, the CNT walls act as nucleation sites for the 

growth of the nanoparticles.  Ex-situ synthesis offers the advantage of size and shape control 
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of the nanoparticles by altering reaction conditions and for colloidally prepared nanoparticles, 

an organic ligand covers the surface of the nanoparticles. A physical or chemical reaction 

between the nanoparticle ligand and the functional groups on the surface of the CNTs is then 

utilized in the hybrid formation. Raman spectroscopy analysis of the CNTs and the CNTs-

inorganic hybrid is often used to determine the type of interaction that exists in the 

nanocomposite material. CNT-chalcogenide hybrid systems have been employed as counter 

electrodes in dye-sensitized solar cells and the increased surface area and electron 

conductivity due to CNTs improved the catalytic activity of the CE towards the electrolyte. 

The performance of a material as an efficient alternative CE to Pt is evaluated by cyclic 

voltammetry studies carried out in a DSSC electrolyte. 

 

5.1.2 Cyclic voltammetry 

Cyclic voltammetry (CV) is an electrochemical measurement technique that comprises of 

three electrodes; the working electrode (WE), counter electrode (CE) and a reference 

electrode (RE) all dipped in an electrolyte. Potential is applied on the working electrode in a 

specific direction, switched at any potential and the direction of the potential reversed, all 

while measuring the amount of current released. The current produced is subject to diffusion 

rate of the analyte in the electrolyte to the electrode surface as well as the oxidation-reduction 

reaction.  CV is used to study oxidation-reduction reactions and a peak is observed when 

enough potential is applied for electron transfer. Reduction occurs when the potential energy 

of the electrons in the electrode is higher than the potential energy of the empty orbital of the 

analyte. Generally, when a potential in the positive direction is applied to the modified glassy 

carbon electrode, the reduced half of the I
-
 ions diffuse to the electrode surface where they get 

oxidized to I3
− . When the direction of the potential is changed, the oxidized species are 

reduced back to I−. The potential energy corresponding to the highest current measured for 

this reduction process relates to the amount of minimum energy required to drive the 

reduction reaction whereas the magnitude of the reduction peak relates to the electro-catalytic 

properties of the working electrode [9]. In hindsight, this generally informs the performance 

of the CE material when employed in DSSCs.   

 

Platinum is a state-of-the-art DSSC counter electrode material that has shown exceptional 

reduction activity and a low overpotential for the reduction reaction of I3
−to occur.Pt is a rare 

and noble metal and is oxidized in I−/I3
− electrolyte upon extended exposure to form PtI4 
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[10]. The reduction activity of the best performing CZTS/N-MWCNTs nanocomposite 

material was evaluated by cyclic voltammetry and compared with Pt. During the 

measurement, after a voltage is applied (-1.2 – 1.2 V), I3
− ions migrate to the surface of the 

working electrode were they receive electrons from it to produce 3I−ions until such a point 

where a depletion zone is created near the electrode, causing the current measured to reach a 

maxima and thereafter decrease [11]. Vital information can be deduced from the CV 

spectrum. The cathodic peak(s) correspond to the two-electron reduction of triiodide 

(Equation 5.6) while the anodic peak(s) occur due to oxidation of iodide ion (Equation 5.7) 

[12]. Of utmost importance is the reduction peak at the more negative potential. The current 

density magnitude (Jm) and area of this peak indicates electro-catalytic activity and 

adsorption sites of the CE material respectively [13]. Another important parameter from the 

CV spectrum is open circuit voltage (Voc) which indicates the ease or the amount of energy 

required for the reduction reaction to occur [14]. 

𝐈𝟑
− + 𝟐𝐞− → 𝟑𝐈−---------------------------------------------------------------------------Equation 5.1 

𝐈𝟑
− → 𝟑𝐈−  +  𝟐𝐞− --------------------------------------------------------------------------Equation 5.2 

 

5.2 Materials and methods 

5.2.1 Chemicals 

The following chemicals were used as received from the supplier: Acetonitrile (C2H3N, ≥ 

99.9%), lithium iodide (LiI, 99.9%), lithium perchlorate (LiClO4, ≥ 95.0%), nafion 

(C7HF13O5S.C2F4, 5 wt%), iodine (I2, ≥ 99%) N, N-dimethyl formamide (DMF) 

(C3H7NO, ˃ 99.5%), 1-methyl-2-pyrrolidinone (NMP) (C5H9NO, 99.5%), dimethyl 

sulfoxide (DMSO) (C6H6OS, 99.5%). 

 

5.2.2 Preparation of Cu2ZnSnS4/fN-MWCNTs nanocomposites 

A sonication procedure in DMF for nanocomposite preparation was adapted from Das and 

co-workers` article on CZTS and fMWCNTs hybrid synthesis [15], [16]. The CZTS samples 

obtained after 2 hours of digestive ripening (Chapter 4) and functionalized N-MWCNTs 

denoted fN-MWCNTs, were used for the preparation of nanocomposites. In a typical 

reaction, CZTS/fN-MWCNTs (15 w %) (denoted as CZTS/N-MWCNTs (0.15)) was 

prepared by from 85 mg of CZTS and 15 mg of fN-MWCNTs. The composite precursors 

were each sonicated in 4 mL of DMF at 40 °C for 1 hour. The composite precursor solutions 

were then mixed and sonicated further for 1 hour at the same temperature. Thereafter, the 
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composite material was isolated by centrifuging for three cycles while washing with ethanol, 

air dried and ground to a fine powder. Composite materials with 20, 25 and 30 weight % of 

fN-MWCNTs (denoted as CZTS/N-MWCNTs (0.2), CZTS/N-MWCNTs (0.25) and 

CZTS/N-MWCNTs (0.3), respectively) in CZTS/fN-MWCNTs were prepared in a similar 

manner. Calculation for CZTS/fN-MWCNTs (0.15) is shown below. 

For CZTS/fN-MWCNTs (0.15): 

⇒ CZTS: fN-MWCNTs 

  0.85: 0.15 

Therefore, for 100 mg total mass (CZTS + fN-MWCNTs): 

CZTS (mg) = 0.85 * 100 mg = 85 mg -------------------------------------------------Equation 5.3 

CZTS weight % = 
𝟖𝟓

𝟏𝟎𝟎
∗ 𝟏𝟎𝟎 % = 85 % ----------------------------------------------Equation 5.4 

fN-MWCNTs (mg) = 0.15 * 100 mg = 15 mg----------------------------------------Equation 5.5 

fN-MWCNTs w/w % = 
𝟏𝟓

𝟏𝟎𝟎
∗ 𝟏𝟎𝟎 % = 15 %----------------------------------------Equation 5.6 

 

5.2.3 Counter electrode fabrication 

To prepare the ink for CE fabrication, firstly, the dissolving solution was prepared by mixing 

1 mL of nafion with 2 mL of DMSO, and then 1 mL of this solution was mixed with 1 mL of 

NMP. Thereafter, 20 mg of the composite samples were added to 0.25 mL of the prepared 

solution and sonicated at 40 ºC for 1 hour. The resulting ink was drop casted on a glassy 

carbon electrode as illustrated in Figure 5.1 (a) and dried in an oven at 80 °C.  

 

5.2.4 Electrochemical measurements 

The I−/I3
−electrolyte was prepared by adding 0.27 g of LiI (0.01 M), 0.1 g of I2 (0.001 M) 

and 2.1 g of LiClO4 (0.1 M) to 40 mL of acetonitrile and the mixture was stirred until all the 

salts were dissolved. The redox reaction of the modified glassy carbon electrode was studied 

in the electrolyte using cyclic voltammetry, a three-electrode half-cell illustrated in Figure 

5.1 (b). In cyclic voltammetry, a potential of -1.2 to 1.6 V was applied to the working and 

reference electrodes and current response between the working and counter electrode 

recorded at increasing scan rates of 25, 50, 75 and 100 mV/s. The stability of the working 

electrode in the electrolyte was evaluated by running 60 scans at the maximum scan rate of 

100 mV/s.  
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Figure 5.1: (a) Electrode fabrication by drop casting and (b) electrochemical 

measurement set up. 

 

5.2.5 Characterization 

The crystallographic parameters of CZTS and the presence of carbon nanotubes in the CZTS 

sample matrix were determined by Bruker D2 Phaser Powder X-ray diffractometer using Cu 

Kα light source with 2-theta scan from 5- 90°. The extent of interaction between the CZTS 

nanoparticles and fN-MWCNTs was evaluated by TEM, Raman spectroscopy and XPS 

performed on FEI Technai T12 TEM, John-Yvon T64000 micron Raman spectrophotometer 

and Thermo Scientific ESCAlab 250Xi, respectively. Electrochemical measurements for the 

prepared composites were carried out by cyclic voltammetry on BASi epsilon E2 (1231) 

potentiostat at scan rates ranging from 25 mV/s to 100 mV/s. The glassy carbon electrode 

was first cleaned by scrubbing it against alumina paste, followed by rinsing with distilled 

water. The composite ink deposited on glassy carbon was used as the working electrode 

(WE), Pt wire was used as a counter electrode (CE) and Ag/Ag
+
 ion electrode as reference 

electrode (RE) while I−/I3
− in acetonitrile was employed as an electrolyte. 

 

5.3 Results and discussion 

5.3.1 Structural, morphology and elemental composition of nanocomposites 

The XRD patterns of the prepared CZTS/fN-MWCNTs nanocomposites (Figure 5.2) shows 

3 intense peaks at 2θ = 29°, 48° and 57° and two low intensity peaks at 2θ = 27° (*) and 33° 

(#). The major peaks were indexed to kesterite structure of CZTS (JCPDS no. 01-075-4122) 

in Figure 4.4 (Chapter 4) while the one at 27° is due to fN-MWCNTs. The intensity of the 

carbon peak in the XRD patterns of the nanocomposites does not follow any trend as the 
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amount of carbon nanotubes in the composite material is increased from 15% to 30%. This 

could be attributed to the uneven distribution of the tubes in the CZTS matrix within the 

CZTS/fN-MWCNTs composites. A very low intensity peak also appears at 33° (#) in the 

XRD spectra of the composites. As already seen from the XRD pattern of functionalized fN-

MWCNTs (Figure 3.6), this peak appears because of residual catalyst employed in the 

preparation of the doped nanotubes.  

 

Figure 5.2: X-ray diffraction patterns of CZTS and CZTS/fN-MWCNTs with increasing 

fN-MWCNT concentration. 

 

TEM images of the prepared nanocomposites are shown in Figure 5.3 below. It can be 

observed that the carbon nanotubes have open ends, are entangled and have a wide diameter 

size distribution of 41 ± 15 nm. The CZTS nanoparticles are spherical, poly-dispersed, 

agglomerated and scattered unevenly on the surface of the carbon nanotubes. Additionally, 

the presence of bamboo compartments clearly observed in the structure of the nanotubes 

implies the incorporation of nitrogen within the graphene layers of the nanotubes [17], [18]. 

No significant change in dispersity of the CZTS nanoparticles is observed as the amount of 

fN-MWCNTs was increased. The TEM images do not indicate clearly, whether there is an 

interaction, be it physical or chemical between the CZTS nanoparticles and the fN-

MWCNTs. To develop whether any interaction exists between the two composite constituent 

materials, Raman spectroscopy analysis was carried out. 
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Figure 5.3: TEM micrographs of CZTS/fN-MWCNTs with increasing carbon nanotube 

mass ratio of (a) 0.15, (b) 0.2 (c) 0.25 and (d) 0.3. 

 

Raman spectra of the prepared CZTS, fN-MWCNTs and CZTS/fN-MWCNTs are shown in 

Figure 5.4. The spectrum of CZTS shows two main peaks at 316 cm
-1

 and 1573 cm
-1

 

attributed to kesterite CZTS and OLA ligand attached to the CZTS nanoparticles (Chapter 

4). The CZTS peak at 316 cm
-1

 occurs because of the sulfur vibrations in the crystal structure 

of CZTS [19] whereas the other peaks (1402 cm
-1

 and 1573 cm
-1

) are due to OLA, which is 

the capping agent employed in the synthesis of CZTS. Relative to the Raman spectrum of the 

CZTS/fN-MWCNTs the CZTS peak appears at higher wavenumber of 327 cm
-1

 which serves 

as confirmation that an interaction between the nanoparticles and carbon nanotubes exists 

causing the energy of sulfur vibration to increase.  
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Figure 5.4: Raman spectra of as synthesized (a) CZTS, (b) fN-MWCNTs and (c) 

CZTS/fN-MWCNTs (0.15) nanocomposite. 

 

The Raman spectrum of fN-MWCNTs has two high intensity peaks at 1365 cm
-1

 (D-band) 

due to graphene sheet flaws in a carbon structure while the peak that occurs around 1588 cm
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the peak width change can assist in developing whether the CZTS nanoparticles interact with 

the walls of the carbon nanotubes in the N-MWCNTs [20]. The shift in the G-band peak to 

lower wavenumber of 1545 cm
-1 

in the composite material suggests that the energy of 

vibration of the carbon-carbon bond has decreased due to the interaction of the nanotube 

walls with the CZTS nanoparticles [21]. The importance of determining whether a 

nanocomposite is indeed formed arises from the fact that the aim of this study is to combine 

the catalytic properties of CZTS and the high electron conductivity of fN-MWCNTs, which 

can only be achieved if a nanocomposite is formed. 

 

To further evaluate the presence of both CZTS and fN-MWCNTs in the prepared composites, 

XPS analysis of the samples was carried out. Figure 5.5 and Figure 5.6 show the XPS 

survey spectrum of CZTS/fN-MWCNTs (0.15) and the high-resolution spectra of copper, 

zinc, tin and sulfur, respectively. All atoms present in the constituent materials of the 

composite are present in the XPS survey scan and this provides concrete evidence of the 

success of hybrid formation. The Cu, Zn, Sn, and sulfur atoms are from the CZTS while both 

the carbon and nitrogen are present in both CZTS and fN-MWCNTs samples. fN-MWCNTs 

consist of a rolled-up graphene sheets with sp
2
 hybridised carbons and nitrogen atoms as 

evidenced by the bamboo structure observed in the TEM images of the nanotubes (Chapter 

3). CZTS on the other hand, is stabilized by an organic ligand it was synthesised in, 

oleylamine which binds to the CZTS core through the nitrogen head group as evidenced by 

proton NMR of both the pure oleylamine and OLA capped CZTS. These organic structures 

are both responsible for the carbon detected in the XPS survey spectrum of the composite. 

 

Figure 5.5: XPS survey spectrum of CZTS/fN-MWCNTs (0.15). 
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The atomic percentage of nitrogen in CZTS and N-MWCNTs was found to be 2.0 % and 3.6 

%, respectively whereas the atomic percentage of nitrogen in CZTS/N-MWCNTs (0.15) was 

found to be 1.4 %. This shows a decline in the nitrogen content from 3.6 % in carbon 

nanotubes and 2.0 % in CZTS. Also, the nitrogen high resolution spectrum of N-MWCNTs 

(Chapter 3) could be deconvoluted to three peaks due to molecular, quaternary and pyridinic 

nitrogen. These nitrogen environments could not be detected in the nitrogen high resolution 

spectrum of the nanocomposite (Figure 5.7). It is possible that the CZTS nanoparticles 

interact with the nanotubes through the nitrogen atoms. As such, the decline in atomic 

percentage of nitrogen in the nanocomposites could be due to the inaccessibility of the 

nitrogen atoms since XPS is a surface analysis [22]. The C 1s and O1s also suggest surface 

oxidation of the nanocomposites. 

 

 

Figure 5.6: XPS high-resolution spectra of (a) copper, (b) zinc, (c) tin and (d) sulfur. 
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Figure 5.7: XPS high-resolution spectra of (a) carbon, (b) oxygen and (c) nitrogen. 

 

5.3.2 Proposed mechanism for interaction of fN-MWCNTs and CZTS 

It was developed in Chapter 3 that carboxylic acid functional groups and quaternary as well 

as pyridinic nitrogen atoms are present on the walls and within the graphitic network of the 

carbon nanotubes. These induced functionalities and defects were assumed to be the reaction 

sites for the chemical interaction between the nanotubes and the CZTS nanoparticles. From 

Chapter 4, it was concluded that CZTS nanoparticles are stabilized by OLA and the nitrogen 

head group binds directly to the nanoparticles. Therefore, the alkene and alkane groups on the 

tail of OLA can be utilized as reaction sites on CZTS. As has been mentioned, the both the 

CZTS and N-MWCNTs were sonicated in DMF at 50 °C for 1 hour before mixing the 

solutions to prepare the nanocomposites. DMF is reported to facilitate reactions that undergo 

polar mechanisms. It is assumed that, on mixing CZTS and N-MWCNTs solutions, the 

hydroxyl group on the carboxylic acid group undergoes nucleophilic attack by the alkene 

group on the OLA, followed by addition of the hydroxyl oxygen to the now positively 

charged carbon of the alkene group. This follows an SN2 reaction mechanism and is depicted 
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interaction exists between the positively charged sites on the quaternary nitrogen atoms on 

the walls of the nanotubes and the slightly negative site of the alkene functional group. 

𝐑 − 𝐂𝐎𝐎𝐇 + 𝐑 = 𝐑 →   𝐑 − 𝐂𝐎𝐎 − 𝐂 − 𝐑𝟐𝐇--------------------------------------Equation 5.7 

Where R represents the carbon backbone of the nanotubes. 

 

5.3.3 Electrochemical properties of CE materials 

Cyclic voltammetry of platinum electrode (area = 1.767 × 10−2 𝑐𝑚−2) at increasing scan 

rates is shown in Figure 5.8. Current density and therefore electro-catalytic activity are 

elevated when scan rate is increased since more current is produced within a short time. Scan 

rate gives an indication of the reversibility of the reaction of the redox couple at the electrode 

surface. For reversible reactions, peak current intensity is proportional to the square root of 

the scan rate [11]. As such, the I−/I3
− redox reaction on the Pt electrode is reversible. 

 

Figure 5.8: Cyclic voltammograms of Pt at increasing scan rate. 

 

The cyclic voltammograms of CZTS/fN-MWCNTs hybrid materials at scan rates of 25, 50, 

75 and 100 mV/s are shown below (Figure 5.9). Current density (Jc) is observed to increase 

with scan rate for all the samples although much higher current densities are produced for 

CZTS/fN-MWCNTs (0.25) and CZTS/fN-MWCNT (0.3). Improved Jc with increasing N-

MWCNTs concentration implies that the incorporation of the tubular structures within the 

CZTS matrix improves the CZTS performance as a CE material. The CZTS/fN-MWCNTs 

(0.2) CE shows a very small area reduction peak relative to the other prepared composite CE 

materials. 
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Figure 5.9: Cyclic voltammograms of CZTS/fN-MWCNTs nanocomposites at increasing 

scan rates. 

 

The properties of a good CE material include, but are not limited to good chemical stability in 

the electrolyte, high electro-catalytic activity, low overpotential and low-cost [23].To 

evaluate the stability of the prepared CE materials in the I−/I3
−electrolyte using CV. Usually, 

many CV cycles are run at a chosen scan rate [24]. Figure 5.10 below shows the stability 

evaluation of the composites at 100 mV/s after 30 scan cycles. The results show that the 

current density drastically declined after 30 cycles suggesting poor stability of the CEs. The 

plot of maximum reduction peak current density and the number of scans is then used to 

ascertain whether the CE are stable (Figure 5.10). It is evident from the stability study that 

the prepared nanocomposite materials were not stable since the current densities decline as 

the number of scan cycles in increased. Poor interaction of the prepared ink solution with the 

glassy carbon electrode could mean that after some time, the deposited composites are 

washed off from the electrode surface.  
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Figure 5.10: Stability evaluation of the prepared composites in iodide/triiodide-based 

electrolyte after 60 cycles at 100 mV/s. 

 

It can also be deduced from the comparison of the number of scan cycles and the current 

density (Figure 5.11) that as the mass percentage of fN-MWCNTs in the nanocomposites 

was increased from 15 % to 30 %, the current density and therefore the catalytic activity 

increased. However, CZTS/fN-MWCNTs (0.25) and CZTS/fN-MWCNTs (0.3) based CE 

produced the highest current densities and could serve as alternative DSSC CE materials. 

 

-1.0 -0.5 0.0 0.5 1.0

-20

-10

0

10

20

30

 

 

C
u

rr
e

n
t 

d
e

n
s

it
y

 (
m

A
/ 
c

m
2
)

Voltage (Potential vs Ag/Ag
+
)

 1st cycle

 30th cycle

-1.0 -0.5 0.0 0.5 1.0 1.5

-10

-5

0

5

10

15

 

 

C
u

rr
e

n
t 

d
e
n

s
it

y
 (

m
A

/c
m

2
)

Voltage (Potential vs Ag/Ag
+
)

 1st cycle

 30th cycle

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

-30

-20

-10

0

10

20

30

40

 

 

C
u

rr
e

n
t 

d
e

n
s

it
y

 (
m

A
/ 
c

m
2
)

Voltage (Potential vs Ag/Ag
+
)

 1st cycle

 30th cycle

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

-40

-30

-20

-10

0

10

20

30

40

50

60

 

 

C
u

rr
e
n

t 
d

e
n

s
it

y
 (

m
A

/c
m

2
)

Voltage (Potential vs Ag/Ag
+
)

 1st cycle

 30th cycle

CZTS/fN-MWCNTs (0.15)

CZTS/fN-MWCNTs (0.25) CZTS/fN-MWCNTs (0.3)

CZTS/fN-MWCNTs (0.2)



 

82 

 

 

Figure 5.11: Relationship between the number of CV scans of the composites at the 

obtained current density. 

 

The CV spectra obtained at 50 mV/s of the CZTS/fN-MWCNTs CE on glassy carbon 

electrode were compared with each other to find the best performing one (Figure 5.12). 

Increasing the concentration of N-MWCNTs from 15 to 30 w/w %in the nanocomposites 

showed an increase in the current density of the nanocomposite materials. The Jc values of 

CZTS/fN-MWCNTs (0.25) and CZTS/fN-MWCNTs (0.3) were 14.7 and 15.7 mAcm
-1

 and 

their Voc values were -0.492 V and -0.394 V, respectively (Table 5.1). The CZTS/fN-

MWCNTs (0.3) shows both a high Jc and a small overpotential which means that of the three 

prepared CE materials, this is the best performing CE. It is therefore necessary to compare 

CZTS/fN-MWCNTs (0.3) to Pt, bare glassy carbon electrode, CZTS as well as fN-MWCNTs 

to establish whether the composite material outperforms its constituent materials. 

 

Figure 5.12: Change in reducing ability of the CZTS/fN-MWCNTs with increasing 

carbon nanotube concentration at 50 mV/s. 
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Table 5.1: Dependence of current density and open circuit voltage on the concentration 

of carbon nanotubes in the nanocomposites 

 

Comparison of the CV of the best performing composite material (CZTS/fN-MWCNTs (0.3)) 

to the CV spectra of the composite constituent elements was carried out and is shown in 

Figure 5.13 (a). It is worth noting that CZTS as a working electrode in CV results in a high 

current density (15.2 mAcm
-2

) and high reduction peak area. This implies that CZTS has a 

high number of catalytic sites available and a good reduction activity of the I3
−electrolyte 

species. This observation is in line with Tong and co-workers’ results [25] and suggests that 

indeed CZTS has a reduction activity and relative to fN-MWCNTs, it has a faster reduction 

reaction rate [26] and can therefore be applied as a CE material in dye-sensitized solar cells. 

However, CZTS based CE give the most negative potential, which suggests that this 

electrode requires the most amount of energy to reduce the electrolyte. Incorporation of 30 

weight % fN-MWCNTs within the matrix of CZTS results in a more positive potential 

without compromising the current density (-0.394). This could be due to improved surface 

area and better electron mobility from the nanotubes. Generally, the catalytic activity is 

observed to be lowest in fN-MWCNTs, followed by CZTS and Pt, and highest in CZTS/fN-

MWCNTs based CE materials. This trend was also observed in the work done by Chen H. 

and co-workers on CZTS/fMWCNTs CE materials for dye-sensitized solar cells [27].  

 

CE Jc/ mAcm
-2

 Voc/V 

CZTS/fN-MWCNTs (0.15) 

CZTS/fN-MWCNTs (0.2) 

CZTS/fN-MWCNTs (0.25) 

CZTS/fN-MWCNTs (0.3) 

5.1 

6.1 

14.7 

15.7 

-0.165 

-0.145 

-0.492 

-0.394 
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Figure 5.13: Electrochemical performance comparison of CZTS/fN-MWCNTs (0.3) 

with (a) CZTS and fN-MWCNTs and (b) bare-GC and Pt. 

 

The Pt electrode exhibits the lowest open circuit voltage of -0.102 V, which indicates that Pt 

requires the least amount of energy to reduce the I−/I3
−  electrolyte. Table 5.2 shows a 

summary of the performance of these CE materials. CZTS/fN-MWCNTs (0.3) produced the 

highest reduction peak current density as compared to its constituent materials (CZTS and 

fN-MWCNTs), as well as the GC and Pt. The shift towards positive voltage of -0.394 from -

0.728 in the CZTS suggest that combining the nanoparticles and the carbon nanotubes results 

in a better performing CE. 

 

Table 5.2: Summary of electrochemical parameters of CE materials obtained from CV 

CE Jc/ mAcm
-2

 Voc/V 

CZTS 15.2 -0.728 

fN-MWCNTs 8.7 -0.061 

Pt 5.6 -0.102 

Bare-GC 4.6 -0.435 

CZTS/fN-MWCNTs (0.3) 

CZTS/N-MWCNTs  

15.7 

4.1 

-0.394 

-0.255 

N.B: CZTS/N-MWCNTs CV conditions were not the same as for the other CE materials 

obtained from the work by Chen and co-workers [27]. 

-1.0 -0.5 0.0 0.5 1.0 1.5

-20

-10

0

10

20

30

40

50

 

 

C
u

rr
e
n

t 
d

e
n

s
it

y
 (

m
A

/ 
c
m

2
)

Voltage (Potential vs Ag/Ag
+
)

 fN-MWCNTs

 CZTS

 CZTS/fN-MWCNTs (0.3)

-1.0 -0.5 0.0 0.5 1.0 1.5

-20

-10

0

10

20

30

40

50

 

 

C
u

rr
e
n

t 
d

e
n

s
it

y
 (

m
A

/ 
c
m

2
)

Voltage (Potential vs Ag/Ag
+
)

 GC

 Pt

 CZTS/fN-MWCNTs (0.3)

(a) (b)



 

85 

 

5.3.4 Composite charge transmission model 

The CE material as shown in Figure 5.14 constitutes a conducting surface (glassy carbon) 

upon which the CZTS/N-MWCNTs nanocomposite is deposited, submerged in an electrolyte 

solution (I−/I3
−). During cyclic voltammetry, electrons travel through the glassy carbon and 

the nanocomposite. On the electrolyte and composite material interface, the electrons reduce 

I− to I3
−. CZTS catalyses the reduction reaction [28] whereas the N-MWCNTs are highly 

conductive [29]. Three possible electron transport routes in the nanocomposite can be 

proposed. Firstly, the electron can travel from the contact surface to the catalytic sites on 

CZTS where upon the reduction reaction occurs. The electron movement via this route is 

slow because CZTS is a semi-conductor. Secondly, the electron can move through the CZTS 

nanoparticles and laterally through the nanotubes. Lastly, the electrons can be shuttled 

through the core of the nanotubes to the CZTS. The two latter processes occur faster since the 

nanotubes are better electron conductors. Nitrogen doping of the nanotubes, bringing about 

defects on the tubes could also mean a faster electron mobility through the tubes to the CZTS 

as they manoeuvre through these defects. As such, a higher current density is observed for 

CZTS/N-MWCNTs composite CE as opposed to that of CZTS and N-MWCNTs CEs. 

 

Figure 5.14: A schematic diagram depicting the possible electron transport route in the 

CZTS/N-MWCNTs nanocomposite CE [30]. 

 

5.4 Conclusions 

The TEM images and the Raman spectra of the prepared CZTS/fN-MWCNTs hybrid systems 

demonstrated successful preparation of the nanocomposite materials. A nanocomposite 

combines the individual properties of the elements it comprises of. For this study, the 
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incorporation of the N-MWCNTs in the CZTS matrix was aimed at improving the surface 

area and the electron transport properties of CZTS. Generally, 70 w/w % CZTS and 30 w/w 

% fN-MWCNTs (CZTS/fN-MWCNTs (0.3)) produced a high current density, which implies 

that it is reasonably electro-catalytic compared to CZTS and fN-MWCNTs CE as well as Pt. 

As such, it can be concluded that of the prepared composites, CZTS/fN-MWCNTs (0.3) is a 

promising DSSC CE material and should therefore be evaluated further in a DSSC set-up. 
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Chapter 6 : Conclusions and future work 

In this research work, chemical vapor deposition method was utilised to prepare N-MWCNTs 

using bimetallic Fe-Co/CaCO3 catalyst at 800 °C for 1 hour using acetylene and acetonitrile 

as carbon and nitrogen sources, respectively.  The nanotubes obtained had open ends, were 

entangled and had diameter size distribution of 40 ± 15 nm. Acid washing the nanotubes in 

98% H2SO4/55% HNO3 removed most of the catalyst residue, resulted in less agglomerated 

nanotubes and introduced carboxylic acid functional groups on the walls and tips of the N-

MWCNTs. The nitrogen atom percentage composition of the N-MWCNTs was found to be 

3.8 %, of which the largest portion of 1.7 % was due to quaternary nitrogen. Both the acid 

functionalities and nitrogen induced flaws within the graphitic structure on the nanotubes 

were assumed to take part in the interaction of the tubes with OLA capped CZTS when 

forming nanocomposites. Structural modification of the as-synthesized poly-dispersed OLA 

capped CZTS was carried out by digestive ripening in excess ligand. Ripening for two hours 

gave the best results. Ligand exchange of the OLA ligand for pyridine, EDT and MPA were 

carried out. MPA had no effect on the morphology and the crystallographic structure of 

CZTS while EDT and pyridine resulted in poor quality nanoparticles with impurities. As a 

result, ligand exchange was ruled out and OLA capped ripened nanoparticles were used for 

composite formation. 

 

The nanocomposites were prepared by sonicating the OLA capped CZTS and fN-MWCNTs 

in DMF for 1 hour. This procedure resulted in composites that had uneven distribution of the 

CZTS nanoparticles on the walls of the nanotubes. One of the major challenges in this 

research work was finding an appropriate solvent to disperse the nanotubes in to prepare the 

nanocomposite ink for fabrication on FTO glass. Most of the employed solvents produced 

FTO based CEs that peel off and thus we opted to drop cast the inks on glassy carbon 

electrode. The challenge with using this route is because carbon materials have reducing 

activity towards the I−/I3
− as can be seen from Figure 5.11 (b) (Chapter 5). It therefore 

becomes difficult to remove the effect of the glassy carbon on the reduction activity of the 

nanocomposites. Using FTO to fabricate the CEs is still the best option; however, a lot of 

time needs to be invested in finding a suitable solvent for the CZTS and fN-MWCNTs hybrid 

materials. A solvent study can be carried out to find the best solution to dissolve the 

CZTS/fN-MWCNTs hybrids. Additionally, binding agents employed in the ink can be 

optimized to find the most suitable one for these hybrid materials. Nonetheless, the reduction 
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peak current densities increased drastically with increasing percentage composition of the N-

MWCNTs in the nanocomposites from 15 w/w % to 30 w/w%. Also, the open circuit voltage 

shifted to the positive side as more of the nanotubes were used. Therefore, using fN-

MWCNTs does improve the electro-catalytic activity of CZTS nanoparticles and the 

CZTS/fN-MWCNTs (0.3) has potential to be employed as an alternative counter electrode 

material to Pt in DSSCs. For future work, a DSSC using CZTS/fN-MWCNTs (0.3) CE can 

be constructed and analysed using EIS to obtain the resistance of the cell. Additionally, the 

power conversion efficiency of the cell can be determined by using a solar simulator (AM 1.5 

G) which gives the I-V curve from which the max power can be determined. 
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Appendix 

 

 

Figure A4.1: Full 
1
H NMR spectrum of pyridine capped CZTS. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


